
1 . I NTRODUCT I ON 

APPL I CATI ON OF T HE ACC I DENT S IMULAT ION 

PROGRAMS CRASH AND SMAC 

H .  Loeck , U .  Seiffert , Research and Dev e l o pmen t 
Vo l kswagenwerk AG 

Acc i dent anal ysis i s  an important tool for a utomobi l e  enqi neers to 
e va l ute the behaviour of vehic l e  compon ents whic h are buil t fo r min i mi z i ng 
accident c on sequences . The knowl e dge about the accidents sequence ,  the physic s 
of i mpac t ,  6, V  and accel eration l e ve l s  are important parameters for anal ysing an 
acci dent . The computer programs Crash  and Smac were tested taki n g  i n to 
con s i deration t he i r  v a l ue and appl i cabi l i ty for the deve l o pmen t en9ineer i n  the 
fol l owing f i el d s :  

- Differences between simu l a tion , rea l accidents and tests 
- Di fferences between res u l ts of a simu l ation and physic a l  c a l c u l a tion s 

and sen setivity of the Smac-C a l c u l ation procedure . 

T his  ana l y s i s is  performed with the most frequent and common acc i dent 
types . 
The achieved data are ba sed on n umerus tes t res u l t s  and Sma c - run s .  

2 .  DESCR I PT I ON O F  ACCI DENT RECONSTRUCT I O N  PROGRAMS 

2 . 1  Accident Rec onstruction Program Crash 

We a s s ume that the c ra s h  program is  wel l known to this a uditorium. The 
crash  program i s  fed w i th accident input data , such  as a s s umed i mpact 
coordina tes , rest coordina tes and damage da ta , wh ich  generate the output data­
l i st ,  s hown on ta b l e  1 .  

Tab 1 e ilo . 1 

Vehic l e  1 Veh i c l e  2 

Speed Change ( Traj on l y )  2 1 . 2  mph 1 0 , 5  mph 

Col l i sion Force An g l e  - 9 . 0  Deq 8 1 . 0 Deq 

Speed Change ( Damage on ly ) 28 . 0  mph 1 3 , 7  mph 

Co l l ision Force An g l e  - 1 2  Deg 70 Deg 

Impact Speed 54 , 5  mph - 2 , 3 mph 

Energy Di s sipated by Damage 84094  , 3  FT -LB 38 334 . 3  FT-LB 

Speed A l on g  L i n e  Throu CGS 54 , 3  mph - 1 .  3 mph 

Speed orthog . to C . G .  l i ne 3 4 , 8  mph 2 . 0  mph 

C l o s ing  Vel ocity 53 , 0  mph 
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Those output data are parts of the i n put -data for the subsequent Smac­
runs . The exac ter the i nput - i n fo rma t i on i s ,  the prec i ser a re the generated 
output-da ta . 

2 . 2 Desc r i pt i on of Smac 

Smac i s  a " s i mu l a t i on "  type of computer program w h i c h  gen erates a t ime­
h i  story form of  respon s e  predi c t i on and  a corres pon d i n g  body of " ev i dence "  
( i  .e . ,  rest pos i t i on s , damage a n d  t i re marks a n d  tracks ) i n  the same manner a s  
an exp l o ratory phys i c a l  experimen t .  Appl i c a t i on s  fol l ow an i tera t i ve procedure 
i n  wh ich  s ucces s i ve runs a re performed , w i th adjus tmen ts of s peeds and  
dri ver con trol i n puts , unt i l  an acceptabl e  overa l l  ma tc h of the ava i l abl e  rea l 
evi dence i n  a g i ven case i s  obta i ned . 

The Smac computer program con s i sts  of a s et of equat ions  and assoc i a ted 
s o l ut i on l o g i c  defi n i ng the behavi ou r  of a two-body phys i c a l  sy s tem , wh ich  are 
programmed for s i mul taneous s tep-by-step sol u t i on s  on a d i g i ta l  computer 
throughout a sel ec ted i n terva l of t i me .  The equa t i on s  def i n e  the ba l ance of 
appl i ed and  i nert i a l  forces and momen ts ac t i n g  on each of the two veh i c l es 
during  both co l l i s i on contacts between the veh i c l es and the separate trajec ­
tori es that precede a n d  fol l ow a col l i s i on . They are ba sed o n  fundamen ta l 
phys i c a l  l aws ( i  . e . , Newton i a n  dynami c s  of r i g i d  bod i es ) and  on emp i ri c a l  re­
l at i on s h i ps f i tted to mea sured experi menta l data , such as the l oad-def l ec t i on 
c haracteri st ics  of automobi l e  structures and the force-genera t i n g  properti e s  of 
t i res . 

