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PREFACE 

This Reference Manual i s  Volume I of the training materials 
developed by the s ta f f  of The University of Michigan Highway Safety 
Research Ins t i tu te  for  investigators in the National Highway Traffic 
Safety Administration (NHTSA) National Accident Sampling System 
(NASS). Volume I1 i s  a Student Notebook and Volume 111 contains 
lesson out1 ines. 

The course was conducted for  senior NASS investigators in May 
1979. A course evaluation was reported separately (Report No. 
UM-HSRI-79-87 ) . 



ACKNOWLEDGMENTS 

The preparation of these materials and their subsequent 
presentation in the classroom could n o t  have been accompl i shed wi t h -  
o u t  the supporting efforts of the Institute staff.  The authors are 
particularly indebted t o  Ms. Leda Ricci, Ms. Sharon Derry, and 

Mr. Michael Kubacki for their many hours spent in word processing 
and editing. Ms. Kathleen Jackson was responsible for the prepara- 
tion of the many i 11 ustrations used, and provided much appreciated 
assistance with the final paste-up. 



1 SCENE EXAMINATION 

2 VEHICLE EXAMINATION 

3 DATA DOCUMENTATION 

4 PHYSICS AND DYNAMICS 

5 ENERGY CONSIDERATION 

6 VEHICLE DYNAMICS 

7 TIREMARKS AND ROADWAY 
EVIDENCE AND ANALYSIS 

Peter CooZey 

Peter Coo ley 

Peter CooZey 

Robert L. Hess 

Kenneth L. Campbe lZ 

Christopher B. WinkZer 

Peter Coo Zey 

8 AN OVERVIEW OF THE OPERATION Robert L. Hess 
OF CRASH2 

9 APPLICATION Robert E. Scott  

10 COLLISION SEVERITY MEASURES Kenneth L. Campbe22 



APPENDICES: 

A. Radius o f  Curvature o f  an Arc 

B. C r i t i c a l  Curve Speed 

C. Quest ions Posed by CRASH2 

D. Manual Computations f o r  DAMAGE 

E. Manual Computations f o r  START2 and SPIN2 



i SCENE EXAMINATION 

S m a r y .  The accident  scene c o n s i s t s  of the  physical  r e a l  
e s t a t e  o r  area over which the  crash  occurred-the roadway a s  
well a s  t h e  off-road environment relevant  t o  t h e  crash. The 
scene is bes t  described a s  t h a t  p r t i o n  of t h e  roadway and 
off-road environment which begins when and where the  veh ic le  
e n t e r s  t h e  pre-crash phase and ends a t  the  f i n a l  r e s t  
pos i t ions  of the  vehic les .  Included i n  t h e  a r e a  a r e  t h e  
vehic les ,  debr is ,  f l u i d ,  depos i t s ,  human bodies, human mat ter ,  
i n t e r i o r  ma te r i a l s  from vehic les ,  components from t h e  
vehic les ,  vehic le  cargo, o the r  veh ic les  and/or t r a f f i c  a s  well 
a s  those p r t i o n s  o f  t h e  roadway ( s igna l s ,  s igns ,  markings, 
t r a f f i c  con t ro l  devices)  involved i n  o r  re levant  t o  t h e  crash.  
The t r a f f i c  cont ro l  devices  t o  be included a r e  those which 
inf luence  the  t r a f f i c  behavior o r  vehic le  movement p r i o r  t o  
impact. Thus, t h e  scene oftentimes w i l l  involve considerable 
d i s t ances  over which the  c rash  veh ic les  moved both p r i o r  t o  
and following impact. 

The accident  scene is one of t h e  t h r e e  major a r e a s  t o  be examined 

i n  an accident.  The remaining two a reas  a r e  occupant and vehic le .  

These t h r e e  a reas  provide convenient ca tegor ies  i n t o  which t h e  

inves t iga to r  m y  address h i s  a t t e n t i o n ,  t h e  c o l l e c t i o n  of d a t a ,  and t h e  

i n t e r p r e t a t i o n  of evidence. These bas ic  ca tegor ies  have mple  precedent 

i n  previous in-depth accident  inves t iga t ion  s t u d i e s  conducted under 

con t rac t  t o  t h e  National Highway T r a f f i c  Sa fe ty  Administration. Human 

f a c t o r s ,  veh ic le  f a c t o r s ,  and envi  ronmentai f a c t o r s  combined wi th  t h e  

t h r e e  phases of pre-crash, a t - c rash ,  and p s t - c r a s h  periods of  the  

acc ident  make up the well known n i n e  c e l l  matr ix ( see  Figure 1.1) with 

i.h ich in-depth accident  inves t iga t ions  have Seen conducted f o r  

years. 

Two of t h e  f a c t o r s ,  scene and vehic ie ,  a r e  the  t o p i c s  of t h i s  and a 

subsequent chapter .  Each chap te r  w i l l  d i scuss  each of t h e  events  i n  

d e t a i l  a s  it r e l a t e s  t o  t h e  ga the r ing  of d a t a  re levant  t o  t h e  acc ident  

reconstruct ion process. 

bhen conducting accident  i n v e s t i g a t i o n s  sometime a f t e r  t h e  acc ident  

has occurred (no t  on-scene) t h e  i n v e s t i g a t o r  is somewhat l imi ted  i n  what 

can be observed re ievant  t o  the acc iden t  scene a s  i t  was t o  t h e  time of 

c o l i i s i o n .  In  NFSS, f o r  example, most accident  i n v e s t i g a t i o n s  a r e  

conducted twenty-four hours ( o r  l a t e r )  a f t e r  t h e  acc ident  event.  T h i s  

means t h a t  the  inves t iga to r  n u s t  approach an o ld  acc ident  scene (ivhich 
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9:tec:imes is marginally iden t i f i ed  by the  poiice accident repor t )  and 

attempt t o  discern from examination the  basic c h a r a c t e r i s t i c s  of the  

roadway and off-road enviroment a t  the  time of the  crash ,  and any crash 

evidence still remaining on and off the roadway i n  the  crash area. The 

f i r s t  problem is l o c a t i q  the  boundaries of the  exact  crash area. 

k l i c e  accident reports  w i l l  note key in tersec t ing  roadways, a s  well a s  

the  roadway upon which the  accident  occurrecl. They w i l l  a l s o  usually 

note the d i rec t ion  a d  d is tance  ( i n  t en ths  of one miie) from a known 

in tersec t ion  of the roadway on which the  crash  occurred and the  neares t  

in tersec t ing  roadway. The inves t iga tor  should be aware t h a t  d is tances  

noted on the p l i c e  report  a r e  o f t en  incorrec t  o r  lacking s u f f i c i s n t  

accuracy t o  enable one t o  accura te ly  f ind the  locat ion  of the crash on 

the  roadway. Such dis tances  noted on the  p l i c e  accident report  a r e  

of ten  merely readings from the  p a t r o l  c r u i s e r ' s  odometer, and can mean 

the distance from the  f i n a l  r e s t  p s i t i o n  of t h e  vehicle t o  the  

reference in tersec t ion ,  o r  the  point  of impact between vehic les  t o  the  
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r e fe rence  in te r sec t ion .  Nany t imes the  reference,  o r  benchmark 

i n t e r s e c t i o n ,  may 'be indeterminate. I t  could be defined a s  the  n e a r e s t  

curb  l i n e  of the  in te r sec t ion  t o  the  cen te r  of  t h e  in te r sec t ing  roads. 

I f  a road is twenty f e e t  o r  g r e a t e r  i n  width a s i z a b l e  e r r o r  nay r e s u l t .  

The most r e l i a b l e  and au then t i c  information on which t o  base t h e  

l o c a t i o n  of the  crash t o  be examined is tangible ,  s o i i d ,  phys ica l  

evidence of t h e  crash re l a t ed  t o  the  roadway. Examples of t h i s  type  of 

evidence may be f rac tured  roadside pos ts ,  gouges i n  t h e  roadway, s k i d s  

o r  scuf f s  on the  roadway, wheel t r a c k s  o f f  the  roadway, and mounded 

e a r t h  where veh ic les  moved f rom impact. Fluid deposi t s ,  such a s  f u e l ,  

a n t i f r e e z e ,  and o i l ,  which a r e  o f t e n  on t h e  roadway a s  a r e s u l t  of c rash  

damage t o  t h e  vehic le  a r e  p a r t i c u l a r l y  he lpful .  These f l u i d  d e p o s i t s  

of tent imes  remain on the  roadway f o r  long periods of time a f t e r  o t h e r  

physical  evidence has been d ispersed  o r  moved. Most physical  evidence 

l e f t  a t  t h e  time of a crash  is per ishable .  Even r e l a t i v e l y  deep gouges 

i n  the  roadway can be f i l l e d  i n  by wear and t e a r  from normal t r a f f i c .  

I t  then becomes d i f f i c u l t  f o r  the  inves t iga to r  t o  determine whether t h e  

gouges observed resulted from t h e  acc ident  under examination. The 

per ishable  na tu re  of scene evidence c r e a t e s  perhaps t h e  most d i f f i c u l t y  

i n  conducting NASS and NASS-type accident  inves t iga t ions .  

To conf in the  crash  l o c a t i o n  reported by t h e  po l i ce  t h e r e  a r e  two 

f u r t h e r  sources  of  information a v a i l a b l e  t o  the  inves t iga tor :  one is 

physicai  on-scene evidence which can c l e a r l y  e s t a b l i s h  o r  confirm p o l i c e  

reports .  The o the r  is information supplied by occupants of  t h e  crash  

veh ic?e ( s ) ,  witnesses t o  t h e  crash  (&en so  noted on the  po l i ce  r e p o r t ) ,  

and nearby residents .  

1 ..1 Scene Measurements 

. Yeasurment 0enc;marks. Once t h e  crash  ioca t ion  has  been 

es tab i i shed ,  t h e  inves t iga to r  must make measurements t o  accura te ly  

document t h e  point  of impact, t r a j e c t o r y  of vehic les  from impact t o  

crash ,  o b j e c t s  s t ruck ,  and physica l  f e a t u r e s  of  t h e  area. These bas ic  

d a t a  items a r e  required a s  p a r t  of t h e  c rash  scene documentation. In 

making such measurements t h e  i o c a t i o n  of s u i t a b i e  benchmarks is of prime 

h p r t a n c e .  Benc*harks must be e a s i l y  i d e n t i f i a b l e  and c o n s i s t  of 

p-manent  physical  iar,d,mrks i n  t h e  inmediate a rea ,  convenient t o  the  
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i nves t iga to r ,  and from which relevant  measurenents can be made in  

completing t h e  scene data  information. The benchmark must be permanent 

i n  t h e  sense t h a t  i t  must remain in  the  accident  area  from t h e  time the  

accident  occurred t o  he time the  scene inves t iga t ion  is concluded. 

Permanence is desired so a s  t o  permit one t o  reexamine the  s i te ,  i f  

necessary, a t  a l a t e r  d a t e  and t o  repeat  the  same measurements taken a t  

the  time of the i n i t i a l  scene invest igat ion.  Permanent f ixed o b j e c t s  

make super ior  measurement benchmarks. Some examples of these  may be 

u t i i i  t y  p i e s ,  overhead luminaire s tandards,  f i r e  hydrants, gua rd ra i l s ,  

bridge parapets ,  and s imi la r  objects .  Somewhat l e s s  s u i  t a b l e  exampies 

a r e  manhoie covers, pavement jo in t s ,  catch basins,  curb d r a i n  covers, 

trees, and s ign  posts.  These a r e  l e s s  s u i t a b i e  exampies s ince  roadways 

may be resurfaced (and pavement markings obscured) , t r e e s  may be c u t ,  

s igns  may be relocated,  e tc .  Also, cu lve r t s  and s imi la r  off-road 

o b j e c t s  not  d i r e c t l y  p a r t  of the  roadway make poor measurement 

benchmarks because they may be obscured by fo l i age ,  taken down, o r  

covered up. 

The permanence of the  benchmark se lec ted ,  a s  well  a s  its proximity 

and convenience r e l a t i v e  t o  t h e  o b j e c t s  t o  be measured, is t h e  f i r s t  

important considerat ion i n  examining and measuring an accident  scene. 

The inves t iga tor  should approach such measurements with the  ob jec t ive  of 

developing documentation t h a t  is c l e a r ,  concise, unambiguous, accura te ,  

and s u f f i c i e n t i y  de ta i l ed  s o  t h a t  someone unfamiliar with t h e  accident  

event can dupl ica te  the  measurements with the  same prec is ion  and from 

the  same physical fea tures .  

!vhere no physical benchmarks e x i s t  which a r e  permanent, nearby and 

convenient, one may c r e a t e  a reference po in t  f o r  measurements from t h e  

extens ion of curb l i n e s  between in te r sec t ing  s t r e e t s .  S t r a i g h t  road 

edge, defined by the  curb l i n e  of the  s t r e e t ,  may be v i s u a l l y  extended 

a s  a s t r a i g h t  l i n e  in to  the  i n t e r s e c t i o n  t o  a p i n t  where i t  i n t e r s e c t s  

with a s imi ia r  s t r a i g h t  l i n e  p ro jec t ion  of an adjacent street. Another 

technique is to  c r e a t e  an imaginary reference l i n e  by l i n i n g  up two 

fixed ob jec t s  and t o  use t h i s  l i n e  f o r  measurment p u r p s e s .  

Measurements aiong a road edge which is s t r a i g h t  can be made out  t o  

ob jec t s  o r  evidence on the  roadway a t  r i g h t  angles from the  road edge. 
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Cf course the  p i n t  aiong the  road edge where the  measurement in to  t h e  

roadway is made a t  r ight  angles must be caref  u l i y  located with respect  

t o  e x i s t i n g  benchmarks. This is perhaps bes t  i i i u s t r a t e d  i n  the  

following example. Curved skidmarks may be divided i n t o  shor te r  

segments, and each sqment  rated f o r  perpendicular d is tance  t o  the  

s t r a i g h t  r o d  edge which serves a s  a reference l ine .  Points  aiong t h e  

reference l i n e ,  a t  road edge, f rom which perpendicular d is tances  out  t o  

curve segments were measured should be noted and then referenced t o  

scene benchmarks aiong t h e  road edge (see  Figure 1 . 2 ) .  

When measuring and recording t h e  ioca t ion  of important roadway o r  

off-roadway evidence the  measurements must be unambiguous. That is, a 

minimum of two measurements a r e  required t o  iden t i fy  an ob jec t  o r  a 

point  on t h e  roadway. These measurements may be viewed a s  the  l o c i  of 

an a r c  s t ruck  from a measurement benchmark h i c h  when they i n t e r s e c t  

i d e n t i f y  a point  on the  roadway. Of course, more than two measurements 

may be made so a s  t o  f u r t h e r  enhance accuracy and r d u c e  any po ten t i a l  

f o r  ambiguity . 
hhere i a r g e  ob jec t s  a r e  involved, such a s  t h e  e n t i r e  vehic le ,  a 

human body, o r  l a rge  vehic le  components, the  inves t iga to r  must i d e n t i f y  

t h a t  p r t i o n  o r  p a r t  of the  ob jec t  t o  which the  measurement is made. 

For example, a vehic le  a s  seen i n  a plane view may be drawn a s  a . 
rectangie which simulates t h e  overhead s i l h o u e t t e  of the  vehic le  on t h e  

roadway. Aii four c o m e r s  o f  the  veh ic le  on t h e  roadway must be 

accura te ly  iocated r e l a t i v e  t o  t h e  measurement being taken i n  order  t o  

draw it on an accura te ly  scaled crash  schematic. 

The most convenient approach f o r  the  inves t iga to r  t o  foliow p r i o r  

t o  s t a r t i n g  t h e  scene examination is t o  know beforehand what 

measurements a r e  t o  be made and what benchmarks o r  reference l i n e s  o r  

p i n t s  associated with the  roadway w i l l  be used t o  cons t ruc t  the  crash 

schematic. Once a t  t h e  crash scene and a f t e r  a b r i e f  visw of what is 

physicai ly involved t h e  inves t iga to r  may, i n  the  convenience and comfort 

of h i s  o r  her  vehic le ,  prepare a s e r i e s  of  sketch o u t i i n e s  which include 

places f o r  nota t ion  of a i l  measurements des i red .  Items t o  be noted and 

measured could include ob jec t s ,  marks, s t r u c t u r e s ,  and s i m i l a r  f e a t u r e s  

t o  be measured i n  r e l a t i o n  t o  roadway f e a t u r e s  and benchmarks used and 
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Figure 1.2 Masurenwts fram Curb Line 

incorporated i n  the  sketch o r  sketches. By preparing such de ta i l ed  

sketches p r io r  t o  making measurements, the  inves t iga tor  can be su re  t h a t  

a l l  necessary measurements a s  noted on the sketch w i i l  5e completed with 

respect t o  selected benchmarks, reference i i n e s ,  o r  reference po in t s  

selected.  With t h i s  procedure, i t  is recommended t h a t  a l a rge  generai  

area sketch be prepared which l o c a t e s  the  e n t i r e  roadway and a l l  

reievant off-road fea tu res  with enough d i s t ance  o r  space so t h a t  a i l  

f ace t s  of the crash can be included. This  should inciude point  of 

impact, paths of vehicle o r  vehic les  from impact t o  r e s t ,  paths of 

vehicies p r io r  t o  impact, and notable roadway and off-road fea tu res  

relevant t o  the  crash. A second sketch nay include the  vehic le  o r  

vehicles with benchmarks previously located on the  l a rge r  sketch from 

wfiich f i n a l  r e s t  p s i t i o n  of the  vehic ie  w i i l  be measured. Additionai 

m a i l e r  sketches a s  needed should be prepared so  a s  t o  capture and 
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accura te ly  record a l l  re levant  f ea tu res  of the  crash ,  each i n c r m e n t a l i y  

smal ler  than the  previous sketch. These prepared sketches  should 

include a l l  ob jec t s  with dimension l i n e s  (with arrows) between po in t s  

where measurements a r e  t o  be made. 

1.1.2 Measurement Eauipnent. A tape measure and measuring wheel 

a r e  perhaps t h e  two most important p ieces  of equipnent needed t o  conduct 

a scene examination. The tape  measure may be the  same one used in  the  

vehic le  measurements. This  is usual ly  a twenty foo t  long, one inch 

wide, metal r e t r a c t a b l e  t ape  convenientiy ca r r i ed  on t h e  b e l t  o r  i n  a 

~ o c k e t .  This  may be augmented by a LOO foo t  tape ,  a l s o  commonly known 

a s  a "surveyor 's  chain." This  longer tape  is a l s o  convenient f o r  

measuring chords of  curved roadway fea tures .  

Roadway superelevation can be measured through use of a 4-foot 

ca rpen te r ' s  l eve l .  A &foot board is f i r s t  l a i d  on the  roadway, l a t e r a l  

t o  the  roadway edcje a t  var ious  p laces  wi th in  a t r a f f i c  lane ,  with t h e  

c a r p e n t e r ' s  l e v e l  placed on top. One edge of Lie c a r p e n t e r ' s  l e v e l  is 

u n t i l  t h e  l e v e l  bubbles ind ica te  i t  is l e v e l .  The height  of 

nd above the  companion board posi t ioned l a t e r a l l y  on t h e  

measure of supere levat ion  a s  seen i n  Figure 1.3. 

f the  l e v e l  end above t h e  board, divided by the  length of 

es the  tangent  of t h e  anyle t h a t  the  roadway makes with t h e  
.-. 

horizon. This  angle,  t h e  angle  of  supere levat ion ,  may then be e a s i l y  

converted t o  degrees by looking up t h e  a n g l e ' s  tangent  i n  a 

t r igonometric  t a b l e ,  o r  through use of a simpie hand c a l c u l a t o r  which 

conta ins  t r igonometric  functions.  

Additional items he lp fu l  t o  t h e  i n v e s t i g a t o r  a r e  a s p l i t  view ranqe 

f inder  (which p e n i t s  coarse  measurements of an o b j e c t ' s  d i s t a n c e  from 

the  po in t  of measurement), a compass t o  accura te ly  determine t h e  

d i  r ec t  ionai  alignment of t h e  roadway, and s t e e l  surveyor s pins.  

Sometimes a b r i g h t  orange o r  yellow surveyor ' s  ribbon is he lp fu i  t o  

v i s u a l l y  o u t l i n e  key measurements. The c l o t h  ribbon may be t i e d  t o  

steel surveyor p ins  t o  o u t l i n e  va r ious  geometric shapes o r  merely t o  

accent  an important measurement p i n t  i n  photographs. 

A c l o t h  o r  non-metalLic 190-foot tape  is pre fe rab ie  t o  a n e t a l  
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over it than is a c l o t h  tape. These tapes have been much improved in 

recent years through use of f i b e r g l a s s  o r  o ther  non-organic, 

dimensionally s t ab le ,  p l i a b l e  material .  However, a s ign i f i can t  

disadvantage in  the  use of a c l o t h  tape is t h a t  it can be more e a s i l y  

blown about by the  wind while measurments a r e  being made. Where one 

invest igator  is using a long tape  aione he must f ind a method f o r  

anchoring down the "deed end." This may be done by using a surveyor 's  

pin inserted in to  an expansion j o i n t  o r  in to  the  ea r th ,  o r  by anchoring 

i t  down with a heavy ( lead) weight. 

The long tape is a i so  useful  in  crea t ing  r i g h t  ancjles when u s i q  

the  road edge as a reference l i n e  f o r  measurement when recording key 

roadside and roadway evidence. The tape may be folded i n  a three ,  four,  

o r  f ive  foot  t r i ang le  arrangement so  a s  t o  c rea te  a r igh t  angie t r i a n g l e  
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which, when aligned with the  road edge, penni ts  t h e  inves t iga tor  t o  

measure perpendiculariy f rcm t h e  road edge with accuracy. 

Other measurement a i d s  a r e  coiored crayons and spray paint.  The 

i a t t e r  is perhaps most convenient i n  t h a t  i t  permits contras t ing  type 

markings on o r  o f f  the  roadway which show up wel l  i n  photographs. hhere 

i i g h t  Port land cement is involved, black spray pa in t  should be used. 

With dark a s p h a l t  type pavement, e i t h e r  yellow o r  white spray pa in t  is 

super ior .  These may be used t o  o u t l i n e  the  c o m e r s  of t h e  vehic le ,  ax le  

pos i t ions  o r  wheel pos i t ions  of  the  vehic le ,  in t e r sec t ing  cur5 i i n e s  on 

t h e  roadway, ob jec t s ,  gouges o r  marks, a s  weli a s  t o  c r e a t e  s t a t i o n  

markers a t  set i n t e r v a l s  along t h e  road edge. Here the  vaiue of the  

measurement is recorded on the  road su r face  i t s e l f  f o r  convenience i n  

making measurements a s  well  a s  a reference f o r  d i s t a n c e  perspective i n  

photographs. 

A unique chalk useful  f o r  accenting measurement points  and o b j e c t s  

on the  roadway a t  n ight  is c a l l e d  "Codit." This  ma te r i a i ,  produced by 

the  3M Co.pra t ion ,  is ra the r  s o f t  and dep le tes  e a s i l y  when being used, 

but  has t h e  unique c h a r a c t e r i s t i c  of being h ighiy  r e f l e c t i v e  t o  i i g h t .  

Thus, marks made on a roadway using t h i s  r e f l e c t i v e  chalk and 

photographed with a photo f l a s h ,  i n  the  absence of s t r e e t  l i g h t i n g ,  a r e  

b r i l l i a n t l y  i l luminated i n  photographs. This  may be l e s s  relevant  t o  

NASS and NASS-tp inves t iga t ions  which a r e  not  on-scene i i lves t iga t ions ,  

but  a r e  conducted a f t e r  the  p l i c e  inves t iga t ion  is compieted. There 

may, however, be instances when inves t iga to r s  accmpany pol i c e  t o  n ight  

crashes and l a t e r  conduct a foliow-up during t h e  day l igh t  hours when 

measurements can be made more accura te ly  and conveniently, Such b r igh t  

roadway markings i e f t  on-scene i n  nighttime crashes  can a l s o  be seen i n  

dayl ight  and w i l l  f a c i l i t a t e  scene measurements. 

1 .2  Final  Rest Pos i t ion  

The ,@ice accident  repor t  may denote t h e  genera l  o r i e n t a t i o n  and 

area  of f i n a l  r e s t  of vehic les  involved i n  t h e  crash .  Often t h i s  is by 

use of a sketch of the  accident  scene showing how t h e  txo vehic ies  came 

tocjether, o r  xnere they were a t  f i n a l  r e s t ,  o r  both. Sometimes, 

however, t h i s  most valuabie i n f o n a t i o n  may be i n  a suppievent t o  the  

p l i c e  accident  repor t  ( i n  t h e  form of a ske tch ,  a n a r r a t i v e ,  o r  a 



cambination of both).  In many s t a t e s  t h i s  supplement is not consider& 

a publ ic  document but more of a conf i d e n t i a l  inves t iga t ive  r e p r t  which 

r a y  be acccmpanied by interviews, po l i ce  ac t ion  taken, and conciusions. 

Where such information is made ava i l ab le  (with the  o f f i c i a l  po l i ce  

acc ident  repor t )  t h i s  suppiement p r h a p s  provides t h e  most usefui  

information i n  determining vehic le  f i n a l  r e s t  psi  t i o n s  and/or 

o r i en ta t ions  on o r  o f f  the  roadway. 

Physical evidence l e f t  on the  roadway from a crash can be used t o  

c o n f i m  the  f i n a i  r e s t  pos i t ion  and o r i en ta t ion  of  vehicles.  This may 

c o n s i s t  of  scratches,  gouges, f l u i d  deposi t s ,  wheei t r acks ,  sod mounded 

up by vehicie wheels s l ipping l a t e r a l l y ,  broken shrubs and psts, a r e a s  

where sod o r  g rass  may be matted down where one s i d e  of the  vehic le  was 

i n  contac t  with the  ea r th ,  and s imi ia r  fea tures .  Where "leaving t h e  

roadway, l o s s  of  cont ro l"  type accidents  occur, the  e r r a n t  vehic le  may 

"bottom-out," o r  contact  its undercarriage on off-road ob jec t s  and 

i r r e g u l a r  t e r r a i n .  A path of  such evidence can indica te  how t h e  veh ic le  

t raveled  from the  roadway t o  f i n a l  r e s t .  

Additionai information may be obtained from ta lk ing with the  tow 

operator  sriho removed the  vehicle,  from occupants of the  crash veh ic le ( s )  

o r  from witnesses, a s  well a s  from the  inves t iga t ing  o f f i c e r .  An 

exmina t ion  of the  vehic le  p r i o r  t o  v i s i t i n g  the  crssh  scene may 

sometimes provide c iues  a s  t o  the  f i n a i  r e s t  loca t ion  of the  vehicie.  

Sod, weeds, o r  high g r a s s  may be jammed between a t i r e  and wheei rim. 

~ u d  on the  vehic le  and shee t  metal deformation from contac t  with the  

e a r t h  a r e  a i s o  indica t ions  of where the  vehicle t raveied and came t o  

res t .  Bark fragments from a t r e e  caught in  sheet  metal seams o r  sharp 

edges of the  vehic le ,  and pa in t  exchanges between the vehic les  and f ixed 

ob jec t s  t h a t  were struck a r e  excel lent  indica tors  of c m t a c t ,  path, and 

r e s t  point.  

Locating t h e  f i n a i  r e s t  p s i t i o n  of  the  vehicle a f t e r  the  veh ic i s  

has been removed is a ccmbination of knowing where t o  iook, conf iming 

t h i s  w i t h  physical  evidence, obtaining information from interviews, and 

examining the  vehicle. 
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1.3 .  Roadway Examination 

Marks and mater ia l  on the  surface  of the roadway can a l s o  provide 

t h e  inves t iga to r  with information on where the  accident  occurred and 

sometimes how it occurred. As emphasized e a r l i e r ,  physical  evidence 

khich is shor t  t e r n  and perishable can be most informative. Such 

physical  evidence can be debr i s ,  components sepzrated from the  vehicle,  

roadway scra tches ,  f l u i d  deposi t s ,  f lu id  s p l a t t e r ,  t i r e  skidmarks, 

scu f f s ,  and s i m i l a r  evidence. Some types of t h i s  physicai evidence may 

p e r s i s t  over a long period of time, but with degradation. Some examples 

here  a r e  t i r e  sk ids  and scuf f s ,  d iscolora t ion  on the  roadway from f l u i d  

s p i l l s ,  i n  the  form of d e b r i s  and small components from t h e  vehic le  

swept o f f  the  roadway upon vehic le  removai and scene cleanup. 

Use c h a r a c t e r i s t i c s  of the  roadway should a l s o  be noted, i .e. , 
whether the roadway is an urban a r t e r i a l ,  ru ra l  secondary road, o r  o the r  

type road c l a s s i f i c a t i o n .  Many desc r ip t ive  f e a t u r e s  of  the  roadway may 

be. noted by t h e  inves t iga tor  t h a t  a r e  not ca l led ,  f o r  on the  accident  

scene examination protocol.  Such information can be he lp fu l  i n  l a t e r  

ana lys i s  of the  crash when various desc r ip t ive  roadway fea tu res  a r e  used 

t o  help explain vehic le  o r  occupant kinematics, and how each was 

influenced by t h e  roadway. Some key roadway f e a t u r e s  and po ten t i a l  

physical evidence t o  look f o r  a r e  noted in  Tabie 1.i. 

Roadway and off-road evidence should be marked and measured. This 

should include veh ic le  iocat ions ,  vehic le  o r i e n t a t i o n  with respect  t o  

the  roadway, and point  of impact. Various measuring and marking 

techniques may be employed t o  f a c i l i t a t e  locat ing  such evidence 

accura te ly  i n  order  t o  enhance photography and f o r  l a t e r  t r a n s f e r  t o  an 

accident  schematic. Outl ining d i sco lo ra t ions  on t h e  roadway with 

cont ras t ing  spray pain t  is he lp fu l ,  a s  is o u t l i n i , q  s c u f f s  o r  skidmarks. 

Key off-road fea tu res  relevant  t o  the  crash ,  such a s  poles and t r e e s ,  

may s imi ia r ly  be marked. Farking with an "Xu o r  nmber  denoting which 

c m p n e n t  o r  item is invoived is he lp fu l  f o r  i a t e r  p i c t o r i a l  reference.  

The inves t iga tor  can be resourceful  i n  many ways i n  marking and noting 

some data. Surveying the  e n t i r e  crash scene while v i sua i i z inq  what is 

i m p r t a n t ,  noting and recording it  accura te ly ,  a s  well a s  captur ing  i t  

i n  the  photo sequence, is a good approach which keeps key i tms o r  
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f e a t u r e s  from being overlooked. 

There a r e  many roadway types and c l a s s i f i c a t i o n  ca teqor ies .  The 

i i s t i n g  se iec ted  f o r  NASS is one t h a t  was found most usefui  f o r  research 

purposes. In  genera l ,  roads a r e  c l a s s i f i e d  by t h e i r  locat ion ,  t h e i r  

se-mice t y p ,  and how they a r e  used in  terms of t r a f f i c  tyFe and t r a f f i c  

c h a r a c t e r i s t i c s .  T r a f f i c  c h a r a c t e r i s t i c s  i n  t e r n s  of  an averaqe d a i i y  

t r a f f i c  (m) count averaged over a long period (usual ly  one year)  is an 

impartant road use desc r ip t ive  c h a r a c t e r i s t i c .  3ourly voiume is 

s i m i l a r i y  important da ta  ts measure roadway e f f i c i ency .  

Various s t u d i e s  have t r i e d  t o  c o r r e l a t e  acc idents  with such road 

use da ta ,  but  r e s u l t s  have been inconclusive. Some c o r r e l a t i o n  has been 

found e x i s t  between well defined sec t ions  roadway and f a c t o r s  

h i c h  r e s u l t  i n  t r a f f i c  disturbance o r  in ter ference .  For example, i n  

some well defined types of  roadways where roadway sec t ions  a r e  s h o r t  i n  

t e r n s  of d i s t a n c e s  between in te r sec t ions  and driveways with high t r a f f i c  

volume, acc ident  r a t e s  a r e  high. sec t ions  of s i m i i a r  roadway, i n  

ccmparison, had lower volume and lower accident  r a t e s .  Accident r a t e s  
1 

have been shown t o  increase  with increase i n  average d a i l y  t r a f f i c .  A 

t r a f f i c  lanes  e x i s t  i n  tangent ( s t r a i g h t )  sec t ions  of 

highway, t h e  inves t iga to r  can desc r ibe  the  roadway with r e l a t i v e  ease. 

However, t h e r e  a r e  many v a r i a t i o n s  of a c t u a l  road use d i c t a t e d  by 

roadway geometrics and t r a f f i c  con t ro l  devices. Some of these  a r e  

acce le ra t ion  i anes  f o r  merging t r a f f i c  i n t o  roads from ramps, s to rage  

l anes  where c a r s  l i n e  up f o r  tu rns ,  tu rn  lanes  t o  f a c i l i t a t e  turning 

movements a t  in t e r sec t ions ,  and s i m i l a r  such designs. The inves t iga to r  

is encouraged t o  becane fami l i a r  with var ious  roadway f e a t u r e s  and 

c h a r a c t e r i s t i c s  such a s  roadway type, average d a i i y  t r a f f i c  (PDT) , and 

hourly v o i m e  so a s  t o  b e t t e r  desc r ibe  t h e i r  c h a r a c t e r i s t i c s  r e i a t i v e  t o  

crashes m d e r  study. Road edges i n  terms of shoulders  o r  off-road 

design a r e  a l s o  important f ea tu res  o f  t h e  roadway r e l a t i v e  t o  the  study 

of motor vehic le  accidents .  

h o r n  a 1966 strdy of acc ident  da ta  provided by Ohio, Louisiana 
and Cal i fornia ,  s m a r i z e d  by Dr. Adrian Koert of Michigan S t a t e  
University, Highway T r a f f i c  Safe ty  Center. 



Shoulder area is t h a t  portion contiguous t o  the  t raveled  port ion of 

the  roadway which serves a s  an off-road area  f o r  stopped vehicles under 

emergency condit ions,  a s  well a s  f o r  the  l a t e r a l  support of  the  roadway 

base and s u r f a c e  courses. Its importance i n  motor vehic le  crashes is 

t h a t  it oftentimes provides a recovery area  f o r  vehic les  involved in  

crashes,  o r  vehic les  attempting t o  evade a crash. Shoulders may have 

detr imental  e f f e c t s  on vehic le  s a f e t y  i f  they a r e  not firm and dressed 

evenly with t h e  roadway. Such road shoulder d i f f e r e n t i a l s  can r e s u l t  i n  

l a t e r a l  fo rces  t o  the  vehicie which adversely a f f e c t  the  d r i v e r ' s  

a b i i i t y  t o  con t ro l  and d i r e c t  the  vehicie properly. Shoulders can be 

made of loose  material  (gravel ,  d i r t ,  sod) o r  permanent mater ia l  

(Portland cement, asphal t )  . Loose mate r i a i  shoulders require more 

maintenance than permanent mater ia l  shoulders. I t  provides a 

s i g n i f i c a n t l y  d i f f e r e n t  skid f a c t o r  c h a r a c t e r i s t i c  t o  the  vehicle. Many 

times such l a t e r a l  fo rces  applied t o  a veh ic ie  f r o n t  wheel, when the  

d r i v e r  attempts t o  recover the  roadway, can p r e c i p i t a t e  a crash.  Noting 

the  condit ion of the  shoulder a s  well a s  its width, mater ia i  

composition, and its re ia t ionsh ip  t o  the  roadway is an i m ~ o r t a n t  

information element r e l a t i v e  t o  t h e  examination of  t h e  scene. The 

inves t iga tor  shouid not h e s i t a t e  t o  include info ma t i o n  beyond t h a t  

ca l ied  f o r  on any given da ta  form. This can be e a s i l y  accomplished by 

at taching addi t ional  da ta  o r  sketch sheets  t o  t h e  form, including notes  

i n  the  margin of the  f i e l d  scene protocol ,  o r  by using blank backs of 

f i e l d  foms.  Such addi t ional  information can be vaiuable t o  the  

inves t iga tor  when he/she at tempts t o  reconstruct  the  c rash ,  a s  weli a s  

t o  the  da ta  and case e d i t o r  and analys t .  I n  many ana lys i s  e f f o r t s ,  

o r i g i n a l  copies of inves t iga t ion  forms and re la ted  documentation must be 

examined a s  part of a study. Shoulder width, s l o ~ e ,  and mater ia l  can be 

reievant  considerat ions t o  t h e  understanding of the behavior of an out  

of cont ro l  vehicie. 

Accesses t o  t h e  roadway can take  many foms. For divided and/or 

l imited access highways, access  is through merging t r a f f i c  brought up t o  

speed by an accelera t ion  l a n e  and merged i n t o  t h e  moving t r a f f i c  on the 

primary roadway. Roadways o the r  than well  d e s i g n d  l imited access 

hiqhways inciude f e a t u r ~ s  which present  c o n f l i c t s  between t r a f f i c  un i t s .  

Such conf l i c t s  can and o f t en  do r e s u l t  i n  crashes. To minimize the  
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e f f e c t s  on such c o n f i i c t s  and t o  e f f e c t  mooth flow of t r a f f i c ,  various 

t r a f f i c  con t ro l  devices a r e  employed. Such devices include t r a f f i c  

s i g n a l s ,  s igning,  and markings . 
The th ree  basic types of t r a f f i c  c o n f i i c t s  a re :  (1) crossing,  (2)  

merging, and (3) diverging. In te r sec t ions  a r e  c l a s s i f i e d  a s  at-grade o r  

grade separated,  depending u p n  the  treatment of crossing c o n f l i c t s .  

The grade separated in te r sec t ion ,  a l s o  ca l l ed  an interchange, limits t h e  

c o n f l i c t  between crossing pa t t e rns  of t r a f f i c .  There a r e  a v a r i e t y  of  

at-grade in te r sec t ions  each having t h e i r  d i s t i n c t  geometric 

c h a r a c t e r i s t i c s  and d i f f e r e n t  roadway fea tures .  Some of these  a r e  

presented i n  the  sketch below (see Figure 1 . 4 ) .  The inves t iga tor  should 

f a m i l i a r i z e  himself with the  various i n t e r s e c t i o n  types commonly found 

i n  t r a f f i c  s o  a s  t o  more accura te ly  descr ibe  roadway fea tu res  re ievant  

t o  crashes.  

There a r e  two bas ic  roadway alignments: (?) hor izonta l ,  and (2)  

v e r t i c a i .  ?AS t he  name implies, hor izonta l  a l i g m e n t  is e i t h e r  a curve 

o r  a s t r a i g h t  sec t ion  of l e v e l  roadway. Ver t i ca l  alignment implies 

grades,  c r e s t s  and sags  in  the  roadway. These a r e  minimized by being 

made a s  gradual changes of alignment i n  good roadway designs but  can be 

s i g n i f i c a n t  crash causal  re la ted  f e a t u r e s  i n  o lde r  roadways o r  on 

secondary roads. The v e r t i c a l  curve provides f o r  the  gradual  t r a n s i t i o n  

from one grade (umrade o r  downgrade) t o  another grade by means of a 

curve i n  the  roadway which connects the  Vm i n t e r s e c t i n g  tangent 

sec t ions  of the  roadway. When t h e  p i n t  of i n t e r s e c t i o n  of these two 

tangents  is above the  road surface ,  t h e  v e r t i c a l  curve is c a i l e d  a 

c r e s t ;  when below t h e  roadway, t h e  v e r t i c a i  curve is c a l l 4  a sag. In  

addi t ion  t o  l imi t ing  r id ing comfort of vehic le  occupants, changes in  

roadway v e r t i c a i  aiignment can be important causal  cons idera  t i o n s  i n  

acc idents  because of the  s i g h t  d i s t a n c e  l i m i t a t i o n s  aiong the  v e r t i c a l  

curve. This is i l l u s t r a t e d  i n  t h e  diagram below (see Figure 1.5) . 
Vert ica l  sag curves may i i m i t  veh ic le  opera tor  headl ight  sisht 

d i s t ance  a t  nighttime. Headlight s i g h t  d i s t ance  is the  most important 

c r i t e r i a  used by highway des igners  i n  e s t ab l i sh ing  v e r t i c a i  curves. 

Figure 1.6 i i l u s t r a t e s  t h e  condit ion f o r  dr iv ing the  minimum length  of 

sag v e r t i c a i  curve (i), i n  te-ms of  the  d i s t ance  between the  veh ic le  and 
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Figure 1.5 V e r t i c a l  Aiicpre!t Limits Driver Vision Ahead 

p i n t  h e r e  the l i g h t  ray emitting from the  vehicle h i t s  the  Favment 

surface (S) . The height of the  headlights abcve the pavenent (H) shows, 

a s  does the angle of the l i g h t  rays emitting from the  vehicle above the  

horizontal (B). The equation shown in the i i i u s t r a t i o n  is one tha t  is 

us& by highway designers to  determine the  minimum length of the 

ve r t i ca l  sag curve (L)  . 
Accurately documenting v e r t i c a l  and horizontal  alignment 

charac te r i s t i c s  of a roadway car! be an essen t ia i  par t  of understandin? a 

crash. Changes in  horizontal  a l i g m e n t  in  the form of roadway curves 

are  s imilar ly  important in  t h a t  they a l s o  i i m i t  r iding comfort, o r  the  

s p e d  a t  which the  vehicle can comfortably and s a f e l y  take the curve, a s  
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. - 
L = 

200 (+I + S  t o n  8 )  

L = Length of Ver t i ca l  Curve, F t .  
A = A1 gebraic Di f ference i n  Grades, 

Percent (G2  - GI ) 
S = Sight  Distance, Ft. 
H = Headlight Height, Ft. 
B = Upward Divergence o f  L i gh t  Beam, 

Degrees 

Figure 1.6 V e r t i c a l  Curve Effects an Si~ht D i s t a n c e  

.ieil a s  l imi t ing  the  view of the  roadway ahead a t  nighttime. The 

horizontal alignment of a  roadway may be viewed a s  a  s e r i e s  of s t r a i g h t  

o r  "tangent" sec t ions  which a r e  joined by c i r c u i a r  curves. 

Men the  roadway is f l a t  and l e v e l  about a  curve, the only force  

r e s i s t ing  the  tendency of the  vehic le  t o  leave the roadway a s  a r e s u l t  

of cent r i fugal  force is the s i d e  f r i c t i o n  forces developed between the  

t i r e s  and the  pavement. Side,  o r  i a t e r a l ,  f r i c t i o n  forces  t o  the  

vehicle a re  readily sensed by the  d r ive r .  By superelevating,  o r  bankina 

the  roadway, the  vehic le  then uses the  force  of g rav i ty  t o  o f f s e t  the  

tendency of the  vehicle t o  s i i d e  outward. Curves a r e  s u ~ e r e i e v a t e d  

primariiy f o r  s~eeds d ic ta ted  by c m f o r t  t o  vehicle d r ive r s .  Hiqn 
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c e n t r i f u g a i  fo rces  when cornering a l s o  tend t o  cause t h e  d r i v e r  t o  s l i d e  

ac ross  t h e  seat of the  automobile. This is an important cons idera t ion  

wfien attempting t o  e s t a b l i s h  whether t h e  d r i v e r  was i n  t h e  d r i v e r ' s  s e a t  

and i n  c o n t r o l  of t h e  vehic le  a t  a l i  times i n  crashes  where i a r g e  

l a t e r a l  f o r c e s  t o  the  vehic le  a r e  evident.  I n  Northern c l imates ,  

roadway s u p r e l e v a t i o n s  a r e  l imi ted  by icy  roadway condi t ions  which 

penni t  veh ic les  t o  s l i d e  down t o  the  base of the  superelevated roadway. 

Greater  supere levat ions  a r e  most evident  i n  Southeriy cl imates.  

Centr i fugai  force  associa ted  with the  veh ic le  moving i n  a c i r c u l a r  

path about a curve may r e s u l t  i n  the  roadway being "banked" o r  

superelevated t o  increase  occupant comfort and t o  permit the  vehic le  t o  

develop s u f f i c i e n t  l a t e r a l  t i r e  t r a c t i v e  fo rces  t o  keep the  veh ic le  from 

s i ipp ing  sideways o f f  the  roadway a t  high speeds. One o the r  roadway 

f e a t u r e  involved i n  t h e  design of c u m e s  is the  use of a s e c t i o n  of 

roadway termed a t r a n s i t i o n .  Here, the  curve is connected t o  tangent  

sec t ions  i n  such a manner s o  as  t o  provide f o r  easy veh ic le  t r a n s i t i o n  

from the  s t r a i g h t  t a q e n t  sec t ion  of  the  roadway t o  t h e  curved por t ions  

of the  roadway. It c o n s i s t s  o f  a gradual  (long radius)  curve, 

increasing i n  curvature  u n t i l  i t  equals  t h e  curvature  of the  curve. 

Measurement of roadway curvature  i n  terms of  degrees  of  curvature ,  

o r  f e e t  i n  r a d i i ,  can be obtained from t h e  l o c a i  road commission, 

highway department, o r  a s i m i l a r  res-pnsible roadway organiza t ion .  

Where such information is not  a v a i l a b l e ,  t h e  i n v e s t i g a t o r  may use h i s  

lN-foot  tape  t o  c r e a t e  chords about the  curve and measure t h e  o f f s e t  

from the  curved a r c  por t ion  of t h e  roadway in tercepted  by the  chord. 

This enabies a c a l c u l a t i o n  of t h e  curvature  over t h e  length  o f  t h e  

chord. The o f f s e t  between the  chord and roadway curved edge is c a l l e d  

t h e  middle o rd ina te ,  o r  of f -se t ,  a s  seen in  Figure 1 . 7 .  

Such measurments provide a simple way of  determining t h e  radius  of t h e  

curved roadway. This  is given by t h e  following formula: 

R = c 2 / 8 ~  + M/2 

where: 

R is the  radius  of  the  curve i n  f e e t ,  
C is the  length  of the  chord i n  f e e t ,  and 
M is the  length  of  t h e  n i d d l e  o rd ina te  i n  f e e t .  
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Curve 

Chord ( C )  

Figure 1.7 Chord Measuerrrtnts cf Curves 

A. der ivat ion  of t h i s  formula from sbnple trigonometric re la t ionships  is 

given i n  ~ p ~ e n d i x  A. 

As previously indicated,  supereievation is an important 

c h a r a c t e r i s t i c  which determines a c m f o r t a b i e  and s a f e  s p e d  f o r  

vehicles t o  t raverse  a curve. Knowing the  roadway surface  c o e f f i c i e n t  

of f r i c t i o n  permits the inves t iga to r  t o  c a i c u l a t e  the speed about the  

curve a t  which the  veh ic le ' s  cen t r i fuga l  fo rce  equals  the  t r a c t i v e  

forces on the  tires. Exceeding t h i s  speed permits  the  vehic le  t o  "spin- 

outm and leave the roadway. This can be expressed by the  following 

formula and is c m n i y  refer red  t o  a s  the  c r i t i c a i  curve speed. 
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Where R is the  radius i n  f e e t  and in the  roadway c o e f f i c i e n t  of 

f r i c t i o n  . 
The veh ic le  w i l l  usual ly begin yawing, o r  ro ta t ing  s l i g h t l y ,  about its 

cen te r  of g r a v i t y  bile travers ing  a curve a t  the  c r i t i c a i  curve speed 

before it w i l l  a c t u a l l y  l eave  t h e  roadway out  of cont ro l .  Any marks on 

t h e  roadway indica t ing  c r i t i c a l  cornering scuf f s  o r  yaw marks should be 

measured and viewed s o  t h a t  t h e  a c t u a l  placement of t h e  veh ic le  on the  

roadway can be reconstructed. This ~ermits placement of the  v e h i c l e ' s  

cen te r  of mass r e l a t i v e  t o  the  t r acks  o r  scuf f s  on the  roadway. In  most 

cases,  one hal f  of the  c a r  width must be subtracted from t h e  radius  

d ic ta t ed  by t h e  scuf f ,  o r  cornering marks, made by t h e  ou t s ide  wheeis of 

t h e  vehicle.  Derivation of t h i s  r e l a t ionsh ip  is given i n  Appendix B. 

The c r o s s  s e c t i o n  of the  roadway is designed t o  provide both a 

l e v e l  su r face  f o r  t h e  veh ic le  t o  t r a v e i  on, a s  wei l  a s  t o  p e n i t  

adequate drainage of water from t h e  roadway. Most road su r faces  a r e  

crowned a t  t h e i r  cen te r  f o r  drainage. This  crokned cen te r ,  i n  e f f e c t ,  

r e s u l t s  i n  a banking o r  superelevation t o  adjacent  t r a f f i c  i a n e s  and can 

a f f e c t  d r i v e r  comfort a s  weil  a s  veh ic le  con t ro l  when moving f rom one 

t r a f f i c  l ane  t o  another. Oftentimes a crowned tm- lane  road, with a 

d i f f e r e n t  s lope t o  each t r a f f i c  l a n e ,  is maintained with t h a t  same s lope  

re l a t ionsh ip  around a curve. This  r e s u l t s  in  one i ane ,  usual ly  t h e  l ane  

ins ide  t o  the  curve, having g r e a t e r  superelevation than the  o the r .  To 

an u n s u s p c t i q  d r i v e r  whose s p e d  is high and c o n t r o i  marginal when 

taking a curve, t h i s  could be det r imenta l  t o  veh ic ie  cont ro i .  A t  one 

time in  Michigan, roadways had a parabol ic  crown a t  t h e i r  c e n t e r  which 

d ic ta t ed  the  s lope  of each t r a f f i c  l a n e  on a tm- lane  roadway. When 

c o n s t r u c t i q  the  same roadway about a curve, t h a t  sane paraboi ic  crown 

and slope re l a t ionsh ip  was kept cons tant ,  r e su l t ing  i n  s l i g h t l y  g r e a t e r  

superelevation i n  one l a n e  than on t h e  o ther .  This  d i f f e r e n c e  i n  

superelevation was shown t o  a f f e c t  the con t ro i  of a veh ic le  when 

changing from one i ane  t o  another  while t r ave l ing  a curve. 

hhen measuring s u p r e i e v a t i o n ,  o r  roadway banking, t h e  inves t iga to r  

should make more than one measurement so t h a t  he o r  she  can a v e r q e  out  

any anomalies o r  i r r q u i a r i t i e s  of  t h e  roadway surface .  I t  should never 

be assumed t h a t  once a s lope  measurement is made t h a t  the  same s lope  is 
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maintained across  the  e n t i r e  roadway. Supereievation shouid be measured 

independently f o r  each t r a f f i c  lane. A sketch of roadway cross-sections 

should be included a t  various locat ions  across the  roadway in  the  

accident drawing, a s  well a s  along the  roadway, t o  adequately doclnnent 

such c h a r a c t e r i s t i c s  when relevant to  the  crash. Such roadway cross- 

sec t ion  p r o f i l e s  may then be ident i f ied  with a pos i t ion  of the  roadway 

in  the  plan view sketch of the  roadway. Cross-sections may e a s i l y  be 

p lo t ted  on a piece of graph paper which shows the  s lope  of the  

superelevation ( o r  banking), f o r  each pavement sec t ion ,  and the  slope 

and width of the  shoulder, a s  well a s  the  off-road area  contiguous t o  

the  shoulder, These need not be a t  the  same s c a l e  used i n  pian view 

drawings, but may be exaggerated in  r e i a t i v e  sca le .  

The surface  composition of the  roadway is important i n  determining 

the  t r a c t i v e  fo rces  t h a t  vehicle t i r e s  can develop on t h e  pavement. I t  

a l s o  determines c h a r a c t e r i s t i c s  of  water run o f f ,  res is tance  t o  wear and 

smoothness of the  surface. There a r e  two basic kinds of roadway 

surfaces. One t y p  of roadway surface  is a permanent mater ia l  surface ,  

and the o ther  is loose  material  surface. Permanent mater ia l  surfaces  

cons is t  of Portland cenent o r  asphalt  pavenent. (Some urban s t r e e t s  may 

be constructed of s tone  blocks o r  bricks,  but these a r e  q u i t e  infrequent  

today.) Loose mater ia l  surfaces  a r e  made up of g rave l ,  c inders ,  d i r t ,  

crushed rock, and s imi la r  substances. To f u r t h e r  charac ter ize  the  

roadway, the  inves t iga tor  should make an est imate a s  t o  the  surface  

c o d i t i o n  of the pavement; t h a t  is, whether i t  is new, with a sharp 

c r i s p  looking surface,  o r  whether the  surface  is t r a f f i c  polished by 

heavy motor vehicle use. For Portland cement, the  inves t iga tor  shouid 

a l so  note whether t h e  su r face  is grooved o r  textured i n  some o the r  way. 

For asphalt ,  the  inves t iga tor  shouid a s s e s s  the aggregate s i z e  in  the  

asphalt ,  a s  well a s  whether t h e  su r face  has any evidence of bleeding o r  

t a r  sa tura t ion .  A i l  these  c h a r a c t e r i s t i c  f ea tu res  a f f e c t  su r face  skid 

cha rac te r i s t i c s .  

Similar in importance t o  pavement su r face  type, is the  condit ion of 

the  surface. I t  may have been dry  o r  wet a t  the  time of the  acc ident ,  

p l i s h e d  clean from heavy t r a f f i c  movenent, o r  dusty and d i r t y .  It may 

a lso  have been be mllddy a s  a r e s u l t  of being tracked from non-pe-manent 
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s i d e  roads o r  construct ion s i t e s .  Observing and noting these  

c h a r a c t e r i s t i c s  of  the  roadway w i l l  help i n  es tabi i sh ing an accura te  

c o e f f i c i e n t  of f r i c t i o n  t o  be used in  reconstruct ing t h e  crash a s  well  

a s  p s s i b l y  explaining o ther  crash-related phenomena. I f  t h e  roadway 

was wet a t  the  time of the  crash ,  the  degree of road wetness should be 

determined. I f  there  was evidence i n  the  pol ice  report  of a wet 

roadway, determine how wet. A very wet surface,  evidencing standing 

water, could be indica t ive  of vehic le  hydroplaning. Hydroplaning occurs 

when standing water on the  roadway, coupled with t i r e  t read condit ion,  

t i r e  pressure,  vehic ie  weight and speed, begins t o  a c t  a s  a lubr i can t  

between the  t i r e  and the  roadway. Movement of the  t i r e  over the  road 

su r face  then causes a wedge of water t o  form between the  t i r e  and the  

su r face  and the  vehic le  "planes" on the  water layer .  Idhen t h i s  

c o r d i t i o n  is suspected, information r e l a t i n g  t o  pavement s lope  and 

t e x t u r e  becanes important, a s  does the  condit ion of  vehic le  t i r e s .  

.Knowledge of road c h a r a c t e r i s t i c s  is e s s e n t i a l  i n  accura te ly  

reconst ruct i rg  a crash. Both geometric f ea tu res  and c h a r a c t e r i s t i c s  of 

the  pavement surf  ace may provide phys i c a i  evidence of vehic le  movements 

p r i o r  t o  the  crash and a f t e r  t h e  crash.  I t  is a l s o  e s s e n t i a l  in  

est imating a r ea l  i s t i c  skid f a c t o r  number necessary f o r  predic t ing  

vehic le  movement on the roadway. Here the  road su r face  skid nunber 

(drag f a c t o r  o r  f r i c t i o n  f a i t o r )  is most usually a conservative 

representat ion of t h e  road su r face ,  s m h  t h a t  a reasonable es t imate  of 

vehicle sped may be established.  2 

1. d T r a f f i c  Controls 

To ensure the  s a f e ,  e f f i c i e n t ,  and t imely t r a n s p r t  of people and 

goods on our roadways, t r a f f i c  c o n t r o i s  a r e  used t o  con t ro l  t r a f f i c  

'since law enforcement profess ionals  a r e  primari ly concerned with 
hbether a law has been v io la ted ,  and i f  v io la ted  what c i t a t i o n  is 
warranted, es tabl i sh ing minimum speeds is important. Speed ca icu la t ions  
a r e  used i n  t h e  presenta t ion  of  proof of veh ic le  s p e d .  These 
ca lcu la t ions  r e l a t e  the  k i n e t i c  energy of  the  veh ic le  in motion t o  heat  
energy i n  the  wheeis and t i r e s  of  t h e  vehic le  in  braking. Inves t iga to r s  
coriductiq crash inves t iga t ions  f o r  research purposes a r e  not  concerned 
p-imari iy with making es t imates  of  sped f o r  iaw enforcement purposes, 
but  they a r e  concerned with e s t ab l i sh ing  an accura te  c o e f f i c i e n t  ~f 
f r i c t i o n  fo r  accident  reconstruct ion.  
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movement and t o  minimize c o n f l i c t s  between vehicles.  Roadway route 

numbers, street s igns ,  geographical markers, information s igns ,  and 

s imi la r  sources of information a r e  not  t r a f f i c  cont ro l led  devices. 

Tra f f i c  con t ro l  devices include t r a f f i c  s igns ,  s igna l s ,  and pavement 

markings. They serve  a s  warning devices, regulatory devices and 

information guides. They a r e  manifested i n  the  Panuai of Uniform 
3 Traf f i c  Control  Devices which has now been accepted by most s t a t e s  t o  

ensure uniformity i n  t r a f f i c  control .  The inves t iga tor  is refer red  t o  

t h i s  manual and t o  h i s  s t a t e  manuai (each s t a t e  has one) t o  develop a 

f a m i l i a r i t y  with t h e  use and appl ica t ion  of the  various devices  on our 

highway system. 

1.4 .1  Signs. The three  c l a s s i f i c a t i o n s  of  s i g n s  a re :  (1) warning, 

(2)  advisory, and (3) regulatory. The message a s ign  conveys is noted 

i n  part  by its shape, color ,  and symbol (where included) . Signs must be 

l e g i b l e  and located so  t h a t  they may be e a s i l y  viewed by motorists .  

The ~ o s t i n g  of veh ic le  speeds is, of course, a regulatory function 

and is conveyed by a rectangular  s ign  with its major a x i s  mounted 

v e r t i c a l l y .  The re l a t ionsh ip  between s p e d  and accidents  is a major 

considerat ion i n  es tabl i sh ing speed limits on roads. Speed limits can 

be e i t h e r  absolute  o r  prima fac ie .  The absolute speed l i m i t  sub jec t s  

the  d r ive r  t o  a r r e s t  when i t  is exceeded while the  prima f a c i e  speed 

l i m i t  is somewhat more subjec t ive  and p iaces  t h e  burden on t h e  d r i v e r  t o  

prove t h a t  he was s a f e l y  operat ing h i s  vehicie.  Excessive speed i n  

condit ions such a s  fog, r a in ,  snow, o r  sieet a r e  examples of  the  l a t t e r .  

The inves t iga tor  should be cautioned here t h a t  d r i v e r s  a r e  incl ined t o  

report  t h e i r  s p e d ,  when asked, a s  being a t  o r  below t h e  speed i i m i t ,  

when i n  f a c t  they may have been exceeding the  limit. 

Cne relevant cons idera t ion  f o r  the  inves t iga to r ,  is t h e  overuse of 

signs. That is, where many s i g n s  e x i s t  which make demands on the  

motorist ,  t he  r e s u i t  may be t o  confuse and bewiider r a the r  than t o  

i n f o n  and d i rec t .  This  c l u t t e r ,  o r  information overload,  on the  d r i v e r  

makes h i s  driving t a sk  more d i f f i c u l t .  The loca t ion  o f  a l l  s igns  and 

'Manual of Unifonn T r a f f i c  Control Devices f o r  S t r e e t s  and 
Highways (Washington, D.C.: U. S. Department of  T r a n s p r t a t i o n ,  Federal 
Iiighway .4&inistration, 1971) . 
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con t ro l s  relevant  to  the  accident should be noted. The inves t iga tor  is 

encouraged t o  question use and locat ion of s igns  and consult  the  S t a t e  

Uniform Manual of Tra f f i c  Control Devices t o  assess  t h e i r  s u i t a b i l i t y .  

1.4.2 Signals.  T ra f f i c  cont ro ls ,  such a s  s ignals ,  ga tes ,  b e l l s ,  

and o ther  sensory a l e r t i n g  devices a r e  most of ten  applied a t  

in t e r sec t ions  o r  major p i n t s  of c o n f l i c t  on the  roadway. Their 

appl ica t ion ,  timing and synchronization with l a rge r  area municipai 

t r a f f i c  con t ro l  system is the  a r t  of the  t r a f f i c  engineer. Your l o c a l  

t r a f f i c  engineer ( c i t y  o r  county) can be an important source of 

information in  t h i s  pa r t i cu la r  area.  Ee can provide you with the  r a t i o s  

of green time t o  red time a t  s ignals ,  t he  warrants which i ed  t o  s igna l  

i n s t a l l a t i o n ,  intended modifications t o  s igna l s ,  and the  r e l a t ionsh ip  of 

a p a r t i c u l a r  s ignal  t o  an overa l l  network of t r a f f i c  cont ro l  devices. 

The inves t iga tor  should be aware of su i t ab le  locat ions  fo r  such 

s igna l s  and problems associated with s igna l s  which a r e  not s u i t a b l y  

located. For exampie, ra i l road at-grade crossing ga tes  may s t a y  down 

f o r  long periods of time so t h a t  the re  is l i t t l e  re la t ionship  between 

conf l ic t ing  ra i l road and motor vehic le  t r a f f i c  i n  t h e i r  use. Also, 

overhead iocat ion  of s igna l s  within an in te r sec t ion  can sometimes t r a p  

motorists  i n  the  in tersec t ion  awaiting c lear ing  t r a f f i c  t o  turn. m e r e  

such anomalies e x i s t ,  t he  inves t iga tor  is encouraged t o  note and comment 

upon than a s  pa r t  of  the  scene examination protocol.  

1.4.3 Earkings. Pavement markings and markers a r e  used t o  guide 

and regulate vehic les  on the  roadway. These a r e  used t o  channei t r a f f i c  

in to  proper pos i t ions  on the  rcadway and t o  separa te  o p p s i n g  s t r e a s  of 

t r a f f i c ,  t o  de l ineate  no passing zones and road edges, and t o  e s t a b l i s h  

roadway cen te r l ines  and tu rn  lanes  a t  in t e r sec t ions .  They a i s o  out1 ine  

pedestr ian waikways across in te r sec t ions  and, i n  genera i ,  f a c i l i t a t e  the  

order ly  and s a f e  movement of t r a f f i c .  The condit ion of such markings 

a r e  important when considering t h e i r  e f f e c t  on the  motorist.  Their 

e f f e c t  is compromised when they a r e  obscured and poorly v i s i b l e  t o  the  

dr iver .  Perhaps most important is pooriy maintained t r a f f i c  lane  

s t r i p i n g  which tends t o  became obscured and thus ine f fec t ive  i n  

dei ineat ing proper t r a f f i c  lenes. This c r e a t e s  c c n f i i c t s  between people 

wS.0 a re  fami l iar  with the  roadway and those who a r e  unsure and 
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unfamiliar with t r a f f i c  movement pat terns and confusion between d r ive r s  

who a re  both unfamiliar with the  roadway. The inves t iga tor  shouid be 

aware of t h e  marking condition and placement when attempting t o  assess  

a l l  the  causal  f ac to r s  i n  a crash. Some s t r i p e s  o r  markings can be a 

d i s t i n c t  hazard t o  vehicular t r a f f i c .  The prime example here is the  use 

of cold and ho t  p l a s t i c  s t r ips a t  in tersec t ions .  This mater ia l  is a 

p l a s t i c  t ape  w i t h  an e p x y  bonding used extensively f o r  urban 

crosswalks. For a skidding vehicle,  such a s  a motorcycle (which is a 

s ing le  track vehicle and inherently unstable when braking o r  skidding),  

the  p l a s t i c  s t r i p e  can contr ibute  t o  the r i d e r ' s  i n a b i l i t y  t o  cont ro l  

h i s  vehicle a s  i t  passes over the  s t r i p .  

?he reievance of t r a f f i c  cont ro ls  t o  crashes is obvious. Faulty 

cont ro ls ,  con t ro l s  improperly applied,  o r  t r a f f i c  con t ro l s  not  designed 

f o r  exis t ing  t r a f f i c  conditions a r e  hazardous t o  the  s a f e  movement of 

motorists  and pedestr ians They must a l s o  be accepted by motor is t s  and 

pedestrians. In addi t ion  t o  obseming and not i rq  a l l  t r a f f i c  cont ro ls  

relevant t o  a crash s i t e ,  t he  inves t iga tor  is encouraged t o  be c r i t i c a l  

and t o  evaluate t h e i r  s u i t a b i l i t y  and effect iveness.  

1.5 Off-Road Features 

Off-road t e r r a i n  c h a r a c t e r i s t i c s ,  and ob jec t s  associated with off- 

road t e r r a i n  account f o r  a considerable port ion of the  damage and in jury  

associated with l o s s  of cont ro l  crashes. A "forgiving" off-road 

enviroment is e s s e n t i a l  t o  mi t iga te  t h e  s e v e r i t y  of these  crashes. 

Trees, shrubs, o r  o ther  vegetat ion o f t en  hide more hazardous fixed 

ob jec t s  such a s  fences, posts ,  t r e e  stumps, o r  culver ts .  The 

inves t iga tor  should assess  the  general  na ture  of the  off-road t e r r a i n  

and note its re ia t ionship  t o  the  crash. Could t h e  dangerous f ixed 

objec t  struck by the  vehic le  have been novec! o r  eliminated? Is the  off-  

road t e r r a i n  and its c h a r a c t e r i s t i c s  the  product of  Foor roadway 

maintenance? Could dangerous fea tu res  (such a s  c u l v e r t s )  have been 

a i t e r e d ,  protected,  o r  relocated t o  be i e s s  hazardous t o  e r r a n t  

vehicles? Are off-road siopes too s t e e p  so t h a t  a b a r r i e r  w u i d  be 

warranted t o  contain e r r a n t  vehicles? Couid i t  have been slcped 

d i f fe ren t ly?  The inves t iga tor  should p n d e r  quest ions such a s  these  

&,en examining and evaluat ing off-road c h a r a c t e r i s t i c s .  
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A c l e a r  roadside area is an ideal  s i t u a t i o n  f o r  vehicular s a f e t y ,  

but sometimes impossible because of such fixed objec ts  a s  drainage 

s t r u c t u r e s ,  and other  permanent roadside designs. When the  hazards 

associated with off-road t e r r a i n  a r e  g rea te r  than the  hazard of a 

b a r r i e r  i n s t a l l e d  t o  contain e r ran t  vehicles,  a b a r r i e r  is indicated. 

Guardrai ls  a r e  one such b a r r i e r  type which e s s e n t i a l l y  r ed i rec t  e r r a n t  

vehic les  away from off-road hazards and back on the  roadway. The 

inves t iga tor  should be fami l iar  with various b a r r i e r  s t r u c t u r e s ,  

(e.g. "w" bean, open face, post ,  cable,  e t c . )  , how these  b a r r i e r  

s t r u c t u r e s  a r e  applied, and t h e i r  method of operation. The condition 

and maintenance of such b a r r i e r s  is important t o  the  inves t iga tor .  Poor 

maintenance may compromise the  a b i l i t y  of tibe b a r r i e r  t o  perform 

e f fec t ive ly .  Rotted posts ,  unrepaired r e b e m s ,  improper treatment, 

improper lapping and fastening of guard ra i l  sec t ions  t o  adjacent 

s t ruc tu res ,  and lack of f l a r i n g  may a i l  be adverse conditions t o  be 

considered by t h e  invest igator .  

Divided and separated highways a r e  e f f e c t i v e  f o r  high speed, 

e f f i c i e n t  , and s a f e  movement of vehicles.  These highways provide 

d r ive r s  with a path f r e e  of any po ten t i a l  c o n f l i c t  from onccming 

t r a f f i c .  However, when roadside areas  serve  a s  obs t ruct ions  and a r e  

hazardous, o r  a r e  i n  qeneral "unforgiving" t o  the  e r r a n t  vehicle,  s a f e t y  

is cmpromised. A highway design philosophy Gjhich is gaining acceptance 

is one termed "pos i t ive  guidance." Pos i t ive  guidance attempts t o  g ive  

the  d r i v e r  s u f f i c i e n t  information about a hazard i n  advance, and i n  a 

form he can use t o  enable him t o  avoid a crash. Highway engineering and 

hman fac to r s  t echno iqy  a r e  combined t o  c r e a t e  s a f e  and e f f i c i e n t  

rcadway environnents. A more complete d iscuss ion of t h i s  concept is not 

p s s i b l e  i n  t h i s  presentat ion;  however, t h e  inves t iga tor  should be aware 

of t h e  e f f e c t s  of  an "unforgiving" off-road environment and keep in  mind 

t h a t  its e f f e c t s  can be eliminated o r  reduced i n  many ways. hhere such 

a hazard is a primary causal considerat ion i n  a crash ,  i t  is incumbent 

on the  inves t iga tc r  t o  iden t i fy  i t  and comment on its involvement in  the  

crash. The inves t iga tor  should a l s o  make suggestions a s  t o  how the  

hazard might be reduced o r  eliminated. 

SCENE EXAMINATIOhI - 27 



1.6 Envi romenta l  Factors 

Information on ambient conditions (such a s  dayl ight ,  darkness, 

ra in ,  ice ,  snow, and fog) a r e  most o f t en  ava i l ab le  from the  pol ice  

accident report .  The police accident report  merely no tes  the  presence 

o r  absence o f  the  condition, not  its extent  o r  its relevance t o  t h e  

crash. For example, a "wet roadway" m y  be e i t h e r  a d m p  road surface  

o r  one which contained standing water. If the  l a t t e r  was a c t u a l l y  the  

condition t h a t  exis ted ,  it might have led t o  hydroplaning by one 

vehicle,  a s  i rd ica ted  e a r l i e r .  Such information is c r i t i c a l  t o  the  

complete understanding of the condit ions under which the  crash  occurred. 

An additionrrl ambient considerat ion is t h a t  of g lare .  Knowledge of the  

d i r e c t i o n  of the  roadway with respect t o  t h e  sun, time of day a t  which 

the  crash occurred and the  sun angle i n  the sky oftentimes a r e  c l u e s  

t h a t  g l a r e  may have been a causal  f ac to r .  Glare, coupled with dust- 

covered o r  smudged windshields, can exacerbate an already bad s i t u a t i o n  

f o r  the  d r ive r .  

A r t i f i c i a l  i l iumination i n  urban roadway s e t t i n g s  is another 

important considerat ion t o  the  inves t iga tor .  Was i l luminat ion  within 

the  accident  area adequate, o r  d id  i t  e x i s t  a t  a l l ?  Was i i l m i n a t i o n  of 

the  accident area  important o r  relevant  t o  the  p a r t i e s  involved i n  the  

crash? Such envi rornnental considerat ions could have confdunding o r  

mit igat ing e f f e c t s  on the  crash. 

1.7 NASS Scene Data Fonn: CCS 

The organizat ion and da ta  elements provided i n  the  NASS 

envi romenta l  protocol have been s t ruc tu red  t o  provide the  minimum 

information expected from the  inves t iga to r  i n  conducting an examination 

of the  scene of a crash. However, a s  indicated above, t h e  inves t iga tor  

is encouraged t o  go beyond respnd ing  t o  the  da ta  e i enen t s  included on 

the  data  form and provide addi t ionai  information which f u r t h e r  descr ibes  

the  crash scene s i tua t ion .  This could be noting a l l  relevant  roadway 

fea tures  and c n a r a c t e r i s t i c s ,  hazards ex i s t ing  a t  the  time of t h e  crash,  

and conditions under which the  crash occurred. The accident  sketch ( o r  

sketches) shouid be c l e a r ,  accurate,  concise and informative. More than 

one sketch is encouraged so t h a t  envi romenta i  condi t ions  e x i s t i n g  a t  

the time of the crash can be accura te ly  documented. Additional c m e n t s  
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which c l a r i f y  e n t r i e s  i n  the  scene protocoi  form should a i s o  be 

included. Because of the  b rev i ty  of the  da ta  elements included, the 

i n v e s t i g a t o r  must be p rec i se  i n  h i s  assessment of t h e  s i t u a t i o n  and 

record the d a t a  with utmost accuracy. 
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2 VEHICLE EXAMINATION 

Summary. Vehicle f a c t o r s  relevant  t o  the  crash,  in 
combination with hman fac to r s  and environmental f ac to r s ,  
comprise the  bas ic  sub jec t  a reas  of accident invest igat ion.  
The vehic le  is the  instrument of  t h e  crash. Thus, the  
inves t iga tor  should expend t h e  l a r g e s t  amount of energy and 
time on vehic le  examination. Understanding t h e  path of  
c o l l i s i o n ,  the  e f f e c t s  of the  crash on the  vehic le ,  and the  
t r a j e c t o r y  of the  occupants within a r e  the  most important 
t a s k s  of the  invest igator .  

Inves t iga t ion  can a l s o  provide information on the  o r i en ta t ion  of 

the  vehic ie  o r  vehic les  a t  c rash ,  t h e i r  movement during t h e  impact, 

separa t ion  from impact, and causes of occuFant in ju r i e s .  The condit ion 

of t h e  vehic le ,  along with o the r  crash data ,  ind ica tes  how t h e  vehic le  

performed i n  the  crash. 

The inves t iga tor  w i l l  have sone knowledge about the  crash before 

undertaking an examination of the  vehicie.  This  in fomat ion  may range 

from a s  l i t t l e  a s  how many vehic les  were i n  a crash t o  the  exact  crash 

o r i en ta t ion  between s p e c i f i c  vehic les  and how they moved during and 

a f t e r  impact. The examination of crashed veh ic les  does requi re  some 

knowiedge about s p e c i f i c  motor vehic les  ( e .  , passenger c a r s ,  vans, 

t rucks ,  pick-ups, e t c . ) ,  an understandirq of the  laws o f  na ture  

(primari ly how ob jec t s  behave i n  motion), and an a b i l i t y  t o  i n t e r p r e t  

physical vehic le  damage. The research-oriented inves t iga to r  - must go 

beyond these considerat ions.  

A basic understanding of how vehic les  a r e  f ab r i ca t& and t h e  

various components and subsystems which c m p r i s e  the  veh ic le  a r e  

e s s e n t i a l  f o r  both understanding and desc r ib i rq  how i m ~ a c t  fo rces  a f f e c t  

the  vehicie,  and understanding the  damage resu l t ing  with those forces. 

A primer i n  auto mechanics is he ip fu l  inasmuch a s  it g raph ica i iy  

presents  and descr ibes  various conventional vehic le  systems (braking, 

s t ee r ing ,  d r ive  t r a i n ,  e tc .  ) . Shop manuais f o r  s p e c i f i c  veh ic le  nodeis 

a r e  a l so  helpful .  Such information permits  the  inves t iga to r  t o  become 

fami i i a r  with the  automotive terms and component names e s s e n t i a l  t o  

describing damage a s  well  a s  how the  damage occurred. No s i n g i e  

universai ly accepted g iossary  of  automotive terms and component nm.es 

ex i s t s .  Individual nanufacturers  may have d i f f e r e n t  names f o r  the same 



compnent o r  a reas  of the  vehicles. A f ami l i a r i ty  with t h i s  background 

information is necessary f o r  the  understanding and i n t e r p r e t a t i o n  of 

crash  damage and how damage resul ted ,  and a l s o  f o r  accurate recording 

and desc r ip t ion  of one ' s  findings. 

Uowiedge of the bas ic  automotive s t r u c t u r e  is s i m i l a r l y  important. 

Manufacturers l i t e r a t u r e ,  textbooks, t r ade  journal ma te r i a l s  and shop 

manuals can be q u i t e  informative i n  a reas  of body design and 

fabr i ca t ion ,  running equipnent types and component locat ions .  They a l s o  

show fundamental d i f ferences  between vehic les  which inf luence  how a 

vehic le  is damaged and how i t  p e r f o m  when impacted i n  a crash. There 

a r e  many and varied sources of such information. The inves t iga to r  is 

encouraged t o  becme fami l i a r  with such data.  

2.1 On Scene Infomatian 

In NASS crash  inves t iga t ions  on-scene observation of  the  crash is 

rare. There may be s i t u a t i o n s  where pol ice  o r  newspaper photographs a r e  

ava i l ab ie  which dep ic t  the  crash scene before the  vehic les  a r e  renoved. 

when avai lable ,  such information can help  t o  e s t a b l i s h  t h e  f i n a l  r e s t  

pos i t ions  of the crash-involved vehic les  r e l a t i v e  t o  road edges and 

o ther  observable benchmarks. The p i n t  of impact, a s  well a s  any 

physical  evidence resul t ing  from t h e  crash,  may be conf i m e d  during t h e  

post-crash scene examination. These may be such things a s  s p i l l e d  f u d  

pat terns  o r  vehic ie  post-crash t r a j e c t o r y  suggested by t r acks ,  furrows, 

scuffs ,  sk ids ,  damage t o  roadside " fu rn i tu re ,  "' and on-scene roadway 

markings made during t h e  pol ice  inves t iga t ion .  A c o r r e l a t i o n  of 

information included i n  the  pol ice  inves t iga t ion  with the  information of 

the crash scene examination can be heipful  i n  revealing t h e  way t h e  

crash occurred and the  physical layout  of the  scene immediately a f t e r  

the  crash. 

When the  o p p r t u n i  t y  presents  i t s e l f  , on-scene examination of 

crashes can provide enormous and de ta i l ed  information with which t o  

reconstruct the crash. Here the  inves t iga tor  must f i r s t  become a good 

observer. The inves t iga tor  must be capable of s o r t i n g  out  v i t a l  

i Man-made ob jec t s  such a s  b a r r i e r s ,  s igns ,  pos t s ,  e t c . ,  a r e  viewed 
i n  t h i s  context as "highway furni ture .  " 
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information i n  the  form of roadway o r  off-road evidence, a s  well a s  

noting and preserving such information during the  period of confusion 

and d i so rgan iza t ion  immediately a f t e r  t h e  crash. This is the  time when 

DIS personnel a r e  handling t h e  in jured ,  when po l i ce  a r e  con t ro i l ing  

t r a f f i c  and on-lookers while beginning t h e i r  inves t iga t ion ,  and tow 

opera to r s  a r e  eager t o  remove debr i s .  This  is not  t o  imply t h a t  a l l  

acc ident  inves t iga to r s  should attempt t o  be llon-scenetl a t  c rashes ,  but  

h e n  t h e  o p p r t u n i t y  presents  i t s e l f ,  t h e  inves t iga to r  should be capable 

of ob jec t ive ,  unemotionai s o r t i n g  out  of t h e  information necessary t o  

f u i l y  expla in  the  crash. Being a good observer is t h e  f i r s t  e s s e n t i a l  

a t t r i b u t e .  Recording and preserving c r i t i c a i  physicai  evidence i n  an 

o r d e r l y ,  unobtrusive manner is the  second most important a t t r i b u t e .  

2.2 Vehicle Identification 

~ d e n t i f y i n g  vehic les  involved i n  a crash  is bes t  accom~i ished by 

using the veh ic le  i d e n t i f i c a t i o n  number. Federal  Motor Vehicle Sa fe ty  

Standard 11115, t i t l e d  "Vehicle I d e n t i f i c a t i o n , "  r q u i r e s  t h a t  motor 

veh ic le  manufacturers i n s t a l l  a t h i r t e e n  d i g i t  and l e t t e r  i d e n t i f i c a t i o n  

number f o r  vehic les  on t h e  upper l e f t  s e c t i o n  of the  instrument panel,  
2 observable from o u t s i d e  of the  veh ic le  through t h e  windshield . 

Information contained i n  the  VIN nmber  may vary between manufacturers,  

but  i n  genera l  it conta ins  veh ic le  body s t y l e ,  s e r i e s ,  nane p l a t e  i i n e ,  

engine type ard s i z e ,  and may include production p i a n t  locat ion .  An 

attempt t o  s tandardize  the  VIN sequence is now under way through a 

no t i ce  of proposed r u l e  making by t h e  National  Bighway T r a f f i c  S a f e t y  
~ d m i n i s t r z t i o n  (NE'TSA). Here NHTSA proposes t o  amend FMVSS # i l 5  t o  

extend its a p p l i c a b i l i t y  t o  add i t iona l  c l a s s e s  of motor veh ic les ,  t o  

spec i fy  VTN content  and VIN format, and t o  s impl i fy  its use. A t  t h i s  

wr i t ing ,  a newly revised VIN system is r e p r t e d  t o  be compiete. 

Yany times, because of veh ic le  crash  damage, t h e  V I N  tag may n o t  be 

v i s i b l e .  In  add i t ion ,  t h e r e  a r e  many o l d e r  modei veh ic les  not  s u b j e c t  

t o  the  VIW tag  requirement. Here, t h e  inves t iga to r  must i d e n t i f y  t h e  

vehic le  through o t h e r  means. Information nay be found by examining 

veh ic le  trim, t h e  owner's manual ( o f t e n  l e f t  i n  t h e  g iove  compartment), 

$herever  prac t icabie .  Cer ta in  veh ic les  a r e  exempted. 
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vehicle r eg i s t r a t ion  c e r t i f i c a t e  (s imi lar iy  of ten found i n  the  giove 

compartment), and l abe l s  o r  decorative decals  on the  i n t e r i o r .  Vehicie 

i d e n t i f i c a t i o n  may a l s o  be determined by tags o r  p l a t e s  on the  v e r t i c a l  

rearward facing door frame. The presence of four numbers embossed on a 

t a i l  l i g h t  l e v e l  may be indica t ive  of the  model year of the  vehicle. 

The inves t iga tor  should become famil iar  with c lues  indicat ing 

iden t i f i ca t ion  of various vehicles. 

In te rp re ta t ion  of the  vehic le  iden t i f i ca t ion  number can be made 

throuqh the  manufacturer 's shop manual f o r  the  pa r t i cu la r  make/model, a s  

well a s  through a m a l l  booklet published yearly by the National 

Automobile Theft  Bureau. This publicat ion is t i t l e d  "Passenger Vehicle 

Iden t i f i ca t ion  Manual," is issued yearly,  and m y  be obtained f o r  a 

nominal fee. A s imi lar  booklet f o r  ccmmercial vehicle i d e n t i f i c a t i o n  is 

published by t h e  same organization. 3 

2 .3  T w  Operator Practices and Storage 

The examination o f .  crash vehic les  is normally completed on the  

premises of the  tow operator  who retr ieved the  vehicie from the  scene of 

the  crash. This  may be a temporary s torage  locat ion  f o r  the  vehic le  

p r io r  t o  disposal .  Permission given by tow operators  t o  examine 

vehicles on the  premises is a courtesy extended t o  you by the  tow 

operator.  This ~ e r m i s s i o n  should not be assumed. The inves t iga tor  

should approach each vehic le  remembering t h a t  it  is someone e l s e ' s  

personal property and t h a t  it is of value t o  the  owner, no matter  how 

damaged it may appear. The inves t iga tor  should always properly iden t i fy  

himself t o  the  tow operator  before examinirg the  vehicle.  Do not set 

your equipnent bag equipnent items on sheet  metal surfaces  of crashed 

vehicles as  t h i s  may contr ibute  t o  its ex i s t ing  damage. Always leave 

the  vehicle in  the  exact same condition i n  which it was found. This is 

an unwritten r u l e  mong accident  inves t iga tors ,  and i t  makes good sense. 

Fai lure  to  leave the vehicle i n  the  exact condit ion i n  which it  was 

found can confuse and mislead o thers  who may wish t o  examine t h e  vehic le  

3 ~ h e  National Automobile Theft Bureau, Passenger I d e n t i f i c a t i o n  
Vehicie Manuai, National Office, 390 8 .  Broadway, Je r i cho ,  New York 
i i573,  ( s ingle  copies a r e  avai lable)  , and Comnerciai Vehicle 
Iden t i f i ca t ion  Manuai (same organiza t ion) .  Write f o r  cu r ren t  price.  
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l a t e r  on. I t  a l s o  ind ica tes  t o  t h e  tow opera tor  t h a t  you exhibi ted  a 

lack of respect  f o r  someone e l s e ' s  property f o r  which he is r e s p n s i b l e .  

