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ABSTRACT 

Crashworthiness engineering has always been a high 
p r i o r i t y at Lawrence Livermore National Laboratory 
because of i t s ro le in the safe t ransport of 
radioact ive mater ia l for the nuclear power industry and 
m i l i t a r y . As a r e s u l t , the authors have developed an 
in tegra ted , i n t e r a c t i v e set of f i n i t e element programs 
for crashworthiness analys is . 

The heart of the system is DYNA30, an e x p l i c i t , 
f u l l y v e c t o r i z e d , large deformation s t r u c t u r a l dynamics 
code. DYNA3D has the fa l lowing four c a p a b i l i t i e s that 
•are c r i t i c a l for the e f f i c i e n t and accurate analysis of 
crashes: 1) f u l l y nonlinear s o l i d , s h e l l , and beam 
elements for represent ing a s t r uc tu re , 2) a broad range 
of c o n s t i t u t i v e models for representing the ma te r i a l s , 
3) sophis t icated contact algorithms for the impact 
i n te rac t i ons , and 4) a r i g i d body c a p a b i l i t y to 
represent the bodies away from the impact zones at a 
great ly reduced cost without s a c r i f i c i n g any accuracy 
in the momentum c a l c u l a t i o n s . 

To generate the large and complex data f i l e s fo r 
DYNA3D, INGRID, a general purpose mesh generator , is 
used. I t runs on everything from IBM PCs to CRAYS, and 
can generate 1000 nodes/minute on a PC. With i t s 
e f f i c i e n t hidden l i n e algorithms and many opt ions for 
speci fy ing geometry, INGftID also doubles as a geometric 
model ler. 

TAURUS, an i n t e r a c t i v e post processor is used to 
display UYHA30 ou tpu t . In addi t ion to the standard 
monochrome hidden l i n e d isp lay , time h i s to ry p l o t t i n g , 
and con tour ing , TAURUS generates i n t e r a c t i v e co lo r 
displays on 8 co lo r video screens by p l o t t i n g co lo r 
bands superimposed on the mesh which i nd i ca te the value 
of the s ta te v a r i a b l e s . For higher qua l i t y co lo r 
output , graphic output f i l e s may be sent to the 0IC0HED 
f i l m recorders. We have found that co lor i s every b i t 
as important as hidden l i ne removal i n a id ing the 
analyst in understanding his r e s u l t s . 

In t n i s paper, the basic methodologies of the 

imrrm 

programs are presented along with several 
crashworthiness ca l cu l a t i ons . 

INTRODUCTION 

The greatest, d i f f i c u l t y in designing f o r 
crashworthiness is evaluat ing a proposed des ign . 
Experiments are the u l t imate in accuracy, but they are 
also the u l t ima te in cos t , and a n a l y t i c a l so lu t ions are 
nonex is tent . Computer simulat ion is a necess i ty . 

Computer hardware has been and cont inues to be the 
primary l i m i t a t i o n on the size and soph i s t i ca t i on of 
computer s imu la t i ons . Early software used r i g i d bodies 
and p l a s t i c n inges, an approach tha' is worthless for 
shel l s t r u c t u r e s . Later programs incorporated f i n i t e 
elements but the elements locked, the crash was treated 
as a quasi s t a t i c event, and the crude contact 
algori thms f requent ly allowed a s t r uc tu re to pass 
through i t s e l f as i t buckled. Only w i t h the advent of 
supercomputers have programs been developed that are 
soph is t ica ted enough to accurately model tne 
complicated phenomena involved in a c r a s h . 

One of the f i r s t f i n i t e element programs to take • 
f u l l advantage of vector processes, such as the CRAY-1, 
is DYNA3D ( 1 ) , a completely vector ized program that 
uses expl i c T t in tegra t ion to solve th ree-d imens iona l , 
i n e l a s t i c , large deformation s t r uc tu ra l dynamics 
problems. Developed by John H a l l q u i s t , i t was f i r s t 
released in 1976 and has undergone con t inua l develop­
ment ever s ince . On a f u l l y conf igured CRAY XMP-48, 
DYNA3D can handle nearly a quarter of a m i l l i r j n 
elements in core at a rate of two m i l l i o n element 
cycles per minute, a f igure that w i l l jump to almost 
e ight m i l l i o n once CRAY del ivers i t s m u l t i - t a s k i n g 
sof tware. 