An optional  computer g raph i c s  d i sp l ay of pred icted res u l ts serves to ea se the 
task of maki ng compari sons of pred i cted and  measu red evi denc e .  

2 . 3  Examp l e  for Ap pl icat ion o f  the Sma c -Program 

For better u nderstand i ng an acc i den t  reconstruct i on w i t h  " Smac "  i s  shown 
i n  fi gure No . 1 .  1 1 
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I n  order to be a b l e to compare the res u l ts of a s i mu l a t i on with  a rea l -wor ld­
test , a l a tera l col l i s i on of a Rabbi t ( the US- vers i on of  the Go l f )  and  a 
thunder-b i rd was performed . The ba s i c  prob l em of each acc i den t recon structi on i s  
the poor knowl edge of the i mpact vector and  the impact  coordinates . I n  order to 
f i nd  out the a bi l i ty of such a s i mu l at ion program w i th known - pre-cra s h  data , 
we s i mu l a ted the a bove ment ion ed l a tera l c o l l i s i on .  It took u s  some ten runs 
un t i l  we achi eved a certa in  s i mu l a r i ty between the res u l t s  of the rea l test and 
the comp uter s i mu l a t ion . These resu l ts are s hown in p i cture No . 1 .  The � V of 
the stri k i n g  Rabb i t  i s  c a l c u l a ted approx i ma te l y  1 0  % h i ghe r than the mea s ured 
A V i n  the rea l  test.  

I f  the s tart i n g  parameters are unknown , severa l i terat i on steps have to be 
performed unt i l  a s i m u l a r i ty of c a l c u l ated and rea l  worl d test res u l t s i s  
ach i eved . When the i teration steps l ed to the same results a l ready found on 
the acc i dent-s i te ,  i t  can  be conc l uded that thi s acci dent happend a s  a s sumed .  
We a re now g o i n g  to  hea r more about the app l i ca t i on of  the computer programs 
compa r i n g  the res u l ts w i th those of c ra s h  tests conducted in  our Wol fsburg 
prov ing  ground . A better knowl edge of the impact conf i gurat ion than ach i eved 
i n  those tests cannot be expected i n  rea l wor l d  acci dents . Al though a l l  i nput 
pa rameters were known from the prev i ous tes ts , we st i l l  got s i mu l a t i on re­
s u l ts , d i ffe r i n g  s l i ght ly  from the test-res u l ts .  Th i s c l ea r l y  i nd i cates the 
1 i m i tati on s  of " Smac" and "Cra s h " . 

3 .  Fron ta l Col l i s i on Vehi c l e-Veh i c l e  

3 . 1  Conducted Test 

Acc ordi n g  to Tab l e  2 ,  two veh i c l e s  were c ra s he d .  The tab l e  s hows the most 
i mportant test parameters . 

Tab l e  No . 2 

Ma s s es ( k g ) 

i mpact ( mph ) 
s peed 

s tructura l ( KN )  
s ti ffness  (m) 

6. V  ( mph ) 

crush  (mm) 

6.. V rat i o  

ma s s  ratio  

Col l i s i on Tes t  Vehi c l e-Ve h i c l e  

V 1  
V2 

V 1  
V 2  

V 1  
V2 

V 1  
V2 

V 1  
V2 

Te st  

1 1 72 
1 1 50 

32 ' 1  
3 1  '4  

882 , 9  
882 , 9  

34 , 5  
33 , 6  

500  
500  

1 , 0 26 

1 , 0 1 9 

S i mu l a t i on 
1 2 3 

1 1  72  1 6 56 i 20 1  2 ' 5  
1 1  5 0  1 1  5 0  1 1 1  50 

1 

32 ' 1  32 1 32 
3 1  5 32 : 32 ' 1 1 

877 , 5 , 444 , � 444 , 3  
877 , 51 444 ,

� 
444 , 3  

37 , 2 1 43 , 3  ! 46 , 3  
3 7  ' 9  30 ' 1  : 26 ' 7  ' ! 