The inves t iga to r  must conduct himself so t h a t  he is above suspic ion 

of any t h e f t  from a damaged vehicle.  Entering t h e  passenger compartment 

of a v e h i c l e  and examining t h e  i n t e r i o r  is an a c t i o n  which many ques t ion  

a s  k i n g  improper. Some construe t h i s  a s  t r e spass ing  on o the r  people ' s  

property. While most tow opera tors  do not o b j e c t  t o  the  examination of 

t h e  v e h i c l e ' s  i n t e r i o r ,  t h i s  cour tesy  could be suspended abrupt ly  should 

even a h i n t  of t h e f t  on the  p a r t  of the  inves t iga to r  be suspected. 

Damage t o  the  crash vehic le  bhich is not t h e  r e s u i t  of the  crash  

w i l l  usual ly  r e s u l t  from t h e  way t h e  veh ic le  was removed and t r a n s p r t e d  

from the crash  scene. Where vehic les  a r e  damaged t o  the  ex ten t  t h a t  

they cannot be towed with e i t h e r  t h e i r  f r o n t  o r  r ea r  wheels on the  

pavement, p r t a b l e  wheeled p l a t f o m s  c a l l e d  "do l i i e s"  a r e  empioyed. 

These e l e v a t e  t h e  veh ic le  o f f  t h e  roadway while i t  is i n  tow. Some l azy  

tow opera tors ,  usual ly  with p l i c e  looking t h e  o the r  way, w i l l  a c t u a l l y  

drag t h e  veh ic le  with p a r t s  of t h e  veh ic le ,  o the r  than t h e  wheels, i n  

contac t  with the  roadway. Such towing methods can s i g n i f i c a n t l y  

con t r ibu te  t o  t h e  a l ready e x i s t i n g  damage. 

A tow opera tor  may c r e a t e  misleading evidence a t  t h e  crash  scene. 

I n ' a t t w p t i r q  t o  rmove t h e  veh ic le  he may c r e a t e  t i r e  s c u f f s  o r  s k i d s ,  

f l u i d  depos i t s ,  s c ra tches ,  gouges, and s i m i l a r  type evidence which can 

be confused with a c t u a l  c rash  danage. The author is aware of  one 

ins tance  i n  which an e n t i r e  66-passenger school  bus was c'ragged f o r  one 

mile on its roof during removal. Extensive damacje t o  the  v e h i c i e  

e x t r i c a t i n g  injured occupants can s i m i l a r l y  be misleading. Power "jaws* 

used t o  f o r c e  open veh ic le  doors o r  s e c t i o n s  can damage t h e  v e h i c l e  

beyond t h a t  of t h e  crash. Del ibera te  dumpirg of f u e l  from t h e  v e h i c l e ' s  

f u e l  tank by emergency personnel ( o r  tow opera to r s )  can a l s o  iead  t o  

confusion. Fuel is o f t e n  emptied from a v e h i c l e  f u e i  tank by s t r i k i n g  

t h e  tank with a sharp pick,  axe o r  o t h e r  s i m i l a r  puncturing t o o l  s o  a s  

t o  evacuate the  f u e l  tank p r i o r  t o  r a o v a i .  Th i s  sometimes occurs a f t e r  

t h e  vehic ie  has been r igh ted ,  moved onto t h e  roadway, and a t tached t o  

the  towed vehicle.  Fluid deposited from t h i s  pos i t ion  w i l l  be confusiiig 

a s  i t  has no relevance t o  t h e  crash.  
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Respect for ,  and f r iendship  with tow opera tors  a r e  e s s e n t i a l  

ingredients  £0 r successful ly  conducting crash inves t iga t ions  on a long 

term basis .  The tow opera to r ' s  job should be understood a s  should h i s  

r e l a t ionsh ip  with c l i e n t s  and insurance companies. Friendship with t h e  

tow opera to r ' s  dog is an absolute "must" re la t ionship  f o r  t h e  successful  

inves t iga tor .  This may not  always be achieved bu t  should be an 

objec t ive  f o r  which the  inves t iga tor  should constantly s t r i v e .  Respect 

f o r  the  tow opera to r ' s  dog is e s s e n t i a l .  Fa i lure  t o  show proper respect  

invar iabiy  results in  some form of physical pain. The accident  

inves t iga to r  should be unobtrusive, courteous, demand li t t i e  of the  tow 

opera to r ' s  time and e f f o r t ,  and not  i n t e r f e r e  with tow opera t ions  whiie 

on the  opera to r ' s  premises. 

The tow operator  can be a source of valuable information reqarding 

crashes t o  be invest igated.  Remember t h a t  the  tow opera tor  o r  someone 

i n  h i s  employ was on-scene a t  the  crash  awaiting the  s i g n a l  from t h e  

pol ice  t o  r m v e  damaged vehic les  and t h e i r  p r t s .  The tow opera tor  can 

be an informed observer i n  t h i s  process and o f t en  may be aware of f a c e t s  

of the  crash  scene t h a t  pol ice  overlook. Per iodic  thank you i e t t e r s  t o  

the  tow operator  w i l l  go f a r  toward forming a f r i e n d l y  and cooperat ive 

relat ionship.  

Access t o  crash vehic les  on t h e  tow opera to r ' s  p r a i s e s  can be a 

se r ious  problem. Tow operators  w i l l  park vehic les  a s  c lose  together  a s  

possible in  order  t o  make maximum e f f i c i e n t  use of t h e i r  ava i l ab ie  

space. It  may even be impossible t o  move between vehicles.  This is a 

condit ion the  accident inves t iga to r  must accept.  In some instances,  

f r i end ly  tow operators  move vehic les  a s  a courtesy f o r  t h e  inves t iga to r .  

Gnce extended, t h e i r  courtesy should be accepted and not  abused. Where 

the  tow operator w i l l  e l eva te  o r  r eo r i en t  a vehic ie  f o r  examination the  

inves t iga tor  must be innovative i n  h i s  examination of the  vehicie.  He 

must be even more innovative when the  tow opera tor  w i l i  no t  move o r  - 
e leva te  the  vehicle. Use of mir rors  is sometimes he ip fu l  i n  veh ic le  

examination. Also useful is the  a b i l i t y  t o  t ake  p i c t u r e s  with a camera 

extended out  in  the  palm of the  hand (away from t h e  inves t iga to r )  whiie 

viewing undercarriage areas  a t  ground l eve l .  

Where s i tua t ions  e x i s t  a t  the  tow o p e r a t o r ' s  f a c i l i t y  which l i m i t  
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t h e  v e h i c l e  examination, the  inves t iga to r  should note  the  s i t u a t i o n  on 

h i s  veh ic le  examination protocol.  This  is he lp fu i  t o  t h e  e d i t o r  a s  well 

a s  t o  t h e  ana lys t  when quest ions a r i s e  regarding an i n c m p i e t e  

examination of the  vehicle. 

2 . 4  Exterior Damage Assessnent 

The i nves t iga to r  should always have t h e  p o l i c e  accident  r e p r t  i n  

hand before  i n i t i a t i n g  an examination of  the  vehicle.  P r i o r  t o  

examining t h e  veh ic le ,  i t  is helpful  t o  be aware of the  number of 

occupants,  a s  well a s  i n j u r i e s  sus ta ined i n  t h e  crash.  Sased on 

knowledge of how t h e  occupants moved during t h e  crash ,  t h e  l a t t e r  w i l l  

lead the  inves t iga to r  t o  occupant contac t  a r e a s  and po in t s  wi th in  the  

vehicle.  

A f i rs t  s t e p  is t o  determine i f  t h e  damage exhibi ted  by t h e  v e h i c l e  

is c o n s i s t e n t  with your understanding o f  t h e  crash  i n  t e r n s  of  crash  

o r i e n t a t i o n  and crash  dynmics.  Always look f o r  evidence of  more than 

one impact. Many crashes  which a r e  l i s t e d  a s  a s i ~ g l e  impact w i l i  

a c t u a l l y  involve more than one impact, e.g. a v e h i c l e  may d e f l e c t  a f t e r  

impact i n t o  a f ixed ob jec t  r e su i t ing  i n  a second impact, o r  veh ic ies  may 

r o t a t e  abrupt ly  and contac t  each o ther  a second time. Crash danage t o  

t h e  vehic le  is h e l p f u l  i n  determining t h e  ob jec t  contacted.  I t  can a l s o  

help  e s t a b l i s h  how t h e  ob jec t  was s t ruck.  This  is most e a s i l y  observed 

f o r  impacts with narrow ob jec t s .  I n  vehicle-to-vehicle impacts t h e  

inves t iga to r  shouid look f o r  damage t o  mate, o r  f i t  together  i n  p r o f i l e  

(between t h e  two v e h i c l e s ) .  This  can be much l ike  a jigsaw puzzle i n  

which t h e  contour of one p iece  must f i t  t h e  contour of another  piece. 

Many times o b j e c t s  or attachments on one veh ic ie  can be made t o  f i t  

c o r r e s p n d i n g  damage on the  o the r  vehicle.  hhere veh ic les  have engaged 

during impact, t h a t  is, where they have remained together  a s  a s i n g l e  

objec t  before  separa t ion ,  disengagement can a l t e r  t h e  damacje 

c h a r a c t e r i s t i c s  t o  each v e h i c l e  s i g n i f i c a n t l y .  This  phenomenon is 

c h a r a c t e r i s t i c  of q u i t e  severe  crashes  where v e h i c l e s  behave more a s  

p l a s t i c  bodies than e l a s t i c  bodies. 

The inves t iga to r  shouid be aware of s t i f f  and s o f t  a r e a s  about the  

vehic le  f o r  var ious  v e h i c l e  designs.  I n  body and frame veh ic les ,  t h e  

s k e i e t a l  frame tends t o  accentuate the  s t i f f n e s s  of  var ious  l o c a t i o n s  
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about the  vehicle.  I t  is important here t o  observe whether two vehic les  

impacting each o ther  engage such t h a t  the frames of  each vehic le  a r e  

involved-that is, such t h a t  one vehicle does not overr ide  o r  underride 

the  o ther  t o  a s ign i f i can t  extent.  

Eject ion por ta l s  should be noted. These may be any opening i n  the  

vehic le  through which a human body may pass (i .e. ,  s i d e  g l a s s  openings, 

windshield openings, backglass openings, e t c )  . Such openings need not 

be large. Humans may be ejected through openings which a t  f i r s t  glance 

may lead one t o  bel ieve hman e jec t ion  is i m p s s i b l e .  The inves t iga tor  

must remember t h a t  the  human body is a ra the r  p l i a b l e  form which can 

take various shapes o r  postures. 

Passenger compartment i n t e g r i t y  should be tho roughly assessed. 

Damage which canpromises the  i n t e g r i t y  of t h e  passenger ccmpartment 

through reducing its volume o r  opening up the  compartment, should be 

measured and noted accurately i n  accordance with t h e  proper 

inves t iga t ion  protocols.  Tbe inves t iga tor  is encouraged t o  provide 

notes a s  pa r t  of h i s  f i e l d  da ta  which c l a r i f y  and e labora te  on the  

various e n t r i e s  which r e l a t e  t o  overa l l  vehic le  ~e r fo rmance  i n  the  

crash. Note whether t h e  windshield has been penetrated o r  separated 

from its bonding, bhether there  has been p i l l a r  f a i l u r e ,  door l a t c h  and 

door hardware f a i l u r e ,  o r  external  objec t  intrusion.  

Cross vehicle f a i l u r e s  in  a crash shouid a l s o  be noted. These 

could be in  t h e  form of a l a r g e  rupture of the  passenger compartment, 

such a s  separat ion of its roof, doors ripped o f f ,  and o the r  g ross  damage 

c h a r a c t e r i s t i c s  which render the  passenger compartment use less  a s  a 

secure envelope f o r  its occupants. 

A l l  damage should be ca re fu l iy  observed s o  a s  t o  determine whether 

i t  is d i r e c t  damage, o r  induced a s  a r e s u l t  of impact fo rces  

eisewhere on the  vehicie. Vehicle h e e i  movement both pre-crash and 

post-crash should be considered. Large abraided spts  on the  t i r e  t r ead  

stock can be a c lue  t o  post-crash veh ic le  movement o r  movement o f f  the 

roadway. Smooth pavement w i l l  cause rubber abrasion d i s t i n c t i y  

d i f f e r e n t  from t h a t  caused by d i r t  o r  gravei  road surfaces.  

The determination of a co r rec t  and accura te  c o l l i s i o n  damage 
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' c l a s s i f i c a t i o n  index is e s s e n t i a l  t o  cha rac te r i z ing  t h e  damage t o  t h e  

vehicle.  Care should be taken toward e s t a b l i s h i n g  t h e  p r i n c i p a l  

d i r e c t i o n  of force  r e l a t i n g  t o  damage. This  is a i s o  c a l l e d  t h e  l i n e  of 

impact, f o r c e  vector ,  o r  damage vector ,  and is t h e  vector  of i n t e r a c t i o n  

between t h e  co l l id ing  veh ic le  and the  ob jec t  with which it impacted. As 

a vec to r  it has both d i r e c t i o n  and magnitude and is t h e  r e s u l t  of t h e  

crash  fo rces  each veh ic le  imposed u p n  the  o the r  during t h e  crash. I t  

may a l s o  be thought of a s  t h e  l i n e  along which t h e  v e h i c l e s  co l l ided .  

I t  is o f t e n  es tabl i shed by t h e  d i r e c t i o n  on which shee t  metal o r  

attachments t o  t h e  vehic le  moved o r  crushed a s  a r e s u l t  of c rash  forces.  

The p r i n c i p a l  d i r e c t i o n  of fo rce  is, i n  qenera i ,  a l i n e  with respect  t o  

t h e  l o q i t u d i n a i  a x i s  o f  t h e  vehic le  which p i n t s  i n  t h e  d i r e c t i o n  of 

h i c h  damaged p a r t s  were pushed o r  crushed from impact. I t  a l s o  

ind ica tes  t h e  d i r e c t i o n  in  which one vehic le  was t r a v e l l i n g  with respect  

t o  the  o the r  a t  t h a t  l a s t  i n s t a n t  before impact. Damage a r e a  

c l a s s i f i c a t i o n  and ex ten t  code c l a s s i f i c a t i o n  should be i n  s tr ict  

confomance t o  t h e  CDC protocol  which de f ines  i n  d e t a i l  t h e  app l i ca t ion  

of t h e  CDC. 

Fuei escaping from crashing veh ic les  aiways p resen t s  t h e  p o t e n t i a l  

f o r  f i r e  and g r e a t e r  bodily harm than may r e s u l t  from crash  fo rces  

alone. The e n t i r e  veh ic le  f u e l  system must be examined t o  a s s e s s  its 

i n t e g r i t y  during t h e  crash. The f u e l  system is located  throughout t h e  

undercarr iage a rea  of t h e  vehicle.  The tank is commonly i n  t h e  r e a r  

with l i n e s  i n  f r o n t  car ry ing f u e l  t o  t h e  engine. Components comprising 

the  f u e i  s y s t w  may be ruptured o r  opened i n  va r ious  p laces  a s  a r e s u l t  

of c rash  damage. M i l e  these  may n o t  always be observable, i t  is 

incumbent on the  inves t iga to r  t o  at tempt an assessment o f  whether f u e l  

leaked a s  a d i r e c t  r e s u l t  o f  t h e  crash .  The bulk of t h e  v e h i c l e ' s  f u e l  

is contained i n  the f u e l  tank. Approximately one l i t e r  of  f u e i  may be 

d i s t r i b u t e d  i n  the  f u e l  l i n e s ,  ca rbure to r  and f u e l  pwtp o f  t h e  vehicie.  

Automobiles with f u e l  i n j e c t i o n  systems a r e  most s u s c e p t i b l e  t o  f i r e  

because f u e l  is handled under p ressu re  and i n  an atomized fonn, making 

i t  more suscep t ib le  t o  f i r e  when igni ted  i n  a crash.  

Evidence of f i re  in  a crashed veh ic ie  shouid be noted c a r e f u i i y .  

I t  may be observed on t h e  v e h i c l e ' s  undercarr iage,  on t h e  engine o r  



passenger compartments, o r  on its trunk o r  cargo space. Oetermining the  

igni t ion  mechanism fo r  f i r e s  is often not easy. The invest igator  

should look f o r  damage to  e l e c t r i c a l  components o r  p a r t s  of the  

e l e c t r i c a l  system which may be a cause of ignit ion.  Metal corners of 

the vehicle, o r  metal ends of damaged portions of the vehicle,  which 

contact  with the  roadway may be igni t ion  mechanisms. The object  s t ruck,  

and l e s s  obvious igni t ion  mechanisms associated with the  occupants i n  

the  passenger compartment in te r io r ,  shouid a l so  be considered. 

Combustibles which burned in  f i r e s  should a l s o  be noted. These may 

be vehicle f u e l ,  o i l ,  cargo, and o ther  materials  associated with the  

vehicle which burned. Vehicle fue l  is considered an accelerant  t o  

f i r e ,  and a fuel-accelerated f i r e  is readily dist inguishable.  

Damage t o  wheels and t i r e s  on vehicles a l so  require careful  

examination. Often a d r ive r  may claim o r  conjecture t h a t  a t i r e  

condition, o r  t i r e  f a i lu re ,  contributed t o  the  crash. The invest igator  

should be aware of the  d i f ferences  between t i r e  damage which may have 

existed p r io r  t o  a crash, damage which resulted from the  crash, and 

damage result ing from the  removal of the vehicle. Roadway t i r e  marks 

of ten  i rd ica te  t i r e  f a i l u r e  p r io r  t o  the crash. This is evidenced by 

f l a t  t i r e s  o r  wobbie scuffs  which a r e  i r regular  black t i r e  material  

deposi ts  on the roadway. These scuf f s  a r e  indicat ive of a def la ted  t i r e  

being d is tor ted  between the  road and the  rim a s  it r o l l s  f l a t  along the  

pavement. Damage t o  t i r e s  and wheels should be noted careful ly .  Here a 

sketch of the t i r e  with its valve stem, o r  s e r i a l  number a s  a benchmark 

may be used t o  sketch and indicate damage, Knowledge of the  terminology 

used in describing wheels and t i r e s  is most helpful  here. The attached 

sketch shows a typ ica i  bias ply t i r e  cross-section with desc r ip t ive  

nomenclature. 

alowouts o r  catastrophic f a i l u r e s  of t i r e s ,  which p rec ip i t a t e  a 

crash, exhibi t  unique cha rac te r i s t i c s .  They a r e  indicated by those 

features of the  t i r e  which appear t o  have been caused by the  explosive 

def la t ion  of the t i r e .  Ruptured cord f ibe r  ends a r e  frayed and fuzzy a s  

i f  pulied apa-rt by g rea t  force. The b l o w u t  may be the  r e s u l t  of some 

incipient  condition of the t i r e  which is obscured a s  a r e s u l t  of the  
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ADDITIONAL WHEEL AND TIRE INFORMATION 

WVE * TREAD 
PLY, I - 

BEAD 1 
R I M  

Bias-Ply 
Constructic.-. 

Radial-Ply 
Construction 

Belted-Bias 
Construction 

R I M :  A metal support for  a t i r e  o r  a t i r e  and tube assembly upon - 
which the t i r e  beads are  seated. 

BEAD: That pa r t  of the t i r e  made of s t e e l  wires wrapped o r  reinforced - 
by ply cords, t ha t  is  shaped t o  f i t  the r i m .  

SIDEWALL: That portion of the  t i r e  between t read a d  bead. 

CORD: The strands forming the  p l i e s  i n  the t i r e .  - 
PLY: A layer of rubber-coated p a r a l l e l  cords. - 
TREAD: That portion of the  t i r e  t h a t  comes i n to  contact with the  road. 

TREAD RIB: The t read section running circumferential ly around the  tirs.  

GROOVE: The space between two adjacent t read r ibs .  

BELT: A layer or  layers made of fabr ic  o r  o ther  material  located under - 
the tread area. 



sudden severe damage from the  blowout. The b l o w u t  is a sudden o r  

expiosive l o s s  of pressure in  the  t i r e  a s  a r e s u l t  of t i r e  f a i l u r e .  A 

biowout may occur before impact, during impact, o r  a f t e r  impact from a 
previous t i r e  condit ion o r  from forces  act ing on the  t i r e .  Fresh c u t s  

o r  slits i n  the  t i r e  a r e  more readi ly  associated with crash  damage 

resul t ing  from sharp metal edges coming i n  contact  with t h e  t i r e .  

Damage t o  the  wheel rim, u p n  which the  t i r e  is mounted, can a l s o  

ind ica te  t i r e  damage. T i r e  f a i l u r e  can of ten  be corre la ted  with the  

same impact forces  which resuited i n  damage t o  the  rim. R i m  "dimples" 

a r e  sharp, narrow deformations t o  the  wheel rim edcje, usually r e su i t ing  

from contacting sharp s t i f f  port ions of o ther  vehic les  o r  sharp s t i f f  

of f-road s t ruc tures .  

2.5  Vehicle Bmact Orientations 

While t h e  analys t  may be forced t o  work with a few bas ic  crash 

o r i en ta t ions  t o  compile usable group accident  da ta ,  the  inves t iga tor  is 

aware t h a t  there  a r e  many va r i a t ions  t o  these basic crash or ienta t ions .  

Head-on c o l l i s i o n s  where f r o n t a l  a reas  of both vehic les  a r e  brought i n t o  

contact  with one another may be o f f s e t  by varying degrees and may be a t  

various oblique angles ra ther '  than be col inear .  The head-on c o l l i s i o n  

between two vehic les  i n  which damage is uniformly d i s t r i b u t e d  across the  

e n t i r e  f ron t  of each vehicle,  is q u i t e  rare.  Most head-on crashes  

involve l e s s  than 100% overlap and occur a t  o f f s e t  angies  t o  one 

another. This may be fu r the r  confounded by t h e  overr ide  o r  underride of 

one vehicle r e l a t i v e  t o  another. Gverride occurs when t h e  plane of the  

frame of one vehic le  doesn ' t  meet the  plane of the  frame of the  o ther  

vehicle. Damage c h a r a c t e r i s t i c s  t o  these  vehic les  w i l l  d i c t a t e  which 

vehicle overrode o r  underrode the  other .  Vehicles behave ne i the r  a s  

so l id ,  r ig id  objec ts  nor a s  homogeneous and e l a s t i c  objects .  They 

behave somewhere in  between, thus  making predic t ions  of how vehic les  

move against  each o the r  a t  impact, a f t e r  impact, and away from each 

other  less than precise. 

Head-on c o l i i s i o n s  in  which one corner of the  vehic le  impacts a 

s imi lar  corner on the  o ther  vehic le  a l s o  occur. The l e f t  f r o n t  corner o r  

i e f t  f ront  corner o r i en ta t ion  is most common because vehic ies  t r a v e l  on 

the  r ight  hand s ide  of the  roadway i n  the  United S ta tes .  These crashes  
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always r e s u i t  i n  ro ta t ion  t o  one o r  both vehicies.  Each vehic le  is 

def lec ted  from t h e  point  of impact towards its own s i d e  of the  road 

while ro ta t ing  counterclockwise. For right-f ront  corner impact, 

ro ta t ion  is clockwise. In  corner t o  corner impacts t h e  vehic les  w i l l  

a l s o  move away and i n  t h e i r  genera i  d i r ec t ion  of pre-crash t r a v e l  while 

ro ta t ing .  As they separa te  they w i l l  thus pass forward i n  t h e i r  same 

d i r e c t i o n  of t r a v e l  moving pas t  t h e  p i n t  of impact. For oblique,  o r  

n o ~ c o l i n e a r  impacts, accurately predict ing a post-crash movement of  

vehic les  is d i f f i c u l t .  Occupant in jury  pat terns  a r e  more predic table  

f o r  head-on c o l l i s i o n s  than f o r  o the r  crash o r i en ta t ions .  

Side impacts between vehic ies  encompass a wide v a r i e t y  of  crash  

o r i e n t a t i o n s  and vehic le  areas.  The inves t iga tor  should attempt t o  

determine whether the  vehic les  remained engaged through p a r t  of  t h e  

crash phase and where disengagement occurred. Engagement occurs where 

the  vehic les  fuse together  momentarily and behave a s  a s i n g l e  body 

before separat ing and following t h e i r  individual  pa ths  t o  f i n a l  r e s t .  

Override and underride damage fea tu res  on the  vehic les  should be noted. 

Vehicle s i d e s  a r e  r e l a t i v e l y  s o f t  compared with the  f r o n t  ends. S ide  

impacts accompanied with overr ide  can r e s u i t  i n  g r e a t  damage a t  low 

impact speeds. Door and p i l l a r  damage should be c a r e f u l l y  noted, a s  

should passenger compartment in t rus ion  and the  impact angle between the  

c o i l i d i q  vehicles. The post-impact movement between vehic les  shollld be 

cons is tent  with t h e  pr inc ipal  d i r e c t i o n  of fo rce  t o  each vehic le  and the  

p i n t  u p n  each vehic le  where the  force  was applied. At-crash and post- 

crash wheel movement may be indicated by t i r e  rubber d e p s i t s  o r  rim 

scrapes on the  roadway s ince  wheels may be forced t o  move l a t e r a i l y .  

This leaves a scrubbing o r  wiping type of t i r e  mark on the  roadway. The 

s ide  impact crash o r i e n t a t i o n  is one in which vehic les  may a l s o  come 

together  in  a second impact. Af ter  the  f i r s t  impact, t h e  f r o n t  p r t i o n s  

of the  vehic les  may be def lec ted  away from each o the r  i n  ro ta t ion  s o  a s  

t o  bring the  rear  port ions of the  vehic les  i n t o  contac t  with each o the r .  

Rear-end impacts should s i m i l a r l y  be examined c lose ly  t o  determine 

i f  an override/underride condit ion exis ted  between t h e  two vehic ies .  

The tie-down mechanism fo r  the  spare  t i r e  on one vehic le  can be an 

ind i rec t  measure of force i n  t h e  impact, s i n c e  the  bracket  which r e t a i n s  
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the  t i r e  requi res  a force of pa r t i cu la r  magnitvde t o  f a i l .  Because of 

t h i s  the  inves t iga tor  should make an attempt t o  determine i f  the  spare  

t i r e  mounting was separated a s  a r e s u l t  of impact. S imi lar ly ,  f u e i  

system i n t q r i  t y  takes on g rea te r  i m p  rtance i n  rear-end c o l l i s i o n s  

s ince  any f a i l u r e  to  the  f u e l  system can r e s u l t  i n  l a rge  amounts of f u e l  

sp i l l age  because of the  proximity of the fue l  tank t o  the  v e h i c l e ' s  

rear .  Examination of the  fue l  tank, its mounting arid attachments takes  

on g rea te r  importance i n  rear-end crashes. The inves t iga tor  should note 

f u e l  tank f a i l u r e s  o r  punctures, separat ion of the  tank from its 

mounting, f i l l e r  pipe separat ion from the  tank, f i l l e r  pipe separa t ion  

o r  d i s t o r t i o n  a s  a r e s u l t  of being fastened t o  e x t e r i o r  shee t  metal 

(where t h a t  appl ies)  , and f u e l  l i n e  separation. 

One in te res t ing  type of f u e l  tank damage, c h a r a c t e r i s t i c  of severe 

f r o n t a l  impact, is hydrodynamic d i s to r t ion .  This occurs when the  mass 

of f u e l  i n  t h e  f u e l  tank, is la rge  enough t o  r e s u l t  i n  a bending 

deformation to  the  f r o n t  of the  tank. The fue l  continues t o  move 

forward a t  the pre-crash veloci ty  of the  vehic le  and deforms t h e  f r o n t a l  

a rea  of the  tank a s  the  vehic le  is abruptly decelera t ing  from impact. 

Impact angles between vehic les  i n  rear-end c o l l i s i o n s  a r e  e a s i e r  t o  

determine than i n  f ron ta l  type crashes. The reason f o r  t h i s  is t h a t  t h e  

rearend of a vehicle is considerably s o f t e r  and l e s s  r ig id  than t h e  

f r o n t  end of the  vehicle. In case of r ea r  impact, t he  p r inc ipa l  

d i rec t ion  of force is more evident  from damage charac te r i s t i c s .  The 

inves t iga tor  should note damage t o  the  rear  wheel housing a reas  which 

r e s t r i c t  ro ta t ion  of the  wheels. Where the  wheels a r e  "locked up" a s  a 

r e s u l t  of crash damage they w i l l  leave c h a r a c t e r i s t i c  scrape marks and 

t i r e  skidmarks on the  pavement from impact t o  res t .  Additional c lues  

f o r  de temining the  s e v e r i t y  of  rear-end impacts can be found by 

discussing whether the  r ea r  suspension of the  vehic le  was displaced 

forward, o r  the  rear ax le  displaced forward about the d i f f e r e n t i a l  unit .  

Compressive damage t o  the  power d r ive  l i n e  should be noted where 

evident. This occurs when the  propel ler  s h a f t ,  a long tubuiar  span 

underneath the vehicle which c a r r i e s  engine power t o  the  r ea r  wheels, is 

coiiapsed and d is tor ted  from fo rce  being applied t o  the  rear  of the  

vehicle. 



Occupant in ju ry  p a t t e r n s  c h a r a c t e r i s t i c  of rear-end crashes  d i f f e r  

from those i n  the  head-on and s i d e  impact o r i en ta t ions .  Occupant 

movement h e n  the  vehic le  is impacted i n  t h e  r ea r  is i n i t i a l l y  rearward 

with t h e  occupant forced back i n t o  the  s e a t  and head r e s t .  One in ju ry  

t h a t  is t y p i c a l  of the  rear-end crash  is whiplash. Whiplash occurs when 

t h e  occupant 's  head is f i r s t  h y p r f l e x e d  rearward and then abrupt ly  

hyperextended forward. The mass of head p ivo t s  about the  neck, f i r s t  

rearward then reco i l ing  back forward. The performance of t h e  s e a t  and 

head r e s t  i n  rear-end impacts is important. Damage t o  the  i n t e r i o r  

f r o n t a l  a r e a s  of the  vehic le  ( s t ee r ing  column, ins t runen t  panel ,  

con t ro l s ,  etc.) is t h e  r e s u l t  of unrestrained occupant rebound and 

involves considerably l e s s  force  t o  the  occupant than t h e  fo rce  t o  which 

t h e  occupant was subjected i n i t i a l l y  from t h e  rearward movement a t  

i n i t i a l  impact. 

2.6 Rollover 

The ro l lover  crash is perhaps t h e  most d i f f i c u l t  of a l l  impact 

conf igura t ions  t o  reconstruct .  Unlike o the r  crash  o r i e n t a t i o n s ,  such 

a s  head-on, s i d e  o r  r ea r  (which r e s u l t  i n  but  a s i n g l e  impact) , t h e  

ro l iover  a c t u a l l y  c o n s i s t s  of  a series of d i s t r i b u t e d  impacts a s  t h e  

vehic le  c o n t a c t s  the  ground with its s i d e s ,  top ,  f r o n t ,  r e a r ,  and corner  

surfaces  a s  it r o l l s  over. I t  is important t o  note  t h e  number of 

impacts t o  which the  veh ic le  was subjected i n  ro l lover  s o  a s  t o  b e s t  

determine its ro l lover  p a t t e r n  and t r a j e c t o r y .  The number of impacts, 

o r  a reas  on t h e  veh ic le  which come i n t o  con tac t  with the  ground o t h e r  

than the  t i r e s ,  w i l l  he lp  determine t h e  number of  r o l i s ,  o r  t o t a l  

r o t a t i o n  t o  which t h e  veh ic le  was subjec ted .  Impact a r e a s  on t h e  

vehic le  a i s o  h e l p  determine what t h e  veh ic le  carte i n t o  con tac t  with. 

Often t h i s  is not  the  e a r t h  but  stumps, l a r g e  rocks, o r  o t h e r  i r r e g u l a r  

surface  fea tures .  Rarely w i l l  a veh ic le  r o l l  over and remain on t h e  

t r ave l l ed  p r t i o n  of t h e  roadway. I n  ro l iover  conf igura t ions  where t h e  

vehic le  is " t r ipped"  by a curb,  o r  o t h e r  i r r e g u l a r  su r face  f e a t u r e  while 

moving forward and yawing, t h e  upper A-pillar is usual ly  subjec ted  t o  

t h e  g r e a t e s t  impact forces.  This  can be a c l u e  t o  v e h i c l e  o r i e n t a t i o n  

a s  it began ro l lover ,  Roilover may be about t h e  l a t e r a l  a x i s  o f  t h e  

vehicle-that is, head over rear .  I t  may a i s o  be about t h e  i o n g i t c d i n a l  
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a x i s  of the  vehicle,  from s i d e  t o  top t o  s ide  t o  wheels. I t  may be a 

combination of both. Various ro l lover  or ienta t ions ,  about a l l  t h ree  

a x i s  wfiich def ine  vehicle movement can make in terpre t ing  the  rol lover 

d i f f i c u l t .  Sheet metal crush and s t r u c t u r e  deformation a s  a r e s u l t  of 

impacts in  a rollover a r e  informative in  attempting t o  reconstruct  the  

rollover. Scratches o r  long grooves in impact areas  about the  vehic le  

indica te  how the  vehicle was moving when i t  contacted the  ground. 

Vehicle " t r i p p i q "  mechanisms i n  ro l lover  may be evident from examining 

the  crash scene. Sod and grass  forced i n  between the  t i re  bead and rim 
may cor re la t e  weil with mounds i n  the  ea r th  l e f t  from wheels moving 

l a t e r a l l y .  Large open areas  of the  e a r t h  where the  sod has Seen scooped 

up indica te  t h a t  the  vehicle may have bottomed out  from f u l l y  

ccmpressing o r  hyperextending its suspension. 

To reconstruct  the rol lover accurately t h e  inves t iga tor  shouid 

prepare a s c a l e  drawing of the  crash s i t e  and superimpose %on it a l l  

crash evidence avai lable  from the  scene examination. This can then be 

corre la ted  with the  crash damage t o  the  vehicle so a s  t o  make t h e  bes t  

f i t  p s s i b l e  between vehicle damage, roadway evidence and the  vehic le1  s 
f i n a l  r e s t  pos i t ion  and or ienta t ion .  

An assessment of fue l  systems performance should s i m i l a r l y  be made 

f o r  rol lover crashes. The recently revised version of Federal ,%tor 

Vehicle Safety Standard #301, "Fuel Sys tm I n t e g r i t y ,  " contains a 

performance t e s t  f o r  the leakage of f u e l  while a vehic le  is held s t a t i c  

in  a rol led over or ienta t ion .  Evidence of fue l  leakage may be found by 

examining the  dust-and dirt-covered undercarriage a reas  of the  vehic le  

f o r  f u e l  d e p s i t s  a s  weil a s  examining f u e l  containing c m p n e n t s .  

2 .7  Catastrophic crash 

Crash damage resul t ing  from high sped,  high energy, severe crashes 

is often so extensive a s  t o  make an assessment of the  veh ic le ' s  

performance in the crash impossible. I n  such cases  crash  fo rces  a r e  so 

l a rge  t h a t  many, o r  a l l ,  of the  protec t ive  f ea tu res  of  a vehic le  f a i l .  

Crashes of t h i s  magnitude ieave l i t t l e  from which the  inves t iga tor  and 

researcher may learn. Needless t o  say,  there  a r e  d i s t i n c t  i i rn i ta t ions  

i n  reconstruction of such crashes because of the  ca tas t roph ic ,  o r  near 

expiosive nature of the  damage t o  the  vehicie. Such veh ic les  may be i n  
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two o r  more p ieces  a f t e r  t h e  crash,  o r  crushed t o  t h e  p i n t  where 

a v a i l a b l e  occupant space is almost non-existent. The veh ic le  may be 

ripped a p a r t  t o  t h e  point  where occupants a r e  subjected t o  g r e a t  fo rces  

i n s i d e  and ou t s ide  t h e  vehicle.  The inves t iga to r  may be confused by 

extens ive  damage from e x t r i c a t i o n  of bodies and from disnernbement of 

t h e  veh ic le  f o r  ease in  tow o r  t r anspor t  from t h e  acc ident  si te.  He 

should make a s  many observations about crash  damage a s  poss ib le  and i f  

poss ib le  determine t h e  p r i n c i p a l  d i r e c t i o n  of f o r c e  t o  t h e  v e h i c l e  from 

t h e  i n i t i a l  impact. I n  such crashes  g r o s s  damage p a t t e r n s  a r e  perhaps 

bes t  described by extens ive  photography. 

2.8 Vehicle Interior Examination 

The veh ic le  i n t e r i o r  can provide evidence a s  t o  how occupants 

moved, what they contacted,  and what damage resul ted  from t h i s  contac t .  

Contact a r e a s  may be d is t inguished by t i s s u e  d e p o s i t s ,  h a i r ,  f a b r i c  

t r a n s f e r s ,  s k i n  o i l ,  cosmetics, evidence of jewe1,y worn by t h e  

occupant, imprints  of  occupant 's  f ea tu res ,  a s  wel l  a s  by the  deformation 

c h a r a c t e r i s t i c s  o f  contacted areas .  Skin o i l  may be discerned on the  

door s i d e  g l a s s  adjacent  t o  occupant s e a t  p s i t i o n s  by examining t h e  

g l a s s  a t  an a q l e  such t h a t  t h e  ambient l i g h t  s t r i k e s  t h e  g l a s s  so  a s  t o  

enhance the  c h a r a c t e r i s t i c  p a t t e r n  l e f t  behind. Dust wi th in  the  

v e h i c l e ' s  i n t e r i o r ,  when i t  is removed o r  d is turbed a s  a r e s u l t  of 

occupant con tac t ,  can a l s o  be an important c l u e  t o  occupant contac t .  A 

hand-held magnifier can he lp  the  inves t iga to r  observe t i s s u e ,  h a i r ,  

blood o r  f a b r i c  t r a n s f e r s  on t h e  i n t e r i o r  t h a t  a r e  i n v i s i b l e  t o  t h e  

naked eye. 

Cccupant contac t  with t h e  veh ic le  c o n t r o l s  is indicated by damage 

t o  those cont ro ls .  A defonned s t e e r i n g  wheel rim, bent  s h i f t  l e v e r ,  o r  

d i s t o r t e d  dash panel con t ro l  knobs ind ica te  occupant contac t .  Knowledge 

of t h e  i n j u r i e s  sustained by t h e  occupant p r i o r  t o  examining t h e  

i n t e r i o r  should be obtained wherever possible.  Th i s  w i l l  a s s i s t  the  

inves t iga to r  i n  knowing where t o  look and what t o  look f o r ,  a s  well a s  

i n  d i f f e r e n t i a t i n g  between dmaged i n t e r i o r  a r e a s  which were n o t  

c o n t a c t 4  by the  occupant and those  t h a t  were contacted.  
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2 .9  NFSS Vehicle Form CCS 

The veh ic le  examination f i e i d  form developed by NASS permits the  

inves t iga to r  t o  record key identifying fea tu res  and damage fea tu res  of 

the  vehicle. These a r e  well s t ruc tured  and unambiguous, s o  t h a t  NASS 

inves t iga to r s  i n  various geographic loca t ions  w i l l  provide i n f o n a t i o n  

t h a t  is both cons is tent  and accurate. The inves t iga tor  is again 

encouraged t o  make addi t ional  notat ion where necessary t o  c l a r i f y  o r  

e labora te  on e n t r i e s  made on s t ruc tured  da ta  forms. 

Of p a r t i c u l a r  s igni f icance  here is t h e  addi t ion  of vehic le  sketches 

showing the  s i d e ,  f ron t ,  and end views of vehic les  i n  s i l h o u e t t e  form 

with nota t ion  of key damage fea tures .  Such sketches he lp  the  

inves t iga tor  loca te  and describe graphica l ly  t h e  various damage fea tu res  

and c h a r a c t e r i s t i c s  f o r  the  vehicle. I d e n t i f y  marks on one sketch and 

r e l a t e  them t o  another sketch of d i f f e r i n g  s i z e  and d e t a i l .  S imi lar ly ,  

identifying marks can re la ted  t o  photographs taken of a r e a s  described by 

nota t ion  on the  sketch. This is most he ipful  i n  accura te ly  conveying 

damage fea tu res  which the  inves t iga tor  f e e l s  a r e  important. One 

suggestion is t h a t  the  inves t iga tor  pause and review t h e  e n t i r e  form 

upon its ccmpletion with a view toward determining whether someone 

unfamiliar with the  accident  could be completely apprised about the  

vehic le  both q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  from t h e  information 

presented i n  the f i e l d  form and f i e l d  notes  . Additional shee t s  f o r  

narra t ion  and/or sketches shouid be included where they a r e  f e l t  t o  be 

helpful  . 
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3 U.TA DOCUMENTATION 

Smv The a r t  and sc ience  of inves t iga t ing  acc iden t s  
involves acquiring da ta  i n  the  f o m  of ident i fy ing n m b e r s  and 
codes, noting geographical f e a t u r e s  of t h e  roadway and of f- 
road environment, making o k e r v a t i o n s  of physical  f e a t u r e s  and 
evidence, and obtaining statements f ran o t h e r s  (vehic le  
occupants, p l i c e ,  etc. ) involved i n  the  acc ident  process. 
This can be a l a r g e  amount of information t h a t  must be hand- 
organized and preserved. The a b i l i t y  t o  accura te ly  and 
thoroughly document information provided by a crash  is 
e s s e n t i a l  t o  the  inves t iga t ion  of crashes. This  s e c t i o n  
d iscusses  some approaches and methods t o  acquire  t h i s  da ta .  

The accident  inves t iga to r  must f i r s t  of a i l  be a good observer. To 

observe means t o  v i s u a l l y  search o u t ,  i d e n t i f y ,  and ca ta log physica l  

d e t a i l s  of the  crash  scene and damaged vehicles.  Together these  provide 

a s  much of an explanation of the  c rash  under s tudy t h a t  is avai lable .  

Becming a good observer t akes  p rac t i ce  and concentrat ion.  One should 

f i r s t  beccme d i sc ip l ined  t o  think through the  var ious  elements involved 

i n  a crash  in  an o rde r ly  manner, This  minimizes overlooking re levant  

evidence. The ~ o l i c e  repor t  o f  t h e  crash ,  and supplemental information 

ava i l ab le  t o  the  inves t iga to r ,  becomes the  bas ic  information on which t o  

s t a r t  the  inves t iga t ion .  This  information is of tent imes  brief--such a s  

the  number of veh ic ies  involved, b a s i c  crash  o r i e n t a t i o n  (head-on, s i d e ,  

r ea r ,  etc.) and an est imate of how many occupants were involved. From 

t h i s  p i n t  on, i t  is up t o  t h e  inves t iga to r  t o  develop whatever 

information is required. 

NASS, NCSS, and o t h e r  s i m i l a r  d a t a  c o l i e c t i o n  p r o j e c t s ,  which 

examine accidents  well a f t e r  they occur,  have w e l l  s t r u c t u r e d  and 

de ta i l ed  f i e l d  da ta  forms f o r  t h e  documentation of many key c r a s h  

fea tures .  These include ques t ions  which i d e n t i f y  var ious  components 

(vehic ie ,  roadway, hunan) of tt,e c rash  and desc r ibe  t h e  consequences 

(damage, i n j u r i e s ,  roadway performance, e t c . )  of t h e  crash.  R e s ~ o n s e s  

t o  these  ques t ions  (and o t h e r s )  contained i n  t h e  bas ic  f i e i d  d a t a  

protocols (vehic le ,  scene,  d r i v e r ,  e t c . )  a r e  usua l ly  l imi ted  t o  a list 

of the  most probable responses. This  method of  recording d a t a  is 

designed so a s  t o  be canpa t ib ie  with machine d a t a  s to rage  and handling. 

Each r e s p n s e  is designed s o  t h a t  va lues  i i s t e d  a r e  c l e a r ,  s ~ e c i f i c ,  and 

unanbiguous. One word l a b e l s  o r  r e s p n s e s  a r e  necessary i n  t h i s  system 



f o r  ease i n  keypunching and entering in to  a computer f i l e  by t h e i r  

appropriate code values. 

Such s t ructured f i e l d  data protocol forms w i l l  not ,  however, t e l l  

the  complete s t o r y  of the  crash. Only l i s t e d  r e s p n s e s  a r e  permitted t o  

a l imited nlrmber of s p e c i f i c  questions. Augmenting these  d a t a  with 

information which both descr ibes  o r  i d e n t i f i e s  the  area  of the  crash 

being invest igated can be helpful  as well a s  necessary. I t  can be 

helpful  i n  t h a t  i t  could permit an analyst  a t  some f u t u r e  time t o  review 

"hard copiesn,  o r  the  ac tual  canpleted f i e l d  forms, and confirm o r  

r e fu te  c e r t a i n  inferences made f r m  a subset  of s imi la r  cases. It may 

a l so  be necessary a t  times t o  more accurately reconstruct  the  crash and 

a r r i v e  a t  a more precise  quan t i t a t ive  assessment of  crash sever i ty ,  such 

a s  "delta  V." Perhaps the most important a t t r i b u t e  of thoroughly 

documenting each case  beyond t h e  structured responses provided i n  the  

f i e l d  data form, is t h a t  it permits an ed i to r ,  o r  analys t ,  a s  well a s  

the  inves t igator  t o  g e t  a b e t t e r  understanding of t h e  crash. The 

inves t igator  should never leave i m p  r t a n t  observations o r  measurements 

to memory. 

3.1 Field Data Recording Methods 

Mapping topographical f ea tu res  of the  crash scene permits the 

drawing of plan view layouts  of relevant  items and fea tu res  of the  crash 

scene. The locat ion of Femanent, e a s i l y  iden t i f i ab le  "benchmarksu must 

f i r s t  be established. These may be manhole covers, u t i l i t y  p l e s ,  f i r e  

hydrants, curb cuts ,  permanent pavement markings and s imi la r  fea tures .  

Benchmarks should be located so t h a t  they a r e  convenient and near the  

area containing key roadway fea tu res  and crash evidence. They a r e  

needed t o  es tab l i sh  the  framework, o r  reference points ,  f o r  the  scene 

sketch. 

Roadway fea tures  and crash re la ted  items can then be described with 

reference t o  such appropriate "benchmarksn. For instance,  t h e  slope of 

a roadway shoulder can be references t o  a s p e c i f i c  point  on the  roadway. 

A p r o f i l e ,  o r  cross-section of the shoulder may then be drawn i n  a 

separate sketch but referenced t o  a l i n e  i n  t h e  plan view drawing 

locating the  s ~ e c i f i c  p i n t ,  and dis tance ,  where the  cross-section is 

important. Special f ea tu res  may a l s o  be noted on the  plan view drawing 
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by an .arrow with explanatory narra t ions .  An arrow may a l s o  ind ica te  

t h a t  another sketch,  of expanded scale f o r  instance,  e x i s t s  t o  b e t t e r  

i l l u s t r a t e  the  p a r t i c u l a r  f e a t u r e s  of i n t e r e s t .  

Location of physical evidence on t h e  sketch should be accura te  and 

or iented  i n  its proper pos i t ion  with respect  t o  road edge, off-road 

benchmarks and other  physical evidence. A more de ta i l ed  desc r ip t ion  of 

preparing scene drawings is given i n  t h e  chapter  on Scene Examination. 

A small  pcke t  s i z e  tape  recorder is a helpful  a i d  when working 

alone and documenting scene evidence and fea tu res  t o  be incorporated 

in to  t h e  sketch o r  drawing. Verbal desc r ip t ions  f a r  beyond abbreviated 

no ta t ions  on a sketch can be conveniently recorded. 

3.2 Symbols fo r  Docmenting t h e  Crash Scene 

Some form of uniform use of symbols is helpful  f o r  both examining 

t h e  c rash  scene and f o r  l a t e r  annotat ing f i e l d  sketches. Parking t h e  

crash scene is helpful  t o  accentuate important physical  evidence such a s  

skidmarks, f l u i d  deposi ts ,  sc ra tches ,  etc. This  can he done through the  

use of chalk ,  contras t ing  colored crayon, o r  spray paint .  hhen included 

i n  photographs, they bring t h e  viewers a t t e n t i o n  immediately t o  the  

object  o r  f e a t u r e  of i n t e r e s t .  Marking key measurements d i r e c t l y  on t h e  

pavement is a l s o  useful  when studying t h e  scene i a t e r  frcm photographs. 

Yarking of the  p i n t  of impact is perhaps the  one f e a t u r e  of most 

importance h i c h  should be accura te ly  located and marked. 

The same symbols used i n  t h e  f i e l d  may a l s o  be i n c o r p  rated l a t e r  

i n  f i e l d  sketches. This is s o r t  of an outdoor sketch shorthand. m o  

s e t s  of symbols a r e  given i n  Figures 3.1 and 3.2. The l a t t e r  conta ins  

symbols which can be made from t h e  Northwestern T r a f f i c  I n s t i t u t e  

Accident Inves t iga to r ' s  Template. Figures 3.3-3.7 a r e  a set of 
1 symbols developed under a NHTSA s tudy combined with symbols used i n  

the  NHTSA NASS program t h a t  has been found t o  be usefui  when 

inves t igators  a r e  on-scene. Marking of c rash  scene skidmarks and t i r e  

s c u f f s  is of  articular importance. This includes ident i fy ing each 

h e e l ,  the  s t a r t  and termination of t i r e  marks and ou t i in ing  f a i n t  

1 

They a r e  a l s o  contained a s  Appndix  A of the NFSS Data 
Coilect ion Coding and Edit ing Pznual, February 1979. 
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areas. The f i n a l  rest p s i t i o n  of crashed vehicles can be conveniently 

located by marking and identifying each vehicle p s i t i o n  by a 

combination of marks locating a l l  wheels and corners of the  vehicle. 

The inves t igator  must use whatever symbols and markings methods 

f e l t  t o  be superior. One other  template s imi la r  t o  t h e  Northwestern 

template t h a t  is useful  f o r  making symbols on sketches is ava i l ab le  a t  

ncminal cos t  a t  any engineering supply s tore .  This is Rapid Design 

Traff ic ,  Symbol Template, number 130, shown i n  Figure 3.8. 

3.3 Measurements 

Making measurements of crash involved vehicles is a procedure 

fundamental t o  a l l  NASS invest igators.  Many devices, o r  a i d s  can be 

helpful  here. Some of these a r e  ragnets  t o  anchor s t r i n g  o r  metal 

measuring tape,  standards o r  pos ts  which fas ten  v e r t i c a l  t o  a 

freestanding base t o  o u t l i n e  corners of the  vehic le ,  surveyor 's  pins, 

survey0 r t  s ribbon, magnetic arrows o r  s irnilar symbols, ca l ibra ted  

cy l indr ica l  p r t a b i e  tubes, mirrors and o the r  devices. All of these can 

be helpful a t  c e r t a i n  times and f o r  c e r t a i n  crashes. There is no hard 

and f a s t  ru le  which d i c t a t e s  how measurements should be made, and what 

a ids  a re  most helpful.  These a r e  more l i k e  personal accessor ies  of the 

inves t igator  t o  be used a s  he, o r  she, f inds  them t o  be most e f fec t ive .  

Measurements of scene da ta  can s imi la r ly  be expedited and enhanced 

with various measurement aids. In tersect ing road edges serve a s  

convenient and accurately located benchmarks, i .e. , h e r e  the  road edge, 

o r  curb l i n e ,  of in tersect ing s t r e e t s  a r e  v i s u a l l y  extended a s  
2 tangents t o  crea te  a p i n t  within the in te r sec t ion  where the two 

tangent l i n e s  in tersect .  This p i n t  provides a convenient benchmark f o r  

measurement within and near t h e  in tersect ion.  

Use of road edges t h a t  a r e  s t r a i g h t  can be helpful  i n  making scene 

measurements. A s t r a i g h t  road edge can serve a s  a base l i n e  from which 

measurements can be made t o  roadway fea tu res  and evidence. These shouid 

be mde a t  r ight  angles, t o  the  road edge out  t o  t h e  items o r  areas  of 

in te res t .  A carpenter ' s  square can be used t o  e s t a b l i s h  a r i g h t  angle, 

A tangent is a s t r a i g h t  l i n e  continuation outward from t h e  
p r i p h e r y  of a c i r c l e ,  in l i n e  w i t h  the curved por t ion of a c i r c l e .  



Figure 3 . 1  UNIFORY SYIBOLS Felt SCENE ITAHKING 

R O A O  

a -2- - 10 s*OVd ~ E C I N N l N G  OF REAR SXIOMA(II[~. ARROW SHOWS O l R r c T l o N  o f  
0 

T R A V E L  N U M O l R  INOICATLS IOENT lTY OF VEHICLE I N V O L V E 0  

* - MARK TO SHOW SECiNNlNG O f  FRONT SXIOHARRS. ARROW $HOWS 0 l R ~ c T l O %  01 

T U V E L  HUhlBCR I N O I U T E S  IOCNTITY OF VEHICLE INVOLVED 

4% 

- POSiTIOH OF REAR WHEELS A T  IMPACT / NOTES E N 0  OF 417 I M P L O  S K I 0  

nT - FRONT WFlEEL A T  F I N A L  POSIT I O N  

1 .  C I R n  IMPACT - POSITION OF IMPACT POINT SEEOHO 

- INOICAT lV€  M A R K  FOR C 3 U G E f  

- I H O l C I T l V E  M A R K  FOR CENTRIPETAL CURVE SCUFFS 

- INOlCAT lVE M A R U  FOR ROTATING T IRE F A l F i t  

7 - INOlCAT lVE M A R K  FOR PUOOLE WITH i l U N O t C  

6 

I IH IT IALS - C FOR GASOLINE: M FOR MOTOR OIL: R FOR RAOlATOR COOLANT; 

T FOR TRANS~~ISSION OIL. a FOR O A T T E R Y  acio; c FOR B R A K E  

FCUlO;W FOR WATER;ANO n F 0 n  8LOOO TO 8L  lNSERTE0 ItJSlOE 

THE CIRCLLS FOR FURTHER InENTIF ICAT lONI .  - I u O r C I T l v E  M A R U  FOR OESRIS ARROW TO SHOW OIRECTIOH OF FORCE a 
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Figure 3.3 Topoqraphica l  liighway & Environment Symbols 

Pzveaent  edqe 

- b Shoulder edge l i n e  (non-forinal)  

-- Shoulder edge L ine  (fo-rial) 

Broken center  o r  l a n e  lines (15 ' 
long - 2 5 '  a p a r t )  

Broken center l i n e  with NO-?ass i n g  
line 

- . ,Double y e l l o w  c e n t e r  l i n e s  

Curb 

Paved shoulders w i t h  Ziagonal lines 

v e  -!P TI?&- arrows 

9 r i d g e  abutment and r a i l i n $  

v w w 1 1 v Guarc! r a i l  
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Figure  3 . 4  

-*-*-*-*-w- Fence 

Railroad t r a c k s  

J I i 1 Embankrncnt (arrows show "COW' 
f '  

Shrubbe-? - hedges 

n 
Trees ( draw trunk and pctimcter of 

f oliagc t o  approxL:nacc size 

Traffic s i g n a l  

Flashing l i g h t  

T r a f f i c  s i g n s  back t o  back 

Sign ( i n d i c a t e  words o r  symbol: 

S t r e e t  light and po le  (a-zn lenc 
may change with scene) 

S t r e e t  l i g h t  without arm 

Publ i c  u t i l i t y  po le  

B u i l d i n g  

F i r e  I Iyd ran t  

S t r e e t  Sign 

Del inea to r  pos t  

A 1 1  c r n ~ s u a 1 k . q ~  road surface aymhols a n d  o e l w r  relevant nnrktngs sliould hc 
J c p i c t c * t l  ; ~ r r t l  d r a w  t o  approxim;r tc  s cn l c  on t l i c  di;ly.r;rn ns much n.s poaslb!c. 

8 - DATA OOCUMENTATION 



Figure 3 . 5  UNIFORH SYMSOLS FOR ACC1DE.Q DIACXAE!Ih'C 

V e h i c l e  and P e d e s t r i a n  Symbols 

i- - -7 
I 1 P I  Automobile (pre- impact  o r  a t - impac t  
L- -A  p o s i  t i o n )  Except ion:  draw - s o l i d  

o u t l i n e  i f  s topped  ac-impacc. 

Au t o m i b l e  
damaged 

( f i n a l  reg t p o s i  t ion-showing 
a r e a )  

Automobile  ( f i n a l  p o s i t i o n  on i t s  t op )  

Automobile  ( f i n a l  p o s i t i o n  on i t s  r i g h t  
s i d e )  ( r e v e r s e  f o r  l e f t  s i d e )  

Automobile  i nvo lved  i n  t h e  a c c i d e n t  as 
a s  a temporary e n v i r o n m e n t a l  f a c t o r ,  
but n o t  p h y s i c a l l y  i nvo lvcd  i n  t h e  
c o l l i s i o n .  (Nan-Contact U n i t )  

Parked a u t o m o b i l c  n o t  s t r u c k  ( g i v e  i t  a 
number i f  i t  was s t r u c k  

.* . 

V e h i c l e  i n  w h i c h  a v i t n e s s  vas an o c c u ? a n t  
I 

Truck ( P a n e l ,  Van, Dunp, e c c . )  

T ruck  t r a c t o r  and s e z i i - t r a i l e r  

U t i l i t y  t r a i l e r  

+- ! 4 o c o r c y c l i s t ;  b i c y c l i s t  ( h a n d l e b a r s  a r e  
curved o p p o s i t e  t h e  d i r e c c i a n  o f  : r a v e l  



figure 3.6 

P o i n t  o f  impact  

7 
Cent r ipe ta l  curve scuffs 

U, t l t a s a  I I . .  I , , ,  Tire scuff marks 

= t = = s = = = = = 3 :  a s 3  = = = = = = - R o t a t i n g  t i r e  p r i n t  

Gouges 

Scratches 

L i q u i d s  (puddle and r u n  -o f f )  

Debris ( funne l  out away f r o m  p o i n t  oi 
impact t o  show d i r e c ~ i o n  of 
f o t c e )  

Any o t l ~ e r  accidcnc-induced markings, components from v e h i c l e s ,  e t c  should  
be shorn i n  their approximacc l o c a t i o n  and a reasonable l ikeness skctehcd 
an thc diagram. However, do not c l u t t e r  diagram; nnkc an a d d i t i o n a l  d i ~ g r  
i f  necessary. 
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Figure  3 . 7  

@ a @ @  P e d e s t r i a n  ( p o i n t e r  o r i e n t e d  t o  show 

@C3@ 
d i r e c t i o n  o f  movcmcnt and d o t  spacing 
to show r a t e  o f  movanent;  i . e . ,  3 '  
a p a r t  v a l k i n g  and  6 '  a p a r t  r u n n i n g  . 

\ Final p o s i t i o n  of  body 

8 P e d e s t r i a n  who v i t n e s s e d  a c c i d e n t  

All symbols r e f e r r i n g  t o  c o l l i d i n g  v e h i c l e s  ( p l u s  Non-Contact, Witness  and Parked 
v e h i c l e s )  are t o  have a broken o u t l i n e  if t h e y  are  moving a t  the p o i n t  i n  which 
they arc dep ic t ed ;  the o u t l i n e  should be s o l i d  i f  t h e  v e h i c l e  is s t o p p e d  whcrc * 

d e p i c t e d ,  o r  a t  f i n a l  rest. Be c a r e f u l  to insure p r o p e r  p lacement  ( l o c a t i o n )  
and o r i e n t a t i o n  on t h e  diagram. 



Figure 3 .8  

12 - DATA DCCUMENTATION 



o r  the investigators f lex ib le  tape measure-extending and folding the 

metal l ic  ribbon f lex ib le  tape t o  form a t r iangle  whose s ides  a r e  three 

f ee t ,  by four f ee t ,  by f ive  f ee t ,  creates  a r igh t  angle with which t o  

l i n e  up measurements t o  the road edge. 

Where a road pavement t o  shoulder drop-off, o r  d i f f e r e n t i a l  e x i s t s  

it should be measured and noted on the scene sketch. Laying a coin up 

against  a road edge, or  some other convenient object  of known s ize ,  then 

photographing i t  close-up against  the road edge is one way of noting the  

information. Be careful t o  a lso note j u s t  where d i f f e r e n t i a l s  e x i s t  

along a road edge frcm a known benchmark. Parking the  road edge a t  ten 

foot o r  25 foot  intervals  w i l l  help in  correla t ing c l o s e u p  photographs 

of the road edge, with the same location in scene photographs with a 

wider view. 

3.4 Sketch/Drawim Scale 

Scene examination data forms often contain a gridded blank sheet 

u p n  which to  construct  sketches. Where t h i s  is inadequate use 

addit ional sheets  for  as  many addit ional sketches a s  needed. Where 

distances grea te r  than a 100 f e e t  of roadway must be included i n  a 

s ingle  sketch t o  include a l l  relevant objects  and roadway features ,  a 

scale  of I inch equal t o  10 f e e t  may be used. Various sca les  o r  

graduations t o  permit scaled reductions of ac tua l  measurements a r e  

contained i n  an engineer's rule. For intersect ions  of typical  tw lane, 

two way s t r e e t s ,  a sca le  of I inch equal t o  20 f e e t  is convenient. For 

larger ,  exparded sections of roadway where the width of one o r  two 

t r a f f i c  lanes can contain a l l  the  needed information, a sca le  of 1 inch 

t o  4 f e e t  is convenient. When information is concentrated i n  one m a i l  

area, and t h i s  small area  must be correlated with a l a rge r  area 

containing the e n t i r e  roadway o r  large portions of the e n t i r e  roadway, 

addit ional sketches made a t  a much s ~ l l e r  sca le  serve to  expand upon 

portions of the la rger  sketch. 

Grades ard slopes can be measured a s  the drop from a l eve l  roadway 

u s i r q  a s t r a igh t  edge leve l  (carpenters l eve l ,  o r  rod with l e v e i  bubble, 

e tc . )  of known length and noting t h e  height of one edge of the  l eve l ,  

when adjusted t o  be l eve l ,  with the roadway. T h i s  could be noted a s  the 

ra t io  of t h i s  height t o  the  length of the level .  For example, 3/4 would 
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mean 3 inches change in  grade f o r  every 4 f e e t  of d i s t ance  across the  

surface  f o r  4 foot  long level .  By standardizing such nota t ion,  

recording grade measurements becme eas ier .  This r a t i o ,  h e n  i n  the  

same dimensional uni ts ,  is a l so  the  tangent of the angle t h a t  the  grade 

makes with the  horizon, o r  from a l eve l  surface. Thus 3/4, o r  3 inches 

f o r  every 4 f e e t ,  gives a tangent of 3/48 o r  0.0625. From a 

t r i g o n m e t r i c a l  function t ab le  o r  hand calcula tor ,  t h i s  would ind ica te  

an angle of 0 .001~.  This could a l s o  be referred a s  a grade of 6-1/4% 

which is merely t h e  tangent of t h e  angle t h e  grade makes with the  

horizon expressed a s  a percentage. 

Keep in  mind t h a t  t r a f f i c  lanes  vary between 9 and 1 2  f e e t  width i n  

modern roads. The i n t e r s t a t e  system has 12 foo t  width t r a f f i c  lanes. 

Some older  rura l ,  low vo lme  paved roads can have 8-9 f e e t  wide t r a f f i c  

lanes. Passenger ca r s  a r e  naninally 18-20 f e e t  long and 6 t o  6-1/2 f e e t  

wide. Keeping these key values in  mind w i l l  make it convenient in  

se lec t ing a sa t i s fac to ry  scale f o r  scene sketches. Use of a standard 

ou t l ine  diagram, o r  s i lhoue t t e ,  of a vehicle is he lp fu l  i n  graphical  

notatirxj where damage is located and describing the  type of damage. 

These a r e  t h e  same side ,  rear ,  f ron t ,  overhead vehic le  o u t l i n e  

s i lhoue t t es  a p a r t  of most vehicle f i e l d  data  forms. Carrying 

addit ional  shee t s  of such vehic le  out l ines ,  representing t h e  vehic le  t o  

be examined a s  c lose ly  a s  possible,  makes it convenient t o  c o l l e c t  much 

addi t ional  data. Groups of these  sheets ,  should be ca r r i ed  by each 

inves t igator  a used a s  needed t o  graphical ly  document vehic le  

charac te r i s t i c s  of i n t e r e s t  and vehicle damage i n  d e t a i l .  

3.5 Photography 

Taking s u f f i c i e n t  photographs of the accident  scene and accident  

vehicle is but a mall investment in  time and e f f o r t  cmpared t o  the  

t o t a l  cost of invest igat ion.  Well taken photographs a r e  valuable i n  

reviewing material  collected on a crash,  in te rp re t ing  r e s p n s e s  made i n  

f i e l d  data forms, and b e t t e r  understanding na r ra t ion  and nota t ion i n  

f i e l d  notes. The old Chinese proverb c e r t a i n l y  app l i es  here; "A pic tu re  

is w r t h  a thousand wrds." 

While an in-depth presentat ion of fundamentals of photography is 

beyond the scope of t h i s  presentat ion,  the re  a r e  a few a reas  dealing 
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w i t h  photography peculiar t o  accident investigation w r t h y  of some 

explanation. 

There have been many attempts a t  developing and using photography 

to  document scene da ta  which can also be used f o r  extracting necessary 

scene measuranents. This is called photogranmetry. Some elaborate  

s te reo  photographic instruments have been developed f o r  t h i s  purpose, 

but in  general have been too cos t ly  and canplicated f o r  every day use in  

the f i e l d  by accident investigators.  Such devices, o r  instrumentation, 

have worked out best  where they have been made into  an in tegra l  p a r t  of 

a l a rger  mobile instrumentation center,  such as  a van. 

There is one simple technique which is helpful when photographing a 

f l a t ,  l e v e l  t e r r a i n  which is inaccessible fo r  f r e e  movement so a s  t o  
3 make needed measurenents. This is use of a perspective g r id  . This 

consis ts  of a rectangular g r id  with pa ra l l e l  diagonal l i ne s  located a t  

angles of 45' within a basic rectangle as shown in  Figure 3.9. Such a 

gecmetric reference device may be placed on the ground and i n  the center  

view of a photogra~h so t ha t  it a p p a r s  within the  photograph. From 

where it is located i n  photograph, the l i n e s  may be superimposed on the 

photograph. This may also be viewed a s  a "perspective tenplate".  These 

l i nes ,  extended f r m  the gr id  i n  the photograph, w i l l  tend t o  converge 

in  proportion t o  t h e i r  dis tance i n  the  photograph from the  basic 

perspective grid from its place on the roadway. The known dis tance 

between l i n e s  on the p e r s p c t i v e  gr id  w i l l  remain constant enabling the 

viewer t o  measure locations and objects  i n  the photograph with r e s p c t  

to  the known dis tance between the gr id  l i nes  superimposed on the 

photograph. 

This technique is useful in  s i tua t ions  where t r a f f i c  o r  other  

roadway dangers prohibi t  the  actual  measuring of the roadway and roadway 

evidence by the investigator,  while working on the roadway. The 

p e r s ~ e c t i v e  grid may be located i n  key locations i n  the  foreground of 

the area, franed by the camera, and a sequence of photos taken. Such 

3~e r sFec t ive  Grid Photography, by J .C .  Crawford, Minnesota S t a t e  
Patrol ,  FBI Law Enforcement Bulletin,  October 1978, and a Perspective 
Grid for  Photographic Mapping of Evidence, by J.S. Baker, Report of 
Northwestern University Traf f ic  In s t i t u t e .  
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. 
Figure 3.9 Photographic Grid 

info ma t ion is a l so  helpful i n  confirming measurenents and providing 

additional d e t a i l  then may have been obtained through i n i t i a l  

measurements. 

~hotographs in  which the photographer a l igns  himself with features 

tha t  have a known geometric form w i l l  a l so  resu l t  in  p i c to r i a l  

information which can be more eas i ly  interpreted. For example, taking 

photographs wi th  the camera l ined up with the road edcje, o r  in  alignment 

with two poles separated by distance,  o r  a t  45' t o  a r igh t  angle made by 

two intersecting road edges, enables the viewer of the photographs to  

study the p ic tor ia l  infomation of i n t e r e s t  with the help of known 

reference objects and l ines  located i n  the  photograph. Placing objects  

or  marks to  accentuate features of i n t e r e s t  on the roadway, o r  off-road 

terra in ,  can be heipful l a t e r  when interpreting areas of i n t e r e s t  i n  the 
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photograph, fo r  example, wt.lere one desires  t o  emphasize locat ion of the 

p i n t  of impact, a br ight  t r a f f i c  cone o r  spray painted X in  a circle, 

o r  other s imi la r  marking techniques may be located a t  the  point of 

impact. Key poles o r  posts may be identified by painting them with an X 

and a number so a s  t o  cor re la te  the photographic information with 

s imilar  information prepared i n  sketches where the i tms a r e  s imi la r ly  

marked. 

One infonnative w y  of observing the crash s i t e  is by simulating 

the dr ivers  view a s  he approaches the conf l ic t  point  on the roadway 

which resulted i n  the crash. This is by photographing the approach 

through the windshield of your car  while following the  same approach 
4 path taken by the  crash vehicle. Use a wide a q l e  lens  and photograph 

the roadway ahead through the windshield in  a sequence which can be 

correlated with outside reference objects  (mail boxes, driveways, 1 ight  

p l e s ,  hydrants, etc.) which the vehicle passes. This w i l l  permit the 

investigator t o  view the  photographs l a t e r  frcm a known posi t ion on the 

roadway. The windshield must f i r s t  be clean so a s  not t o  reduce 

p ic tor ia l  quali ty.  Make sure  t h a t  every e x p s u r e  is corrected f o r  the 

t in t ing  t h a t  may be an in tegra l  pa r t  of the windshieid. This method of 

photographing the roadway and its approach to  a crash is most e f fec t ive  

with two people in  the  vehicle. The dr iver  can concentrate on the  

roadway ahead and handling the camera while the second person can 

o h e n r e  t r a f f i c ,  note roadside reference objects  and ins t ruc t  the d r ive r  

h e n  the photograph should be taken. A motor driven camera makes t h i s  

technique e f f ic ien t .  

photographing vehicles is a spec ia l  challenge. Most a l l  

investigators a r e  by now well versed i n  the nunbeer of exposures required 

by t h e i r  r e s ~ e c t i v e  project ,  and the  p e r s p c t i v e  ( f ron t ,  corner oblique, 

etc.) of these various exposures . Use of addit ional illumination i n  

the form of a f lash  t o  f i l l  i n  darken areas of the vehicles is one area 

 ere vehicle photography can be s ign i f ican t ly  improved. This is 

encouraged to  obtain photographs with a s  much a s  m a l l  vehicle d e t a i l  a s  

pssible.  Photographs should be taken a t  d r ivers  eye leve l  height 

4~ 28m l ens  is preferred f o r  such applications.  



(approximately 3 and 3/4 f e e t  above the ground) in a sequence which 

includes a l l  the necessary perspective views. 

Photographing vehicle in te r iors  can be best  accmpiished by 

standardizing on two basic camera shut ter  s p e d ,  lens aperture and l i g h t  

strobe se t t ing  cmbinations. One t o  be used f o r  l i g h t  in te r iors ,  the  

other for  dark inter iors .  These may require some adjustment when bright 

sunlight illuminates much of the in te r ior  of the vehicle being 

photographed, but in  general w i l l  su f f ice  f o r  most a l l  s i tuat ions .  ?he 

investigator should experiment with camera and f lash se t t i ngs  for  a 

trpical l i g h t  in te r ior  and dark in te r ior  t o  achieve the optimal 

canbination fo r  each. Once t h i s  consideration has been determined from 

experimentation it should be routine fo r  i n t e r io r  photographs. The two 

se t t ing  system w i l l  ensure good in t e r io r  photographs a t  a l l  times and be 

more e f f ic ien t  than taking l i g h t  readings and readjusting camera 

set t ings  for  each in te r ior  o r  group of in te r ior  photographs attempted. 

Gross vehicle damage, t h a t  is the overal l  damage pat tern of the  

vehicle, can best  be shown from a cmbination of s ide  and overhead 

views. The overhead view, taken from a high vantage point,  a s  through 

use of a camera, w i l l  provide considerable information a s  t o  overal l  

damage area and extent, principal di rect ion of force, application of the 

principal force, how the force was applied by the  other  vehicle o r  

object, the relationship of second impacts to  the i n i t i a l  impact, and 

other information not a s  discernable fran s ide  views. The cooperation 

of a f i r e  department high ladder truck is not necessary t o  obtain the 

overhead canera vantage for  such F ~ O ~ O S .  A telescopic type camera born 

can be used which elevates the camera up above the  center of the 

vehicle, so as to  view looking downward. This may be telescoping 

sections of aluminum o r  f iberglass  tubing. Fiberglass is preferred f o r  

the safety of the user around overhead e l e c t r i c  l ines .  After the camera 

is visually p s i t i oned  over the vehicle, the  c m r a  shut te r  may be 

released by a long a i r  cable release, o r  with a remote control  radio 

receiver attached t o  the  camera. A wide-angle lens  whose focal length 

is 28mm or  smaller w i l l  help provide an i l l u s ion  of g rea te r  height. The 

value of such overhead views f a r  outweighs the i n  convenience of using 

such an aid. 
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Photographing human subjects  with t he i r  i n ju r i e s  can accurately 

document the  cosmetic e f f ec t  of crash injuries.  This takes considerable 

tack and a courteous approach. The individual t o  be photographed 

should f i r s t  be advised of why the request is being made, how the 

photographs w i l l  be used, a description of the project  under which the 

crash is being s tu l i ed ,  the  objectives of the project  and how the data 

w i l l  be used, and l a s t  but most important, s t ress ing  t h a t  the subjec t ' s  

cooperation is en t i r e ly  voiuntary. Make cer ta in  t o  fur ther  stress, t h a t  

identifying f ac i a l  features  (eyes, nose, center  face area) w i l l  be 

obl i terated o r  covered in  photographic pr in t s ,  when the face is 

involved. An appropriate consent form must be completed which contains 

the  subjects  signature,  a witness signature and the date. There a r e  

many var ia t ions  of such f o m  and one should be designed which best  f i t s  

your organization and l ega l  constraints.  

Photographing subjects  should only be attempted when there  is 

p i c to r i a l  information which helps t o  ident i fy  and show the extent of 

injuries.  For example, minor head lacerat ions  from contacting the  

windshield when photographed w i l l  v ividly document the successful 

performance of the high penetration resistance glazing. Photographs of 

limbs which have bruises, lacerations,  o r  contusions, w i l l  help document 

the type of injury and help es tab l i sh  probable a reas  contacted by the 

occupant. The investigator must always respect the wishes of the 

subject when a request is made, and never the  question o r  a t t m p t  t o  

change a refusal t o  cooperate in  being photographed. 

men photographing hunan subjects,  t he  investigator should have h i s  

photographic equipnent fu l ly  assembled and adjusted before a request is 

made. Taking photographs of human subjects  should be quick and 

convenient t o  a l l  concerned. Do not keep the  subject  waiting while 

equipnent is being assembled and id i e  ta lk  is required t o  f i l l  in  the  

delay. Children must never be photographed without t he i r  parents 

consent. Most people a r e  more will ing t o  be photographed themselves 

rather than l e t  t h e i r  children be photographed. Always respect parents 

wishes and do not attempt t o  persuade them when a posi t ive  r e s p n s e  is 

lacking . 
Photpgraphs of crash scenes immediately af ter  the crash when 



occupants and the injured a re  on scene, must also be done unobtrusively 

and tac t fu l ly .  Do not interfere  with the mrk  of p l i c e ,  EYS personnel 

o r  f i r e  personnel. Do not take photographs which show owscene 

prsonnel o r  accident human subjects in  a bad l ight .  Always ident i fy  

yourself t o  the off icer  in  charge before hand. If no police 

photographer is present accommodate the police with photographs they may 

not have, and be ready t o  take views which a re  suggested by them. Never 

place your camera in the face of an injured occupant and take pictures.  

This may be embarrassing o r  intimidating t o  the injured a s  well a s  add 

to  the emotional trauma of the crash. On-scene photographs should be 

concentrated on large areas frcm d i f fe ren t  pe r s~ec t ives ,  so a s  t o  

include a l l  the  crash scene information i n  single photograph. Close-up 

views may be more sensational, but have l e s s  p i c to r i a l  information 

available with which to  reconstruct the crash. 

As indicated e a r l i e r  t h i s  section has made no attempt t o  cover the  

fundamentals of photography. We presume tha t  experienced investigators 

have mastered the fundamentals pr ior  t o  receiving t h i s  instruction.  For 

those h o  wish to obtain such a background, there  a re  many books and 

periodicals available on the subject. For a basic primer approach t o  

the fundamental of photography, the  following two kooks a r e  recmended: 

1) How to  Make Good Pictures by the Eastman Kodak Company. 

2)  This is Photography by T.H. Miller, W. B r m i t t ,  of the Eastman 

Kodak Company. 

Proper care and maintenance of photographic equipnent is necessary 

to keep such equipnent in  good working order a t  a l l  times. Most cameras 

available today a r e  manufactured f o r  the retail amateur market. They 

a re  del icate  instruments, can be misaligned eas i ly  f r m  rough handling 

and may not function adequately in  a l l  enviroments. An accident 
I 

investigator w i l l  undoubtedly subject such equipnent t o  conditions 

byond those for  which the equipnent was designed. Therefore, t o  

increase camera l i f e ,  constant care  and periodic maintenance a re  

essential .  
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4 PHYSICS AND DYNAMICS 

S m r y .  A c m n  analyt ic  language has been developed t o  
allow engineers and s c i e n t i s t s  to c m u n i c a t e  i n  writ ing and 
t o  allow them the o p p r t u n i t y  of modeling and experimenting by 
an ana ly t ic  process a s  opposed t o  physical tes t ing.  In t h i s  
language it is elementary t o  determine r e su l t s  which remain 
expressed in  systen variables and thus subject  t o  optimization 
and prediction processes. The cannon language is a 
ccmbination of algebra, t r igonmetry,  gecmetry, and the 
d i  f f e r e n t i a l / i n t q r a l  calculus. Elements of these areas a r e  
presented, generally i n  the context of t he i r  use in CRASH2, i n  
the following sections. 

4.1 ~ a t h a n a t i c a l  Background 

4.1.1 Coordinate Systems. The most c m n l y  used coordinate 

systems a r e  the  Cartesian and the Cylindrical systems. Eoth a r e  three- 

dimensional systems by which we may describe the re la t ive  posit ions o r  

locations of r ea l ,  three-dimensional bodies. In addit ion,  both may be 

used describe the r e l a t i ve  pos i t  ions p i n t s  locat ions  three- 

dimensional space. Each coordinate system has a base coordinate plane 

and an axis  pe r~end icu la r  t o  t h a t  plane. This ax i s  is conventionaliy 

named the z-axis and the  z-coordinate is a l i nea r  measure made p a r a i l e l  

t o  the z-axis and away from the base plane in two d i rec t ions ,  one cal led 

the p s i t v e  (+) and the other called the negative (-) direct ion.  

Within the base plane of the Cartesian system, tm perpendicular 

axes a re  created,  one naned the  x-axis and the other  named the y-axis. 

The intersection of these two axes is a point named " the  origin." The 

rule-of-order of the the posi t ive  ends of the three axes is the right- 

hard-rule : 

"One ax is  (x-axis) i n  the base plane is given a positve 
direct ion by f i a t .  Then, i f  the viewer's righthand is rested 
upon t h i s  plane on the viewer's s ide  of the plane, a t  the 
or igin ,  with the f ingers  curved i n  pianes p a r a l l e l  t o  the  base 
plane and the  thmb  extended perpendicularly t o  the plane, the  
second (y-axis) is found a t  a 90 degree rotat ion from the x- 
axis  in the d i rec t ion  p i n t e d  by the curved f ingers  and the 
third (z-axis) is p i n t e d  pa ra l l e l  t o  the thumb. The three 
axes a r e  mutally perpendicular and the  pos i t ive  ends a r e  found 
a s  directed by t h i s  rule." 

See figure 4 .1  f o r  a sketch of the conventional right-hand-rule 

Cartesian coordinate systen. 



I + z-axis 

Figure 4.1 A Right-handed Cartesian Coordinate System 

Within the base plane of the Cylindrical coordinate system an 

origin p i n t  is a rb i t r a r i l y  selected and a posit ive ray (direction l i ne )  

is drawn i n  the plane frcm tha t  origin. An azimuth ring is centered on 

the origin with the angle measure s ta r t ing  a t  zero where the posit ive 

ray intersects  the ring and the posit ive direct ion of angle measure on 

the ring being pointed by the curved fingers of the right-hand-rule 

stated above. A ray projected from the or igin  in a desired direct ion i n  

the base plane cu t s  the azimuth ring a t  some measure. This angle 

measure, which l i e s  on the O t o  360 degree range is one coordinate in 

the base plane. The second base plane coordinate is the l i nea r  measure 

along the ray mentioned. The third system coordinate is the l i nea r  

measure paral le l  t o  the z-axis defined a s  in  the Cartesian system. 

4.i.2 Coordinates. The location of a point in a body is given in 

terms of a coordinate system fixed t o  the body. It is conventionai in 

automotive mechanics to  lcca te  the or igin  of the coordinated system a t  

the vehicle's center-of-mass location: The base plane is oriented 

horizontally with the +z-axis p i n t i n g  downward, i n  the  d i rec t ion  of the 

force of gravity. The x-axis of the Cartesian system and the reference 

ray of the Cylindrical system a r e  directed forward along the vehicle 's  

longitudinal axis. The +y-axis and the 90 degree ray of the Cartesian 

and Cyiindrical systems thus p i n t  transversely f r m  the c.m. t o  the 
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t + z-axis 

Origin , 
0 Base Line ' 
I /  I \" 

/ Base Piane / 
Figure 4.2 A Right-handed Cyl i rdr ical  Coordinate System 

r ight  s ide  of the  vehicle. These vehicle-f ixed coordinate systems 

renain right-handed a s  described but a r e  oriented d i f f e r en t ly  than the 

ordinary mathematics t e x t s  show them. See Figure 4.3a and 4.3b i n  which 

the two vehicle-f ixed axes systems a r e  i l l u s t r a t d .  (The two axes 

systems e x i s t  simultaneously i n  any vehicle.) 

Longitudinai his 

Laterai Axis 

4 + z-axis 

Figure 4 .3  Vehicle-fixed Cartesian (a )  and 
Cylindrical (b) Coordinate Systems 

Interest ingly,  in the prograns CRASH2 and SMAC, vehicles a r e  not 

considered to  have any height and, a s  a consequence, t he  vehicle-fixed 

coordinate system base plane is a l so  the  ground plane u p n  which the 
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t ires res t .  This being the  case, we need only be concerned with the  

locat ion of p i n t s  i n  the  base plane. I t  is conventional f o r  us t o  

i l l u s t r a t e  t h e  two-dimensional base plane coordinate system i n  a t rue  

project ion (plane view). Figure 4.4 presents  a s u p r p o s i t i o n  of the 

Cartesian arid the  Cylindrical  (ca l led  Polar  when two-dimensional) base 

plane, v e h i c l e f  ixed cm rdinate systems along with s i m i l a r  ground-f ixed 

s y s t ~ s .  

+ x-axis 

Figure 4.4 Ground-f ixed and Vehicle-f ixed 
Tho-d imensional Coordinate Systems 

To locate a p i n t  i n  a Cartesian system one measures the  

perpendicular d is tance  of the point  frun t h e  y and x axes ( i .e . ,  

measures the  d is tances  i n  d i rec t ions  p a r a l l e l  t o  t h e  x and y axes, 

r e s p c t i v e l y .  I f  e i t h e r  of these d is tances ,  from the a x i s  t o  the  p i n t  

space is measured i n  the d i r e c t i o n  of t h e  posi tve d i r e c t i o n  of the  

p a r a l l e i  ax i s ,  i t  is a p s i t i v e  d is tance ,  otherwise i t  is a negative 

distance. These p o s i t i v e  o r  negative d i s t ances  are ca l l ed  the  

coordinates of the  point  i n  the  Cartesian system. The coordinates 

bccme unique ins t ruct ions  by a i c h  any o the r  person could l o c a t e  the  

same p i n t  if he knew t h e  coordinate system descr ip t ion.  This is the  

reason f o r  adopting universal  conventions-to say t h a t  t h e  f r o n t  r igh t  

comer  of a vehicle is a t  the coordinates x = 98.8 in.  and y = 38.5 
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in. is unanbiguous when we have agreed, a s  we have, on the location and 

or ien ta t ion  of a vehicle-f ixed coordinate system. 