For a complicated crash s imu la t ion , the amount or 
data required describe the problem to DYNA3D is 
enormous, and the amount of output i s much, mucn 
g rea te r . I n t e r a c t i v e pre- and post-processors wi th 
co lo r and hidden l i n e graphics are a necess i ty . INGRI0 
(^_), developed by Doug S t i l lman , generates our DYNA3D 
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meshes, and i t i s soph is t ica ted enough to be used as a 
geometric model ler. For p l o t t i n g time h i s to r i es and 
d isp lay ing the deformed s t ruc tu res , we use TAURUS (_3J, 
o r i g i n a l l y developed by Bruce Brown. 

These three in tegrated programs * DYNA3&, INGRID, 
and TAURUS - are the primary analysis too ls used at 
Lawrence Livermore National Laboratory for 
crashworthiness .design in both the weapons and nuclear 
power programs. In the fo l lowing sect ions, an overview 
of the methods, c a p a b i l i t i e s - ;nd appl icat ions of these 
programs is g iven. 

DYNA3D 

A complete development of the theoret ica l and 
computational methods of DYNA3D is too long for a 
s ingle paper; the in te res ted reader can get the basics 
from the now dated Theoret ica l Manual (4 ) , and the f i n e 
points from the appropr iate references "["5-10)• Our 
emphasis, a f te r a few paragraphs to establ ish n o t a t i o n , 
is on the features in the program that are of 
pa r t i cu la r in te res t in crashwortniness design. 

Our viewpoint is s t r i c t l y lagrangian. Mater ia l 
points are i d e n t i f i e d by t he i r i n i t i a l l oca t i on , _X_, i n 
the undefnrmed body. The current posi t ion of a p o i n t , 
_xJ_X_»0, is a funct ion of time and i t s i n i t i a l l o c a t i o n . 

The pr inc ipa l of v i r t u a l work is the foundation of 
the displacement f i n i t e element method. I t is eas i l y 
derived from, the weak form of Cauchy's f i r s t law of 
motion by applying the divergence theorem. 

/ 0Xj5x.dll * / a fix dn 
a a J , J 
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where 

DYNA30 has isoparametr ic e ight node br ick elements, 
four node shel l elements and two node beam elements. 
The i n t e r p o l a t i o n methods for the shel l and beam 
elements (jj_) are more complicated than Eq. (2) because 
of t he i r ro ta t i ona l degrees of freedom. M l of the 
elements are formulated to handle la rge , nonl inear 
deformations. He use only l i nea r I n t e r p o l a t i o n becau'.-
our experience ind ica tes that higher order elements are 
simply not computat ional ly c o s t - e f f e c t i v e fo r f i n i t e 
deformation analyses. 

Subs t i tu t i on of Eq. (2) in to Eq. (1) gives a set of 
simultaneous equations f o r the acce le ra t ions . The 
superscr ipt n re fe rs to the n-th i n teg ra t i on time s tep. 

(3) u i s j " a j 

where 

M a i 8 j 1 s t t l e ™ a s s m a t r i x -

We use a d iagona l , lumped mass matr ix in DYNA30, 
which makes so lv ing fo r the accelerat ions in £q . (3 ) 
t r i v i a l , A lumped mass matrix also leads to more 
accurate answers in many s i t u a t i o n s , espec ia l l y thcs 
invo lv ing shock waves. 

The v e l o c i t i e s and displacements are ca l cu la ted 
using cent ra l d i f fe rence i n t e g r a t i o n , an e x p l i c i t 
method which is second order accurate. 

• n + V z = ; n - V z + h n ~n 
a' al al 

n+1 n . n+ V? *n+ V? 
X a i = X a i + h 2 X . i 2 

h n + V 2 s £ ( h n + l + h n } 

(4) 

(5) 

(6) 

D is the dens i ty . 

x is the displacement. 

^ i s the Cauchy s t r e s s . 

f_ is the body f o r c e . 

t_ is the surface t r a c t i o n . 

n is the domain of the body. 

" t is the sect ion of the boundary of n that has 
t rac t ions app l i ed . 

Sit is the v i r t u a l work. 

The f i n i t e element method interpolates jc_ throughout 
the body from i ts "noda l va lues. 

x i = » U . n . ? ) 0 « a 

where 

(2) 

$ is the isoparametr ic shape funct ion at node a. 

it is the displacement at node a. —o 
5,niC ^r& the isoparametr ic coordinates of a 

mater ia l point X* 

h is the i n t eg ra t i on stepsize. 