5 1 8 ,2 1 5 22  j 522 
5 1 8 ,2j 522  : 522  

i l 0 ,89  1 1 ,43 1 1 ' 735 
1 

1 , 0 1 91 1 , 44 : 1 , 75  1 • 
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3 . 2  Sma c - s imul at i on - res u l ts 

Smac -res u l ts of a fron ta l c rash  s i mu l a t i on are s hown i n  co l umn " S i mu l a t i o n  1 "  on 
tab l e  2 .  The A Vs d i ffers on l y  by some 1 0  % .  As fo l l ows the i nf l uence of var i ­
a t i on s  of s t i ffn ess  and ma sses  i s  demon s trated . 

a (g) 

50 

40 

30 

20 

10 

Figure No. 2 

Frontal Collision - Vehicle- Vehicle 

Acceleration during Crash 

AKV 1 770 k N / m  A K V  = Strukture S t iffness 
AKV 2 660 k N / m  

AKV 3  550 k N /m 
AKV 4 L. L. O  k N / m  

AAV S 3 3 0  k N / m  

AKV S 

0.24 0,25 026 0,27 028 0.29 o. � 0,31 0.32 0,33 
Time -

3 . 2 . 1  I n f l uence of Vehi c l e  s tructura l s ti ffne s s  

The i nf l uence o f  a n  a s sumed l i near s tructu ra l  s t i ffness  upon the l evel  o f  acce­
l e ra t i on and  the D. Vs  wa s s i mu l a ted . The s tructura l st i ffn es ses were var i ed bet­
ween 330 KN/m and 770  KN/m.  Depen d i n g  upon thi s ,  the � Vs i nc rea sed from 30 , 5  mph 
to 36 ,4  mph , because  Smac generated coeff i c i en t  of Resti tut i on i s  a func t i on of 
s tructure s t i ffnes s .  The c l o s i n g  v e l oc i ty wa s 32 mph . I t  i s  obv i ou s  that the res t 
pos i t i o n s  of the cars  desc r i bed by the d i stance of the Cen ters of Gra p h i ty a fter 
the c ra s h  w i l l  i n c rea s e .  At a s tructura l s t i ffn es s of 330 KN/m the d i stance of 
9 , 4  ft a fter c rash  i nc reases  to 1 3 , 6  ft at  a s t i ffnes s of 770  KN/m. 

The va r i a t i on of s t i ffnesses  have the most o bv i ou s  effect on the acce l era t i on 
curve du r i n g  the i mpac t-pha s e .  Thi s i nf l uence i s  c l ear ly  demon strated on p i c ture 
No . 2 showing the va r i a t i on s  of the acc e l e ra t i on l evel s between 2 5  and 40 g .  

3 . 2 . 2  I nf l uence of the Ma s s  Ra t i o  

I f  a l l  o ther parameters but the ma s s - ra t i o  a re kept con s tant , we obta i n  the re­
s u l ts of co l umn " Si m u l a t i on 2 ,  3" i n  tab l e  No . 2 .  In th i s  s i mu l a t i on the struc­
tural  s t i ffness wa s a s s umed w i th 440 ,0 KN/m and the c l o s i n g  ve l oc i ty wa s cho­
s en w i th 32 mph . The va r i a t i on s  o f  ma s s - ra t i os res u l t  i n  d i fferent �V -des tr i ­
but i on s  on both veh i c l es , j us t  a s  the res u l t  wa s expec ted from the 
rea l Phy s i cs of Impact .  
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3 . 3 . 1  Spec i a l  Case of Fron ta l Co l l i s i on s  

Vehi c l e  Cra s h  aga i n s t  r i g i d  Bar r i er 

Tes t  Conduct ion  

A fron ta l col l i s i on tes t  a ga i n s t  a r i g i d  barri er ( acc ord i n g  to SAE J 850 ) wa s 
conduc ted . A l l i mportant parameters are s hown i n  l e f t  co l umn of tab le  No . 3 .  