To locate  a p i n t  in  a vehicle-fixed Polar coordinate system we 

again use two coordinate measures. The f i r s t  of these is the length of 

the ray frcm the  or ig in  t o  the point. The second is the  measure of the 

angle frcm the reference l i n e  t o  the ray through a point. Note t h a t  the 

l i nea r  measure along the  ray is always p s i t i v e .  Then the same r igh t  

f ron t  corner referred t o  i n  the  l a s t  paragraph is said t o  have polar 

coordinates of r = 106.04 in. and 6 = 68.7 deg, Figure 4.5 cont ras t s  

the Cartesian and p l a r  examples. 

Figure 4.5 Coordinates of a Point on a Vehicle 

The coordinates of the l e f t  f ron t  (LF) , r igh t  rear (RR) , and l e f t  

rear (LR) corners of the  same vehicle along with those of the r i gh t  

f ront  (RF) a r e  l i s t e d  i n  Table 1, i n  each coordnate system along with 

the  t rad i t iona l  corner numbers. 

4.1.3 Ground-fixed System Coordinates of Points on Moving Bodies. 

The front  r ight  corner o r  the  center-ofinass of a vehicle  a r e  exampies 

of p i n t s  on a moving body. In the vehicle-f ixed Cartesian coordinate 
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Table 4 . 1  

COORDINATES OF THE FOUR CORNERS OF A VEHICLE 

I Cartesian Coordinate I Polar Coordinate 
Corner I I ,  

ks igna t ion  I Y I x I r I 8 
I inches I inches I inches 1 degrees 

system the coordinates of these points, i.e., x = 98.8, y = 38.5, and x 
= 0 ,  y = 0 , respectively a r e  constant o r  fixed--they do not vary with 

time. But these same two points have coordinates in  the ground-f ixed 

coordinate system and these coordinates do vary (change) with time. 

Figure 4.6 i l l u s t r a t e s  a plan view of the moving vehicle i n  the  ground- 

fixed coordinate system and the coordinates of the c.m. point  (0) and 

the right front corner point (P) . 
Examining Figure 4.6 it is c l ea r  t h a t  the c.m. p i n t  on thg vehicle 

is conveniently located by the ground-fixed coordinates X$ and Y$. The 

p i n t  P of the vehicle is equally conveniently located by the 

coordinates XP and YP. S t i l l ,  the  f igure  i l l u s t r a t e s  t h a t  the 

coordinates XP and YP could be determined f rorn the  knowledge of (X@,Y$) , 
the  coordinates of the or ig in  of the  vehicle-fixed axes, t he  angle of 

the vehicle-fixed x-axis from the  d i rec t ion  of the ground-fixed x-axis, 

and the coordinates ( X l ,  Y l )  of the point P i n  the vehicle-fixed axes. 

In a general functional form the l a s t  sentence is wri t ten as: 

'UP = f l  (X$rYW,Xl , Y l )  and 

The nature of the functions fl and f 2  ( t h e i r  s t ruc ture)  w i l i  be 

developed la te r .  

4.1.4 Paths of Points o r  Plane Curves. When we agree t h a t  the  
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Figure 4.6 Coordinates of Typical Po in t s  on a 
Moving Vehicle i n  ?tro Coordinate Systems 

center-f-mass (c.m.) of a vehic le  has a time varying set of coordinates  

x$, Y$ i n  the  ground-f ixed Cartesian system, we a r e  agreeing t h a t  t h e  

c.m. has t raveled ,  is t ravel ing,  and w i l l  t r a v e l  along a path. A path 

is defined a s  t h e  continuous desc r ip t ion  of pas t ,  present ,  and f u t u r e  

locat ions  of a moving point.  Paths a r e  commonly curved but  sometimes 

a r e  s t r a i g h t .  We encounter both i n  CRASH2 and SMAC and s h a l l  now look 

b r i e f l y  a t  the  mathmat ics  of plane paths,  curved and s t r a i g h t ,  along 

with a few associated ideas. 

4.1.5 S t r a i g h t  Paths of Lines. We accept  t h a t  a s t r a i g h t  l i n e  is 

defined a s  a locus of p i n t s  aiigned with t h e  d i r e c t i o n  of s igh t ing  

determined by two points. Given t h e  coordinates of two p o i n t s  (X?,  Y1) 

and (X2, Y2) , e may pred ic t  the  coordinates (X,  Y )  of t h e  " typ ica l "  o r  

"general" p i n t  on the  l i n e .  The equation of predic t ion is wr i t t en :  

where A, B I  and C a r e  constants .  

Sketching (see Figure 4.7) a l i n e  through "a" p a r a l l e l  t o  the  x- 
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Line AX + BY + c = 0 

0' * +Y 

Figure 4.7 A Straight  Line &fined by Two 
Points and a General Point on the Line 

axis and other l i n e s  through "en and "dn para l le l  t o  the  y-axis of the 

:-)ordinate system, * see tha t  we have created two p a r a l l e l  and thus 

s imilar  right tr iangles.  The simple ra t ios  of correspndirr j  s i des  of 

similar t r iangles  a r e  equal, thus the r a t i o  cabs equals the r a t i o  cd/ 

be. Writing the actual  lengths into t h i s  equali ty we have: 

Equation (4.4) reduces to  Equation (4.2) when 

The Equation (4.4) (or 4.2 w i t h  4.5) may be considered a formuia to  

be used when the "equation-of-a-line" is needed and we a r e  given two 

p i n t s  on that  l ine .  A s  an exercise in algebra we shouid r eca l l  t h a t  an 

adequate equation may be developed by pure subs t i tu t ion  in to  Equation 

(2.4). Given the form (A*X+B*Y+C = 0)  and two points  on the l i n e  (X1, 

YI) and (X2, Y 2 )  we have: 
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yielding A* (Y2*Xl-Yl*X2) +C (Y2-YI) = O 

and s imilar ly  X2*A*XltX2*B*Yl+X2 C = O 

Xl*A X2+X1*5*Y2+Xl C = O 

y i e l d i q  B* (Y 2*Xl-Yl*X2) tC (Xl-X2) = 0 

f ran which A/C = (Y 2-Y1) / (Yl*X2-Y2*X1) 

B/C = (Xl-X2) / ( Y l  *X2-Y 2*X1) 

In t h i s  manner the log ica l  values a r e  found f o r  A,  B ,  and C: 

4.1.6 Length of a Line Segment. The length of the "portion" of a 

l i n e  between two points is readily expressed when the two points  a r e  

defined by t h e i r  Cartesian coordinates. This "portion" is properly 

defined a s  a l i n e  segment, not a l i n e  s ince a l i n e  is unbounded i n  

length. In Figure 4 . 7  the  p r t i o n  of the l i n e  fram "a" t o  "e", o r  vice 

versa, is a segment. The segment has a "projection" on the x-axis of 

X2-XI and a "projectionn on the Y-axis of Y2-YI . Note t h a t  

"projections" of' segments a r e  considered posi t ive ,  a s  the use of the 

absolute value symbols indicate. The segment length is given by: 
- -- 

length of segment "ae" = V ( x 2 - x i )  *+ ( ~ 2 - y l )  2 

A note t o  f i e ld  investigators is in  order--the formula is derived 

from the study of re la t ionships  of s ides  and angles of plane t r i ang le s  

and LLis par t icu la r  formula occurs when the  angle opposite t o  the  

segment is a r ight  angle. (This is a reduced form of the  Law of 

Cosines.) I t  follows t h a t  the invest igator  may use it  t o  c rea te  a r igh t  
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angle and therefore  a s e t  of Cartesian axes i n  the  f i e l d .  Let the  

inves t igator  l a y  off  a d is tance  of 20 f e e t  in  the  d i r e c t i o n  of an 

a r b i t r a r y  x-axis, from point O t o  p i n t  P. Then a p i n t  Q, 20 f e e t  from 

the  o r ig in  9, w i l l  be 28.28 f e e t  from point  P, i f  the x and y axes a r e  

Cartesian. Using simple f i e l d  markings and measures the inves t iga to r  

may set very accura te  Cartesian axes in  t h e  f i e ld .  

4.1.7 Distance of a Point  away frcm a Line. CRASH2 has 

ca lcula t ions  i n  which the perendicular ( l e a s t )  d is tance  of a point  frcm 

a l i n e  must be calculated.  We know t h e  form of the equation of t h e  l i n e  

from A*X+B*Y+c = I) where from ( 4 . 5 )  we know A = (Y2-Yl) , B = (XI-X2), 

and C = Yl*X2-Xl*Y2. From (4.6) we recognize t h a t  the l i n e  segment f tom 

(xl ,  Y 1 )  t o  (X2, Y2) equals 6- I t  is not surpr is ing t o  f ind  t h a t  

the d is tance  "dn i l l u s t r a t e d  i n  Figure 4.8 is given by: 

d = (A*X3cB*Y3+C) /v/Av (4.7)  

Figure 4.8 The Least Distance of a Point frcm a Line 

I t  may be in teres t ing  t o  note t h a t  the area of the t r i a n g l e  FSP of 

Figure 4.8 is 1/2[A*X3cB*Y3+C] . Proof of Equation (4.7) is not  given 

here. 

4.1.8 The Point of In tersect ion of ?turo Lines i n  a Plane. The 

l i n e s  defined by (Al /Cl )  *X+ ( E l / C l )  *Yt1 = 0 and (A2/C2) *+ (B2/C2) *+i = O 
a r e  said'  to  in tersect  a t  the point  ( X I ,  Y 1 )  i f  the  values of X 1  and Y 1  

s a t i s f y  the equation of each l ine .  To f ind the values of X I  and Y i  we 

symbolically subs t i tu te  X I  f o r  X and Y 1  f o r  Y i n  t h e  equations which 

become : 
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and 

The conventional method of solving these two l inear  equations 

(meaning the unknowns a re  to  the  f i r s t  power) i n  two unknowns r e l i e s  on 

the theory of determinants. The symbols 

have an obvious re la t ionship to the constant terms of (4.8a) and (4.8b) . 
These a r e  second order determinates of the  typical  form 

The algebraic evaiuation of the  typical  form is A *A -A *A The 
1 4  3 2' 

solut ion of (4.8) is: 

M/C1 B l / C l  

A2/C2 B2/C2 , 

h i c h  h e n  algebraical ly  evaluated gives us: 

and 

, 

-i B l / C l  

-1 B2/C2 

One notes t h a t  h e n  the denominators of the  Equation (4.10) a r e  zero, 

the intersect ion is undefined and the l i n e s  a r e  para l le l .  

M/Cl -1 

A2/C 2 -1 

4.1.9 Perpendicular and Para l le l  Lines. Two l i n e s  in  a plane may 

be prpendicular ,  oblique, o r  para l le l .  We have noted t h a t  the value of 

C in  the equation of a l i n e  (A*X+B*Y+C = 0) has no influence on t h e  

angle of the l i n e  t o  e i t h e r  axis-its e f f e c t  is on the place of 

intersection of the axes by the  l ine .  Thus two l i n e s  defined by: 
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A*X+B*YtC1 4 and 

A*X+B*Y+C2 = 0 

would perforce be parallel .  (This is consistant with the p r io r  ccmment 

on the denominator fo r  4 .lo) . 
The p i n t  (X,  Y) is on the l i n e  since it s a t i s f i e s  the  equation A* 

X+B*Y+C = 0. A nearby p i n t  with coordinates X+& and YMY is on the 

same l i n e  i f  A* (X+GX)+B (Y+&Y) +C = 0. By subtraction, the  condition 

tha t  the s e c o d  point be on the given l i n e  is seen t o  be t h a t  

(A*6X+B*GY) = 0. The ra t io  8X/SY is seen t o  have the meaning of a 

necessary re la t ion between increnents of x-like and y-like motion when 

moving on the l i ne .  The ra t io  of equation (4.12) is defined a s  the 

l i n e ' s  "slope. " 

(Note that  the reciprocal re la t ion GY/8X = -A/B might be used) 

Clearly, i f  two l i ne s  a re  para l le l  t h e i r  slopes a re  equal. Thus, i f  we 
find B l / A l  = B2/A2, the l i nes  Al*X+Bl*Y+C = 0 and A2*X+B2*Y+C2 = 0 a r e  

parallel .  

Figure 4.9 A l i n e  Fixed in a Frame with the Frame Rotation 90 Zegrees 

We deduce that  two l i nes  a r e  a t  a 90 degree a q l e  one t o  another 
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h e n  the  slopes a r e  the  negative reciprocals of each other.  This is 

seen c lear ly  by inspecting Figure 4.9 where, i n  the background 

coordinate plane, we see t h a t  the roles of SX and 8Y a r e  reversed and a 

negative is inter jected when we examine the slopes of the l i n e s  known t o  

be ~erpendicu la r .  Two l i ne s  a r e  known t o  be perpendicular when the 

condition. 

is met, and pa ra l l e l  when the condition 

is met and a r e  otherwise merely oblique. 

4.i.10 Unit Direction Vectors. A directed,  i.e., from P toward Q, 

l i n e  s q n t  of uni t  length is called o r  named a u n i t  d i rec t ion  vector. 

I t  is conventional t o  reserve the symbols i and 3 a s  the  "standardn 

names of unit  vectors para l le l  t o  the x-axis and y-axis respectively and 

directed toward the  posi t ive  ex is  ends. Any other  un i t  vector is 

normally desingnated by the  symbol S with a subscript .  For example, in  

the Polar coordinate system Gr w u l d  be understood t o  be p a r a l l e l  t o  and 

be directed posi t ively along a ray of in te res t .  (If more than one such 

ray was of i n t e r e s t ,  the  subscript  would be enlarged a s  h r l  'r21 etc . )  

In the sane system, the un i t  d i rec t ion  vector e would be perpendicular 

to  the related S vector and directed in  the sense of increasing angle. r 
These basic o r  typical  un i t  d i rec t ion  vectors a r e  i l l u s t r a t ed  i n  Figure 

4.10. 

Given a l i n e  wri t ten in  the form: 

then the uni t  vector 

is para l le l  t o  the l ine .  

4.1.11 The Angle Between a Line and the  X-axis. A i i n e  writ ten in 
-1 the form A*X+B*Y+C = 9 is a t  the angle 8 = t an  (A/+) from the +x- 
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Figure 4.10 Unit Direct ion Vectors 

axis .  The reader may wish to  examine a l a t e r  s e c t i o n  i n  which the  

t r  igonanetr ic functions and . t h e i r  inverses a r e  discussed. This angle 

ws i l l u s t r a t e d  i n  Figure 4.10 where the  i l l u s t r a t e d  u n i t  d i r e c t i o n  

vector  d is p a r a l l e l  t o  the  l i n e  and di rec ted  i n  t h e  sense of motion on 

the  l i n e  given by increasing values of  x. 

4.1.12 The Angle Between TW Lines. Let the  equations of two 

l i n e s  ke wri t t en  as: 

F i r s t  l i n e  A l X + B l Y K I  = 0 

Second l i n e  AW+B2YtC2 = I) 

Then (without proof) we declare  t h a t  the  pos i t ive  angle required t o  

ro ta te  the f i r s t  l i n e  onto the  d i r e c t i o n  of the  second l i n e  is given by: 

tan  /.3 = (AlB2-B1A2) / (AlA2MlB2) ('4.1'7) 

Recali tha t ,  i f  the  dencminator is zero, Equation (4.13) is s a t i s f i e d  

and 0 = 90 d q r e e s  and t h a t ,  i f  the numerator is zero,Equation (4.i4) 

is s a t i s f i e d  ard /3 = 0 degrees. 

4.2 Plane Kinematics 

4.2.1 The Posit ion Vector of a Point. I n  the  e a r l i e r  d iscuss ion 

of p i a r  coordinate systems we located a p i n t  by its coordinates 9 and 

R. Figure 4.12 i l l u s t r a t e s  an idealized curve representing a p s s ib le  
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ist Line 

c 2 n d  Line 

A2X + 82Y + C2 = 0 

Figure 11, The Angle Between ?ko Lines 

path of a skidding vehicle 's  center-of-mass p i n t .  A point P is 

i l l u s t r a t ed  on the curve. Clearly, i f  we wish t o  use the ideas of 

vectors, we may say t h a t  ( the  directed l i n e  segment frcm the or ig in  O 

t o  the p i n t  P)  is a vector R un i t s  long. (R = Abs (z) ) .  The vector - 
OP is named the  "posit ion vectorM--it gives the posi t ion of P uniquely 

i n  the Polar coordinate system. 

Figure 4.12. The Path of a Pa r t i c l e  and the  P a r t i c l e ' s  Posit ion Vector 

4.2.2 The Displacenent Vector of a Par t ic le .  For a pa r t i c l e  to  be 

"displaced" it  must have moved t o  a new ( fu ture)  posi t ion on its path a s  

i l lus t ra ted  in  Figure 4.13. ?he p a r t i c l e  P has moved along its path, 

kirq a t  P1 when time = t, and a t  P2 when time = tz. The def in i t ion  of 
A - 

the pa r t i c l e ' s  displaceoent is P P is the d i r eGed  l i n e  segment fran 2.2  
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the p s i t i o n  P1 t o  the position P2 and is defined a s  the "displacement 

vector. " 

Figure 4.13. The Displacanent VectorElP2 

4.2.3 Vector Addition. Figure 4.13 i l l u s t r a t e s  t h a t  vector si - 
followed in a "tail-to-nosen mnner by PlP2 yields the same location P 

2 
a s  does the single posit ion vector c2. Accordingly: 

This is the accepted "triangle-rulen of vector addition. Figure 4.14 is 

the sane figure a s  Figure 4.13 except tha t  ncowtmct ion  l ines"  OP3 and 

'3'2 
i l l u s t r a t e  t h a t  t r iangle  OP1P2 was one s ide  (ha l f )  of the 

p ra l l e l cg ran  OP P P of which c2 is the main diagonal. Since z3 = - 1 2  3 
PIPZ it f o l l o w  t h a t  the n t r i a r y l e r u l e n  of vector addit ion has an 

equivalent l lparallelqram-rulen of vector addition. 
- - - 
OP, COP3 = OP2 

A 

4.2.4 Scalar Multiplication o r  Division of a Vector. Imagine t h a t  - 
the ndisplacenent vectorn PlP2 of Figure 4 . i 3  is 1 .O inches long and 

tha t  it l i e s  a t  an angle of 80 degrees clockwise frcm the  x-axis. Then 

by the rules of s ca l a r  (nowvector) multiplication,  we would say t h a t  

3v2 was 3.0 inches long and was laying a t  the same 81) degree angle o r  - 
that  PiP2/11). was 0.1 inches long and was a lso  a t  an 80 degree angle. 

Examine Figure 4.15 where examples a r e  given. We have taken only the 
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Figure 4.14. Rules of Vector Addition - 
l i b e r t y  of moving the scaled vectors along the  line-of-action of PlP2 

since the sca l a r  multiplication has not given us the r igh t  t o  adopt a 

new l i n e  of action f o r  the resu l t  of the  operation. 

Figure 4.15. Scalar ~ u l t i p l i c a t i o n  of a Vector 

The scalars  3 and 10 used i n  the  multiplication/division example 

were dimensionless and did not change the  un i t s  of the r e su l t  from the  - 
uni ts  of P1P2 which were inches. Mot a l l  s ca l a r  quan t i t i e s  a r e  
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dimensionless. For example, T = t,-t: is a scalar quanti ty ( i t  has no 
C L 

inherent sense of direction) and it has the dimensions of seconds. T is 

the time required fo r  the displacement of the parr ic le  T2. Dividing - 
Plp2 by the sca la r  T produces a vector lying a t  80 degrees t o  the +x- - 
axis  but on the l i n e  of action of P1P2, and has not only a d i f f e r en t  - 
magnitude than t h a t  of PIP2 but also has dif ferent  dimensions--inches 

per second. 

4.2.5 Average Velocity and Instantaneous Velocity of a Par t ic le .  

Average velocity fo r  the time period T = t2-tl during which there was a - 
displacement vector of PIP2 inches is defined: 

- 
Average velocity vector Tve = P P /T inches per 

1 2  
(4.20) 

The average velocity vector is para l le l  t o  the displacenent vector a s  

i l lus t ra ted in Figure 4.16. 

Tangent a t  P, 
~ . f  r L 

Figure 4.16. Velocity Vectors: Average, Instantaneous 
- 

By considering E, and OP2 
t o  be position vectors of the moving 

A 

p r t i c l e  a t  times t and t+ t where t may be a r b i t r a r i l y  small but not 

zero, it is argued t h a t  the calculation of average veloci ty  vector - 
Decunes tha t  of the instantaneous velocity vector. 'Ihe r a t i o  of lPIPZl 

T is the magnitude of the (instantaneous) velocity vector, " the speed of 

the particle." The direct ion of the velocity vector becanes t h e  
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d i r e c t i o n  of the tangent to t h e  CUD& path a t  P. See Figure 4.16. we 

have tha t :  

- 
(read "the l$it of P1P2/st a s  6 t  approaches zero) . 
?he proper in te rp re ta t ion  t o  be given t o  T, t h e  ve ioc i ty  vector  of 

t h e  p a r t i c l e  a t  P, is " the  r a t e  of charge of the  pos i t ion  vector  Fi 
with resFect t o  time." In  d i f f e r e n t i a l  ca lcuius  t h i s  world would be 

writ ten:  

We must constantly be aware t h a t T  is a vector ,  is tangent t o  t h e  path 

a t  P, has the  "sense" of the  motion of the  p a r t i c l e ,  and is not  

o r d i n a r i l y  e i t h e r  perpendicular t o  o r  p a r a l l e l  t o  vl. 
4.2.6 Changes i n  Velocity Vectors with Time. Velocity is a vector  

and my change its magnitude, its sense, and/or its d i rec t ion .  Consider 

the  case o " r e c t i l i n e a r  motionn-the motion of a p a r t i c l e  on a s t r a i g h t  

path. Let t h i s  motion be on t h e  y-axis. Imagine t h a t  the  y coordinate 

of P is 

Figure 4.17. Rect i l inear  Motion of a P a r t i c l e  

a function of time writ ten:  

y = lOt12t-20t2 

Following an idea introduced e a r l i e r ,  we could canpare the  p i t i o n  

vector oy a t  time t and a t  time t+&. 

- 
oy = (1~12t -21) t2 )  7 a t  t = t ( 4 . 2 4 )  
- 
oy = ( 1 ~ 1 2 ( t + ~ t ) - 2 0  ( t + ~ t )  '17 a t  t = t+pt  ( 4 . 2 5 )  

Expanding the  terns  of (4.25) and subtrac t ing (4.24) we have t h a t  the  
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change, S o y ,  i n  oy in  time 6 t  is: 

Recall that  w w i l l  produce a velocity vector by taking the  r a t i o  S T  t o  

S t  and l e t t i ng  b t  approach zero. 

?he velocity 7 is the time ra t e  of change of and has a p s i t i v e  

magnitude fo r  t less than 0.3 seconds and a negative magnitude f o r  t 

greater  than 0.3 seconds. (A negative sca la r  multiplying the  un i t  

d i rect ion vector 7 indicates a vector directed donf t wait toward the -y- 

axis  end.) Figure 4.18 depicts  the displacement-time and speed-time 

h i s to r i e s  of t h i s  exanple. 

Figure 4.18. Recti l inear (Straight Line) Motion 

In the case of rec i l inear  motion the veloci ty  vector does not change its 

l i n e  of action. 

Consider the motion of a pa r t i c l e  a t  constant s p e d  on a c i r c u l a r  

path as  depicted i n  Figure 4.19. Since speed is constant, the  magnitude 

of the velocity is unchaqing. 

S t i i l  the  velocity vector must a t  a l l  times l i e  pa ra l l e l  t o  the tangent 

vector of the path or,  in par t icular ,  be perpendicular t o  i n  this 

instance. Here, then, is a case of a constant magnitwle, varying 
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Figure 19. Circular Motion of a Par t ic le  a t  Constant Speed 

d i rec t ion  veloci ty  vector t o  contras t  with the  l a s t  case of a varying 

magnitude, constant d i rec t ion  velocity vector . 
In general, both the magnitude and the line-of-action of a veloci ty  

vector vary with time. To answer the question of why, we must f i r s t  

define two new vectors--force and momentum. To discuss  the more general 

cases of veloci ty  var ia t ion we must define the acceleration vector and 

a l so  speak of the  components of vectors. 

4.2.7 The Hodoqraph and Acceleration Vectors. By drawing a very 

large set of displacement vectors in  the  posit ions required t o  describe 

the sequence of p s i t i o n s  of a pa r t i c l e  over a period of time, we 

recognize t h a t  we are  describing the  p a r t i c l e ' s  path a s  the  locus of a l l  

p s i t i o n  vector end points. The veloci ty  vector a t  any posi t ion of t h e  

pa r t i c l e  was shown to  be tangent to  the path an3 t o  be the r a t e  of 

c h a q e  of the  p s i t i o n  vector with time wri t ten =dF/dt. (I = posi t ion 

vector, = veloci ty  vector, and t = time.) We have observed t h a t  the  

velocity vector should be expected t o  vary i n  both d i r ec t ion  and 

magnitude. Thus has a time derivative-a r a t e  of change with time. 

This time der iva t ive  is a vector quant i ty  named acceleration.  

There is a very simple means of demonstrating the d i r ec t ion  of the  

acceleration vector. This method depends u p n  an analogy. I f ,  f o r  

every p s i t i o n  of a moving pa r t i c l e ,  t he  veloci ty  vector is determined 

and la id  out i n  a diagran with its root a t  an or ig in  point ,  then the 

t i p s  of t h i s  sequence of repiotted veloci ty  vectors descr ibes  a curve 

called the hodograph. By the  sane reasoning used t o  produce the 
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velocity vector as  tangent to the path of a par t ic le  a t  each p s i t i o n  o r  

end of a posit ion vector, we know t h a t  the acceleration vector 

associated with any velocity vector is tangent to the hodograph a t  the 

t i p  of the veloci ty  vector. Figure 4.20 represents the constant speed 

c i rcu la r  motion of Figure 4.19 along with the hodograph fo r  t h i s  case. 

A typical  acceleration vector is shown. I t  is obsemed t h a t  the 

acceleration vector fo  t h i s  constant speed case is perpendicular t o  the 

velocity vector and is, therefore, radial  t o  the actual  path. 

/ PATH 

Figure 4.20. ?he Hodograph and the ~ c c e l e r a t i o n  Vector 

I t  is clear  tha t  the analogy, e . ,  the similar relationship of 

position vector, path, and velocity vector and the veloci ty  vector 

plotted p l a r l y ,  the hodograph and the acceleration vector is valid but 

tha t  we have demonstrated a s p c i a l  case. In  the case demonstrated it 

is logical  t ha t  the acceleration vector w i l l  have a magnitude which 

de~ends  u p n  the magnitde of the veloci ty  vector and the angular 

velocity of the p s i t i o n  vector generating the path. This angular 

velocity is in turn d i rec t ly  proportional t o  the magnitude of the 

velocity ( the  sped) and inversely proportional t o  the radius of the 

path. Thus the magnitude of the radial  acceleration vector is ?/R 
where V is the s p e d  and R is the radius of the path. This component of 

acceleration is perpendicular t o  the  velocity vector and is directed 

along the inner normal t o  the curve. I t  is named the normal 
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acceleration,  An. W have: 

Nomal acceleration A = $/R n (4.28) 

The normal acceleration is one component of the t o t a l  acceleration 

vector. The second cmponent l i e s  along the tangent l i n e  and is named 

the t a q e n t i a l  canponent. The normal ccmponent e x i s t s  because the 

pa r t i c l e  has a speed, v, on a curved path with a radius R. I t  e x i s t s  

even when the sped is constant and depends upon the d i rec t iona l  &ange 

of the velocity vector due to  the curvature of the path. The tangential  

canponent r e f l e c t s  the increasing o r  decreasing s p e d  of the pa r t i c l e ,  

i.e., it depends u p n  the charge in the magnitude of the  veloci ty  vector 

with time. 

Tangential acceleration ccmpanent At = dv/dt (4.29) 

Figure 4.21 i l l u s t r a t e s  the two components of a p a r t i c l e ' s  

acceleration f o r  the case of a general curved path. A t  point P the 

curve has a radius R a s  i l l u s t r a t ed  by the  c i r c l e  f i t t e d  t o  the  curve. 

The pa r t i c l e ' s  speed v is reducing wfiich accounts f o r  the t rangent ia l  

ccmponent being directed toward the negative tangent l i n e  direct ion.  

The t o t a l  acceleration is the sum, i .e. 
A 

4.2.8 Definit ions of Linear Momentm and I n e r t i a l  Force. Figure 

4.22 i l l u s t r a t e s  the general curved path of the center-of-mass p i n t  of 

a vehicle skidding t o  rest. (The curvature my be primarily a r e su l t  of 

h e e l s  steered o r  d i f f e r en t  t i re  road f r i c t i o n  a t  the  d i f f e r e n t  wheel 

p s i t i o n s ,  o r  both.) The veloci ty  vector and the accelerat ion vectors 

a r e  i l lus t ra ted  a t  a typical  posi t ion P. Recall t he  s c a l a r  

multiplication of vectors mentioned i n  an e a r l i e r  section.  I f  each 

vector Ti and F were multiplied by the s ca l a r  rn (mss of the vehicle) , 
two new vectors would be produced. AS shown i n  the f igure ,  these 

vectors have a "scaled" magnitude canpared with ?T and a but have the 

same l i nes  of act ion and sense. The new vectors a r e  defined as:  

Linear momentum vector f5 = mV 

and 

Ine r t i a l  force vector f = m 3  
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CIRCLE FITTED 
TO PATH AT P 

Figure 4.21 Tangential and Nomal Con~onents of Acceiers t ior .  

- 
p = MC = momentun vec tor  
- 
a = d;/ = acce le ra t ion  vector  

d t 
E = 5 = pos i t ion  vector - -. 

v = = ve loc i ty  vector  - - 
F = ma = i n e c t i a l  Force vector  

P - particle of mass m 

C - cen te r  of path curvature  a t  p s i t i o n  P 

Figure 4.22 The Linear Mementun and t h e  I n e r t i a l  Force Vectors 

4 . 3  PLANE KINEMATICS OF A RIGID BODY 

An automobile is not a p a r t i c l e  of mass-it is a d i s t r i b u t i o n  of 

mass in a body of considerable extent. An automobile is not r ig id ,  but 

fo r  the p u r p s e  of CRASH2 i t  is considered t o  be r igid .  The body, the 
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axles, the suspension and wheels a r e  fixed re la t ive  t o  each other i n  the 

CRASH2 dynamic analysis--there is no re la t ive  movment of these parts.  

The aeels a r e  assumed t o  be massless and thus have no i n e r t i a l  

resistance t o  rotation. The center-of-mass of the vehicle is assumed t o  

be a t  the same v e r t i c a l  l eve l  a s  the bottom of the t i r e s .  Thus the 

CRASH2 prqram is a model of a thin  f l a t  r igid body moving on a f l a t  

plane para l le l  t o  the  plane of the M y .  Contact e x i s t s  a t  the  four 

wheel locations between the plane of the body and the  plane of the 

ground. This set of assumptions allows us the  freedom t o  t r e a t  the 

motion of the automobile a s  plane motion of a r igid body. 

If one wished t o  build a physical model of the vehicle modeled i n  

CRASH2, he could cu t  out  a sheet of paper i n  the shape of a rectangle 

and lay it on a horizontal table. This is i l l u s t r a t ed  i n  Figure 4.23. 

GROUND 
PLANE 

THE "FLAT" 
VEHICLE OF 

Figure 4.23 The F l a t  Vehicle of the  CRASH2 h d e i  

4.3.1 Angular Velocity of a Rigid Body. ~Wtked on the r igid  body 

model sketch of Figure 4.23 a r e  the body-f ixed axes with the or ig in  a t  

the center of mass p i n t .  Experience indicates t h a t  the  generai  c l a s s  
of plane motion t o  be studied i n  CRASH2 involves the  motion of the  

center-of-mass along a curved path with decreasing speed while the  body 

rotates wi th  a decreasing angular velocity.  
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Angular velocity is the name given to  the r a t e  of change of the 

vehicle 's  heading angle with r e s p c t  to time. It is t rue  tha t  a l i  axis ,  

rays, o r  l i ne s  fixed t o  the vehicie have exactly t he  sane angular 

velocity but it is not t rue  tha t  the body is rotating about its center 

of mass--except in unusual and brief instants.  I t  is demonstrable t ha t  

a t  any instant  the body behaves a s  i f  it was rotating about a point in 

the ground plane and t h a t  a s  time changes the location of the 

instantaneous center  of rotation changes. ?ha examples of plane rigid 

body motion a r e  i l lus t ra ted  i n  Figures 4.24 and 4.25. 

Figure 4.24 Instantaneous Center of Rotation and Centroids 

4.3 .2  Instantaneous Centers of Rotation. In  Figure 4.24 the  x and 

y ax is  a re  ground-f ixed. The rectangular body ABCO moves i n  plane 

motion on the ground plane in  such a manner t h a t  point  A remains on the 

x-axis and p i n t  B remains on the y-axis. A t  any ins tan t  there must be 

a point, P o r  i.c., on the body wfiich has zero veloci ty  and t h i s  p i n t  

must l i e  on a perpendicuiar t o  the y-axis a t  EB. This h y p t h e s i s  may be 

examined by noting f i r s t  that ,  i f  true,  
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- 
vu 

PATH OF P 

Figure 4.25 ~mving and Fixed Centrodes 

f r a  which we have tha t  Tic m y  not have a horizontal canponent. In  the  

sane manner we note tha t ,  i f  t rue,  

from which we have t h a t  Ti may not have a ve r t i ca l  component. 

Therefore, p i n t  P o r  i .c. has zero velocity. 

4.2.3 Centroids. Point P, the  instantaneous center  of rota t ion 

may be marked a s  a posit ion on the moving bcdy ABCD and a l so  a s  a 

p s i t i o n  on the fixed ground plane, The locus of a l l  P ' s  on ABCD is the 

semicircle APB of radius I B ) / 2  and is called the moving centroid. The 

locus of a l l  P ' s  on the ground plane is the quar te rc i rc le  A ' P ' B '  of 

radius la1 and is cal led the  fixed centroid. The plane motion of the 

body ABCD is exactly the  motion tha t  would be produced i f  the moving 

centroid rolled without s l i p  on the fixed centroid 

In Figure 4.25 a disk rol l ing without s l i p  along a s t r a i g h t  l i n e  is 

i l lus t ra ted.  The instantaneous center  of rotation is a t  the  p i n t  of 

nowslipping contact. The moving centroid is the c i r c l e  of the disk. 

The fixed centroid is the s t r a i g h t  l ine .  The paths of three points,  

each of which a re  pemanently fixed on the disk,  on the ground-fixed 

plane are  i l lus t ra ted  i n  Figure 4.25. These paths have a re la t ionship 

to  the s k i d  marks of the t i r e s  of a skidding vehicle. 

4.3.4 Tire  Skid Marks. Figure 4.26 i l l u s t r a t e s  a h y p t h e t i c a i  

path of the center-of-mass of a skidding vehicle. Figure 4.26 a i so  

i l l u s t r a t e s  a s e t  of skidmarks of the  four t i r e  p i n t s  1, 2 ,  3, and 4. 
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LAST POSITION 

SEMNTED mas FCIR. 
CURVED PATR , CCNSTAEJT 
SPEED, CCNSTANT WULAR 
VELOCITY CASE. 

Figure 4.25 Path of a Vehicle's Centerwf-IYass 
and Tire Paths for a Skidding Vehicle 

Tire skid marks are part of the evidence which may ke found at the 

scene of a vehicle cxash. The tire marks are undoubtahly difficult to 

interpret and, fa this reasm, a ccmputer grapbics program has been 

$repared to prcduce a set of plots for s t d y .  (These plots w i U  k e  
m d e d  in a revised edition.) 
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4 . 3 . 5  Rigid Body Rotation of a Body about a Fixed Point. Imagine 

a r i g i d  bcdy pivoted a t  a fixed p i n t  a m v i q  in  a p lane  a s  

i l l u s t r a t e d  i n  Figure 4.27.  The subfigures i l l u s t r a t e  t h e  time 

h i s t o r i e s  of the angular pos i t ion  angle and the  angular ve loci ty .  The 

p i n t  P moves on a c i r c u l a r  path a s  t h e  angle v a i i e s  with t h e .  The 

v e l o c i t y  vector  w i l l  be perpendicular t o  the  radius W and its magnitrde 

w i l l  equal t h e  product of 1 @ I  and +. 

A N G W  VELOCITY 6 = 

0. 1. 2. 3. 4.  5 .  TIM: (SEC) 

Figure 4.27 Rigid Body Rotation about a Fixed point 

Imagine now an automobile (CRASH2 ' s f l a t  rectangular  shape) 

ro ta t ing  about a f ixed v e r t i c a l  a x i s  through its center-of-mass po in t  a s  

i l l u s t r a t e d  i n  Figure 4.28. The c.m. po in t  is pic tured  a s  p i n t  0 and 

t h e  right-front t i re  pos i t ion  is pictured a s  P. The s i t u a t i o n  he re  is 

exactly l i k e  t h a t  in  Figure 4.29 except there  a r e  four t i r e  pos i t ions  

and i t  a p p a r s  t h a t  it would be prof i t a b l e  not  t o  use ?i a s  the  
P 

veloci ty  vector  but  t o  replace by its two c m p n e n t s  p a r a l l e l  t o  t h e  
P 

a x i s  of the  vehicle. These canponents a r e  shown a s  a$ ard t&in t h e  

f igure.  The a p ~ e a l  of t h i s  method is orde r l iness  and s i m p l i c i t y  a s  

seen. 

Figure 4.29 enlarges  on Figure 4.28 by i l l u s t r a t i n g  i n  simple f o n  t h e  

components of ve loc i ty  of each t i r e  pos i t ion  of a veh ic ie  which is 
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Figure 4.28 Rotation of a Vehicle about its Center-of- 
Mass and the Components of Velocity of One Wheel 

rotating about its c.m. 

4.3.6 Total Velocity of any Point on a Body i n  Plane Mtion. The 

t o t a l  velocity of any p i n t  on a body in  plane motion is equal t o  the  

t o t a l  velocity of a reference point on the body plus the veloci ty  of the 

p i n t  re la t ive  to  the reference point. This is merely a log ica l  

statement of truth--it is expressable a s  the vector equation: 

This relative motion equation may be d i r ec t ly  applied t o  t he  vehicle by 

declaring the center-of-mass p i n t  t o  be the reference point. Then, 

since we sha l l  have a need ( l a t e r  defined) fo r  the t o t a l  velocity of 

each wheel, w may use the equation to our advantage. The veloci ty  of 

wheel p i n t s  re la t ive  t o  the c.m. were depicted i n  Figure 4.29. Now i n  

Figure 4.30 we i l l u s t r a t e  the accepted method of describing the  veloci ty  

of the center-of-mass o r  reference point. The t o t a l  velocity is 

i l lus t ra ted  in its ccmponents U and V which a re  aligned wi th  the 

vehiclef ixed axis  ard i n  its canponents Vx and V 
Y 

By using the vehicie fixed wi t  d i rec t ion  vectors we may write: 
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Figure 4.29 Velocity Components of the Four Wheels of 
a Vehicle Rotating about its Center-of-Mass 

- 
Vtotal of c.m. 
- 
Vtotal of RF wheel = ( U  - t+)i + (V + a 4 ) j  
- 
Vtotal of LF wheel = (U t td ) )~  t (V t ad) j ( 4 . 3 6 )  
- , Vtotal of RR wheel = (U - $11 t (V - b$) 7 ( 4 . 3 7 )  

The tire-road f r i c t i o n  forces a r e  delivered t o  the vehicle a t  the 

t i r e  ~ o s i t i o n s  arC depend u p n  the t o t a l  veloci ty  vector of the wheels, 

among other factors.  

4.3 .7  The Acceleration of the  Vehicle 's  Center-of~Yass. In 

previous sections we defined the  acceleration vector a s  the time r a t e  of 

change of the veloci ty  vector. We argued t h a t  a veloci ty  vector might 

change e i ther  its magnitude o r  its direct ion.  The f i r s t  type change, 

magnitude change o r  speed change, occurs along the l i n e  of the veioci ty  

vector. The secord type change, d i rec t iona l ,  occurs only i f  t h e  

velocity vector has an angular veloci ty  Since the  u and TT cmponents of 
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Figure 4.30 The Total Velocity of the Center of Mass Point 

velocity a r e  fixed i n  direct ion to  the vehicle-f ixed coordinate system, 

therefore these vectors have angular veloci ty  i f  the vehicle does. I t  

follows that ,  i n  canponent f o n ,  the  acceleration of the center-of-mass 

is a s  i l lus t ra ted in  Figure 4.31. 

Also, we write the equations here: 

~ o w i t u d i n a l  acceleration of c.m. = (du/dt - v$)T 

Lateral acceleration of c.m. = (dv/dt + u4)5 
where du/dt = ra te  of change of longitudinal speed 

dv/dt = r a t e  of change of i a t e r a l  sped 
u = longitudinal s p e d  of c.m. 
y = l a t e r a l  speed of c.m. 

- - $= angula r velocity 
i , j = vehicle fixed uni t  d i rec t ion  vectors 

4.3.8 Tire o r  Wheel S l i p  Angles. The four wheel posi t ions  of the 

f l a t  vehicle model w i l l  each have a d i f f e r en t  veloci ty  vector i n  

general. The angle of the wheel's veloci ty  vector i n  the vehicle fixed 
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Figure 4.31 Components of Acceleration of a Vehicle's Center-of-Mass 

axis system is given by the following: 

Wheel # I  (RF) = atan((v+a+)/(u-td)) = A 1  (4.40a) 

Wheel 12 (LF) = atan((v+a+)/(u+t+)) = A 2  (4.40b) 

Wheel #3 (RR) = atan((v-b$)/(u-t$)) = A 3  (4.40~) 

Wheel X4 (LR) = atan(("-b$)/(u+t$)) = A4  (4.40d) 

Zach *eei may be "steered," meanirq turned a t  an angle away from 

the vehicle's t x - axis. Let these angles of s teer  be STl, ST2, ST3, 

and ST4. The difference in the angle of the plane of the wheei and the 

angle of its velocity vector, i .e., (ST1-A1) , etc., is named the " t i r e  

s l i p  angle." I t  is an experimental okervation that  t i r e s  develop "side 

forces" which are a function of the t i r e  s l i p  angle. For small angles 

the side force applied by the road-surface to the t i r e ,  paral lel  to the 

road surface and perpendicular to the wheel plane is linearly dependent 
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u p n  the s l i p  angle and a c t s  in  such a d i rec t ion  a s  t o  tend t o  reduce 

the s l i p  angle. These forces w i l l  be exhibited i n  a l a t e r  figure. 

4.4.1 Centeraf-!?ass The center-of-mass of a f l a t  r ig id  body 

normally l ies in  the rnidplane of the bdy, i .e., m = 0. &y r ig id  
body may be ana ly t ica l ly  subdivided in to  a number, N, of individual 

m a l l  elements o r  pa r t i c l e s  M,. I f  a "wrking set" of Cartesian axes is 

scribed on the body then each prtic!e Mn can be assigned a posi t ion 

M C ~ O  r Fn . There is one location i n  the "workinq setn of  coordinates, 

given by the p s i t i o n  vector Tm f o r  which the sun of a l l  t e w  i zn  
n n 

equals zero, i.e., n=N 
m 

L . P , M ,  = O - - - where: 5 - r m + p  n = l  - (4.41) 

I f ,  a s  i l l u s t r a t ed  in  Figure 4.32, the  vectors T and T a r e  
n can 

rewrit ten i n  the form 
- 
r = x i c y J  
n n n (4 .42a)  
- 
r = x  T + y  7 an rn cm ( 4 . 42b)  

where T and 7 a r e  un i t  d i rec t ion  vectors  p r a l l e l  t o  the  "working axes." 

Figure 4 .32  Center of Mass of a F l a t  Rigid Body 

34 - PHYSICS AND DYNAMICS 



Multiplying Equation (41 )  term by tern by Mn and s m i n g  the  N such 

equations produce: 

The th i rd  term of Equation (43)  is zero by def in i t ion  leaving: 

yielding 

x m = a X n M n )  /M 

and 

Ym = (IYnMn) /M (4.46) 

The coordinates expressed in  (4 .45)  and (4 .46)  a re  the coordinates of 

the f l a t  body's center-of-mass. 

I t  is c l ea r  that  the  calculations done above might be r e ~ l a c e d  by a 

physical experiment taking advantage of the  grav i ta t iona l  Eo rce Fn 

applied to each Mn being proportional t o  Mn. A s  i l l u s t r a t ed  i n  Figure 

4.33, the  cen te r~of rnas s  of a suspended body w i l l  l i e  on a ve r t i ca l  l i n e  

through the point of suspension when the body is in  s t a t i c  equilibrium. 

Suspension Device ' 

-4uU 
A Generai 2-Dim. Bodv 

( / Hung from Point  B 

trace of pllrmb 
l i n e  when suspended 
from point A 

k P l u m b  l i n e  

Figure 4 .33  Ceterminging C>M> Location Experimentally 

Use of two or more s u s ~ e n s i o n  points  provides a semi-graphic method of 
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l o c a t i y  the c.m. a t  the intersection of the indicated l ines .  The c.m. 

is then called the center-of-gravity. 

4.4.2 Newton's Axiom. Newton's axiom s t a t e s  t h a t  the  time ra te  of 

change of the l i nea r  momentum of a par t ic le  is a vector quanti ty equal 

to  the resul tant  force acting on tha t  par t ic le .  

The term ma' is the ' inert ia forcen term introduced ea r l i e r .  The 

existance of acceleration of a pa t ic le  (time rate  of change of velocity) 

requires the existance of a real  fore  equal t o  the  i ne r t i a  force. In 

the f i e l d  of mechanics, D'Alembert introduced the concept of the 

'reversed ine r t i a  forcen which, a s  the name implies, is the negative o r  

o p p s i t e  t o  the vector ma'. Then Newton's axiom is rewrit ten as: 

This simple rewriting leads to  the observation tha t  the " s ~ a n  of a l l  real  

forces and a l l  D'Alembert forces acting on a pa r t i c l e  equals zero." 

4.4.3 Recti l inear  motion of a Rigid Body. The real  body may be 

considered t o  be a collection of par t ic les  of mass, MI, M2, - t M n a  

Each par t ic le  may have both external and internal  forces acting u p n  it. 

Any internal force must be one of an action-reaction pa i r ,  i.e., there  

must be a second pa r t i c l e  with the o p p s i t e  internal force acting upon 

it. Since the body is rigid and moving on a s t r a i g h t  l i n e  without 

rotation ( r ec t i l i nea r  motion) a l l  pa r t i c l e s  have the same acceleration. 

The sm, of a l l  expressions l i k e  (4.48) produces: 

which is the "equation of motion" of  the body. 

4.4.4 Rotation of a RigiC Body about a Fixed &is. To derive the 

"equation of motion" of a rigid body rotating about a fixed ax i s  we may 

again apply the DtAlembert observation t h a t  the  ne t  e f f e c t  of a l l  rea l  

forces acting on a system of mass plus a l l  reversed i n e r t i a  forces is a 

zero o r  equilibrium effect .  In the case of pure rotation each pa r t i c l e  
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of mass t rave ls  on a c i r cu l a r  path about the ax i s  of rotation.  A s  

previously discussed under the topic of kinenatics, such a pa r t i c l e  has 

an acceleration vector which is conveniently decomposed in to  a 

tangential  ccmponent and a radial  canponent. These components of 

acceleration,  multiplied by the mass of the par t ic le ,  a r e  then the basis  

f o r  canponents of the reversed ine r t i a  force acting on the pa r t i c l e .  

The rad ia l  reversed i n e r t i a  forces and the external b e a r i q  reaction 

force a l l  pass through the ax is  of rota t ion and thus have no "moment" o r  

turning e f f ec t  about tha t  axis. It  follows tha t  the equation of motion 

is expressed as: 

*ere M symbolizes the mcment of a l l  external 
forces about the axis  of rota t ion 

& Zsymbelizes the  angular acceleration of the  body 
and xr :m: symbolizes the second moment of the  mass about the 
center Lo t  rota t ion 

More conventionally, Equation (4 .52)  is writ ten: 

M-I c;= O 
0 0 

The symbol I is naned the polar moment of i n e r t i a  of the mass about 
0 CI 

axis  0 and equals 2rLimi. 

4.4.5 Plane Motion of a Rigid Body. In  the subsection on 

" rec t i l inear  motionn we took advantage of the f a c t  t h a t  every pa r t i c l e  

of mass had the same acceleration. In the subsection on "rotat ion about 

a fixed axisn we took advantage of the f ac t  tha t  the accelerat ion of a l l  

par t ic les  were related due t o  the  c i r c l a r  motion of a l l  p a r t i c l e s  about 

a single center. In  general plane motion we seek t o  take advantage of 

the def in i t ion  of the center-of-mass location of the body. 

?he acceleration of a typical  mass element Xi may be wri t ten as  xm 
+ lii/m or ,  the  words, the  acceleration of a p a r t i c l e  equals the 

acceleration of a reference point plus the accelerat ion of the pa r t i c l e  

re la t ive t o  the reference point. 

Examine Figure 4 .34  in  which t h e  acceieration of a typ ica l  p a r t i c l e  A a t  
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Figure 4.34 Relative Acceleration 

coordinates [( ) and q( ) in a body fixed coordinate systan is 

i l lus t ra ted.  The equations of motion of a par t ic le  of mass MA a t  p i n t  

A may be written: 
" 

F ~ - M ~ ( $  + = o (4 .54)  
.* 

~ ~ ~ * ~ ( i ~  + qA) = 0 (4 .55)  

m e  sunmiq of a l l  equations of the t y p  (4.54) produce: 
I. 

vAX-ZMA (im + f A) = o (4.55a) 

2?AY-aA (ym + fii A) = O (4.55b) 

But since ZMAtA =%a? = O due t o  the def ini t ion of the center  of mass, 

i t  follows tha t  BitA = x ~ ~ 5 ~  = L) and Equations (4 .55)  reduce to: 

38 - PHYSICS AND DYNAMICS 



where F F symbolize the t o t a i  of the  X and Y components of 
X I  Y 

external  force on the body, 

M symbolizes the t o t a l  mass, 
. . .. 

and Xcmt Ycm a r e  the components of the acceleration of the 
center  of mass 

Equations (4.57) declare  t h a t  the center of mass p i n t  of a r ig id  

body i n  plane motion behaves a s  i f  i t  were a pa r t i c l e  of mass M, with M 

equal t o  the  t o t a l  mass of the  M y ,  acted u p n  by a l l  of the external  

forces of the system. The forces acting on the body produce a motion of 

the  center-of-mass p i n t  which is t o t a l l y  independent of any ideas of 

ro ta t ion  of the M y .  (This statement does not say t h a t  the forces  a r e  

themselves independent of the  rotation.)  

The rotat ional  degree of f reedm of the bcdy i n  plane motion has 

y e t  t o  have an equation of motion assigned t o  it. Several forms of such 

an equation may be wri t ten depnding uFon our choice of centers.  The 

center  concept might be one fixed i n  the ground-fixed coordinate system 

o r  fixed i n  the body-fixed coordinate system. Let u s  accept, i n  l i e u  of 

an acceptable proof t h a t  the "bestR center  t o  use, i n  te rns  of  the 

simplest resu l t ,  is a center  is taken, the  rotat ional  degree of freedom 

equation of motion becomes ident ical  in  form t o  Equation (4.53) and 

reads: 

The equations of motion f o r  a r igid  body i n  plane motion are:  

and 

2 where Ian = x p i  M~ 

M = I M ~  
.. .. 
xmf Ym = components of c.m. accelerat ion 

Fxl Fy = components of t o t a l  force applied 
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= moment of the force system about 

and $ = ; = the angular acceleration 

F F components 
X t  Y of force 

e angular acc. 

X Y components 
of c-m. acc. 

M moment of 
f o r ~ e s  a b u t  
c.m. 

Figure 4.35 The Cartesian Equations of Plane Motion 

4.4.6 The Force System Acting on the Vehicle. The three equations 

of motion (Equations 4 .4.57a, 57b, and 4.58) involve a force system 

acting on the body of the vehicle. There a re  two c lasses  of forces- 

crash forces and tire-road forces. crash' forces, t en they ex i s t ,  a r e  

large and brief,  i e .  , they a r e  impulsive. T i  re-road forces may be 

ignored when crash forces a r e  operating but otherwise a r e  the modest 

level  sustained force which control  the motion ( t ra jectory)  of a vehicle 

a f t e r  the instant of crash. Tire-road forces a r e  generated in the  

vehicle model a t  each of the four wheel positions. (Recall t ha t  the 

vehicle center-of-mass is considered t o  be a t  road leve l  with the resu i t  

tha t  the t i r e  forces do not cause any pitch o r  r o l l  of the vehicle and 

thus do not dis turb the s t a t i c  balance of normal forces a t  the wheels. 

Tire-road forces depend u p n :  
a)  tire-road f r i c t i on  
b) degree of wheel lock-up 
C)  t i r e  side s t i f fnes s  
d )  t i r e  normal force 

The s l i p  angle was defined earlier. 
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Steer a m l e  

Typicai Wheel 
I l l u s t r a t e d  

FS 

R = driving/braking force  

Wheel 

FS = t i re  s i d e  force 

Figure 4.36 Tire  Force 

Figure 4.36  displays  Crash2's t i r e  force model based on s l i p  angles. A 

maxirnm value of tire-road shear force is calculated and a canponent of 

t i r e  l o q i t u d i n a l  shear force is assigned a t  each wheel equal t o  the  

f rac t ion  of wheel lock-up times the maximum possible shear force which 

is the coeff ic ient  of f r i c t i on  times the normal load. This longitudinal 

force, FC, is limited t o  the maximum shear force times the cosine of the 

s l i p  angle. The remaining canponent of shear force is assigned a s  the  

maximun allowable transverse canponent of t i r e  force,  FSMX. The ac tua l  

t i r e  s ide  force FS w i l l  be some f rac t iona l  part ,  up t o  100%, of FSMX 

accordng to  the "Fiala," th i rd  order equation i l l u s t r a t ed  i n  Figure 36. 

Thus, a t  each wheel location a value f o r  each of two cmponents, FC and 

FS, of t i r e s h e a r  force is determined. The future  calculat ions  a r e  

eased by c c n v e r t i q  these camponents in to  two other cmponents of force, 

FX and FY, in  the body fixed coordinate system. 

4.4.7 Di f fe ren t ia l  Equations. The three equations (4.57a, 4.57b, 

and 4 . 5 8 ~ ~  be rewrit ten with the expressions (4.39) and (4.40) used for  

the canponents of acceleration of the  center  of mass of the vehicie. 

The terms FX and F represent the ccmponents of t o t a l  force p a r a l l e l  t o  Y 
the canponents of acceleration and thus a r e  (FXl+FX2+FX3+FX4) and 
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linear mdei 

Figure 4.37 Tire Side Force Saturation Model 

( F Y ~ + E Y ~ + F Y ~ + ! ~ ~ )  respectively . The expression fo r  Mm is 

t (D( -FX,+FX4-FX3)+a (FY +FY )-b(EY3+FY4) . The differential equations of 
2  1 1 2  

motion, i n  the vehicle-fixed coordinate systen are thus: 
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5 ENEFGY CONSIDERATIONS 

Summary. Conservation of energy is a useful  p r i n c i p l e  i n  
acc ident  reconstruction. An overview f i n d s  t h a t  terms f o r  
k i n e t i c  energy, po ten t i a l  energy, energy l o s s  while skidding, 
and t h e  energy absorbed i n  p l a s t i c  deformation of  the  veh ic le  
may be involved. These terms a r e  organized i n t o  an energy 
balance. Estimation of absorbed energy by t h e  veh ic le  is 
reviewed. In pa r t i cu la r ,  t he  da ta  base and formulation a r e  
examined. In tbe  f i n a l  sec t ion ,  various cons idera t ions  i n  t h e  
app l i ca t ion  of these  techniques a r e  discussed. These include 
such th ings  a s  d i r e c t  and induced damage, underride/override, 
narrow ob jec t  impacts, and va r i a t ions  in  s t r u c t u r a l  s t i f f n e s s .  

Tbe DAMAGE algorithm i n  the  CRASH program uses es t imates  of  t h e  

energy absorbed i n  crushing the  vehic le  during t h e  impact t o  es t imate  

t h e  change i n  ve loc i ty  of each vehicle.  Vehicle damage is one of t h e  

primary forms of evidence ava i l ab le  t o  the  inves t iga tor .  Knowledge of 

the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of  the vehic le  allow veh ic le  damage t o  be 

re la ted  t o  t h e  amount of  energy absorbed. However, before the  

d iscuss ion of the  b a s i s  f o r  t h i s  est imation is begun, i t  is appropr ia te  

t o  review t h e  genera l  appl ica t ion  of conservation of energy t o  acc ident  

reconstruction. 

5 .l Conservation of Enerav 

Energy is defined a s  the  capacity t o  e x e r t  t o  e x e r t  a fo rce  through 

a d is tance .  I f  the fo rce  is constant ,  energy is given by: 

where: 

E = energy i n  foot  p u n d s  
F = fo rce  i n  pounds 
s = t h e  d i s t ance  i n  f e e t  

An appl ica t ion  of t h i s  d e f i n i t i o n  is shown i n  Figure 5.1. Here a mass, 

m, is raised f r m  an e levat ion  of s t o  s From t h e  f a m i l i a r  Newton's 
1 2 ' 

law we know t h a t  the  force  e x e r t d  on t h e  mass due t o  g r a v i t a t i o n a l  

a t t r a c t i o n (  and which must be overccme i n  o rde r  t o  r a i s e  the  mass) is 

given by F = mg where g is the acce le ra t ion  due t o  g rav i ty .  

Consequently, the  energy required t o  move the  mass a d i s t a n c e  (s2 - s, ) 
.L 

agains t  the  force  of g r a v i t a t i o n a l  a t t r a c t  ion is 



This is the expression for  the potent ia l  energy associated with a mass 

and is more ccmmcnly written with an h ( for  height) rather than the s. 

Potent ia l  Energy = mgh (5.2) 

Implicit  is an i n i t i a l  elevation of h = 0. 

Figure 5.1 Potential R~ergy 

If the force is not constant during the displacement, then the 

mathematical def ini t ion is more complicated, but the idea behind t h i s  

notation is qui te  simple. Refering t o  Figure 5.2a, the  energy 

associated with the action of a constant force through a distance,  s, is 

shown. The product of f times s is equal t o  the area in the shaded 

rectangle. Figure 5.2b shows a s i tua t ion  which is only s l i g h t l y  more 

cmplicated.  Here we have three d i f f e r en t  values of constant force 

acting through three d i f fe ren t  distances. The t o t a l  energy is found 

simply by adding the energy associated with each force and the  dis tance 

it ac t s  through. That is ETotal = flsl + f s + f3s3. The general  2 2 
s i tuat ion is shown in  Figure 5 . 2 ~ .  Here the force is changing 

continuously as  the displacement progresses. The approach is the sane, 

however. I t  is only necessary t h a t  we take very small increments of 

displacement, s, so tha t  the e r ror  in  saying t h a t  the  force is constant 

in that  increment is suf f ic ien t ly  m a l l .  The energy computed f o r  each 
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W s - i  1 sl l s2 Is3 I S 

( a )  (b) ( c )  

Figure 5 . 2  Energy Canputation 'When the Force Varies 

of the  small increments is s m d  t o  g e t  the  t o t a l  energy j u s t  a s  i n  

Figure 5.2b. A s  i n  t h e  f i r s t  two examples, t h e  answer we g e t  is 

graphical ly  equal t o  t h e  area  under t h e  curve which shows how t h e  force,  

f, v a r i e s  wi th  the  displacement, s. This process o f  f inding t h e  area  

under a curve is ca l l ed  in tegra t ion,  and is indicated by the  elongated 

"sn in  the  general  d e f i n i t i o n  f o r  energy shown below. 

Having introduced t h e  d e f i n i t i o n  of energy, w now move on t o  t h e  

applicat ion of the energy balance t o  accident  reconstruction.  

Frequently used terms in  the  appl ica t ion of the  p r inc ip le  of 

consemation of energy t o  accident  reconstruction a r e  shown below. 

2 Kinetic Energy, , = m V /2 (5 .4)  

Fbten t i a l  Energy, Eh = mgh (5 .5)  

Energy Loss Skidding, E = mg* (M) S 

Energy Absorbed i n  Vehicle Damage, Ea 

The expression of k i n e t i c  energy should be f a m i l i a r  t o  everyone. The 

expression f o r  p o t e n t i a l  energy has a l ready  been developed. Ekamining 
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the  expression f o r  the energy l o s s  associated with the  skidding of a 

vehicle w i l l  show t h a t  it follows from our de f in i t ion .  The skid 

d is tance  s is apparent. The remaining terms represent t h e  retarding 

force act ing on t h e  vehicle. The coef f i c ien t  of f r i c t i o n  was defined i n  

Chapter 4 .  The only new term is the  wheel lock-up, LW, which expresses 

the  braking fo rce  a s  a percent of the  f r i c t i o n  force  result ing from f u l l  

lock-up of t h e  wheel. Discussion of the estimation of the energy 

absorbed in  vehic le  deformation w i l l  be deferred u n t i l  t h e  next sect ion.  

Conservation of energy is applied by writ ing an energy balance 

which includes the  proper terms. The various energy t e r n  a r e  l i s t e d  

below . 
Pr e-lmpact I Post-Impact 

Subscripts  3. and 2 r e f e r  t o  vehicles 1 and 2. In  the  developnent of t h e  

equations fo r  the D A N E  a l g o r i t h ,  t h e  energy balance is applied only 

to  the  impact phase. In t h i s  case an energy balance equates the  sum of 

the k ine t i c  energies fo r  each vehicle before impact with the  sun of  

t h e i r  k ine t i c  energies a t  separat ion and t h e  energy absorbed i n  

deformation of the twP vehicles.  

Here the subscripts i and f refer to p r e - w  and separatim (initial and 

find), while subscripts 1 and 2 s t i l l  refer to the vehicles. 

An energy balance can a lso  be wr i t t en  f o r  t h e  post-impact 

t r a jec to ry  of a vehicle. The famil iar  equation r e l a t i n g  stopping 

dis tance  ard sped may be developed by equating the k i n e t i c  energy of 

t he  vehicle a t  the beginning of the  skid  with the  energy l o s s  of the  

skid a s  shown below. 
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rearranging: 

This expression can be ea s i iy  expanded t o  apply skidding on a 

grade. The energy balance must now include the k ine t ic  energy of the  

vehicle a t  the beginning of the skid with the  energy l o s s  of the  skid 

and the  potent ia l  energy associated with the grade. This te rn  is added - 
i f  the grade is up and subtracted i f  the grade is down. 

rearranging: 

V = ) ( 2 g [ s p ( ~ )  + h ]  ( 5 . 8 )  

but, h = s*sine where 8 is the angle of the  grade, and i f  8 is m a l l  

( l e s s  than 12-15') , then h = s (Grade %) /100 where the grade is measured 

a s  the  elevation change f o r  a given dis tance of roadway divided by the  

roadway length measured on a horizontal  (expressed typ ica l ly  by Highway 

Engineers a s  a percentage) . Substi tuting in to  eq. (5-8) , we have: 

V = d2gs [~(Lw) + (Grade %)/100] ( 5  9) 

The impartant thing t o  notice i n  t h i s  expression is t h a t  the grade 

expressed a s  a f rac t ion  adds (or  subt rac t s  f o r  a downgrade) d i r e c t l y  

f run the term involving. the  f r i c t i o n  coef f ic ien t  . Taking the  case where 

the wheel lock-up, (W) , is 1.0, we see t h a t  the e f f ec t ive  f r i c t i o n  of a 

10% downgrade w i t h  a 0.70 coef f ic ien t  is 0.60 (0.70 - 0.10) . For a 10% 

u ~ r a d e ,  i t  would be 0.70 + 0.10, o r  0.80. Even though the CRASH 

program is not formulated t o  handle elevation changes, t h i s  method 

provides a convenient way t o  incorporate the  e f f ec t  of roadway grades in  

the t ra jectory computation. This ends the overview of the use of an 

energy balance in accident reconstruction. The next sect ion describes 

the data base and formulation of the  procedures fo r  estimating the  

amount of energy absorbed i n  crushing of the vehicle. 

5.2 Estimating Energy Absorbed 

Fortunateiy, one of the more permanent pieces of evidence is the 

damage to the vehicles. This permanent deformation is described a s  
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"plast ic"  deformation t o  be distinguished f ran "e las t ic"  deformation. 

I f  the deformation is e l a s t i c ,  the deformed body w i l l  return to  its 

or ig ina l  dimensions when the force is removed. P l a s t i c  deformation is 

permanent and remains a f t e r  the force is removed. Our def in i t ion  of 

energy t e l l s  us t ha t  the amount of energy absorbed is rela ted t o  the 

force and the  distance i t  a c t s  through. We a re  able t o  measure the 

distances involved. They a re  the crush measurements. If information was 

available on the forces required t o  produce the damage, then the mount 

of energy absorbed could be estimated. Remember t h a t  i t  was indicated 

e a r l i e r  t h a t  the D W E  a l g o r i t h  is able t o  compute the change in 

velocity of the vehicles i f  the energy absorbed by each is known. 

Limited crash t e s t s  conducted with inst-rumented vehicles provide a 

basis fo r  a f i r s t  approximation of the vehicle force def lect ion 

character is t ics .  A sanple of these data a r e  shown i n  Figure 5.3. The 

data shown are  from bar r ie r  impact t es t s .  In  such a t e s t ,  v i r t u a l l y  a l l  

of the vehicle 's  kinet ic  energy pr ior  t o  impact is absorbed i n  

deformation of the vehicle. The primary charac te r i s t ic  of these t e s t  

data plots  shown i n  Figure 5.3 is t h a t  the residual (permanent) crush 

increases approximately l inear ly  with h p a c t  s p e d  over the  speed range 

of about 15 t o  50 mph. One might wonder what kind of re la t ionship 

between force and crush depth would produce t h i s  resul t .  One p s s i b l e  

(but not the only) answer is t h a t  the force must a l so  increase lin;arly 

with crush. The equation fo r  the  force may be wr i t ten  i n  terms of the 

equation of the l i n e  relating t h e  bar r ie r  t e s t  s p e d  and the crush a s  

follows : 

2 
F = (W/g) (b,,bl + bl C) 

where b and b a r e  the slope and y-intercept f r m :  
0 1 

= b t blC 'barrier impact I) 

Tnis equation is taken from Figure 5.3. 

One more s tep is necessary before t h i s  model has any appl icat ion to  

real  accident vehicles. Since the crush is seldom uniform across  the 

vehicle, the model must a lso be able t o  address t h i s  s i tua t ion .  No data 

a re  available which muld  indicate how the s t i f f n e s s  va r i e s  across the 

width of the vehicle. In  the absence of such information, i t  has Seen 
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73-7& Inca@ata 0.90 4000 
71-76 1.15 JLOO 
71-74 suaap.c~ 3.0 1.35 2500 

vehicle CZ1salflcacion Lwln 
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Caulinn. Oldamobire Delta 
88. hick LeSabrr 

t n c d i a c e  C h m l a c  Chew118 end .Xoaca 
Carlo, PoacLc L & ~ M  rad 
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Figure 5.3 S w l e  Data fran Barrier Crash Tests 
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assumed t h a t  the force per un i t  width is uniform a d  is given by simply 

dividing the  t o t a l  force by the width of the vehicle. The resu l t ing  

model is shown i n  Figure 5.4. The t o t a l  energy is obtained by s m i n g  

the  area under the  force curve f o r  the  e n t i r e  deformed area. 

Eathematically t h i s  is expressed as: 
r r  

integrat ion symbols a r e  needed s ince  we now have a three-dimensional 

figure.  

For simple damage pat terns ,  t h i s  equation may be integrated and t h e  

r e su l t s  plotted. Such p lo t s  are shown i n  Figure 5.5. In  t!!ese f igures  

the energy absorbed is expressed a s  an "equivalent b a r r i e r  s p e d n  o r  

"EBS." The EBS is defined a s  a vehicle sped such t h a t  its k ine t i c  

energy wouid equal the  energy absorbed ( a s  in  t he  b a r r i e r  t e s t ) .  The 

u p p r  p lo t  in  Figure 5.5 is fo r  '71-'72 f u l l  s i z e  GM vehicles ,  while the  

lower p lo t  is fo r  '719'74 Chevrolet Vega, The model described was then 

applied t o  sane angle and o f f s e t  ba r r i e r  t e s t s  where the  t rue  impact 

sped was known. The r e su l t s  of t h i s  camparison a r e  shown i n  Figure 

5.6. The accuracy seens t o  be approximately - t3-5 mph. 

This discussion has been l imited t o  f r o n t a l  damage, Much l e s s  



50 - 

CRUSn urkc C, 

ZSS vs cnuh for '71-'72 full s i w  GM vehlclrs ha* angle bamer damage p~aerns 

F i w e  5 . 5  Relationship B e w q  Crush and Enerw 
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Test 
No. - 

Cmpariauu of a l e  Barrier Tert Data Gith b w l t s  
of Linear ForceDaf l e t ion  Mode1 

Impact T a t  Left Ueht Estimated Error 
Crush Speed Weight Crush S p e d  - 

30.6 mph 2390 lbs. 35.0 in. 6.5 in. 33 .7  nph +3,1 nph 

Standard F u l l  Size GI4 Vehicles 

Avivrrage Error - -0.35 mph (0.6 h / h )  

Tert 
No. - 

Comparison of Offset Bnrrier Test Data Vith R a a t l t s  
of Linr.t Force-Deflection Modal 

Luipact Test Laft Bight Estimated Error 
Sued Weioht Crush Cnaah Soeed - 
29.4 q h  3 6 l l  lbr.  29.0 ia. 1.5 in. 26.8 mph -2.6 mph 
29.1 3601 31.0 0 28.1 -1.0 
30.7 3596 34.0 3.0 31 .4  M.7 

Standard Ful l  Size GM Vehicles R - 0.25 

Chevrolet Vena R = 0.25 

Standard Full Size C% Vehicle 3 = 0 . 7 5  

Average Error = -0.01 sph (0.016 ' d h )  

- - - -- - - - - - - - -- - - 

Figure 5.6 Estimating Barrier impact Speeds 
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in fomat ion  is available fo r  s ide  o r  rear damage. However, the  same 

methad has been applied, and the  coef f ic ien ts  estimated a s  well a s  

possible. 

5.3 Considerations in Measuring Crush f o r  Energy Estimation 

Knowledge of the energy estimation procedure and the  da ta  it is 

based on can aid the invest igator ' s  measurement of crush and h i s  

assessment of the accuracy of the reconstruction. A nmber of spec i f i c  

topics  w i l l  be discussed i n  t h i s  l i g h t  i n  the  f o l l o w i q  material. 

Direct vs Induced Damage. Procedures developed f o r  assigning a CCC 

spec i f ica l ly  address d i r ec t ,  o r  contact, damage. Ass ignent  of a CDC 

and crush measurements fo r  energy estimation has a somewhat d i f f e r en t  

objective. The CM: is intended t o  locate  and describe the d i r e c t  

damage. For accident reconstruction, the  emphasis is on defining the  

d i rec t ion  and magnitude of the applied force. I t  is not par t icu la r ly  

important t o  the reconstruction i f  the descr ipt ion is not accurate so 

l o g  a s  the r ight  applied force is obtained. 

Energy estimation procedures couid probably be developed using 

d i r ec t  contact damage only. In f a c t  the coeff ic ients  were developed 

f r m  t e s t s  where a l l  the  dmage was d i r e c t  contact  damage. The 

result ing models were then t r i e d  f o r  a handful of p l e  and o f f s e t  

bar r ie rs  (only a f rac t ion  of the vehicle width contacts  the ba r r i e r )  

where appreciabie induced damage was produced. Use of the contact 

damage only produced energies which were appreciably lower than the 

known values. Use of the d i r e c t  plus the  induced damage produced 
I 

r e su l t s  h i c h  were approximately correct .  Guidelines a t  t h i s  time a re  

primarily subjective. However, it is believed t h a t  they w i l l  improve 

the  accuracy of the resu l t s ,  and i t  is always important t h a t  the 

reconstructions be carried out in  a s  consis tent  manne r possible. 

Underride/Override. The force-deflection model f o r  estimating 

energy absorbed described e a r l i e r  has no provision f o r  var ia t ions  in  

crush ver t ical ly .  [Jnderride o r  overr ide types of damage a r e  very 

d i f f i c u l t  t o  assess. A simple average of the  ve r t i ca l  crush 

measurements could be used i f  one f e l t  t he  s t ruc tu ra l  s t i f f n e s s  was 

uniform from top to  bottom. Par t icu la r ly  f o r  frame and body vehicles,  

ENEH;Y CONSIDERATIONS - 11 



t h i s  is simply not l i ke ly  t o  be true. The frame provides the major 

s t ruc tura l  s t i f fnes s  these vehicles. Recognizing th i s ,  i t  is l i k e l y  

t o  be more accurate to  weight the crush measurement in  favor of the 

measurement of frame deformation. Of course, the  actual  measurements 

must be documented and preserved. More detailed models may sornd,ay be 

available. However, accident reconstruction is always an i t e r a t i ve  

process where one varies the parameters in l i n e  w i t h  t h e i r  uncertainty 

in looking f o r  the most consistent set of information. The "correct" 

crush measurements for  estimating energy w i l l  be c loser  t o  those 

describing frane deformation than those describing only sheet metal 

damage. 

Forces Applied a t  an Angle t o  the Normal. This topic  w i l l  be 

discussed more cmpletely  i n  Chapter 9. However, it should be pointed 

out here that the force-deflection model described was developed from 

t e s t s  where the direct ion of force and the crush were always normal t o  

the undefomed surface. Structural  s t i f f n e s s  is l ike ly  t o  be d i f fe ren t  

d i f fe ren t  loading angles. Again the necessary information is 

i a c k i q .  Consequently, the energy estimates a r e  more s u s p c t  a s  t h e  

angle to the  normal of the applied force ge t s  larger.  

Narrow Object Impacts. Frame involvement is the important factor  

here too. The s t i f fnes s  was assumed t o  be uniform across the e n t i r e  

width of vehicle. This seems reasonably sound a s  long a s  one o r  both of 

the frame r a i l s  is involved. I f  only the fender sheet metal outside of 

the frame r a i l s  is involved, the  s t i f f n e s s  values in the  program a r e  

l ike ly  t o  be too high. This s i tuat ion is almost a sideswipe. Sideswipe 

col l is ions  cannot be reconstructed with CRASH. 

Other Variations in Stiffness.  - A few miscellaneous considerations 

w i l l  be mentioned here. A uniform s t i f f n e s s  f o r  the e n t i r e  length of 

the side s t ructure  is also assumed. Again it is l ike ly  t h a t  t h i s  is not 

exactiy correct. One would expect t ha t  the  s t ruc ture  in the area of the 

wheels w i l l  be s t i f f e r ,  while the s t ruc ture  between the wheels would be 

re la t ively sof ter .  Knowledge of p s s i b l e  problems l i k e  t h i s  should a id  

in the resolution of cases with apparent inconsistencies in  the data. 

In the same fashion, s t a t i on  wagons and rear e q i n e  vehicles a r e  l i ke ly  

to be appreciably s t i f f e r  than stored coeff ic ients  which presumably 
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apply t o  f ront-engine sedans. . For the s ta t ion  wagons and rear-engine 

vehicles, a reasonable approximation might be to  carry ou t  the 

reconstruction as  i f  the f ron t  s t ruc ture  was involved. 

A t  the beginning of t h i s  section it was observed tha t  accident 

reconstruction is an i t e r a t i ve  process. Observed information is varied 

in  accordance with its associated uncertainty in  attempt t o  find a set 

of information which is a s  internal ly  consistent a s  p s s i b l e .  The 

considerations presented i n  t h i s  section were not intended t o  suggest 

t h a t  n f i c t i t i o u s n  data should be generated. Rather, t h i s  discussion was 

intended t o  provide the investigator with more complete knowledge of 

the l imita t ions  ard the p u r p s e s  of the measured data. In par t icu la r ,  

t h i s  discussion should serve to  be t t e r  define the uncer ta int ies  which 

a r e  involved i n  the application of the models fo r  estimating the energy 

abso r k d  in vehicle defo ma tion. 





6 VEHICLE DYNAMICS 

Summary The mechanics o f  t h e  t i r e - v e h i c l e  s y s t e m  g o v e r n i  n  y 
t h e  process o f  s t e e r i n g ,  b r a k i n g ,  a n d  a c c e l e r a t i n g  a r e  
d i s c u s s e d  a n d  e x p l a i n e d  s o  a s  t o  a s s i s t  t h e  a c c i d e n t  
r e c o n s t r u c t i o n i s t  i n  o b t a i n i n g  an unders tandi  ng o f  "why  " a n d  
"how" a  motor v e h i c l e  responds t o  d r i v e r  c o n t r o l  a n d  o f  t h e  
c i rcumstances under which t h e  d r i v e r  may l o s e  h i s  a  b i  1  i t y  t o  
c o n t r o l  t h e  pa th  o f  h i s  veh ic le .  

6.1 I n t r o d u c t  i on 

A course i n  acc ident  r e c o n s t r u c t i o n  n e c e s s a r i l y  t r e a t s  s  i t u a  t i ons  

i n  which veh i c l es  become t r a n s l a t i n g  and r o t a t i n g  masses g o v e r n e d  o n l y  

by t h e  laws o f  phys ics  as opposed t o  be ing  a l s o  goverrled by t i i e  c o n t r o l  

a c t i o n s  o f  t h e  d r i v e r .  The acc iden t  r e c o n s t r u c t i o n i s t  genera l  l y  w o r k s  

backward i n  t i m e  and space f r om t h e  f i n a l  r e s t i n g  p l ace  o f  t h e  veh i  c l  e s  

i n v o l v e d  i n  t h e  acc ident  t o  determi  ne t h e  c rash  and pre-crash c o n d i t i o n s  

t h a t  ex i  s t ed  i n  a  g i ven  acc iden t  event. 

C l e a r l y ,  t h e  d r i v e r  has l i t t l e  o r  no i n f l u e n c e  on t h e  o u t c o m e  o f  

t h e  events  which occur d u r i n g  a  crash o r  a f t e r  a  crash. I n  t h e  case  o f  

t h e  v e h i c l e  inotions which t a k e  p l a c e  p r i o r  t o  a  c o l l i s i o n ,  t h e  c o n t r o l  

a c t i o n s  o f  t h e  d r i v e r  can p l a y  a  ma jo r  r o l e  and t h e  inaneuveri n g  1  i m i  t s  

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

events  which c r e a t e  t h e  emergency. 

I n  o t h e r  w o r d s ,  we s h o u l d  d i f f e r e n t i a t e  b e t w e e n  veil i c l  e  

t r a j e c t o r i e s  which occur a f t e r  t h e  d r i v e r  h a s  l o s t  t i i s  a b i l  i t /  t o  

c o n t r o l  t h e  p a t h  o f  h i s  v e h i c l e  and t h e  t r a j e c t o r i e s  ~ h i c h  occur  b e f o r e  

t h e  d r i v e r  has l o s t  t h e  a b i l i t y  t o  e x e r c i s e  c o n t r o l .  I n  o r d e r  t o  make 

t h i s  d i f f e r e n t i a t i o n ,  we f i n d  t h a t  t h e  p r o p e r t i e s  and b e h a v i  o r  o f  t h e  

pneumatic t i r e  must be unders tood t o  a  c o n s i d e r a b l y  g r e a t e r  1  e v e 1  o f  

d e t a i l  t h a n  i s  necessary t o  e x p l a i n ,  p r e d i c t ,  o r  r e c o n s t r : ~ c t  c r a s h  a n d  

pos t -c rash  events. For  example, un less  t i i e  acc i den t  i n v e s t  i g a t  o r  h a s  

some unders tanding of why t h e  motor  c a r  t u r n s  when t h e  s t e e r i n g  wheel i s  

turned,  he i s  no t  l i k e l y  t o  unders tand why t h e  same c a r  c a n  a n d  w i  1 1  

s t e s r  d i f f e r e n t l y  a t  d i f f e r e n t  t i m e s ,  a s  we1 1  a s  u n d e r s t a n d  why 

d i f f e r e n t  ca rs  respond d i f f e r e n t l y  t o  t h e  same s t e e r i  rig c o n t r o l  a c t  i ons  

by a  g i ven  d r i v e r .  Accord ing ly ,  ou r  o b j e c t i v e ,  i n  these  l e c t u r e s ,  i s  t o  

g i ve  t h e  s tudent  s u f f i c i e n t  unders tand i  ng o f  t h e  f a c t o r s  i n f  1  uenc i  ng and 



determin ing t h e  maneuvering c a p a b i l i t y  of the inotor  c a r  s u c h  t h a t  h e  

(she) w i l l  be able t o  recognize these f a c t o r s  i n  t h e  f i e l d  a n d  make 

c e r t a i n  judgments as t o  t h e  ex ten t  t o  which these fac tors  mav h a v e  1  e d  

t o  the  es tab l  i shmri t  of a g iven se t  o f  pre-crash cond i t ions .  

A f t e r  e s t a b l i s h i n g  c e r t a i n  d e f i  n i  t i o n s ,  we s h a l l  d i  s c u s s  t h e  

c h a r a c t e r i s t i c s  o f  t he  pneumatic t i r e  which determine t h e  sub 1  i r n i  ', d 
t h e  l i m i t  m a n e u v e r i n g  c h a r a c t e r i s t i c s  o f  t h e  m o t o r  v e h i c l e .  A 

subs tan t i a l  e f f o r t  w i l l  be devoted t o  t h i s  t op i c .  f o r  i t  i s  t h e  t i  r e  

which u l t i m a t e l y  provides t h e  d r i v e r  w i  ti1 the  forces rvhich a l l ow  h i  m t o  

c o n t r o l  the  vehicle. Fo l lowing t h i s  t i r e  mechanics d iscuss ion  we s h a l l  

i n v e s t i g a t e  veh ic le  handl i  ng. Again, subs tant i  a1 e f f o r t  w i  11 be devoted 

t o  examining t h e  vehic les response t o  pure s t e e r i n g  i n p u t .  V e h i c l e  

hand l ing  w i l l  be completed w i t h  a  b r i e f  examination o f  how b r a k  i n g  c a n  

e f f e c t  t h e  t u r n i n g  process. Then, t h e  brak ing  process i t s e l f  w i  1 1  be  

examined. We s h a l l  conclude t h i s  chapter  by n o t i n g  t h a t  i t  i s  poss i b l  e  

t o  descr ibe t h e s e  v a r i o u s  phenomena i n  m a t h e m a t i c a l  t e r r n s  a n d ,  

consequently, i t  i s  f e a s i b l e  t o  use computers t o  determine  hen and why 

a  veh ic le  w i l l  reach i t s  m a n e u v e r i n g  l i m i t  u n d e r  a  g i v e n  s e t  o f  

condi t ions.  

6.2 D e f i n i t i o n s  

To make the  presenta t ion  and d iscuss ion  more e f f i c i e r i t ,  He s h o u l d  

begin w i t h  some d e f i n i t i o n s .  F i r s t ,  we need t o  have a  cons i s ten t  way o f  

r e f e r r i n g  t o  the  var ious motions o f  a  motor veh ic le  and f o r  i d e n t i f y i n g  

the  var ious forces r ~ h i c h  act  on t h e  v e h i c l e .  T h e s e  f o r c e s  c a n  b e  

i n e r t i a l  forces associated w i t h  the  a c c e l e r a t i o n  o f  t h e  mass o f  t i l e  

veh ic le  i n  space as we11 as t h e  fo rces  t h a t  c rea te  t h i s  a c c e l e r a t i o n ,  

namely, t h e  external  fo rces  t h a t  a c t  on t h e  veh ic le  a t  t i  re-road contac t  

and on t h e  surface o f  the  veh ic le  (as a  r e s u l t  o f  t he  a i r  pressures t h a t  

are created by the f l ow  o f  a i r  around t h e  body o f  t h e  veh ic le ) .  