As with a l l e x p l i c i t in tegra t ion methods, tne 
centra l d i f fe rence method has a r e s t r i c t i o n on the size 
of the i n teg ra t i on s tep . The Courant c r i t e r i o n (4_) 
l im i t s the time step to one small enough tnat a sound 
wave cannot crass the th innest element in a s ing le 
s tep. Consequently, steps on the order of a 
microsecond are t y p i c a l . The extreme s i m p l i c i t y of the 
equations and the high cost of the reads and w r i t es to 
disk necessary for so lv ing the banded equations 
generated oy uncond i t iona l l y stable i n teg ra t i on methods 
(which allow large t ime steps) make e x p l i c i t codes l i k e 
UYNA3D the only p rac t i ca l approach for large 
problems. When hundreds of m i l l i ons of words of real 
memory become a v a i l a b l e , however, i m p l i c i t codes such 
as NIKE3Q (12) may be fas te r than e x p l i c i t codes. 

In addi t ion to the usual features found in 
completely nonl inear f i n i t e element programs, our 
experience ind icates that there are three add i t i ona l 
capab i l i t i es that are c r i t i c a l to crashworthiness 
ana lys is ; 1J a broad range of e f f i c i e n t l y implemented 
material models, 2) sophist icated contact a lgor i thms 
fo r the impact i n t e r a c t i o n s , and 3) a r i g i d body 
capab i l i t y to represent the bodies away from the impact 
zones at a g rea t l y reduced cost without s a c r i f i c i n g any 
accuracy in the momentum ca l cu la t i ons . 

An e x p l i c i t f i n i t e element program spends most of 
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i t s time c a l c u l a t i n g the stresses in a body in order to 
ca lcu la te the c o n t r i b u t i o n of the stress divergence to 
the r i gh t hand side of £q. ( 2 ) . Thr stresses are 
calculated from c o n s t i t u t i v e equations that are usua l ly 
expressed in a ra te form. 

hi • °ii<i) 

°jk "in 

U 7 1177 3x -) 

(7) 

(8) 

(9) 

where 

2, is the Jaumann stress ra te . 

^ is tne s t r a i n r a t e . 

• £ is the spin tensor . 

The Jaumann stress r a t e , as opposed to the simple time 
der iva t i ve of s t r e s s , i s used in Eq. (7) to account for 
tne changes in the stress caused by r i g i d ro ta t i ons of 
tne body, f o r cinematic hardening we use the 
computat ional ly more expensive Green-Naghdi stress rate 
in order to avoid the wel l known o s c i l l a t o r y behavior 
in pure snear ( 13 ) . 

The implementation of the c o n s t i t u t i v e re la t i ons is 
every n i t as important as the choice of the 
c o n s t i t u t i v e r e l a t i o n s . Equations (7) through {9) are 
evaluated l i t e r a l l y m i l l i o n s of time:; during each 
ana lys is . Tne canonical Prandtl-Reuss e l a s t o p l a s t i c i t y 
model witn i so t rop ic and kinematic hardening is a good 
example of tne d i f f i c u l t i e s associated wi th c rea t i ng an 
e f f i c i e n t implementation of a c o n s t i t u t i v e r e l a t i o n . 
In th is model, a mater ia l behaves e l a s t i c a l l y i f i t s 
stress is i n t e r i o r to the cy l i nder i ca l region described 
by i t s y i e l d su r face , * , and p l a s t i c a l l y i f the s t ress 
is an the y i e l d surface and t r y ing to get outside of 

7 ( 5 i j - ° i j ) ( S i j - ° i j ' 

°ij " 7 °tt 

y . (10) 

(U) 

£ is the dev ia to r i c stress tensor. 

^ is the back s t r e s s . 

o is the y i e l d s t r e s s . 

The values of u, a , and o are determined by 
in tegra t ing over t ime a set of highly nonl inear 
d i f f e r e n t i a l equations involv ing the s t ra in rate 
subject to the cons t ra in t that » must always be less 
than or equal to zero. Many methods have been proposed 
over the years , i nc lud ing complicated and expensive 
subincremental methods, but only the rad ia l re turn 
method (8), Hhich we use exc lus ive ly in OYNA3D, has 
proven to be e f f i c i e n t enough for large scale 
ca l cu l a t i ons . Furthermore, i t is usual ly mce accurate 
than other more expensive methods (14) . 