Tab le  No . 3 R i g i d  barri  er c ra s h  test 

Test  S i mu l a t i on 

Mas ses ( k g )  1 1 64 1 1 6 4  

Impact s peed (mph ) 2 9 , 98 30 ,0  

Structura l ( KN ) 884 , 9  884 , 9  s t i ffnes s (m) 
C . O . R .  ( 'n 1 5 1 4 , 5 

A V  (mph ) 34 ,68  37 ,2  

Crus  h (mm )  480 455  

3 . 3 . 2  Fron tal Col l i s i on -Simu l a t i on w i th Smac 

Before the computer s i mu l a t i on cou l d  be performed , the fol l owing  phys i ca l  
bas i c  data had t o  be c a l c u l a ted from tes t  res u l t s .  

a )  Coeff i c i ent  of res t i tution  ( C . O . R . )  by the ra t i o  

m 1 00 E = V Rebound 

V Impact 

t ( o; ) = V Rebound  . 1 00 

V Impact 
= 2 ' 1 s . 

1 3  4 � 
= 1 5  ,6  % 

' s 

b ) St ructura l s t i ffness  by d i fference of the k i net i c  energy , pre- and post­
e ra s h .  

Ek . - Ek i n  
= Edef = 1 0 1 936 , 1 2 Nm i n , 2 

Edef 
= J Kds 

As s umpt i o n :  K = D S 

Ed ef 
= f D . sds  = D f sds  = o -Z:-

K D = 5 = con s t .  

S = Crush  
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2 E = 2 . 1 0 1 936 , 1 2  Nm = D = def 
$2 0 ,482 m2 

884 862  ii. 
m 

Ca l cu l ated from thes e test cond i t i o n s  the program va r i a b l e s  for the Smac I nput 
Fi l e  can be genera ted . 

To a )  Program Va r i a b l e  for Smac C . O . R .  I n put : 

C = Co - c 1 Ö + c2 Ö 2 6 = crush  

The  coeff i c i ents Co , C 1 , C2 generate the C . O . R .  ( c ) as  a func t i on of  veh i c l e  
crus h a s  demon strated i n  Fi gure No . 4 .  
Fo r t he above S i mu l a t i on , the i n put parameters Co , C 1 , c2 were chosen i n  such a 
way , that you get a structure beha v i o r ,  desc r i bed by c 5 i n  Fi gu re No . 4 .  
Acc o rd i ng l y  you w i l l  ge t w i th a c ru s h  of 455  mm ( 1 7 , 9  i n ) a Coeffi c i en t  of Re s ­
t i tu t i on of 1 4 ,5 % .  

As s i gned C .  0 .  R .  , E s = 1 4  , 5  % mac 

To b )  Program Va r i a b l e  for Smac S t i ffness  Input i s  AKV w h i c h  i s  def i ned a s  
1 bs 

i nc h  crus h '  i nc h  vehi c l e  w i dth 

Tha t mea ns AKV = O · 2 • 2 046 

veh .  wi dth . 39 , 37  
= 7 9 , 66 ( l b s )  

( i n  2 ) 

T he above d i scus sed i n put parameters for Smac S i mu l a t i on of a r i g i d  barr ier  
test l ed to  the res u l ts s hown i n  the r i qht c o l umn of  tab l e  N o .  3 .  

P l otted resu l t s  of the Smac run are demon s tra ted i n  F i gure No . 3 .  T he r i gi d  
barri er i s  marked a s  V 2 ,  There i s  a rel a t i v  h i gh d i fference i n  A.V be tween 
S i mu l a t i on and tes t .  The i n  p i c ture No . 4 men t i oned func t i on of coeff i c i ent  of 
resti tut i on and crush  seems to l i m i t  the f i del i ty of the program a s  on l y  l i nea r 
c haracte r i s t i c s  can  be computed . Non l i near c ha racter i st i c s  cannot be computed 
w i th the presen t  ava i l ab l e  p rogram. The base  for a l l c a l c u l a t i on s  i s  the fol l o­
w i ng a s s umpti on : L i near cha racteri s t i c s  between force and c ru s h  of the structure 
and t he returned energy wi thout  hy s teres i s .  P i c ture  No . 5 s hows th i s  re l a t i on s , 
w h i c h  i s  ta ken from the man u a l  of ou r ava i l ab l e  Smac - program. 
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Figure No. 5 