To f a c i l i t a t e  these d e f i n i t i o n s ,  i t  i s  convenient t o  put a s y  s t  ein 
of  axes i n  t h e  m t o r  cars as shown i n  F i g u r e  6.1. I n  t h e  U.S., we h a v e  

adopted t h e  convention which places the  so-ca l led  x -ax is  i n  t h e  p lane of 

symmetry o f  the vehic le,  w i t h  t h e  p o s i t i v e  d i r e c t i o n  o f  t h e  x-ax is  be ing  

forward, namely, towards tile f r o n t  o f  t h e  v e h i c l e .  T h e  y - a x i s  i s  

a l igned perpendicular t o  t he  x-axis,  w i t h  i t s  p o s i t i v e  d i r e c t i o n  o u t  t o  
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t h e  r i g h t  s i d e  o f  t h e  veh i c l e ,  as seen from t h e  d r i v e r ' s  p o s i t i o n .  T h e  

z - a x i s  i s  pe rpend i cu l a r  t o  t h e  p l ane  formed by t h e  x- and y - a x e s ,  w i t h  

i t s  p o s i t i v e  d i r e c t i o n  be ing  downward i n t o  t h e  road. F o r  ou r  p u r p o s e s ,  

here, we s h a l l  n o t  worry  about t h e  exac t  o r i e n t a t i o n  o f  these  x- and  z -  

a x i s  i n  t h e  p l ane  o f  symmetry, o t h e r  t h a n  t o  n o t 2  t h a t  t h e  x - a x i  s  i s  

e s s e n t i a l l y  h o r i z o n t a l  ( i  .e., p 3 r a l l e l  t o  a  h o r i z o n t a l  r o a d w a y ) ,  w i  t h  

t h e  z - a x i s  be ing  a  v e r t i c a l  a x i s  t h a t  i s  normal t o  a  h o r i z o n t a l  roadway. 

Z 
axis 

rnlUmDm 
FOFm (Fx) l lEmICAL VEIX3CITY (w) 

vER!TICAL FORCE (FZ) 

F i g u r e  6.1 D i r e c t i o n a l  C o n t r o l  A x i s  System 

S ince  t h e  body o f  t h e  v e h i c l e  i s  a t t ached  t o  t h e  r u n n i n g  gear by an 

arrangement of r i g i d  and compl ian t  members t h a t  p e m i  t t h e  body t o  move 

r e l a t i v e  t o  t h e  wheels, i t  i s  p o s s i b l e  for t h e  body t o  r o t a t e  about t h e  

x and y-axes and a l s o  t o  move v e r t i c a l l y ,  as w e l l  as t r a n s l a t e  i n  t h e  x  

and y d i r e c t i o n s  a l ong  w i t h  t h e  r u n n i n g  g e a r .  I n  a d d i t i o n ,  i t  i s  

p o s s i b l e  f o r  t h e  t o t a l  v e h i c l e  t o  r o t a t e  about t h e  v e r t i c a l  z -ax i s .  The  

w i g i n  of t h i s  a x i s  system can, under  c e r t a i n  c i r c u m s t a n c e s ,  h a v e  a 
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translational velocity in space which has a component along each of t h e  
three defined coordi nates. We call  the velocity component a1 ong t h e  x -  
axi s a "1 ongi t u d i  nal " o r  forward velocity. The velocity component a1 ong 
the y-axis i s  called a " la te ra l"  o r  "sideslip" velocity. The vel oci  t y  
component along t h e  z - a x i s  i s  a l t e r n a t i v e l y  r e f e r r e d  t o  a s  t h e  
"vert ical ,"  "bounce," or "heave" velocity. A n  angular displacement o r  
velocity about the x-axis i s  called a " ro l l "  displacement or v e l o c i t y .  
An angular displacement or velocity about the y-axis i s  called a "pitch" 
displacement o r  velocity. Final l y ,  an angular displacement or veloc i t y  

about the z-axis i s  called a "yaw" displacement or  velocity. 

Clearly, when a motor vehicle i s  traversing a s t ra ight ,  g e r f  e c t  l y  
smooth and level road, i t s  total  translational velocity i s  aligned along 
the positive x-axis, that  i s ,  la teral  and vertical motions are absent. 

Similarly, the external forces acting on the vehicle can be defined 
in terms of t he i r  components along the same axis system used t o  def i ne 
vehicle motion. I f  a component of force exis ts  a1 o n g  t h e  x - a x i s ,  we 
call  i t  a longitudinal force. If  t h i s  longitudinal f o r c e  a c t s  i n  t h e  
positive x direction, we may call  i t  a " t ract ive" o r  "propulsive" force. 
If  i t  acts in the negative x direction, we may call  i t  a " r e s i s t i v e , "  
"drag," "retarding," or  "braking" f o r c e .  I f  a component of f o r c e  
ex is t s  along the y-axis, we call  t h i s  component a " l a t e r a l "  o r  " s i d e "  
force. I f  a component of force exi s t s  a1 ong the z-axi s , we ca 1 1 i t a 
"vertical" or "normal" force. If  t h i s  force i s  aerodynamic i n o r i  gi  n ,  
we frequently call  i t  a " l i f t "  force. 

I n  addition t o  defining what i s  meant by a longitudinal, 1 a t e r a l ,  
or normal force, Figure 6.1 shows tha t  moments acting about x ,  y, and z 
axes, respectively, are called rol l ing,  pitching, and yawing moments. 

Let us now consider the process by which a driver positions his  car  
relat ive t o  the roadway. His three control devices are  t h e  t h r o t t l e ,  
the brake pedal, and the steering wheel. I1 e s s e n c e ,  t h e  t h r o t t l e  
(through i t s  control over engi ne torque) controls the propuls i ve f o r c e  
applied t o  the vehicle at  the t i re /road interface so as t o  cleterrni rie f !~e  
forward speed and forward acceleration of the vehicle. Figure 6.2 shows 
the system of components involved in t h i s  control ac t iv i ty ,  namely, t h e  
accelerator pedal which controls the air-fuel flow into an engine :vhich, 
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i n  turn, creates a torque transmitted t o  a pair  o f  d r i  vi n g  wheels  by 
means of an assemblage of shafts,  gears ,  a n d  d r i v e  a x 1  e s ,  commonly 

referred t o  as the driveli  ne. This torque controls the roll ing speed of 

the t i r e  and, as we will see, the t i r e  provides the mechanism t o  app ly  
propulsive force t o  the vehicle. 

Carburator controls 
a i r / fuel  mixture 

* 

Engine 

Figure 6.2 The Drive Train 

The brake sys t em,  o n  t h e  o t h e r  hand,  i s  t h e  assemblage  o f  

components by which the force applied t o  the brake pedal t ,he  d r i  ve r  
i s  converted t o  a retarding force a c t i n g  t o  d e c e l e r a t e  o r  slow t h e  

vehicle. Figure 6.3 shows the combination of components by which t h e  
force on the brake pedal i s  converted t o  a torque a t  each of the wheels. 
This toque ,  again, cont ro ls  t h e  ro1 l i n g  s p e e d  of t h e  t i r e  :vhich 
ultimately creates a retarding (or brak i n g )  f o r c e  a t  t i le  t i  r e / r o a d  
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interface. 

Finally, we have the steering wheel which i n  combination w i t h  t h e  
steering system, diagrammed i n  F i g u r e  6 * 4 ,  prov ides  a means f o r  
displacing the front wheels about a n  essential vertical a x i s  dnd thereby 

cause the front t i r e s  t o  create a lateral  force, and, more importantly,  
a yawing moment acting on the vehicle. This yawi ng moment causes  a n  
a n g u l a r  acceleration t o  exist  a b o u t  the vertical z-axis and ,  eventually, 
a steady yaw velocity and s ides1 i p  velocity are created which means t h a t  
the vehicle i s  traversing a circular path having a f i x e d  r a d i u s .  Ye 

shall have much more to  say about th i s  turning process a t  a l a t e r  point. 

To begin t o  recognize t h e  importance of t h e  t i r e  t o  veh ic l e1  
behavior, notice that  a l l  three of these c o n t r o l  sys tems end a t  t h e  
t i r e .  The forces which f ina l ly  move (or  stop) the vehicle are generated 
a t  the t ire/road interface i n  a1 1 three axis. The purDose of a1 1 t h e  
other components of these three systems i s  t o  provide t h e  d r i v e r  ~ i t h  

control over the t i r e .  

Having identified t h r o t t l e ,  b rake-pedal  , and s t e e r i  ng-wheel 

displacement (and/or forces or t o r q u e s )  a s  t h e  c o n t r o l  d e v i c e s  or 
control inputs by which the driver positions his vehicl e i n s p a c e  and 
time, we should  d e f i n e  what i s  meant by " d i s t u r b a n c e  i n p u t s . "  
Disturbance inputs are forces applied t o  t h e  v e h i c l e  over  ; ~ h i c ? ~  t h e  
driver has no control. These forces derive from t h e  envi ronment in  
which the vehicle i s  operated. The environment tias only two facets--the 

a i r  through which the vehicle rnoves and the road surface which the t i r e s  
traverse. If the a i r  i s  moving r e l a t i v e  t o  ground i n  an i r r e g u l a r  
fashion or i f  the vehicle i s  sheltered from a wind and then exposed t o  

the wind, time-varying aerodynamic forces and moments ui  11 a c t  o n  t h e  
vehicle so as t o  produce d i r e c t i o n a l  motions which have not been 
demanded by the driver through h i s  c o n t r o l  of t h e  s t e e r i n g  wheel.  
Similarly, i f  the road profile i s  irregular r a t h e r  than  smooth, t h e  
normal forces between t i r e  and road experience a time-varyi ng be h a  v i or 

that can influence the p r o p u l s i v e ,  b r a k i n g ,  a n d  s t e e r i  119 c o n t r o l  
nrocess. Further, i f  the road surface changes i t s  f r ic t ional  cha rac te r  
(as the vehicle traverses t i l e  roadrlay), the external forces produced by 
the t i r e s  could change i n  a reasonably sudden manner, aga i  n produci  n g  
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d i  s' turbance i n p u t  over  which t h e  d r i v e r  has no c o n t r o l .  

Two f i n a l  d e f i n i t i o n s  o f  importance a r e  t h e  m e a n i n g  0.F " s t e a d y  

s t a t e "  and " t r a n s i e n t "  cond i t i ons .  By "steady s t a t e "  we mean t h a t  s t a t e  

i n  which a l l  o f  t h e  f o r c e s  and moments a c t i n g  o n  t h e  v e h i c l e  r e m a i n  

f i x e d  w i t h  t i m e  and a  summation o f  a l l  o f  t h e  p o s i t i v e  a n d  n e g a t i v e  

f o r c e s  and a  summation o f  a l l  o f  t h e  p o s i t i v e  and nega t i ve  moments y i e l d  

a  ze ro  n e t  f o r c e  and a  z e r o  ne t  moment. That  i s ,  a1 1  f o r c e s  and moments 

a r e  i n  "balance." Under these  cond i t i ons ,  t h e  f o r c e s  o n  t h e  v e h i c l e  

remain f i x e d  w i t h  t ime  u n t i l  a  c o n t r o l  i n p u t  i s  changed o r  a  d i s t u r b a n c e  

i n p u t  has been encountered. F o r  example, a v e h i c l e  t h a t  i s  dynamica l  l y  

s t a b l e  w i l l ,  a f t e r  t h e  d r i v e r  has d i sp l aced  h i s  s t e e r i n g  wheel, r e a c h  a  

s teady s t a t e  of t u r n i n g  e q u i l i b r i u m  i n  which t h e  v e h i c l e  t r a v e r s e s  a  

c i r c u l a r  pa th  of cons tan t  rad ius .  We s h a l l  f i n d  i t  v e r y  i n s t r u c t i v e  

l a t e r  t o  look  a t  t h i s  s teady t u r n i n g  c o n d i t i o n  a n d  t o  c o n s i d e r  t h e  

f a c t o r s  t h a t  govern (1) t h e  l i m i t  t u r n i n g  c o n d i t i o n  and ( 2 )  t h e  m a n n e r  

in  which t h e  v e h i c l e  behaves i f  t h e  d r i v e r  shou ld  a t t emp t  t o o  exceed t h e  

l i m i t  t u r n i n g  a b i l i t y  o f  h i s  veh ic le .  

When t h e  v e h i c l e  i s  a p p r o a c h i n g  t h e  s t a t e  o f  e q u i l i b r i u m  

corresponding t o  a  f i x e d  c o n t r o l  i n p u t ,  t h e  forces on t h e  v e h i c l e  a r e  

v a r y i n g  w i t h  t ime  and t h e  v e h i c l e  i s  s a i d  t o  be i n  a  " t r a n s i e n t "  s t a t e .  

A l though a  d e t a i l e d  unders tand ing  o f  t h e  t r a n s i e n t  s t a t e  c a n  o n l y  b e  

ob ta ined  by s o l v i n g  t h e  d i f f e r e n t i a l  e q u a t i o n s  w h i c h  d e s c r i b e  t h e  
v e h i c l e  system, we s h a l l  b r i e f l y  c o n s i d e r  some f a c t o r s  ~ i i i c h  make  

v e h i c l e s  t a k e  v a r y i n g  l e n g t h s  o f  t i m e  t o  r e a c h  a n  e q u i  1  i b r i  um s t a t e  

f o l l o w i n g  a  d r i v e r ' s  c o n t r o l  ac t i on .  We s h a l l  a l s o  want t o  c o n s i d e r  t o  

some depth t h e  o p e r a t i n g  c o n d i t i o n s  and/or v e h i c l e  c o n d i t i o n s  w h i c h  

cause t h e  t r a n s i e n t  s t a t e  t o  be unstab le .  F o r  example. i f t h s  d r i  v e r  

has d i sp l aced  t h e  s t e e r i n g  wheel, t h e  v e h i c l e  does no t  a c h i e v e  a  s t a t e  

o f  steady t u r n i n g  e q u i l i b r i u m  and, i f  l e f t  untended by t h e  d r i v e r ,  w i  1  1 

t ry  t o  exceed i t s  1 i m i t  t u r n i n g  c a p a b i l i t y .  

I n  o rder  t o  c o n s i d e r  t h e  p r o c e s s  o f  s t e e r i n g ,  b r a k i n g ,  a n d  

a c c e l e r a t i n g  i n  terms o f  t h e  a b i l i t y  of t h e  d r i v e r  t o  c o n t r o l  t h e s e  

processes (and thereby ach ieve a  d e s i r e d  t r a j e c t o r y  i n  space),  we s h a l l  

now beg in  t o  cons ide r  t h e  va r i ous  p r o p e r t i e s  o f  the  pneumatic t i r e  t h a t  

g i ve  t h e  motor v e h i c l e  i t s  un ique s e t  o f  c h a r a c t e r i s t i c s .  
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6.3 Tire Traction and Compliance 

The great success of the inflated, pneumatic t i r e  d e r i v e s  rnai nly 
from i t s  ab i l i ty  too provide a vertical ~ o m ' ~ l i a n c e  between t h e  road 

surface and the wheel, simultaneously c r ~ a t i n g  very l i t t l e  resistance t o  

forward motion. I n  addition t o  th i s  already remarkable capabili ty,  t h e  

t i r e  provides a h i g h  level,  f r ic t ional  coup1 ing be t~een  the vei-ricle and 
roadway so that  forces of sufficient magnitude can be developed t o  

provide the vehicle w i t h  acceptable levels of motivation, guidance, and 
stopping abi l i ty .  

I t  i s  probably the pneumatic t i r e ,  w i t h  i t s  unique cornbi n a t i o n  o f  

properties, which, more than any o t h e r  s i n g l e  mechanical  e l e m e n t ,  
renders the modern highwaylvehicle transportation system a r easona  bl e 
operation. Moreover, i t  i s  the single element by which, ultimately, a l l  
control forces which guide the v e h i c l e  a r e  g e n e r a t e d .  A n d  s o ,  an 
understanding of the mechanics of the pneumatic t i r e  is the inost b a s i c  
element t o  an understanding of vehicle dynamics. 

The two major c h a r a c t e r i s t i c s  of a t i r e  which i n f l u e n c e  i t s  
behavior in producing vehicle control forces are: 

1) I t s  compliance properties (how t h e  t i r e  g e n e r a t e s  f o r c e s  
through spri ng-1 i ke mechanisms. ) 

2 )  I t s  traction properties (how the t i r e  forces a re  governed by 
the tire-road fr ic t ional  coupling). 

These two characteristics are active in a l l  the different areas  of 
t i r e  f o r c e  g e n e r a t i o n ,  t h a t  i s ,  i n  l o n g i t u d i n a l  ( b r a k i n g  and 
acceleration) force generation, la teral  (turning) force generation, a n d  

the combination thereof. I n  each area, i t  i s  essentially t rue  that t h e  
compliance properties govern the generation of f o r c e s  i n  r e s p o n s e  t o  
smaller driver-control inputs (vir tual ly  a l l  normal d r i v i n g  a c t i v i t y )  
and t h a t  t raction properties govern vehicle performance in r e a c t i o n  t o  

larger control inputs (near the l imits of vehicle performance). 

Given the extreme importance of the t i r e ,  t h e  v e h i c l e  dynamics 

community has expended a great deal of effort  towards b o t h  def ini ns t he 
oeneric qualit ies of t i r e  compliance and t r a c t i o n  a n d  rneasurin2 t h e  
compliance and traction properties of individual t i r e s .  F i g u r e s  6 . 5 ,  

6.6, and 6.7 i l l u s t r a t e  seine laboratory and  over-the-road " t  i r e  f o r c e  
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dynamomters" which a re  used t o  o b t a i n  t h e  necessary  m e a s u r e m e n t s  f o r  

t hese  s t u d i  es. 

It has been found  i n  such s tud ies  t h a t  t i r e  compl iance   roper ties 

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

v e r t i c a l  l o a d  on ly .  That  i s ,  comp l i ances  g e n e r a l l y  d e p e n d  o n  t i  r e  

c o n s t r u c t i o n ,  i n f l a t i o n  pressi l re,  Near s t a t e ,  and v e r t i c a l  1  o a d i  n g  a n d  

d o  n o t  d e p e n d  on  r o a d w a y  a n d  e n v i r o n m e n t a l  f a c t o r s  o r  s p e e d .  

Converse ly ,  t r a c t i v e  p r o p e r t i e s  a r e  q u i t e  complex and depend o n  a  h o s t  

o f  va r i ab l es ,  i n c l u d i  ng: 

1) t i  r e  c o n s t r u c t i o n  p r o p e r t i e s  (cd rcass  and t r e a d  rubbe r )  

2 )  t h e  normal l o a d  on t h e  t i r e  

3 )  i n f l a t i o n  p ressure  o f  t h e  t i r e  

4 )  wear s t a t e ,  and i n  p a r t i c u l a r ,  t h e  geometry o f  t h e  t r e a d  

p r o f i l e  

5 )  t r e a d  temperature 

6)  v e l o c i t y  

7 )  a  v a r i e t y  o f  roadway p r o p e r t i e s  which c o n t r i b u t e  t o  

t h e  f r i c t i o n  mechanism 

8 )  roadway contami nants  (espec i  a1 l y  wa te r )  whose presence 

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

9 )  Speed 

I n  t h e  f o l l o w i n g  t h r e e  s e c t i o n s  we w i  11 e x a m i n e  how t h e  t i r e  

aenerates l a t e r a l ,  l o n g i t u d i n a l  and c o m b i  n e d  f o r c e s ,  r e s p e c t i v e l y  , 
th rough  compl i ance and t r a c t i o n  mechani sms. 

6.3.1 L a t e r a l  Force  Genera t ion  L e t  us beg in  w i t h  an e x a m i n a t i o n  

o f  t i r e  c o m p l i a n c e  i n  t h e  l a t e r a l  ( s i d e  f o r c e )  d i r e c t i o n .  T h e  

s i m p l i f i e d  " t i r e  model" of F i g u r e  6.8 i s  a g r e a t  h e l p  i n  c o m ~ r e h e n d i n g  

l a t e r a l  compliance. The model assumes t h a t  t h e  t i r e  w i d t h  i s  reduced t o  

zero so t h a t  i t  i s  sirnply a  f l a t  d i s c  and t h e  t r e a d  element has become a  

"deformable c i r c l e . "  I n  t h e  t o p  p i c t u r e ,  i n  which t h e  t i r e  i s  r o l l  i n g  

f r e e l y  s t r a i g h t  ahead, we see t h a t  t h e  v e r t i c a l  l o a l j  has de fo rmed t h i  s  
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c i r c l e  so  t h a t  t h e  t i r e  con tac t s  t h e  ground a lons  a  s t r a i g h t  1  i n e  o f  

some l e n g t h  c a l l e d  t h e  l i n e  o f  contact .  The cen te r  p o i n t  o f  t h i s  l i n e  

i s  d i r e c t l y  below t h e  wheel cen te r  and i s  c a l l e d  t h e  c o n t a c t  c e n t e r .  

The f i r s t  and l a s t  p o i n t s  o f  t i r e  con tac t  a re  shown a t  t h e  ends o f  t h e  

l i n e  o f  contact .  As t h e  f r e e l y - r o l l i n g  t i r e  r o l l s  f o r w a r d ,  a  g i v e n  

p o i n t  on t h e  t r e a d  c i r c l e  f i r s t  con tac ts  t i le  ground a t  the f i r s t  p o i n t  

o f  con tac t .  Th i s  p o i n t  then  remains f i x e d  on t h e  ground, bu t  appears t o  

move rearward on t h e  l i n e  o f  con tac t  a s  t h e  t i  r e  c o n t i n u e s  t o  r o l l  

forward.  F i n a l l y ,  t h e  po in t ,  s t i l l  a t  t h e  same ~ o i n t  on  t h e  g r o u n d ,  

w i l l  have moved t o  t h e  l a s t  p o i n t  o f  c o n t a c t  a n d  w i l l  l i f t  o f f  t h e  

around. Fo r  t h e  f r e e l y - r o l l i n g  t i r e  movinq s t r a i g h t  ahead ,  n o  s i d e  

f o r c e  i s  generated, 

I n  t h e  second p i c t u r e ,  t h e  s ides1  i p p i n g  t i  r e ,  t h e  t i r e  i s  - n o t  

moving i n  e x a c t l y  t h e  d i r e c t i o n  i t  i s  po in ted .  The d i r e c t i o n  o f  t r a v e l  

d i f f e r s  f rom t h e  d i r e c t i o n  t h e  rrheel i s  f a c i n g  by an ang le  a c a l l e d  t h e  

s l i p  angle. Nevertheless,  l e t  us assume f o r  t h e  moment t h a t  a n y  p o i  n t  

on t h e  t r e a d  c i r c l e  w i l l  s t i l l  remain i n  a  f i x e d  p o s i t i o n  on t h e  g r o u n d  

w h i l e  i t  i s  i n  con tac t  w i t h  t h e  ground. (Th i s  i s  t h e  e s s e n t i a l  p rope r t y  

o f  t h e  compliance regirne which d i s t i n g u i s h e s  i t  f r o m  t h e  t r a c t i o n  

regime.) Wi th  t h i s  assumption, t h e  f i g u r e  shows t h a t  t h e  ac tua l  1  i n e  o f  

con tac t  i s  a n g u l a r l y  d i sp l aced  f r o m  t h e  1 i n e  o f  c o n t a c t  w i i i c h  t i l e  

f r e e l y - r o l l i n g  t i r e  would have assumed and, t h e r e f o r e ,  a s  e a c h  p o i n t  

moves rearward a long  t h i s  l i n e  (and s tays  f i x e d  t o  t h e  r o a d ) ,  i t  m u s t  

~ r o g r e s s i v e l y  d i s p l a c e  sideways. I f  we t h i n k  o f  e a c h  1 i t t l e  t r e a d  

element as be ing  connected t o  t h e  wheel by a  sp r ing ,  t h e n  these  s p r i n g s  

must be s t r e t ched  l a t e r a l l y  as each element moves  a1  o n g  t h e  1  i n e  o F 

contact .  F i g u r a t i v e l y ,  i t  i s  t h e  s t r e t c h i n g  o f  t h e s e  s p r i n g s  w h i c h  

produces t h e  compl i a n t  1  a t e r a l  fo rces .  

The bottom p i c t u r e  o f  F i g u r e  6.8 shows a n  o v e r h e a d  v i e w  o f  t h e  

contact  patch area. N a t u r a l l y ,  as each s p r i n g  i s  s t r e t c h e d  f u r t h e r ,  t h e  

l a t e r a l  f o r c e  which i t  p rod l~ces  gets  l a r g e r .  Thus, i f  t h e  l a t e r a l  f o r c e  

d i s t r i b u t i o n  stiown i n  t h e  f i g u r e  were rep laced  by t h e  t o t a l  r e s u l t a n t  

f o r c e  ( a l s o  shown), we can see t h a t  t h i s  r e s u l t a n t  f o r c e  w o u l d  h a v e  a  

cen te r  o f  a c t i o n  some d i s t ance  behind t h e  t i r e ' s  c o n t a c t  c e n t e r .  T h i s  

d is tance  i s  c a l l e d  t h e  "pneumatic t r a i l "  (and i s  c o n s i d e r e d  p o s i t i v e  
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when the resultant force i s  behind the contact c e n t e r . )  Because t h e  

la teral  force does act behind the contact center, the t i r e  and wheel riot 

gnly experience a s ide force,  b u t  a l s o  a " r e s t o r i n g "  o r  " a l i g n i n g  
moment" about the z axis of the t i r e .  (Notice tha t ,  sincg the resultant 

force i s  behind the contact center, ttie aligning ~nornent acts on t)ie t i r e  

in a direction which would tend too "restore"  t h e  t i  r e  t o  a f r e e l y -  
roll ing condition, tha t  i s ,  t o  "align" t h e  t i r e  d i r e c t i o n  w i t h  t h e  

direction of t ravel . )  Lateral force and aligning moments devel oped i  n 
t h i s  way are the forces which determinethe turning motion of a v e h i c l e  

in normal driving. With respect t o  vehicle behavi o r ,  1 a t e r a l  f o r c e  
nlays, by f a r ,  the major role (and l a t e r  we will i g n ~ r e  a1 i g n i n g  inoment 

when examining vehicle handling.) However, the a1 igning moment i  s ,  i  n 
part, responsible f o r  the steerirlg torque which a dr iver  fee ls  and which 
tends to  bring the steering wheel a n d ,  as a resul t ,  the v e h i c l e ,  t o  a 
s t ra ight  ahead condition should the driver release the  s teer i  ng wheel. 

Let us now express the resul ts  of th is  model mathematical l y  . I f  

the spring elements of the t i r e  are 1 i near  ( f o r c e  developed i s  i n  

proportion t o  the distance s t retched) ,  which they generally are ,  then we 
can write the following equation: 

where 

F i s  the la teral  Force produced 
Y 

i s  the aligning m m n t  produced 

a i s  the s l i p  angle 

C, i s  the t i r e ' s  cornering s t i f fness  

X i s  the t i re ' spneumat ic  t r a i l  
P 

Eouat ion ( 6 . 1 )  s t a t e s  t h a t  t h e  l a t e r a l  f o r c e  produced i s  

~roport ional  t o  the t i r e  sl  i  p angle. The proportional i ty cgnstant, C,  , 
i s  called the t i r e ' s  cornering s t i f fness .  (C, can be roughly thought of 
as the effective stifr 'ness o f  t h e  s p r i n g  e l e m e n t s  of t h e  model . )  

Cornering s t i f fness  i s  the most important fundamental t i  re propert\/ f o r  
the normal driving regime. - 
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Equation (6 .2)  s ta tes  that aligning mment i s  also proportiona 1 t o  
s l i p  angle. The proportionality constant ( C a  x,) i s t h e  p r o d u c t  o f  
cornering s t i f fness  times pneumatic t r a i l .  For convenience ,  t h i s  
product i s  often t h o u g h t  of as a single t i r e  property, aligning moment 
s t i f fness  (CMZ) S O  that Equation (6.2) can be restated as: 

Now, l e t  us return and examine our original a s sumpt ion ,  namely, 
t h a t  any point on the tread circle  (dhile i t  i s  i n  c o n t a c t  wi th  t h e  
ground) will remain fixed o n  the ground, even when a non-zero s l i p  angle 
exists. Tiiis assumption i s  reasonably valid when, i n  our model, t h e  
force developed by a spring element does not  become l a r g e  enough t o o  
overcome the f r ic t ion  between the tread sle~~lcnt and  the road. I n  o t h e r  
words, i f  we continue t o  stretch a spring far enough, sooner  o r  l a t e r  
enough force will develop so that  the point on the tread can no 1 onger  
stay fixed on the road and i t  w i l l  begin t o  s l i d e  s ideways .  T h i s  

happens  hen and because the s p r i n g  f o r c e  has reached t h e  maxirnu:n 
possible (saturation) f r ic t ion  force. 

Consider Figure 5.9 where the overhead view of our t i  r e  model i s 

again shown. In the figure,  the model t i r e  i s  shown experiencing larger 
and  larger s l i p  angles as we proceed from the t o p  t o  the bottom picture. 
A t  the l e f t  of each picture, the maximum available lsvcl o f  f r i c t ion  i s  

shown. I n  the t o p  picture, a i s  suf f ic ien t ly  sin31 1 t h a t  t h e  s p r i n g  
forces never reach th i s  level and the t i r e  i s  o p e r a t i n g  w i t h i n  t h e  
compliance regime. I n  the second p i c t ~ l r e ,  a '13s increased t o  the 2oi n t  

that the spring force has just reached th i s  maximum lev21 as t h e  t r e a d  
element leaves the ground. This i s  the limit of the "pure compl i ance"  
regime f o r  our model. In the third picture, t r a c t i o n  p r o p e r t i e s  a r e  
beginning t o  have an effect.  Spring elements are reaching t h e  maxi m u m  

level before leaving the contact patch. Therefore, near the rear of the 

contact patch, the tread elements a r e  n o  l o n g e r  f i x e d  o n  t i l e  road 
surface and are sliding t o  maintain only the rnaxiinum a v a i l a b l e  f o r c e  

level. As a increases, sl iding begins ear l ie r  and ear l ie r .  I n  the l a s t  
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g i c t u r e ,  t h e  l i m i t i n g  c o n d i t i o n  o f  ou r  model i s  n e a r l y  reached. 

What a r e  t h e  i m p l i c a t i o n s  o f  t h i s  behav io r?  F i r s t ,  o n c e  s l  i d i  n g  

takes  p lace ,  Equat ions (6.1), ( 6 . 2 ) ,  and ( 6 . 3 )  n o  l o n g e r  h o l d  t r u e .  

S ide  f o r c e  i s  not  developed i n  p r o p o r t i o n  t o  s l i p  angle  a s  i t  was f o r  

smal l  ang les  and t h e  t i r e  i s  s a i d  t o o  be o p e r a t i n g  i n  t h e  n o n l i n e a r  

range. F i g u r e  6.10 shows a  t y p i c a l  r e l a t i o n s h i p  b e t w e e n  a a n d  s i d e  

f o r c e  f o r  a  b i a s - b e l t e d  t i r e .  The f i g u r e  shows t h e  reason  f o r  t h e  terms 

l i n e a r  and n o n l i n e a r  range. F o r  sma l l  a, where F i s  p r o p o r t i o n a l  t o  a, 
Y 

t h e  r e l a t i o n s h i p  appears on t h e  graph as a  ~ L L r a i g i i t  1  i n e  ( l i n e a r ) .  A t  

h i g h e r  a, where t h e  t i r e  i s  s l i d i n g  i n  t h e  c o n t a c t  p a t c h ,  t h e  c u r v e  

"rounds o f f "  ( n o n l i n e a r ) .  The graph shows t h a t  t h e  maximum t o t a l  s  i d e  

f o r c e  which t h e  t i r e  c a n  p r o d u c e  w i l l  o c c u r  a t  a r o u n d  10 -15 '  o f  

s ides1 i p. (Our model was no t  s u f f i c i e n t l y  complete t o  demonstrate t 'n i s  

behav io r ,  bu t  r e a l  t i  r e  da ta  shows t h i s  t o  be so. ) Radi  a1 t i  ros  d i  f f e r  

somewhat from t h e  b i a s  t i r e  shown. Rad ia l s  t end  t o  be s t i f f e r  ( h i g h e r  

Ca), making t h e  l i n e a r  p o r t i o n  of t h e  graph s teeper .  Thus, t h e  max i  mum 

s i de  f o r c e  w i l l  occur  a t  a s m a l l e r  s l i p  ang le  (5-10 degrees) ,  b u t  w i  1  1 

be about t h e  same value. 

F o r  r e a l  t i r e s ,  s l i d i n g  occurs  o v e r  much ( b u t  n o t  a l l  ) o f  t h e  

con tac t  pa tch  when peak s i d e  f o r c e  i s  generated. Thus, i t  i s  c l e a r  t h a t  

ueak s i d e  f o r ce  i s  1  a r g e l y  d e t e r r n i  n e d  by  t h e  t i  r e - r o a d  f r i  c t  i b n  

mechani sm. General l y  , f o r  f r i  c t  i onal p r o p e r t i e s  , t h e  s  1  i d i  ng f o r c e  (F 
Y '  

i n  t h i s  case) i s  p r o p o r t i o n a l  t o o  t h e  normal ( v e r t i c a l )  f o r c e  (FZ, i n  

t h i s  case) where t h e  p r o p o r t i o n a l i t y  cons tan t  i s  c a l l e d  t ? e  c o e f i i c  i e  n t  

o f  f r i c t i o n .  I n  t i r e  mechanics, t h i s  c o e f i i c i  ent  i s  u s u a l l y  represen ted  

as 1. Therefore, maximum s i d e  f o r c e  can be a p p r o x i  m a t e d  by t h e  

equat ion:  

We see t h a t ,  as t h e  l o a d  c a r r i e d  by a  t i r e  i n c r e a s e s ,  t h e  s i d e  f o r c e  

c a p a b i l i t y  of t h e  t i r e  genera l  13 i nc reases  p r o p o r t i o n a t e l y .  (Eq. 6.5 i s  

no t  e x a c t l y  co r rec t .  L a t e r  i n  d i s c u s s i n g  l i m i t  h a n d l i n g ,  we w i  1 1  s e e  

t h e  importance o f  t h i  s  f ac t .  ) 

Now r e f e r  t o  F i g u r e  6.11 which i s  a  regea t  of F i g u r e  9 ,  b u t  w i t h  

t h e  r e s u l t a n t  s i d e  f o r c e  and pneumatic t r a i l  a l s o  shown. A s  t h e  s i d e  
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force  begins t o  sa tu ra te  and the  s ide  force  d i s t r ibu t ion  "squares o f f ,  " 
the  center of act ion of the s ide  force  moves fonvard toward the  c o n t a c t  
center  and the pneumatic t r a i l  grows smaller. For our model, pnegmat i c 
t r a i l  goes t o  zero a t  the  l imi t ing condition. For real t i r e s ,  pneumatic 

t r a i l  can actually cross over t he  contact center  and become n e g a t  i  ve.  

This means, in very severe maneuvers, the  s t e e r i  ng-wheel t o rque  (whi ch 
usually tends t o  return the  wheel too a neutral condit ion) e x p e r i e n c e d  
by the  dr iver  can become very small or 2vpn reverse,  tcndi ng to3  produce 
more, rather than l ess ,  s t ee r .  In emergency s i  t u d t i  ons, t h i s  pilenomenon 
can add t o  the confusion of the d r ive r  who has a1 ready Seen placed i n a 

About 10-15 
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demanding s i t u a t i o n .  

We have d i  scussed t h e  mechanisms by which a  t i r e  producz s 1  a t e  r a  1  

f o r c e s  i n  response t o  s l i p  angle. T i r e s  can a l s o  produce l a t e r a l  f o r c e  

i n  response t o  camber angle. Camber angle  i s  t h e  a n g l e  a t  w h i c h  t h e  

t i r e  i s  i n c l i n e d ,  as shown i n  F i g u r e  5.12. The l a t e r a l  f o r c e  p r o d u c e d  
1 i n  response t o o  c a m b e r  a n g l e  i s  s i n a l l  ( f o r  p a s s e r l g e r  c a r s  ) i n  

c o m p a r i s o n t o  s l i p  a n g l e  f o r c e s .  F u r t h e r ,  t h e  p n e u m a t i c  t r a i l  

assoc ia ted  w i t h  camber s i d e  f o r ce  i s  sma l l ,  t hus  p r o d u c i n g  v e r y  s m a l l  

a l i g n i n g  mments. 

E a r l i e r  we noted t h a t  a  v a r i e t y  o f  o p e r a t i n g  v a r i a b l e s  can have  a n  

e f f e c t  on t h e  compl iance and t r a c t i o n  performance o f  t i r e s .  The e f f e c t  

o f  many o f  these  v a r i a b l e s  i s  r e l a t i v e l y  smal l  and o n l y  o f  impor tance i n  

d e t a i l e d  s t u d i e s .  H o w e v e r ,  c e r t a i n  o f  t he j n  ,nay b e  o f  c r i t i c a l  

importance t o  l a t e r a l  fo rce  mechanisms. F i r s t  i s  t h e  e f f e c t  o f  v e r t i c a l  

load. We have a1 ready noted t h a t  because o f  t he  n a t u r e  o f  t h e  f r i c t  i o n  

mechanism, peak  s i d e  f o r c e  c a p a b i l  i i n c r e a s e s  ~nli ti1 v e r t i c a l  

load. (Equa t ion  6 -5 . )  I t  i s  g e n e r a l l y  t r u e  a l s o  t h a t  c o r n e r i r i g  

s t i f f n e s s  w i l l  i n c rease  w i t h  l o a d  i n  t h e  normal l o a d i n g  range o f  a  t i r e .  

A t  r e l a t i v e l y  h i g h  loads,  h o w e v e r ,  t h e s e  e f f e c t s  inay beeor~ ic?  l e s s  

oronounced. Next i s  t h e  e f f e c t  o f  i n f l a t i o n  pressure.  Over t '?e norma 1  

range o f  i n f l a t i o n  p ressure  used i n  p a s s e n g e r  c a r  t i r e s ,  c o r n e r i n g  

s t i f f n e s s  (C, ) g e n e r a l l y  decreases as i n f l a t i o n  p r e s s u r e  d e c r e a s e s .  

Very low p ressure  Se lo r  20 p s i  can r e s u l t  i n  d ramat i c  r e d u c t i o n  i n  C, 

( L a t e r  we w i l l  s e e  t h a t  t h i s  may b e  v e r y  i m p o r t a n t  t o  v e h i c l e  

s t a b i l i t y . )  Second, roadway c o n t a m i  n a n t  s  ( e s p e c i  a1  l y  w a t e r )  car1 

d ramat i ca l  l y  reduce t h e  maximum s i d e  f o r c e  ( t r a c t  i o n )  c a p a  b i  1  i t y  o f  a  

t i r e .  A t  h igh  speeds, and f a i r l y  l a r g e  ~ a t e r  d e p t h s ,  a  t i r e  may 

a c t u a l l y  l o s e  con tac t  w i t h  t h e  road a n d  r i d e  o n  a  f i l m  o f  w a t e r  ( a  

orocess known as "hydrop lan ing" ) .  t h i r d  f a c t o r ,  wear s t a t e ,  can a 1  s o  

be impor tant .  A b a s i c  purpose o f  t r e a d  p a t t e r n s  molded i n t o  t i r e s  i s  t o  

p rov i de  pathways f o r  i ~ a t e r  t o  escape f r o m  t h e  c o n t a c t  reg ion .  Badly  worn 

t i r e s  reduce the s i z e  of these pathways and may d r a m a t i c a l l y  d e g r a d e  a 
- 

'1t  i s  o f  i n t e r e s t  t o  note,  however, t h a t  s i d e  f o r c e s  generated b y  
camber angle, r a t h e r  t h a n  by s i d e  s l i p ,  a re  t h e  dominant s i d e  f o r c e s  f o r  
motorcyc les and b i cyc l es .  
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F igu re  6.12 T i r e  a t  a non-zero Camber Angle 

t i r e ' s  wet t r a c t i o n .  We w i l l  examine t h e  importance o f  some o f  t h e s e  

e f f e c t s  l a t e r  i n  t h e  d iscuss ion  of veh i c le  handl ing. 

6.3.2 Long i tud ina l  T i r e  F o r c e  G e n e r a t i o n  A s  was t h e  c a s e  i n  

1 atera1 f o r c e  generat ion, bo th  compliance and t r a c t  i o n  ~nechani slns p l a y  a 

r o l e  i n  t h e  generat ion o f  1 ongi t u d i  nal f o rces  (brak i rly awl  dccr l  er;t :i JII) 

developed by t h e  pneumatic t i r e .  I n  t h e  f o l l o w i n g  d i scuss ion ,  we w i l  1 

concern ourselves p r i m a r i l y  w i t h  brake f o r c e  g e n e r a t i o n ,  r e m e m b e r i n g  

t h a t  acce le ra t i ng  fo rces  are  developed i n essc f l t i a l  l y  t h e  same inanner. 

A t i r e  model s i m i l a r  t o  t h e  one employed p r e v i o u s l y  a p ? e a r s  i n  
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F i g u r e  6.13. Here we see t h e  t i r e  i n  t h e  s i d e  view and again  we m o d e l  

t h e  t i r e  as hav ing spr ing -1  i k e  demen ts  d t l ich  a t t ach  t h e  t r e a d  e l e m e n t s  

t o  t h e  t i r e  carcass. I n  t h i s  case, t i l e  sp r ings  e x h i b i t  romp1 i a n c e  i n  

t h e  1  ongi  t u d i  na l  d i  r e c t i  on. 

I n  t h e  f i r s t  t r ead  area "close-up," t h e  t i r e  i s  f r e e l y  r o l l i n g  a n d  

no a c t i o n  i s  t a k i n g  p l ace  t o  s t r e t c h  t h e  spr ings.  Each t r e a d  e l e l n e n t  

touches t h e  ground a t  t h e  f i r s t  p o i n t  o f  con tac t  and s tays  f i x e d  t o  t h e  

around w h i l e  t r a v e l  i ng through t h e  con tac t  patch, f i n a l  l y  depar t  i nu t h e  

ground a t  t h e  end o f  t he  con tac t  patch. I n  t h i s  " f r e e l y - r 3 l l i n g  s t a t e , "  

t h e  wheel i s  sp i nn ing  a t  a  r o t a t i o n a l  v e l o c i t y  (o) s o  t h a t  t h e  t r e a d  

elements, l o ca ted  on t h e  wheel a t  a  r a d i  u s  ( R ) ,  h a v e  a n  e f f e c t i v e  
2 

v e l o c i t y  which i s  equal t o  t h e  t r a n s l a t i o n a l  v e l o c i t y  ( V )  . T h a t  i s ,  

i n  equa t i on  f o rm  

Consequently, no s p r i n g  s t r e t c h i n g  i s  r e q u i r e d  f o r  t h e  t read element t o o  

s tay  f i x e d  on t h e  ground. 

I n  t h e  second close-up view, a  smal l  brake t o rque  has been a p p l  i e d  

t o  t h e  t i r e  causing i t s  s p i n  v e l o c i t y  (o) t o  s l o w  down,  a l t i i o u g h  i t  

c o n t i n u e s  t o  t r a v e l  ( i n  t r a n s l a t i o n )  a t  t h e  same s p e e d  ( V ) .  

Consequently, t h e  roadway i s  moving p a s t  t h e  t i r e  :nore r a p i d l ; ~  th3n  c a n  

be accounted f o r  by t h e  s p i n  v e l o c i t y  o f  t h e  t i r e .  T h a t  i s ,  'i x w < : I .  

Yon, when a  t r e a d  element en te rs  t h e  con tac t  patch and rernairis f i x e d  t o  

t h e  ground, i t s  s p r i n g  element must s t r e t c h  rearward t o  account f o r  t h e  

d i f f e r e n c e  i n  d i s t ance  t r a v e l e d  due t o  t h e  e f f e c t i v e  d i f f e r 3 n c e  i n  

v e l o c i t i e s .  The s p r i n g  s t r e t c h  r e s u l t s  i n  t h e  development o f  a  b r a k e  

fo rce .  

Thus, i n  t h e  compliance regime, brake f o r c e s  develop i n  p r o p o r t  i o n  

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

v e l o c i t y .  T h i s  d i f f e r e n c e  i s  c d l l e d  l o n g i t u d i n a l  s l i p  ( S )  a n d  c a n  b e  

expressed i n  equat ion f o m  a s  

2 ~ n  these "closeups," i t  i s  more convenient  t o  t h i n k  o f  t h e  t i r e  
as s tand ing  s t i l l  ( bu t  sp i nn ing  a t  a  speed, o )  and t h e  roadway p a s s  i n g  
by t h e  t i r e .  Thus, V i s  shown as t h e  " r e l a t i v e  roadway v e l o c i t y . "  
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Figure 6.13 Tire Model f o r  Compliant Brake Force Generation 
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Expressed i n  t h i s  manner, we can see that during braking, sl  il:, rnay vary 

from (0)  a t  freely roll ing ( R  x w = V ,  therefore ?o/V = 1)  t o  ( 1 )  w h e n  

the wheel i s  "locked up" ( o =  0 ) .  3 

I n  the compliance regime, brake forces develop in proportion t o  the 

i m o u n t  of s l ip .  That i s  

where 

F i s  the total  brake forc? 
X 

and 

Cs i s  the proportionality constant and i s  called the 
longitudinal s t i f fness  of the t i r e .  

Tracti on properties come i  n t  o pl ay i  n 1 ongi tudi nal force generat i  on 

nuch as they d o  i n  l a t e r a l  f o r c e  g e n e r a t i o n .  When s l i p  becomes 

suff ic ient ly  large, tread elements in the r e a r  of t h e  c o n t a c t  p a t c h  
begin t o  s l ide  as the "spring force" becomes larg2 enough t o  overcome 

the available f r i c t ion  limit. 

Figure 6.14 i l l u s t r a t e s  the typical re1 a t  i  onshi p between b r a k e  

force and s l i p  over the f u l l  range of pos i t ive  s l i p  ( b r a k i n g .  ) The 
figure shows a number of interesting points. F i r s t ,  the t i r e  compliance 

0 

oroperties dominate the braking process only a t  lower levels of s l i  ? a s  

indicated by the linear portion of the graph, y e t ,  rat112r hiyh b r a k e  

forces are available in th i s  "linear" region. V i r t u a l l y  a1 1 normal 

level braking takes place in the l inear  or  compliant range. 

Second, rather shortly a f t e r  the t r a c t i o n  p r o p e r t i e s  b e 3  i :I t o  

dominate, rnaxilnum available brake force i s  obtained. The maximum b r a k e  

iorc? generally occgrs a t  about .2 s l ip .  A t  higher s l  i  p v a l u e s ,  t h e  
level of braking force actudlly f a l l s  o f f ,  and  as the graph shows, - t h e  
braking force of a fully-locked wheel ( S = l )  i s  l e s s  t h a n  t h a t  of a 
wheel spinning only 20% slower than f r e e  rol l ing (S= .2 ) .  

3 ~ o  develop acceleration forces,  s l i p  m s t  be negative. T i a  t i  s  , 
R w > V. In the extreme, during a "jack-rabbit s t a r t , "  the wi.lee? s pi ns 
very f a s t  while V i s  nearly zero and  s l i p  becomes a very large negat ive  
number. 
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As was the case in la teral  force generation, l o n g i t u d i n a l  f o r c e  
generation i n  the traction range i s  dominated by the f r i c t i on  p r o c e s s .  

Therefore, data of the type shown in Figure 14 i s  o f t e n  di  s p l a y e d  i n 
terms of the apparent coefficient of f r i c t i o n  r a t h e r  t h a n  a s  b rake  

force. That i s  recalling Equation (6.5), we may express brake force as 

or, restated 

By dividing the brake force by the vertical load, we obtain an effect ive 
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f r i c t i o n  c o e f f i c i e n t .  Th i s  process can be used t o  r e d i s p l a y  t he  da ta  o f  

F i g u r e  6.14 as shown i n  F i gu re  6.15. I n  t h e  f i g u r ?  we h a v e  d e s i g n a t e d  

t h e  peak f r i c t i o n  c o e f f i c i e n t  a s  p a n d  t h e  s l i d i n g  f r i c t i o n  
P  

c o e f f i c i e n t  as pS. On c l ea r ,  d ry  roads, passenger c a r  t i r e s  q e n e r a l  l y  

havepL ,  a n d p  values which may b e  t y p i f i e d  a s  a b o u t  1 . 0  a n d  0 . 9 ,  
S 

r e s p e c t i v e l y .  Note t h a t  t h e  d rop -o f f  f rom oeak  t o  s l  i de  i s  n o t  t o o  

severe under these  cond i t i ons .  On t h e  o t h e r  hand, on wet roads ( ; .~ i thout  

hydrop l  a n i  ng)p and pS may be as low as 0.7 and 0.4, r e s 9 e c t  i v e l ~ l .  
P 

! lo t ice t h a t  no t  on l y  have bo th  peak and s l i d e  values d r o p p e d  o F f ,  b u t  

t h a t  t h e  s l i d e  va lue on wet roads may be d r a m a t i c a l l y  l o w e r  t h a n  - -- -.-.-- t h e  - 
peak va lue  on t h e  same wet road. --- 

F igu re  6.15 Typ i ca l  R e l a t i  onsh ip  between apparent 
f r i c t i o n  c o e f f i c i e n t  and l o n g i t u d i n a l  s l i  p. 

I n  p r a c t i c e ,  t h e  t i r e  canno t  b e  e f f e c t i v e l y  u s e d  i n  t h e  a r e a  

between peak and s l i d e  (except  i f  t h e  v e h i c l e  i s  e q u i p p e d  w i t h  an 
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a n t i l o c k  system). I f  t h e  d r i v e r  a p p l i e s  s u f f i c i e n t  b rake  pedal  f o r c e  t o  

a t t a i n  peak b rake  f o r c e  ( o r  s l i g i i t l y  more), t k e  t i r e  w i l l  p r o c e e d  v e r y  

a u i c k l y  ( w e l l  under a  s e c o n d )  t o  l o c k  up .  T h i s  h a p p e n s  f o r  t h e  

f o l l o w i n g  reason. I f  s u f f i c i e n t  to rque  i s  deve loped  b y  t h e  b r a k e  t o  

e v e r - s o - s l i g h t l y  exceed t h e  brake t o rque  r e q u  i r e d  f o r  m a x i  mum b r a k e  

f o r c e ,  t hen  t h e  excess t o rque  w i l l  f u r t ' l ? r  s low down t h e  wheel s o  t h a t  

s l i p  w i l l  i n c rease  s l i g h t l y  above t h e  s l i p  r c q i l i r e d  f o r  maximum t o r q u e .  

As shown by F i g u r e  6.14, t h i s  increased s l i p  r e s u l t s  i n  somewha t  - l e s s  

brake  f o r ce ,  i m p l y i n g  even more excess to rq l le  a v a i l  ab le  t o  f u r t h e r  s 1  ow 

t h e  wheel. F u r t h e r  s low ing  produces more s l  i p - - s t i l l  l e s s  b rake  f o r ce - -  

more excess ive t o r q u e - - f u r t h e r  s l o w i n g - - e t c . ,  e t c .  T h i s  s e r i e s  o f  

events  takes p l a c e  v e r y  r a p i d l y ,  o n c e  t h e  b r a k e  t o r q u e  l i m i t  i s  

exceeded, and r e s u l t s  i n  v i r t u a l l y  i nstantaneous l ock  up. 

6.3,4 Combined T i r e  F o r c e s  I n  c o m b i n e d  b r a k i n g  a n d  t u r n i n g  

maneuvers, t h e  t i r e  must produce bo th  l a t e r a l  and l o n g i t u d i n a l  f o r c e s  

s imul taneous ly .  When t h i s  i s  t h e  c a s e ,  t h e  t w o  f o r c e  g e n e r a t i o n  

mechanisms i n t e r a c t ,  and t h e  r e s u l t i n g  f o r c e s  a re  g e n e r a l l y  ( b u t  n o t  

a lways)  bo th  sma l l e r  than  they  would be i f  they  w e r e  b e i n g  g e n e r a t e d  

i n d i  v i  dua l  l y  , 

F igures  6.16 and 5.17 i l l u s t r a t e  t h e  " c ross - sens i t  i v i  t i  e s "  f o r  a  

, b i a s  and a  r a d i a l  t i r e  ( i n  t h i s  case on a  wet c o n c r e t e  s u r f a c e . )  I n  

F i g u r e  6,16 we see t h e  e f f e c t  o f  1 o n g i  t u d i  n a l  s l i p  o n  s i d e  f o r c e  

aenerat ion.  The graphs show t h e  r e l a t i o n s h i p  be tween  s i d e  f o r c e  a n d  

s l i p  angle  w i t h  each curve  be ing  o b t a i n e d  a t  a  d i f f e r e n t  a m o u n t  o f  

l o n g i t u d i n a l  s l i p .  We see t h a t  s m a l l  v a l u e s  o f  l o n g i t u d i n a l  s l i j  

( n r i t h i n  t h e  1  ongi t u d i  na l  compl iance  range) produce on l y  1cx1iler3 t e  chdnges 

i n  s i d e  f o r c e  behavior.  However, once l o n g i t u d i  n a l  s l  i p  e n t e r s  t h e  

t r a c t i o n  range, t h e  a b i l i t y  o f  t h e  t i r e  t o  p r o d u c e  s i d e  ---- f o r c e  i s  

~ e r i o u s l y  degraded. When t h e  t i r e  i s  f u l l y  l ocked  up i n  b r a k i n g  ( S  = 

1.0), i t s  a b i l i t y  t o  produce s i d e  f o r c e  i n  response  t o  s l i p  a t q l e  i s  

very poor. 

F i g u r e  6.17 i l l u s t r a t e s  t h e  e f fec t  of s l i p  ang le  o n  l o n g i t u d i n a l  

f o r c e  generat ion.  I t  can b e s e e n  t h a t ,  a g a i n ,  when s l i p  a n g l e  i s  

s u f f i c i e n t l y  smal l  t o  be w i t h i n  t h e  c o m p l i a n c z  r a n g ? ,  i t s  e F f e c t  o n  

l o n g i t u d i n a l  f o r c e  genera t ion  i s  smal l .  I t s  e f f e c t  o n  l o n g i t u d i n a l  
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Figure 6.16 The E f f e c t  of Longitudinal  S l i p  on Side Forca Generat ion 
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Figure 5.17 The effect of side slip o n  longitudinal f o r c e  generation 
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force becomes greater a t  higher s l ip  angles, b u t  i s gene ra l  l y  n o t  a s  

severe as the effect wiiicti 1 ongi tudi nal s l  i p had gn side force. 

The general implications of these c r o s s - s e n s i t i v i  t i e s  i n  t i r e  

.~echani cs are: 

1 )  Severe braking c a n  g r o s s l y  degrade  t h e  hand1 ing  r e sponse  

characteristics of the automobile. 

2 )  Severe turning also degrades braking capabi l i  t y ,  b u t  gener a1 1 y 
not so completely as the reverse situation above. 

We wi 1 1  examine these findings inore deeply i n l a t2r  sections. 

6.4 Vehicle Hand1 i nq 

For a four-wheeled, pneumati c-t i red vehi c1 e t o  experience a turni ng 

maneuver, a very complex mechanicdl p r o c e s s  must t a k e  p l a c e .  Th i s  
process i s  i l lus t ra ted ,  only in part, i n  Figure 6.18. T+e ver?icle i s a 
steady turn. To i n i t i a t e  the turn, front wheel s teer  angles h a v e  Seer,  

introduced (a1 and a 2 ) e  Inmaking the turn, the vehicle experi encas  a 
(r 

lateral  acceleration ( A Y )  which gives r i se  t o  cen t r i f i aa l  f o r c e  ( F " ) .  
.I 

Tire side forces ( F  F y F  ,F ) must develop t o  coilnteract iy a n d 4  t o  
y l '  Y 2  Y3 ~4 .I 

produce a yaw moment balance. T h u s ,  each t i r e  devel ops a s 1 iil a i  g l  e 
The radius of the turn ( R )  and the s l i p  angles reqir i red 

establish the angular orientation of the vehicle re la t ive  i:o t h e  t u rn. 
in th is  case, the vehicle i s  not traveling in the direction i t  is iaciriy 

and so the vehicle has a body s idesl ip  angle ( p ) .  Having a s l i p  dnjle, 
t h e  v e h i c l e  a l s o  has a s i d e s l i p  v e l o c i t y  component ( v ) .  I t s  
longitudinal velocity component ( u )  combines with v t o  produce the total  
velocity ( V ) .  The vehicle also has a rotational velocity ( r )  a b o u t  t i l e  

turn center. Because the centrifigal force (F,) acts  through the center 
of gravity (c-g.)  which i s  above the ground p l ine  a t  d heigilt ( I  ) t h e  

vehicle experiences a roll  moment. T h i s  moment must be r e a c t e d  by 
vertical t i r e  loads. Therefore, the outside t i r e s  have larger vert i ca l  

loads (FZ1 a n d  F Z 3 )  than the inside t i r e s  (FZZ and F Z 4 ) .  S i n c e  tile 
front wheels are steered, the front *heel s ide  forcas am1 iy2) have 

J 

a small component of forces acting longitudinally. For ' . ' ~ e  veili c 1  e t o  
aaintain speed, a drive thrust (Fx3 and  Fx4) i s  needed t o  i ~ a l a o c e  t h e s e  
force components. 
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Sure ly ,  t h e  reader  has a1 ready decided t h a t  F i g u r e  6.18 i s  no t  t h e  

way t o  be i n t r oduced  t o  v e h i c l e  handl ing.  I t  i s  f a r  t o o  c o m p l e x  e v e n  

though i t  i s  a c t u a l l y  q u i t e  incomplete.  To begin, we w i l l  s i m p l i f y  t h i s  

model q u i t e  a  b i t  more. F i r s t  we w i l l  concern ourse lves  o n l y  w i t h  " yaw  

n lane"  (overhead v iew)  cons idera t ions ,  i g n o r i n g  r o l l  c o n s  i d e r a t i  o n s .  

Second, we w i l l  c o l l a p s e  t h e  v e h i c l e  i n t o  a  two-wheeled " b i c y c l e "  model, 

assuming t h a t  t h e  s l i p  angles o f  t h e  two t i r e s  on a  g i v e n  a x l e  a r e  v e r y  

n e a r l y  t h e  same. ( T h i s  r e q u i r e s  t h a t  t h e  t u r n  r a d i u s  i s  l a r g e  i n  

comparison t o  t h e  w i d t h  o f  t h e  veh ic le ,  a  c o n d i t i o n  w h i c h  i s  n e a r l y  

always t r ue .  ) 

(For  c l a r i t y ,  F i g u r e  6.19 i s  shown out  o f  p ropo r t i on .  I n  f a c t ,  t h e  

t u r n  rad ius ,  R, i s  much l a r g e r  t h a n  shown and i s  very  l a r g e  r e l a t i v e  t o  

t h e  v e h i c l e  wheelbase ( f ) .  Th i s  m i s - p r o p o r t i o n i n g  a1  1  ows a1  1  o f  t h e  

angles i n  t h e  f i g u r e  t o  be shown much l a r g e r  t h a n  t h e y  a r e .  F o r  t h e  

smal l  angles which a c t u a l l y  p r e v a i l ,  a l l  f o r c e s  (Fy, Fyf, and F  ) a r e  
Y  r 

very n e a r l y  a t  r i g h t  angles t o  t h e  veh ic le .  The f o l l o w i n g  d i s c u s s i o n  

assumes t h a t  t h e  angles a re  s u f f i c i e n t l y  s m a l l  t o  assume  t h a t  t h e s e  

forces a r e  a t  r i g h t  angles t o  t h e  veh ic le . )  

The f o l l o w i n g  d i s c u s s i o n  w i  1 1  d e a l  e x c l u s i v e l y  w i t h  v e h i c l e  

hand l i ng  i n  t h e  "normal d r i v i n g  range." That i s  t o  sa,y, f o r  t h e  t i m e  

being, we a re  assuming t h a t  t h e  t i r e s  a r e  oppe ra t i ng  i n  t h e  c o m p l i a n t  

regime. 

F i g u r e  6.19 i l l u s t r a t e s  some o f  t h e  p o i n t s  noted above, v iz. :  

1) The v e h i c l e  i s  i n  a  s t e a d y  t u r n .  That  i s ,  

-Trans1 a t i o n a l  v e l o c i t y  ( V )  i s  cons tan t  
-Ro ta t i ona l  v e l o c i t y  ( r )  i s  cons tan t  
-Turn r a d i u s  ( R )  i s  cons tan t  

These imp ly  a l s o  t h a t  

- La te ra l  a c c e l e r a t i o n  (A ) i s  cons tan t  
Y  

-The cen te r  o f  t h e  t u r n  ( A )  i s  a  f i x e d  p o i n t  

2 )  The l a t e r a l  a c c e l e r a t i o n  r e s u l t s  i n  a  c e n t r i f i g a l  f o r c e  a c t  i n g  

on t h e  c.g. which tends t o  "push" t h e  v e h i c l e  away f r o m  t h e  

t u r n  center .  
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F igu re  6.19 Yaw Plane View o f  a B i c y c l e  Model Veh ic le  i n  a Turn 

36 - VEHICLE DYNAMICS 



3 )  Slip  angles have developed a t  each t i r e  so t ha t  the appropriate 
t i r e  side forces are generated. These forces accompl i sh two 

functions: 

- The to ta l  sum of t he  t i  r e  f o r c e s  i s  equa l  (and  i n  t h e  
opposite direction) t o  the centrifugal f o r c e .  Thus ,  t h e  
t i r e s  "push" the vehicle toward the  turn center in  an amount 
which i s  equal t o  the centrifugal "push" away from the  turn 
center. Thus, the vehicle i s  i n  a la tera l  "force balance, " 
and has a constant lateral  acceleration and turn radius. In 
equation form, t h i s  condition i s  stated: 

- The front  t i r e  side force and the rear  t i r e  side f o r c e  a r e  
of appropriate re la t ive  s ize  (where the "appropriate" s i z e  i s  
determined by the  "moment arms," a and b )  s o  t h a t  t h e y  
produce an equal, b u t  opposite rnornent about the vehicle c.g. 
Thus, the to ta l  moment i s  z e r o  ( t h e  v e h i c l e  i s  i n  yaw 
"moment balance") and the  vehicle will maintain a c o n s t a n t  
rotational velocity ( r ) .  Again, in equation f orm: 

therefore 

r = constant 

These two "force and moment ba lance"  c o n d i t i o n s  a r e  t h e  
essenti a1 requirements f o r  "steady s ta te ."  

4 )  The t i r e  s l i p  angles which the vehicle assumes i n  e s tab l i s  h i  n g  
steady-state also determine the geometry of the vehicle i n  t h e  
turn. The projection l i n e s  drawn a t  r i g h t  a n g l e s  t o  t h e  
direction of the t i r e  velocities c r o s s  a t  t h e  turn c e n t e r .  
Thus, the  third projection l ine  which i s  drawn th rough  t h e  
c.g. shows us the direction of the velocity of t h e  c e n t e r  of 
sravity ( V ) ,  Because t h i s  direction i s  not a1 i gned w i t h  t h e  
longitudinal axis of the vei~icle,  the  vehicle i s  said t o  have a 
body s ides l ip  angle ( 8 ) .  Since 6 i s  non-zero, the v e l o c i t y ,  
V ,  i s  composed of two v e l o c i t y  components :  1 ongi t u d i  na l  
velocity ( u )  and l a te ra l ,  or  s ides l ip  velocity ( v ) .  

In (3 )  above, we noted tha t  the two essential  conditions for a 
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steady t u r n  a r e  t h e  t i r e  s i d e  f o r c e - c e n t r i f i g a l  f o r c e  b a l  a n c e  a n d  y a w  

moment balance. Yaw moment ba lance concerns t h e  r e l a t i v e  s i z e  o f  t h e  

f r o n t  and r e a r  t i r e  f o r c e s .  T h e  f o r c e  b a l a n c e  r e q u i r e s  t h a t  t h e  

magnitude o f  t h e  t o t a l  s i d e  f o r c e  equals  t h e  c e n t r i f i g a l  f o r c e .  L e t  u s  

then  examine t h e  source o f  t h e  c e n t r i f i g a l  f o r ce .  

C e n t r i f u g a l  f o r ce  a r i s e s  f r o m  (and i s  p r o p o r t  i o n a l  t o )  1  a t e r a l  

a c c e l e r a t i o n ,  which i n  t u r n  i s  determined by v e l o c i t y  and t u r n  r a d i u s .  

We a l l  know f r om exper ience t h a t  i f  we inc rease  o u r  s p e e d  i n  a  g i  v e n  

t u r n  (cons tan t  r a d i u s ) ,  c e n t r i f i g a l  f o r c e  i nc reases .  F u r t h e r ,  i f  we 

t r a v e r s e  two d i f f e r e n t  t u r n s  a t  t h e  same speed (cons tan t  v e l o c  i t y  ) , we 

exper ience h i g h e r  c e n t r i f i g a l  f o r c e  i n  t h e  t i g h t e r  t u r n  ( s m a l l  R ) .  I n  

each case, t h e  h i g h e r  f o r ce  i s ,  o f  course, due t o  h i g h e r  a c c e l  e r a t  i on.  

Tn equa t i on  form, t h e  r e l a t i o n s h i p  b e t w e e n  l a t e r a l  a c c e l e r a t i o n ,  

v e l o c i t y  and r a d i u s  i s  

The equa t i on  i s  w r i t t e n  as " V  square t imes  one over  R "  f o r  a  s p e c i f i c  

reason. By convent ion,  1/R i s  c a l l e d  " p a t h  c u r v a t u r e "  o r  s i m p l y ,  

"curvature. "  It i s  o f t e n  e a s i e r  t o  r e l a t e  v e h i c l e  b e h a v i o r  t o  c u r v a t u r e  

t h a n  rad ius .  F o r  example, t h e  s e v e r i t y  o f  a  t u r n  i nc reases  as c u r v a t u r e  

i ncreases. ( S e v e r i t y  , o f  course, decreases as r a d i u s  inc reases .  ) 

The r e l a t i o n s h i p  o f  Equa t ion  (6.13) i s  shown g r a p h i c a l  l y  i n  F i  gu r e  

6.20. The t o p  graph shows t h a t ,  a t  c o n s t a n t  s p e e d ,  a c c e l e r a t i o n  i s  

~ r o p o r t i o n a l  t o  cu rva tu re .  The bot tom graph shows t h a t ,  a t  c o n s t  a n t  

rad ius ,  a c c e l e r a t i o n  inc reases  w i t h  v e l o c i t y  and i n c r e a s e s  much  m o r e  

r a p i d l y  f o r  h i g h e r  v e l o c i t i e s .  

Havi ng seen t h e  source o f  l a t e r a l  a c c e l e r a t i  on, r e c a l l  now F  i gu r e  

6.19 where i t  was shown t h a t  c e n t r i f i g a l  f o r c e  i s  s i m p l y  l a t e r a l  

a c c e l e r a t i o n  t imes t h e  v e h i c l e  mass (which i s  W/g, t h e  we igh t  d i v i d e d  by 

t h e  g r a v i t a t i o n a l  cons tan t ) ,  t h a t  i s  

T h u s ,  t h e  t i r e  f o r c e s  m u s t  b e  l a r g e r  f o r  h i g h e r  l a t e r a l  

a c c e l e r a t i o n s  and, t h e  t i r e s  must develop h i g h e r  f o r c e s  f o r  c a r s  o f  

a r e a t e r  weight.  Remember, h o w e v e r ,  f r o m  t h e  p r e v i o u s  d i s c u s s i o n  

concern ing t i r e s ,  t h a t  peak l a t e r a l  f o r c e  c a p a b i  1  i t y  a n d  c o r n e r i n g  
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Figure 6.20 Lateral Acceleration as a Function of  C u r v a t u r e  
(Radius) and Velocity 
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q t i f f n e s s  b o t h  t e n d  t o  i nc rease  as v e r t i c a l  l o a d  on t h e  t i r e  i n c r e a s e s .  

If t h e  t i r e s  a r e  p r o p e r l y  s i z e d  f o r  t h e  veh i c l e ,  t h i s  i n c r e a s e d  t i  r e  

c a p a b i l i t y  tends t o  o f f se t  t h e  inc reased  demand p laced o n  t h e  t i  r e  s o  

t h a t  v e h i c l e  we igh t  has r e l a t i v e l y  1  i t t l e  e f f e c t .  

Because o f  t h i s  fundamental r e l a t i o n s h i p  between t i  r e  l o a d  ( v e h i c l e  

we igh t )  and r e q u i r e d  t i r e  s i d e  f o r c e ,  t h e  r a t i o  o f  l o a d  on t h e  t i r e  t o  

c o r n e r i n g  s t i f f n e s s  becomes o f  fundamental i m p o r t a n c e .  T h e  r a t  i o  i s  

c a l l e d  c o r n e r i n g  compl iance and t h e  v e h i c l e  i s  s a i d  t o  h a v e  a  f r o n t  
4 c o r n e r i  ng compl i ance and a  r e a r  c o r n e r i  ng compl i ance , v i  z: 

and 

These two c o r n e r i n g  compl iances c a n  b e  c o n s i d e r e d  t h e  f u n d a m e n t a l  

v e h i c l e  p r o p e r t i e s  t h a t  govern v e h i c l e  h a n d l i n q  i n  t h e  n o r m a l  d r i  v i  n g  

range. We w i l l  examine t h e  i m p l i c a t i o n s  of f o r e l a f t  d i s t r i b u t i o n  o f  

compl iance and t h e  t o t a l  l e v e l  o f  compliance. 

We w i l l  beg in  w i t h  a  "base l i ne  v e h i c l e "  which has equal  c o r n e r i n g  

compl iance f r o n t  and rea r .  T h i s  c o n d i t i o n  o f  equal comp l iance  i m p l  i e s  

t h a t  t h e  f r o n t  and r e a r  t i r e s  must o b t a i n  e q u a l  s l  i p  a n g l e s  f o r  t h e  

s teady-s ta te  cond i t i on .  F i g u r e  6.21 shows t h i s  v e h i c l e  i n  a  s teady t u r n  

o f  f a i r l y  low acce le ra t i on .  The f i ' g u r e  shows t h a t  t h e  t i r e s  h a v e  

developed equal  s l i p  angles (aF = a R ) ,  t h a t  t h e  necessary  s t e e r  a n g l e  

(8) t o  o b t a i n  t h i s  c o n d i t i o n  f o r  t h e  t u r n  r a d i u s  ( R )  and  v e l o c i t y  ( V )  
has been i n t r oduced  "by t h e  d r i v e r , "  and t h e  v e h i c l e  has assumed a  non- 

ze ro  /3 which i s  necessary f o r  t h e  r e a r  t i r e  t o  assume i t s  p r o p e r  s  1  i p 

ang le  f o r  t h e  g i v e n  t u r n  r a d i u s  a n d  s p e e d . 5  ( I n  t h e  f o l l o w i n g  

4 Corner ing compl iance i s  a  v e r y  u s e f u l  c o n c e p t  a n d ,  i n  m o r e  
d e t a i l e d  s t ud ies ,  can i n c l u d e  many o t h e r  t i r e ,  suspension, and s t e e  r i  n g  
system e f f e c t s .  F o r  s i m p l i c i t y ,  we w i l l  c o n s i d e r  o n l y  l o a d  a n d  
co rne r i ng  s t i f fness ,  f o r  these  a r e  t h e  most fundamental f a c t o r s ,  b u t  one 
should  be aware t h a t  i n  v e h i c l e  design, o t h e r  f a c t o r s  a r e  a v a i l a b l e  t o  
produce d e s i r a b l e  l e v e l s  o f  compl i ance. 

' ~ o t i c e  t h a t  /I i s  i n  t h e  oppos i t e  d i r e c t i o n  f r om  t h e  way i t  was 
shown i n  F i gu re  19. (The v e h i c l e  i s  p o i n t e d  " o u t s i d e  t h e  t u r n "  r a t h e r  
t h a n  i n s i d e . )  The  d i r e c t i o n  shown  h e r e  i s  t y p i c a l  f o r  1  ow 
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discussion, Figure 6.21 will be shown as "background" i  n some of t h e  

subsequent figures so that  the comparison t o  t h i s  "baseline" condi t i  o n  
i s  more clear. The text will refer t o  the "foreground" vehicle of t h e  
figure. ) 

Now refer t o  Figure 6.22 where the same vehicle i s  negotiating t h e  

same radius turn b u t  at  a higher speed (greater la teral  a c c e l e r a t i o n ) .  
Since the acceleration i s  higher, .both s l i p  a n g l e s  a r e  g r e a t e r  i n  
response t o  the need for  more side force, b u t  they are  s t i l l  equal. The 

body s idesl ip  angle, @ has assumed a new va lue  ( t h e  v e h i c l e  i s  n o w  
pointed inside of the turn rather than outside of the turn)  necessary t o  
obtain the larger rear t i r e  s l i p  angle. This change in p also produces 
a n  increase in front s l i p  angle which i s  equal  t o  t h e  i n c r e a s e  i t  
produces in rear s l ip  angle. Since the front and rear compli ances a r e  

equal, t h i s  i s  exactly the condition required fo r  equilibrium. So, very 
interestingly,  the steering angle i s  exactly the same as i t  was in t h e  
previous figure when the vehicle was rnovinq more s l  owly on t h e  same 
radius curve. Because the vehicle has th is  property, that  i s ,  the same 
steer  anale i s  required to  travel a curve of a given radius regard1  - e s s  

nf speed conditions, i t  i s  said to  be a "neutral s teer"  v e h i c l e .  The - 
neutral s teer  property i s  a d i r e c t  r e s u l t  of equal  f r o n t  a n d  r e a r  

corneri ng compl i  ance. 

Interestingly, we may now "reuse" Figure 6.22 t o  show a d i f f e r e n t  

nroperty of cornering compliance. Imagine that the veh i  c l  e of F i  gu r e  
6.22 i s  no longer the baseline v e h i c l e  b u t  i s  a v e h i c l e  w i t h  more 
compliant t i res .  This means that more s l ip  angle i s  required t o  ob ta in  

a given side force. Front and r e a r  compl i a n c e s  a r e  s t i l l  e q u a l .  
Further, the vehicle i s  traveling a t  the same speed a s  t h e  base1 i  ne 
vehicle was traveling i n  Figure 6.21. We s e e  immediately t h a t  t h e  
effect of more cornering compliance ( less  s t i f f  t i r e s )  i s  t o  requi  r e  

more s l i p  angle (and consequently "more" /3 ) i n t h e  same c o r n e r i n g  
situation. Changing t o  "softer" t i r e s  r e q u i r e s  t h e  same change in  

accelerations. As a reference, consider a very low speed turn where A 
i s  almost zero, and therefore both s l i p  angles are a l m s t  zero. I n  thix 
case, the turn center i s  practically iln l ine with the rear a x l e  and @ 
will be as large as possible in the direction shown in Figure 21. Th i s  
i s  the "starting point" fo r  B .  
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Figure 6.21 A. Front and Rear Compliance Larger than jaseline Vehicle 
0. Velocity Higher than Base1 ine Case 
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Figure 6.22 A. Compl i ance Larger than  Basel i ne Vehicl e 
0. Velocity Higher t h a n  Baseline Vehicle 
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vehicle a t t i t ude  that  i s  required by higher speed. 

Now le t  us examine t h e  e f f e c t  of having d i f f e r e n t  c o r n e r i n g  
compliances front  and  rear. F i rs t ,  consider the vehicle in which f r o n t  
corneri ng compl iance i s  greater t h a n  rear corneri ng compl i ance, that  i s ,  

the rear t i r e s  are effectively " s t i f f e r . "  

Figure 6.23 shows such a vehicle traversing the baseline c u r v e  a t  
the baseline speed. We have ob ta ined  t h e  d i f f e r e n c e  i n  c o r n e r i  ng 
rompliance by increasing f r o n t  compliance ( l e s s  s t i f f  t i r e s )  a n d  

reducing rear compliance ( s t i f f e r  t i r e s ) .  Because the r e a r  t i r e s  a r e  
s t i f f e r ,  less s l ip  angle i s  required there. Thus, /3 i s  different  f rom 
the baseline case. (Note t h a t  i t  i s  - rear cornering compl i ance  which 
determines f i  f o r  a given turn condition.) C o n v e r s e l y ,  because  t h e  
front t i r e s  are more compliant, more s l i p  angle i s  requi red  t o  o b t a i  n 
the required force. A larger steering angle i s  therefore n e c e s s a r y  t o  
a t ta in  t h i s  s l i p  angle. (Some of the additional s l i p  angle required i s  

due t o  the change in 8 .) 

Figure 6.24 shows th i s  new vehicle a t  a higher speed and g r e a t e r  

acceleration.6 As with the neutral s t ee r  vehicle, ,9 has i n c r e a s e d  t o  
orovide the needed increase in rear s l i p  angle, b u t  unlike t h e  n e u t r a l  

s teer  vehicle, more s teer  angle i s  required t o  obtain the proper f r o n t -  
wheel s l i p  angle a t  the higher speed. When front cornering compl i ance  

i s  higher than rear cornering compliance, more s t e e r  i s  r e q u i r e d  t o  
travel.  a given curve as speed increases, and the vehicle i s  s a i d  t o  be 

understeer. 

Finally, consider a vehicle where rear c o r n e r i n g  compl i ance  i s  
la rger than  front cornering compliance.  F i g u r e  6 . 2 5  shows such a 
vehicle traversing the turn a t  high (foreground) and low ( b a c k g r o u n d )  

speeds. This figure shows that  the higher speed condit ion r e q u i r e s  a 
larger rear t i r e  s idesl ip  angle and thus a l a r g e r  j3. The c r i t i c a l  
ooint, however, i s  that front t i r e  s idesl ip  does not need a s  1 a r g e  an 

increase as the rear (because the front t i r e s  are s t i f f e r ) .  The change 

i n  /3 alone provides more increase in front t i r e  s l i p  than necessary and 

6 ~ h e  background vehicle of th i s  figure i s  the v e h i c l e  of F i g u r e  
6.23 
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Note : Background vehicle is 
from Figure 6.21 

F i  gure 6 . 2 3  Understeer Vehi cl e 
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Figure 6.24 tindersteer Vehicl e a t  Higher Ye1 oci t y  
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thus s teer  angle must be decreased t o  maintain the same path. When rear 

compliance i s  greater than f r o n t  compl iance ,  l e s s  s t e e r  a n g l e  i s  
required t o  travel a given curve as speed increases and the v e h i c l e  i s  

said t o  be oversteer. 

Most readers will have recognized the terms "understeer," "neu t r a l  

s teer , "  and "oversteer" introduced above. They have been i n t r o d u c e d  
here in a manner intended t o  make the i r  basic def ini t ions most c l e a r .  

Now le t  us examine the i r  significance with respect t o  vehicle s t ab i l i t y .  
We will begin th i s  discussion with a presentation intended t o  p r o v i d e  

some intui t ive feel fo r  the implication of understeer and o v e r s t e e r  o n  
s t ab i l i t y .  Then, a very brief mthernatical explanation of s t a b i l i t y  i n 

the normal driving range will be presented. 

A 1  1 of the above discussion has been based on the assumpt i o n  t h a t  

the vehicle was in a "steady-state" condition. That i s ,  the vehicle had 
established "equilibrium" by obtaining the "force and moment bal ance"  
conditions that were mentioned ear l ie r .  The no t ion  of s t a b i l i t y  i s  
involved with the vehicle's ab i l i ty  t o  reach a steady s t a t e  c o n d i t i o n  
when, f o r  some reason, i t  i s  disturbed away from i t s  exis t ing s t e a d y -  
s ta te .  Thus, s tab i l i ty  i s  closely related t o  changing vehicle response 
and whether changes naturally produce a response which can at ta in a new 
steady s t a t e  or not .  

Accordingly, begin with Figure 6.26 which i l l u s t r a t e s  the effect  of 
changing t i r e  s l i p  angles. The vehicle begins with s l i p  angles a F  and 

aR such t h a t  i t  has a turn radius of R.  The f i r s t  change t o  consider i s  

a n  increase in front t i r e  s l i p  angle t o a F 1 .  The f igure shows that t h e  
pffect of th i s  change i s  an increase in turn radius t o  R l .  The second 
change t o  consider i s  an increase in rear t i r e  s l i p  angle t o  aRZ .  This 
change i s  seen t o  decrease turn radius t o  R 2 .  

Now consider an understeer vehicle ( tha t  i s ,  front t i r e  compliance 

i s  greater than rear)  in a steady turn. What happens when the veh ic l e  
experiences a change due t o  a small  di s t u r b a n c e  which i n c r e a s e s  
velocity? Recalling Figure 6.20, the increase i n  v e l o c i t y  i n c r e a s e s  

1 ateral acceleration (consider th i s  as the fundamental change caused by 
the disturbance) and therefore centr i f i  gal force increases. T o  o b t  a i n 
the required "force balance," the t i r e  side forces must increase meaning 
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Ff gore 6.25  Oversteer Vehicle 

48 - VEHICLE DYNAMICS 



Figure 6.26 The Effects o f  Front and Rear SI i p  Angle 
Changes on Turn Radius 
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that  t i r e  s l i p  angles must increase. B u t  since the front t i r e s  are  more 

compliant, f ront  s l i p  angle increases more than the rear s l i p  a n g l e  t o  
n b t a i n  yaw moment ba lance .  F i g u r e  6.26 showed us t h a t  -- t h i  s 

nroportioning of s l ip  angle change will tend t o  i n c r e a s e  t u r n  r a d i u s  

(decrease curvature). Again, from Figure 6.20 , increasing turn r ad i  us 

tends t o  decrease la teral  acceleration. B u t  t h i s  i s  the opposite effect  

of the original fundamental change. The c r i t i ca l  point t o  o b s e r v e  i s  

that the understeer vehicle responds t o  the d i  s t u r b a n c e  i n a manner 
which tends t o  fundamentally reduce the severity of t h e  d i  s t u r b a n c e .  
One might say that  the vehicle i s  basically self-cornpensating o r  s e l f -  

correcting--it i s  stable. A simple figure will he lp  i l l u s t r a t e  t h i s  
basic s t a b i l i t y  quality. Figure 6.27 shows that  when t h e  d i  s t u r b a n c e  

f i r s t  occurred, i t  implied a change i n  l a t e r a l  a c c e l e r a t i o n .  The 
vehicle then began t o  respond t o  the change, b u t  t h i s  ve ry  r e s p o n s e  
caused the la teral  a c c e l e r a t i o n  t o  move back toward t h e  o r i g i n a l  
condition. Clearly, the "response" of the vehicle and the  "effect" will 

always meet a t  some intermediate "final c o n d i t i o n . "  The v e h i c l e  i s  
inherently stable. 

As you probably foresee, the oversteer vehicle responds in just t h e  

opposite manner t o  a similar disturbance. When 1 a t e r a l  a c c e l  e r a t i  o n  

increases due to  the velocity increase, a n  increase i n  f r o n t  a n d  r e a r  
< l i p  angles i s  again necessary t o  obtain a force balance. B u t ,  because 

the oversteer vehicle has more compliant rear t i r e s ,  r e a r  s1 i p angl  e 
must increase more than front s l i p  angle t o  obtain the moment b a l a n c e .  

This proportioning of s l i p  angle change wi 1 1  d e c r e a s e  t u r n  r a d i u s  
( i n c r e a s e  c u r v a t u r e )  which i n  t u r n  f u r t h e r  i n c r e a s e s  l a t e r a l  
acceleration. That i s ,  the fundamental r e sponse  of t h e  o v e r s t e e r  
vehicle tends t o  exaggerate the severity of the original d i s t u r b a n c e .  

Thus, the oversteer vehicle has the potential t o  be unstable. 