Crashes, by d e f i n i t i o n , involve contact between 
surfaces; any program used for crashworthiness analysis 

must have a v a r i e t y of sophist icated contact / impact 
a lgor i thms. The f i r s t involves two a r b i t r a r y sur faces, 
such as a bumper h i t t i n g a b a r r i e r , where the surfaces 
deform and undergo large r e l a t i v e d isplacements. The 
second type is s ing le surface contact which occurs when 
a surface fo lds over on to i t s e l f , e . g . , the c o n t r o l l e r 
crush s t r u c t u r a l members of a ca r . In 0YNA3D, both 
types of contact are easi ly modelled, i n c l u d i n g , 
f r i c t i o n and automatic closure and separa t i on , by using 
the penalty method ( 5 ) . Mthough Lagrange m u l t i p l i e r s 
are t h e o r e t i c a l l y a t t r a c t i v e , t h e i r performance is 
poor. When a node penetrates a sur face , a force 
propor t ional to the penetrat ion is appl ied normal to 
surface on the penetra t ing node and the reac t ion force 
is d i s t r i b u t e d to the four nodes de f i n i ng the 
appropriate surface segment. A f r i c t i o n force based on 
the normal force is also applied i f i t is requested. 

The most expensive part of contact a lgor i thms is the 
search a lgor i thm for determining the contact po in t s , 
and no t , as might f i r s t be expected, the actua l 
ca l cu la t i on of the contact fo rce . E f f i c i e n t and 
r e l i a b l e search algor i thms (5) have been developed f o r 
DYNA3D over the years; v i r t u T l l y every product ion 
analysis performed w i tn DYNA3D uses the contact / impact 
a lgor i thms, there fore any flaws in new vers ions of the 
algorithms are qu ick ly exposed and c o r r e c t e d . 

Momentum is usual ly the d r i v i ng force in crashes. 
Any moving s t r uc tu re must be .modelled in i t s e n t i r e t y , 
no matter how small the impact area, in order to assure 
the accuracy of the momentum c a l c u l a t i o n s . Away from 
the impact zones, we desire the cheapest poss ib le 
representat ion of the body that accurate ly models the 
bbdy's i n e r t i a ! proper t ies so that the cost of the 
analysis i s minimized. To that end, Uavid Benson and 
John Ha l l qu i s t implemented a r i g i d body mater ia l type 
in DYNA3D (j>_) based on the e a r l i e r t heo re t i ca l work by 
Benson for h is thes is (15) . Each f i n i t e element is 
assigned a mater ia l number in the da ta . A l l of the 
elements that share a common mater ia l number, where 
that mater ia l i s spec i f ied to be r i g i d , de f ine a r i g i d 
body. Separate r i g i d bodies wi tn d i f f e r e n t mater ia l 
numbers can also be merged to form a s ing le r i g i d 
body. In add i t i on to a l l of the standard boundary 
cond i t i ons , contact surfaces, and body forces act ing on 
the bodies, j o i n t cons t r a i n t s , such as un iversa l 
j o i n t s , are used to t i e bodies together . 

E f f i c i ency i s emphasized repeatedly in the previous 
paragraphs because dynamic crashworthiness ca l cu la t i ons 
are inherent ly the most expensive kind o f s t r u c t u r a l 
c a l c u l a t i o n s . Dynamics requires thousands to hundreds 
of thousands c f t imesteps, and the mesh must be very 
f i ne throughout the regions invo lv ing impact and 
buck l ing , a l l of which leads to. extremely la rge 
computational c o s t s . The supercomputers of today are 
marginal at best f o r sophist icated crashworthiness 
c a l c u l a t i o n s . This implies that not only must the 
algori thms be inheren t l y e f f i c i e n t , but tha t t h e i r 
actual FORTRAN implementation must be vec to r i zed so 
that a l l of a supe- computer's po ten t ia l i s r ea l i zed . 
John Ha l l qu i s t founa in 1979 that v e c t o r i z i n g 0YNA30 
achieved speed increases ranging from four to f i f t y 
over the speed of the o r i g i na l code. Vec to r i za t i on 
makes the d i f f e rence between being abl-; to run large 
problems and not ge t t ing the job done. 