Assl.l'lled Form of Load -Deflection 

Charocteristic for Loading end Un -
loading 
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The coeffic i ent  of resti tut i on obv i ousel y i nf l uences the rest po s i ti o n s  of 
t he computer s i mu l at i on s ,  because  i t  i s  a pa ramete r for the rebound energy . 
As s uming  the t i res are b l ocked duri ng the rebound pha se  ( s n a gg i n g  w i th the 
body ) the rest pos i ti on s  s hown on p i cture No . 6 w i l l  be gen erated. I t  i s  
obvious , that w i th a n  i ncreas e  of e l as t i c i ty up to 26 % the rebound d i s tance 
and 6. V  wi l l  i nc rease accord i n g l y  ( l ock  at  rest pos i t i on No.  7 in p i c ture 
No . 6 ) .  
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4 .  Lateral Col l i s i on 

4 .  1 

A l a tera l co l l i s i on wa s performed w i th a head ing  a n g l e  of 90 degree i n to the 
s i de of a s tati onary vehi c l e .  The acci dent pa rameters of the tes t are gi ven 
in ta b l e  No . 4 ( l eft col umn ) .  

Tab l e  No . 4 Latera l Col l i s i on 

Tes t  S i mu l a t i on 

mas s es ( kg ) V 1  870  870 ,39 

V2 1 020  1 020 , 42 

i mpact V 1  26 ,4  2 5 , 5  

s peed (mph ) V2 0 , 0 0 , 0  

6, V (mph ) V l  1 5 ,4 1 7 , 5 

V2 1 4 , 7  1 3 , 4  

Crus h (mm ) V 1  80 1 4 5  

V2 260 337 

C . O . R .  ( �0 4 , 24  1 1  

4 . 2  Resu l t s  of Acc i den t Recon s truct ion 

P i c ture No . 7 s hows the res u l t s  of the s i mu l at i on compa r i n g  the resu l ts from 
test w i th the computer s i mu l a t i on resu l t s . The rest po s i t i on s  i n  the s i mu­
l a t i on were in a rel at i ve good f i del i ty w i th the tes t .  P i c ture No . 7 a l so 
s hows the !::,, Vs of both veh i c l e s .  Al so there i s  a good fidel i ty a s  far a s  
geometri ca l  rest po s i t i on s  are concerned the d i fferences o f  the L::::,,. V however 
are rathe r h i gh up to 1 3  % .  Spec i a l l y  i n  the case  of a l a tera l crash  the 
fri c t i on coeffi c i ent  between t i res and road ha s a great inf l uence upon the 
angu l ar ve loc i t i es after c rash . Th i s  i n f l uence i s  d emon stra ted in p icture No . 8 .  
The pi c ture s hows the rest pos i tion s o f  6 computer runs ( pos i t i on s  a - f )  
wh ich  are genera ted by vary i n g  t he coeff i c i ent  o f  fri c t i on from 0 . 4  to 0 . 8  
o n  the l eft s i de o f  the boundry ( front wheel s o f  s truck car ) .  On the ri ght 
s i de of t he boundry there i s  an a s sumed con s tant coeff i c i e n t  of 0 . 8 .  The 
res u l t s  in p i c ture No . 8 are sel f expl anatory . 
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Figure No. 7 
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5 .  Rear End Col l i s i on 

5 .  1 Conducted Tes t  o f  a Rear End Col l i s i on 

A rear end-col l i s i on of a mova b l e  r i g i d  barri er w i t h  a ma s s  of 4000 l bs ,  
accord ing  to SAE J 850 and a veh i c l e  w i th a ma s s  of 247 5 , 8  l bs wa s performed . 

The res u l t s  of test  and s i mu l a t i on are demon s trated i n  Tab l e  No . 5 .  