Whether the oversteer vehicle i s  stab1 e o r  not i s more c l e a r l y  
shown by another simple diagram. The t o p  diagram of F i g u r e  6 . 2 8  

i l l u s t r a t e s  a stable oversteer vehicle. The p i c t u r e  shows t h a t  t h e  
vehicle responds to  the original change of acceleration by moving toward 
the new steady state.  However, t h i s  response causes the e f f e c t  of t h e  
disturbance (A ) t o  increase further.  Ultimately, t h i  s v e h i c l e  does  

Y 
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Figure 6 . 2 7  Understeer Vehicle's Response t o  a di sturbance 

A due to initial 

disturbance 

reach a steady s t a t e  because the vehicle 's  response i s  "s t ronger"  t h a n  
i t s  effect  on la teral  acceleration. The vehicle a t t i t u d e  was a b l e  t o  

"overtake" Ay t o  establish the s t e a d y - s t a t e  r e s p o n s e .  The second 
diagram of the f igure shows the other condition. For  t h i s  o v e r s t e e r  

vehicle the la teral  acceleration "moves away" more s t r o n g l y  t h a n  t h e  
vehicle responds. The vehicle response continues t o  grow b u t  can neve r  

reach steady s ta te .  The vehicle i s  unstable. 

lihether a n  oversteer vehicle i s  s t a b l e  o r  n o t  depends on how 

severely oversteer i t  i s  and on the speed i t  t ravels .  A simple equation 
(Eq.  6.15 ) which expresses, in par t ,  the equilibrium condition of t h e  
model vehicle in a steady turn shows th i s  point. 

1/R = ~ / ( ! + K v ~ )  (6 .15 )  

where 
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F i g u r e  6.28 O v e r s t e e r  V e h i c l e ' s  Response t o  a d i s t u r b a n c e  
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V i s  velocity 

and K i s  called the "understeer" coefficient and  i s  simply the 

difference of the front and rear cornering comp 1 i ances  , 
i .e. ,  K = FZ/Ca)F-FZ/Ca)  . For an under s t ee r  v e h i c l e  K i s  
nositive. K = 0 f o r  neu?ral s teer .  and K i s  neoative for  an 
o w s t e e r  vehicle. 

For an understeer vehicle, since K i s  p o s i t i v e ,  t h e  denomi n a t o r  o f  
2 

Equation (6.15), ! + K V  , i s  always equal t o  or greater than !. For an 
2 

oversteer vehicle, since K i s  negative, 1 + K V  i s  equal t o  or less  than 
2 1. Most importantly f o r  a n  oversteer vehicle, ! + K V  can become z e r o  

a t  a certain velocity (given K ) .  When t h e  denomi n a t o r  of E q u a t i o n  

(6.15) i s  zero, the solution t o  the equation i s  

That i s  t o  say, "steady s t a t e  occurs a t  an in f in i t e  c u r v a t u r e "  ( z e r o  
radius) or,  in f ac t ,  does not exis t  a t  a1 1.  The velocity a t  which t hi s 

occurs i s  cal led the c r i t i ca l  velocity. Oversteer vehicles are unstable 

a t  the c r i t i ca l  velocity and a l l  higher velocities. 

Having d e f i n e d  u n d e r s t e e r  a n d  o v e r s t e e r  ( t h r o u g h  t h e  t i r e  

compliance oriented m o d e l ) ,  a n d  e x p l a i n e d  i t s  s i g n i f i c a n c e  i n  a 
technical context (stabi 1 i  t y  i s sues) ,  i t  i s  now valuable t o  discuss* how 

these properties re la te  t o  the in-use vehicle population and t o  " p r e -  
crash handl i ng performance. " 

I t  can be said vir tual ly  w i t h o u t  r e s e r v a t i o n  t h a t  a1 1 modern 

passenger cars,  when maintained t o  manufacturer's s p e c i f i c a t i o n s ,  a r e  
understeer vehicles. ( I t  has been suggested that  t h e  per formance  of 
such cars as sports cars,  often interpreted as neutral or oversteer,  i s  

i n  fact  understeer, b u t  of re lat ively lower magnitude. ) The reason f o r  
t h i s  i s  obvious; the assurance of s table  handl i n g  qua1 i t i e s  i n  t h e  

normal driving regime, that  the understeer vehicle provides, i s  c l e a r  1 y 

a highly desirable quality. Conversely, the potential for i n s t  ab i 1 i t y  

in a n  oversteer vehicle i s  highly u n d e s i r a b l e .  ( N e u t r a l  s t e e r ,  by 

implication, i s  also undesirable since i t  simply r e p r e s e n t s  t h e  f i n e  
dividing l ine  between these two. Thus, small in-use changes can c a u s e  
the neutral s t ee r  vehicle t o  become oversteer.) Too much understeer i s  

also undesirable, however. Large values of understeer can cause vehicle 
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response t o  be sluggish and t o  "plough" during cornering. (Large values 
of front and  rear cornering compliance also produce a sluggish vehi c l  e .  

Even if a vehicle has a r e a s o n a b l e  l e v e l  of  u n d e r s t e e r ,  i f  t h a t  

rlndersteer i s  arrived a t  th rough  high rear compliance and even hi gher  
front compliance, response will be slow. Intuit ively,  the vehicle must 
travel th rough  larger s l i p  angle changes (4  changes) t o  o b t  a i  n s t e a d y  
s t a t e  then i t  would i f  compliances were low.) Thus, a design compromise 
i s  implied between too much understeer and yet enough t o  ensure that  the 
vehicle remains understeer throughout the range o f  r easonab l  e i n-use 
changes i t  will experience. Vehicles ranging from sports cars t o  luxury 
sedans indicate the range over which th is  compromise extends. 

As implied by the definition of cornering compliance ( F z / C , )  t h e  

in-use factors which a l t e r  cornering compliance a r e  t i r e  a n d  l o a d i n g  
1 

I conditions. Tire factors of importance a r e  ( 1 )  t i  r e  t y p e  ( r a d i  a 1  

versus bias construction and highway versus snow t r ac t ion  t r e a d ) ,  ( 2 )  
t i r e  inflation pressure and, t o  a lesser  extent ( 3 )  t i r e  wear s tate .  

Radial t i r e s  tend t o  have less compliance than bias t i r e s ,  highway 
tread t i r e s  tend t o  be less compliant than snow tread t i r e s ,  and hi gher  
inflation pressures tend t o  result  in less  compliance.  T o  a l e s s e r  
extent, severely worn t i r e s  tend t o  have l e s s  compl iance  t h a n  new 
t i r e s a 8  I n  the worst set  of c i r c u m s t a n c e s ,  a v e h i c l e  cou ld  have 
heavily worn, ful ly  inflated, radial ,  highway t r ead  t i r e s  mounted i n  
front and n e w ,  underinflated, bias, snow t i r e s  i n  t h e  r e a r .  Such a 
vehicle could be expected t o  be oversteer. 

The situation can be fur ther  exasperated by 1 oadi ng condition. I n 
the discussion of t i r e  properties, it  was noted that  passenger car t i r e s  
tend t o  increase the i r  cornering s t i f fness  (Ca) as the 1 oad t h a t  t hey  

' I t  was a l s o  noted t h a t  suspens ion  and s t e e r i n s  sys tems 
properties affect compliance. The types of changes which occur i n  these 
systems over time do not tend t o  have a s t r o n g  e f f e c t  on c o r n e r i n g  
compl i ance. 

 his i s  a wholly different i s s u e  than  t h e  degraded t r a c t i o n  
~erformance of worn t i r e s  on  wet roads. Here we a r e  concerned  w i t h  
compliance, not traction. Fur ther ,  t h e  p o l a r i t y  of t h e  e f f e c t  i s  
reversed. ( I f  s t i f f  t i r e s  are judged as "good," as they generally a r e ,  
then worn t i r e s  are "better" in compliance.) 
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ca r ry  increases. Th is  p roper ty  helps t o  m a i n t a i n  a  f a i r l y  c o n s t a n t  

co rne r ing  compliance o v e r  c h a n g i n g  1  oads ( a  d e s i r a b l e  q u a 1  i t y ) .  

Un fo r tuna te l y ,  a t  1  oads which approach the  maximum desi gn 1  oad o f  t h e  

t i r e ,  t h i s  q u a l i t y  begins t o  weaken. Thus, h igh  loads tend t o  i n c r e a s e  

t h e  co rne r ing  compliance o f  t i r e s .  Thus ,  i n  a d d i t i o n  t o  t h e  t i r e  

f ac to rs  noted above, heavy rearward loads tend t o  make t h e  v e h i c l e  m o r e  

oversteer .  

As noted a t  t h e  outset ,  t h e  e n t i r e  d iscussion on veh ic le  h a n d l i n g  

t o  t h i s  p o i n t  has been r e s t r i c t e d  t o  t h e  "normal d r i v i n g  r a n g e "  i n  

which t h e  t i r e s  operate i n  t h e i r  compliant range. The e f f o r t  e x p e n d e d  

may a t  f i r s t  seem inapprop r ia te  s ince one might suggest t h a t  " a c c i d e n t s  

tend t o  occur i n  d r a s t i c  s i t u a t i o n s  where l i m i t  p e r f o r m a n c e  o r  t i r e  

t r a c t i o n  p rope r t i es  seem more appropr iate.  " To put  t h e  sa fe ty - re1  evance 

o f  normal range hand l ing  i n  context ,  several p o i n t s  can by made: 

-Regardless o f  how d r a s t i c  a  maneuver w i  11 e v e n t u a l l y  become, 
v i r t u a l l y  a1 1  maneuvers begin w i t h  the  t i r e s  ope ra t i ng  i n  t h e  
compliance regime. Fur ther ,  experimental hand l ing  data e x i  s t  
which suggest t h a t ,  i n  many cases, l i m i t  v e h i c l e  r e s p o n s e  
motions are, i n  l a r g e  p a r t ,  determined by  t h e  way i n  w h i c h  
those motions were i n i t i a t e d  i n  t h e  compliance regime. 

-Other data ex i  s t  which suggest t h a t  average d r i v e r s  r a r e l y  use 
t h e  l i m i t  handl ing c a p a b i l i t y  q f  t h e  v e h i c l e .  A l l  n o r m a l  
r f r i v i n g i s o f  s o v e r y  l o w  a  l e v e l  r e l a t i v e  t o  t h e  l i m i t  
c a p a b i l i t i e s  o f  t he  veh ic le ,  t h a t  d r i v e r s  e i t h . e r  t e n d  t o  
underrate t h e  v e h i c l e ' s  a b i l i t y ,  o r  a r e  n o t  p r e p a r e d  by  
experience t o  u s e  i t .  C o n s e q u e n t l y ,  e v e n  i n  emergency  
condi t ions,  a  d r i v e r  may not  cause t h e  veh ic le  t o  e x c e e d  t h e  
compliance hand l i  ng performance range very s i g n i f i c a n t l y .  

Th is  d iscussion w i l l  now proceed i n t o  t h e  area o f  1 i m i  t hand1  i n g  

oerformance i n  which the  t i r e s  o f  t h e  v e h i c l e  operate i n  t h e  t r a c t i o n  

range. I t  w i l l  be seen t h a t ,  t o  a  l a r g e  ex ten t ,  t h e  performance i n  t h i s  

regime can be r e a d i l y  understood by drawing on i n s i g h t s  developed i n  t h e  

prev ious discussions. 

Passenger c a m  can general 1y be charac ter ized as being " p  1  ow- ou t " 
o r  "sp in -out "  l i m i t e d  i n  hand l ing  response. " P l  ow-out" occurs when t h e  

v e h i c l e ' s  f r o n t  t i r e s  reach t h e i r  l i m i t  c a p a b i l i t y  ( b e f o r e  t h e  r e a r  

t i r e s  do) and cannot produce the  f r o n t  t i r e  s ide  f o r c e s  n e c e s s a r y  t o  

sus ta in  the  desi red tu rn .  The f r o n t  t i r e s  "break-away" and t h e  veh i c l  e  
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depa r t s  from t h e  des i r ed  pa th  toward t h e  ou ts ide  o f  t h e  curve. I n  do ing  

so, t h e  v e h i c l e  gene ra l l y  remains po in ted  i n  t h e  d i r e c t i o n  o f  t r a v e l  ( ,9 
does no t  become very  l a r g e )  and so t e c h n i c a l l y ,  i t  remains d i r e c t i o n a l  l y  

s t a b l e  bu t  becomes uncon t ro l l ab le .  (Techn ica l l y ,  uncon t ro l  l a  b l  e  means 

t h a t  no i n p u t ,  i.e., s t e e r  angle, i s  poss ib l e  wh i ch  w i l l  a c h i e v e  t h e  

d e s i r e d  response, i.e., t h e  des i r ed  path.) 

Conversely,  "sp in -ou t "  r e s u l t s  when t h e  r e a r  t i r e s  a r e  t h e  f i r s t  t o  

achieve t h e i r  maximum s i d e  fo rce  c a p a b i l i t y .  Now t h e  r e a r  t i r e s  "break- 

away" and t h e  r e a r  of t h e  c a r  "comes aroundu--the c a r  s p i  ns .  I n t h i s  

case, t h e  v e h i c l e  i s  d i r e c t i o n a l l y  uns tab le  and, f o r  t h e  average d r i v e r ,  

i s  p r a c t i c a l l y  uncon t ro l l ab le .  ( T h e o r e t i c a l l y ,  i n m a r g i  n a l  s p i  n - o u t  

cond i t i ons  s t e e r i n g  i n p u t s  a r e  a v a i l a b l e  t o  ma in ta in  t h e  d e s i  r e d  p a t h  

w h i l e  exper ienc ing  very l a r g e  8. T h e s e  i n p u t s  m u s t  b e  c o n s t a n t l y  

responsive t o  t h e  v e h i c l e  motions i n  o r d e r  t o  s t a b i l i z e  a n  o t h e r w i s e  

uns tab le  system. ) 

These two cond i t ions ,  p l  ow-out and sp in -ou t  l i m i t s ,  a r e  a  na  1  ogou  s  

t o  t h e  unders teer  and ove rs tee r  c o n d i t i o n s  taken  t o  t h e  e x t  r e m .  R e c a l l  

t h a t  f o r  t h e  unders teer  veh ic le ,  when l a t e r a l  a c c e l e r a t i o n  i nc reased  t h e  

v e h i c l e  tended toward a  l a r g e r  t u r n  r a d i u s  because f r o n t  t i  r e  s l i p  angle 

increased more t h a n  r e a r  t i r e  s l i p  angle t o  o b t a i n  t h e  n e c e s s a r y  s i d e  

force. Th is  c o n d i t i o n  i s  taken  t o  t h e  extreme when t h e  f r o n t  t i r e s  a r e  

a t  t h e i r  peak. C l e a r l y ,  if t h e  f r o n t  t i r e s  a re  a l r eady  p r o d u c i n g  t h e  

a rea tes t  f o r c e  a v a i l a b l e ,  t h e i r  s l i p  angles can i n c r e a s e  t o  a n y  a n g l e  

t hey  please w i t h o u t  p r o d u c i n g  t h e  n e c e s s a r y  i n c r e a s e  i n  f o r c e .  

B a s i c a l l y ,  t h i s  i s  what happens i n  plow-out,  and t h e  v e h i c l e  e s s e n t i a l l y  

fo l lows  a  p a t h  p resc r i bed  by i t s  momentum--off t h e  o u t s i d e  o f  t h e  curve. 

A s i m i l a r  analogy, of course, ho lds  between ove rs tee r  behav io r  a n d  

spin-out.  I n  t h i s  case, w i t h  t h e  r e a r  t i r e s  a l r eady  p r o d u c i n g  m a x i  mum 

s i d e  fo rce ,  r e a r  s l i p  angle cont inues t o  i nc rease  i n  s e a r c h  o f  a  n o n -  

e x i  s t en t  i ncrease of t i  r e  s i d e  f o r ce - - t he  r e a r  end "comes around. " B u t  

what f a c t o r s  c o n t r i b u t e  t o  de te rm in ing  which t i r e s  o b t a i n  t h e i r  maxi mum 

f o r c e  c a p a b i l i t y  f i r s t ?  The answer inc ludes  severa l  v e h i c l e ,  t i r e ,  a n d  

in-use fac to rs .  

F i r s t ,  i f  a l l  o t h e r  t h i n g s  were equal, unde rs tee r  v e h i c l e s  w o u l d  

t end  t o  p low  ou t  and o v e r s t e e r  v e h i c l e s  would t e n d  t o  s p i n  o u t ,  s i m p l y  

56 - VEHICLE DYNAMICS 



because o f  t h e  s l i p  angle  t r ends  i n i t i a t e d  i n  t h e  c o m p l i a n c e  r e g i m e .  

N a t u r a l l y ,  however, a l l  o t h e r  t h i n g s  a re  no t  equal ,  and, i n  f a c t ,  o t h e r  

f a c t o r s  a r e  s u f f i c i e n t l y  power fu l  t h a t  u n d e r s t e e r / o v e r s t e e r  ( p e r h a p s  

s u r p r i s i n g l y )  has r e l a t i v e l y  1  i t t l e  importance i n  d e t e m i  n i n g  t h e  1  i m i  t 

c o n d i t i o n  i f  i t  i s  approached gradual  ly.  (As noted p r e v i  ou s l y ,  1  i m i  t 

v e h i c l e  response mot ions can be a f f e c t e d  b y  how t h o s e  m o t i o n s  w e r e  

i n i t i a t e d  i n  t h e  compl iance regime. T h i s  i s  p a r t i c u l a r l y  t r u e  i f  t h e  

maneuver i s  " qu i ck "  and h i g h  l e v e l s  o f  momentum a r e  d e v e l o p e d  i n  t h e  

1 i near and t r a n s i t i o n a l  o p e r a t i n g  regimes. ) 

The e s s e n t i a l  de te rminan t  embodied i n  v e h i c l e  des ign  i n v o l  v e s  t h e  

i n t e r r e l a t i o n s h i p  o f  v e r t i c a l  l o a d  on maximum t i r e  t r a c t i o n  capabi  1  i t y  . 
E a r l i e r  i n  t h e  d i s c u s s i o n  o f  t i r e  mechanics we noted t h a t  t h e  f r i c t i o n  

nrocess was such t h a t  maximum s i d e  f o r c e  t e n d e d  t o  i n c r e a s e  w i t h  

v e r t i c a l  load. I n  f a c t ,  t h e  equa t ion  

was presented. Equa t ion  (6.16) i s  no t  exac t  f o r  r e a l  t i r e s ,  and we w i l l  

see t h a t  t h i s  d i f fe rence  i s  s i g n i f i c a n t  i n  de te rm in i ng  which t i r e s  w i  1 1  

s a t u r a t e  f i r s t .  

We have avo ided d i scuss ing  t h e  r o l l  r e a c t i o n  of t h e  v e h i c l e  t o  t h i s  

p o i n t ,  bu t  i t  now becomes s i g n i f i c a n t  b e c a u s e  o f  t h e  i m p o r t a n c e  o f  

v e h i c l e  r o l l  on t i r e  load ing .  When a  v e h i c l e  e x p e r i e n c e s  a  t u r n ,  t h e  

c e n t r i f i g a l  f o r c e  produces a  r o l l  mot ion  toward  t h e  o u t s i d e  o f  t h e  t u r n  

w i t h  which we a r e  a1 1  farrii 1  i a r .  Cor respond ing ly ,  we igh t  i s  t r a n s f e r r e d  

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

on t h e  o u t s i d e  t i r e s  and decreased on t h e  i n s i d e  t i r e s .  

F i g u r e  6.29 shows how t h i s  1  o a d  t r a n s f e r  a f f e c t s  t h e  max imum 

a v a i l a b l e  s i d e  f o r c e  o f  t h e  two t i r e s  o f  one ax l e .  F i r s t  o f  a1 1 ,  t h e  

f i g u r e  i s  a  graph o f  maximum a v a i l a b l e  s i d e  f o r c e  a s  a  f u n c t i o n  o f  

v e r t i c a l  load. The impo r tan t  p o i n t  t o  n o t e  i s  t h a t  t h e  graph i s  curved; 

beyond t h e  l i n e a r  range i t  i s  no t  a  s t r a i g h t  l i n e  a s  E q u a t i o n  ( 6 . 1 6 )  

would suggest. A p o i n t  i s  shown on t h e  graph wh ich  cor responds  t o  t h e  

two t i r e s  of an a x l e  when they  each suppor t  o n e - h a l f  o f  t h a t  a x l e ' s  

load. When t h e  a x l e  exper iences r o l l  i n  a  t u r n ,  t h e  l o a d  on t h e  o u t s i d e  

t i r e  increases and t h e  l o a d  on t h e  i n s i d e  t i r e  decreases.  T h e  f i g u r e  
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shows t h a t  t h e  average s ide  f o r c e  c a p a b i l i t y  o f  the  t i r e s  has decreased.  

because o f  t h e  l oad  t rans fer .  The s ide  f o r c e  c a p a b i l i t y  o f  t h e  a x l e  has 

decreased because o f  s ide- to -s ide  1 oad t r a n s f e r .  

Decrease of 
s ide  force capabi l i ty  

Ti re  w i t h l / 2  of 

Maxirnun 
Available Side - F Average t i r e  a f t e r  
Force, F 's ide t o  s i d e  load 

F a x  transfer 

of ins ide outside t i r e  
t i r e  load load 

Vert ical  Load, FZ 

F igu re  6.29 S ide- to -s ide  load t r a n s f e r  
decreases maximum s i d e  f o r c e  capabi li ty. 

Although t h e  t o t a l  s ide- to -s ide  l oad  t r a n s f e r  w h i c h  o c c u r s  i n  a 

t u r n  depends on l a t e r a l  a c c e l e r a t i o n  a n d  c.g. h e i g h t ,  t h e  v e h i c l e  

designer  has a v a i l a b l e  mechanisms w i t h i n  t h e  veh ic le  s u s p e n s i o n  w h i c h  

a l l ow  him t o  determine how t h i s  load t r a n s f e r  i s  d i s t r i b u t e d  f r o n t  t o  

rear .  I f  t h e  veh ic le  i s  des igned  t o  h a v e  more  s i d e - t o - s i d e  l o a d  

t r a n s f e r  a t  t h e  f ron t ,  then t h e  f r o n t  t i r e s  w i  11 exper ience t h e  g r e a t e r  

l oss  o f  s i d e  force c a p a b i l i t y  and t h e  v e h i c l e  w i l l  t end  t o w a r d  p l o w -  

out. O f  course, more l oad  t r a n s f e r  i n  t h e  r e a r  w i l l  l e a d  toward sm- - 
out. Most vehic les produced today a re  designed t o  be p low-out  l i m i t e d .  - 
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( I t  should be noted that  while i t  i s  generally d e s i r a b l e  t o  b i a s  

load t ransfer  forward t o  produce plow-out  l imit  response, t o o  much b i a s  
i s  not desirable. In f ac t ,  a  vehicle which i s  perfectly ba lanced  f o r  

b o t h  axles to  saturate  simultaneously will have t h e  maxi m u m  t u r n i n g  

nerformance capability possible. This condition i s  cons ide red  t o  1 i  e  

too close t o  the undesirable spin-out l imit ,  however (as  neutral  s t e e r  

i s  considered t o  l i e  t o o  close t o  oversteer),  and  i s  therefore avo ided  

in vehicle design.) 

In-use factors can, of course, a l t e r  the i n i  t i  a 1  des ign  i n t e n t .  

Perhaps t h e  most powerful i n - u s e  f a c t o r  i s  t i r e  wear s t a t e  i n  
combination with wet roads. Wet roads, of course, reduce the t r a c t  i  o n  
capability of a11 t i r e s ,  b u t  much more so f o r  worn t i r e s .  Badly worn 

t i r e s  mounted on the rear will lead toward spin-limit performance on wet 
roads. 

Another " i n - u s e "  f a c t o r  can p lay  a very i m p o r t a n t  r o l e  i n  
determining the plow- or s p i n - l i m i t .  That  f a c t o r  i s  t h e  b r a k i n g  
nrocess. Recall t ha t ,  in the section on combined force g e n e r a t i o n  i n  

t i r e  mechanics, we observed that  severe (high longitudinal sl  i p )  braking 

can drast ical ly  reduce the side force capability of the t i r e .  Thus, i f  
braking i s  involved, i t  may be the dominant fac tor  in determining pl ow- 

o u t  or spin-out l imit  by establishing i f  the front t i r e s  or r e a r  t i r e s  

are experiencing high longitudinal s l ip .  The effect  of braking on s i d e  
force capability i s  so extreme that i f  b o t h  front wheels o r  b o t h  r e a r  
wheels lock u p ,  the turning limit  of the vehicle v i r tua l ly  goes t o  zero. 

That i s ,  i f  the rear wheels lock, the vehicle fray spin even i f  i t  was 

simply traveling s t raight  ahead. If the front wheels lock, the vehi c l  e  
will travel vir tual ly  s t raight  ahead regardless of steering ac t iv i ty .  - 

I n  Europe, the feeling among vehicle designers i s  tha t  t h e  l a t t e r  

si tuation i s  rmch more desirable than the former, and so, virtual ly a 1  1 
European vehicles a r e  des igned  t o  lock f r o n t  wheels  f i r s t  under  

virtually a l l  conditions. This choice can lead t o  some loss in stopping 
capability in some conditions. I n  t h e  U . S . ,  d e s i g n  ph i losophy  i s  
aenerally geared toward o p t i m i z i n g  s t o p p i n g  c a p a b i l i t y  o v e r  a l l  

conditions, and so lock u p  may occur on e i ther  axle depending o n  t i  r e  
and road conditions. The ent i re  braking process w i l l  be examined i n  
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more detail i n  the next section. 

Traction capabi 1 i ty can a1 so be degraded by (negative ) 1 ongi tudi na l  

sl  ip generated by accelerating forces. Thus, rear-wheel drive vehi c 1 e s  
increase t h e i r  tendency toward spin-out i n  "power-on" c o r n e r i n g  and 

front-wheel drive vehicles increase the i r  tendency toward plow-out .  
This has led t o  a disturbing handling phenomenon i n some f ront -wheel  

drive cam. During a power-on corner, some event may occur t o  cause the 

driver t o  suddenly release the accelerator. The quick e l  i mi na t  i o n  of 

front-wheel longitudinal s l i p  can result in a very sudden a n d  r a t h e r  

strong response away from pl ow-out. 

6.5 The Braking Process f o r  a Passenger Car 

For a vehicle t o  slow down a n d  s t o p ,  rearward  f o r c e s  must be 
appliedwhich "decelerate" the vehicle. A s  wi th  a l l  o t h e r  v e h i c l e  
control functions, the primry forces t o  accomplish thi  s t a s k  must be 
developed by the t i r e s  in contact with the road .  ( O f  c o u r s e ,  smal l  
deceleration forces result from wind drag and t i r e  rol l ing r e s i s t a n c e .  

These are so small that  we can ignore them i n  t h i s  d i s c u s s i o n ,  T o  

appreciate how small these forces are,  consider the distance requi red t o  
coast t o  a stop from 60 mph as compared t o  the stopping d i s t ance  under  

hard braking from 60 rnph.) 

I n  th i s  discussion of the braking process we wi 11 f i r s t  exami ne the 

elements of the vehicle braking system t o  s e e  how t h e s e  f o r c e s  a r e  
developed and how they are  di ' s t r i  buted between t h e  f r o n t  and r e a r  
wheels. Later we will see how the vehicle reacts t o  braking forces and 

note the significance of the i r  distribution. 

The vehicle braking system s t a r t s  a t  the brake pedal and ends a t  
the tire-road contact patch. I t s  general function i s  t o  c o n v e r t  t h e  
input signal (driver applied pedal force)  into braking forces capable of 
stopping the vehicle in a controlled manner. The major elements of t h e  
braking system are shown in Figure 6.30. When t h e  d r i v e r  a p p l  i e s  a 
force t o  the brake pedal (which may be increased through power assi s t  ) , 
t h i s  force i s  converted t o  hydraulic brake l i n e  p r e s s u r e  ( P )  by t h e  
brake master cylinder. This pressure i s  then sent t o  both the front and 
rear wheel brakes through small s teel  tubes and hoses. The wheel brakes 
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t h e n  conve r t  t h e  b rake  l i n e  p ressure  t o  brake t o r q u e  ( T )  a p p l i e d  t o  t h e  

wheels. I n  t h e  brake, a  b r a k e  c y l  i n d e r  r e c o n v e r t s  t h e  h y d r a u l i c  

o ressure  t o  a  brake a p p l i c a t i o n  f o r ce .  T h i s  f o r c e  p r e s s e s  t h e  b r a k e  

shoes and l i n i n g s  a g a i n s t  t h e  r o t a t i n g  drum o r  d isc .  F r i c t i o n  b e t w e e n  

t h e  l i n i n g  and t h i s  " r o t o r "  c rea tes  brake torque.  The amount o f  b r a k e  

t o rque  developed p e r  t h e  amount o f  a p p l i c a t i o n  f o r c e  i s  c a l l  e d  b r a k e  

e f f ec t i veness .  The d i r e c t  r e s u l t  o f  t h e  a p p l i c a t i o n  of b rake  t o r q u e  i s  

a  s l ow ing  o f  t h e  s p i n  v e l o c i t y  o f  t h e  t i r e  and wheel. As we f o u n d  i n  

ou r  d i s c u s s i o n  o f  t i r e  mechanics, t h e  s low ing  o f  s p i n  v e l o c i t y  r e s u l  t s  

i n  l o n g i t u d i n a l  t i r e  s l i p  ( S )  and t h e  gene ra t i on  o f  b r a k e  f o r c e  ( F x ) .  

Up u n t i l  maximum brake  f o r c e  o f  t h e  t i r e  i s  o b t a i n e d ,  - -  t h e  a m o u n t  - -  o f  

brake f o r c e  generated i s  p r o p o r t i o n a l  t o  t h e  b rake  t o r q u e  app l ied .  T h e  

p r o p o r t i o n a l i t y  cons tan t  i s  t h e  r o l l i n g  r a d i u s  of t h e  t i r e .  

One can see t h a t  t h e  l e v e l  o f  brake f o r c e  generated p e r  t h e  amoun t  

o f  a p p l i e d  pedal f o r c e  (pedal  f o r c e  g a i n )  i s  l a r g e l y  a  f u n c t i o n  o f  b rake  

e f f e c t i v e n e s s  and t h e  r e l a t i v e  s i z e  o f  t h e  b rake  c y l  i n d e r  a n d  m a s t e r  

c y l i n d e r .  I t  i s  p o s s i b l e  t o  des ign  brakes w i t h  ve ry  h i g h  e f f e c t i v e n e s s .  

Un fo r t una te l y ,  h i g h  e f f e c t i v e n e s s  a l s o  r e s u l t s  i n  h i g h  s e n s  i t i v i  t y  o f  

t h e  brakes t o  sma l l  i n t e r n a l  changes. H i g h l y  e f f e c t i v e  b r a k e s  c a n  b e  

i n c o n s i s t e n t  o r  "grabby." A t  a  conceptual  l e v e l ,  t h e  g r e a t  v a l u e  o f  

power a s s i s t  i s  t o  a l l o w  b r a k i n g  systems t o  have a  h i g h  pedal  f o r c e  g a i n  

w h i l e  s t i l l  u s i n g  brakes o f  f a i r l y  l o w  e f f e c t i v e n e s s .  ( O n e  o f  t h e  

p r o p e r t i e s  of d i s c  brakes, among o the rs ,  w h i c h  m a k e s  t h e m  d e s i r a b l e  

compared t o  drum brakes i s  t h e i r  n a t u r a l l y  l o w  e f f e c t i v e n e s s  a n d  

r e s u l t a n t  cons is tency  o f  performance. ) 

Not o n l y  do brake e f f e c t i v e n e s s  and b rake  c y l i n d e r  s i z e  d e t e r m i  n e  

pedal  f o r c e  gain,  b u t  t h e i r  r e l a t i v e  e f f e c t ,  f r o n t  and r e a r ,  d e t e r m i n e s  

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

n ropo r t i on i nq .  S ince  t h e  r o l l i n g  r a d i u s  of f r o n t  a n d  r e a r  t i r e s  i s  

g e n e r a l l y  t h e  same and s i n c e  t h e  h y d r a u l i c  p ressu re  d e l i v e r e d  t o  f r o n t  
9 and r e a r  brakes i s  g e n e r a l l y  t h e  same , b r a k e  e f f e c t i v e n e s s  a n d  

c y l i n d e r  s i z e  a r e  t h e  p r ima ry  elements by which b rake  f o r c e  d i s t r i b u t i o n  

can be determined. I t  i s  s i g n i f i c a n t  t o  n o t e  t h a t  b rake  c y l i  n d e r  s i z e  

'Later  we w i l l  d i s cuss  " p r o p o r t i o n i n g "  v a l v e s  which can modify t h e  
pressure d e l i v e r e d  t o  t h e  brakes. 
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and b rake  e f f e c t i v e n e s s  a re  e s s e n t i a l l j  f i x e d  p r o p e r t i e s  d e t e r m i  n e d  b y  

design. Thus, w i t hou t  t h e  a d d i t i o n  o f  o t h e r  elements ( p r o p o r t  i o n i  n g  

va l  ves, f o r  example), t h e  f o r e / a f t  p r o p o r t i o n i n g  o f  brake f o r c e  i s  f i x e d  

over  t h e  e n t i r e  sub1 i m i t  b rak i ng  range. 

Now we w i l l  examine t h e  behav io r  o f  t h e  e n t i r e  v e h i c l e  d u r i n g  

b rak i ng  t o  determine t h e  s i g n i f i c a n c e  o f  brake p r o p o r t i  o n i  ng.  F i  gu r e  

6.31 shows t h e  s i d e  view o f  a  v e h i c l e  t r a v e l i n g  a t  s t e a d y  s p e e d  ( n o t  

brak ing. )  The f i g u r e  shows t h a t  t h e  v e r t i c a l  l oad  ( t h e  w e i g h t  o f  t h e  

v e h i c l e )  i s  d i s t r i b u t e d  between t h e  f r o n t  and r e a r  wheels a c c o r d i n g  t o  

t h e  l o c a t i o n  of t h e  c e n t e r  o f  g r a v i t y .  As was t h e  c a s e  i n  v e h i c l e  

handl ing,  t h i s  " e q u i l i b r i u m  c o n d i t i o n "  i n v o l v e s  a  " f o r c e  a n d  moment  

balance." The f o r c e  ba lance imp l i es :  t h e  t o t a l  amount o f  v e r t i c a l  t i r e  

l o a d  "pushing u p b n  t h e  v e h i c l e  i s  equal t o  ( o r  balanced b y )  t h e  f o r c e  

"pushing down" on t h e  veh i c l e ,  i.e., t h e  v e h i c l e  w e i g h t .  T h e  moment  

balance i m p l i e s :  t h e  r e l a t i v e  s i z e  o f  t h e  two v e r t i c a l  t i r e  fo rces  a r e  

such t h a t  t hey  produce equal and oppos i te  moments about t h e  c.g., i . e. , 
t h e  moments o f  these f o r c e s  a re  i n  balance. 

F i g u r e  6.32 i l l u s t r a t e s  t h e  same v e h i c l e  i n  b r a k i n g .  W i t h  t h e  

presence o f  h o r i z o n t a l  f o r c e s  (b rak i ng  f o r c e s )  i n  a d d i t i o n  t o  v e r t i c a l  

f o r ces ,  an a d d i t i o n a l  f o r c e  balance i s  i m p l i e d .  I n  t h i s  c a s e ,  t h e  

t o t a l  o f  t h e  f r o n t  and r e a r  b r a k i n g  f o r c e s  b a l a n c e  t h e  d e c e l e r a t i o n  

f o r c e  (AxW/g) a c t i n g  a t  t h e  c.g. ( s i m i l a r  t o  t h e  c e n t r i f i g a l  f o r c e  

exper ienced i n  h a n d l i n g  due t o  l a t e r a l  a c c e l e r a t i o n ) .  T h r o u g h  t h i s  

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

d e c e l e r a t i o n  (Ax). S i nce  t h e  brake f o r ces  a r e  n o t  i n  l i n e  w i t h  t h e  

v e h i c l e  c.g., they  a l s o  e n t e r  i n t o  t h e  moment balance. The f i g u r e  shows 

t h a t  v e r t i c a l  l oad  i s  t r a n s f e r r e d  f rom t h e  r e a r  t i r e s  t o  t h e  f r o n t  t i r e s  

t o  balance t h e  a d d i t i o n a l  moment a p p l i e d  by t h e  b rake  f o r c e s .  We h a v e  

a l ready  noted t h a t  p r o p e r t i e s  o f  t h e  brake system d e t e r m i  n e  f o r e / a f t  

brake p r o p o r t i o n i n g  and t h a t  t h i s  p r o p o r t i o n i n g  i s  a  f i x e d  q u a n t i t y .  

F i g u r e  6.32 shows t h a t  v e r t i c a l  l oad  p r o p o r t i o n i n g  i s  determined by t h e  

s t a t i c  v e r t i c a l  loads and by t h e  l e v e l  o f  dece le ra t i on .  As d e c e l e r a t i o n  

va r ies ,  v e r t i c a l  l oad  p r o p o r t i o n i n g  i s  ext remely  impo r tan t  as t h e  f r o n t  

o r  r e a r  t i r e s  approach t h e i r  maximum brake f o r c e  capabi  1  i ty. 

I n  our d i scuss ion  on t i r e s ,  we noted t h a t  maximum a v a i l a b l e  b r a k e  
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F i g u r e  6.31 V e h i c l e  a t  Steady Speed 

f o r c e  i s  g e n e r a l l y  p r o p o r t i o n a l  t o  t h e  v e r t i c a l  l o a d  on t h e  t i r e .  T h a t  

i s ,  

w h e r e p  i s  t h e  peak b r a k i n g  f r i c t i o n  c o e f f i c i e n t .  p w i l l  g e n e r a l l y  be 
P  P  

t h e  same f o r  f r o n t  and r e a r  t i r e s  so t h a t  we can w r i t e  E q u a t i  o n  ( 6 . 1 7 )  

sepa ra te l y  f o r  bo th  f r o n t  and r e a r ,  t h a t  i s  

= p  F  F x ~  p  zR (6.18R) 

D i  v i d i  ng Equa t i on  (6.18,F) by Equa t i on  (6.18,R) g i  ves us 

Equa t ion  (6.19) imp1 i e s  t h a t ,  t o  reach maximum brake  f o r c e  a t  b o t h  f r o n t  

and r e a r  t i r e s  s imu l taneous ly ,  f o r e l a f t  brake f o r c e  p r o p o r t i o n i  n q ( F x F  / 
FxR)must be equal t o  f o r e l a f t  v e r t i c a l  l o a d  p r o p o r t  i o n  i n q ( F Z F / F Z R  ) . 
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Figure 6.32 Load t ransfer  during braking 

Since vehicle deceleration inc reases  with t o t a l  b rake  f o r c e ,  i t  i s  

intuit ively clear  t h a t  the simu?taneous occurrence of maximum front  a n d  

r e a r  brake f o r c e  i s  t h e  c o n d i t i o n  r e q u i r e d  t o  o b t a i n  maximum 

deceleration. Although i t  i s  not so obv ious ,  t h e  maximum p o s s i b l e  

deceleration (in 9 ' s )  i s  equal to the peak f r i c t ion  coef f i c ien t .  ( F o r  

example,ifp = 0 ,  then, i n  theory, the maximum possible d e c e l e r a t i o n  
P 

of the vehicle i s  1.0 g, or 32.2 f t / sec2. )  

Uhat does a l l  th i s  mean fo r  a real vehicle? Figure 6.33 presents a 

graph which will help in the explanation. T h e  g r a p k h o w s  t h e  b r ake  

force and vertical load proportioning fo r  a pat-ticular v e h i c l e .  Th i s  

vehicle bras designed with a brake system which e l  t i n 7 0 %  of t h e  

brake force occurring a t  the front wheels. As we learned above, t h i s  is 
a fixed quantity t h a t  does not vary w i t h  deceleration. 2e also see that  
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v e h i c l e  des ign f a c t o r s  (wheel base and c.g. p o s i t i o n )  l ead  t o  a  v e r t i c a l  

l oad  p r o p o r t i o n i n g  t h a t  va r i es  f rom 50-50 t o  80-20 ( f r o n t  t o  r e a r )  a s  

d e c e l e r a t i o n  va r i es  f r om  zero  t o  1.0 g. These two f o r c e  p r o p o r t i o n s  a re  

equal on ly  a t  a  v e h i c l e  d e c e l e r a t i o n  o f  -67 g ' s .  C o n ~ e q u e n t l y ~ t h i s  - 
v e h i c l e  can o n l y  a t t a i n  t h e  maximum p o t e n t i a l  d e c e l e r a t i o n  when p - - 

D- 
.67. If p i s  l e s s  than  .67, f r o n t  b r a k e  f o r c e  i s  p r o p o r t i o n a t e l y  - rr 

1  a rge r  t han  f r o n t  v e r t i c a l  1  oad a t  t h e  p o t e n t i a l  maximum dece 1  e r a  t i on. 

Therefore, t h e  f r o n t  t i r e s  w i l l  reach t h e i r  maximum c a p a b i l i t y  f i r s t  and 

t h e  d e c e l e r a t i o n  a t  t h i s  c o n d i t i o n  w i l l  be l e s s  than  pD.  When p ,  i s  

o r e a t e r  t han  -67, r e a r  brake f o r c e  w i l l  be p r o p o r t i o n a t e l y  l a r g e r , '  a n d  

r e a r  t i r e s  w i l l  r e a c h  t h e i r  maximum c a p a b i l i t y  f i r s t .  A g a i n ,  

dece le ra t i on  a t  t h i s  c o n d i t i o n  w i l l  be l e s s  than  p . 
The "maximum d e c e l e r a t i o n "  r e f e r r e d  t o  i n  t h e  above p a r a g r a p h  i s ,  

more p r e c i s e l y ,  maximum d e c e l e r a t i o n  a t t a i n a b l e  w i t h o u t  w h e e l  1  o c k .  

Th i s  i s  t h e  most sa fe ty - re levan t  l i m i t  b rak i ng  c o n d i t i o n ,  f o r ,  as n o t e d  

i n  t h e  v e h i c l e  h a n d l i n g  sec t i on ,  once wheel lock  occurs t h e  v e h i c l e  w i l l  

e i t h e r  sp i  n-out ( r e a r  wheels 1  ocked) o r  become uns tee rab le  ( f r o n t  wheels 

locked) .  I n  many r e a l  emergency b r a k i n g  s i  t u a t i o n s , t h e  d r i v e r ,  o f  

course, i s  no t  aware t h a t  t i r e s  have reached t h e i r  maximum c a p a b i  1  i t y .  

He (she) may push s t i l l  h a r d e r  t o  o b t a i n  m o r e  b r a k i n g .  S i n c e  no  

a d d i t i o n a l  brake f o r ce  i s  a t t a i n a b l e  ( a c t u a l l y  brake f o r c e  f a 1  1s o f f ,  as 

i n  F i g u r e  6-14) ,  l o n g i t u d i n a l  s l i p  increases r a p i d l y  t o  a  v a l  u e  o f  1.0 

( l o c k  up). The p r a c t i c e  o f  "pumping t h e  brake"  d u r i n g  s e v e r e  b r a k  i n g  

de r i ves  f rom t h e  need t o  m a i n t a i n  r o l l i n g  t i r e s  f o r  h a n d l i n g  q u a l i t y .  

S t rong  a p p l i c a t i o n  and re l ease  a l lows  t h e  t i r e  t o  genera te  h i g h  b r a k i n g  

f o r c e  a t  l e a s t  p a r t  o f  t h e  t i m e  and a l s o  a l l ows  t h e  wheels t o  " s p i n  u p "  

i f  lockup does occur. 

Two "advanced techno logy"  dev ices a r e  a v a i l  ab le  t o  improve b r a k  i n g  

oerformance. The dev i ce  most commonly used on passenger  c a r s  i n  t h  i s  

coun t ry  i s  t he  p r o p o r t i o n i n g  valve. Such va lves a re  r e l a t i v e l y  s i m p 1  e  

and inexpens ive dev ices which can be i n s t a l l e d  i n  t h e  b r a k e  h y d r a u l i c  

l i n e s  t o  modify t h e  brake l i n e  p ressure  d e l i v e r e d  t o  t h e  f r o n t  o r  r e a r  

brakes. The i n t e n t  of t h e i r  use i s  t o  improve t h e  "match ing"  o f  b r a k e  

f o r c e  and v e r t i c a l  l oad  p r o p o r t i o n i n g  ove r  a  broader  r a n g e  o f  s u r f  a c e  

cond i t i ons .  (F igure  6.33 showed t h a t  t h i s  match i s  no t  t o o  good o v e r  a  
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F i g u r e  6.33 Brake Force and V e r t i c a l  l oad  
p r o p o r t  i on i  ng as a  f u n c t i o n  o f  decel  e r a t i  on 

broad range o f  s u r f  aces when brake p r o p o r t i o n i n g  i s  f i xed .  ) 

Many passenger ca rs  be ing  manufactured today  h a v e  p r o p  o r t  i o n  i n g  

valves. A v a r i e t y  o f  p r o p o r t i o n i n g  va l ves  a r e  used. Perhaps t h e  m o s t  

common i s  t h e  r e a r  brake l i m i t e r .  Wi th  such a valve,  a t  low brake  1  i n e  

pressures t h e  va lve  i s  no t  a c t i v e  and p r o p o r t i o n i n g  i s  s t i l l  c o n s t a n t .  

A t  some h i ghe r  pressure,  however, t h e  v a l v e  s tops  t h e  i n c r e a s e  o f  1  i n e  

p ressure  t o  t h e  r e a r  brake, m a i n t a i n i n g  i t  c o n s t a n t  a t  t h e  c u t - o f f  

l e v e l .  S ince  on ly  t h e  f r o n t  brake rece i ves  h i g h e r  p r e s s u r e s ,  f r o n t  

b r a k e  p r o p o r t i o n i n g  i n c r e a s e s .  S u c h  a  v a l v e  c a n  r e s u l t  i n  a  

~ r o p o r t i o n i n g  diagram l i k e  t h a t  o f  F i g u r e  6.34. T h i s  f i g u r e  shows  t h e  

same v e h i c l e  as  d i d  F i g u r e  6 . 3 3  ( i . e . ,  t h e  same v e r t i c a l  l o a d  
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p r o p o r t i o n i n g ) .  N o t i c e  t h a t  t h e  f i x e d  p a r t  ( low a c c e l e r a t i o n )  o f  t h e  

f r o n t  b rake  p r o p o r t i o n i n g  curve  has been lowered ( th rough  b r a k e  d e s  i gn  

changes) from 70 t o  60%. T h i s  improves t h e  p r o p o r t i o n i n g  match f o r  1 ow 

f r i c t i o n  road surfaces. ( as low as 0.2 i m p l i e s  an i c e  o r  ha rd  packed 
P  

snow sur face. )  The r e a r  l i m i t i n g  va lve  has d r a m a t i c a l l y  i m p r o v e d  t h e  

match ove r  a broad range of h i g h e r  f r i c t i o n  surfaces. Note a  1  s o ,  t h a t  

t h e  brake p r o p o r t i o n i n g  curve  i s  g e n e r a l  l y  a b o v e  t h e  v e r t i c a l  1  o a d  

curve. T h i s  i m p l i e s  t h a t  f r o n t  wheels w i l l  l ock  u p  f i r s t  ( g e n e r a l l y  

more d e s i r a b l e )  on almost a l l  sur faces.  

Brake Force - 

Brake Force Proportioning 

Vertical Load Proportioning 

% of ~otd l  at I ~ u t - o f f  Point 

F i g u r e  6.34 P r o p o r t i o n i n g  va lve  improves t h e  match of 
Brake f o r c e  and v e r t i c a l  l o a d  p r o p o r t  i on i  ng. 

Front Tires 

A t t a i n i n g  good b rake  p r o p o r t i o n i n g  i n  p r a c t i c e  i s  a  good deal  m o r e  

cha l l eng ing  than  i m p l i e d  by t h e  above d iscuss ion .  F o r  i n s t a n c e ,  t h e  

I 
I 1 
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proportioning scheme of Figure 6.34 does not deal with changes in s t a t i c  

load. I f  the vehicle of tha t  f igure  were t o  t a k e  on two r e a r  s e a t  
passengers and 200 pounds of luggage placed in  the t r u n k ,  t h e  "ver t  i c a l  

load proportioning" would be shi f ted  downward s u b s t a n t i a l l y  and t h e  

nroportioning match would n o t  be s o  g o o d .  (Load changes  c a n  be 

par t i cu la r ly  challenging w i t h  small passenger c a r s  where  c h a n g e s  i n '  

passenger and luggage loads  r e p r e s e n t  r e l a t i v e l y  h igh  p e r c e n t a g e  

changes. ) More compl i cated proporti oni ng val ves have been developed t o  
deal w i t h  such problems, some of which "sense" t i r e  load by e f f i c t i  v e l y  

measuring suspension spring deflect ion.  

Another advanced braking system c o n c e p t  i s c a l l  ed " a n t i  1 ock .  " 
Antilock systems a re  ra the r  complex and re la t ive ly  expensive, b u t  t h e y  

hold very large potential  f o r  improving b r a k i n g  p e r f o r m a n c e  s a f e t y  

aua l i ty .  In theory, antilock systems prevent any wheel from locking u p  

by constantly monitoring wheel speed and modulating brake 1 ine  pres s u r e  

t o  t ha t  wheel's brake. I f  the  driver applies s u f f i c i e n t  b r a k e  p e d a l  

force  t o  otherwise lockup a wheel ,  t h e  a n t i l o c k  s y s t e m  s e n s e s  t h e  

impending lockup and reduces t h e  1 i ne p r e s s u r e  a c c o r d i n g l y ,  s t i l l  

maintaining near maximum brake force a t  the t i r e .  I n  p rac t i ce ,  anti lock 
system design i s  very d i f f i c u l t .  A wide variety of problems r e l a t i ng  t o  

operating conditions, " fa l se"  s ignals ,  r e l i a b i l i t y ,  and o t h e r  m a t t e r s  

must be solved t o  obtain a viable antilock system. In theory,  however, 
ant i1  ock represents the  potential  f o r  a "perfect" proportioni ng s cheme 
with the a d d i t i o n a l  f e a t u r e  of i n s u r i n g  h a n d l i n g  s t a b i l i t y  and 

control labi 1 i ty.  

6.6 Studying t he  Vehicl e Through Simulation 

In the  preceding discuss ion,  we have c o n c e p t u a l l y  b roken  t h e  
vehicle down into  functional models (mode l s  of  t h e  t i  r e  and  models  
separately concerned w i t h  turning a n d  braking). Further,  we have  made 
these models extremely simple, e l i m i n a t i n g  many d e t a i l s  and c r o s s -  

influences in order t o  be able t o  u n d e r s t a n d  t h e  b a s i c  p r i n c i p l e s  
involved. More advanced vehicle studies r e q u i  r e  much more d e t a i  1 ed 
models and models which can simultaneously e x p e r i e n c e  t h e  d i f f e r e n t  
areas of vehicle performance. 

Vehicle models involving t h i s  level of complex i ty  a r e  e x t r e m e l y  
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di f f icu l t  to  manage "by hand" and t o  conceptualize i n  t h e i r  t o t a l i t y .  

Fortunately, a l l  the individual elements of t h e  v e h i c l e ,  of c o u r s e ,  
behave i n  accordance t o  the laws of physics. Thus, in every case, t h e i r  

behavior can be d e s c r i b e d  i n  e q u a t i o n  form, and s o  ( i f  we a r e  

sufficiently clever t o  accomplish the t a s k ) ,  mathemat ica l  mode1 s  of 
appropriate complexity t o  deal with the problems f o r  which t h e y  a r e  
intended can be developed f o r  each of the relevant v e h i c l e  e l e m e n t s .  

Further, a l l  thes,e individual models can be brought t o g e t h e r  i n t o  a  
single formulation which i s  a complete vehicle model. 

Such complete vehicle models may include thousands of i  ndi vi dual  
equations. Thus, e lec t ronic  computing c a p a b i l i t y  i s  1 i  t e r a l  l y  a 
requirement f o r  the i r  use. "Computer s i m u l a t i o n s "  a r e  g e n e r a l  l y  
formulated so that  the vehicle "runs" on the computer i  n an ana l  ogous 

manner t o  the way i t  runs on t h e  road.  That i s ,  i n p u t s  t y p i c a l l y  
include steering angle and brake actuation 1 e v e l s  and o u t p u t s  a r e  a  
history, over time, of the vehicle response. 

A computer simulation of t h i s  type begins as a  representation of a  

aeneralized vehicle. That i s ,  the equations d e s c r i  bi ng t h e  v e h i c l e  
include many generalized vehicle "parameters. " ( F o r  examp 1 e ,  i  n o u r  

discussion we have used such generalized parameters as vehi  c l  e  wei g h  t 

( W ) ,  wheelbase ( I ) ,  t i r e  cornering s t i f fness  (Ca), etc. ) I n  o r d e r  t o  

use a simulation, the mode1 must be converted t o  a  s p e c i f i c  v e h i c l e  
model by in t roduc ing  s p e c i f i c  numerical d a t a  f o r  each of t h e s e  
parameters ( that  i s ,  W = 3500 lbs,  != 9.5 f t . ,  e tc . ) .  This implies that  

t o  use a  complex vehicle simulation, the user must be s a t i s f i  ed w i t h  a  

"typical vehicle" by using many "typical " parameter values derived f  rom 
his experience, o r  a  very l a r g e  e f f o r t  must be expended on t h e  
laboratory measurement of a specific vehi c l e t s  p a r a m e t e r s  i f  i t  i s  
necessary t o  simulate that specific vehicle. 

Perhaps the most valuable use of simulation i s  i n  " s e n s i t i v i t y "  

studies, whose purpose i s  t o o  determine the effect of a given parameter 
n n  vehicle performance. I n  such s t u d i e s ,  a t y p i c a l  s e t  o f  v e h i c l e  
~arameters are used as a  baseline c o n d i t i o n .  Then, i n  s u c c e s s i v e  
simulation "runs" the parameters of in te res t  may be v a r i e d  ove r  t h e  
significarrt range and  t he i r  resulting effect  on t h e  v e h i c l e  r e s p o n s e  
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observed. Observations made in th i s  way can be e x t r e m e l y  he1 p f u l  i n 

auiding t h e  investigator toward a c l e a r  u n d e r s t a n d i n g  of v e h i c l e  
performance in what would otherwise be a hopelessly complex s i t u a t  i on. 

stop 
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7 TIREVGKS AND ROADdAY EVIDENCE AND ANALYSIS 

Summary Tiremarks and roadway evidence are important i n  
determining how vehic les  moved i n t o  impact, moved about each 
o the r  during impact, and moved from impact t o  f i n a l  rest. 
Idhile t h i s  determination may not always be possible using 
tiremarks, the  p t e n t i a l  always e x i s t s  when they a r e  present.  
Tiranarks must be searched out  and in terpre ted  with care. In  
law enforcement work they a r e  viewed a s  the "thumb p r i n t  of 
God" and a r e  i r r e f u t a b l e  when properly iden t i f i ed  and analyzed 
to determine vehicle movement and speed. Skidmarks a r e  marks 
l e f t  on the  roadway by t ires which a r e  not  r o l l i n g  f r e e l y ,  o r  
roving a t  angles on the  roadway o t h e r  than i n  t h e  plane of the  
wheel (i .e. ,  s l id ing  sideways). They a r e  indica t ive  of hard 
braking, wheel lockup from e i t h e r  panic braking o r  from 
c o l l i s i o n  damage, o r  a combination of s l i d i n g  and ro l l ing  
(scuff  marks) . 
The subjec t  of vehic le  handling and con t ro l ,  a s  well a s  t i r e  

in te r face  w i t h  the  roadway, is treated i n  g r e a t e r  depth in  Chapter 4.  

However, a few remarks about vehic le  braking a t  t h i s  p i n t  w i l l  he lp  i n  

t e rns  of understanding how t o  analyze tiremarks. Most passenger c a r s  

have hydraulic  braking s y s t m s  fo r  t h e i r  se rv ice  brakes and mechanically 

act ivated brakes f o r  t h e i r  parking brakes. The hydraulic  se rv ice  brake 

system may be e i t h e r  the  expanding shoe one-drum type o r  d i s c  and ro to r  

type. The drum t y p  brake operates by expanding brake shoes aga ins t  t$e 
druns of the  wheels by h~ydraulic  cyl inders.  Disc brakes, primari ly used 

on f r o n t  wheels, operate by forcing pads at tached t o  c a l i p e r s  aga ins t  

the  d i s c  ( ro to r )  a s  it r o t a t e s  i n  the  plane of the  wheel. The parking 

brake cons i s t s  of a linkage of l eve r s  and cables  to  the  r ea r  wheels 

which moves the  brake shoes by tensing the  mechanical system. Parking 

brakes w r e  once considered emergency brakes. This concept is now 

o b o l e t e  a s  they do not have t h e  braking a b i l i t y  of  se-vice  brakes. 

However, they can eventually Sring t h e  vehic le  t o  a s t o p  when act ivated.  

Men brakes a r e  applied the  vehicle has a tendency t o  p i t ch  

forward. T h i s  r e s u l t s  in a t r a n s f e r  of some weight ca r r i ed  by the  rear  

wheels t o  the  f r o n t  wheels. Auto manufacturers a r e  aware of t h i s  

c h a r a c t e r i s t i c  and have d e s i g n 4  se rv ice  brakes so t h a t  the  system on 

the f ron t  wheels, i n  terms of the  s i z e  of t h e i r  wheel cyl inders  and 

shoes, is l a r g e r  than the rear  wheel brake systen.  ~Charac te r i s t i ca l iy ,  

55% of the  braking capacity i n  a p a s s e y e r  c a r  e x i s t s  on the  f r o n t  

wheels with 45% on t h e  r ea r  wheels. Because the  veh ic le ' s  cen te r  of 



gravity is above the roadway, and fr ict ion forces developed a t  the 

heels  during braking a r e  a t  the roadway (below t h e  level of c e n t e r  of 

gravi ty) ,  a forward ac t ing lever  am, or  torque, is created t o  the  f r o n t  

wheels about the center  of g rav i ty  c a u s i m  t h e  f ront end of Lle vehic le  

to  move downward. One might v i s u a l i z e  a h y p t h e t i c a l  vehic le  with a 

very high c e n t e r  of g r a v i t y  forced t o  r o t a t e  head over t a i l  when braking 

is applied abrupt ly .  During panic braking of a truck t r a c t o r  (without 

its t r a i l e r ) ,  t h e  rear  wheels w i l l  l i f t  o f f  the  ground. 

%en t h e  brakes a r e  applied, t h e  k i n e t i c  energy o f  motion ( a s  a 

r e s u l t  of the  veh ic le ' s  mass and veloci ty)  is transformed i n t o  hea t  by 

f r i c t i o n .  The harder the  brake shoes a r e  forced aga ins t  the  brake 

drums, o r  c a l i p e r s  agains t  the  brake d i s c s ,  t h e  more rapidly  t h e  veh ic le  

w i l l  slow down. This ac t ion  continues t o  a p i n t  where t h e  wheels a r e  

brought t o  a ccmplete stop. This is referred t o  a s  wheel s l i p  of  1.0,  

h e r e  a l l  t h e  energy of motion o r  k i n e t i c  energy of t h e  vehic le  is 

diss ipated  between t h e  t i r e s  and t h e  road surface  i n  t h e  form of heat. 

This is the  condit ion of skidding. 

Yost d r i v e r s  a r e  not well versed with the e f f e c t s  of skidding, o r  

how t o  bes t  handle t h e i r  vehicle when skidding. S k i d d i q  ra re ly  t akes  

place i n  normal day t o  day d r i v i q  by t y p i c a l  motor is ts .  I t  usually 

, r e s u l t s  i n  s i t u a t i o n s  where panic b r a k i q  occurs t o  avoid a c o l l i s i o n .  

This may not  h a p ~ e n  many times i n  a d r i v e r ' s  l i f e t i m e  of o p e r a t i q  motor 

vehicles. One reason t h a t  spec ia l  emergency dr iv ing,  o r  pursu i t  

dr iv ing,  courses a r e  given t o  police o f f i c e r s  is t o  g ive  them t h e  

o p p r t u n i t y  t o  l ea rn  how t o  handle a vehic le  a t  its limits of  s t ee r iq ,  

handling and braking. 

The dipping down of the  vehic le  f r o n t  end, o r  nose d iving during 

braking, inc ident ly  is r e s p n s i b l e  f o r  many of the  override/underride 

crashes. I t  is a l s o  one reason why a standard has never been 

prmuigated specifying t h e  height  t h a t  bumpers must set above t h e  

roadway. 

' h e n  braking, but not skidding, t h e  vehic le  can be steered. 

Steering is a l i t t l e  more d i f f i c u l t  under hard braking hu t  never theless  

can be accomplished. I n  t h i s  s i t u a t i o n  the  t read s tock of the  tires 

deforms o r  f l a t t e n s  ou t  while i n  contact  with t h e  road s o  a s  to  permit 
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t h e  c rea t ion  of s i d e  t h r u s t  forces  t o  the  t i r e .  Such s i d e  t h r u s t  fo rces  

a r e  necessary t o  enable the  wheels to tu rn  while s h u l t a n e o u s l y  braking. 

During skiddi rq  w i t ?  complete wheel lock-up, the  tire-road 

i n t e r f a c e  is such t h a t  no s i d e  forces  e x i s t .  The d r i v e r  then l o s e s  h i s  

a b i l i t y  t o  s t e e r  t h e  vehicle. A skidding vehic le  obeys only Newton's 

laws of motion, i .e . ,  a body continues i n  its l i n e  (vector)  of t r a v e l  

u n t i l  acted upon by an external  force. %en t h i s  condit ion occurs, t h e  

vehic le  may s l i d e  sideways a s  e a s i l y  a s  i t  s l i d e s  frontwards, and no 

s t e e r i n g  is possible.  One might then v i s u a l i z e  the  vehic le  a s  a 

rectangular  box s i t u a t e d  on four  rubber pads a t  each corner of the  box 

moving across  a r e l a t i v e l y  non-slippery surface.  ?he tu rn  angle,  o r  

o r i e n t a t i o n ,  of these  f ixed rubber pads on the  road su r face  w i l l  have no 

e f f e c t  on the  course of the  vehic le  o r  its stopping distance.  One 

exception is t h a t  i f  a vehic le  is ro ta t ing  when it goes in to  a sk id  i t  

w i l l  continue t o  r o t a t e  a f t e r  wheels a r e  locked-up and skidding. Many 

times t h i s  w i l l  account f o r  the  d r i v e r ' s  ins i s t ence  t h a t  l o s s  of c o n t r o l  

of the  c a r  occurred while braking, o r  t h a t  the  c a r  d i d  not  respond t o  

s t ee r ing  canmands while t ry ing t o  evade a crash.  Curved skidmarks l e f t  

i n  this manner ind ica te  the  vehic le  was turning o r  ro ta t ing  somewhat 

p r i o r  t o  wheel lock-up, o r  skidding. Smooth curved skidmarks l e f t  on 

the roadway i n  t h i s  manner ind ica te  t h a t  the  veh ic le  was ro ta t ing  a h u t  

its cen te r  of g rav i ty ,  while t h i s  same cen te r  of  g r a v i t y  is noving 

fo w a r d  down the roadway. 

Small rubber p a r t i c l e s ,  abraided from t h e  tires a d  l e f t  on t h e  

roadway surf  ace, cmbined with t h e  heat ing up of  the  pavement su r face  

i t s e l f ,  c r e a t e  the  black o r  dark colored skidmarks d i s c e r n i b l e  t o  t h e  

o k e r v e r .  The rubber t read  stock o f  the  t i r e  is much s o f t e r  than t h e  

harder, abrasive su r face  of the roadway. Hence the  rubber is to rn  o f f  

i n  small p a r t i c l e s  a s  i t  sk ids  along the pavement surface.  The 

a p p a r a n c e  of skidnarks is not g ross ly  a f fec ted  by t i r e  pressure,  except  

when the  t i r e  experiences v e r t i c a i  d e f l e c t i o n  g r e a t l y  i n  excess of its 

def l ec t ion  a t  rated load and pressure.  T i r e  load and speed does 

influence the  darkness of the  skidmark. Heavier loads a t  lower speeds 

produce darker marks. On loose  ma te r i a l  su r faces ,  such a s  g rave l  and 

d i r t ,  skidmarks are evidenced by a plowing through the  loose  ma te r i a l  s o  
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a s  t o  leave a groove o r  furrow i n  the  surface equal i n  width t o  the  

tread stock of  t h e  t i r e  in contact with the  road. These may not  be 

black because l i t t l e ,  i f  any, rubber is abraided o f f  the  t i re  a s  it 

s l i d e s  within t h i s  loose material.  

Skidmarks i n  snow, of course, a r e  c h a r a c t e r i s t i c s  of the  snow being 

plowed as ide  s i m i l a r  t o  the  loose mater ia l  above, o r  packed down s o  a s  

t o  c rea te  a slick glazed surface. Here the s l id ing  t i r e  tends t o  melt 

the  surface of snow and c rea te  an icy ,  packed-down s l id ing  nark which is 

somewhat more glazed o r  f r o s t y  i n  appearance than s imi la r  marks i n  which 

t i r e s  were not s l i d i n g  while braking. 

Skidmarks can be used t o  determine the  speed 10s t by a vehic le  

while skidding. They a l s o  e s t a b l i s h  t h e  path of the  vehic le  while 

skidding a s  well a s  its or ienta t ion.  Perhaps t h e  most important f ea tu re  

of skidrnarks to inves t igators  is t h a t  skidrnarks a r e  perishable.  They 

a r e  affected by weather, l i g h t  ( i n  terms of  t h e i r  a b i l i t y  t o  be 

observed) and by t r a f f i c .  They can a l s o  :be obscured, o r  made confusing, 

by movements of  emergency vehicles a t  an accident scene. Skidmarks, and 

other  road surface  marks associated with the crash,  w i l l  eventual ly  be 

worn away by t r a f f i c  passing over them. Pbny t i r e  marks on the  roadway 

a r e  v i s i b l e  because they contain moisture within t h e  abraided t i r e  

material .  When sun l igh t  d r i e s  up t h i s  moisture, t h e  marks disappear. 

Similarly,  on road and ice-covered roadways, dayl ight  accompanied by 

sunshine w i l l  tend t o  melt away skidmarks. 

One of the  most d i f f i c u l t  c h a r a c t e r i s t i c s  o f  skidmarks t o  discover 

is where the  skidmark begins. I f  a t i r e  is s l i d i n g  s o  a s  t o  leave a 

mark c h a r a c t e r i s t i c  of an e rase r  on a dry surface,  t h e  po in t  a t  which 

the  erasing begins is where t i r e  s t a r t e d  s l id ing .  The beginning of the  

skidmark produces a f a i n t  mark r e l a t i v e  t o  t h e  heavier ,  darker  skidmark 

i n  the middle of the skid. A s  the  f r i c t i o n  between t h e  t i r e  and roadway 

c r e a t e s  heat  between t i r e  rubber and roadway surface ,  t h e  narks  Secome 

gradually darker shadowing changing i n t o  heavy, s o l i d ,  dark marks. I f  

the t i r e  has been laying down a t r eadpr in t  on t h e  pavement, then begins 

to  s l i d e ,  the  point  a t  which the  discernable t read p a t t e r n  of the t i r e  

ends and the  smearing (marks) s t a r t  indica tes  t h e  beginning of the  skid. 

The black smear type skidmark is the most common skidmark and t h e  one 
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thought of by most p o p l e  when skidmarks a r e  discussed.  A black smear- 

type skidmark is crea ted  when the  t i r e  t read  black rubber m a t e r i a l  is 

heated by f r i c t i o n  i n  s l i d i n g ,  and is sneared ac ross  the roadway 

pavement by the  s l i d i n g  t i r e  i n  contac t  with the  roadway. The deposi ted 

mater ia l  may be e i t h e r  rubber from the  t i r e ,  bituminous mate r i a l  

cons i s t ing  of  t a r s  i n  the  pavement, o r  a combination of both. The p i n t  

a t  wfiich the  black snear  begins t o  be observable is refer red  t o  a s  t h e  

p i n t  of d e f i n i t e  beginning, o r  the  start of  t h e  skidmark. I t  is 

important t o  note t h a t  the  wheel may have s l i d ,  o r  skidded, some 

d i s t ance  before s u f f i c i e n t  heat  was generated t o  snear  the  pavement 

surface  and be observable. I n  t e s t s  conducted 'by HSRI, c a l i b r a t e d  t e s t  

vehic les  were skidded a t  var ious  speeds. I t  was determined t h a t  wheel 

lock-up a c t u a l l y  occurred some d i s t ance  before Lle skidmark was a c t u a l l y  

d iscernib le .  Thus t h e  a rea  immediately ahead oE the  skidmark where a 

f a i n t  shadow of the  skidmark can ' observed is a p a r t  of the  t o t a l  

length of t h e  skidmarks. I n  conducting such t e s t s  in  a range of 25 t o  

50 mph on l i g h t  portland cement surface  roadway, i t  was noted t h a t  

approximately 10% of the skidmark was not d i s c e r n i b l e  t o  t h e  eye i n  t h i s  

manner. For example, an observable skidmark 91 f e e t  long may a c t u a l l y  

r e s u l t  from 100 f e e t  of wheel lock-up. This  is because i t  t akes  the 

t i r e  some d i s t ance  a f t e r  lock-up t o  genera te  the  necessary hea t  t o  make 

the  black snear  skidmark which is v i s i b l e  t o  the  observer. 

7.1 Tiremarks 

7.1.1 Overlapping Marks. One problem a r e a  regarding skidmarks t h a t  

requires i n t e r p r e t a t i o n  by an experienced observer,  is where skidim rks  

overlap. That is, where skidmarks from the rea r  d l e e l s  dre superimposed 

on skidrnarks frcm t h e  f r o n t  wheels so t h a t  the  r ea r  wheel marks a r e  not 

d i s t i q u i s h a b l e  from t h e  f r o n t  wheel marks. This  occurs pr imar i ly  i n  

s t r a i g h t  sk ids  where t h e  t read  width, o r  t h e  l a t e r a l  d i s t a n c e  ac ross  the  

vehic le  between the  f r o n t  wheels, is a h s t  t h e  same a s  the  d i s t a n c e  

between the  back wheels. An ind ica t ion  o f  s k i d m r k  over lap  is where 

there  is sudden change in  the  s k i d m r k  t o  a heavier ,  o r  more dense 

deposi t  of rubber which is the  sun o f  rubber a b r a i d d  from the  'back 

wheels with rubber abraided from the  f r o n t  wheels. The d i s t a n c e  between 

the  s t a r t  of the  skidmark and where i t  becomes darlcer is equal t o  the  
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dis tance  of t h e  h e e l b a s e  of the vehicle. I t  may a l s o  be dis t inguished 

by a s l i g h t  of f -se t  in  the skidmark, o r  a s l i g h t  widening of the  

sk  idma rk . 
It is l e s s  d i f f i c u l t  t o  determine the terminal point  of  skidmarks. 

Skidmarks usually end when the  vehic le  making them comes t o  a s top ,  h e n  

the vehicle leaves  the surface  of the  roadway on which they were 

imprinted, o r  when the  veh ic le ' s  wheels making t h e  skidmarks begin t o  

r o l l  again. Wen a vehic le  has cane to  a s t o p  by skidding but then is 

subsequently moved rearward, t h i s  can a l s o  be noted sometimes from 

observing the skidmark. Small mounds of mud, snow, d i r t ,  o r  d e b r i s  may 

be piled up ahead of each t i r e  during the sk id ,  s i n c e  t h e  t i r e  tends t o  

ac t  a s  a squeegee across the  surface of the  roadway. This  m a l l  loose 

mater ia l  build up o r  mound, is c h a r a c t e r i s t i c  of the termination of the  

s k  idma rk . 
Rear t i r e  skidmarks can be dist inguished from f r o n t  wheel skidmarks 

because they a r e  u s w l l y  l i g h t e r  than f r o n t  wheel smears. This r e s u l t s  

from the  decrease i n  weight supported by t h e  rear  wheels a d  t rans fe r red  

to  the  f r o n t  wheels when braking ( a s  mentioned e a r l i e r )  . Because rea r  

. h e e l  skidmarks a r e  comparatively l i g h t e r  than f r o n t  wheel skidmarks, 

they o f ten  may be observed a s  th in  open s t r i p e s  i n  t h e  smear p a t t e r n  

which c o r r e l a t e  well with the  circumferential  grooved. t r ead  p a t t e r n  of 

the  t i r e .  

When o b e r v i n g  s t r a i g h t ,  overlapping skidmarks, c a r e  should be 

taken i n  t h e i r  measurement. They do not represent  the  t o t a l  iength of 

the vehicle skid ,  but a continuation of skidding d i s t a n c e  by both t h e  

f ron t  ard rear  wheels. !&en the f r o n t  and rea r  skidmarks cannot be 

separated by v i sua l  examination the length of the  skidding veh ic le ' s  

wheelbase must be subtracted from t o t a l  length of the measurd  combined 

skidmark of f ron t  a d  rea r  wheels. 

7.1.2 Curved Skidmarks. Cwvedskidmarks indicate  t h a t  t h e  vehic le  

is rota t ing while skidding. A l l  four  vehic le  wheel paths  can usually be 

observed f rom curved s k i ~ r k s .  Rotation during skidding can r e s u l t  

f r m  t h e  d r ive r  i n i t i a t i n g  a turning movement a s  wheels a r e  lockeci-up i n  

braking and t h e  vehicle continues i n  ro ta t ion  from its turning paLl j u s t  

before skidding begins. Curved skidmarks imy a l s o  i n d i c a t e  unequal 



braking force  between the  var ious  vehicle wheels. If l e f t  s i d e  wheels 

a r e  braking with g r e a t e r  fo rce  than r i g h t  s i d e  wheels, the veh ic le  w i l l  

terd t o  r o t a t e  counterclockwise in  the  d i r e c t i o n  o f fe r ing  imst  

r es i s t ance  t o  its movement. Badly adjusted brakes can r e s u l t  i n  t h i s  

condi t ion  where braking on one s i d e  of t h e  vehic le  d i f f e r s  from t h e  

o the r  s i d e ,  r e su l t ing  i n  t h e  same t y p  of curved motion. 

An i m p  r t a n t  considerat ion when in te rp re t ing  curved skidma r k s  is 

t h e  influence of an  uneven, o r  nowleve l  roadway surface.  If t h e  

roadway is crowned s o  t h a t  i t  s lopes  downward away from the  c e n t e r  of 

t h e  roadway f o r  drainage, a s  most roads do, t h i s  l a t e r a l  roadway s lope  

c r e a t e s  a tendency f o r  t h e  vehic le  t o  nove toward t h e  edge of the  road 

because of g r a v i t y  while skidding. Should only t h e  r i g h t  f r o n t  and r e a r  

wheels of one s i d e  of the  vehic le  go off  on t h e  shoulder,  and t h e  l e f t  

s i d e  wheels remain on the  roadway, t h e  su,oerior t r a c t i o n  of the  l e f t  

hee l s  on the  pavement w i l l  re tard  t h e  vehic le  g r e a t e r  than t h e  wheels 

not  on t h e  roadway, c rea t ing  a fo rce  which tends to p u l l  t h e  veh ic le  

back onto t h e  pavement. S imi lar ly ,  v a r i a t i o n s  i n  t h e  c o e f f i c i e n t  of 

f r i c t i o n ,  roadway surface  o r  skid  f a c t o r ,  of the  pavement su r face  can 

induce ro ta t ion  of t h e  vehicle.  Skidding, f o r  instance,  where one s i d e  

of t h e  vehic ie  has its wheels on a v inyl  t r a f f i c  s t r i p e  (such a s  a r e  

used f o r  pavement markings i n  pedes t r ian  crossways, tu rn  arrows, 

etc.) can r e s u l t  in  braking fo rces  being d i f f e r e n t  on var ious  &eels .  

On t h e  more t r ave l l ed  cen te r  area  of an a s p h a l t  su r face  t r a f f i c  l ane ,  

f o r  instance,  t h e  abrasive mate r i a l  may have been pushed down below the  

aspha l t ,  making i t  snoother than on the  o u t e r  surface .  ' h e e l s  of  a 

skidding vehic le  on such a surface  would not  develop a s  nuch t r a c t i o n  a s  

t h e  o p p s i t e  s i d e  wheels i n  contact  with the  more abras ive  su r face  next 

t o  the  road edge. This  r e s u l t s  i n  t h e  r i g h t  s i d e  of the  veh ic le  

developing more skid f r i c t i o n  fo rce ,  which tends t o  t u r n  t h e  veh ic le  t o  

t h e  r ight .  

Cubed skidrnarks may a l s o  be i n d i c a t i v e  of a h a l f  spin.  A ha l f  

sp in  is ro ta t ion  of the veh ic le  180° from its d i r e c t i o n  of t r a v e l  and is 

caused by having one set of  wheels lock-up p r i o r  t o  t h e  r e n a i n i q  set. 

hhen rear  wheels lock-up f i r s t  before  t h e  f r o n t  wheels, a condi t ion  is 

created which can cause t h e  veh ic le  t o  s p i n  around 180'. This  can a l s o  
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be the case when f r o n t  wheels s t a r t  ro l l ing  and the  rea r  wheels remain 

locked-up causing the vehicle t o  s imi la r ly  spin  around and face  the  

o p p s i t e  d i rec t ion.  

Contrary t o  what one might i n t u i t i v e l y  think m u l d  happen, the 

vehicle is less s tab le  i n  terms of d i rec t iona l  control  when rear  wheels 

a r e  locked-up before f r o n t  wheels i n  a skid. Rear wheels w i l l  then lose  

the  necessary t i r e  s i d e  t h r u s t  forces f i r s t  which a r e  e s s e n t i a l  t o  

d i rec t iona l  control  of the  vehicle. !&en such s ide  t h r u s t  fo rces  a r e  

l o s t  i n  the  rear  wheels, accanpanied by a decrease i n  t h e  maximum road 

t i r e  t r a c t i v e  force a s  a r e s u l t  of skidding i n  the  r e a r  wheels, the  

vehicle w i l l  r o t a t e  180°, o r  "switch ends". As indicated e a r l i e r ,  

skidding wheels do not provide f o r  optimal braking. Thus when rear  

hee ls  begin skidding while f r o n t  wheels a r e  not skidding when braking 

heavily, there  is a reduction of rear  wheel b r a k i w  fo rce  cunpared t o  

the  f r o n t  wheels. Thus the rea r  wheels w i l l  develop reduced braking 

force and lose  l a t e r a l  s i d e  t h r u s t  forces. This induces the  vehic le  t o  

yaw, o r  t o  ro ta te  so  t h a t  the  rear  wheels w i l l  m ~ v o  ahead of the  f r o n t  

heels. 

Vehicle s teer ing systems a r e  designed s o  t h a t  the  t i r e  area in  

contact  with the roadway is s l i g h t l y  behind the s t e e r i n g  a x i s  of t!e 

f ront  wheels. The s t ee r ing  a x i s  is t h a t  imaginary v e r t i c a l  l i n e  which 

passes through the wheel assembly t o  the  u p p r  and lower c e n t r a l  arm. 

This r e s u l t s  in what is ca l l ed  ~ s i t i v e  c s s t e r .  P o s i t i v e  c a s t e r  

enhances the  d i rec t iona l  s t a b i l i t y  of the  vehicle s i n c e  t h e  imaginary 

steering a x i s  passes through the  road surface  ahead of t h e  cen te r  l i n e  

of the wheel. The t i r e  then tends t o  t r a i l  behind j u s t  a s  t h e  c a s t e r  on 

one wheel of a swivel cha i r  " t r a i l s  behind, h e n  t h e  c h a i r  is pushed 

in to  motion. This centering e f f e c t  w i l l  tend to irxluce steeri!q angle 

in to  a vehicle s t ee r ing  system a s  i t  spins  around without d r i v e r  

control.  

7.1.3 Skip Skidmarks. 'When skidmarks a r e  not continuous but  a r e  

in termit tent ,  they may be made by a vehicle bouncing along on the  

roadway. In  t h i s  s i t u a t i o n  the length of the skidnark and t h e  length of 

the  space between skidmarks is c h a r a c t e r i s t i c a l l y  lmifonn and constant ,  

and i e s s  than 3 o r  4 f e e t  apart .  This  condit ion can r e s u l t  when a 



Figure 7.1 Caster Effect 

skidding vehic le  impacts a p t h o l e ,  o r  bump on the roadway kbich s t a r t s  

t h e  vehic le  bouncing. The i n i t i a l ,  p a r t  of the skidmark i n  such 

s i t u a t i o n s  w i l l  usual ly  be t h e  longest  segment of the e n t i r e  skid path. 

Skip sk ids  should be measured f o r  t o t a l  length s o  t h a t  L3e gaps a r e  

included between the  marks on t h e  pavement. Consider the s k i p s  i n  such 

skidmarks a s  p a r t  of t h e  o v e r a l l  skidmark. Vehicle braking is not  

reduced during t h e  s k i p  p r t i o n  of t h e  skid  by v i r t u e  of t h e  wheels 

being o f f  the  ground f o r  such s h o r t  d is tances .  Nhile a c t u a l  braking 

does not occur during these  s h o r t  i n t e r v a l s  when t h e  wheei leaves  the  

ground, heavier  braking does occur when i t  re tu rns  back i n t o  S I ~  ground 

t o  canpensate f o r  the  missed dis tance .  Sk ip  skids  should be d0cumente.i 

accura te ly  a s  well a s  photographed f o r  f u r t h e r  evaluat ion o f  the 

skidmarks s hen a l l  a v a i l a b l e  information regarding the accident  is 

ccmpiled. 

7 . 1 . 4  Gaps in  Skidmarks Many t imes skidmarks are  obsewed i n  which 

t h e r e  is a gap between the  termination of the skidmarks on t h e  roadway 

a d  a r e i n i t i a t i o n  of the skidmark some s h o r t  d i s t ance  down the  

T I R m  ANALYSIS - 9 



roadway. This  w i l l  be the r e s u l t  of the d r ive r  punping h i s  brakes. 

Some times the  d r i v e r  may momentarily release h i s  brakes because he 

bel ieves  t h a t  the  c o n f l i c t  s i t u a t i o n  ahead, in  which a c o l l i s i o n  appears 

imminent, has passed, only t o  re-apply them with even g r e a t e r  fo rce  

when he r e a l i z e s  t h a t  h i s  i n i t i a l  judgement was incorrect .  This is a 

typ ica l  sitw t i o n  i n  c o l l i s i o n s  with pedestrians o r  b i c y c l i s t s ,  - h e r e  

ttle slawer movement of the  person o r  bicycle can change abruptly fr~xn 

t h a t  which the  d r i v e r  ant ic ipa tes .  Unlike s k i p  skids above, such gaps 

in  skidmarks in  t h i s  s i t u a t i o n  a r e  not included i n  the  o v e r a l l  

measurement of the  skidmark. They must he subtracted from t h e  length 

between the s t a r t  and s t o p  of the t o t a l  s k i d .  

7.1.5 Variable Skidmarks. 'When the  surface oE the roadway is not  

continuous and constant,  but ra ther  cons i s t s  of d i f f e r e n t  ma te r i a l s  with 

d i f f e r e n t  f r i c t i o n  cha rac te r i s t i c s ,  var iable  skidma rks may occur. This  

could be the  s i t u a t i o n ,  f o r  exanple, when a vehicle is noving from a 

concrete surface,  such a s  Portland cement, t o  a loose ma te r i a l  su r face  

such a s  gravel.  Skidma rks associated with each s u r f a c e  represent  

d i f f e r e n t  f r i c t i o n  forces generated between the  t i r e s  and roadway t o  

slow down the  vehicle. Here the  coe f f i c i en t  of f r i c t i o n  of the two 

tyFes of roadway surface  may be much d i f fe ren t .  A s  one would expect,  

each length of skidmark associated with each pavement su r face  should he 

measured individually,  and not considered a s  an o v e r a l l  continuous skid  

on the same type of surface. This is important when at tempting t o  sun 

up the  po ten t i a l  s p e d  l o s s  indicated by the  skidmarks  f o r  each ,pavement 

surf  ace. 

7.1.6 Acceleration Yarks. Often, t i r e  narks .which appear a s  

skidmarks a r e  r e a l l y  accelera t ion  marks. This is when a veh ic le  is 

accelerated rapidly from a stopped ,position, o r  when noving a t  slow 

speeds, so a s  to  make heavy, dark tiremarks. These a r e  acce le ra t ion  

marks and c lose ly  approximate skidmarks i n  appearance. They begin a s  

heavy dark marks and slowly d i s s i p a t e  i n  in tens i ty  a s  t h e  ro ta t iona l  

ve loci ty  of the wheel b q i n s  to  approach the l i n e a r  v e l o c i t y  of  the  

vehicle. 