INGKID 

Mesh generation is an area that has been large ly 
ignored in the f i n i t e element l i t e r a t u r e . Pick up any 
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of the popular textbooks on f i n i t e element theory and 
t ry to f ind much more than a small section on mesh 
generation methods. Most mesh generators are , 
consequently, much less sophist icated than the analys is 
software. This lack of soph is t i ca t ion lead Doug 
St i l lman to develop INGRID (2), an i n t e r a c t i v e , mesh 
generator. 

INGRIQ describes parts of a f i n i t e element model 
using several methods. The most useful method is a 
va r ia t i on on l o g i c a l l y regular mesh generation which 
has been Mgnated index progressions. The index 
progression allows the analyst to describe most 
geometries inc lud ing nodes and elements with roughly 
the same amount of input as a sol ids modeller. 
Boundary cond i t i ons , loads , and s l i de surfaces are 
located by the same index progressions. Using these 
methods most parts can be completely generated w i th 
fewer than twenty commands. 

When a l l of ."he parts of a ^odel Are generated they 
must be copied, noved, sca led, ro ta ted , d i s t o r t e d , 
mapped, or re f lec ted to put them in the i r proper 
locat ion re la t i ve to the system. Frequently the same 
copy operation must be performed on several parts so 
INGrtID permits parts to be grouped to form subsystems 
wnich can then be copied or moved. 

One of the most important advantages of INGRID is 
v i r t u a l l y any shape can be meshed without having to 
resort to wedge elements, tetrahedrons, t r i angu la r 
elements, or h ighly d i s t o r t e d quadr i la tera l and 
hexahedral elements. INGRID can, however, generate 
meshes with such elements i f they are des i red. These 
elements are known to be overly s t i f f o r , at best , to 
be simply i n a c t r a t e . Even a few wedge-shaped elements 
can ruin a cra^nworthiness analysis by being over ly 
s t i f f and tnerefore changing the buckling modes. 

INGRIO e f f i c i e n t l y generates large and complicated 
meshes becaube of extensive opt imizat ion of algor i thms 
for three-dimensional graphics, surface i n t e r s e c t i o n s , 
mapping, data manipu la t ing , and coincident node 
removal, f i ne meshes ere required for accurate 
analyses.-, we rou t ine ly generate meshes wi th t h i r t y 
thousand elements, and meshes with more than one 
hundred thousand have been generated i n t e r a c t i v e l y . 

TAURUS 

Nonlinear f i n i t e element solut ions generate such an 
overwhelming nmount of output that tabular output i s 
wo r th less . We examine the resul ts of a ca l cu la t i on by 
using TAURUS [2), an i n t e r a c t i v e graphics 
postprocessor. The program has two basic modes of 
d isplaying output: L) p l o t t i n g the deformed geometr ies, 
or 2) time h is tory p l o t s . 

Deformed geometries are p lo t ted using the hidden 
l ine software w r i t t e n by Michael Archuleta in 1973, 
which is based on Watkin's a lgor i thm. MOVIE.6YU (16 ) , 
released in 1975, incorpora ted, with improvements "By" 
Bruce Brawn, Archule ta 's sof tware, making TAURUS and 
MOVIE.BYU d is tan t r e l a t i v e s . Depending on the graphics 
device, e i ther contour l i nes or color f r inges are used 
to display any of the over one hundred element 
variables {given in Table 1) on the deformed 
geometry. In our experience, co lor f r inges are as much 
an improvement over contour l ines as hidden Mne 
removal is over wi re frame graphics. 

The time h is to ry p lo ts of the element, m a t e r i a l , 
nodal and global var iab les (Tables 1 through 4) are 

useful to analysts studying the dynamic behavior of 
s t ruc tu res . While co lo r f r i ng ing gives an overa l l view 
of the behavior of a s t r u c t u r e , at a given t ime, a time 
h is tory p lo t gives a d e t a i l e d , continuous p i c t u re of 
the important var iab les over the ent i re ana l ys i s , 
therefore the two approaches to d isp lay ing in format ion 
are complementary rather than equivalent . 

E f f i c iency is as important for TAURUS as i t is fo r 
DYNA3D and INGRID. A l l of the var iables for hundreds 
of output s teps, w i th tens of thousands cf elements, 
must be handled e f f i c i e n t l y to prevent the cost of 
postprocessing from being a s i gn i f i can t part of the 
overa l l analysis c o s t . Through the early con t r i bu t i ons 
of Archuleta and Brown, and the more recent work by 
Hall qui s t , analysts use TAUrtUS to evaluate t h e i r output 
with the same speed and lack of concern about"cost as 
they use text ed i to rs on t he i r data. 