Tab l e  No . 5 Rear end co l l i s i on 

Te s t  S i mu l a t i on 

mas s es ( kg ) V 1  1 8 1 4 , 4  1 8 1 4 , 4  
V2 1 1 23 1 1 2 3  

i mpac t  V 1  3 1  , 32 3 1  , 2  
s peed (mph ) V2 0 , 0 0 , 0 

!;;. V (mph ) V 1  1 3 , 4 1 4 , 9 
V2 2 1  , 0 2 3 , 0  

Cru s h  (mm) V2 5 1 0  500 

C . O . R .  ( % ) V2 1 0  1 2 . 6  

5 . 2  Resu l t s  o f  S i m u l a t i on 

P i c ture No . 9 s hows the resu l t s  of s i mu l at i on w i th Smac . W i th an a s sumed 
s tructure s t i ffn e s s  of 40 l bs / i n 2  ( 444 ,3 KN/m ) for the struck vehi c l e  a 
rel a t i v e l y  good f i de l i ty w i l l  be generated , a s  far a s  the res i dual c ru s h  
and the 6..Vs are concerned . 
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6 .  Appl i cat i on of Subrout ine Snag 

The Snag-func t i on serves the purpose  to s i mu l a te i n homoge n i o u s  structure 
c ha rcter i s ti c s .  Thi s subroutine  i s  u s ed to s imu l a te st iff  s truc ture po ints , 
wh i c h  cause snagging  between two co l l i d i n g  v eh i c l e s  or i mpacts between veh i c l e s  
and na rrow r i g i d  obstac l e s .  

Duri ng  s i de- i mpacts , for examp l e , a t  a n g l e s  d i fferen t from 90 degree fr ict ion 
fo rces a re cont i nous l y  vary i n g  beca u s e  of d i fferen t s t i ffnesses of the 
enga g i n g  components . Thos e  fr ict i on -changes are s i mu l a ted by the Snag-sub­
rout i n e  by pennitt i n g  to  i n put arbi trary forces  a t  an arbi tra ry t i me for an 
arbi trary d urati on at a n  arb itrary structure-po i n t .  The forc e  i s  defi ned a s  
a defl ecti on-dependent l inear s pr inq  w i th a constant i ncrea s e .  Thi s force i s  
l i mi ted by a c ho sen def l ecti on . Th i s  so  defi ned force  acts unt i l  a b i t ra ry ti me­
dura t ion i s  exceeded , then i t  d rops to zero . P i cture No . 1 0  s hows an app l i ca t i on 
of the Sn ag  funct i on . The three res t-pos i t ions  4 ,  8 and 1 6  are the p l otted 
resu lts  of three Smac-runs  w i th d i fferent Sna g - i n put-pa rameters . T he res u l t s  
c l early i n d i ca te that a n  i ncrea s i n g  Snag -force  causes  l arger rota t i on o f  the 
vehi c l e s .  Thi s effec t can c l ear ly  be obs erved i n  p i c ture No . 1 0  by compa r i n g  the 
res t  pos i ti on s  of vehi c l e  No . 2 .  

-
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I n  o rder to get a prec i se s imu l a t i on i t  i s  ext remel y  i mportan t  to have bes i des  
t he pre-cra s h-conf i gurat ion , a n ext to comp l ete know l e dge a bout the col l i d i n g  
v e h i c l e s , s uc h  a s  overa l  1 structure-sti ffn e s s  charac teristics and  res i dua l 
crus h l ayers of both impact partn ers . I n  m u l t i b l e  acci den ts ( p r i ma ry and 
s econda ry veh i c l e  co l l i s i on s ) ,  such  as run-off-road acc i den ts  w i th subsequent 
i mpact aga i nst  another obstac l e ,  the d i ff i c u l t i es for recon struct i n g  i n c rease  
remarkab ly . I n  " nonna l , s i mpl e "  acc i dents , such as  front-en d ,  rear-en d ,  or 
s i de- impacts , the Smac-Cra s h - s i mu l a t i on s  a l l ow the operator to pred i ct �Vs  
w i th a f i del i ty of  some ± 1 5  % .  Fo r a l l  acc i den t s , more compl i cated than the 
standa rd l i ke SAE-conf i gura t i on s ,  the reconstruc t i on w i th Smac w i l l become 
l e s s  exac t ,  to a certa i n  degree . T h i s same l i mi ta t i on i s  va l i d  too , if a 
recon s truct i on i s  done by us i n g  c onvent i on a l  phy s i c a l  methods (momentum ) .  
Therefor , the app l i ca t i on of Smac and  Crash  computer-programs , w i l l  a l ways 
l ead to a more rel i a b l e  res u l t  than a pure subj ect i v e  statement w i th the 
l i m i ta ti on s  menti oned a bove , obta i n ed i n  a vehi c l e- i n s pect i on and testimon i us 
of occupant of w i tnesses . 
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