One charac te r i s t i c  o f t en  obsenred i n  acce le ra t ion  marks t h a t  

d i f f e r e n t i a t e  them £ran skidrmrks, is t h e i r  l i n e a r i t y .  .When rapidly 

10 - T I M  ANALYSIS 



acce ie ra t ing  a vehic le  under forward rnaximm acce le ra t ion ,  some s t e e r i q  

may be necessary t o  keep the  vehic le  in  a s t r a i g h t  path. This  is 

because the  torque from each wheel, A i c h  is t rans la ted  i n t o  l i n e a r  

.motion t o  t h e  vehic le ,  m y  not be equal a t  each rea r  wheel ':>ecause of 
.I road-t ire i n t e r f a c e  d i f fe rences  . This  m a l l  d i  Eference must then 'be 

corrected  by t h e  d r i v e r  i n  s t ee r ing .  This r e s u l t s  i n  a d iscernably  

curved, o r  "wavrll', c h a r a c t e r i s t i c  i n  t h e  acce le ra t ion  mark. The gradual  

decrease i n  i n t e n s i t y  of  t h e  accelera t ion mark a s  the vehicle a t t a i n s  

speed which reduces s l i p  t o  the  wheel with respect  to the r lmd~ay ,  is 

t h e  o t h e r  important c h a r a c t e r i s t i c  of an acce le ra t ion  [nark. 

7.1.7 Tread Pa t t e rn  Narks & S t r i a t i o n s .  Tire t read p a t t e r n s  ( o r  

lack the reof) a r e  helpful  es tabl ishing d r i v e r  a c t  ions r e l a t i v e  t o  

braking, s t ee r ing ,  accelera t ing,  o r  conbinations of these ,  when they a r e  

okserved i n  skidmarks. T i r e  p a t t e r n s  may c o n s i s t  of  a c t u a l  t r e a d  

imprints  of the  tread design a s  i f  they were imprinted ty a rubber 

stamp, t i r e  r i b  marks, t r ead  edge mar!cs, and/or s t r i a t i o n  marks. I n  a 
2 recent  s tudy by HSRI , t i r e  t read pa t t e rns ,  when observable i n  

t i r m a r k s ,  were examined s o  a s  to  determine what information could be 

ext rac ted  from such pa t t e rn  marks t h a t  would be he lp fu l  i n  determining 

d r i v e r  ac t ions  and vehic le  movement i n  a crash. 

I t  was es tabl ished t h a t  t read imprints  (i .e.,  where an image of t h e  

t i r e  t read is deposited) occur i n  s t r a i g h t - l i n e  braking and under 
3 longi tudinal  s l i p  condit ions of between 5 and 20%. That is, i t  occurs  

i n  s t r a i g h t  l i n e  braking where t h e  wheels a r e  retarded 'oetween 5-203 i n  

angular  ve loc i ty .  Tread imprints  a l s o  most probably r e s u l t  from 

skidmarks produced by f r o n t  t i r e s .  This e n t i r e  condi t ion  of t r ead  

p r i n t s  i n  skidmarks is r e l a t i v e l y  r a r e  s i n c e  passenger ca r  t i r e  t r ead  
-- -4 -----.---- .. --- 

' ~ o r  f r o n t  wheel d r i v e  vehic les ,  t h i s  would then be t r u e  of the  
f r o n t  d r i v e  wheels. 

*"A Methodology f o r  Determining t h e  Raie of Vehicle H a n S l i q  i n  
Accident Causation," D.F. Dunlap, L. Segel ,  F.L. Preston,  P. Cooley, and 
B .C . Brown, February 1977, UM-HSRI-75-12-2. 

3 S l i p  here  indicates  the percentage d i f f e r e n c e  i n  ve loc i ty  between 
t h e  wheel being braked and the  ve loc i ty  of t:?e vehicle.  3nz 31~rldrec-1 
percent longi tudinal  s l i p  r e p e s e n t s  locked-wheel braking, l~hi le  braking 
a t  l e s s  than 100% ind ica tes  L ie  braked wheel is s t i l l  p a r t i a l l y  rollincj. 
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imprints  a r e  not  e a s i l y  d i sce rn ib le  unless a t i r e  loading condit ion 

e x i s t s  a i c h  is equivalent  t o  a t  l e a s t  a 40% weight t r a n s f e r  t o  t h e  

f r o n t  tires. Wheel lockup is c e r t a i n  to occur f o r  any s l i p  condi t ion  

g r e a t e r  than 20% because of the brake force-slip r a t i o  c h a r a c t e r i s t i c  of 

the  pleurnatic t ire.  

T i r e  t r ead  r i b  marks occur i n  s t r a i g h t  skids.  Tread edge marks a r e  

d e p s i t e d  by f r o n t  t i r e s  when t h e i r  loading is increased kecause veh ic le  

weight is t rans fe r red  t o  t h e  f r o n t  wheels a s  a r e s u l t  of braking. 

S t r i a t i o n  marks appear a s  in te rmi t t en t  skidmarks, two t o  t h r e e  inches i n  

width, spaced a t  Pa t o  four inches apar t  on the pavement. 

S t r i a t i o n  marks a r e  present  i n  skidmarks when t h e  t i r e s  a r e  

adjusted to  a l a t e r a l  s l i p  condition; t h a t  is, *en t h e  veh ic le  is 

turning,  e i t h e r  on a curved por t ion of the  roadway o r  a t  a corner.  As 

indicated e a r l i e r ,  these  s t r i a t i o n  marks a r e  a t  the  same angle with t h e  

d i r e c t i o n  of the  skidmark and r e s u l t  from both t h e  l a t e r a l  and 

longi tudinal  s l i p  angle of the  t i r e  with respect  t o  t h e  d i r e c t i o n  of 

vehic le  movement. mis angle is indepe~den t  of t h e  speed of the  

vehicle.  The width ard spacing of s t r i a t i o n  marks is influenced by t h e  

i n t e r i o r  t read p a t t e r n  of the t i r e  and by t h e  A g e  p a t t e r n  along the 
4 s ide  of LLie tread.  Even so, t i r e s  such a s  the AS?M t i re ,  w i t h a  

simple ci tcumferential ly ribbed t r ead ,  and a f e a t u r e l e s s  edge p a t t e r n ,  

e x h i b i t  the  same in te rmi t t en t  s t r i a t i o n  marks a s  do f u l l y - t r e a d d  tires. 

A discuss ion of c h a r a c t e r i s t i c  s t r i a t i o n  !nark a n g l e r  r e l a t i v e  t o  

the d i r e c t i o n  of skidmarks is given i n  Section 7.3. 

7.1.8 Point  of Impact. An important c h a r a c t e r i s t i c  i n  s k i h r k s  

h i c h  is i r d i c a t i v e  of t h e  point  of impact, is an abrupt  bent  o f f s e t  

the p a r a l l e l  l i n e  skidmarks. This r e s u l t s  from a skidding veh ic le  

impacting another vehicle o r  fixed object  so t h a t  its skidding path is 

a l t e red  by the  impact. The vehic le  is r e d i r e c t d  Zran its path of 

t r a v e l  up t o  the  point  of impact onto a ileq path towards its f i n a l  r e s t .  

' hen  skidding vehic les  c o l l i d e  with pedes t r ians ,  c y c l i s t s ,  o r  o b j e c t s  

h o s e  mass is small r e l a t i v e  t o  t h e  vehic le  s t r i k i n g  them, observing 

such o f f s e t s  i n  t h e  skidmarks may be d i f f i c u l t .  M e r e  d i s c e r n i b l e ,  i t  
- 

'American Standards Testing Material  

12 - TIRMARK ANALYSIS 



could be the most accura te  i d i c a t i o n  of the point  of impact a v a i l a b l e  

frm t h e  physical  evidence. 'When measuring the  t o t a l  skidmark i n  which 

t h e r e  is an o f f s e t ,  o r  abrupt change i n  d i r e c t i o n ,  a s  a r e s u l t  of 

impact, a separa te  measurement should be made of t h e  o f f s e t  p r t i o n  a s  

el1 a s  t h e  por t ion  leading up to the  o f f s e t .  Each should be mte.j. 4nd 

recorded accurately.  Measurement o E  i:he angle crea ted  by the  o f f s e t  is 

most helpful  i n  es tab l i sh ing  t h e  redirected path oE the  vehic le  f r w  its 

path p r i o r  t o  impact. 

7.1.9 T i r e  Tread Imprints. Imprints of t h e  t i r e  t read s tock 

pa t t e rn  on the  roadway sur face  indicate  t h a t  t l e  wheel was r o l l i n g  and 

not  skidding. The mechanism here  is much l i k e  an ink stamp iil which a 

p a t t e r n  i n  rubber is imprinted on a f l a t  surface  without  m e a r i i y .  The 

imprint my be t h e  r e s u l t  of loose  mat ter  picked up by the  t i r e  a s  i t  

ro l led  on the roadway, leaving its d i s t i n c t i v e  t r ead  stock p a t t e r n ,  o r  

by wiping a s i d e  wet o r  loose  substances on a paved highway surface.  I t  

could a l s o  be t h e  r e s u l t  of making an impression i n  t h e  s o f t  ma te r i a l  

such a s  s a d ,  d i r t ,  mud, snow o r  s i m i l a r  s o f t  e a r t h  substances. The 

primary value of such information is t o  ind ica te  tile pos i t ion  path  of 

the  vehic le  on the  road surface ,  o r  o f f  road area ,  and t o  ind ica te  

whether vehic le  wheels while making these  imprints  were ro l l ing  r a t h e r  

than skidding. I t  may a l s o  ind ica te  t h a t  a veh ic le  had f a i l e d  t o  s t o p  

a t  a s t o p  s ign  because brakes were not applied,  o r  were not working f o r  

some reason. 

Ti re  imprints  a r e  d i s t i n c t  f r m  skidmarks i n  t h a t  they convey the  

t i r e  t read p a t t e r n  of the  t i r e  without any of the  slick or smoothly m r n  

fea tu res  c h a r a c t e r i s t i c  of skidmarks. I n  addi t ion ,  t h e  imprint p a t t e r n  

is uniform i n  c o n t r a s t  a d  not iceably  s i m i l a r  t o  o the r  imprint marks 

l e f t  by t i r e s  on o the r  wheels of the  same vehic le .  They should be 

c h a r a c t e r i s t i c  of the  tread p a t t e r n  on wheels and e a s i l y  cor re la te !  ~ i t h  

t h e  wheels which l e f t  the  imprint. Skidmarks a r e  darker  and more 

prominent a t  t h e i r  beginning and end. Imprints  w i l l  be continuous f o r  a 
given surface  w i t ?  no beginning and end. 

I f  t l e  t i r e  r o l l s  Llrough a surface  c o v e r d  ~ i t h  viscous substances 

such as  o i l ,  i t  w i l l  tend t o  l i f t  l i t t l e  p o i n t s  of the  s t i c k y  matter  a s  

i t  passes through it leaving a p r i n t  c h a r a c t e r i s t i c  known a s  a "s t ippled 
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pat tern" .  One o the r  noticeable c h a r a c t e r i s t i c  of t i re  imprint marks is 

m a l l  b i t s  of mud, o r  s i m i l a r  wet loose  mater ia l ,  &ich c l i n g s  t o  t h e  

s ide  of the  t i r e  a s  i t  r o l l s ,  mis mater ia l  w i l l  tend to  s p l a t t ~ ? ~ ,  :IC 

squish ou t  t o  the  s i d e  of the  t i r e  a s  the t i r e  comes more f i rmly i n  

contact  with t h e  surface  u p n  which it is r o l l i q .  Such s p l a t t e r  squish 

marks a r e  made by f o r c i q  t h e  mater ia l  o u t  from the  t i r e  t read p a t t e r n  

so a s  to be deposited adjacent  to  the  t i r e  t read imprint on t h e  ground. 

Evidence of s t ee r ing  may a l s o  be noted i n  t i r e  imprints  a s  a 

vehicle is turned. As indicated previously, a skidding vehic le  denies  

the d r i v e r  the  a b i l i t y  t o  s t e e r  the vehicle. Xhere s t e e r i n 3  is , p s s i b l e  

through hard braking ra the r  than skidding, the  s l i d i n g  wheels w i l l  show 

scuff  marks ra the r  than tread pa t t e rns  indicat ive  of t i r e  imprints.  

7.1.10 Scuff Marks. Scuff marks a r e  marks l e f t  on t h e  roadway 

surface  by t i r e s  t h a t  a r e  both s l i d i n g  a s  well a s  r o l l i n g .  The wheel 

may be ro l l ing  and s l ipp ing  sideways a t  the  sane tine. 51:ufE (narks 

represent a combination of both t i r e  iznprints and skidmarks. m e y  may 

r e s u l t  frm l a t e r a l  movenent t o  wheels from a c o l l i s i o n .  They may a l s o  

indicate  t h a t  the  vehicle sustained a blow-out o r  became d e f l a t e d  i n  the  

crash. 

m e n  a vehic le  "spins o u t n ,  o r  " s l i p s  out" while cornering,  o r  is 

oriented i n  a d i r e c t i o n  d i f f e r e n t  from its d i r e c t i o n  of t r a v e l ,  scuff 

marks MY be deposited. Of t en  they a r e  i n  the  form oL' 'liglli: i ~ a r a l l e l  

grooves, referred t o  a s  s t r i a t i o n s ,  which run s t r a i g h t  S u t  a r e  diagonal  

to  t h e o u t l i n e  of the  continuous scuff  mark. This p a t t e r n m a y b e  

s imi la r  to  t h a t  of the milled edge of a coin. I n  tests comiucted a t  

HSRI with a mobile t i r e  t e s t e r ,  it was es tabl ished t h a t  t h e  angle t h a t  

such s t r i a t i o n s  make with the  path of the scuf f  mark i n d i c a t e s  the yaw 

angle t h e  vehicle makes wit!! its d i r e c t i o n  of t r a v e l .  X e a s u r i q  the 

angle between the s t r i a t i o n  marks across tile scuff  ,pattern, with a l i n e  

through Lie cen te r  of scuff  pa t tern ,  w i l l  then i n d i c a t e  t h e  angle a t  

which the  vehicle had yawed while the  scuff  marks were being d e p s i t d .  

Perhaps the most important in fomat ion  one can ob ta in  from scuff 

marks is when a vehic le  is taking a curve a t  c r i t i c a l  cornering speed. 

C r i t i c a l  cornering speed is the sped a t  which the  veh ic le  is a t  the 

threshold of s p i m i q  ou t  o r  s l ipp ing  i a t e r a i l y ,  \.&en i n  a curve. T i r e  
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scuffs which occur are critical-sped scuff marks made by t i res  sliding 

a l i t t l e  as Lle vehicle traverses the curve, and are made by the outside 

edges of tires. The scuff mark le f t  by the rear t i r e  w i l l  f a l l  outside 

the scuff mark made by front t i r e  for that side of the vehicle tending 

to s l ip  off the roadway as a result of centrifugal force. 

Caiculation of cr i t ical  sped from cornering, or traversing a 

curve, is based on the centrifugal force acting on the vehicle because 

of the circular path i t  follows. This force i s  countered 'by lateral  

friction forces developed by the t i res  which keep the vehicle from 

s l i d i n g  tangentially off the roadway. Such cr i t ica l  curve scuff marks 

are also called centripetal curve scuffs and represent Lhe equal and 

op~osi te  force to the centrifugal force acting on the vehicle to keep i t  

on the roadway. 

The cent r i fqa i  force acting on the vehicle is equal to the mass (m) 
2 of the vehicle times the square of its velocity (V ) divided by the 

radius of the curve ( r )  over which it is waving: 

The centripetal force necessary to counter centrifugal force and keep 

the vehicle on the roadway i s  a product of  i t s  inass (n) and acceleration 

(a) : 

By equating the two we can calculate the acceleration acting on the 

vehicle as: 

The lateral forces which keep the vehicle fran spinning o u t  result 

frcm friction forces developed laterally to the t ires.  This friction 

force a t  the t i res  is t i e  product of the roadway coefficient of friction 

( ~1 ) ard weight (14) of the vehicle: 

substituting W = rng, and m i n i n g  ~i t h  tl?+ e~pres.si i ) r~ &;,\re 

gives: 
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Which solved f o r  veloci ty  ('4) becmes: 

Adjusting t h i s  expression f o r  correc t  u n i t s  f o r  mass so t h a t  the 

radius (r) is i n  f e e t  and the  veloci ty  (V) i n  mph a l t e r s  t h e  expression 

This is the  equation which ncmographs and s l i d e  r u l e  type devices 

a r e  based on. They can be used t o  c a l c u l a t e  c r i t i c a l  speel a b u t  a 

curve of radius ( r )  and roadway c o e f f i c i e n t  of f r i c t i o n  ( p , )  . For 

example, a vehic le  t r ave l l ing  on a curved roadway whose radius is 500 

f e e t  (with roadway l e v e l )  , and whose average, dynamic c o e f f i c i e n t  of 

f r i c t i o n  ( p ) is 0.5 can achieve a speed of 61 mph before t h e  vehic le  

begins to  s l i d e  l a t e r a l l y  o f f  t h e  roadway. 

I t  is important to understand t h a t  t h i s  r e l a t i o n s h i p  can be used 

where c r i t i c a l  sped scuff  marks a r e  noted and ineasurwl c a r e f u l l y .  

hhere the  roadway is banked, o r  superelevated, t h e  s a f e  s,oeed which a 

vehicle can move around a curve is increased because t h e  car is s l i g h t l y  

t i p ~ e d  s o  a s  to have a tendency t o  s l i d e  toward t h e  c e n t e r  of t h e  curve. 

The angle which the  roadway surface  makes with the  horizon con t r ibu tes  a 

component of the normal force  of the vehicle on the  roadway which tends 

to  counteract the  centr iEugal  force deve lopd .  This  r e s u l t s  i n  the  

expression b e i q  m d i f i e d  s o  tha t :  

Here the  only d i f fe rence  with the  previous expression is t h e  inclus ion 

of the  superelevation t e rn ,  "e". This is the  tangent  of the angle t ha t  

the  roadway makes w i t !  the  horizon, and is the  supere levat ion of the  

roadway curve. For roadways which s l o p  toward the  ins ide  of t h e  curve, 

the s u p  releva t ion  is psi t ivs .  -4 n g a  t ive  su,preleva t ion e x i s t s  when 

the slope is such t h a t  the roadway is h ighes t  on t h e  inside of t h e  

curve. The l a t t e r ,  of course, is not a c m n  occurrence on higlways. 

7.1.11 Scratches.  Scratches on the  roadway must be p o s i t i v e l y  

associated with the  crash to be helpful .  They a r e  caused when s t i f f  

parts of the  vehicie (usual ly  mel ted) ,  a r e  pressed i n t o  o r  scraped along 
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the  paved surface  of the  roadway. Where sc ra tches  a r e  f r e s h  and t h e  

r e s u l t  of r i g i d  , metal p a r t s  scraping a l o q  the  roadway surface ,  they 

tend t o  spa rk le  and be b r igh t  i n  the concrete and unmistakenly f r e s h  i n  

asphalt .  Scratches a r e  helpful  i n  indicat ing t h e  d i r e c t i o n  of movement 

of t h e  veh ic le  f ran impact. ' hen  corre la ted  with t h e  p a r t s  of  the  

vehic le  i n  contact  with t h e  roadway which resul ted  i n  the  sc ra tches ,  

they can a l s o  conf inn t h e  pos i t ion  of t h e  vehic le  on t h e  roadway a t  

impact. 

Scra tches  resu l t ing  from a ro l lover  may i n d i c a t e  where the  veh ic le  

i n i t i a t e d  its ro l lover  movement. A vehic le  s l i d i q  along t h e  pavement 

on its s i d e ,  o r  top,  usually leaves  d i s t i n c t i v e  s c r a t c h e s  made by its 

trim, bumpers, sharp sheetmetal edges, sheetmetal  panels ,  door handles 

o r  o t h e r  protruding parts .  Scratches nlay sometiaes have p a i n t  inbedded 

i n  than which can be observed with a magnifier.  m e r e  a r e  o f t en  

c o r r e s p n d i n g  marks i n  the  ob jec t  t h a t  covered them. Pa in t  my come 

from most any exposed painted su r face  t3E the  vehicle and is r lhbe:  o f f  

ard at tached t o  t h e  abras ive  t e x t u r e  of the  pavement surface .  I n  

v i o l e n t  rearend c o l l i s i o n s , ,  t h e  sheet  metal modesty t r im panel  ac ross  

the  rea r  of the  vehicle,  below t h e  rea r  bunper, is o f t e n  abrupt ly  

pressed down i n t o  t h e  pavement, leaving sc ra tches  irnheided with the  

pa in t  of the  s t ruck  vehicle,  and ou t l in ing  the  rea r  contour of the  

vehicle.  

Scratches may a l s o  ind ica te  the  d i r e c t i o n  of hnpact a s  well a s  the 

r e l a t i v e  force  of t l e  impact. This is t r u e  when s c r a t c h e s  can 'be 

matched up with t h e  undercarriage por t ion  of the  vehic le  (engine, frame, 

&eel suspension, t ranmiss ion ,  d i f f e r e n t i a l ,  exhaust  sys tan ,  frmne 

r a i l s ,  e tc . )  . There a r e  a l s o  sane ins tances  i n  which scratct-les on 

pavement p r i o r  t o  impact a r e  ind ica t ive  of some cmponent f a i l u r e  on the  

vehicle. An example of t h i s  is when s c r a t c h e s  occur from the  rim o f  the  

.&eel which sustained a f l a t  t i r e ,  o r  blowout, before  t h e  crash.  This 

s i t u a t i o n  m y  be confirmed by t h e  d i s t i n c t i v e  p a t t e r n  of a wobbly f l a t  

t i r e  which is scrubbed, abraided and deformed a s  i t  is pressed ':xt;Jeen 

the  rim and t h e  pavement, and i n t o  t h e  pavement, a s  i t  moves across  the 

roadway. 

~ i c r o s c o p i c  examination of s c r a t c h e s  can sometimes t e l l  t h e  



direct ion i n  which they were made. T h i s  would be evident by the 

grooving, o r  pocketing of the component Srouljht illto c ~ ~ n t a c t  on the 

pavement. A 1 0  power jeweler's o r  other magnifier is helpful in  c losely 

examining t h e  charac te r i s t ics  of such scratches. Photographing 

scratches i n  t h e i r  en t i re ty  a s  well a s  close-up views with a macro lens  

w i l l  pennit the investigator t o  record such information f o r  l a t e r  study. 

Soft  white metal trim f r m  vehicles, ,hen brought into contact  with the 

pavement, w i l l  evidence small buildups along the road surface. Surface 

i r r q u l a r i  ties o r  roughness a r e  a lso called apperi t i e s .  On close-up 

examination, they can indicate the direct ion of the scratches.  

7.1.12 Gouges. Gouges may be distinguished from scratches  i n  t ha t  

they are  much deeper and wider, and tend t o  furrow, chip, o r  chop chunks 

of road surface material instead of slicii~q across  more Iigi12lj. 

Examination of the undercarriage of the vehicle involved i n  the crash 

can indicate undercarriage corners, edges, rods, etc.  , i n  the  s t ruc tu re  

(and its cunponents) which may have gouged the pavement. These 

ccmponents w i l l  evidence a br ight  abrasive scratched type appearance 

sometimes containing powdery white stone material  ground away frcxn t!le 

pavenent. They a re  charac te r i s t ic  i n  severe head-on col?is ivns  h e r e  

the front end of one, o r  both vehicles a r e  driven down with g r e a t  fa rce  

into the roadway a s  the rear ends of the vehicles cane up o f f  the 

ground. Gouges d e p s i t e d  in  such crashes can be he lpfu l  i n  accurately 

establishing the  point of impact in a crash. 

men a col l iding vehicle is found upright, with a11 t i r e s  inf la ted,  

and the undercarriage t o t a l l y  o f f  the ground, with no eviclerlce of 

rollover, it is doubt£ ul t!mt i t  was r e s p n s i b l e  For g:)tl.jss on t3e 

roadway. Like scratches, gouges may indicate a mechanical f a i l u r e  in 

one of the crash vehicles. The gouge may be caused by a separation of a 

steering linkage connection, connecting rod o r  other such undercarriage 

ccmponents, h i c h  contacted the ground causing a gouge. 

Three typical  types of gouges are grooved gouges, ch ip  gouges, and 
' 

chop gouges. The groove gouge is made 'by ob jec t s  l i k e  S~its or other 

simiiar narrow dianeter undercarriage pa r t s  a s  they a r e  brought down 

hard into the surface of the pavement and scoop ,parts of i t  out  a s  the 

vehicle moves so a s  t o  make a furrow o r  groove. If the groove is curved 
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or  has a nonlinear pattern i t  could indicate how the vehicle moved about 

the  other  during impact. Chipped gouges resu l t  when har:l veilicle p a r t s  

s t r i k e  the  paving material with g rea t  .force and ch ip  o r  gouge out  p a r t s  

of the material .  This may be accompanied by stones o r  other aggregate 

of the pavment being loosened o r  separated. Chopped gouges a r e  s imi l a r  

t o  c h i p ~ e d  gouges and r e su l t  when broad rather than narrow sharp edges 

of vehicle pa r t s  such a s  cross f r m e  members, transmission casing, o r  

s imilar  l a rger  heavy s t r ~ c t u r a l  components s t r i k e  the pavement v'nile 

moving. Chop gouges a r e  usually followed by a broad rubbing scra  tcll in 

the d i rec t ion  of vehicle movement showing th t  the pa r t  o f the vehicle 

a i c h  caused the gouges remained i n  contact with the roadway, 

7.1.13 Ruts. A s  the name implies, r u t s  a r e  rol l ing wheel tre3-I - 
paths made in  s o f t  ear th  materials such as  mud, wet d i r t ,  clay,  o r  snow, 

They indicate the d i rec t ion  ard or ien ta t ion  of the vehicle a f t e r  i t  has 

l e f t  the roadway, the  f i n a l  posit ion of the vehicle o f f  the highway, o r  

the p i n t  of impact with off-road objects. They provide a h i s tory  of 

movement of the car  a s  it moves off-road to  its , p s i t i o n  of f i n a l  res t .  

When the vehicle is pushed l a t e r a l l y  a s  a resu l t  of co l l id ing  with a 

fixed object ,  off-road ru t s  may a l so  5e formed. 

7.1.14 Furrows. Furrows a r e  s imi la r  t o  ruts.  They r e su l t  from a 

vehicle moving over s o f t  egrth which mounds up a t  the edges of the  

t i r e s .  The major difference is t?a t  furrows r e su l t  fro:n s i i d i r ~ r j  wheels 

rather  than r o l l i q  wheels, and a r e  of ten a continuation of skidmarks 

frm the pavement t o  the  of f-road surface of loose mater ia ls  such a s  

gravel o r  d i r t .  Like ruts ,  they indicate  the path of the  vehicle an3 

its or ientat ion while moving t o  f i n a l  res t .  These should be t reated 

l i k e  skidmarks with the appropriate estimate of coef f ic ien t  of  f r i c t i o n  

charac te r i s t ics  of the material ,  and should be considered a s  ,part o f  i:ile 

overal l  skid pattern of the vehicle when c m p u t i q  s,oeed l o s s  fron 

skidding. 

7.1.15 Holes and Mounds. 'Where the ear th  has been scooped up s(s as  

t o  provide a hole o r  gouge, with ear th  mounded up nearSy, it may 

indicate the ends of ru t s ,  furrows, skidmarks, scuffs, o r  gouges, nade 

when vehicle wheels, o r  vehicle Darts, nove and scoop o u t  broad areas  

in  the earth. They may indicate a pivotal  :mint a t  which the vehicle 
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s t a r t e d  t o  s p i n ,  o r  a p i n t  a t  which the vehic le  i n i t i a t e d  a ro l lover .  

These should not  be confused w i t ?  gouged ou t  p r t i o n s  o f  the e a r t h  

r e su l t ing  from t h e  v e h i c l e ' s  undercarriage c m i q  i n t o  v i o l e n t  con tac t  

with the  e a r t h  ( a  r e s u l t  of  its suspension being f u l l y  compressed and 

then r i s ing  so a s  t o  be f u l l y  extended!. This  is r e f e r r a l  t o  a s  

"bottomirq out". Gouges and mounds of e a r t h  can be c o r r e l a t e d  with 

o the r  physical  evidence associated with ro l lover ,  o r  the  veh ic le  moving 

over i r r e g u l a r  t e r r a i n  ou t  of  cont ro l .  

7.1.16 Debris. Debris is not necessar i ly  r e l a t e d  t o  s u r f a c e  

e f f e c t s  made by t h e  veh ic le  d i r e c t l y  i n  contac t  with the  s u r f a c e  over 

which it is moving. However, inasmuch a s  d e b r i s  associate1 'with a crash  

is physical evidence s a r i n  i m p  rtance to  skidma rks, gouges, 

scra tches ,  etc., it should be considered with the same c a r e f u l  

a t tent ion .  Debris a r e  l a r g e  and small  vehic le  p a r t s  o r  p ieces  separated 

from the veh ic le  a s  well a s  lmdercarriage d i r t  and mud which drops onto  

the pavement, r u s t  from vehic le  metals  which is shaken loose ,  pa in t ,  

various vehic le  f l u i d s  ( r a d i a t o r  coolant ,  crank case  o i l ,  brake f'll~i:I, 

pwer brake f l u i d ,  automatic transmission f l u i d ,  b a t t e r y  aci:l, 

d i f f e r e n t i a l  l u b r i c a t e ,  etc.) and s i m i l a r  ma te r i a l s .  Debris  may a l s o  

c o n s i s t  of p r t i o n s  o f  the  roadway, whether i t  be pemanent  pavement o r  

loose mater ia ls  such a s  g rave l ,  which is scooped up and spread i n  t h e  

crash area. I n  severe  in ju ry  producing crashes ,  d e b r i s  may include body 

f lu ids  and matter ,  a s  well a s  i s  of !11~1rlan \>dies.  ? l o r ) ?  i~ 

&=haps  tile most ccmmon Ilere, but  may a l s o  be acccmpaniel by o t h e r  hraan 

matter.  Pools of blood can show where an injured person l a y  o r  crawled 

t o  o r  was moved t o  a f t e r  the  accident.  

Material ca r r i ed  w i t ,  the vehic le ,  and wiL9in its ,passenger 

ccmpartment, trunk o r  cargo a rea ,  is o f t e n  d ispersed  a b u t  the  crash  

s i t e .  This  is an important cons idera t ion  when a t tempt ing t o  i n t e r p r e t  

debr i s  attached t o  o r  a s s a c i a t d  with only one crashed ye'rlicle. F l l ~ i ~ 3 s  

a r e  of p a r t i c u l a r  s igni f icance .  !*en a f l u i d  con ta ine r ,  such a s  a 

veh ic le ' s  crank case,  is ruptured,  crank case  o i l  is d i spe r sed  forward 

with ve loci ty .  Such f l u i d s  were moving a t  the same s p d  a s  the  veh ic le  

and continue t o  move a t  t h a t  speed a s  they a r e  re leased by t h e  c rash  

which causes the rupture. This  results i n  f luid  p a t t e r m  4Rich can help  
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determine vehic le  i?ovenctrlt 2 t r ,  and separat ion f ran  the plirli: (1 5 

crash. 

F lu ids  deposited ,nay be "spla t tered"  onto tile ground, i n d i c ? t i , y  

contac t  a t  high veloci ty.  They may a l s o  j u s t  p o l  onto t h e  ground o r  

pavement indicat ing t h a t  the  bulk of the  f l u i d  was released a f t e r  t h e  

vehic le  came t o  rest .  Fluid run-off is d i s t i n c t i v e  i n  t h a t  i t  fol lows 

the  sloped grade of the pavenent o r  t e r r a i n .  

Dry undercarriage d i r t  and mud t h a t  Ea l l s  Erm i,npar:t is si!ni lar ly 

helpful .  This material  w i l l  tend t o  continue forward but be trapL=:? by 

undercarriage ccmponents o r  sheetneta l  edges such a s  wheel housings. I t  

then f a l l s  t o  t h e  ground and forms a d i s t i n c t i v e  pat tern .  Such p a t t e r n s  

a r e  he lpful  i n  determining point  of impact and o r i e n t a t i o n  of the  

vehic le  a t  impact. 

Debris i n  the fonn of fractured p a r t s  which separa te  Eran the 

vehicle a t  c rash  a r e  deLoositei i n  a p a t t e r n  consisLerll vi t i l  the jynamics 

of the  crash. T h i s  can be q u i t e  he lpful  i n  ~ ~ n d e r s t a n f i n g  bas ic  vehic le  

d i rec t ions  and o r i en ta t ions  a t  crash. Such pa r t s ,  o r  automotive debr i s ,  

because of t h e i r  r e l a t i v e l y  l i g h t  mass and g rea t  i n i t i a l  ve loc i ty ,  can 

t r a v e l  g r e a t  d is tances  from the  impact area. I n  head-on c o l l i s i o n s ,  f o r  

example, p a r t s  from each vehic le  can be propelled forward a considerable 

d is tance  ahead of where the  vehic les  c o i l i c l ~ .  I n  corner t o  corner 

head-on o r i e n t a t i o n  crashes, such debris  will I ~ O V ~  €r)mard a d i s t ance  in 

the  d i r e c t i o n  in which the  vehic les  were t r a v e l l i n g  p r i o r  t o  t h e  impact. 

Where the  vehic les  r o t a t e  away each o ther  a s  a r e s u l t  of being 

impacted a t  corners,  and come to  r e s t  E a c i q  i n  o p p s i  t e  ( t i  r ec t ions ,  

debr i s  locat ions  w i l l  tend t o  confirm t h i s  r o t a t i o n  away from impact. 

Oftentimes d e b r i s  from one vehic le  w i l l  be c a r r i d  o r ~ t o  t ' le ,)i:hef 

vehicle. This  ]nay c rea te  some confusion, 

A crashed vehicle a t  r e s t  can a l s o  2ct as 4 ciirlvpy, siliel:li!yj :::I:? 

roadway from f a l l i n g  debris .  Debris ,patterns on the  roadway w i l l  tend 

t o  o u t l i n e  the  pos i t ion  and o r i e n t a t i o n  of the  vehic le  which caught the 

d e b r i s  and kept i t  from f a l l i n g  onto t h e  roadway. This  !nay o u t l i n e  the 

s ide  of one vehic le  with vivid c o n t r a s t  f r m  t h e  remaining roadway. 
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7 .2  Speed Estimates From Skidmarks 

Skidmarks a r e  most important i n  r e l a t i v e  i m p r t a n c e  among 

a l l  physical evidence p o t e n t i a l l y  ava i l ab le  a t  a crash  site.  Skidmarks 

cannot only a s s i s t  i n  es tabl ishing the  precrash path and o r i e n t a t i o n  of 

t h e  vehic le ,  its p i n t  of impact, a d  its ,mstcrash t r a v e l  and 

or ien ta t ion ,  but it can be of g r e a t  help i n  est imating veh ic le  sped 

p r i o r  t o  skidding. Identifying skidmarks a t  a crash s i t e  is fundamental 

to  reconstructing the  crash. 

Estimating s p e d  from skidmarks is one area t h a t  has  perhaps been 

wr i t t en  about most, and is of primary concern t o  accident  inves t iga to r s  

where punit ive considerat ions i n  crashes inust be consider&. Since 

skidmarks a r e  s o l i d  physical evic-lence of tile crash,  they can be used t o  

estimate the s p e d  of a vehic le  a t  impact a s  well as its speed p r i o r  t o  

skidding. By equating t h e  re la t ionsh ip  of k ine t i c  enerr~y t o  t h a t  of 

f r i c t i o n  energy, one can a r r i v e  a t  a r e la t ionsh ip  i n  which speed is 

equated t o  t h e  d i s t ance  t h e  vehic le  skidded and the  energy given up i n  

the form of heat  between t i r e s  and the  surface  of the roadway. 

Here KE is: 

'%ere (m) is the  mass of the vehic le ,  and (V) its ve loc i ty .  

Heat energy Uf is the  d i s t ance  (d) over which the fo rces ,  (PF) o E  - 
the  skidding vehicle acted. 

Since force applied over a d i s t ance  is what is proc!uce1 we can 

equate these two expressions. 

The f r i c t i o n  forces  developed i n  skidding fol low Cguloms's law a €  

f r i c t i o n .  This law s t a t e s  t h a t  the  r a t i o  of the  f r i c t i o n  fo rces  (F,) 
.C 

and t h e  normal force  (N) f o r  a body being s l i d  a c r o s s  a su r face  is 
5 constant.  T h i s  r a t i o  def ines  the  c o e f f i c i e n t  of f r i c t i o n ,  (mg) . 

 his is not precisely true sinc9 f r i c t i o n  is more of a dynamic 
condition than a constant .  I t  a i s o  v a r i e s  between dynamic c o e f f i c i e n t  
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Where t h e  normal fo rce  is but the mass (n) of the  vehic le ,  t h i s  becanes 

s u b s t i t u t i n g  in  the expression above: 

Gives: 

' hen  solved f o r  ve loc i ty  (V) t h i s  becmes:  

? = P d / 2  

When adjusted f o r  convenient terms of d i s t ance  (d) i n  f e e t ,  and v e i o c i t y  

(V) and miles per hour, with the  inclusion of the  g r a v i t a t i o n a l  cons tant  

t o  make t h e  expression dimensionally c o r r e c t ,  t h i s  expression becomes: 

v =  6 
This is a common expression f o r  deriving s p e d  l o s s  from skidmarks, Of 

course, a l l  four  wheels of  the  vehic le  must be s k i d d i q ,  t h s  ground must 

be l e v e l  and must c o n s i s t  of  the  sane s u r f a c e  mate r i a l  and t e x t u r e  

(hence the  same c o e f f i c i e n t  of  f r i c t i o n )  . \&ere roadway grades a r e  

g r e a t e r  than 4% o r  the  vehic le  moves on d i s s i m i l a r  surfaces ,  o r  braking 

e f f i c i ency  must be considered, t h e  expression must be modified 

accordingly. Such formulas and de r iva t ion  can be found i n  many t e x t s  

deal ing with acc ident  reconstruct ion.  

7.3 S t r i a t i o n  Mark Angles with Skidmrk Direc t ion  

The angle t h a t  a s t r i a t i o n  mark mkes w i t !  the  d i r e c t i o n  of a skid  

mark is dependent u p n  the  p r e v a i l i q  condi t ions  of l o q i  turlinal and 

l a t e r a l  s l i p  of  the  wheel being braked. This  obsemed dependence is 

consis tent  with the  recognit ion t h a t  the  motion of tile t i re  treit.1 a c r o s s  

of f r i c t i o n  ( f r i c t i o n  of an objec t  in  motion) and s t a t i c  c o e f f i c i e n t  of  
f r i c t i o n  (ob jec t  a t  rest and put  in to  motion). Pavement m i s t u r e ,  t i r e  
i n f l a t i o n ,  vehic le  sped, ambience, road s u r f a c e  ,..I i Eferences , an(! o t h e r  
considerat ions a l l  a f  f e c t  t h e  sl i p p r i n e s s  of the pavement which de 
conveniently note a s  the  su r face  c o e f f i c i e n t  of f r i c t i o n  and keep a s  a 
constant  i n  t h i s  re la t ionship .  

TIREMARX ANALYSIS - 23  



the pavement surface is the r e su l t  of (I) the t rans la t iona l  veloci ty  of  

the wheel and (2)  the rotat ional  veloci ty  of the t r e a i  about the sp in  

axis of the  wheel. A k inma t i c  description of the motion is depicted i n  

Figure 7 . 2  where: 

Ctn a 

Figure 7 . 2  Tire Kinematic Motion 

V = t rans la t iona l  veloci ty  of the wheei hub 
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x = a horizontal axis  located i n  the centerplane of the 
wheel passing through the wheel hub (or  axle) 

4 = l a t e r a l  s l i p  angle or  s t ee r  angle of the t i r e  with 
respect to the direction of translational motion 

Re 
= effect ive rolling radius of the t i r e  

fl = angular velocity of the t i r e  

vt 
= velocity of tread element along the road surface 

6 = angle of a s t r i a t i o n  mark (or tread element 
velocity vector) with respect to a l i n e  which is 
~erpendicular  to a tangent to the skid mark. 

From Figure 7 . 2  it can be shown that  

Vtcos 9 = Re fl s i n  a 

Figure 7.3 T i  r e  Kinematic Conventions 

Vt s in  0 = V - Re R '0s a 
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On dividing,  the  following expression f o r  the angle, 8, is obtained: 

t a n  8 = v D ~  R s i n  a  - c t n a  
c. (7  3 )  

Examination of t h e  kinematics of t i r e  motion with braking applied (see 

Figure 7.3)  shows t h a t  

= longitudindl s l i p  parameter 

= longitudinal s l i p  velocity 

Vx = V cos a  

Subst i tu t ing  and rea r rawing  yie lds :  

t a n 8  = 2/(1-s ) s i n  2 a - c t n  a 
X 

(7 .7)  

This l a t t e r  equation is the  desired expression f o r  the s t r i a t i o n  angle 

a s  a function of longi tudinal  and l a t e r a l  s l i p .  I t  nay be noted t h a t  i f  

s - 0, then a = 8  and t h e  s t r i a t i o n  a q l e  is equal  t o  t h e  s l i p  angle. 
X 

Similarly,  i f  sx = 1, 0 = 90' and t h e  s t r i a t i o n  marks become c o l l i n e a r  

wiL? the d i r e c t i o n  of the sk id  mark. The independence of the s t r i a t i o n  

angle with ve loc i ty  is c l e a r l y  evident.  

A t  the  scene of an accident ,  the  only information a v a i l a b l e  to  3n 

inves t iga tor  would be the  a ry le  of the s t r i a t i o n  marks ard tile d i r e c t i o n  

of the  skidmark. It is c l e a r  t h a t  knowlerlge of t h e  s t r i a t i o n  mark angle  

is not su f f i c i en t  t o  uniquely determine values  f ~ r  longi  t d i n a l  and 

l a t e r a l  s l i p .  There are ,  however, some deductions t h a t  can 'be rnade a t  

the  accident scene from t h i s  t y p  of evidence, viz.: 

1. If the  angle of s t r i a t i o n  marks are between 0' and 90', - some 
s t ee r ing  a c t i o n  is taking place. 
2. If the  s t r i a t i o n  marks a r e  p a r a l l e l  t o  the  d i r e c t i o n  of the 
skid mark, then only braking a c t i o n  is t a k i q  plgce. 

0 3. If the s t r i a t i o n  angle is g r e a t e r  than 30 'out less than 90 
then a canbination of s t ee r ing  and brakirq is occurring.  (The 
maximum f ron t  t i r e  steer angle f o r  a typ ica l  passenger car is no 

0 more than 30'. Any s t r i a t i o n  !nark angle  g r e a t e r  than 30 , then,  
must r e s u l t  from a combination of s t ee r ing  and b r a k i q .  Note t h a t  
8 = a  when s = 0.) 
4.  If the  s t r i a t i o n  angle is less than 3g0, then the  l o q i t u r l i n a l  
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s l i p  ratio,  s , is not l ikely to  be greater than 20%. (As noted 
e a r l i e r ,  incibient wheel lockup generally occurs for s l i p  ra t ios  
greater than 1 0  to  20% which leads immediately t o  values of 0 of  
90'. ) 
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8 AN OVERVIEW OF THE OPERATION 
OF CRASH2 

Surimary. A c o m p u t e r  p r o g r a m  i s  no  m o r e  t h a n  a  h i g h l y  
o rgan i zed  s e t  o f  i n s t r u c t i o r i s .  CRASH2 i s  s u c h  a  p r o g r a m .  
A f t e r  a  b r i e f  i n t r o d u c t i o n  t o  computers, an o v e r v i  ew o f  t h e  
o r g a n i z a t i o n  o f  CRASH2 i s  p r e s e n t e d .  Two b a s i c  t y p e s  o f  
a n a l y s i s  may be performed: d a m a g e - b a s e d  c o m p u t a t i o n s  a n d  
t r a j e c t o r y - b a s e d  c o m p u t a t i o n s .  C o m p u t e r  p r o g r a m s  a r e  
o rgan ized  i n t  o  sub-programs. These sub-programs may, i n  t u r n ,  
c a l l  o t h e r  sub-programs. From t i l e  o v e r a l l  o r g a n i z a t i o n  o f  t h e  
CRASH2 program, one f i n d s  t h a t  t h e  major  f u n c t i o n s  a re  f o u n d  
i n  t h e  sub-programs named QUIZ, START2, and DAMAGE, a1 ong w i t h  
t h e i  r suppo r t i ng  sub-programs. Most o f  t h e  ma te r i  a  1  i n  t h  i s  
c h a p t e r  focuses on t h e  o p e r a t i  on o f  these sub-programs. 

The computer i s  a  h i g h  speed c a l c u l a t i n g  a n d  d a t a - m a n i p u l  a t  i n g  

machine. I t s  speed a l l o w s  us t o  p e r f o r m  c o m p l e x  a n d  t e d i o u s  t a s k s  

q u i c k l y  and e f f i c i e n t l y .  I t  has c a p a b i l i t i e s  a v a i l a b l e  i n  many co i~ l rnon 

s c i e n t i f i c  c a l c u l a t o r s ,  bu t  a l s o  p rov i des  speed, u s e f u l  dev ices  such  a s  

t e r m i  na l  s  , p r i  n t e r s  , and p l  o t t e r s ,  and memory t o  r e t a i  n  enormous amounts 

o f  da ta  i n d e f i n i t e l y .  The computer can pe r f o rm  time-consumi ng e r r o r  and 

cons is tency  checks on t h e  da ta  i n  alrnost ze ro  t i m e  c o ~ ~ ~ p a r e d  w i t h  h a n d  

checking. The computer i s  i n s t r u c t e d  i n  a  method s im i  1  a r  t o  o u r  own 

s tep-wise method o f  s o l v i n g  a  problem. To a l l o w  a  p e r s o n  t o  u s e  t h e  

computer w i t h o u t  knowing t h e  c o m p l e x  e l e c t r o n i c s  o f  t h e  m a c h i n e ,  

programmi ng 1  anguages such as FORTRAN were developed. The p r o  g rammi  n  g  

language d e f i n e s  t h e  s e t  of human-understandable i n s t r u c t i o n s  which a r e  

used t o  t e l l  t h e  machine how t o  s o l v e  a  problem. 

B a s i c a l l y  t h e  programs t h a t  t h e  c o m p u t e r  u s e s  p e r f o r m  t h r e e  

f unc t i ons .  I t  must g e t  t h e  da ta  and i n s t r u c t i o n s  f r o m  t h e  human a n d  

r e t a i n  them i n  i t s  memory. I t  per forms c a l c u l a t i o n s  on  t h e  d a t a  a n d  

pu ts  i t s  r e s u l t s  i n t o  memory. The program t h e n  d i s p l a y s  t h e  r e s u l t s  o f  

t h e  c a l c u l a t i o n s  t o  t h e  human. These concepts a r e  exp l  a i  n e d  u  s i  n g  a n  

a n a l o g  t o  t h e  human though t  process. 

Suppose you a r e  stopped on t h e  s t r e e t  and asked t h e  d i r e c t i o n s  t o  

Maude's Res tauran t?  T h i s  reques t  f o r  i n f o r m a t  i o n  i s  r e f e r r e d  t o  a s  

i n p u t  i n  a computer program. I f  t h e  q u e s t i o n  had been f o r  d i r e c t i o n s  t o  

S teve ' s  Lunch, you would have disrni ssed t h e  reques t  as r i d i c u  1  o u s ,  a n d  

asked t h e  passer-by t o  r epea t  t h e  ques t ion .  A f t e r  an a c c e p t a b l e  i n p u t  

i s  rece ived,  you w o u l d  b e g i n  t o  t h i n k  a b o u t  t t i e  l o c a t i o n  o f  t h e  



restaurant and  the best route fo r  geting from your current l o c a t i o n  t o  
the location of the restaurant. Some portions of your memory store t h e  

locations of a l l  the places you are familiar with and a semblance of a 
s t reet  map of the locale. Another portion of your mind "executes"  t h e  

computations t o  determine an acceptable route t o  follow. A computer i  s  
organized in  a similar fashion. In th i s  example, i n p u t  i n f o r m a t i o n ,  
knowledge of the area, and deductive capabili t ies were used t o  generate 
the requested information which was u l t i m a t e l y  " o u t p u t t e d "  t o  t h e  

''user. " 

Of course the computer must always follow the logic programed i  fit0 

i t .  No creative thought i s  possible. The inachine i s  also c o n t r o l  1 i  n g  

mechanical devices, no t  a human body. The general concepts  of i  n p u  t ,  
computation, and output are similar t o  our own actions and thoughts. 

Computer programs are divided i n t o  subprograms which perform 

narticular parts of the ent i re  computation. T o  u s e  t h e  computer t o  
solve a problem, we derive rnodels fo r  the problem. T!iese rnodels a r e  
stated in mathematical terms and f ina l ly  i n  t e rms  of d a t a  a v a i l a b l e  
about the problem. I n  accident reconstruction, the scene d a t a  i s  t h e  

input t o  a program which uses mathematical models t o  c a l c u l a t e  t h e  
required i  n fomt ion  (such as change-in-velocity). The r e su l t  i  n g  d a t a  
are displayed t o  the user. I n  solving the problern, the resul ts  are only 
as reliable as the available data, the accuracy of the model,  and t h e  
accuracy of the program used t o  automate the model. The computer only  

does the tedi ous work gi ven by the program. Occasional 1 y t h e  ma c h i  ne 
malfunctions, b u t  generally i t  dumbly performs i t s  t a s k  e x a c t l y  as  

directed by the program. As a resul t ,  the human i s  responsible for  t h e  

accuracy of the results!  

8.1 Introduction t o  CRASH2 

The C R A S H 2  program i s  organized into specialized subsections. Each 

subsection carries o u t  a narrow range of functions under the control of 

a single section comonly called the MAIN program. A n  o r g a n i z a t i o n  
chart is i l lustrated in Figure 8.1. 

The CRASH2 program may be used t o  perfor:n t w o  b a s i c  t y p e s  of 
analysis : a damage-based co~nputation and a trajectory-based computation. 



OPTION 

F i g u r e  8.1 CRASH2 O rgan i za t i on  

The damage computat ion i s  always done. I n p u t  i n f o r m a t i o n  on t h e  damage 

t o  t h e  v e h i c l e  and va r i ous  v e h i c l e  parameters a r e  used t o  co rnpu te  t h e  

v e l o c i t y  change o f  t h e  v e h i c l e  d u r i n g  t h e  impact phase. Pre- and p o s t -  

impact speeds cannot be es t imated  u s i n g  t h e  damage-only analys is .  
.) 

The t r a j e c t o r y  a n a l y s i s  i s  based on i n f o m a t i o n  o n  t h e  r e s t  a n d  

impact p o s i t i o n s  o f  t h e  veh ic les .  D i f f e r e n t  computat ions a re  p e r f o r m e d  

f o r  d i f f e r e n t  post - impact  m o t i o n s  o f  t h e  v e h i c l e .  T h e  a v a i  l a b l e  
e 

t r a j e c t o r y  t ypes  are:  

1) r o l l - o u t  a long a  s t r a i g h t  p a t h  

2 )  a non - ro ta t i ng  angu la r  s k i d  a l ong  a  s t r a i g h t  o r  curved p a t h  

3 )  a  sp i nn ing  ( r o t a t i n g )  s k i d  a l ong  a  s t r a i g h t  o r  c u r v e d  p a t h  

fo l l owed,  o p t i o n a l l y ,  by r o l l - o u t  a long  a  s t r a i g h t  path. 

I f  t h e  t r a j e c t o r y  s i m u l a t i o n  i s  answered "yes",  an i t e r a t i v e  t r a j e c t o r y  

computat ion i s  performed. 

The t r a j e c t o r y  computat ion produces es t imates  o f  t h e  p o s t -  i nip a c t  

v e l o c i t y  o f  each ve l i i c l e .  Th i s  i n f o r m a t i o n  i s  u s e d  i n  a  momentum 

balarice t o  e s t i m a t e  t h e  change i n  v e l o c i t y  d u r i n s  t h e  impact p h a s e  a n d  

t h e  pre- impact v e l o c i t y  w i t h o u t  u s i n g  t h e  damage data. T h i s  computat ion 

i s  l abe led  " sp i nou t  t r a j e c t o r i e s  and c o n s e r v a t i o n  o f  l i n e a r  mornent urn. " 
A s i n g l e  excep t i on  i s  t h e  c o l i n e a r  c o l l i s i o n  w h e r e  t i l e  d a m a g e - b a s e d  

es t imate  o f  t h e  v e l o c i t y  c h a n g e  d u r i n g  i m p a c t  i s  c o n b i l l e d  w i t h  



t r a j e c t o r y - b a s e d  e s t i m a t e s  o f  p o s t - i m p a c t  v e l o c i t i e s  t o  p r o d u c e  

es t imates  o f  t h e  pre-impact v e l o c i t i e s .  T h i s  i s  t h e  r e s u l t  l a b e l e d  

" s p i n o u t  t r a j e c t o r i e s  and damage." Wi th  t h i s  i n t r o d u c t i o n ,  an o v e r v i e w  

o f  t h e  program o r g a n i z a t i o n  f o l l ows .  

The MAIN program always s t a r t s  a  sess ion by com~i iunicat ing w i t h  t h e  

u s e r  through OPTION. Th i s  subsect ion presents  t h e  o p t i o n s  ( c o m p l e t e ,  

abbrev ia ted,  re run ,  batch, p r i n t ,  srnac-cards, and end) t o  t h e  u s e r  a n d  

processes t h e  r e p l y .  The r e p l y  i s  a  typed word on  t h e  t e r m i n a l  , t h e  

p r o c e s s i n g  may i n f o r m  t h e  u s e r  t h a t  t h e  o p t i o n  c h o s e n  was n o t  

appropr ia te ,  b u t  when a n  a p p r o p r i a t e  r e s p o n s e  f r o m  t h e  u s e r  i s  

recognized, a  va r i ab l e ,  MENU i s  g i v e n  an i n t e g e r  va lue and i s  s t o r e d  i n  

NAIN. The da ta  s t o red  i n  rnenories o rgan i zed  by ,YAIN a r e  s e n e r a 1  l y  

a v a i l a b l e  t o  t h e  o t h e r  subsections. I n  t h i s  case, IfZAIN uses t h e  i n t e g e r  

va lue o f  MENU t o  s e l e c t  w h i c h  s u b s e c t i o n  t o  t u r n  t o  f o r  t h e  n e x t  

operat ions.  The subsect ions are, i n  e f f e c t ,  numbered. A t  t h e  s t a r t i  n g  

o f  a  session, M A I N  w i l l  pass c o n t r o l  t o  t h e  s u b - s e c t  i o n  P'UIZ a f t e r  

r e c e i v i n g  a  r e t u r n  va lue from op t ion .  

The subsect ions a re  general l y  o rgan ized  i n t o  sub-subsect ions.  T h i s  

i s  t h e  case o f  QUIZ. Broadly ,  t h e  purpose o f  QUIZ i s  t o  p u t  a  1  o g i  c a l  

se t  o f  prompt ing t ype  q u e s t i o n s  b e f o r e  t h e  u s e r  a n d  t o  t r e a t  t h e  

r e p l i e s .  The r e p l i e s  t o  t h e  q u e s t i o n s  o f  Q U I Z  f a 1  1  i n t o  f i v e  ( 5 )  

ca tegor ies  and QUIZ c o n t r o l s  a  se t  o f  sub-subsect ions designed t o  t r e a t  

t h e  f i v e  c lasses o f  r ep l y ,  as shown i n  F i g u r e  8.2. S e c t  i o n  8.2 w i  11  

examine t h e  d e t a i l  o f  QUIZ i t s e l f  a long w i t h  i t s  s u b - s u b s e c t  i o n s .  A t  

t h i s  t ime  we mere ly  observe t h a t  ca tego r i es  o f  ques t ions  posed by  Q U I Z  

t o  t h e  user  r e q u i r e  f i v e  s p e c i a l i z e d  t rea tments  o f  t h e  u s e r ' s  r e p l y .  

The use r  may r e p l y  w i t h  a  s i z e  a lpha symbol, a  s imp le  yes/no, a  r o t a t i o n  

d i r e c t i o n  a lpha symbol, a  s e t  o f  numeric values o r  an a lpha-numer ic  C D C  

code. QUIZ " c a l l s  upon" t h e  ass is tance  o f  one o f  i t s  sub-subsect ions t o  

read and process t h e  u s e r ' s  r e p l y .  
1 

When t h e  ope ra t i on  o f  QUIZ i s  concluded, c o n t r o l  o f  t h e  proyram i s 

re tu rned  t o  MAIN.  I f  i n  answering t h e  ques t ions  p r e s e n t e d  f r o m  Q U I Z ,  

t h e  use r  has answered Q u e s t i o n  8 w i t h  a "yes,"  say ing  t h a t  b o t h  r e s t  and 

impact p o s i t i o n s  a re  known, a  f l a g  IND i s  se t  e q u a l  t o  z e r o .  I N 0  i s  

q to red  i n  a  l o c a t i o n  c rea ted  f o r  i t  b y  MAIN a n d  i s  u s e d  by  M A I P l  t o  



decide between cal l ing upon the  subsection S T A R T 2  or t h e  s u b s e c t i o n  

nAI%GE. Since IND=O, in our example above, MAIN next c a l l s  START2 i  n t o  

operation. Subsection START2 manages a col lec t ion of sub-subsections as 
i l l u s t r a t e d  in  Figure 8.3. Section 8.4 wil l  examine t he  o p e r a t i o n s  of 

START2 and i t s  management of the sub-subsections responsible t o  i t .  For 
now l e t  us merely remark t ha t  two of the th ree  principal  c a t e g o r i e s  of  
r e su l t s  from CRASH2 flow back through START2 t o  MAIN f o r  storase.  t hes  e 
are:  1) the  resu l t  labeled "SPINOUT TRAJECTORIES A N D  CONSERVATION O F  

LINEAR MOMENTUM" and 2 )  t h e  r ~ s u l t  labeled "SPINOUT TRAJECTOKIES A N D  

DAMAGE. " 

Figure 8.2 QUIZ'S Management of Sub-sect ions of CRASH2 

When the  operat i o n  of START2 has been concluded, t h e  sub-subsection 

RAMAGE may or may n o t  have been entered. I f  it' was entered,  an i n t  ege  r 
f l ag  variable JSPIN will  have been s e t  equal t o  the  value 2. I f  START2 
hzs been (near ly)  concluded b u t  DAF.1ASE has n o t  been entered, JSPIN wi 1 1  

have been se t  t o  the  value 1. As the control i s  passed back t o  MAIN, 

JSPIN i s  tested and, i f  t h e  v a l u e  i s  1 ,  M A I N  n e x t  c a l l s  upon t h e  
principal subsect ion DAMAGE. 

DAMAGE would have been called upon by MAIN instead of START2 i f  the  

user had replied t o  Question 8 of QUIZ w i t h  a "NO." In any case, DAMAGE 

i s  always c a l l e d  upon i n  a CRASH2 run and i t  i s  t h e r e  t h a t  t h e  
calculat ions a r?  made and sent  back t o  MAIN t o  ul t imately appear as t h e  
th i rd  principal o u t p u t  -- t h e  o u t p u t  labeled "DAMAGE DATA O N L Y  ." 
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F i g u r e  8.3 START2's Management of Sub-subsect i ons o f  CRASH2 

N i t h  t h e  o p e r a t i o n  o f  DANAGE c o n c l u d e d ,  MAIN w i l l  b r i n g  i t s  

subsec t i on  "PRINT" i n t o  opera t ion .  As t h e  u s e r  a l r e a d y  knows, t h e r e  a r e  

two c l asscs  of p r i n t e d  ou tpu t  froin CRASH2. A  s h o r t  f o r m  o f  o u t p u t  i s  

used when t h e  user ,  o r i g i n a l l y  p resen ted  w i t h  t h e  q u e s t i o n  o f  OPTION, 

r e p l i e s  w i t h  "ABBREVIATED." A  l o n g  form of o u t p u t  i s  used when t h e  u s e r  

o r i g i n a l l y  r e p l i e d  w i t h  "COMPLETE." A f t e r  a  c o m p l e t e  r u n  o f  CRASH2, 

i n c l u d i n g  t h e  ou tpu t ,  MAIN r o u t i n e l y  c a l l s  upon OPTION again.  The u s e r  

i s  f r e e  now t o  noininate a l l  o f  t h e  c h o i c e s  e x c e p t  " b a t c h "  w h i c h  i s  

b l o c k ~ d .  A response o f  END shu t s  t h e  program down. A  response o f  PRINT 

causes an immediate l o n g  form o u t p u t  o f  t h e  l a s t  r u n .  R e s p o n s e s  o f  

"COMPLETE" o r  "ABBREVIATED" s t a r t  new runs. A  response o f  "RERUN" i s  

i n t e r e s t i n g .  The c o n t r o l  i s  passed f r om MAIN t o  QUIZ as b e f o r e  e x c e p t  

t h e  i n t e g e r  v a r i a b l e  MENU i s  now 3 ( b e f o r e  i t  was 1 f o r  t h e  c o m p l e t e  

f o ~ n  o f  q u e s t i o n s  a n d  2  f o r  t h e  s h o r t ,  o r  a b b r e v i a t e d ,  f o r m  o f  

ques t i ons ) .  I n  a r e g u l a r  run, M E N U = l  o r  2, t h e  f i r s t  o p e r a t i o n  o f  Q U I Z  

i s  t o  p u t  ze ro  va lues o r  d e f a u l t  v a l u e s  i n t o  a l l  o f  t h e  i m p o r t a n t  

v a r i a b l e  s to rage  l o c a t i o n s ,  t h a t  i s ,  t o  p repa re  f o r  f r e s h  d a t a  b e i n g  

fed i n  o r  se l ec ted  f rom i n t e r n a l  da ta  s e t s  by t h e  user .  I n  t h e  r e r u n  

case t h e s e  i n i t i a l i z a t i o n  s t eps  a r e  s k i p p e d  a n d  a 1  1  d a t a  p u t  i n t o ,  

s e l e c t e d  by, o r  c a l c u l a t e d  on t h e  l a s t  r u n  remains i n  s torage.  Q U I Z  now 

presen ts  t h e  user w i t h  a r eques t  i n  t h e  f o r m  "QUESTION NUMBERS?" 

6 - CRASH2 



If t h e  u s e r  has responded t o  o p t i o n  w i t h  "RERUN" and i s  p r e s e n t e d  

w i t h  t h e  q u e s t i o n  'QUESTION NUMEER?'and i s  unsure o f  what t o  do, he may 

r e p l y  w i t h  a  - ques t i on  mark and a  sho r t  exp lana t i on  w i  11 appear i n f o m i n g  

h im t h a t  a  sequence o f  up t o  12 ques t i on  numbers may b e  r e t u r n e d  a n d  

t h a t  t h e s e  ques t ions  w i l l  t h e n  be p resen ted  t o  him. I f  new q u e s t i o n s  

a re  asked, t h e  r e s u l t i n g  r e r u n  o f  CRASH2 may be s i g n i f i c a n t l y  d i f f e r e n t  

t h a n  t h e  o r i g i n a l  run. F o r  example, i f  o r i g i n a l l y  t h e  u s e r  a n s w e r e d  

Q u e s t i o n  8 w i t h  a  "NO," QUIZ would no t  p r e s e n t  a n y  q u e s t i o n s  i n  t h e  

range o f  9 th rough  36. Now suppose t h e  use r  resporlds w i t h  a  s e l  e c t  i on  

o f  ques t i ons  i n  t h i s  range. What  w i l l  h a p p e n ?  T h i s  q u e s t i o n  i s  

answered i n  t h e  nex t  paragraph. F o r  now we no te  t h a t ,  i f  ques t i ons  t h e  

use r  was presented w i t h  before a re  p i c k e d  f o r  re run ,  t hey  w i l l  be a s k e d  

aga in  and t h e  u s e r  may change any o r  a1 1  answers g i v e n  on t h e  o r i  g i  n a l  

run. The r e r u n  i n  t h i s  case w i l l  be an ' i t e r a t i o n '  on t h e  01 d r u n  b u t  

no t  d i f f e r e n t  i n  charac te r .  

W i t h i n  QUIZ, as t h e  l a s t  t e s t  a f t e r  t h e  t r e a t m e n t  o f  t h e  r e s p o n s e  

t o  each ques t ion ,  t h e  va lue o f  MENU i s  checked. I f  MENU=3, t h e  r e r u n  

case, QUIZ does no t  proceed f r o m  o n e  q u e s t i o n  t o  t h e  l o g i c a l  n e x t  

ques t i on  b u t  mere ly  asks t h e  u s e r  t h e  ques t i ons  named i n  h i s  r e s p o n s e .  

The RERUN o p t i o n  shou ld  be used o n l y  t o  change va lues  en te red  i n  a  p r i o r  

r un  i n  p r e p a r a t i o n  f o r  a new run. To do o the rw i se  has a  h i gh  1  i k e l i  hood 

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

w i t h  h i s  own when answering a  new s e r i e s  o f  ques t ions .  

The s e c t i o n s  t h a t  f o l l o w  w i l l  e x a m i n e  t h e  t h r e e  p r i n c i p a l  

subsec t ions ;  QUIZ, START2 and DAMAGE a long  w i t h  t h e i r  s u p p o r t  i n g  s u b -  

subsect ions. 

8.2 QUIZ Subrou t ines  

T h i s  s e c t i o n  begins w i t h  an overv iew o f  t h e  o p e r a t i o n  and l o g i  c  o f  

t h e Q U I Z  subrout ines.  The overv iew i s  f o l l o w e d  by a  d i s c u s s i o n  o f  t h e  

t rea tment  of f i v e  ques t i ons  which t y p i f y  t h e  way CRASH2 h a n d l e s  u s e r  

inputs .  

8.2.1 Overview and Log i c  The s u b s e c t i o n ,  o r  s u b p r o g r a m ,  Q U I Z  

operates i n  two d i f f e r e n t  modes, t h e  RERUN mode and t h e  r e g u l a r  mode. 

I n  t h e  r e g u l a r  mode o f  o p e r a t i o n  a d i s t i n c t i o n  i s  made between s o - c a l l e d  



COMPLETE o r  ABBREVIATED operation. I n  a1 1 cases the purpose of QUI Z i s 
t o  present selected questions t o  t h e  u s e r  and t o  t u r n  t h e  u s e r ' s  
responses into values of selected program variables. I n  tlie R E R U N  and 
the ABBREVIATED case the questions are presented i n  a b r i e f  o r  s h o r t  
f o n  while in the COMPLETE case t h e  q u e s t i o n s  a r e  p r e s e n t e d  i n  an 

expanded or long form. 

As previously noted the l a s t  step in handling t h e  r e sponse  t o  a 

question i s  t o  decide what t o  do next. If  the user has s e t  M E N U = 3  by 
selecting a R E R U N  o p t i o n ,  the control logic of QUIZ causes a r e t u r n  t o  

the next question on the user's 1 i s t  until there are no nore whence t h e  
control i s  passed back toMAIN. If  the user has s e t  M E N U = l  o r  2 by 
selecting the COMPLETE or ABBREVIATED options, the control logic of g U I Z  

directs  a sequence of questions which depend upon answers  g iven .  I n  

Appendix C i s  a l i s t i ng  of a l l  of QUIZ's questions. Chart 1 f 0 1  1 owi n g  

i s  a se l f  explanatory logic chart of QUIZ'S control of question asking. 
A readi ng of Chart 1 with reference t o  the questions whose numbers a r e  
circled there will a1 low the user t o  take the place of the computer and 

nrepare a l i s t ing  of a11 the data needed by CRASH2 in i t s  o p e r a t i o n  of 
the START2, DAMAGE, PRINT or SMACIN sections. Space i s  provided  on 
Chart 1 for  the user t o  enter t h i s  data by hand. A data summary s h e e t  
is found as the l a s t  page of the Chart series.  

1 A special variation of CRASH2 i s  a v a i l a b l e  t o  t h e  s t u d e n t  t o  

ass i s t  in his ga in ing  c o n f i d e n c e  i n  r ead ing  and u s i n g  Char t  I .  

SAHP:CRASH contains a set  of added routines which are s l ight ly  modi f i ed 
versions of sorne of CRASH2's subprograms. The program w i 1 1 p r i  n t  o u t  

the l i s t  of data entered by the user as well as rnost of the flags set  i n  

9UIZ. One minor modification i s  found i n  that  values f o r  D O ,  L L ,  a n d  

CC's will be o u t p u t  as reflected by DAMAGE'S interpretation of t h e  C D C  

code, i f  the user chooses not  t o  enter these values. 

The Subroutine Q U I Z  w i  11 present some of the 54 questions by typing 

them i n  a l o n g  form or a short form o n  t i i e  t eminal .  The long form i s  

used for a "COMPLETE" run and  the short form i s  used ' for  " A B B R E V  I A T E D "  

or "RERUN" runs. After the user has typed a n  answer on the terminal fo r  
-- 

I See documentation of SAHP:CRASH 



t.he q u e s t i o n  j u s t  p r e s m t e d  and has pressed t h e  r e t u r n  k e y ,  Q U I Z  w i l  1  

" c a l l "  one o f  f i v e  d i f f e r e n t  subrou t ines  t o  a c t  upon t h e  u s e r ' s  i n p u t  

and t o  move t h e  i n p u t  da ta  i n t o  t h e  p roper  memory l o c a t i o n s .  These f i v e  

subrou t ines  a re  l i s t e d  below a long  w i t h  t h e  numbers o f  t h e  q u e s t i o n s  

which c a l l  each: 

( a )  VEHSIZ - 2 

( b )  CDCCHK - 3 4 

( c )  YESNO 5 8 11 12 14 17 18 19 21 24 
31 34 37 52 

( d )  READ1 6 7 9 10 13 15 20 22 25 26 
27 28 29 30 32 33 35 36 38 39 
40 41 42 43 44 45 46 47 48 49 
50 51 53 54 

and 

(e )  ROTAT - 16 23 

The u n d e r l i n e d  Ques t i ons  2, 3, 5 ,  6 ,  a n d  1 6  a r e  t y p i c a l  o f  t h e  

o thers  i n  t h e i r  set .  F o l l o w i n g  Char t  1,  these  notes w i  1 1  e x a m i  ne  t h e  

p r imary  and secondary subrou t ines  used  by Q U I Z  i n  p r o c e s s i n c j  t h e s e  

quest ions . 
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Sumnary Sheet for Questions of CRASH2 

1. Nam2 
Date 
Iiun No. 



8.2.2 Question Two Chart 2 establishes a route map for  Q u e s t i o n  

Two. The goal of Question 2 i s  t o  s e t  integer values t o  t he  v a r i  ab l  e s  

JTYP(1) and JTYP(2) and t o  go  on t o  Question 3. The user (see Q u e s t i o n  
2 Two) will have typed a response  a n d  QUIZ, ISN213 has c a l l e d  t h e  

Subroutine VEHSIZ to  act on the input. 

VEHSIZ. This Subroutine i s  designed t o  read and act upon 

a n  80 element s t r ing of alpha-numeric characters. I t  then searches t h e  
3 ctring for  a ? or  a $ and, finding neither,  s e a r c h e s  f o r  t h e  f i r s t  

non-blank character. This c h a r a c t e r  l o c a t i o n  marks t h e  s t a r t i n g  

location, JVIS, of the f i r s t  of two character strings which the user was 
prompted to  enter. A search i s  made fo r  the location of the f i r s t  blank 

position ( the  end of the f i r s t  s t r ing)  and the l o c a t i o n  of t h e  f i r s t  
s t r ing ' s  l a s t  character i s  stored as JVIF. Further s e a r c h  f i n d s  t h e  
location of the second s tr ing and JV2S a n d  JV2F a r e  a s s i g n e d  t h e s e  
coordinates. The Subroutine V E H C H K  i s  ca l  l ed  t o  a c t  u p o n  t h e  two 
character strings and t o  help provide integer values t o  J1 a n d  5 2 ,  t h e  
vehicle size number codes. A flowchart for  VEHSIZ follows. 

VEHCHK. The call  statements f o r  this  subroutine a p p e a r  

at ISN37 and ISN40 of VEHSIZ and a re  worded as,  fo r  example: 

CALL VEHCHK (LINE, JVEHI, JVlS, JVlF, JCODE) 

The k n o w n  values of the array LINE and the integer values of JVlS 

a n d  JVlF are transmitted t o  t h i s  routine so that  here JSTART = JVlS and 
JEND = JVlF. This routine acts u p o n  t h e  c h a r a c t e r  s t r i  n g  f o u n d  i n 
locations LINE(JSTART) through LINE(JEND) and r e t u r n s  t o  VEHSIZ an 
integer value f o r  the vehicle s ize  variable JVEH1. A f l o w c h a r t  f o r  
VEHCHK fol l  ows. 

The symbol ISN213 represents "Internal Statement Number 213. 
The executable statements of  a subroutine are i n e f fec t ,  numbered in the  
order of their  appearance. ISN213 r e f e r s  t o  t h e  213 th  e x e c u t a b l e  
statement of QUIZ.  

Symbols $ a n d  ? are explained by recognizing tha t  VEHSIZ returns 
values of I C O D E  t o  Q U I Z  where ICODE=-1 signals that a ? has  been r ead  
a n d  I C O D E = - 2  signals that a $ has been read. Examine the s t r u c t u r e  of 
QUIZ, ISN216-1217 for  result. 



CHART 2 Q U I Z  Route Map for Ques t i on  Two 

Y U J  present  t h e  long 208 209 
2071 is MENU = 1 1 c-- -C A A? I r 

the user  types t h e  character  
s t r i n g s  designating 2 vehic le  
s i z e s  
Subroutine VEHSIZ is c a l l e d  

I t o  a c t  on the  input  and re turns  I 
I values for JC I 

v set JTYP(i) = JV1 
214 1 is 1coDE.2'- JTIP(~)  = J V ~  

1 YES 
2i6 [is -4 repeat  QUESTION #2 

215 
YES 

2 i  7 repeat  QUESTION #l 

write message '900i1  
GO TO 1% 207 

Message '9000' is "****SYNTAX ERROR****" 

Message '9001 is "****YOU MUST AEJSWER THIS QUESTION****" 



VEHSIZ Flowchart 

7 , 8  read a s t r i ng  of 80 alpha-numeric characters from terminal 

1 

10 ( is ~ i n e  (J) = $1' s e t  ICODE = -1 

1 ,  N GO TO QUIZ,ISN214 

111 [is ~ i n e  (J) = ' S I J  set ICODE =-2 

18 

RETURN 
QUIZ, IS214 

1 



I l is  L A E  ( L )  f f b l a n k 1 ] Y E S d s e t J V 2 S = L  I 
I NO1 I r;<3)3L 28 s e t  ICODE = -999 

s e t  ICODE = -999 
34/ 

35- + I 

RETURN, GO TO 
QUIZ, IS214 

J. 
J 

QUIZ, ISN214 ] 

s e t  J1 = JVEHl + 

* 
37 

A 

w i t h  JVIS = J ,  JVlF = K-1 known 
Subroutine VEHCHK is called and 
returns values of JVMl and JCODE 

& 

40 
with JV2S = L, JV2F = M known 
Subroutine VEHCHK is called and 
returns values of JVEH2 & JCODE 



VEHCHK Flowchart 

I a 

set  ICODE = 0 RETURN, GO TO 
is LINE ( J )  = blankf 

I VEHSIZ, 38 or 4 

11 I is LINE(J) a 1 1 set JVEH = I I 
I I 

set  JVEH = 2 

I I 

is L I N E ( J )  a 'C' set JVEH = 3 

I I 

set  JVEH = 4 
I I 

-.- 

15[ is L I N E ( J ) V ~ F ' - : Y ~ S  
2 4 set JVEH = 5 ] 

set JVEH = 7 

I I 

Set ICODE = -999 
22 

19 GO TO VEHSIZ 38,41 
i . 

21 
20 GO TO VEHSIZ 38,41 

The ISN s 21 3-21 8 of Q U I Z  and all of VMSIZ and VMCHK are seen t o  
be an elaborate means of mitug integer values for the 
vehicle #1 and vehicle #2 size code variables JTYP(1) 
and JTYP ( 2 ) r e s w v e l ~  



8.2.3 Question Three The goal  of Question 3 i s  t o  determine t h a t  

a correct Collision Deformation C l a s s i f i c a t i o n  ( C D C )  , f o r m e r l y  t h e  
Vehicle Damage Index (VDI), code was e n t e r e d  f o r  a s i  ny le  v e h i c l e .  

Chart 3 establishes a route map for  Question 3. 

VDICHK. This subroutine, called from QUIZ, ISN233, has 
the purpose of locating the seven-element s t r i n g  of a lpha -numer ic  

characters entered by the u s e r  as a C D C  code and,  by c a l l  i n g  t h e  

Subroutine VDISCN, confirming tha t  each character i s  separately v a l i d .  

The subroutine returns valid characters i ' n  an array LVDI and a n  i n t e g e r  

value fo r  I C O D E .  A flowchart follows. 

VDISCN. This subroutine i s  designed t o  act u p o n  a s e t  of 
seven alpha-numeric characters in the array L I N E  with the se t  said t o  be 

1 ocated in columns JSTART=LFN through JEND=LEN. If  the seven characters 

are numbered 1 through 7 ,  then th i s  subroutine checks that  character # l  

i s  found i n  the stored array of acceptable symbol s L V D  I ( K ,  1)  f o r  K = 

1 1 3  I f  it i s  , t h a t  c h a r a c t e r  i s  loaded  i n t o  IVDI(1)  and t h e  
character #2 i s  checked against the array LVDI(K,2) f o r  K = 1 , 1 3  and 
loaded into JVDI(2) i f  found. I f ,  fo r  example, character #2 i s  n o t  s o  

found, JCODE i s  set  equal t o  2 and the subroutine R E T U R N S  t o  VDICHK, 
ISN22 where, since I C O D E  i s  n o t  8 b u t  i s  2 ,  \IDICHK wi 11 return t o  QUIZ, 
ISN234, prepared t o  t r igger  a message that  an er ror  exi s t  s i n t h e  2 n d  

column of the user 's  CDC.. 

ISN3 of Subroutine VDISCN holds a 13 by 7 array of allowable alpha- 

numeric symbols which may be used in a CDC designation. These a r e  t h e  
values of the array LVDI (K, I )  used in VDISCN, ISN13. I n  t a b u l a r  form 

these are: 



A f l o w c h a r t  f o r  VDISCN a l s o  fo l lows .  

Row 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

------------------------------------------.---------------------- 
Column -------.-.--------------------------------------------- 

1 2 3 4 5 6 7 ................................................................. 
0 0 F 0 A W 1 
0 1 R L H N 2 

0 2 B C E S 3 
0 3 L R G 0 4 
0 4 T F M A 5 
0 5 V P L 0 6 
0 6 X B X E 7 
0 7 X Y X E 8 
0 8 X Z X E 9 
0 9 X Z X E 0 
1 0 X Z X E 9 
1 0 X 7 X F 9 
1 0 X Z X E 9 





VDICHK Flowchart 

NOTE: a i l  returns are t o  
Q U I Z ,  ISN 234 
(see chart on Q #3) 

- 

read an 80 element alpha-numeric string into LINE(J )  

v 

se t  ICODE = -1, RETURN 

2 9 

set  ICODE = -2, RETURN 

set  ICODE = 8,  RETURN 

RETURN 

13 

i4 set  ICODE = 0, RETURN 

15,16 set  L E N = J  
LEN = J+6 

5 
4 

21 CALL VDISCN(LINE,VDI ,L.FN,LEN,ICODE) I 
1 



VDISCN Fl owchart 

5r J = JSTART 

LINE (JBEGM+I-I) 

set JCODE = 8 
20 

NORMAL RETURN 
4 

GO TO VDICHK 
1 3 2 2  



8.2.4 Question Five. We now exa!nil~e i n  Chart 4 Q U I Z ,  ISN274-293 

which deals i.viti.1 asking the user a question, te l l ing hiin he must answer 

it w i t h  a YES or NO and then aetermi ning which answer was given. Future 
orogress in QUIZ depends u p o n  the answer. I f  n e i t h e r  YES o r  N O  t h e  
program may not continue, a n d ,  i f  YES or NO, i t  w i l l  t a k e  d i f f e r e n t  

oaths in i t s  next few steps. We shall look a t  the s t r u c t u r e  of qUIZ, 

ISN274-293 f i r s t ,  arid subsequently a t  the Subroutine YESNO cal  1 ed upon 

a t  QUIZ, ISN281a 

YESNO This subroutine i s  designed t o  accept a s t r i n g  o f  

72 alpha-numeric characters maxirnum and t o  f i r s t  deterrni ne i f  the s t r ing  
contains a ? or  $ . If not, i t  determines whether the f i r s t  character of 
the string i s  a Y or a N. A flowchart for  YESNO follows. 

8.2.5 Question Six. Question 6 i s  xypical of a question s e t  f o r  

which one or wore numbers r e p r e s e n t  a p r o p e r  answer.  Q u e s t i o n  6 

requires a single number as an answer. Question 9 i s  similar except i t  

requires six separate numbers a s  an answer. A Q U I Z  r o u t e  map f o r  

question 6 i s  shown in Chart 5. 

READI. This subroutine i s  designed t o  s c a n  t h e  e i g h t y  

columns o f  a l ine of input, reading them i n t o  t h e  m a t r i x  LINE(80).  
Special action i s  taken i f  any character in L I N E  i s found t o  be t h e  
symbol $ or  ?. Otherdise the subrout i ne i s  des igned  t o  f i n d  u p  t o  

twelve s tar t ing p o s i t i o n s  a n d  c o r r e s p o n d i  n g  endi  ng p o s i t i o n s  of 
character strings separated by spaces or co lu~ns .  A flowchart fo r  READ1 

follows. 

READZ. The user may note that READ1, ISN45 " c a l l s "  t h e  
Subroutine READ2 frwn a D O  LOOP.  The number of cal ls  i s  deterrni ned by 

the integer NI4ORD determined a t  ISM29. Each "cal 1 " i s made rvi t h t h e  
integer values of the variables ISTART and IEND c o r r e s p o n d i n g  t o  t h e  
column range of a user inputted number. Each cal l  i s  expected t o  return 
a real number representation of the indexed number i n  t h e  v a r i a b l e  

VALUE. 

By assigning J ,  t h e  i n t e g e r  v a l l ~ e  of J S T A R T  determined by 

Subroutine REA91, t o  be the array index a t  which a nuriiber a p p e a r s  t o  
< t a r t  i n  the array LINE, a n d  reading LINE(J=JSTART), LINE(J=JSTART+l) , 



CHART 4 Q U I Z  Route Map for Ques t i on  F i v e  

present the long 
form of Q fF5 

I 

The user types i n  YES or NO, 
o r  any word s tar t ing  with 
the l e t t e r  Y or the l e t t e r  N and 

presses RFTURN 
the Subroutine YESNO is &led 
to act on the input and retuns 
an inteaer value for ICODE. 

GO TO QUESTION#6 

is ICODE = 1 s e t  JhiSET(1) = 0 
JWSET(2) = 0 

GO TO QUESTION#8 

repeat QUESTION #S 

repeat QUESTION #4 

"I L 

YES 
is ICODE = -999 

write message ' 9000 'I- and GO TO ISN 275 
my 



Y ESNO Flowchart 

from teminal i npu t  

set ICODE -1, RETURN 1 
1 

I I is  LINE^ YES set ICODE = -2, RETURN 

22 

set  ICODE = 1, RETURN 
I 

i6 
SET I CODE = -9 99, RETURN 



CHART 5 QUIZ Route Map for Ques t i on  S i x  

Q U I Z  I S ' S  

29 3 
296,297 

' present the long 
) form of Q#6 

I 

I 

I the user is expected t o  type a 
character  s t r i n g  representing I 
a rea l  ncanber 1 
The Subroutine READ1 is called 
to act an the user's input and 
to return a floating pint ntPnber 

is ICODE = O 

write message '9000' and GO TO 1% 293 



READ1 F lowchar t  

NGTE: ISN12 is equivalent 
12 t o  t h e  loop shown here  

I read ~ t h c h a r a c t e r  i n  a l i n e  ' 
I . of input and place i n  memory 

I 
a s  L I N E ( J )  

L-- 

NOTE: RETURN is t o  
Q U I Z t I S N  302 
i n  case of Q#6 

leave loop, s e t  ICODE = - i t r e t u r n  I 
I L W  

YES I I is LI-H leave ioop,  set ICODE = -2, RETURN 

I Not 

6 see next  sheet 



I 28 
I 

set NWORD = NWORDtl 1 - 
A -  

1 

I 

s e t  ICODE = -999 IRE;TURN 

set ISTART(NW0RD) = J, JST = 1 

v 
is J<80 

m 
Set IEND ( W R D )  = J, JST = 0 

w 

42,43 

set ICODE = 0, RETURN 

46 if JCODE re tu rns  -999 
s e t  ICODE = -999 & RETURN 

5 0 

NORMAL RETURN 



etc. u p  t o  LINE(J=JEND) , we would have read tha t  number. However, t o  
allow freedom of format of the numbers i n  t h e  a r r a y  LINE, we must 
prepare here t o  read the number i n  a v a r i e t y  o f  f o r m a t s ,  i . e . ,  t h e  

number may by written as the integer 1527, as the f loat ing point form o f  

real number -1527.31Et03 or in another form. The algori thm h e r e  does  

. j us t  that  and constructs the resul t  as a f loat ing p o i n t  number and a 

code, ICODE. A flowchart for READ2 i s  shown. 