EXAMPLES 

Collapse of a Steel Cyl inder 

One method for l i m i t i n g the forces t ransmi t ted to 
occupants of a veh i c l e involved in a crash is by the 
use of c o l l a p s i b l e s t ruc tu ra l members. One such 
s t ruc tura l member, shown in f i g . 1 , is impacted by a 
large mass at 13.4 m/sec (30 mi les /hour) . 

fixed end 

Fig. 1 (a) Initial configuration of cylinder, 
(b) Closeup view showing cross section: 
One quarter of the cylinder and mass were 
modeled with symmetric boundary conditions. 
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The length is 440mm, the diameter of the c i r c u l a r cross 
section is 100mm, and the wall thickness is 1.5mm. An 
indentat ion about the circumference i n i t i a t e s the 
buckl ing response. Our mesh consist of 1980 she l l 
elements with" f i v e in tegra t ion points through the 
th ickness. Though more cost ly per element cycle than 
so l id elements by a fac to r of 3 to 4 , fewer elements 
are required and a larger time step is permit ted 
thereby c u t t i n g overa l l cost by at least a fac to r of 
f i ve over the cost of using so l id elements wi th four 
elements through the tn ickness. 

The deformation at various times is shewn in f i g . 
2 . Our las t computed s ta te is at 10ms and required 
nearly 12.7 CPU hours on the CRAY-1. We have used our 
contact c a p a b i l i t y to keep the surfaces from 
penetrat ing. Three inter faces were de f ined . One was 
defined between the large mass and the member, and the 
ether two consisted of the inner and outer surfaces of 
the pipe. Our s ing le-s ided surface contact a lgor i thm 
keeps a l l nodes on i surface from penetrat ing through 
the same sur face, Figure 3 compares the i n i t i a l and 
f ina l shapes. 

F ig.3 Comparison of i n i t i a l and f i n a l shape*. 

Impact of a Earth Penetrator i n to a Tree 

In F i g . 4 , an earth penetrator 30cm in diameter is 
shown j u s t p r i o r to impact with a t ree 46cm in 
diameter. The axis of the penetrator i s tangent to the 
outer diameter of the t r e e . An i n i t i a l v e l o c i t y of 
750m/s is assumed for the earth pene t ra to r . 

F i g . 4 Earth penetrator at time of impact wi th t r ee . 

The purpose of the ca lcu la t ion is to determine the 
angular r o t a t i o n of p r o j e c t i l e p r i o r to ground 
impact. We there fore modeled the p r o j e c t i l e as a r i g i d 
body wi th j u s t 6 degrees of freedom. We modeled the 
tree as an e l a s t i c - p l a s t i c material under the 
assumption tha t the resul ts would p r i m a r i l y depend on 
the mass densi ty and not necessari ly the c o n s t i t u t i v e 
model. 

Results are shown in F ig . 5 at 800 us i n t e r v a l s . 

F i g . 2 Deformed cross sections at 5 and 10ms. 
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F i g . 5 Sequence of deformed shapes at SOUuS i n t e r v a l s . 

Calculat ion time w i th an e las t i c p r o j e c t i l e was 4 
hours, but w i th *;he r i g i d body p r o j e c t i l e , ca l cu la t i on 
time was approximately 6 minutes of CPU on the CRAY-
1 . Most of the CPU was required for the in te r face 
treatment betwoen the p r o j e c t i l e and t r e e . We found 
that a s u f f i c i e n t l y large ro ta t ion occurred as to make 
subsequent penet ra t ion in to the ground improbable. 

Collapse of a Frame Member 

This model demonstrates the use of the s ingle sided 
; ; l ide surface for nonaxisymmetric co l lapse . The frame 
member is a hollow square box with members attached to 
the f ront and back. The system impacts a stone w a l l . 
Three s ingle side s l i d e surfaces are required for t h i s 
prublem. The f i r s t is ins ide the beam to keep i t from 
col laps ing through i t s e l f . Two more are used on e i t he r 
sidt 1 of the member. Two more s l ide surfaces are 
required to connect the f ron t and back masses to the 
beam. Figure 6 shows the i n i t i a l con f igu ra t ion and the 
f i na l deformed shape. 

F i g . 6 Collapse of a frame member. 

SUMMARY 

An overview, w i th examples, or" INGRIO, DYNA3D, and 
TAURUS was presented. They form the in teg ra ted 
software system c u r r e n t l y used at Lawrence Livermore 
National Laboratory fo r crashworthiness analys is and, 
nonlinear s t r uc tu ra l dynamics in genera l . Nesh l " 
generation and postprocessing are no longer the 
s i gn i f i can t hurdles they were ten years ago. The 
analysis phase, which was Impossible, is now feas ib le 
only on supercomputers. We are op t im is t i c that the 
cost w i l l be reduced subs tan t ia l l y in the next f i v e 
years by fas te r computers, and to a lesser ex ten t , more 
e f f i c i e n t a lgor i thms. 



Element Type No. Component 

1 
2 
3 
4 . 

X 

y 
z 
xy 

so l id elements b yz 
(20*30) b zx 
stress components / e f fec t i ve p las t i c s t r a i n 

a pressure or average s t r a i n 
9 von Mises 

10 1st pr inc ipa l deviator max. 
11 2nd pr inc ipa l dev ia tor 
12 3rd pr inc ipa l deviator min. 
1J maximum shear 
14 1st pr inc ipa l maximum 
lb 2nd pr inc ipa l 
16 3rd pr inc ipa l minimum 

17 x-displacement 
1-t y-displacement 

hexahedrons 19 z-displacement 
membranes 20 maximum displacement 
plates 21 x -ve loc i t y 
shel ls n y -ve loc i t y 

23 z -ve loc i t y 
24 maximum ve loc i t y 
2b temperature (TAC03D) 

26 M x x bending resu l tant 
2/ My bending resu l tant 

r^y bending resul tant 
Q x x shear resul tant 

28 
My bending resu l tant 
r^y bending resul tant 
Q x x shear resul tant 29 

My bending resu l tant 
r^y bending resul tant 
Q x x shear resul tant 

30 0 „ „ shear resul tant 
N x x normal resu l tan t membranes 31 
0 „ „ shear resul tant 
N x x normal resu l tan t 

plates 32 N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 

shel ls 33 
N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 

34 

N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 

35 

N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 

36 

N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 

37 

N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 

38 

N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 
39 

N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 40 

N normal resul tant 
N x v normal resul tant , 
surface stress N x x / t + 6 M x x / t ^ 
surface stress N

x x / t - 6 M x x / t ? 
surface stress N / t - 6 M v v / t , 
surface stress N " / t + 6 M " / t $ 
surface stress " X v / t - 6 H x v / t , 
surface stress N x y / t+6M ' / t z 

e f fec t i ve upper surface s t ress 
41 e f fec t i ve lower surface st ress 
42 maximum e f fec t i ve surface stress 

No. Component 

TABLE 

1 x - r i g i d body displacement 
2 y - r i g i d body displacement 
3 z - r i g i d body displacement 
4 x - r i g i d body v e l o c i t y 
5 y - r i g i d body v e l o c i t y 
6 z - r i g i d body v e l o c i t y 
7 x - r i g i d body acce le ra t ion 
8 y - r i g i d body acce le ra t ion 
9 z - r i g i d body acce lera t ion 

3. Component numbers for mater ia l t ime h is to ry 
p l o t s . 

TABLE 1. Component numbers for element v a r i a b l e s . 
By adding 100, 200, 300, and 40C- to component 
numbers 1 through 16 component numbers for 
i n f i n i t es ima l s t r a i n s , Green-St. Venant s t r a i n s , 
Almansi s t ra ins and s t ra in rates are obta ined, 
respec t i ve ly . 

ToT" Component 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1Q 

x-displacement 
y-displacement 
z-displacement 
x - ve loc i t y 
y - v e l o c i t y 
z -ve loc i t y 
x-acceleration 
y-acce lera t ion 
z-accalerat ion 
temperature (TAC030) 

"NoT Component 

1 x - r i g i d body displacement 
2 y - r i g i d body displacement 
3 z-rigid body displacement 
4 x - r i g i d body v e l o c i t y 
5 y - r i g i d body v e l o c i t y 
6 z - r i g i d body v e l o c i t y 
7 x - r i g i d body acce le ra t ion 
8 y - r i g i d body acce le ra t ion 
9 z - r i g i d body acce le ra t ion 

1U k ine t i c energy 

TABLE 4 . Component numbers for global v a r i a b l e time 
h i s to r y p l o t s . 
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