O n  t h i s  flowchart, the value of SX ' i s  real while t h e  v a l u e  of X ,  

SE,  EX and NEX are integer. The f u r ~ c t  i o n  F L O A T ( X )  p r o d u c e s  a r e a l  

number equal t o  X .  I t  i s  c lear  tha t  RESULT i s  a real number 

Example: Follow 15.OE+3 through the flowchart of the a1 gorithm of 
READ2, character by character. Check the f i n a l  r e s u l  t s  
detetmi ned by the seven passes. 

Use the flowchart of READ2 taking JSTART=1 and JSEND=7. Let the v a l u e s  

of LINE by LINE(l)="l",  L I N E ( 2 ) = " S N ,  L I N E ( 3 ) = " . " ,  L INE(4 )  = " O " ,  

LINE(5)="EN, LINE(G)="+", and LINE(7j=3. Follosv the route map t h r o u g h  

and confirm tha t  SX=1.0, X=150, SE=1, EX=3, and NEX=1.  

JCHAR = 1 TOIGIT = 1 
X = l  

NEX = 0 
JDIGIT = 1 
JPLUSF = 1 
JMINF = 1 

JCHAR = 5 TDIGIT = 5 
X = 15 

NEX = 0 
JDIGIT = 1 
JPLUSF = 1 
JMINF = 1 

JCHAR = . JPOINT = 1 
JPLUSF = 1 
JMINF = 1 

JCHAR = 0 IDIGIT = 0 
X = 150 

N E X  = 1 
JDIGIT = 1 
JPLUSF = 1 
JMINF = 1 

JCHAR = E JEXP = 1 
JPOINT = 1 



READ2 F l  owchart 

set  J = JSTART, JCODE = 0 JXFP = 0 EX = 0 
JPLUSF = 0 JDIGIT = 0 SX = 1. 
JPLUSE = 0 RESULT = 0.0 
JMINF = 0 SE = 1 
JMINE = 0 NEX = 0 
JPOINT = 0 X = 0 

I 
set JCHAR = L I N E ( J )  

2 5 
i 

is JPLUSF = 0 

NO & JMINF = 0 
& JPLUSE = 0 
& JMINE = O  
& m I N T = o  
& JXPP = o  
& JDIGIT = 0 

NO 

& J M I N F = O  JPLUSF = I 

& JMINE = 0 - 
set ICODE = -999 

NO 

& JMINE = O - 
CRASH2 - 35 



55,56 

set ICODE = -999 
RETURN 

is JPOINT = 0  
5 7 3 9  

& JEW = - set JPOINT = a 
JPLUSF = I 
JMINF = 1 

set ICODE = -999 
rn 

r d 

\ 61 
I 

is JCHAR an ' E 6 2 64,65 
No! 

I 
set ICODE = -999 ' 

RETURN . 
No I 

66,69 

set JEXP = d 1 

JPOINT = 1 

v 
r 
set ICODE = -999 

JPLUSF = 1 
71,73 RETURN JMIN = a  

i 

is JCHAR a d i g i t ,  
i . e . ,is J C F I  any one 7  6 

of 0 , 1 , 2 t 3 , 4 , 5 , 6 , 7 ,  set IDIGIT = JCHAR 

8 or 9 74,75 
s 

I 
set ICODE = -999 I RETURN 

set X = X 10+IDIGIT 
NEX = NEXWPOINT EX = EX*lO+IDIGIT 
JDIGIT = i JDIGIT = 2 
JPLUSF = i JPLUSE = i 
JMINF = i 

h JMINE = 1 
I v 

7 90 9 3; 
r 

is the index is JPLUSF = 0 & JMINF = 0 YFS set ICCDE = 0 

(JSTARTW-~) = J ~ Q  
& JPLUSE = 0 & JMINE = 0 RETURN 
& J W M T = O & J E X P  = O  

31,92 & JDIGIT = 0 

add 1 to  J 
and GO TO ISN 23 

set ICODE = -999 

101,104 
set RESULT =SX*mXIAT (X) *lo. 0** (SEREX-NEX) 

ICODE = i 
I NORMAL RETURN 1 



JPLUSF = 1 
JMINF = 1 

JCHAR = + SE = 1 
JPLUSE = 1 

JCHAR = 3 IDIGIT = 3 
EX = 3 

JDIGIT = 2 
JPLUSE = 2 

JMINE = 1 
JPLUSF = 0 

JMINF = 0 
JPLUSE = 0 
JMINE = 0 

JPOINT = 0 
JEXP = 0 

JDIGIT = 0 

RESULT = - - 1~0*150.*10.0 1 .O*FLOAT(150.j*10.0**(1*3-1) 

15,000. o r  15.OEt3 

8.2.6 Quest ion S i x teen  Q u e s t i o n  16 r e q u i r e s  t h e  use r  t o  p  r o v i  de  

an answer of CW, CCW, o r  N O N E .  QUIZ, I S N 5 3 7 - 5 6 1  h a s  t h e  t a s k  o f  

prompt ing t h e  u s e r  and f i n a l l y  s e t t i n g  values t o  t h e  program v a r i a b l e s  

JIND and IRT. Simply,  i f  t h e  answer i s  NONE, i .e . ,  t h a t  t h e  r o t a t i o n  

d i r e c t i o n  d u r i n g  t h e  s k i d d i n g  phas2 i s  none, t h e  program s e t s  J IND = 0 

and IRT = 0. I f  t h e  answer i s  CW, t h e  program s e t s  IRT = 3 a n d  i f  t h e  

ariswer i s  CCW, t h e  program s e t s  IRT  = 2.  JIND wi 11 be d i s c u s s e d  a g a i  n  

under t h e  d i scuss ion  o f  t h e  Subrou t ine  START2 and SPIN2. A Q U I Z  r o u t e  

map f o r  q u e s t i o n  16 i s  p rov ided  i n  Char t  6. 

To determine t h e  answer t o  Q u e s t i o n  1 6 ,  QUIZ,  ISN543 c a l l s  t h e  

Subrou t ine  ROTAT. Th i s  sub rou t i ne  i s  designed t o  accept  a  s t r i  ng o f  up  

t o  72 alpha-numeric charac te rs  and t o  determine if t h e  l i n e  con ta ins  a  ? 

o r  a  $, o r  i f  t h e  l i n e  i s  a l l  b lank o r  i f  t h e  c h a r a c t e r  s t r i n g  s t a r t s  

w i t h  a  CC,  CW, o r  an N. The f l o w c h a r t  f o r  ROTAT f o l l ows .  



CHART 6 QUIZ Route Map f o r  Quest ion S ix teen 

ISN's 
537 

I START 1 v 538,539 

is m-l=- - present the long 
form of Q #15 

3 

present the short  
541r542 form of Q #I6 

I 
L 

543 

4 

The user is prompted t o  type the 
character s t r i ng  CCW,CW, o r  NONE ------------- 
Subroutme ROTAT is called t o  a x  
on the input and t o  return an 
integer value fo r  ICODE 

544 

GO TO Q#17 

545 set IRT(1) = -I 

546 GO TO Q#18 

547 

548 

549 is JCURV(1) = 0 REPEAT Q #14 

550 is ICODE = -999 R E P W  Q#lS 

EJO 
set IRT(1) = 0 GO TO Q#18 

v i 

write message '9000' and RETURN to  s t a r t  



ROTAT Flowchart 

7 , 8  \read 72 characters fmn tenninal input]  

v 
9 

30,31 

10  set ICODE = -1, E E U N  

32,33 

U. set ICODE = -2, KE;TUIW 

, 

1 3  

'I 16  
14 is LINE(J) a 'blank' set ICODE = 0, RElZTRN I 

19  

I 18  set ICODE = 1, RETURN 

- - - - 

I YES 
71 is -1 is LINE ( ~ + l )  a 'w' 1 

set ICODE = -999, RETURN 

is LINE (J+1) a 'C '  

set ICODE = 

* NORMAL CASE 



8.3 DAMAGE Subroutine 

This discussion of the DAMAGE subroutine begins with an overv iew.  

Next the  b a s i c  mathematical  ;nodel i s  d e s c r i b e d ,  f o l l o w e d  by a  

description of ti12 culi~putation of absorbed energy and t h e  1 o c a t i  o n  of 
the impulse. A manual a lgo r i thm f o r  t h e s e  computa t ions  i s  a l s o  

presented. 

8.3.1 Overview The subroutine DAMAGE has the goa 1 of produci  n g  

values for  the change in longitudinal and the change i n  la teral  velocity 

of each vehicle involved during t h e  impulsive phase of a  crash. F i  gure  
8.4 depicts th i s  concept. I n  that  figure a vehicle i s  i l l u s t r a t ed  i n  a  
 re-crash and post-crash s t a t e  a long  w i t h  i t s  v e l o c i t y  v e c t o r s .  
Delta V x  and  Delta V are the outputs of DAMAGE. 

Y 

Vo = pre-crash velocity V 1  = pst-crash velccity 

Figure 8.4 /Delta vx l  and /Delta V 1 
Y 

The angular velocity 52, which commonly i s  present i n  t h e  p o s t - c r a s h  
instant i s  not  calculated i n   DAMAGE.^ T h e  angular position o r  headi  n g  

of the prg-and post-crash vehicle are identical,  i . e . ,  t h e  v e h i c l e  i s  
assumed t o  be not  rotated during the crash instant. when the  subroutine 

4 ~ ~ ~ ~ : ~ ~ & ~  does o u t p u t  the Delta Q values. 



START2 i s  exp lored,  t h e  angu la r  v e l o c i t y  o, a n d  s u b s e q u e n t  a n g u l a r  

sp in ,  o r  r o t a t i o n ,  w i l l  be discussed. 

A mathematical  model i s  developed wh ich  a r g u e s  t h a t  t h e  1  i n e a r  

impu lse  shared between two o b j e c t s  d u r i n g  t h e  i n s t a n t  o f  impac t  may b e  

eva lua ted  i n  magnitude f rom t h e  knowledge o f  t h e  c rush  shapes o f  t h o s e  

o b j e c t s  ( v e h i c l e s ) .  I f  t h i s  model i s  accepted, t h e  s i inp le  a p p l  i c a t  i o n  

o f  t h e  p r i n c i p l e s  o f  ~nechanics ( p h y s i c s )  i : ~  h r m s  u s  t h a t  t h e  v e c t o r  

' l i n e a r  impu l se '  a p p l i e d  t o  each v e h i c l e  equals  each v e h i c l e ' s  ' c h a n g e  

nf l i n e a r  momentum'. L i n e a r  momentum i s  d e f i n e d  a s  t h e  p r o d u c t  o f  a  

v e h i c l e ' s  mass and t h e  l i n e a r  v e l o c i t y  v e c t o r  o f  t h a t  v e h i c l e ' s  c e n t e r  

o f  mass. L i n e a r  impulse i s  d e f i n e d  as be ing  t h e  i n t e g r a l  o f  t h e  a p p l i e d  

fo rce - t ime p a t t e r n  i n  magnitude and hav ing  t h e  d i r e c t i o n  o f  t h e  f o r c e  

vector .  F i g u r e  8.5 il l u s t r a t e s  a  v e h i c l e  which has an i n i t i a l  p re -c rash  
A 

1 i near nomenturn of MYO* and has appl i ed t o  i t  a  1  i near  impu l se  I . T h e  

second p a r t  of t h e  f i g u r e  i l l u s t r a t e s  t h e  f i n a l  l i n e a r  momentum 5 o f  1 - 
t h e  v e h i c l e  and t h e  b a s i c  r e l a t i o n s h i p  of p h y s i c s ,  t h a t  i s  KO + I = - 
MV1. 

F i g u r e  8.5 The I m p u l  se-Yomenturn Eel  a t  i onshi  p  

C l e a r l y ,  i f  I can be found  fr9:11 ve ! l i c l e  da ta  a f t e r  a  c rash ,  we may - 
s t a t e  t h a t  t h e  v e c t o r  D e l t a  V equals  t h e  v e c t o r  I d i v i d e d  by t h e  rnass o f  



t h e  veh ic le .  D e l t a  V x  and D e l t a  V a r e  t h e  l o n g i t u d i n a l  a n d  1  a t e r a l  
Y  

components of D e l t a  V and a re  t r e a t e d  as p o s i t i v e  when d i r e c t e d  i n  t h e  

fo rward  and r i g h t w a r d  d i  r e c t  ions r espec t i ve l y .  

8.3.2 The B a s i c  M a t h e m a t i c a l  Mode l  o f  D A M A G E .  The  D A M A G E  

subrou t ine  i s  based upon t h e  model o f  i n t e r a c t i o n  o f  two  p a r t i c l e s  o f  

mass. F i gu re  8.6 i l l u s t r a t e s  t h e  bas i c  s i t u a t i o n .  I n  8 . 6 a  t w o  mass  

p a r t i c l e s  a re  p i c t u red ,  each w i t h  a  v e l o c i t y  a l o n g  t h e  1  i n e  X - X ,  t h e  

v e l o c i t y  V10 i s  g r e a t e r  t han  t h e  v e l o c i t y  VZ0 ,  so i t  i s  c e r t a i n  t h a t  

mass #1 w i l l  ove r take  and s t r i k e  mass # 2 .  B o t h  masses  c a r r y  l i n e a r  

s p r i n g  elements as shown. I n  8.6b,  t h e  two p a r t i c l e ' s  sp r i r i gs  a re  j u s t  

conling i n t o  con tac t  and t h e  o r i g i n  o f  t h r e e  displacement v a r i a b l e s  a r e  

shown. These displacements a re  XI, t h e  d i s p l a c e m e n t  o f  MI, X ,  t h e  

displacement o f  t h e  common end o f  t h e  two s p r i n g  elements, and X Z ,  t h e  

displacement of M2. I n  8-6c, t h e  impact i s  underway, i.e. , t h e  mass #1 

i s  s t i l l  o ve r t ak i ng  mass #2 and t h e  sp r i ngs  are be ing  :ief*~r:ned. I n  8-62 

t h e  con tac t  f o r c e  between t h e  spr ings  i s  t h e  common f o r c e  F  , i . e. , F 

ac t s  l e f t w a r d  on M1 through t h e  s p r i n g  K1 and F a c t s  r i g h t w a r d  on  M 2  

through t h e  s p r i n g  K2. 

Newton's Law o f  idot ion a p p l i e d  t o  each mass produces t h e  equat i o n s  

o f  mot ion 

2 
(8.1) - K ~ ( x ~ - x )  = ~ ~ d  xl/dt 2 
and 

Using t h e  de f i ned  v a r i a b l e  6 = X1-X2 these  two equat ions a r e  r e w o r k e d  

i n t o  t h e  s i n g l e  equa t ion  

Equat ion (8.3) i s  t h e  we1 1  known ,  undamped s i r n p l e  h a r m o n i c  

o s c i l  l a t o r  equat ion hav i  ny t h e  general  s o l u t i o n  

(8.4) 6 =  (Amp) s i n ( o t )  

where: Amp i s  t h e  ampl i tude o f  t h e  o s c i l l a t i o n  a n d  o i s  t h e  

c i r c u l a r  f requency o f  t h e  o s c i l l a t i o n  i n ' r a d i a n s / s e c o n d  

and 



Let 8 = X1 - X2 LO - 8 ,-d 

Figure 8.6 The Basic Model. Two Oscillators Collide. 

The time history of 8  would be a  sirnple s ine wave of p e r i o d  T = 

2a/o and  amplitude Amp i f  the interaction force was allowed t o  u n l  oad 
and enter the t e n s i l e  region. This i s  no t  allowed in the basic model-- 
instead the force F i s  simply assumed t o  d i s a p p e a r  a f t 2 r  6 ,  t h e  
relative deflection, has reached t i l e  f i r s t  extreme value, 8=Amp. The 

subsequent tiine history of 6  i s  shown by the heavy curve i n  Figure 8.7. 

Applying the k n o w n  i n i t i a l  conditions, 

(8.5) d 6 / d t )  t = O  = V10 - VZ0 

the value of Amp i s  found. 

(8.5a) Amp = (V10 - ~ ~ ~ ) d ( ' 4 ~ " / / [ " ~  + y 2 ) )  ( ( K 1  + K 2 ) / K 1 K 2 )  

I t  i s  observed tha t  6  = 6,,, = Amp when :dl has been slowed and W 2  h a s  
been speeded until a common velocity , \ ( c O m ~  has been reached. 



F i g u r e  8.7 The Bas i c  De f l ec t i on -T ime  H i s t o r y  

The p r i n c i p l e  o f  conse rva t i on  o f  momentum b e t w e e n  t h e  c o l  1  i d i  n g  

p a r t i c l e s  may be app l ied ,  i.e., 

t o  y i e l d  t h e  common v e l o c i t y .  

? w i n g  t h e  c o l l i s i o n  process t h e  t ~ o  s p r i n g s  a r e  known t o  d e f  1  e c t  

by t h e  amounts and where 

(5 .7 ) j  = [K2/(KI+~2)I amax, 
(a.8)1 62=[KI/(K1+K2)18max 

(8 .9 )  6 1 '  S 2 =  6 ina x 

2y w r i t i n g  

we f i n d  t h a t  

where 

2  K1 6 1/2 i s  t h e  energy s t o r e d  i n  s p r i n g  K1, 

and K 6 
2  $ /2  i s  t h e  energy s t o r e d  i n  s p r i n g  K, 



Def  i n i  ng 

and 

2  (8.13) E2 = K2 6 2 /2  

we have t h a t :  

(8.14) A V 1 = Y l O - V  c  om = ( I / W ~ ) ~ Z ( E  1 2  +E ) ( M  1 2  M /(M 1 2  +M ) )  

and 

Fqua t ions  8.14 and 8.15 p r e d i c t  t h e  c h a n g e  i n  1  i n e a r  momentum 

MIAVl and M2 hV2 o f  m a s s e s  MI a n d  M2 i n  t h e  c o l l i s i o n  p r o c e s s  

descr ibed,  and de f ine  t h e  l i n e a r  impulse t o  have been 

The phys i cs  i n v o l v e d  has been based upon t h e  c o n s e r v a t i o n  o f  momentum 

between two bodies sha r i ng  an a c t i o n - r e a c t i o n  t y p e  o f  common i m p u l s e .  

The f a c t  t h a t  t h e  impu lse  magnitude may b e  e x p r e s s e d  b y  a  f u n c t i o n  

i n v o l v i  ng t h e  sum of  t h e  energy absorbed by t h e  two s p r i n g s  o f  t h e  model 

OOES NOT i n d i c a t e  any use o f  a  conse rva t i on  o f  energ: c o n c e p t  i n  t h e  
5 c l a s s i c a l  sense! 

CRASH2 would use t h i s  b a s i c  model f o r  t h e  c a l c u l a t i o n  of D e l t a  Y ' s 

i n  t h e  event  t h a t  t h e  v e h i c l e s  shared a  corni~lon, CENTRAL, i m p u l  se .  I n  

t h e  f i e l d  o f  mechanics t h e  word CENTRAL i l l od i f i e s  t h e  w o r d  I m p u l s e  t o  

desc r i be  an impulse v e c t o r  whose l i n e  o f  a c t i  o n  p a s s e d  t h r o u g h  t h e  

c e n t e r  o f  mass of t h e  body t o  which i t  i s  a p p l i e d .  T h e  i m p u l s e  o f  a 

v e h i c l e  c rash  seldom passes th rough  t h e  c e n t e r  of ~i iass o f  t h e  v e  h  i c l  e ,  

' ~ d i t o r s  N o t e :  E n e r g y  d i s s i p a t e d  i s  n o t  c o n s i d e r e d  t o  b e  
conserved i n  t h e  " c l a s s i c a l "  sense. However, a  m o r e  g e n e r a l  e n e r g y  
balance, i n c l u d i n g  energy d i s s i p a t e d ,  i s  used e lsewhere  i n  t h i s  m a n u a l  
f o r  acc iden t  r e c o n s t r u c t i o n ,  Whi 1 e  f i e r g y  c o n s i  d e r a t  i o n s  a r e  n o t  
d iscussed i n  t h i s  development, t h e  assumption i s  made t h a t  t h e  f o r c e s  
d isappear  once t h e  maximum d e f l e c t i o n  i s  reached. The i m p  1  i c a t  i o n  o f  
t h i s  assumption i s  t h a t  t h e  k i n e t i c  e n e r g y  o f  t h e  m a s s e s  w h i c h  was 
absorbed by t h e  sp r i ngs  i s  not  re tu rned .  F o r  t h e  devel  o p m e n t  o f  t h i  s 
s imp le  model, t h i s  a s s u m p t i o n  :nay b e  v i e w e d  a s  s i m p l y  a  p h y s i c a l  
c o n s t r a i n t .  F o r  t h e  :nore genera l  a p p l i c a t i o n  o f  t h i s  model, i t  i s  o f t e n  
h e l p f u l  t o  view t h i s  assumption i n  t h e  l i g h t  o f  energy cons ide ra t i ons .  



and t h e  bas i c  mode l  i s  m o d i f i e d  t o  a c c o u n t  f o r  t h i s  f a c t .  T h e  

m o d i f i c a t i o n  i s  accomplished by m u l t i p l y i n g  t h e  mass o f  t h e  v e h i c l e  by a  

f a c t o r  Y  (gamma) where Y  i s  c a l c u l a t e d  by equa t ion  8.17. I n  E q u a t i o n  

8.17 t h e  two symbols k and h  are,  r e s p a c t i v e l y ,  t h e  r a d i u s  o f  g y r a t i o n  
9 

o f  t h e  v e h i c l e  i n  yaw and t h e  cen te r  o f  mass o f f s e t  o f  t h e  i m p u l s e  

vector.  R e f e r  t o  F i g u r e  8.8 f o r  a  v i s u a l i z a t i o n  o f  these  two te rns .  

F i gu re  8.8 ( a )  Radius o f  G y r a t i o n  i n  Yaw and 
( b )  L i n e a r  O f f s e t  o f  an I impulse 

I f  a l l  o f  t i i e  mass o f  a  v e h i c l e  were t o  be concen t ra ted  i n  t i i e  f o r m  

o f  a hoop o f  inass M and centered a t  t h e  v e h i c l e ' s  cerltijr of  ! l a s s ,  t h a t  

hoop would have t h e  sarne angular  moment ill^^, giver1 i r o t a t i o n  r a t e  o f  

rad ians pe r  second as would t h e  v e h i c l e  a t  t h e  same r o t a t i o n  r a t e  

p r o v i d i n g  t h e  rad ius  o f  t he  hoop were k 
gy 

The l i n e a r  o f f s e t  o f  t h e  

l i n e - o f - a c t i o n  o f  an  i m p u l s e  f r o m  t h e  c e n t e r - o f - m a s s  i s  t h e  

perpend icu la r  d i s t ance  o f  t h e  center-of-mass f rom t h a t  I i ne o f  a c t i o r i  

Given t h e  Y 1  and Y 2 ,  t h e  D e l t a  V va lues f o r  C R A S H 2  v e h i c l e s  a re .  

and 

(8.19) AV, = (1/ Y21112) I /  ~ ( E ~ + E ~ )  ( YIMl Y 2 A 2 / (  YIM1+ Y 2 M 2 ) )  

46 - C R A S H 2  



where E l  and Eg are the  expressions f o r  energy absorbed i n vehi c l  e 81 

and vehicle #2 respectively. I t  remains understood tha t  the d i r e c t i o n s  

of AV1 and AV2 are the directions of the mutual c r a s h  ilnpul s e  ( t h e  
direction of the principal force).  

8 .3 .3  Energy Absorbed and Irnpulse L o c a t i o n .  The b a s i c  

mathematical model used t o  develop Equations 8.18 and 8.19 was seen  t o  
depend upon  the idea of the mass of a vehicle being surrounded by a s e t  
of l i nea r  springs. CRASH2 effect ively models t h e  v e h i c l e ' s  energy  
absorption character by considering the vehicle as shown in Figure 8.9. 

Figure 8.9 i l l u s t r a t e s  the plane view of a v e h i c l e .  Tile f r o n t  

surface i s  a distance XFF forward of tile cam. The r e a r  s u r f a c e  i s  a 
distance X R R  behind the c.m. The side surfaces are distances Y SS 1 e f t  

or right of the c.m. By considering the f ront ,  side or rear surfaces of 
the vehicle t o  be made u p  of a r r a y s  of 1 i n e a r  s p r i n g s  e x t e n d i  ng 

(XFF + ( A / B I f r o n t  ) forward of the cam., ( X R R  + ( A / B ) , e a r )  backward f ram 
the center of mass and (YSS + ( A / B ) S i d e )  t o  e i the r  side of the c.ln., and 
by giving these springs the appropriate spring constants, B f r o n t ,  B r e a r  

and  B s i d e ,  the CRASH2 program arrancjes t o  calculate  energy abs orbed i n 
the crush of the vehicle. 

Imagine now that  the crush shape of a vehicle i s  as shown i n  Figure 

8.10. 

In Figure 8.10 a triangular crush shape i s  shown on the front surface of 

a vehicle. The crush region has a to ta l  width of L .  Over a small width 
of the crush, dL, a l inear  spring of constant B f r o n t  per unit width has  

been deformed by an amount 8 where 6 equals ( A / B ) f r o n t  + C ) .  

Tn t h i s  expression C i s  the crush dimension of the actual car  and ( A / B )  

front i s  the modeled extension of the l inear  spring beyond the vehicle 's  

front surf ace. 

The energy absorbed in  the width dL i s  given as: 



lets sheet 
outl ine 

Figure 8.9 The Effective Linear Spring of CRASHZ's Vehicle 

The total  energy absorbed i s  the sum of a1 1 the E 's represented i n t h e  

crush shape, and i s  seen t o  be 
2 (8.21) E = ( A  / 2 B )  ( L )  + A(Area of Crush) + E(Fi r s t  Woment) 

Figure 8.11 resketches Figure 8.10 b u t  now i 1 l u s t  r a t e s  Equat  i on 

8.21. The crush region has a centroidral coordi nata of from the  front  
surface and an area called Area. The energy absorbed  i s model e d  : o 
depend upon  t h e  width(L), the area(Area) a n d  the  coordinate ( i ) .  



F i g u r e  8.10 A Crush Shape and a  S p r i n g  Ele,ncnt 

The model o f  bas i c  energy absorbed i s  shown i n  F i g u r e  3.11 a n d  i s  

w r i t t e n :  

(8.22) E  = Energy Absorbed = GL + ( A  + ~ x ) ~ r e a  

where A = a  system cons tan t  (equal  t o  t h e  f o r c e  
i n  t h e  model s p r i n g  when t h e  s p r i n g  i s  
de f l ec ted  an amount A / B )  

B  = a  system cons tan t  ( t h e  s p r i n g  
cons tan t  p e r  u n i t  w i d t h  o f  c rush)  

L = w i d t h  o f  c rush  

Area = area o f  c rush  (as seen i n  p l a n  v iew)  
- 
x = c e n t r o i d a l  coo rd i na te  o f  c rush  

(frorn su r f ace  o f  veh i c l e .  ) 



Figure 8.11 Energy Absorption in Crush Region. 

The second coordinate of the plane view area of crush i s  symbolized - 
as D in Figure 8.11 and  the l inear  offset of the impulse I i s  symbolized 

as 11. 

Frcm gemetry, the equation o f  the l ine  of action of the impulse i s  

(8.23) - X  + ( c o t  $)y + (XFF-i-D cot $ ) = 0 

and the offszt d is ta r l co  of " L I ~  iln,~ulse from the c.m. i s  

(8.24) nf ron t  = I ( x F F - ~ ) s ~ ~ $  - Dcos q5 I 

when the . - im&se - i s  applied - t o  the front of the vehicle. -. 

For impulses applied t o  the side of the vehicle we have 

(8.25) h S i d e  = I ( Y S S - ~ ) C O S +  - Dsin$l 



(note t h a t  y has replaced x) 
and f o r  impulses applied t o  the  rear  of --. the  vehicle we have 

(8*26I h r e a r  = I (XRR-2) s in  $ + DCOS $ I 

where X F F , ~ , ~ , Y S S , X R R  are  absolute values. 

CRASH2 modifies the  ene rgy  p r e v i o u s l y  c a l c u l a t e d  i n  8 .22  by 

multiplying by the  f ac to r  

2 (8.27) K K  = (1 + t a n  $ )  b u t  - '13.3 

where $ i s  the  angle between the  impulse and the normal t o  t h e  s t r u c k  

qurface. This f a c t o r  a c c o u n t s  f o r  t h e  f a c t  t h a t  a greai ; ;?r  t l i a r l  

predicted force must be acting t o  c rea te  a given c r u s h  i f  t h e  a c t u a l  

force i s  a t  a n  angle t o  the  normal t o  t he  crushed s u r f a c e .  T h u s  t h e  

values of E found i n  8.22 are  multiplied by K K  found  i n  8.27 b e f o r e  

using t h e  E values in 8.18 and 8.19. 

8.3.4 A Manual Version of -- DAYAGE The subprogram D A M A G E  may be 

exercised by a user aided only by a hand-held ca lcu la to r  by f o l  1 ow i n g  

the worksheets i n  Appendix D .  These sheets  follow the  logic  of CRASH2 

direct ly .  Their goal i s  t o  p r o v i d e  t h e  s t u d e n t ,  who a1 r eady  has 

experience in f i e l d  investigation of a u t o m o b i l e  c r a s h e s  and i n  t h e  

preparation and use of data f o r  t he  CRASH2 program,  w i t h  s u f f i c i e n t  

understandi ng and experi ence t o  a1 low independent hand op2rati:)tl of t h e  

"Damage-Only" version of CRASHZ. The materials  n e e d e d ,  e x c e p t  f o r  a 

ca lcula tor  are  included i n  Appendix D .  

I t  i s  expected t ha t  the s impl ic i ty  of the process of hand operation 

wil l  material ly aid the user i n  appreciation of the r e l a t i ve  importance 

nf the various data e lmen t s  used by CRASH2 and w i t h  t h e  manner t h a t  

errors or uncertainties in  t he  d a t a  may influence the resul ts .  



START2 Sub rou t i ne  - 
8.4.1 Overview of START2 When t h e  u s e r  o f  CRASH2 h a s  a n s w e r e d  

Q u e s t i o n  8  w i t h  a  YES, a  f l ag ,  IND, w i l l  be s e t  which w i l l  cause i4AIR t o  

c a l l  t h e  s u b r o u t i n e  STARTZ. START2 w i l l  i n  t u r n  b r i r i g  a  number o f  o t h e r  

sub rou t i nes  i n t o  a c t i o n .  

The s i t u a t i o n  w i t h  t h e  u s e r  i s  t h i s - - h e  c a n  s u p p l y  a r l sn re rs  t u  

ques t ions  numbered 9, 10, 11, 14, 16, 18, 21, 23, 25,  ( 2 7  o r  2 8 ) ,  a n d  

(29 o r  30) a t  a  m i  nimun. T h i s  i s  e q u i v a l e n t  t o  b e i n g  a b l e  t o  s k e t c h  a n  

impact [ s e p a r a t i o n )  p o s i t i o n  and heading, a r e s t  p o s i t i o n  and heading,  a  

ground t i r e  f r i c t i o n  va lue,  and i n d i v i d u a l  wheel l ock -up  r a t i o s  f o r  b o t h  

( o r  one, i f  o n l y  one) veh i c l es ,  as seen i n  F i g u r e  5.12. 

Coordinates in fee t  
and degrees are known 

F i g u r e  8.12 A Minimum Scene Sketch f o r  Two-Vehic le  Crash 



Based upon t h i s  much i n f o m a t i o n ,  o r  more, i f  t h e  u s e r  can r e s p o n d  

t o  o t h e r  ques t ions  posed by QUIZ, START2 s t a r t s  a  process o f  e s t i m a t i n g  

t h e  l i n e a r  (and angu la r )  v e l o c i t y  o f  each v e h i c l e  a t  t h e  i n s t a n t  o f  

qeparat ion.  The l i n e a r  v e l o c i t y  es t ima te  w i l l  be made i n  t e r m s  o f  t w o  

components US and VS,  s ~ h i  c h  a r e  t h e  1  o n g i  t u d i  n a l  a n d  t h e  l a t e r a l  

components of t h e  v e h i c l e ' s  v e l o c i t y  v e c t o r .  T h e  d i r e c t i o n  o f  t h e  

es t ima ted  v e l o c i t y  v e c t o r  w i l l  be f o n ~ l e d  as one o f  t h e  f o l l o w i n g :  

a) a l o n g  t h e  1  i n e  from t h e  sepa ra t i on  p o s i t i o n  t o  t h e  r e s t  p o s i t i o n  
b )  a l o n g  t h e  l i n e  from t h e  s e p a r a t i o n  p o s i t i o n  t o  t h e  e n d - o f - s k i d d i  n g  

p o s i t i o n  g iven  i n  answer t o  q u e s t i o n  13 o r  20 
c )  a l ong  t h e  tanyen t  t o  t h e  c i r c u l a r  a r c  a t  t h e  s e p a r a t i  on p o s i t i  o n  

where t h e  a r c  passes through t h e  sepa ra t i on  p o s i t i o n ,  an i n t e r m e d i a t e  
p o i n t  on t h e  path,  and e i t h e r  t h e  end -o f - sk i dd ing  ( i f  g i ven)  o r  r e s t  
p o s i t i o n .  

I t  i s  g e n e r a l l y  f e l t  t h a t  cases b  and c  a re  b e t t e r  f i t s  t o  r e a l i t y  t h a n  
6 case a  . 

The l i n e a r  v e l o c i t y  es t ima te  made by  START2 a n d  i t s  s t a b 1  e  o f  

subrou t ines  i s  m u l t i p l i e d  by t h e  mass o f  t h e  v e h i c l e  t o  p r o d u c e  a n  

es t ima te  of t h e  v e h i c l e ' s  l i n e a r  momentum a t  t h e  i n s t a n t  of s e p a r a t i o n .  

T h i s  i s  done f o r  b o t h  case v e h i c l e s .  L i n e a r  i l lomenturn i s  a  v e c t o r  

q u a n t i t y  and t h e  v e c t o r  sum o f  t h e  two l i n e a r  moinentum v e c t o r s  i s  t h e  

system momentum. I t i s  kn'own f r o m  t h e  laws of phys i cs  t h a t  t h e  s y s t e m  

1  i near momentum i s  unchanged (conserved)  d u r i n g  t h e  c rash  phase when t h e  

o n l y  s i g n i f i c a n t  impu lse  a p p l i e d  t o  e i t h e r  body i s  t h e  rnutual , a c t  i o n -  

r e a c t i o n  impu lsz  of t h e  body-to-body con tac t .  When t h i s  can be s a i  d  t o  

be t h e  case, t h e  o r i g i n a l  p r e - c r a s h  1  i n e a r  mornenta v e c t o r s  may b e  

c a l c u l a t e d  and t t i e  change i n  inomenturn (system impu lse)  a lso.  S i nce  t h e  

system impulse d i v i d e d  by t h e  mass of one o f  t h e  v e h i c l e s  i s  t h e  c h a n g e  

i n  v e l o c i t y  ( D e l t a  V )  o f  t h a t  v e h i c l e ,  i t  appears t h a t  t h e  i n d i v i d u a l  

veh i c l es  p r e c r a s l ~  v e l o c i t i e s  a s  we11  a s  t h e i r  D e l i a  V ' s  may b e  

ca lcu la ted .  F i g u r e  8.13 i l l u s t r a t e s  t h i s  paragraph. 

Th i s  method i s  used p r o v i d i n g  t h e  a n g l e  o f  i n t e r s e c t i o n  o f  t h e  

o r i g i n a l  heading l i n e s ,  1-1 and 2-2 i n  F i g u r e  8.13, i s  no t  l e s s  t h a n  1 5  

6 ~ h e  d i r e c t  i o n  o f  t h e  es t ima ted  velocit:, v e c t 9 r  i s  3 1 1  .TdcL , j :  , $ ~ ! , i  
from t h e  d i r e c t i o n  s t a t e d  above when t h e r e  i s  an a n g u l a r  v e l o c i t y  a t  
separa t ion  - see I S N  137, 138 i n  f l o w  c h a r t  l a b e l e d  SPIN2. 



F igu re  8.13 A p p l i c a t i o n  o f  t h e  Conservat ion o f  System 
Momentum g iven an I n t e r n a l  t o  t h e  System Impu lse  

degrees. When l i n e s  1-1 a n d  2 - 2  a r e  n e a r l y  p a r a l l e l ,  i t  i s  n o t  

cons idered v a l i d  t o  c a r r y  ou t  t h e  c o n s t r u c t i o n  above. When v a l i d ,  t h e  

output  appears under t h e  heading "Spinout T r a j e c t  o r i f ? s  and Conserva t i on  

o f  L i n e a r  Momentum". When not  v a l i d  due t o  a  sma l l  ang le  between l i n e s  

1-1 and 2 - 2 ,  t h e  es t imate  o f  l o n g i t u d i n a l  change i n  v e l o c i t y  i s  made by  

t h e  subrou t ine  DAIWGE w h i l e  t h e  l a t e r a l  v e l o c i t y  change i s  t a k e n  t o  b e  

t h e  l a t e r a l  v e l o c i t y  component o f  t h e  sepa ra t i on  v e l o c i t y .  O u t p u t  i n  

t h i s  case i s  d e l i v e r e d  under t h e  h e a d i n g  " S p i n o u t  T r a j e c t o r i e s  a n d  

Damage". t 

When t h e  user  w i s h e s  t o  a n s w e r  Q u e s t i o n  3 1  w i t h  a  y e s ,  t i l e  

secondary se t  o f  r o u t i n e s  shown under SPIN2 i n  F i g u r e  8 . 3  a r e  c a l l e d  

i n t o  t h e  computation. SPIN2, which p rov ides  t h e  e s t i m a t e d  v a l u e s  o f  



v e l o c i t y  a t  sepa ra t i on  now c a l l s  t h e  t h e  sub rou t i ne  USIWC, s u p p l y i n g  t o  

IlSMAC t h e  es t imated  l i n e a r  v e l o c i t y  components and L l ~ e  ~!~l~i i : i j  ( . ~ i l j u l  a r )  

v e l o c i t y  a long w i t h  a1 1  o t h e r  r e q u i r e d  da ta  i n  o r , l e r  :hat a  mather i lat ical  

model o f  t h e  v e h i c l e  [nay be operated. I n  t h i s  model, t h e  p o s i t  i on  a n d  

headi  ng a t  separa t ion ,  a long  w i t h  t h e  l o n g i  t u d i  na l  , l a t e r a l ,  and angu la r  

v e l o c i t y  est imates a re  used as i n i t i a l  c o n d i t i o n s  f o r  a  t r a j e c t o r y  

c a l c u l a t i o n .  T h i s  c a l c u l a t i o n  determines t h e  t i r e  f o r c e  componen ts  a t  

each wheel and t h e  net  l o n g i  t u r l i  rial and l a t e r a l  a c c e l e r a t i o n  r e s  u l  t i  n g  

f r a n  them as w e l l  as t h e  angu la r  a c c e l e r a t i o n  due t u  the t o r q u e  o f  t h e  

t i r e  f o r c e s  about t h e  yawing ax is .  Numeric i n t e g r a t i o n  r o u t  i n e s  a r e  

used t o  so l ve  t h e  d i f f e r e n t i a l  equa t ions  o f  [not ion as f u n c t i o n s  o f  t ime,  

n roduc ing  v e l o c i t y  and displacement t i m e  h i s t o r i e s .  An examp 1  e  s e t  o f  

t i m e  h i s t o r i e s  o f  angular  v e l o c i t y  and d isp lacement  i s  i 11 u s t  r a t e d  i n  

F igures  8.14 and 8.15, The corresponding l o n g i t u d i  n a l  , 1  a t e r a l  , a n d  

t o t a l  v e l o c i t y  magnitude t ime  h i s t o r i e s  a re  il l u s t r a t e d  i n  F i gu res  8.16, 

8.17, and 8.18. The pa th  of t h e  c e n t e r  o f  mass i s  i l l u s t r a t e d  i n  F i g u r e  

8.19. ( T h i s  se t  o f  data  were generated by t h e  r o u t i  nes USMAC , R N G R T 1  , 
DAUX, and TRAJ i n  a  t e s t  run.) 

TIME 

F igu re  8.14 Angular  V e l o c i t y  i n  Radians/Sec vs. Tirne i n  Seconds 



TIME 

F i g u r e  8.15 Angular  Displacement i n  Radians vs. Time i n  Seconds 

i n  t h e  mode o f  o p e r a t i o n  j u s t  i n t r o d u c e d ,  t h e  t r a j e c t o r y  

i n f o r n a t i o n  developed by s o l v i n g  t h e  govern ing e q u a t i o n s  o f  m o t  i on  i s  

compared w i t h  t h e  known scene data. Based upon t hese  comparisons, USMAC 

c a l c u l a t e s  an "improved" s e t  o f  i n i t i a l  v e l o c i t i e s ,  and runs  a  s e c o n d ,  

then  a  t h i r d ,  f o u r t h ,  and f i f t h  t r a j e c t o r y  c a l  c u l a t i o n - - e a c h  t i m e  

a t t emp t i ng  t o  use  an improved s e t  o f  i n i t i a l  v e l o c i t i e s .  Nhen t h e  error 
c r i t e r i a  b u i l t  i n t o  USMAC a re  s a t i s f i e d ,  no f u r t h e r  i t e r a t i o n  i s  c a r r i e d  

out ,  bu t  i n  no case a re  more t h a n  f i v e  t r a j e c t o r y  c a l c u l a t i o n s  made f o r  

each veh i c l e .  F i gu re  8.20 i l l u s t r a t e s  t h e  t r a j e c t o r i e s  o n  a  f i r s t  

through f i f t h  i t e r a t i o n  p r o c e s s  by U S I I I A C ,  o v e r l a i d  o n  t h e  t r u e  

t r a j e c t o r y .  



Figure 8.16 L o n g i t u d i n a l  Velocity in Inch/Sec vs. T ime in Seconds 



Figure 8.17 Lateral Ve loc i t y  in InchISec vs. Time i n  Seconds 
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Figure 8.18 T o t a l  Velocity i n  Inch/Sec vs. Tine i n  Seconds 



Figure 8.19 North Displacement versus E a s t  Displacei~le!~t ( i : ic ! l$s)  
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INCHES by INCHES 

IC's True Pat!! 
U 3 176.0, V = 44.3, $ = 2.00 

ICfs F i f t h  Path 
V = 174.3, V -45.1, $ =  2.02 

Figure 8.20 Iterated Trajectories and  True Trajectory 



8.4.2 Operations of START2 and  SPIPI2 Review of the ope ra t ion  of 

START2 and SPIN2 may be accomplished by study of t h e  s u b r o u t i n e  f l ow 
charts which follow. Recall t h a t  the ent i re  purpose of START2 and SPIN? 

i s  t o  transform scene data for  each vehicle i n t o  a n  estimated v e l o c i t y  

s t a t e  a t  the instant of separatign. This  i s  e n t i r e l y  a g e o m e t r i c /  

kinematic task and can be readily accomplished by hand. A f u l l e r  

appreciation of the process will be had by actual ly  c a r r y i n g  o u t ,  by 
hand, a process which para1 le l s  that of the computer program. A s t e p -  

by-step guide for  doing th i s  i s  presented i r ~  Appendix E .  

8.4.3 Flowcharts. This section presents annotated flowcharts f o r  

the subroutines : START2 , SP IN2, USMAC, RNGKT1, DAUX , TRAJ , and  OBL IQE. 

qpecial notice should be given t o  the step in SPIN2 k n o w n  a s  ISN 

137. Recall t ha t ,  i f  the v e h i c l e  was k n o w n  t o  r o t a t e  ( s e e  Q U I Z ,  

Question 16 or  23),  an e s t i m a t e d  a n g u l a r  a n d  l i n e a r  v e l o c i t y  a t  
ceparation will be found by the modified Marquand procedure (see SP I N 2 ,  

ISN 73-13.4). Also, SPIN2 ISPI 61-62 or ISN 6 9  wi 1 1  have produced a n  

azimuth angle, GAMS, for  th i s  l inear  v e l o c i t y  v e c t o r .  Now, i f  t h e  
vehicle was known t o  rotate ,  b u t  the path from s e p a r a t i o n  t o  end-of -  

skidding was taken t o  be s t raight ,  a correction t o  GAMS i s  made by ISN 

137. This correction i s  that GAMS ( i n  radians) i s  t o  be reduced by t h e  

amount  (20 * PSISD / SSDOT). The CRASH2 program recognizes by th i s  step 
that the path rnust be curved i f  there i s  an in i t i a l  a n g u l a r  v e l o c i t y ,  

even t h o u g h  there i s  no scene data on i t s  curvature. 



21,22 set, P1 = 
Q1 = 0 

srAKr2's 
ISN' s STAKT 1 v 

1 J 34 I &t JCUW(l) = 0 

v 
path is straight 

I 

516 

I ' i center of 

set THEUU = average of Veh #1 lockups 
TliEIX = average of Veh #2 lockups 

1 arc, 
scene data Y 

v 

I calculate (P1,Ql) 36,46 center of circle thru I 
I adend-of-rot. ~ t .  1 

ISN 51 thru 8 1  carryout same 
calculations for VM #2 1 

I 1 

49,50 
GO M MAIN ISN15 

ABOm 
-: is J L p =  0 I . set I m p  = 2 

YES 
v 



set S1 = XClO T1 = XC20 
S2 = YClO T2 = YC20 
S3 = PSI10*57.3 T3 = PSI20*57.3 
S4 = US1/17.6 T4 = US2/17.6 
S5 = VS1/17.6 T5 = YS2/17.6 
S6 = PSIDl T6 = PSID2 

my 
YES 

101 

971 i s ~ 9  >180 A 4 =  360- A 9  I 

106 

CALL OBLIQUE 

I 107 
2 

JSPIN = 2 . SPIN  = 1 
110-112 u l o  = US1-DELVXI 

U20 = US2-DELVX2 

CALL PmMM 

> 

set PSISDl = 0 PSISD2 = 0 
XCSPlf = XClO XCSP2F = XC20 
YCSPlF = YClO YCSPZF = YC20 
UlOMPH = U10/17.6 U20MEN = U20/17.6 
VloMPH = 0 V 2 0 m  = 0 
USlMPH = US1/17.6 US2MPH = US2/17.6 
VSlMPH = VS1/17.6 US2MPH = VS2/17.6 

I 
GO m m, ISNl5 I 



SPIN 2 

6-31 

Place values into reqisters 

33-40 42-49 
Place Veh #l parameters Place VM #2 paramter~ 

into registers into registers - 
50-53 

mvertFmrtoINMES 
55-56 v 
Calculate Ay and Ax f ran  separation to end-of-rotation 

v 
s e t h x  = 0.001 1 

I 
59 is path fran separation to end-of-rotation s l a i g h t  

58 & 60-67 NO YES 58 & 69-70 . + . 
F A Y +  

JCV = 1 JCV = 0 

Ax 

\ 
Separation Separation 

I 
0 

I *Y 0 -  * Y  
Find S1, W Find S1, G7NS 

(see notes) (see notes) 
A 

72 

NO 
I ,  Wl = PSI1 - PSIS 

7 3 = heading a t  end-of-rotatian minus 
heading a t  separation. 

v 
I 

SlPlPl = TEMP1 +1 if TEMP1 is p s i t i v e  
7 4 ABS (TEMP1) -1 i f  TEMP1 is negative 



~ P ~ = T E M P ~ - ~ ~ T *  e 1 .  
m w 2   TEMP^ - 277* rnm 

Set P(1) = 0.70 PP These values in ma 
P(2)  = 0.85 pp as &tes of +& 

P(3) x looo pP ratio of linear to angular velocity 
P(4 )  = 1*14 PP of the vehicle at separation P ( 5 )  = 1.30 PP 

B 

TENPL=  TEMP^ 
 TEMP^ - TENP~- 2~ *STMP~ 

8 3 
Set ADPSI = ABS (DPSI) 

v 'I 
P 

Set S W  = 1 for aJ or NO rot. direction 
= -1 for CCW rot. direction 

88-91 

J 

Set  a = (1 .- THE~~A) *8. 52*1oW4 Set PP = 1.408(= s1 - 32.0)  
h 

b = .94 - ,23- 
c = 40.64 - 8.64*THFllA - S1 - 

t 
ASPSI 

Find PP = [-b + (b2-4ac) / /a 

v 



A SPIN2 (cont) - 
The relationship between 
SI/ADPSI and SSD/PSID 

S1 
ADPSI 

0 200 400 

The dotted line plots the relationship 
Bo/Jo = Sl/ADPSI ccnmnly used as a 
r u l e  of t h d .  

A set of a(I,J), I = 1,s wal ke calculated fpr each P ( J )  m e .  



SPIN2 (cont) - 

- - 
108 N D ~  

4 
S1 

I 

109 
I 

s1(1 = 2 (DIST +m V(DIST+SL) )/s 
S e t  BETA (J) = 10 

4*a  (l tJ)*K2*lYEIl 
a ( 5 , J ) * a  (5,J)*a (2,J)  *WB 

NO 
I 

I I 
See Notes m next. slmt 
Assrnne gSEP and 3, are lam 

I 
and that SSD(J) = SSEP and PSID(J) = JSEP J 

-set ~ n a ( ~ )  = 
1 



I 
132,133 

is BMIN 2 10. 

w 

7 143,144 - 
us = s sm*cos  (cabs - sin2 (CPES - PSIS) 

VS = SSDX*sin ( G A S  - PSIS) 
- 

1 136 
is JCV = 1, i. e. , is path separation to d-of-rotation curved? 

NO 137,138 

GAPS=GAE.Is - 20.*PSISD/SSCOT 
PSIsD=PSISD "57.3 

u. 

The user s U d  be aware of the fact that  SPm2 is 
going to return estimated values of vehicle' s longitudinal 
and la tera l  linear velocity and the estimated value of the 
vehicle' s angular velocity, all for the manent of separation! 

YES 140 

Set PSISD = 0 

v 141,142 

. 

If no scene data is entered this will not ha-! I f  scene 
data is entered and Q #31 is answered w i t h  a "NO", the velocities 
returned are estimated only!  If Q #3 is answered "YES" the 
velocities returned are those producing the least error in an 
actual trajectory calculation ! 

I S S ~ T  = [ 772.8*MU*Sl-1 + S I D ~  ] 'I2 
I 145 * 

is JTRPj = 0,  i.e., did user answer YES 
Q #31 saying "130 NCrr RUN A m R Y   ION" 

J 

146 NO! 

v 



1 - The Subroutine statamt itself 
2-8 - C m m ,  Equivalence Dimmion and Real statenwts 
9-13 - systepn constants 

14-18 - variable changes 
19-24 - error weighting constants 
25-26 - system amstants 
27-39 - vehicle #1 variable and dimension changes 
40-50 - vehicle #2 miable and dimension changes 

o o ~ ~ ~ ~ ~ ~ ~ - - - - - ~ - ~ o - - ~ ~ ~ ~ o ~ ~  

TlmAxN E'RIcrION B o r n  LINE 1 
I 

I 
I x j  

I I 
I Equati.cn of Line is: 1 
I Y = x I * x + m  I 
I I 
I (see I S  57.56 imlau) I 
I J A  XBP (2)*12 

I 
I I I 
I I 
I I 

I 

I  ere a set of trajectory calculations will begin 
1 011 the f i m  pass the I C ~ S  are XCPL, YCP~,  PSI^ 

i 
I and u1, vl, BID1 I 
I where the user supplied the pitid data and I 
I SPIN;! supplied the velocity data. TIE program I 
I w i l l  calculate a t rajectory,  determine errors I 
I b e d  on given scene data and generate a new I 
I set of initial velocity data. With this the prcgram I 
1 returns, up to 4 times to  ENS9 and repeats the I 
1 p m s s .  If a set of error calculations are sa t i s f i ed  I 
I first, it m y  not return to ISN59. I 
LI------~~~---I--II----------II' 

I 



- L I - - - n - - - I ) I ~ - - I -  rm Submutine IWQPP1, discussed later w i U  be r e p e a t e d l y  7 
I called and return the six v a r i a b l e s  abve (XCP1, Y O l ,  I 
I PSI1, U1,  V1 and PSIlD) I 
I 
I 'I'his Subroutine,  U S M E ,  gets this data at ISN 73 and 

I 
I 

I must test it t o  decide if it should order time to  continue I 
Land a new set he retuned o r  order sanething else t o  happen1 
RT - - - - - - - I I I I I w - I I I I I - I I  

v 

YES - - 

59-66 

I 

set X2PP = XB1 
76,78 Y2PP = YB1 

D I S M  = D I S I T  

v 

set X B l = X S P  
Y B 1  = YSP r----------- 
PSI1 = PSISP I t h e  variables on the 1 

U l  = USP left are the ' running I 
V1 = VSP 

PSIlD = PSISDP LIIIII.liI-II)-II change with tim. I 
T = 0.0 
ICOUMI = I m t l  

'1 8 

67-70 
0.5 

Calculate DISTM = ((UP-xCP1) 2+ (YZP-yCP1) 2] 
x2PP = m1 
YZP = YB1 
m = o  

$1 
a L L R N G K T I , w i t h I M T = l  7 1 

--I 

t the ' running pint' 1 
I to  the i n t d a t e  I 

I 
CALL, -1, with INIT = 2 pint. I 

J' 
L---------J 



YES 

LYV ! YES 

I 

84-871 set U P  = xCP1 

- - - I I I I ) . I I IL I I - I - I - - - I I~ - . I I - - - - -  

-h reader notes that a t  this mint, if reached, we have saved 7 
-IIII-~.I.IIIII-,- ---, 

on nearest a p c h  of running point 
I 

i n m a t e  pint,  if any. 
~I1.11.1-I-.II-II-----n---- 

I 
u v ~ - m  .!xm~T 4 

I 
based on running position data wha the 
angular velocity f e l l  below 1°/sec. 
-ll)l-ll)ll--lll---.---------- 

i 
1 

based an running position data when the I 
I 



Im's 
94-96 

calculate 
E(1) = [ (XIIP-XWP)  (XRP-XRPP) + (MP-YRPP) (YRP-YRPP) I O b 5  i 

100 calculate 
$ 

E (3  = (PSIRP-PSIRPP) + (PSIRP-PSISP) 
v 



USLWC (cont) 

E(5) = 0  - 
NO 

calculate 
103-104 E (5)  = D I ~ + [ ( ~ - X S P )  (XLP-XSP) + (Y2P-YSP) (Y~P-YSP) ] O a 5  

'1 

I 

Set NRUNS (JVM) = ICOUNT 

107 

calculate 
Q =  C l A b s ( E ( l ) ) K 2 A b s  (E(2))+C3Abs ( E ( 3 ) )  

+C4 Abs(E(4))- Abs (E(5 ) )  
where C1 = 1.0fC2 = 0.5,C3 = 1 . 0 ,  C4 = 0 .5 ,  C5 = 0.25 

- _1 --.l--IIIII-I--I-IIll--- 
I Note QMIN was set at  5 .0  during ini t ial izat ion.  The 1 

I fol lowing lines replace 5 . 0  w i t h  Q if Q 5  and on next I 
iterations replace QbEN with Q whenever the Q of an I 

1 iteration is less than the QMCN then stored 
-1---1-- 

I 
I I I I I - I I I I - I I  

109-118 

1 YES 
119 lis QeQMINw Qm = Q 1 

The surmtary that is titled 'ma # TRAJECTORY 
-ON #'I is next printed an the terminal. 
Iteration #I is a result using the blarquard estimates 
for initial conditions at separatian 

set US = USP 
V S = V S P  

PSISD = PSIIlP 57.3 
s m  = SSDOrP 
~=~ 

131-133 set ncl) = ~ ( 1 )  
E2 (2 )  = E(2)  
E2 (3) = E(3)  
E2 ( 4 )  = E(4)  
E2(5) = E(5)  . 

Set QMINZ = QMIN 

127-129 

t t 

- 
s t  ~ l ( 1 )  = ~ ( 1 )  

E l ( 2 )  = E(2) 
El(3) = E(3)  
E l ( 4 )  = E(4)  
El(5) = E(5) 

Set QMINI = QMIN . 



I 
L I 

I 
I 
I 
I .  
I 
I 
I 
I 

The measures labeled here I 
are identified on next I 
pge and are used in 
the process of findizg I 
a better estimate of IC' s I 

I 
I 



1 

E1G = GUIR-c3ARP NOTE ERWR in ISN 148,149 
EII, = (LR-LRP)/LRP but not less than -.99 
E2G = GAMl-GVu NXE m R  in ISN 158,159 
E2L = (Ll-LlP)/WS but not less than -. 99 
E3 = E ( 3 )  but not less than -.99 
E4 = E ( 4 )  but not less than -.99 
E5G = GAM2-GAM2P or zero i f  no i n t e m d .  pint 
E5L = (L2-L2P ) /L2P or  zero i f  no in-. pint 

v 

SSD~TP = S S D P I P ~ ~  new LRP L2P 

. W P  = G13SGPOld new 4 (GFllviffGAMRP) - 2 (W-GAMLP) + 

- 
USP =SSD$T *~CIS(GAMSP - q 0 )  

new new new 

VSP = SSWT * s s i  (Wnew- qo)  
new new 



DAUX - 

S e t  SFXl = 0.0 
SFY1 = 0.0 
SFNl = 0.0 
SFXlT = 0.0 
SFYlT = 0.0 
SFNlT = 0.0 
SPSIl = s in (PSI1)  
CPSIl = cos(PSI1) 

S e t  SFXl = SFXlT 
16,18 SFYl = SFYlT 

S F N l =  SE'NlT 
> 

I YES 
19 

23,24  . 
20,21 S e t  FIZ = FIZl S e t  FIZ = FIZ2 

FlulASS = FMASSl mAss = F'MAsS2 
b 

DPSIlD = SFNI + FIZ 
DPSI1 = PSI1D 
D U l  = SFXl; FMASS + V l  * PSIlD 
Dm = Sf l I  + FMASS - U l  * PSI ll> 
DXCPl = Ul*CPSIl - v ~ * @ s I ~  
D e 1  = Ul*SPSIl + Vl*CPSIl 

D f f i ( 1 )  = OXCPl VAR(1)  = KCPl 
DER(2) = DYCPl VFR(2) = YCPl 
DER(3) = DPSIl W ( 3 )  = PSIlI? 
DER(4) = DPSIID VAR(4) = PSIlD 
DER (5) = DU1 VAR(5) = U l  
DER(6) = DV1 VAR(6) = V1 

I Here a r e  the s i x  f i r s t  I 
I o rde r  d i f f e r e n t i a l  I 
I equa t ions  of  motion I 



I PSIC =  PSI^ heading angle I 

h 

Subroutine TRAT has the s t a t m a t s  and the 
same CC+WX' statments as subroutine USMAC and thus 
has available all values of var iables  ham there. 

ISN' s v 

PSICD = PSIID anqular velccitv in yaw 

8-15 

- 
CSPSIC = as11 - coi (PSI1) 
SNPSIC = SF'S11 set in DAUX t o  be sin(PsI1) 

Set XC = ) c .m. doordinates YC = Y B 1  

b 

1 
I 

17-21 
Set A = distance, c.m. to front axle fran 

B = distance, c.m. to rear axle internal 
TRD2 = distance, c.m. to wheels, l a t e r a l l y  
FfrPlSS = mass t ab l e s  
FIZ = mass ~ ~ x r w t  of inertia in yaw 

v 
Set S N  = U Abs (U) 

I 
Set UD2 = Abs (U/2. ) 

Y 

as shown c.m. 

TRPSCD = PSICD*TR2 

v 



37 1 set SGNI = 1 I 

4 4 set AOMB = -B I 
1 

38-41 

46-47 set XW = XC + ACMBXCSPSIC + SGNIRTRSPSC 
YW = YC + PL1MB*SNPSIC - sm*TFCPSC I 

Calculate vertical tire loads 
W(1) Sta t ic  values 
W(2) no bounce 
W(3) no roll 
w ( 4 )  no pitch 1 

I 
51 

XPP = FNup.IR)(w/(YW - XI*XW) 

52 
()(PP,YPP) are ccordinates of 

YPP = YW*XPP/XW intersection of terr& boundw 
line with a ray frcm the origin 

49.50 1 Set ISTOP = 15 1 and through the wheelprint 

longitudinal and lateral 
velocity ccnpnents of t i r e  

5 5 m = [WX? + wywl O* '  
disrn-ce origin t o  t i re 

v 
I 

distance origin t o  boundary 
56 1 RHOP = [XPP*XPP + YPP*YPP] along line thru t ire 

I 



TRAJ (cont) 

ISN' s 

set XMJS = MU2 Q 
velccity d e p d e n t  
tire-road friction coef . 

YES 
I 57 i sRHCO)mP 

shear force canpnent in 
plane of the tire, ~ t h  wfieel 

braking 75 driving 

61.62 

set SMAt = 1 

9 1 
FC = - F C O S * S W S ~  

S =  [ s x * S X + S T * S Y ]  O m 5  
XMU = XMtJS*(1.0 - W * S )  

d v 
'set X M J M  = SY 

63,64 XDEN = Abs (SX) 

RATIO = 1.57 NUrIcE: 
ISN 71 should be written 
MI0 = ATAN2 (XNUM.XD1) 

ZLFA is the s l i p  
angle of I* w 

73 1 F = -(I) I-. tire shear force. I~ wheel 

v . 



TRRl (cont) 
Back to 
41s 42 

I 
I 
I 
I 
I 
I 
I 
i 
I 
I 0.5 

I ---------- 
rthis is the ratio o f  the I 
I maximurm tire side force 1 

4 predicted by a linear I 
I mdel to  the maximum 

possible t ire side force 
I 

L---,,----- 
saturated t i re  

not saturated t i r e  

F'S = ~*~ (BEZB*RETB/2?. - Abs (BEB) /3. + u 
linear &el 

FX = -FS*SNPSI +K*CSPSI 

U 4  [ RETURN 

I 1 

/ 107-109 
I fiach pass thru the 1 

loop adds the next I 
I------ tire's contribution -------- J 

SetTEX=TEX+EX 
T F Y = T F Y + F Y  

TMIM = T M ~ M  + S ~ X T R D ~ * F X  + AOMB*FY -------- 



OBLI QE 

ISN's SYSTEM LINEAR MOMENTUM POST CRASH = PRIOR CRASH 

given M l  ,US1 ,VS1,$1 and 
M2 ,US2 , V S ~  ,$2 ca l cu l a t e  
A and 0 a s  the X-dir . 
and Y-dir , components of 
mrAL SYSTEM LINEAR 
MOMENTUM> (POST CRASH) 

If the or ig ina l  system momentum 
had a component perpendicular t o  
the axis  of VEH #2, it was. 

m * v l ~ * s i n  9 = !=I-I be1 
= B cos $ 2 - ~  s i n  n2 

l SOLVE fo r  U ~ O  l 

i f  the o r i g i n a l  system momentum 
nad a component perpendicular t o  
the ax is  of VEH B l ,  it was 

~ 2 * ~ 2 O * s i n @  = /%I-ldel 



9 APPLICATION 

S m r y .  This p i n t  marks the  culmination of the  readers 
knowledge of accident reconstruct ion i n  general ,  and t h e  CRASH 
progran-as a p a r t i c u l a r  tool .  No two-accidents a r e  exac t ly  
a l i k e .  Each case is specia l .  This chapter  at tempts t o  
sunrrarize the major considerat ions and the  bas ic  computations 
which have been presented. 

A t  t h i s  p i n t  i f  might be helpful  t o  s t e p  back and take  an overview 

of the  opera t ion  of CRASH. This  is done in the  f i r s t  sec t ion  of t h i s  

chapter.  The following tw sec t ions  d i scuss  s p c i f i c  considerat ions i n  

each of t h e  progrants  t major modes: the  damage-based a n a l y s i s  and 

t h e  t r a j e c t o r y  based analysis .  

9.i  Overview 

The rnajor s t rength  of the  CRASH progran is the  c a p a b i l i t y  f o r  a 

p a r a l l e l  ana lys i s  using damage information on the  one hand and 

t r a j e c t o r y  data  on the other .  An overview of the CRASH f l o w h a r t  is 

shown i n  Figure 9 .l. The damage ana lys i s  path is on the r i g h t  and 

t r a j e c t o r y  on the  l e f t .  Both r e s u l t  i n  est imates of  Delta V f o r  both 

vehic les ,  but only t h e  t r a j e c t o r y  a n a l y s i s  produces es t imates  of the  

pre-impact ve loc i t i e s .  

Each ana lys i s  has i t 's r e l a t i v e  strengths.  His to r i ca l ly ,  t h e  

t r a j e c t o r y  analys is  using conservation of l i n e a r  mcmentm was appl i d  

f i r s t .  This  approach works well  f o r  oblique, o r  intersection-type, 

co l l i s ions .  However, when the  p r e i m p a c t  v e l o c i t i e s  a r e  with - t10' of a 

col inear  (head-on) configurat ion,  t h e  momentum computation beccmes very 

s e n s i t i v e  t o  the  measurement of  t h i s  angle. I t  was p i n t e d  out  i n  t h e  

l a s t  chapter  t h a t  the  damage based es t imates  of  the  long i tud ina l  

ve loci ty  a r e  automatical ly used i n  t h i s  case.' The d i f f i c u l t y ,  of 

course, l i e s  i n  the  need f o r  complete information on the  post-impact 

t r a j e c t o r i e s  of the two vehicles.  Estimation of the  v e l o c i t i e s  a t  

separa t ion  frcm these  data  is o f t e n  d i f f i c u l t .  The various computations 

used in  START2 a r e  highlighted i n  Sect ion  9.3. 

-- 

'unless the  t h i r d  charac ter  of the  CDC f o r  vehic le  i is an "R" o r  
"L" i n  which case  the  t e s t  f o r  co l inea r  c o l l i s i o n s  is inadver tent ly  
bypassed. 



lol lauc M-routfnp Sofnniq Sollout 
o v r  m g u l r r  skid vrnlclr  wer 

S m l g k t  DIM l m l g k t  or h m ~ r d  C U N ~  0 l tk  
c u r d  oath ,calculrtions 

A 

I 

using 

!gnrgr Iru 
Only 

Sptnaut : r a j a c a r i n  
and Smwr 

;mawtn a l v l d r d y - r r m  trnr lvrina 
r~muldclan ca1culdt:ons ' ~ r  , t b n i c ! .  
I rv ing only 2nllout m t l o n  af ter  .fioac! 

Figure 9.1 Program Lcgic of CR?GIB 

2 - APPLICATION 



Ps limited information on the  s t r u c t u r a l  s t i f f n e s s  of  v e h i c l e s  

became ava i l ab le ,  the  damage-based analys is  was developed. This  

approach is bes t  su i ted  t o  the  col inear  configuration. Consequently t h e  

damage ana lys i s  n ice ly  cmplements the  t r a  jectory-based computation. 

However, the  damage computation a l s o  has l imi ta t ions .  A s  the  c o l l i s i o n  

fo rces  a c t  fu r the r  frcm t h e  cen te r  of mass (nowcen t ra l  c o l l i s i o n s )  and 

angles  of 45' o r  more from t h e  nomal  t o  the  surface ,  t h i s  computation 

a l s o  becanes s e n s i t i v e  t o  the  input information. These cons idera t ions  

w i l l  be discussed i n  the  next sect ion.  

Before looking a t  considerat ions unique t o  the  damqe o r  t r a j e c t o r y  

analys is ,  it w i l l  be useful  t o  summarize four general  assumptions, o r  

l i m i t a t i o n s  which apply t o  a l l  of the  CRASH ccmputations. 

1) pi tch ,  r o l l ,  and e leva t ion  changes a r e  not  incorporated i n  
e i t h e r  the  impact o r  the  t r a j e c t o r y  port ion.  This  means, 
f o r  example, t h a t  weight t r a n s f e r  in braking does not  take  
place. 

2) Vehicles a r e  assumed t o  have no l a t e r a l  o r  anguiar v e l o c i t y  
pre-impact. Abrupt avoidance maneuvers  rei impact should 
be invest igated i n  l i g h t  of t h i s  considerat ion.  

3) Vehicles a r e  assumed t o  cane t o  a f i n a l  c m n  v e l o c i t y  p r i o r  
t o  separation. Sideswipe c o l l i s i o n s  cannot be handled by 
CRASH. ' h e  same l i m i t a t i o n  app l i e s  t o  s i d e  impacts where 
the  s t r i k i n g  vehic le ,  s l i d e s  along t h e  s t ruck veh ic le  a s  
sometime occurs when the  angle between the  two veh ic les  
approaches a s i d e s w i ~ e  configurat ion.  

4) Angular momentum and ro ta t ion  k i n e t i c  energy a r e  not considered 
during the impact phase. Rotat ion during impact is l i k e l y  
t o  be g r e a t e s t  i n  a s i d e  impact where the  vehic le  is 
s t ruck i n  the  f r o n t  o r  rear  quar t e r  panel. Neglecting 
ro ta t ion  probably does not  appreciably a f f e c t  the  momentum 
o r  energy balance. However, a r e s u l t  of t h i s  assumption 
is t h a t -  the  pos i t ions  of t h e  vehic les  of separa t ion  is 
assmed t o  be the  same a s  a t  pre-impact. Rotation during 
impact could appreciably a l t e r  the  post- impact 
t r a j e c t o r i e s .  

9.2 Damage Analysis 

Probably the  primary considera t ions  i n  the  app l i ca t ion  of the  

damage routine a r e  the  measuranent of  crush,  o f f s e t ,  and angle of 

APPLICATION - 3 



pr inc ip le .  fo r ceO2  These have already been discussed. In  t h i s  sec t ion ,  

c o l l i s i o n  fo rces  which a c t  a t  an angle t o  the normai and/or do not a c t  

through the center  of mass w i l l  be covered. Frequently these two 

s i t ua t ions  occur together. 

A non-central co l l i s ion  is one i n  which the c o l l i s i o n  force does 

not a c t  through the center of mass of the vehicle. The resul t ing moment 

w i l l  always produce rotat ion of the vehicle. The e f f ec t  of ro ta t ion  was 

mentioned i n  the  f i r s t  sect ion of t h i s  chapter. For non-central 

co l l i s ions ,  only the centroids of the  damaged a reas  of  the  respective 

vehicles a r e  assumed t o  have a c m n  f i n a l  ve loc i ty  p r io r  t o  

separation. A "reduced mssn is computed using the  lever  arm of the  

force and the radius of gyration. This mass r d u c t i o n  f a c t o r  is ca l l ed  

c~amma and is canputed a s  shown i n  Section 8 . 3 .  

&termination of the  angle of pr inciple  force is important s ince 

gamma generally reaches 0.5 well before the lever  a m  reaches half  the  

aee lbase .  In e f f ec t  t h i s  makes a f u l l  s i z e  c a r  apFear t o  weigh the  

same a s  a sub-compact i n  such co l l i s ions .  Frequently, non-central 

co l l i s ions  involve co l l i s ion  forces act ing a t  an angle t o  t h e  normal. 

The problem with co l l i s ion  forces  acting a t  angle t o  t he  normal t o  

the underformed surface a r i s e s  d i r e c t l y  f r m  the lack of da t a  on vehicle  

s t ruc tu ra l  charac te r i s t ics .  One might reasonably suspect t h a t  the  

s t i f f n e s s  of the s t ruc tu re  would change when the s t r u c t u r e  is loaded a t  

an angle t o  the  normal. One might fur ther  s p c u l a t e  t h a t  the  s t ruc tu re  

would be s o f t e r  s ince they a r e  primarily designed f o r  a t  l e a s t  

longitudinal forces i n  the  case of the  f ron t  s t ruc ture .  No da ta  a r e  

current ly  avai lable  t o  confirm o r  deny t h i s  s p c u l a t i o n .  

A secord problem a r i s e s  which is l e s s  d i f f i c u l t  t o  deal with. 

Crush masu rmen t s  a r e  always made normal t o  the  undeformed surface.  

When the co l l i s ion  force a c t s  a t  an angle, t he  d i s tance  the  force a c t s  

2 ~ t h o u g h  the progran w i l l  generate crush values  f r m  the  CDC, 
t h i s  option should only be undertaken with caution. A t  a minimum, 
generated prof i le  should be reviewed t o  ensure they a r e  appropriate. 
Generated prof i les  a r e  not symmetric f o r  the r i g h t  a M  i e f t  s ides .  
Inappropriate CCC's sideswipe f o r  example, w i l l  run but unreasonable 
r e su l t s  may occur. 
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through w i l l  always be g rea te r  by 1/COS 8 than the measured crush. 

2 A correc t ion  fac tor  of (1 t tan  0) is applied t o  the  computed 

energy a s  was shown in  Section 8.3. This correct ion would cor respnd  t o  

the  ~/coSO adjustment fo r  the te rn  involving the  square of the crush 
2 2 (l/COS e= 1 t tan  6) . This adjustment fo r  crush measurement would be 

approximate since no adjustment is applied t o  the t e rns  which a r e  l i n e a r  

in  crush. However, these terms contr ibute much l e s s  than the  square 

term a s  the  crush increases. Alternately, one may view t h i s  

mul t ip l ica t ion  fac to r  a s  providing f o r  increased s t r u c t u r a l  s t i f f n e s s  a t  

angular load ing . 
Nevertheless t h i s  fac tor  has a strong influence on the  estimated 

2 energy. A t  45 '  (1 + t an  8) equals 2 ,  and a t  60' e q m l s  4. The progran 

limits t h i s  f ac to r  t o  13.6 which occurs a t  74.4 O. The in terac t ion  of 

the  mass reduction f a c t o r  an3 the  energy mul t ip l ica t ion  fac tor  a r e  shown 

in Figure 9.1. This f igure  was constructed f o r  a sub-canpact impacting 

the  f ron t  cen te r  of a f u l l  s i z e  car  a t  varying angles. Notice t h a t  

i n i t i a l l y  the  mass reduction term daninates so t h a t  the  n e t  e f f e c t  is a 
2 

reduction in  energy. As the angle exceeds 45' t he  1 + tan 8 t e r n  

begins t o  dcminate, r i s ing  quickly t o  a mul t ip l ica t ion  of a t  

degrees. 

The p i n t  of t h i s  discussion is t o  describe some of the  

consideration in  the applicat ion of the  damage routine t o  nowcentra l  

and/or a q l e  impacts. No data a r e  current ly  ava i l ab le  t o  improve upon 

these factors .  However, h e n  inconsistent  o r  unusual r e s u l t s  occur one 

might ask whether pa r t  of the problem is wiL5 these  terms. In  generai  

the WXE routine is bes t  sui ted f o r  col inear  impacts. 

9.3 Trajectory Analysis 

This sect ion focuses on the nowi  t e r a t i v e  t r a j ec to ry  canputations. 

These computations a r e  aimed a t  the  est imation of  the  post-impact, o r  

separation veioci ties using the  supplied t r a j e c t o r y  data.  The object ive 

here is t o  highlight  the various ccmputations invoked i n  r e s p n s e  t o  the  

answers provided 'by t he  user t o  the questions on l a t e r a l  skidding, 

rotat ion,  and curved path. Path descr ip t ion  is discussed f i r s t .  

9.3.1 Path Description The veloci ty  a t  separa t ion  is the  veioci ty  
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necessary t o  move the vehicle from its posi t ion a t  separation t o  the  

f i n a l  r e s t  p o ~ i t i o n . ~  The non-iterative solut ion assumes t h i s  path is 

over t e r r a i n  with a constant f r i c t i o n  coef f ic ien t ,  and t h a t  no s teer ing  

e x i s t s ,  i .e.,  t he  plane of the f ron t  wheel is pa ra l l e l  t o  t he  

log i tud ina l  a x i s  of the car.  Therefore, i f  the prompt fo r  a t r a j ec to ry  

simulation (Question #31) is answered no, t he  user w i l l  not be prcmpted 

f o r  s t e e r  angles  o r  a t e r r a in  f r i c t i o n  boundary. 

?he prcgram models the path f r m  the point of separation (impact) 

t o  the  r e s t  p s i t i o n  a s  a canbination of two segments. One is an a r c  of 

a c i r c l e ,  the  o the r  is a s t r a i g h t  l ine .  A c i r c u l a r  a r c  is used only i f  

the user ind ica tes  the  path was curved, i.e.,  Question 1 4  (or  2 1  f o r  

Vehicle 2) is answered "Yesn. Regardless of the configuration of the  

ac tua l  path, any curvature is modeled a s  an a r c  of a circle. The t o t a l  

path may be modeled a s  (1) a s t r a i g h t  path frcm the  point of separation 

to  the  r e s t  posi t ion,  (2) a c i r cu l a r  a r c  from separation t o  r e s t ,  o r  (3 )  

a c i r cu l a r  a r c  followed by a s t r a i g h t  segment. The program never - 
assumes a s t r a i g h t  segment s t a r t i ng  a t  impact followed by a c i r c u l a r  a r c  

ending a t  res t .  

A typ ica l  path configuration cons is t i rq  of both a c i r c u l a r  a r c  and a 

s t r a i g h t  segment is shown in  Figure 9.2, along with the po in ts  necessary 

to describe the path. Coordinates of each of the four po in ts  a r e  user 

inputs i n  general ,  give by the  r e s p n s e s  t o  questions requesting 

coordinates. There are ,  however, instances i n  which the coordinates of 

the  point-on-curve and end-of-rotation a re  not appl icable  o r  a r e  set 

in te rna l ly  i n  the program, depending on user r e s p n s e s  t o  other  

questions. This w i l l  be discussed l a t e r .  

The information on the path needed t o  canpute the vector  veloci ty  

a t  separation is the le rq th  of the path segments, and the  angle 

(heading) of the path a t  separation. The length of a s t r a i g h t  segment 

is simply the  length of the l i n e  between the end p i n t s , -  and is found by 

methods of Analytic Geometry. If the  s t r a i g h t  l i n e  segment s t a r t s  a t  

the separation p i n t ,  the a m l e  of the ve loc i ty  vec tor  a t  separat ion is 

.'Two points should be made here. The progrm assumes the point of 
separation is identical  t o  t he  point of impact, and pos i t ions  t o  be 
discussed re fe r  t o  the  locat ion of the cen te r  of mass of t he  vehicle.  
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the  angle the  l i n e  makes with the x-Axis. 

The geometry of a curved s q m n t  is shown in Figure 9.3. The ends 

of the  a r c  a r e  a t  SEP and EGS. The radius is determined from these 

points  a& the  POC. Several canputations a r e  made re la t ive  t o  the  arc.  

F i r s t  the perpendicular distance (d) frcm the  POC t o  the chord from SEP 

t o  EOS is canputed. I f  t h i s  is l e s s  than one inch, the  curvature is 

assumed to  be negl ig ib le  and the  path used is the s t r a i g h t  l i n e  chord 

frcan SEP t o  EOS. Secondly, an approximate radius is canputed. I f  the  

approximate radius  is grea te r  than 833 1/3 f t . ,  the  chord is a l so  used 

ra ther  than the arc. The approximate radius used is the radius of a 

c i r c l e  t h a t  would pass through SEP and EOS with a perpendicular dis tance 

frcm the center  of the  chord t o  the a rc  equal t o  d. I t  is approximate 

because POC w i l l  seldom be a t  a point  half-way along the  arc.  

I f  both t e s t s  pass and the segment is t reated a s  a c i r c u l a r  a rc ,  

the  coordinates (P,Q) of the center of the c i r c l e  passing through a l l  

th ree  points  a r e  calculated. The center is the in te rsec t ion  of the  

perpendicular b i sec tors  of the cords SEP-PCC and POC-EOS. The radius is 

then the dis tance frcm SEP t o  the center  a t  P,Q. 

Finaliy,  t he  a r c  dis tance and d i rec t ion  of veloci ty  a t  separation 

a r e  determined a s  shown in Figure 9.4. The angles of the  r ad i i  t o  the  

EOS and SEP a r e  chpu ted  ($Eos and QSEP respectively) , and the  angle 

subtended by the  a r c  is: 

The a r c  length S is then 

where $) is i n  radians. The angle of the separation ve loc i ty  vector ( vs) 

is equal t o  the angle between the radius R t o  t he  Y axis .  

9.3.2 Types of Motion The sec t ion  above has described tw typed 

of path segments--circular a r c  and s t r a i g h t  l intr-which a r e  used s ing ly  

o r  in canbination t o  descr ibe the t o t a l  path. 

Three types of motion a r e  used t o  model t h e  dynamics of a vehicle  

moving from separation. Over any one segment the motion is modeled by 

one of the following three  types: (1) Rollout (2 )  Non-rotating-angular 
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Figure 9.3 GKIELI of Cwved Path  
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S e p a r a t i o n  
P o i n t  (SEP) 

center X-axis 
o f  arc 

Figure 9.4 Ca-putation of Length of Curved Path 
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skid (3) Spinning skid,  

Each type w i l l  be described below. Then the application of each to  t he  

twc types of path segments w i l l  be discussed. Final ly ,  the  method of 

cmput i rg  velocit] fo r  each type w i l l  be described br ie f ly .  

~ o l l o u t .  Rollout is motion of the vehicle i n  a longitudinal 

d i r ec t  ion. The t ra jectory computation withcut simulation (non-iterative 

solut ions)  assune no s teer ing input. The planes of the f ront  wheels a r e  

assuned t o  & pa ra l l e l  t o  the  longitudinal ax i s  so the vehicle moves 

" s t r a igh t  ahead*. More spec i f ica l ly ,  the  angle between the veloc i ty  

vector and the  longitrrlinal ax i s  of the vehicle is zero. This would be 

typified by a vehicle with the wheels i n  a straight-ahead p s i t i o n  

coasting t o  a s t o p - l i t e r a l  rollout. However, i n  the  rol lout  mode a s  

used i n  the  CRASH2 progran, braking my be present. The amount of 

resistance t o  free wheel iq ,  is given by the  Rolling Resistance f o r  each 

wheel. This may range fram 0.0 t o  1.0. A value of 1.0 is equivalent t o  

c m p l e t e  lock-up and skidding, e i t h e r  because the brakes a r e  locked o r  

because physical damage to  the vehicle causes interference with wheel 

ro t a t  ion. Thus, ro l lou t  motion includes the case of a 'straight-ahead l1 

skid. The expression f o r  the velocity is the  familiar:  

v == 

where 

v is the velocity a t  the s t a r t  of the skid 

g is the acceleration due to  g rav i ty  

P is the coef f ic ien t  of f r i c t i o n  

s is the stopping distance 

Zero rolling' resistance implies e i t h e r  t ha t  (1) the veloci ty  a t  

separation is zero, o r  (2) the veloci ty  is non-zero but is followed by 

no deceleration ( the  vehicle never came to  r e s t ) .  Although the program 

w i l l  assune the f i r s t ,  i.e. , separation veloci ty  is zero, ne i ther  is 

consistent with the vehicle caning t o  r e s t  a t  any posit ion other  than 

the impact p s i t i o n .  

USER CAUTION - Entering an impact p s i t i o n  and a d i f f e r e n t  r e s t  

APPLICATION - li 



p s i t i c m  is inconsistent with rollout and rolling resistances 
of zero. Such a case should not be run. The rolling resis- 
tance should be nm-zero on at  least one wheel. 

 on-Rotating-Angular Skid A nori-rotating-angular skid is motion 

along a path e i t h e r  s t r a igh t  o r  curved, with the longitudinal a x i s  of 

the  vehicle a t  a constant a q l e  f r m  the velocity vector, Figure 9.5 

i l l u s t r a t e s  such a skid. The center  of gravi ty  of the vehicle is 

moving along t h e  c i rcu la r  a r c  AA'. A t  any p i n t  on the path, t he  

veloci ty  vector  is tangential  t o  the  a r c  a s  shown by the  dashed l ines .  

The angle between the velocity vector and the longitudinal ax is  of the 

vehicle,  8, is a constant in Figure 9.5. Semrd lobe rva t ions  a r e  helpful  

in  d i f f e r en t i a t i ng  t h i s  type of motion from the  other two. Rollout is a 

special  case of non-rotating-angular skid,  the case when 0 = I). I n  non- 

r o t a t i q  angular skid,  there  is a l a t e r a l  m o t i o m  l a t e r a l  component of 

skid. The heading of the vehicle of Figure 9.5 is chaq ing ,  ire., in  

going from the f i r s t  to  l a s t  posi t ion shown, the  vehicle rrzt?t$?s ~ I ) Q I J %  

the fixed ear th  reference coonliilate system. Nevertheless, i t  does not 

ro ta te  re la t ive  t o  the velocity vector. An observer riding i n  t he  

vehicle a d  always facing i n  the d i rec t ion  of motion would not sense any 

apparent rotation.  The same , expression fo r  veloci ty  t h a t  is used f o r  

ro l lou t  is used here, except t h a t  the  f r i c t i o n  coe f f i c i en t  is replaced 

with an "effect iven f r i c t i o n  given by the Mouk-Burgett formula: 

2 
ueff = P (sin2 8 + (RR) cos2d) 

This expression reduces to  C1 when 4 .  RR is the r o l l i q  res is tance o r  

wheel lockup averaged over the four wheels. 

Spinning Skid A spinning skid is motion along a path such t h a t  the  

angle between the velocity vector and the longi tudinal  ax i s  of the  

vehicle is constantly changing. This is t h e  c l a s s i ca l  case  of spinout 

and is depicted i n  Figure 9.6 

9.3.3 combinations of Types of Path Segments and -Jlotions Used by 

the Prcgram. The canbinations of types of p t h  segments and motions used 

by the program depend on the user r e s p n s e s  to  a series of questions. 

These questions a r e  l i s t e d  below with the nmbers  o f  the questions 

pertaining t o  vehicle #l. The question numbers fo r  veh ic le  2 a r e  given 
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F i w e  9.5 Non-mating-Angular Skid 
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Figure 9.6 Spinning Skid 
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in  parentheses. 

a. ~ o t a t i o n a l  o r  l a t e r a l  skidding? l l ( 1 8 )  

b. Did skidding of Vehicle 1 s top  before res t?  12 (19) 

c. Was path of Vehicle #I curved? 14 (21) 

d. Rotation Direction of Vehicle #l? 16 (23) 

If question 11 is answered "Yes", e i t h e r  a norr-rotating-angular 

skid o r  a spinning skid is used over a port ion of the path. cahich 

depends on the  r e s p n s e  t o  question 16. I f  16 is answered "Nonet1, t h e  

non-rotating angular skid is used. I f  e i t h e r  "CW" o r  " C W  is given, a 

spinning skid is used. Rollout is used only f o r  the  port ion of the  path 

from the end of the  angular o r  spinning skid t o  res t .  

I f  Question 11 is answered "No*, indicat ing no angular o r  skid ,  t h e  

ro l lou t  s t a r t s  a t  separat ion and r o l l o u t  is used over the  e n t i r e  path. 

In t h i s  case the program sets the  coordinates of t h e  point  a t  which 

angular o r  spinning skid s tops  a t  the  impact p i n t .  I f  Question 15  

(Rotation Direction) is answered "CW" while Question 11 is answered 

"No1', t h e  ro ta t ion  d i r e c t i o n  w i l l  be ignored and r o l l o u t  w i l l  be assumed 

from impact t o  rest .  I f  i t  is answered "CW", a d i v i s i o n  by zero w i l l  

occur and i n t e r r u p t  the program. 

I f  angular o r  spinning skid is indicated,  t h e  point  a t  which it 

s tops  is d ic ta ted  by Question 12. I f  Question 12 (did skidding of 

vehicle s top  before res t?)  is answred "Yes", t h e  end of skidding w i l l  

be a t  the  user  supplied coordinates of  the  end of skidding. I f  a *Nonis 

given, the  angular o r  spinning skid w i l l  extend from impact t o  res t .  

I f  a curved path is indicated by t h e  user ,  a c i r c u l a r  a r c  w i l l  be 

used s t a r t i n g  a t  the impact p s i t i o n  and ending a t  the end-of-skid 

p s i t i o n .  The c i r c u l a r  a r c  w i l l  extend from the  impact t o  r e s t  

p s i t i o n s  i f  the  user indica tes  t h e  ro ta t iona l  arxl/or l a t e r a l  skidding 

did not s top before res t .  

An ananalous computation is made i f  t h e  user indica tes  no 

ro ta t ional  and/or l a t e r a l  skidding and a curved path. In  t h i s  case the  
progran assumes non-rotational-angular skidding over the  canplete c i r c l e  
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which passes through the impact p i n t ,  p i n t - o ~ u r v e ,  and r e s t  

p s i t i o n ,  followed by ro l lou t  over the s t r a i g h t  l i n e  from the  impact to  

r e s t  p s i t i o n s .  This is a much longer path than is ac tua l ly  traversed 

by t h e  vehic le  and leiads t o  an erroneous and large ve loc i ty  a t  

separation. 

9.3.5 Summry of Trajectory Computations without Simulation The 

four sec t ions  above have attempted t o  b r i e f ly  describe how t h e  

t r a j ec to ry  camputations a r e  performed and what models a r e  used by the  

program i n  r e s p n s e  to  those questions which d i c t a t e  the  model 

select ion.  Table 9.1 presents a s m r y  of the models used and when 

they a r e  invoked. This should help the user understand the  questions 

and prcmpts, and the  consequences of the r e s p n s e s  given. 

1 GENERAL NOTES ON TABLE A 

1. Rollout 

~ o l l o u t  means longitudinal t r ave l  of the vehicle with no l a t e r a l  

motion. This is the mJt imone  would expect i f  the vehicle was ro l l i ng  

s t r a i g h t  ahead. However, res is tance to  rol l ing is allowed. This is 

specified through the amount of ro l l ing  res is tance entered. The t o t a l  

e f fec t ive  f r i c t i o n  is then the entered f r i c t i o n  coe f f i c i en t  times the 

average of the four individual wheel rol1,ing resistances.  The ro l l ing  

res is tance may be high enough to  r e su l t  i n  skidding and v i s i b l e  

skidmarks. The ro l lou t  model is used, however, a s  long a s  t he re  is no 

spinnirq and no l a t e r a l  velocity.  

I t  would be inconsistent t o  give a series of r e s p n s e s  t h a t  involve 

ro l lou t  over some dis tance,  and a t  the  same time g ive  ro l l ing  

resistances of zero (0) .  This would imply t h a t  e i t h e r  t he  vehicle  had 

zero velocity a t  the  beginning of ro l lou t ,  o r  i t  w u l d  never ccme t o  

res t .  The progran assunes the  former. 

Roilout over a curved path is not allowed by t h e  program. I f  no 

rotat ional  o r  l a t e r a l  skidding is given-invoking ro l lou t  ccmputations-- 

and a curved path is specif ied,  an erroneous ccmputation is made. 

2.  on-Rotating -Angular Skid 

 on-rotating-anguiar skid is vehicle motion i n  a d i r e c t i o n  t h a t  is 
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Carbinations 

1 

2 

3 

4 

5 

6 

7 

8 - 
9 

10 

11 

12 

'1f the spinout 
the point  on ths c u n r d  path, and e i t h a r  the r e s t  p o d t i o n  o r  the end-of-skid posi t ion.  There axe two conditions . 
un&r which ths patb ir  to b a s t r u g h t  1- even i f  Question 14 (or 21) war answered "Yes". There a r e  
(i) ths prpendicu la r  distance from th point  on th. curve t o  a s t r a i g h t  l i n e  (chord) from w c t  t o  the end-of- 
skid point (or  r e s t  pasi t ion) is l e s s  thu, 1.0 inch, and (2) i f  the r l d i u a  of A c i r c l e  which g i m s  the  same per- 
pendicular dist.nce-as i n  (1) but  a t  t h e  b i sec tor  of t h e  cord--is g r e a t e r  than 833-1/3 f e e t .  

%re c d i n r t i o c u  of respoaaos v i l l  run, i.e..  th. program w i l l  a recum,  but  the  t r a j e c t o r y  r e s u l t s  w i l l  be 
erroneous. m a  ass& path f r t n  impact to r e s t  w i l l  bs c q u d  of t h e  e n t i r e  circumference of the c i r c l e  defined 
by the w e d  prrth pLw the r t r a i g h t  l i n e  6-t f r a  i-t ~ ~ ~ i t i ~ l  to the r e s t  p i t i o n .  Non-rotating 
skidding w i l l  h assmod over the  c i r c l e .  f o l l w e d  by r o l l o u t  over tho s t r a i g h t  mgnrant. 

3 ~ f  a rotat ion d i r c c t i m  of Ca3 is gi-n, t h e  prograa v i l l  a t tenpt  t o  d iv ide  by zero and !a interrupted.  
4 ~ p i n w t  e r ror  msaaqe m y  bb returned. 

Table 9.1 
SUM OP CC~WUTATZON OP SEPARATION vElDcrn 

IN TRAECPORY WNS WIlliOUT SIMULATION 

Colqutational Model 

- 

Rollout over a s t r a i g h t  path from impact p o a i t i m  t o  
r e s t  position. 

Rollout over a s t r a i g h t  path frolp, impact poait ion t o  \ 
rest p o r i t i m .  ' 

Incorrect 

Incorrect r e s u l h  2'  

taf-rotathg-angular  skid over s t r a i g h t  l i n e  f r a  
i q c t  t o  res t .  
Spinning skid over s t r a i g h t  path f r a  impact t o  r e s t  
position. 
Nm-rotating-angular sk id  over c i r c u l a r  a r c  from impact 
t o  r e s t  p a i t i m .  
Spinning skid over c i r c u l a r  u c  from impact t o  r a s t  
position. 
tkm-rotating-angulu skidding over s t r a i g h t  l i n e  f r a  impact 
to the end-cf-skid pos i t ion .  followed by r o l l o u t  from t h e  
end-of-skid pos i t ion  to the  r a s t  posi t ion.  
Spinning skid over a s t r a i g h t  l i n e  f r m  impact t o  t h s  end-of- 
skid pos i t ion ,  fol loued by r o l l o u t  over a s t r a i g h t  l i n e  f r m  
the end of sk id  poait ion t o  the  r e s t  posi t ion.  
Won-muting-angular skidding over a c i r c u l a r  a r c  f m p  impact 
to ths and-of-skid pos i t ion ,  f o l l o w d  by r o l l o u t  over a 
s t r a i g h t  l i n 8  f r m  the end-of-skid posi t ion t o  the r e a t  

p o s i t i o n .  
Spiming sk id  over a c i r c u l a r  a r c  f r a  w c t  m ths  end-of- 
skid posi t ion,  followed by r o l l o u t  over a s t r a i g h t  l i n e  f r m  
the end-of-skid pos i t ion  t o  the  impact poaition. 

d 

an a r c  of a c i r c u l e  which p u s o s  through the ilppact po in t ,  

RDtlltioml 
and/or 
La te ra l  
Skiddinq? 

11.18 
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a t  a constant angle t o  the longitudinal ax is  of the  vehicie. Rollout is 

the special  case  where the angle is zero. The canputation of ve loc i ty  

a t  separation is very s imilar  t o  t h a t  fo r  ro l lou t  except t h a t  t he  

e f f ec t ive  f r i c t i o n  is a value between the  t i re - f r ic t ion  coef f ic ien t  and 

the product of  the t i r e  f r i c t i o n  coef f ic ien t  and the average value of 

ro l l ing  res is tance,  depending on the angle of skid. 

 owr rotation dl skid,  which may be over e i t h e r  a s t r a i g h t  o r  cunred 

path, is invoked by respnding  "yes" t o  "Rotational and/or Lateral  

Sk idd iq"  (Questions 11 o r  18) and "Nonen t o  "Rotation Directionn 

(Questions 16 o r  2 3 ) .  

3. S p i n n i q  Skid 

S p i n n i q  skid means spinning of the vehicle about its v e r t i c a l  a x i s  

because of ro ta t iona l  veloci ty  impacted by the  impact forces. The 

spimiq may be over a s t r a i g h t  o r  curved ( c i r cu l a r )  path. This 

cmputat ional  regime is canplex and involves the  modified Marguard 

equations. I t  is invoked by respnding  "yesn t o  "Rotational and/or 

Lateral S k i d d i q "  (Questions 11 o r  1 8 ) ,  and e i t h e r  "CP o r  "CChfl' t o  

"Direction of Rotation" (Questions 16  o r  23) . The camputation may not 

succeed, in  which case a note of "SPINOFF ERROR DETECTEDn w i l l  be 

returned. 

4. Rotation 

Rotation is indicated by respnding  t o  "Rotation Direction" with 

e i t h e r  "CW" o r  " C C V .  The difference i n  headings of  the vehicle a t  

impact and a t  rest ( o r  a t  the end-of-rotation) is not used t o  determine 

whether o r  not ro ta t ion  occurred. 

18 - APPLICATION 



10 COLLISION SEVERITY MEASURES 

Summry The veloci ty  change, Delta V, ccmputed by the  CRASH2 
canputer  program is a measure of the  " sever i tyn  of  t h e  
c o l l i s i o n  f o r  each vehicle.  ?his parameter is of c e n t r a l  
importance t o  mny of t h e  primary objec t ives  of NASS, such a s  
a s t a t i s t i c a l  descr ip t ion  of t h e  accident  envi roment ,  
canparisons Setween s p e c i f i c  accidents ,  and developnent of 
s t a t i s t i c a l  models t o  r e l a t e  c o l l i s i o n ,  vehic le ,  and occupant 
v a r i a b l e s  t o  the  probabi l i ty  of  in jury  f o r  t h e  o c c u p n t s .  

Reconstruction of acc idents  t o  provide es t imates  of the  v e l o c i t y  

change, Delta V, of each veh ic le  is one of the  more demanding t a s k s  of  

the  NASS Invest igator .  This  chapter  provides an in t roduct ion  t o  t h e  

need f o r  t h i s  information and presents  examples of  its eventual  use. 

Sect ion 1 of t h i s  chapter  addresses t h e  d e f i n i t i o n  of c o l l i s i o n  

s e v e r i t y ,  while appl ica t ions  a r e  discussed i n  the  second sec t ion .  

10.1 Def in i t ion  of Co l l i s ion  Sever i ty  

Co l l i s ion  s e v e r i t y  does not  have an easy de f in i t ion .  Loosely 

speaking it is part of a l a r g e r  e f f o r t  t o  quant i fy ,  o r  measure, t h e  

"po ten t i a l  f o r  injuryn of  the c o l l i s i o n .  I n  order  t o  c l a r i f y  t h e  ro le  

of c o l l i s i o n  s e v e r i t y  measures, i t  is necessary t o  review t h e  r o l e  of 

accident  da ta  in  general.  

The study of accidents  can be broadly c l a s s i f i e d  i n t o  two groups . 
based on t h e  objec t ive  of the  inves t iga t ion .  These two groups a r e  the  

study of accident  causation and the  s tudy of veh ic le  crashworthiness. 

Accident causat ion s t u d i e s  seek t o  i d e n t i f y  those th ings  which cause 

accidents .  Hopefully, an understanding o f  the  causes of acc idents  would 

r w e a l  changes t o  the  roadway, vehic le  o r  d r i v e r  which would prevent  

accidents .  Conversly , t h e  study of  v e h i c l e  crashwo r th iness  focuses on 

the  a b i l i t y  of  the  vehic le  t o  prevent i n j u r y  once a crash has taken 

place. Understanding the  ways i n  which i n j u r i e s  a r e  produced has led t o  

design changes such a s  s t ronger  door l a t c h e s ,  t h e  laminated windshield, 

head r e s t r a i n t s ,  and a s trong emphasis on occupant r e s t r a i n t  systems. 

Here is where c o l l i s i o n  s e v e r i t y  canes in. Many f a c t o r s  influence 

the l ikel ihood of injury i n  an accident .  For example, old people a r e  

more suscept ib le  t o  f f ac tu res  than young people; c o l i i s i o n s  with r i g i d  

unyielding o b j e c t s  a r e  more severe  than c o l l i s i o n s  with y ie ld ing 



objects. In f a c t ,  t he  sever i ty  of the co l l i s ion  is f e l t  t o  be perhaps 

the s ing le  most important var iable  which must be taken in to  account when 

comparing the i n ju r i e s  which resulted f ran several  d i f f e r e n t  accidents. 

Restraint  usage is the only other  variable of comparable importance fo r  

t h i s  t y p  of analysis.  

Accident data f i l l s  several  roles  in the evaluation of vehicle 

crashworthiness. Knowledge of the co l l i s ion  seve r i t y  pervades nearly 

a l l  of these. A s  described i n  the preceding paragraph, t he  basic 

evaluation involves drawing conciusions with regard t o  t he  effect iveness  

of vehicle s a fe ty  features  f ran la rge  groups of accidents  where each 

case is st i l l  l i k e l y  t o  be d i f f e r e n t  frcm any o ther  case. A measure of 

co l l i s ion  seve r i t y  h e l p  t o  quantify t h i s  difference.  

Much of the  developnent of vehicle s a fe ty  fea tures  is car r ied  out  

on the bas is  of laboratory t e s t s .  Impact s leds  provide a decelerat ion 

pulse canparable t o  t h a t  i n  an ac tua l  accident f o r  t h e  evaluat ion of 

r e s t r a in t  systems. Barr ier  crash tests and staged car-to-car co l l i s ions  

provide information on the  performance of the vehicle s t r u c t u r e  a s  well 

a s  the  r e s t r a i n t  system. Here the primary value of accident da t a  is the  

comparison of ac tua l  i n ju r i e s  with the expected i n j u r i e s  indicated by 

the m t i o n  and deceleration of the  t e s t  dummy. Accurate da ta  on the  

sever i ty  of the real accidents is es sen t i a l  f o r  t h i s  canparison. 

Even more basic  is the need f o r  information on the  f rquency  of the 

various accident types, and t h e  d i s t r i bu t ion  of c o l l i s i o n  seve r i t y  f o r  

~ h .  What force l eve l  must s e a t  backs, la tches ,  and head r e s t r a i n t s  be 

able  to  withstand? . How la rge  a veloci ty  change is a rear-impacted 

vehicle l i k e l y  t o  susta in? How much energy should the  r e a r  s t r u c t u r e  be 

able t o  absorb before the rear  s e a t  area begins t o  be deformed? An 

accurate s t a t i s t i c a l  descr ipt ion of the real  warld accident  environment 

would provide objective answers t o  these questions. The s t a t i s t i c a l  

sampling procedures a r e  c r i t i c a l  t o  t h i s  need s ince  t h e i r  purFose is t o  

~ r y  t o  ensure t h a t  a representative d i s t r i b u t i o n  of accidents  is 

investigated. "Uninterestingn cases must be invest igated i n  t h e i r  

proper proportion; t he  sane is t rue  f o r  the " in t e re s t i ngn  cases. 

This discussion has t r i e d  t o  show t h a t  the  need fo r  information on 

co l l i s ion  sever i ty  is pa r t  of a l a rge r  probiem. That l a r g e r  problem is 
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t o  measure i n  an object ive way a l l  t he  various f ac to r s  which make one 

c o l l i s i o n  d i f f e r e n t  f r an  another. I f  a l l  t he  important f ac to r s  can be 

ob jec t ive ly  measured, then s t a t i s t i c a l  techniques may be used t o  

i n t e r p r e t  the  data. The d e f i n i t i o n  of c o l l i s i o n  sever i ty ,  then, is p a r t  

of a genera l  franework f o r  analysis .  

The objec t ive  is t o  understand why the  i n j u r i e s  i n  one accident  ( o r  

f o r  one occupant) a r e  d i f f e r e n t  from those i n  another. ?he s t a r t i n g  

point  is t o  think of a l l  t h e  f ac to r s  which m y  have been d i f f e r e n t  i n  

the  two crashes,  such a s  the use of r e s t r a i n t s ,  3 e  of the  occupant, 

make and model of c a r ,  t h e  type of c o l l i s i o n ,  and, of course, t h e  

c o l l i s i o n  sever i ty .  I t  is helpful  t o  organize these  va r i ab les  in to  

th ree  groups which w i l l  be labeled c o l l i s i o n  var iables ,  vehic le  

var iables ,  and occupant variables.  ,4n example of t h i s  organizat ion is 

shown i n  Table 10.1. Example var iables  were se lec ted  on the  presumption 

t h a t  they have some influence on the  i n j u r i e s  which r e s u l t  from a crash. 

Remember t h a t  the  objec t ive  here is understanding the  causes of  i n j u r i e s  

once a c o l l i s i o n  has occurred. Factors  such a s  "dr iver  had been 

drinkingn o r  "brake f a i l u r e H  m y  have caused t h e  c o l l i s i o n  i n  the  f i r s t  

place, but  the  study of accident  causes is usually kept separa te  from 

the  study of i n j u r y  causes. Consequently, a va r i ab le  l ike "brake 

f a i l u r e n  m u l d  not  be included i n  an ana lys i s  of veh ic le  

c r a s h  r thiness.  

Notice t h a t  the  s e v e r i t y  is only one of many var iables  which 

describe the  circumstances o f  the  co l l i s ion .  For convenience, a l l  of 

the  c o l l i s i o n  desc r ip to r s ,  except the  s e v e r i t y ,  a r e  sa id  t o  descr ibe  the  

"typen of co l l i s ion .  Here c o l l i s i o n  t y p  is a more de ta i l ed  descr ip t ion  

than simply "head-on" o r  "rear." Within t h i s  framework, t h e  measure of 

c o l l i s i o n  sever i ty  must d i s t i q u i s h ,  o r  measure, t h e  po ten t i a l  f o r  

in jury  among c o l l i s i o n s  of  the  same type. The next  s t e p  is t o  formulate 

a mathematical model using these  var iables .  The outcome which we a r e  

t rying t o  understand is the  i n j u r i e s ,  and i t  is ca l l ed  t h e  dependent 

variable. I n j u r i e s  a r e  rated on the  Abbreviated In ju ry  Scale (AIS). In 

general,  i n j u r i e s  of  d i f f e r e n t  types o r  t o  d i f f e r e n t  body regions must 

be studied separately.  A l l  of the  o t h e r  va r i ab les ,  a i c h  a r e  expected 

t o  explain t h e  d i f fe rences  in  i n j u r i e s  okserved i n  t h e  acc idents  
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TABLE 10.1 

GROUPING VARIABLES FOR 
CRASMRTHINESS ANALYSIS 

- 
Col l i s ion  I Vehicle 1 Occupant 
Variables I Va r iab les  I Variables 

I 
TLFe I 

I . . .D.O.P.F. I 
I . . .damage area I 
I . . .object struck I 
I . . .o f f se t  I 
I 
I 
I 

Seve r i ty I 

- 

I 
E .A. Column I s e a t  locat ion 

I 
laminated W.S. I sex 

I 
side-door beam I age 

I 
weight I height  

I 
head r e s t r .  I weight 

I 
r e s t r a i n t  type I 

I 
I 

investigated,  a r e  cal led the  independent variables.  This model is shown 

i n  Table 10.2. To save space, only the  names of the  t h ree  groups of 

independent var iables  a r e  shown. The mathematical expression f o r  t h i s  

model is shown a t  the bottom of Table 10.2. This expression is read a s  

"injury sever i ty  is equal t o  some mathematical funct ion of the  

co l l i s ion ,  vehicle,  and occupant variables.  

Using t h i s  model, t he  analysis  may be described a s  follows: t he  

" p t e n t i a l  f o r  injuryn of the co l l i s ion  is determined by the  values of 

a l l  the  irmdependent var iables ,  including the  c o l l i s i o n  sever i ty .  The 

value of the model is determined by canparing t h i s  p t e n t i a l  f o r  injury 

with the ac tua l  i n ju r i e s  which were recorded. If there is good 

agreement between the po ten t ia l ,  o r  predicted,  i n j u r i e s  and t h e  ac tua l  

in jur ies ,  the s t a t i s t i c a l  model w i l l  help  i d e n t i f y  t he  f ac to r s  

contributing t o  the sever i ty  of the  i n j u r i e s  once a c o l l i s i o n  has 

occurred. Design changes might be developed from t h i s  i n f o n a t i o n  i f  

the  relationships in the  s t a t i s t i c a l  model follow t h e  known physical  

laws h i c h  govern the forces  on, and resul t ing motion o f ,  t h e  vehicles  

and occupants in a crash. 
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TABLE 10.2 

CRASHWORTHINESS MODEL 

- 
Dependent 1 Independent 
Variables I Variables 

- - ---- 

I 
In jury  Sever i ty  I Col l i s ion  

I 
I Vehicle 
I 
I Occupant 

In  jury Sever i ty  = F ( c o l l i s i o n ,  vehicle,  occupant ) 

This sec t ion  has described t h e  need f o r  information on c o l l i s i o n  

sever i ty .  A d e f i n i t i o n  f o r  c o l l i s i o n  s e v e r i t y  was presented i n  the  

context of a general  framework f o r  t h e  a n a l y s i s  of veh ic le  

crashworthiness. The next sec t ion  describes some of the measures of  

c o l l i s i o n  sever i ty  h i c h  have been used, and p resen t s  scme recent d a t a  

on Delta V from the  NCSS program. 

10.2 Applications 

His to r i ca l ly ,  many measures of c o l l i s i o n  s e v e r i t y  have been used. 

Same of these are: r epa i r  cos t ,  impact speed, maximm crush,  

energy (EBS) , and Delta V. These a r e  each discussed b r i e f l y .  

About the  e a r l i e s t  measure used a s  an ind ica t ion  of c o l l i s i o n  

sever i ty  was the repa i r  c o s t  i n  do l l a r s .  While it  was f a r  fram per fec t ,  

a recognition of the  problem was indicated.  Some ~ o l i c e  repor t s  

contained an est imate of "speed a t  impact." For a time, t h i s  seemed t o  

be j u s t  the answer. Two things went wrong. Conceptually, i t  was 

real ized t h a t  j u s t  because the  speed a t  impact was high, t h e  c o l l i s i o n  

,as not necessar i ly  harmful. I t  was recognized t h a t  the s p e d  a f t e r  the  

impact must be considered too. The second problem w i t h  @ice reported 

impact s ~ e e d s  was t h a t  they were o f t e n  inaccurate.  Frequently they cane 

from witness statements r a t h e r  than t h e  o f f i c e r .  Even worse, they  were 



s t rongly influenced by the result ing injur ies .  People on the scene 

seeing how badly the  people were injured presmed t h a t  t he  vehicle must 

have been speeding! 

As de l ibe ra t e  accident data  co l lec t ion  e f f o r t s  were i n i t i a t ed  , 
measurements of the vehicle damage were recorded. Maxirnm crush 

provided a more objective measure of co l l i s ion  sever i ty ,  although i t  was 

recognized t o  be only an approximation of the amount of damage. 

Within the l a s t  5 years more ana ly t ica l  measures have cane in to  

use. The f i r s t  of these is simply the energy absorbed i n  deformation of 

the  vehicle. By t h i s  time the  reader is ccmpletely fami l ia r  with the  

estimation procedure. Its advantages a r e  t h a t  t he  evidence is 

re l a t i ve ly  well preserved, its objective,  and examination of only the  

vehicle of i n t e r e s t  is necessary. This provides a considerable saving 

over measures which require invest igat ion and reconstruction of the  

e n t i r e  accident. The disadvantage is t h a t  the amount of energy absorbed 

by a vehicle i n  a co l l i s ion  is influenced by the  s t i f f n e s s  of the struck 

vehicle o r  object .  For t h i s  reason, i t  is a less general  measure than 

Delta V. A s ,  the  reader knows, the  vector d i r ec t ion  of the  c o l l i s i o n  

impulse is a l so  incorporated i n  Delta V s ince  it is a vector  quanti ty.  

In closing,  a few examples of the  information on Delta V which has 

been col lected durVing the  f i r s t  year of the NCSS progrrm a r e  shown here. 

This information is of par t icu la r  i n t e r e s t  f i r s t  because of the  use of 

the  CMH2 program, and second, because of the  sampling procedures used 

t o  s e l ec t  accidents f o r  investigation.  The sampling procedures a r e  

intended t o  produce d i s t r i bu t ions  which a r e  represen ta t ive  of the  area 

selected,  

Figures 10.1 through 10.4 present histograms of Delta V for :  a l l  

vehicles,  f ron t  damaged vehicles, s i d e  damaged vehicles ,  and rear  

damaged vehicles respectively. In  viewing these  f igures ,  t h e  la rge  

percentage of co l l i s ions  which occur with Delta V va lues  l e s s  than 20 

mph is st r iking.  I t  is a lso  smewhat surpr is ing t h a t  t h e  Delta V values 

f o r  rear damaged vehicles  do not appear t o  be appreciably lower than 

those for  f rontals.  

The f ina l  Figure, 10.5, shows the probabi l i ty  of an AIS 4 o r  
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g r e a t e r  i n j u r y  a s  a function of Delta V. This kind o f  information has 

been sought f o r  many years. Even a t  spds  up t o  50 mph, t h e  

p r o b a b i l i t y  is still below 0.20. 

Th i s  chapter  has t r i d  t o  provide an overview of the need, 

d e f i n i t i o n ,  and use of measures of c o l l i s i o n  s e v e r i t y .  It is important 

f o r  t h e  inves t iga to r  t o  understand t h e  c e n t r a l  importance t h a t  t h i s  

infonnation plays. 
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Figure 10.1 Histogram o f  D e l t a  V for All Vehicles 
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Figure 10.2 Histogram o f  Del t a  V for Front Damage Vehicles 



OELTR Y FOR SIDE AREA ORHRGE 
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Figure 10.3 Histogram of Delta V for Side Damaged Vehicles 

10 - COLLISION SEVERITY 
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Figure  10.4 Histogram o f  D e l t a  V f o r  Rear Damaged Veh ic les  
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PROBRBILITY OF RIS-U+ BY O E L f f l  V (FRONT ORHAGEI 
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APPENDIX A 

DEVELOPMENT OF EXPRESSION m DETERMINE THE RADIUS 
OF CURVA?VRE OF AN ARC FRW ITS CORD LENGTH 

AND ARC TO CHORD OFFSET 

A curved path of radius ( r )  whose chord l e g t h  is (C) and mediun 

of f -se t  i (rn) is shown i n  Figure A-1. 

Figure A.1 

This curved a r c  has a radius ( r )  a s  shown i n  Figure A.2. 

Tne two t r i a n g l e s  enclosed by the  radius ( r )  which a r e  formed from 

the  chord and curved a r c  a r e  r igh t  t r iangles .  

By applying the  Pythagorean theorum, which s t a t e s  t h a t  the  sun of 

the  square of the  two s i d e s  of a r i g h t  t r i a n g l e  is equal t o  t h e  square 

of the hyptenuse ,  we obtain: 

2 2 2 
(c/2) + (r-m) = r (A. 1) 

khen expanded t h i s  becomes: 

2 2 c2/4 + r2 - 2rm + m 5 r 

Solving f o r  the  radius ( r )  : 

(A. 2) 



Figure A. 2 
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DEVELOeMENT OF EXPRESSION FOR CRITICAL CURVE SPEED 

Centrifugal  force  is t h a t  force act ing on a body o f  mass (m) a s  it 

moves about an a x i s  in a curved path of radius  ( r ) .  The force is 

d i r e c t l y  proport ional  t o  the  product of the square of the  ve loc i ty  (V) , 
mass of t h e  objec t ,  and inversely proportional t o  t h e  radius ( r )  of its 

curved path. 

F r i c t i o n  forces  developed l a t e r a l l y  a t  a l l  four wheels of a vehic le  

i n  a t u r n  follow Coulomb's Law of Fr ic t ion ,  which s t a t e s  t h a t  the  r a t i o  

of t h e  f r i c t i o n  force  (F ) and normal fo rce  (N)  of a body is constant.  f 
This constant  is t h e  coe f f i c i en t  of f r i c t i o n  (p) a c h a r a c t e r i s t i c  of the  

surface. 

The normal force  is the  weight of the  body on t h a t  surface ,  so t h a t  

Rearranging t h i s  expression g ives  

Equating the  cen t r i fuga l  force  (Fc) t o  t h e  f r i c t i o n  force  (Ff) is 

accomplished by equating equation (1) t o  ( 3 )  s o  t h a t :  

vhich rearranged is 

9 = a, 

%en expressed i n  terms of ve loc i ty  (V) i n  mph and radius  ( r )  i n  

f e e t ,  t h i s  b e c a e s :  
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APPENDIX C 

QUEslrCPJS FOSE=D BY CRASH;! 

Ehte r  a descriptive t i t le? (80 characters  maximum) 

Ehte r  size categories for V e h i c l e  #1 and V e h i c l e  #2. 

LEGAL CATEGORIES : 

Minicar Subcompact Compact 
Fu l l s i ze  Large Rigid 
Barr ier  Intermediate 

Enter a seven (7) chrackr vehicle damage index for Vehicle #1. 

NOTE: Refer t o  Appendix 1 i n  the  CRASH Users Guide Form: 10LZEW2. 

Enter a seven (79 character m c l e  damage index for Vehicle #2. 

NOTE: Refer t o  Appendix 1 i n  the CRASH Users Guide Form: 06RWEW3. 

Are any actudl weights kncwn? 

NOTE: A negative response w i l l  cause an automatic weight en t ry  
based upon the  previously se lec ted  vehicle category. Obviously, 
accuracy is enhanced by providing an ac tua l  weight. 

(Answer yes o r  no. ) - - 

Ehter the acrtudl wight  of V e h i c l e  #2. 

NOTE: Include weight of occupants, cargo, and fue l .  
Form: 2497 (Ibs.) 

Are both rest and impact psitiom known? 

NOTE: A negative response limits program r e s u l t s  t o  ve loc i ty  
change approximations based on damage da ta  only. 

(Answer yes o r  no.) - 

Enter rest psitiom and heading for Vehicle #l and Vehicle #2. 

F O ~ :  XcRl ( f t . )  Y C R ~  ( f t . )  PSI= (deg. 
XCR2 ( f t . )  YCRZ ( f t . )  PSIR2 (deg.) 



9. Enter irrrpact psitiom and headings for V e h i c l e  # 1  and V e h i c l e  #2. 

Form: XClO ( f t . )  Y C l O  ( f t . )  PSI10 (deg.) 
XC20 (ft.) YC20 ( f t . )  PSI20 (deg.) 

1 0 .  Did rotatianal and/or lateral skidding of V e h i c l e  # 1  occur? 

NOTE: This re fe rs  t o  t h a t  portion of the t ra jec tory  during which 
the f ron t  and rear  wheels do not run i n  the same tracks.  

(Answer yes o r  - no. ) 

ll. Did rotational and/or lateral skidding of V e h i c l e  #1 stop before 
rest psitian was reached? 

NOTE: I t  is c o m n  i n  a skidding t ra jec tory  t o  have an abrupt 
change in motion as  the  wheels start tracking one another and 
the vehicle moves out t o  r e s t  in a non-skidding fashion. 
The non-skid section m u s t  be a s t r a igh t  l ine .  

(Answer yes o r  - no. ) 

12. Enter psitian and heading of V e h i c l e  #1 a t  end of rotational 
and/or lateral skidding. 

NOTE: Response should define the posit ion and heading of the 
vehicle a t  the point i n  the t ra jec tory  a t  which the  f ron t  
and rear  wheels run i n  the same tracks.  

F O ~ :  SCl l  ( f t . )  Y C l l  ( f t . )  P s l l l  (deg. 1 

13. Was the spinout path of V e h i c l e  # 1  be- separation and rest 
curved? 

NOTE: Try t o  visual ize  the  path of the vehicle c-g.  I f  a 
prominent arc i s  present,  answer affirmatively.  

(Answer yes o r  - no. ) 

14. Enter an intermediate position of V e h i c l e  # 1  an the cwved path 
be- separation and rest. 

Form: XC21 ( f t  . ) YC21 ( f t . )  

15. Which direction did Vehicle $1 rotate? 

NOTE: Clockwise rotat ion turns from the X-axis toward the Y-axis. 
For the case of non-rotating angular skidding e n t e r  none. 

(Respond with: CW CCW None ) 



Did Vehicle #1 rotate m3re than 360 degrees be- separation 
and rest? 

NOTE: This i s  a ra re  occurrance and should be v e r i f i e d  from 
t i r e  mark data. 

(Answer yes o r  - no.) 

Did lateral skidding Vehicle occur? 

NOTE: This r e f e r s  t o  t h a t  port ion of the t r a j e c t o r y  during 
which the  f r o n t  and rea r  wheels do not run i n  t h e  same 
tracks.  

(Answer yes o r  - no. ) 

Did rotatianal and/or lateral skidding of Vehicle #2 stop before 
rest positim was reached? 

NOTE: It is  common i n  a skidding t r a j e c t o r y  t o  have an abrupt 
change i n  motion a s  the  wheels s t a r t  t racking one another 
and the  vehicle runs out  t o  r e s t  i n  a non-skidding fashion. 
The non-skidding sect ion must be a s t r a i g h t  l i n e .  

(Answer yes o r  no. ) - 

Enter ps i t i an  and heading of Vehicle #2 at  end of rotatiandl 
and/or lateral skidding. 

NOTE: Response should define the  posi t ion  and heading of t h e  
vehicle a t  the  point  i n  the  t r a j e c t o r y  a t  which t h e  f r o n t  
and r e a r  wheels run i n  t h e  same tracks.  

Form: XC12 ( f t . )  YC12 ( f t .  ) PSI12 (deg.) 

Was the spinout path of Vehicle #2 beheen separation and 
rest curved? 

NOTE: Try t o  v isual ize  the path of the  vehicle c.g. I f  a 
prominent arc is present ,  answer af f i rmat ively .  

(Answer yes o r  no.) - - 

Enter an intamdiate psitian of Vehicle #2 on the curved 
path be- separation and rest. 

Form: SC22 ( f t . )  YC22 ( f t . )  

Which direction did Vehicle #2 rotate? 

NOTE: Clockwise ro ta t ion  tu rns  from the X-axis towards the 
Y-axis. For the  case of non-rotating angular  skidding 
en te r  none. 

(Respond with: CW CCW None ) 
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23. Did vehicle 12 rotate m e  than 360 degrees between separatian and 
rest? 

NOTE: This is  a r a r e  occu-rance and should be ve r i f i ed  from the  
t i r e  mark data. 

(Answer yes o r  no. ) - 

24. Ebbr the ncmindl tire-ground friction ccefficient . 
NOTE: Refer t o  Table 2 i n  the  CRASH Users Guide f o r  t yp i ca l  tire-ground 

f r i c t i o n  values. 

Form: MU 

25. Iblling resistance may be entered as: 

1 -- The deandl portion of full rotatianal lock-up at  each wheel. 
2 - The level of longitudinal Meration, in G units, prcduced 

by rotational resistance at the wheels. 

(Answer 1 o r  2 )  

26. Enter rolling resistances of wheels of Vehicle #l. 

NOTE: Can be caused by braking, damage, engine braking, e t c .  
Enter value fo r  each wheel from 0.0 t o  1.0. 
1.0.: f u l l  wheel lock-up. 

Form: RE' LF RR LR 

27. Ehter rolling resistances for wheels of Vehicle #2. 

NOTE: Can be caused by braking, damage, engine braking, etc. 
Enter value f o r  each wheel from 0.0 t o  1.0. 
1 .0  = full wheel lock-up. 

Form: RE' LF RR LR 

28. Enter longitudinal deceleration, in g-units, produced by rotational 
reshtance at the wheels of Vehicle #l. 

NOTE: Enter a s ing le  deceleration l e s s  than f r i c t i o n  value. 

29. mter langitudinal deceleration, in g-units, produced by rotatimal 
resistance at the wheels of Vehicle #2. 

NOTE: Enter a s ing le  deceleration l e s s  than f r i c t i o n  value. 

Form: Decel 



Eo yw want the results &&ed by a trajectory simulation? 

NOTE: The separation veloci t ies  nonnally calculated by CRASH 
a r e  used by a t ra jectory simulation t o  determine i f  the 
entered evidence matches the  calculated speeds. 
If not ,  appropriate speed adjustments are made t o  obtain 
agreement w i t h  the  evidence. 
(Answer yes o r  no.) - 

Enter the steer angles for each w h d  of Vehicle #l. 

NOTE: Limit angles t o  plus o r  minus 90 degrees from s t r a igh t  
ahead. 

Form: RF LF Fm LR (deg. ) 

Enter the steer angles for each wheel of Vehicle #2. 

NOTE: Limit angles t o  plus o r  minus 90 degrees from s t r a igh t  
ahead. 

Form: RF LF RR LR (deg. 

Is there a terrain bundAry? 

(Answer yes o r  no. ) 

Enter a two-pint friction bomdaq definitian. 

NOTE: Key i n  the X and Y values of the end points. 

Form: XBP (1) YBp (1) XBP (2) YBP ( 2 )  (ft. 

mter the frictian coefficient of the non-origin side of the 
friction boundary. 

NOTE: Coefficient of the or igin  side has already been entered. 

Fonn: MU2 

Are any actual damage dimensions known? 

NOTE: A negative response w i l l  produce damage data  based on 
the submitted VDI. 
Obviously, providing damage measurements w i l l  enhance resu l t s .  
(Answer yes o r  no. ) - 

Ehter width of damaged area along side of Vehicle #1. 

NOTE: Use only the d i r ec t  contact damage rather than the  
induced damage (sheet metal buckling induced by co l l i s ion . )  

Form: L1 (inches) 
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38. Ehter a profile of the extent of damage for Vehicle #l. 

NOTE: A t  two, four, o r  s i x  points along the,width of the dent 
measure the depth of the damage from the or ig ina l  s ide  
dimensions (entry sequence i s  from rear  t o  f ront  of vehicle) . 
Form: C1 C2 C3 C4 C5 C6 (inches ) 

39. Enter distance along Vehicle #1 axis between the c.g. and the 
middle of the damaged region. 

NOTE: If t h i s  distance runs o f f  t o  the rear  of the  vehicle 
en t e r  it as a negative number. 

~ o r m :  D l  (inches) 

40. Enter width of damaged area along end of Vehicle #l. 

NOTE: Use only the d i r ec t  contact damage rather  than the induced 
damage (sheet metal buckling induced by c o l l i s i o n ) .  

Form: Ll (inches) 

41. Enter a profile of the extent of damage for Vehicle #l. 

NOTE: A t  two, four, o r  s i x  points along the width of  the  dent 
measure t!!e depth of the damage from the o r ig ina l  end dimen- 
sions (entry sequence is  from driver  t o  passenger s i d e ) .  

Form: C 1  C2 C 3  C4 C5 C6 (inches ) 

42. Enter distance along Vehicle b l  axis be- the c .g. and the 
middle of the damged region. 

NOTE: I f  t h i s  distance runs of f  towards the dr iver  s ide  en te r  
it as a negative number. 

Form: D l  (inches) 

43. Enter width of damaged area along side of Vehicle #2. 

NOTE: Use only the d i r ec t  contact damage ra ther  than the induced 
damage (sheet metal buckling induced by c o l l i s i o n ) .  

Form: L2 (inches) 

44. Enter  a profile of the extent of damage for Vehicle #2. 

NOTE: A t  two, four, o r  s i x  points  along the width of the  dent 
measure the depth of the damage from the o r i g i n a l  s ide  dimen- 
sions (entry sequence is from rear  t o  f ront  of  veh ic le ) .  

Form: C 1  C2 C3 C4 C5 C6 (inches 1 
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mter distance along Vehicle #2 axis between the c.g. and the 
middle of the damaged region. 

NOTE: I f  t h i s  distance runs o f f  t o  the  r e a r  of the  vehicle 
e n t e r  it as  a negative number. 

Form: D2 (inches) 

46. Enter width of damaged area along end of Vehicle #2. 

NOTE: Use only the d i r e c t  contact  damage r a t h e r  than the  
induced damage (sheet  metal buckling induced by c o l l i s i o n ) .  

Fom: L2 (inches) 

47. Enter a profile of the extent of damage for Vehicle #2. 

NOTE: A t  two, four,  o r  s i x  points  along t h e  width of the  dent 
measure the  depth of the  damage from t h e  o r i g i n a l  end 
dimensions (entry sequence is  from d r i v e r  t o  passenger s i d e ) .  

Form: C1 C2 C3 C4 C5 C6 (inches ) 

48. Enter distance along Vehicle #2 axis between the c.g. and the 
middle of the daa~ged region. 

NOTE: If t h i s  distance runs of f  towards the  d r i v e r  s ide  e n t e r  
it a s  a negative number. 

Form: D2 (inches) 

49. Enter the ratio of darr&e m t s  a t  edges of the damaged * 
areas of Vehicle #l. 

NOTE: When the  e n t i r e  f ron t  o r  r e a r  has been crushed, measure 
the  depth of penetrat ion on each s ide  and e n t e r  t h e  r a t i o  
of the smaller  over t h e  l a rge r .  

Form: RHO1 

50. Enter the ratio of damage extents a t  edges of the damaged areas 
of Vehicle #2. 

NOTE: When the  e n t i r e  f r o n t  o r  r e a r  has been crushed, measure 
the depth of penetrat ion on each s ide  and e n t e r  the r a t i o  
of the  smaller over the larger .  

Form: RHO2 



Are the directions of the principal impact forces 
accurately than the entered VDI clock directims? 

mre 

NOTE: The clock direction limits principal force directions to 
30 degree increments. 
If you can specify these angles more accurately, answer yes. 

(Answer yes or - no.) 

52. Enter the direchon of principal force for Vehicle #l. 

NOTE: Enter angle as plus or minus degrees from straight ahead. 

~orm: ANGl (degrees) 

53. mter the directian of principal force for Vehicle #2. 

NOTE: Enter angle as plus or minus degrees from straight ahead. 

Form: ANG2 (degrees) 
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APPENDIX D 

Manual Computation of CRASH2 D e l t a  V 
From Damage Data 

The CRASH2 program u s e s  s e t s  o f  f o r m u l a e  t o  c a l c u l a t e  t h e  

magnitude o f  t h e  l i n e a r  impulse a c t i n g  on each c r a s h i n g  v e h i c l e .  The  

d i r e c t i o n  o f  t h e  impulse i s  determined when t h e  use r  s e l e c t s  a  d i r e c t i o n  

f o r  t h e  p r i n c i p a l  c rush ing  fo rce- - the  impulse d i r e c t i o n  i s  t h e  same a s  

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

v e h i c l e ' s  mass y i e l d s  a  "change i n  v e l o c i t y "  o r  a  " D e l  t a - V "  o f  t h e  

v e h i c l e ' s  center-of-mass. Th i s  De l t a -V  i s  i n  t h e  d i r e c t i o n  o f  t h e  

c rush ing  fo rce .  The CRASH2 program takes  account o f  t h e  f a c t  t h a t  t h e  

c rush ing  f o r c e ' s  l i n e - o f - a c t i o n  o f t e n  d o e s  n o t  p a s s  t h r o u g h  t h e  

v e h i c l e ' s  center-of-mass. The r e s u l t  o f  t h e  f o r c e ' s  o f f s e t  i s  a  c h a n g e  

i n  t h e  v e h i c l e ' s  angu la r  v e l o c i t y  a s  we1 1  a s  i t s  1 i n e a r  v e l o c i t y .  

CRASH2 does no t  d i r e c t l y  ou tpu t  a  va lue o f  "Del ta-  R ," b u t  t h e  use r  may 

p r o p e r l y  es t imate  i t s  d i r e c t  i o n  and magnitude f rom t h e  output.  

The most commonly exerc ised  p o r t i o n  o f  t h e  CRASH2 p r o g r a m  i s  t h e  

"Damage-Only" po r t i on .  A t  a  minimum t h e  program w i l l  opera te  w i t h  t h e  

des igna t i on  of t h e  v e h i c l e s '  s i z e s  and CDCs. The use r  should  b e  a w a r e  

o f  t h e  f ac t  t h a t  t h e  program c a l c u l a t e s  a  c rush  shape and c rush  l o c a t i o n  

f rom t h e  g i ven  CDC. The program c a l c u l a t e s  a  w i d t h - o f - c r u s h ,  L ,  a  

cen te r -o f -c rush  d i s t ance  f rom a  v e h i c l e  a x i  s, 0 ,  a n d  a  s e t  o f  f o u r  

crush-measurements, C1, C2, Cg, and C4. The w i d t h - o f - c r u s h  a n d  t h e  

crush-measurements a re  a1 ways p o s i t i v e .  The cen te r -o f - c rush  d i  stance i s  

n o s i t i v e  i f  t h e  c e n t e r  o f  t h e  c rush  r e g i o n  i s  on t h e  r i g h t - s i  d e  o f  t h e  

v e h i c l e ' s  l o n g i t u d i n a l  a x i s  f o r  f r o n t  o r  r e a r  crushes o r  f o rwa rd  o f  t h e  

v e h i c l e ' s  l a t e r a l  a x i s  f o r  r i g h t  o r  l e f t  crushes. The u s e r  i s  a1 ways  

a iven  t h e  o p t i o n  o f  r e p l a c i n g  t h e  va lues o f  L, D y  and t h e  C 's .  I f  t h e  

user  wishes he may i n s e r t  a  s e t  o f  2 ,  a  s e t  o f  4 ,  o r  a  s e t  o f  6 C 

values. The program a u t o r r ~ a t i c a l l y  no tes  which he has d o n e .  I f ,  when 

nrompted f o r  use r  va lues o f  L, D o r  C 's ,  t h e  u s e r  e n t e r s  n o t h i n g ,  t h e  

program w i l l  use t h e  p r e v i o u s l y  CDC-derived values. Thus  t h e  p r o g r a m  

inight be operated w i t h  t h e  u s e r ' s  va lue  f o r  L, b u t  w i t h  t h e  CDC-der i v e d  

va lues of D and t h e  C's. 

The program's formulae combine t h e  v a l u e s  o f  L ,  D and  C ' s  w i t h  
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values of t h e  v e h i c l e ' s  dimensions, i n e r t i a l  p r o p e r t i e s ,  a n d  e l  a s t  i c  

p rope r t i es .  The veh ic le  s i z e  category i s  used t o  a l l ow  i n t e r n a l  t a b l e  

look-ups o f  t h e  dimensions and i n e r t i a l  measures .  The  v e h i c l e s  a r e  

modeled t o  have d i f f e r e n t  e l a s t i c  (energy-absorbing) p r o p e r t i e s  o n  t h e  

f r o n t ,  t h e  s ides ,  and t h e  r e a r  (3  se ts  of v a l u e s  p e r  v e h i c l e ) .  The  

v e h i c l e  s i z e  ca tegory  suppl ied by t h e  user  i s  combined w i t h  t h e  t h i r d  

CDC symbol t o  a l l ow  i n t e r n a l  t a b l e  look-up o f  t he  e l a s t i c  parameters. 

The program's formulae a l l ow  f o r  t h e  l i k e l y  f a c t  t h a t  more  e n e r g y  

i s  absorbed b y  a  veh ic le  w i t h  a g iven crush i f  t h e  f o r c e  c a u s i n g  t h a t  

crush i s  d e l i v e r e d  a t  an angle. The user  supp l ies  t h e  r e q u i r e d  da ta  f o r  

t h i s  "adjustment"  i n  energy absorbed i n  t h e  f i r s t  t w o  c o l u m n s  o f  t h e  

CDC. The u s e r  i s  a1 so g iven t h e  o p t i o n  t o  i nput a more exact  v  a  1  ue  o f  

t h e  angle o f  t h e  p r i n c i p a l  f o r c e  l a t e r .  

The bas i c  c a l c u l a t i o n s  are made f o r  each v e h i c l e  i n  t h e  "Damage- 

Only" mode. A "mass-reduction" f a c t o r ,  Y, i s  c a l c u l a t e d  and an " e n e r g y -  

absorbed," E, magnitude i s  ca lcu la ted .  The Y1 and  El o f  v e h i c l e  #1 
- 

along w i t h  i t s  mass, MI, a r e  c o m b i n e d  w i t h  t h e  Yp ,  E2 a n d  M 2  o f  

vehic le#2 t o  produce t h e  magnitude of t he  l i n e a r  impulse on each. 

The Y c a l c u l a t i o n  combines the  o f f s e t  o f  t h e  1  i n e - o f - a c t i o n  o f  t h e  

o r i n c i p a l  fo rce ,  h, w i t h  t h e  r a d i u s  o f  g y r a t i o n  i n  y a w ,  , o f  t h e  

veh ic le  as fo l l ows :  
k g ~  

The E (energy) c a l c u l a t i o n  c o m b i n e s  t h r e e  m e a s u r e s  o f  t h e  c r u s h  

aeometry, i t s  - width, i t s  - area, and t h e  f i r s t  moment o f  i t s  a r e a  - -  - a b o u t  

t h e  surface, w i t h  two e l a s t i c  parameters, A and B y  t o  c a l c u l a t e  a  b a s e  

energy f i g u r e  which i s  then mod i f i ed  ( i n c r e a s e d )  t o  a c c o u n t  f o r  t h e  

angle o f  the  c rush ing  f o r c e  from t h e  nonnal t o  t h e  s u r f a c e  as f o l l o w s :  

2 
E = [(A /2B)(Width) + A(Area) + B ( F i r s t  r c l o m e n t ) ] [ C o r r e c t i o n  

f o r  Angle] 

The "cen t ro id "  of t h e  crush r e g i o n  must be c a l c u l a t e d  t o  a1  1  ow e i t h e r  

t h e  "o f f se t , "  h, o r  t h e  " f i r s t  moment" t!, be ca l cu la ted .  
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The centroid of a plane area i s  a defined location. If t h e  p l a n e  
area was t o  be t h o u g h t  of as a thin sheet of material, t h e  " c e n t r o i d "  

idea would be rep1 aced by the "center-of-mass" idea. The CRASH2 program - 
i s  organized t o  expect the crush area t o  be described by e i t h e r  one,  
three, or  five quadrilaterals according t o  the following sketch: 

Figure of one, three or five quadril ateral s 

Each crush shape may be divided into a s e t  of e l e m e n t a r y  s u b - a r e a s  
consisting of a sub-set of rectangles and a sub-set of right t r i a n g l e s .  
Tn each of the three cases the base of the r e c t a n g l e s  and t h e  r i g h t  
tr iangles i s  the same--this leads t o  the s implici ty  o f  t h e  e q u a t i o n s  

def i ni ng the centroid 1 ocat ion. 

A n  example calculation will be carried ou t  f o r  a c a s e  i n  which 

1 =30", C1=4", CZ=6", C =10", and C -12". The centroid will be 1 oca ted  3 4 
in a temporary coordinate system. 

The crush area i s  subdivided into 3 rectangular  s u b - a r e a s  and 3 

right triangular sub-areas. The cent ro id  of a r e c t a n g u l a r  a r e a  i s  
defined t o  be a t  i t s  center. The centroid of a t r i a n g u l a r  a r e a  i s  a t  

the intersection of a pair of 1 ines drawn a t  the 1/3 a1 t i t  ude 1 eve1 s ,  

parallel t o  i t s  bases. We have: 
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where 

? i s  t he  temporary x-coordinate o f  t he  cen t ro id ,  and 
3 i s  t he  temporary y -coord ina te  o f  t he  cent ro id .  

o r  the  x-coordi na te  o f  t h e  c e n t r o i d  equals: 

t h e  sum of corresponding x-coordinates t imes t h e  sub-areas - 
X ' ...................................................... 

t h e  sum o f  t h e  sub-areas 

and s i m i l a r l y :  

t h e  sum o f  corresponding y -coord ina tes  t imes t h e  sub-areas - y = ,-,,,,,------------------------------------------------- 
the sum o f  t h e  sub-areas 

I n  t h e  example, 2 = 17.78" and j = 4.42" 

The product, i n  t h i s  example, o f  9 and t h e  t o t a l  area (4.42 * 240 = 
3 1060.8 i n  ) i s  def ined as t h e  f i r s t  moment o f  t h e  area about t h e  x-ax is .  

For  t h e  remainder o f  t h e  c a l c u l a t i o n s ,  t h e  coord ina tes  o f  t he  c e n t r o i d  

must be t r a n s l a t e d  from t h e  t e m p o r a r y  c o o r d i n a t e s  t o  t h e  v e h i c l e  
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coo rd i  n a t e  system. 

As mentioned, t h e  CRASH2 program must c a l c u l a t e  a  va lue f o r  h- - t h e  

pe rpend i cu l a r  d i s t ance  f rom t h e  v e h i c l e ' s  center-of-mass t o  t h e  l i n e  o f  

a c t i o n  o f  t h e  p r i n c i p a l  fo rce .  The p r i n c i p a l  f o r c e  a c t s  a t  t h e  c e n t r o i d  

o f  t h e  c rush  reg ion.  The coord ina tes  o f  t h i s  p o i n t  ( t h e  c e n t r o i d  o f  t h e  

c rush  r e g i o n )  a re  c a l c u l a t e d  i n  t h e  v e h i c l e  coo rd i na te  system. Then i t 

fo l lows  t h a t  h  i s  merely t h e  moment o f  a u n i t  f o r c e  a p p l i e d  a t  t h i s  

c e n t r o i d ,  i n  t h e  d i r e c t i o n  o f  t h e  p r i n c i p a l  fo rce ,  w i t h  t h e  moinent be ing  

expressed about t h e  v e h i c l e ' s  center-of-mass. T h e  s k e t c h  f o l  1 o w i n g  

i l l u s t r a t e s  t h i s  p o i n t .  N o t i c e  t h a t  a  u n i t  f o r c e  h a s  C a r t e s i a n  

components o f  sine($) and cosine($) where $ i s  measured as shown. 

A she g unit force 

( I f  t h e  damage i s  f r o n t a l ,  t h e  ang le  w i l l  be t h e  compliment o f  t h e  one 

shown, and t h e  s i n e  and cos ine  w i  11 be interchanged.)  

cosine 

v P 

Two c rash ing  veh i c l es  share t h e  same bu t  o p p o s i t e l y  d i r e c t e d  1  i n e a r  

impulses. It i s  a l s o  true t h a t  a t  any i n s t a n t ,  t h e y  share t h e  same b u t  

oppos i t e l y  d i r e c t e d  f o r c e  vectors .  The c rush  i s  deve loped  b y  a  f o r c e  

system which, a t  maximum crush, assuming t h e  c r u s h  t o  h a v e  o c c u r r e d  

everywhere s imul taneous ly  , may be c a l c u l a t e d  as: 

1% h 

i n  t h e  n o t a t i o n  p r e v i o u s l y  in t roduced .  

Y 

While not  demanding t h a t  t h e  p r i n c i p a l  f o r c e  maximums be e q u a  1  o n  

APPPENDIX D - 7 



t h e  two veh ic les ,  i t  seems reasonable t h a t  t h e  two should be c a l c u l  a t e d  

and reviewed. Data incons is tency  a re  i nd i ca ted  when t h e  two values have 

r a t i o s  o u t s i d e  t h e  0.5 t o  2.0 range! 

Tn s u m a r y  of t h i s  i n t r o d u c t i o n ,  we f i n d  t h a t  t h e  " D a m a g e - o n l y "  

c a l c u l a t i o n s  a r e  d i r e c t e d  a t  f i n d i n g  t h e  "o f f se t -d i s tance"  o f  t h e  f o r c e  

t o  a l l o w  t h e  c a l c u l a t i o n  of , a mass-reduct ion-factor,  and a t  f i n d i n g  

t h e  width, t h e  area, and t h e  f i r s t  moment o f  t h e  area o f  t h e  c rush about 

t h e  sur face t o  a l l ow  t h e  c a l c u l a t i o n  o f  t he  energy abso rbed  i n  c r u s h .  

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

p r i n c i p a l  f o r c e  and t h i s  "corrected-energy" and t h e  "reduced-ma s  s  " f o r  

each veh ic le  i s  entered i n t o  a  c a l c u l a t i o n  o f  I, t h e  1  i n e a r  i m p u l  se  

zhared between t h e  c rash ing  veh ic les .  Th is  I ,  d i v i d e d  by t h e  r e d u c e d  

mass of a  case v e h i c l e  i s  t h e  "Delta-V" o f  t h a t  veh ic le .  

The reason t h a t  t h e  co r rec ted  energies and t h e  r e d u c e d  masses  a r e  

be l i eved  t o  be r e l a t e d  t o  t h e  l i n e a r  impulse i s  t h e  t o p i c  o f  a n o t h e r  

l e c t u r e .  Th i s  l e c t u r e  now t u r n s  t o  t h e  p r a c t i c a l  m a t t e r  o f  o p e r a t i n g  

CRASH2 ' s  Damage-Only r o u t i  nes--by hand. 

The sheets t h a t  f o l l o w  i n  t h i s  package c o n s i s t  o f :  
a) A set  o f  i n s t r u c t  ions  
b )  A s e t  o f  t a b l e s  and f i g u r e s  
c )  A se t  o f  work ing sheets 

The working sheets w i l l  be replaced as they are  used b y  t h e  s t u d e n t  

i n  c lass  o r  homework assignments. P l e a s e  n o t e  t h a t  t h e r e  a r e  f o u r  

d i f f e r e n t  working sheets f o l l o w ,  one each f o r  f r o n t ,  r i g h t ,  r e a r ,  a n d  - - 
l e f t  damage, and t h a t  o n l y  one i s  t o  be used per  veh ic le .  - 

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

students t h a t  have attended t h e  lecture/workshop on t h i s  t o p i c .  
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DAMAGE CALCULATIONS 
(To be repeated f o r  each veh i c l e )  

1. Refe r  t o  F i gu re  0.1. The case ve i l i c l e  i s  t o  be i d e n t i f i e d  a s  
be longing t o  - one fami l y .  Se lec t  a  Work Sheet i l l u s t r a t i n g  t h e  
f a m i l y  o f  t h e  case vehic le .  (Note: f o r  ill u s t r a t i o n  o n l x ,  we 
s h a l l  r e f e r  t o  Work Sheet a, (W.S.a). 

2. \.Sea has been se lected.  En te r  t h e  Veh ic le  Number and t h e  - C D C  
i n  t h e  spaces designated. 

3. Re fe r  t o  Table D.1. Read f rom Table  0.1 t h e  numeric v a l u e s  o f  
YSS, XFF, and XRR and e n t e r  on t h q  f i g u r e  o f  W.S.a. Read  f r o m  
t h e  same t a b l e  t h e  values o f  m, k-,., A, and B a n d  e n t e r  t h e s e  
va lues i n t o  t h e  Data Column. En t#  t h e  va lue o f  XFF here a lso.  

4. S t i l l  r e f e r r i n g  t o  Table  D.1, read a numeric va lue  f o r  A ,  t h e  
maximum crush dimension, based upon t h e  7 t h  column o f  t h e  CDC. 
E n t e r  t h i s  va lue i n  t h e  space des ignated ( j u s t  a b o v e  t h e  C D C  
e n t r y ) .  When t h e  damage extends a t r o s s  t h e  er i t  i r e  w id th  o f  t h e  
f r o n t  o r  back, t h e  c rush  i s  measured on e a c h  s i d e ,  a n d  P i s 
entered as t h e  r a t i o  o f  t h e  sma l l e r  t o  t h e  l a r g e r .  

5 .  Refe r  t o  Table D.2. Se lec t  t h e  p r o p e r  r ow  o f  b a s i c  f o r m u l a e  
accord ing t o  Columns 3 and 4 o f  t h e  case v e h i c l e ' s  CDC and c a r r y  
o u t  t h e  c a l c u l a t i o n s  t o  produce n u m e r i c  v a l u e s .  E n t e r  t h e  
numeric values f o r  t h e  columns I, 11, I V ,  V ,  V I ,  and  V I I  o n t o  
W.S.a. 

5. ( A l t e r n a t e )  I n  t h e  event t h a t  t h e  use r  wi shes t o  u s e  non-CDC 
, de r i ved  crush dimensions, r e f e r  t o  Table  D.3. The user- 

f o r  D y  L, and C a re  t o  be entered i n  t h e  des ignated spaces o n  a 
copy o f  t h i s  Table .  F o r m u l a e  a r e  p r e s e n t e d  t o  a l l o w  t h e  
remain ing f o u r  column v a l u e s  t o  b e  c a l c u l a t e d .  E n t e r  t h e  
numeric values f o r  columns I, 11, I V ,  V ,  V I ,  and V I I  onto  W.S.a. 

6. Carry  ou t  t h e  c a l c u l a t i o n s  f o r  Area, ji and j on W.S.a and e n t e r  
numeric values i n  t h e  spaces designated. 

7. The angle  $ i s  t h e  angle  t h a t  t h e  p r i n c i p a l  f o r c e  makes w i t h  t h e  
normal t o  t h e  o r i g i n a l  uncrushed surface. T h i s  angle  i s t o  b e  
measured as p o s i t i v e  c l ockw i se  f r om t h e  n o r m a l  t o  t h e  f o r c e  
vector .  The user  /]lay conver t  t h e  CDC Col # I ,  #2 i n t o  an  a n g  1 e  
b y t i p l y i n g  t h e  "hour  angle" o f  those  columns by 3 0 .  T h i  s  . - 

ang le  i s  measurgd fro! t h e  v e h i c l e ' s  +x-ax is ,  however, a n d  may 
need t o  have 90 , 180 , o r  270 sub t rac ted  f r om i t  t o  p r o d u c e  
t h e  angle  de f i ned  here .  T h e  a n g l e  9 may b e  p o s i t i v e  o r  
nega t i vg  but,  by d e f i n i t i o n ,  w i l l  no t  have a magnitude g r e a t e r  
than 90 . En te r  onto W.S.a. 

7. ( A l t e r n a t e )  The user  may wish t o  s u b s t i t u t e  a  m o r e  r e f i n e d  
value f o r  on W.S.a. 

8. The l a s t  t h r e e  c a l c u l a t i o n s  o f  W.S.a may now be completed. The 
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2 va lues  o f  k , h, M, and E n e r g y  f o r  t h i s  v e h i c l e  w i l l  b e  
t r ans fe r redg?o  a  F i n a l  Worksheet f o r  v e l o c i t y  c a l  c u l  a t i  ons. 0 n  
t h e  F i n a l  Worksheet, ANG i s  t h e  angle o f  t h e  p r i n c i  p a l  f o r c e  
w i t h  r espec t  t o  t h e  p o s i t i v e  x -ax i s .  T h i s  a n g l e  i s  u s e d  t o  
r e s o l v e  t h e  t o t a l  D e l t a  V i n t o  i t s  v e c t o r  c o m p o n e n t s .  N o w  
proceed t o  c a r r y  o u t  t h e  c a l c u l a t i o n s  on t h e  F i n a l  Worksheet. 
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YSS 
XFF 
XRR 

CDC = 
- - P r i n c i p a l  Force Shown A c t i n g  

x at the Centro id  of the 
f 

Force is at an A n g l e  
of $ £ran the Normal. 

- L  - 

Dam : - Calculations: 

M =  - Area = Col I1 * C o l  IV  =- 
I 

I Col V I I  = - 2 
( 1-tta.n $ ?-= - 

3 
Note: The factor (1 + tan*$) is evaluated as being 

equal to 13.9 f o r o a r y l e s + w i t h  m a g n i t u d e s  
greater than 74.4. 

7 YSS YSS  --, - 
FIGURE D.2a A Worksheet f o r  Front Crush 
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Vehicle #2 

= ANG2 = 

ANG is the angle of tfie pr inc ip l  force £ran the + x-axis. 

barrier: 

Vehicle #1 Vehicle 82 
( d t  if barrier) 

AR1 = I 1  - - - I - rad - - rad 
2 - 

set 
YIMl kaVl 

y M  k2 - 
2 2 gy2 
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APPENDIX E 

START2 and SPIN2 
Step-by-step Hand Calculations 

(Refer t o  Summary Sheet Attached t o  QUIZ Flowchart.) 

START WORK O N  VEHICLE NUMBER 1. 

1. I f  IFLAG(1) = 0 ,  set XCll = XCRI 
Y C l l  = Y C R l  

P S I l l  = PSIRl 
DISTl = 0. 

SID = 0. 

2.  IfJSKID(1) = 0 ,  set X C l l = X C l O  
Y C l l  = Y C l O  

PSIll = PSI10 

3. If JCURV(1) = 0 ,  set  P1 = 0.  
Q1 = 0. 

and go t o  Part 15 of this  set t o  continue 

4. Calculate the straight l ine  distance from s e p a r a t i o n  t o  end-of-  
skid. 

o = J ( ~ c i o - Y c ~ i ) *  + ( x c l i - ~ c l o ) ~  

5 .  Calculate the distance of the point-on-curve from the straight l ine  
through separation and end-of-skid. 

6. If d i s  less  t h a n  1/12ft., set JCURV(1) = 0 and go t o  PART 15 of 
th i s  set t o  continue 

7 .  Calculate thevalue  of the tern 

(02/8d) + ( d / 2 )  = f t .  

If this  term i s  greater than 10,000/12ft. se t  JCURV(1) = 0 
and go t o  P A R T  15 of th i s  set t o  continue 

8. Calculate theequation of the perpendicular b i s e c t o r  l i n e  which 
bisects the l ine from separation t o  point-on-curve, wri t ing i t  i  n 
the form: 
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where 

= ft. 

C l  = -(XC10+XC21)/2 - [(~c21-~c10)/(~c21-~~10)1(~c10+~~21)/2 
- - ft. 

9. C a l c u l a t e  t h e  equat ion of t h e  perpendicular  b i s e c t o r  1  i n e  w h i c h  
b i  sects t h e  1  i ne from po i  nt-on-curve t o  end-of-sk id s i m i l a r l y .  

- - ft. 

C2 = - (XC21+XC11)/2 - [ ( Y C ~ ~ - Y C ~ ~ ) / ( X C ~ ~ - X C ~ ~ ) I ( Y C ~ ~ + Y C ~ ~ )  /2  

- - ft. 

10. C a l c u l a t e  t h e  cen te r  coord inates (P1,Ql )  o f  t h e  c i  r c l  e  p a s s i  n g  
through t h e  t h r e e  po in t s :  separat ion,  po i  nt-on-curve, and e n d -  o  f - 
skid. Th i s  i s  done by f i n d i n g  t h e  i n t e r s e c t i o n  o f  t h e  l i n e s  

X + B1Y + C 1  = 0  
and X + B2Y + C2 = 0. 
f i n d  A = (B2 - 81) 
then P I  = (BlC2 - B ~ c ~ ) / A  = ft. 

Q1 = (C1 - C 2 ) / A  = ft. 

11. Ca lcu la te  the  rad ius  of t h e  c i r c u l a r  a r c  which passes t h r o u g h  t h e  . t h r e e  p o i n t s  and has i t s  c e n t e r  a t  X = P 1  and Y = Q1. 

RAD = 4 (PI-XCIO)' + (QI-YCIO)' = f t .  

12. Ca lcu la te  t h e  angle of t he  tangent  t o  t h e  c i r c u l a r  a r c  a t  t h e  

separa t ion  po in t ,  measured f rom t h e  + x-ax i  s. 

GAMsl = t a n " [ ( ~ ~ l ~ - ~ l ) / ( ~ l - ~ ~ l ~ ) ]  = rad ians  

13. Ca lcu la te  t h e  a rc  l e n g t h  o f  t h e  c i r c u l a r  afc used above 
( t h i s  i s  t he  l e n g t h  o f  t h e  sk idd ing  pa th) .  

GAM = t a n  ~ 1 [ ( ~ ~ 1 1 - ~ 1 ) / ( ~ 1 - ~ ~ 1 1 ) ]  = r a d i  ans 

$1 = R A D  (GAM-GAMS1 ) = ft. 
- - -  

'TO assure t h a t  t h e  proper  angle i s c a l  cu l  a t  e d  a  n  d u  s  e d  , i t i s 
necessary f o r  the  user  t o  sketch t h e  f i g u r e  us ing  t h e  a c t u a l  da ta  and t o  
"compensate" f o r  the  hand he ld  c a l c u l a t o r s  i n a b i l  i t y  t o  p r o p e r l y  hand 1  e 
angles i n  t he  second, t h i r d ,  and f o u r t h  quadrants. 
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14. The s k i d d i n g  pa th  has a  l e n g t h  o f  S 1  f r om  t h e  sepa ra t i on  p o i n t  t o  
t h e  end-o f -sk id  p o i n t ,  and t h e  pa th  tangent  a t  t h e  s e p a r a t i o n  p o i n t  
i s  a t  an ang le  o f  GAMSl f r o m  t h e  t x - a x i s .  

15. I f  JCuRV(1) # 0, S1 = ( S l )  (12.0) = i nches 
( c o n v e r t i n g  u n i t s  of S1 from i t e m  13)  

GAMSl = GAMSl = r a d i a n s  
(same va lue  found i n  i t e m  12)  

I f  JCURV(1) = 0, C a l c u l a t e  

SI = (12)  J(XCII-XCIO)~ + (YCII-YCIO)~ = i n .  

GAMSl = t a n - l r  ( ~ ~ 1 1 - Y C ~ O ) /  ( x c l l - x ~ 1 0 ) 1  - - r a d i  ans 

16. Summary P l o t  and Record. (Example da ta  used) 

XClO = 1 2 . 0 5  f t .  
PC10 = 4 . 3 6  f t .  
XC21 = 1 3 . 8 6  t t .  
YC2l = 5 . 4 0  f t .  
X C l l  = 1 5 . 6 4  f t .  
Y C l l  = 7 . 9 5  it. 

[dl = 0 . 5 4  f t .  
DI = 5 . 0 8  f t .  
2 1  3 1 0 . 0 3  f t .  
Ql = 9 . 9 7  ft. 

RAD = 5 . 9 6  f t .  

5 . 2 4  f t .  
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A 21 , 

15 - 

5 .  

f l t h r u  S ( X C 1 0 ,  YC10) + E ( X C 1 1 ,  YC11) 
!,thru S ( S C 1 0 ,  YC10) + P ( X C 2 1 ,  YC21) 
!;thru P (XC21 ,  PC211 + S ( X C 1 1 ,  VC11) 

&I b i s e c t o r  o f  
P 5 1  b i s e c t o r  o f  ? E  

c e n t e r ,  i n t e r s e c t i o n  o f  j4 j5 
d ,  d i s t a n c e  P t o  f ,  
D ,  d i s t a n c e  S  t o  f on f ,  
R A D ,  d i s t a n c e  c e n t e r  t o L ? ,  ? o r  Z 

0 5 10 i5 



17. Cal cul  a t e  the ro l  1-out-di s tance .  

DISTI = 4 ( x c ~ i - x c i i ) ~  + ( Y C R I - ~ ~ 1 1 ) ~  = f t .  

18. C a l c u l a t e  t h e  speed a t  s t a r t  of  r o l l - o u t  using:  

a s  t h e  ave rage  wheel-lock-up, MU a s  the c o e f f i c i e n t  o f  f r i c t i o n ,  
and c a l c u l a t e  speed a s  

SID = 4 (64.4) (THETA1) (MU) (DIST1) = f t / s e c  

19. C a l c u l a t e  the magnitude of the angu la r  r o t a t i o n  from s e p a r a t i o n  t o  
end-of-skid.  

ADPSI1 = I P S 1 1 - ~ ~ 1 1 0 (  = rad 

I f  ADPSI i s  l e s s  than 0.08 (4.5deg) skip s t e p s  below and go t o  i tem 
24. 

20. C a l c u l a t e  t h e  va lue  of P P 1 ,  an es t imated  r a t i o  o f  1 i nea r  t o  a n g u l a r  
speed a t  s e p a r a t i o n ,  by fo l lowing  one of two r o u t e s :  

ROUTE #1  (THETA1>1 .O) 

Route #2 (THETA1<1.0) 

c1 = 40.64 - J 8 . ~ 4 j   THETA^) - ( S l )  (lZ)/ADPSIl 
PP1  = [ - b l  + b l  - 4 a l c l  ]/?a1 

21. En te r  TABLE Eel 5 t imes  using 0.70PP1,0.85PP1,PP1,1.15PP1,1.3PP1 
and r ead ,  f o r  each e n t r y  value,  the va lues  o f  a l l ,  a 1 2 ,  a 1 3 ,  a 1 4  
and a 1 5 .  Record read ings  i n  Table  E.2. 
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TABLE E . l  

74. .> .>.:.a 
I.. bCC. 

55. 2.215 
5:i. 3.21.: 
5 .  2.d1jS 
5:3. a .  ~ g e  
5.3.. 2 .  !,?? ... - . . I - , , ,  

1)',3:3 7 
11. 3'? 1 
I). 395 
0 . 40 0 
I]. 4r)A 
11.408 
0.418 
6.416 
11.420 
0. $23 
0 .. 42s 
I). 4:3 2 
13. 43:; 
0 .  *i) 
11. us 
0.448 
I). 432 
I]. 45:; I]. 4;jlj 
I), 4 4  

11. 433 
I). A;;? 

11.4;s 
0.473 
1). 493 
11.447 
I), :'>I> 
I) , A'? J 

IQ.; 
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rj. 523 
I], 531 
1j.:19 
1) . S 1 f 
0.51: 
11 . 5 t :3 
1:.511 
I:! , 5 I)*.: 
I). 5 I)? 
1) . .5 1):j 
0. 5134 
I), 5112 
0 . 5 0 11 
0. 493 
0. 4'37 
0. $55 
I). $3 
11. 4'31 
0.*0 
1) , *3:3 
0.4% 
0.445 
IS. 483 
1) .. 4d f 
0.43130 
0.473 
I1.4i7 
11.475 
I)..474 
0.473 
0.47 1) 

I) ..44.? 
I]. *;3 
I) . 466 
11.443 
I). *:3 
0.462 
I). 460 
0.439 
11 ..453 
0.476 
11.iSJ 
11.454 
1).4i? 
0.451 
l1.430 

tj. :j:j7 
11. ,J$I:I 
I]. ;j$Z 
0, ,i$4 
0. ;j?7 
I) , a 5'3-3 
I). 71jZ 
I]. TI:!;; 
13.7116 
I). 7 I:!? 
111 . 7 1 1 
1) . 7 1 :3 
0.71:; 
11 . 7 1 :3 
11 . 72 0 
I). 722 
I). 725 
0, 727 
1). 729 
0 . ~ 3 1  
1). 733 
~ j .  735 
I). 733 
I). 741) 
I). 742 
0.741 
11.748 
1). 74:3 
11. 75 11 
13. 752 
0.734 
13 , 75:; 
11.757 
11.739 
I1.761 
I) . 7:; 3 
0.763 
I). 75: 
l).;"jb 
0.70 
11.72 
11.74 
0.75 
0 . 7  
11. Tf? 
0.7:30 
I]. 732 
0. ;%a 
1). 735 
0. f:j7 
0.7:3e 
I!. 7?0 
111 , T? 1 
I) . ;?:> 
I). 794 
I:I . 796 
I) . T9?7 
0, 7'5'3 
111 . :3 0 1) 
I). :> 0 1 
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TABLE E.2 
A1 pha Values versus P P 1  

23 .  Calculate the tern: 

Then calculate for each o f  the 5 cases o f  TABLE E.2 the term: 

1 . 3 0 P P 1  0 . 7 0 P P 1  

Test2 = [ ( 4 )  ( a l l )  (k;,,) ( T H E T A ~ ) I / C (  a 1 5 ) 2 (  a l 2 )  ( W B ) ]  

----------+----------+--------+--+----------+----------+---------- I ' 0 . 8 5 P P 1  1 P P l  / 1 . 1 5 P P l  

where 
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WB i s  t h e  wheel base, and 

k2 i s t h e  r a d i  us o f  g y r a t i o n  i n  yaw squared. 
gY 

If, i n  any of t h e  5 cases, Tes t1  i s  l e s s  t han  Tes t  2 ,  an assumption 
i s  made t h a t  t h e  speed o f  t h e  v e h i c l e  t o  be es t imated  i n  t h a t  c a s e  
w i l l  be t o o  smal l  f o r  t h e  v e h i c l e  t o  b e  a b l e  t o  move f r o m  t h e  
s e p a r a t i o n  t o  t h e  end-of-skid p o i n t  and p reserve  e n o u g h  s p e e d  t o  
y e t  move t o  t h e  r e s t  po in t .  I f  a l l  5 cases produce va lues  o f  T e s t  
1 l e s s  t h a n  Tes t  2, i t i s  r e q u i r e d  t h a t  t h e  p r o g r a m  b e  a b o r t e d  
here. I f  four  o r  l e s s  cases have Tes t  1 l e s s  than  T e s t  2 ,  t h o s e  
cases a r e  dropped and c a l c u l a t i o n s  cont inue.  

24. F o r  each case ( o f  t h e  5 )  w h i c h  s u r v i v e s  t h e , l a s t  s t e p , .  t h e  
f o l l o w i n g  equat ions  w i l l  be so l ved  f o r  va lues  of Ssep a n d  Y s e p  
which a r e  t h e  va lues o f  1  i n e a r  and angu la r  speed o f  t h e  v e h i c l  e  a t  
sepa ra t i on .  The equat ions t o  be so l ved  a r e  t h e  f o l l o w i n g :  

I f  ADPSI l e s s  t han  0.08 

Y s e p  = 0 

2 2  Templ = 4 s f  n 2 ( ~ ~ ~ S 1 - ~ ~ 1 1 0 )  + (THETAl) cos (GAMSI-PSI10) 

'sep = d(772.8)  (MU) (51) (Templ) + SID' = 

1.f ADPSI g r e a t e r  than  0.08 

2 Templ = ( a 1 4 )  (kgy) (ADPSI) ( 1  - THETA1 ( a 13/ a 14)  ) = 

Temp2 = ( W B ) ( a l 2 )  - - 

Temp3 = (S1 ) (  a 1 5 ) / ( 2  a l l )  

DDDD = (Templ/TempZ) + Temp3 = 

BBBB = (S ID )  (ADPS I ) /DDDD - - 
CCCC = ( a l l ) (  ~ ~ ~ ) ( M u ) ( G ) ( A D P s I ) ~ / ~ D D D D  = 

Temp4 = ( a 11) (MU) ( G )  (DPSI)/2 y s e p  = 

Temp5 = C I Y sep I (kiy) ( 1  - (THETAl) ( 13)  )]/ 14 = 

25. Each case passed t h rough  s tep  24 has produced a  v a l u e  o f  y s e p  a n d  
a  v a l  ue o f  S sep and was d e r i v e d  f r om t h e  use o f  a  v a l  ue o f  PP. The 
va lue  P P  was an abso lu te  va lue  o f  t h e  e s t i m a t e d  r a t i o  of t h e  1 i near  
t o  angu la r  speeds a t  separa t ion .  CRASH2 uses a  l o g i c  which s a y s - -  
t h e  c l o s e r  a  r e s u l t  comes t o  an es t ima te ,  t h e  b e t t e r  i t  i s .  T h u s  



we calculate for each case a 

and identify the case with the least  absolute value o f  B and use 
the  results from t h a t  case. At th is  point the ve loc i ty  s t a t e  o f  
the vehicle at  separation i s  known. 

Velocity 
UFrection , 
Rad . 

Linear 

- isep =- Angular speed, rad. 

* Y  
0 

$. 
Figure 

26-50 Repeat steps 1-25 for  Veh #2. 

51. Collecting a l l  information entered by the user under prompt i n g  by 
QUIZ, plus tables of data, and using the procedures of S T A R T 2  a n d  
SPIN2, we know the position and velocity s ta te  of each v e h i c l e  a t  
separation as well as future trajectory data. 
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JUL s : 1986, 

XCRl 
XCll 
YCl 1 
psIll+~Q 0 

/ 
/ 

I 

Skidding path length S1 = 

Similar data is 
known f o r  Veh # 2 .  

\ Highway Safety 1 1 R ~ & ~ I I I  institute 
__e 

See the note in t ex t  r e l a t ive  t o  possible 
adjustment o f  the value o f  GAMS l  
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