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ABSTRACT

This paper presents an example of an awtemobile
crashworthiness catcclation. 3ased en sur experfences
with the example calculation, we make recommendations
to those interested in performing crashworthiness
caltuiations. The example presented in this '.er ws
supplied hy Suzeki Motor Cn., Ltd, and provided
significant shakedown for the new large tfor-tiu
shell capability of the DYNAID code.

Crashworthiness engineering is a high prierity at
Lawrence Livermore Netiomal Labor. because of its
role in the safe tramsport of radisactive meterial for
the suclear industry and the military. The greatest
difficulty in designing for crashworthiness s
evaluating a proposed desiss. Experiments are very
expensive and mmalytical zilwtisns do mot exist.
Waserical methods must be wsed.

Finite difference codes were developed two decades
ago to analyze two dimensional problems involving large
plastic deformations, and many of them are still
used. Some of the algorithms wsed in these codes, swch
‘as radial return plasticity, are wsed 1n modern finite
element codes. Finite difference codes rely en 2
Togically regular mesh, and using them on a problem
with a complicated topology 1s eften a challenge.
Nefining contact surfaces with cormers is also a
problem with meny finite difference codes.

The finite cloment method was develeped to
svercome many of the limitstions of the finite
difference nethed. For structural calculations, the
finite eloment methed has largely replaced the finite
d1fference mpthed, but the finite difference method is
still preferred by mpny for Tluid dynamics prebless.

It 1s alse st11] wsed in meny mcs
calculations, such as M ree design, where the
pressure is high enough for a'l behave 1ike a

fuld.
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Cenputer hardwsre has advanced swbstantially ever
the past twenty years. Medera supercemputers, swch as
the Cray-1, casn perform over 100 WFLOPS (Mi1liens of
floating point eperations per second) provided the
seftuare is written to take sdvantage of their
harduare, Meny people were initially disappointed with

bacause they Giscovered that mest old
prograns only ran three or four times faster en the
Cray-1 than en the CDC-7600.

One of th first finite element programs to take
full advantage of supercemputers s DYNAR [1,2,3], a
caspletely vectorized, explicit finite element program
for salving three-dimensionsl, inelastic, large
deformution structursl Qu-‘l:s problems. Orlgiully
developed by Nallquist, and mew ce-devel

Mallquist and Denscn, 1t was first released in 1976,
ond Mas continual development ever since.

Jts sverage execution rate ranpes frem 35 to 72 WFLOPS
la the Cray/XMP, depending on the element snd matertal
types. When suiti-tasking becomes available on 2

production basis for the Crlyll'—lﬁ we anticipate
that DYMAID will emecwte at a rate of wp to 260 MFLOPS,

Most of the original applications of DYMAID
invelved thick structural sesbers, and the lack of
shell and besm elaments was ot importent. When
bonding effects were important, they were included by
wsing several brick elements through the thickmess of a
structure. The maxinwm timestep in an explicit
calculation is determimed by the thineest dimension of
8 brick element. Thin shell structures therefare
increase the cost of an amalysis by several erders of
magnitude 17 they are medeled with brick elements.

Ev- with ewr access te we are
computer hound iyﬂns‘lnofurmim‘lus.hr
tysical applications fnvelve 10,000 to 50,000
elemeats, Fine meshes are reguired te adequetely
reselve stress and strain gradients, and we sre often
washle te shtain the desired reselution with currest

roquira sare then 1,000, Tenants
reselytion commen in twe dimemsional calcwlstions. We
hove basn axtremely metiveted te ebtain eptiswm speed.



facont applications of BYWAID new frequestly

favelve thin structural elaments, and sn accurste,
effictent shell element is & necessity. Ue based owr

eloment o th formulation by Moghes and Liu [4,5).

Sor ’| 1 tuplemetation s mot wectorizm I for the
Cray, wes proved te be extremely ‘lnfﬂcim.
Sor m l-l-ntatun [16] 1s ever ene hundred
times faster and it has heen used extensively fm
scale calculations. Witheut the shell element,
1s clearly inapprepriate for astemshile crasiwerthiness
calculations, Sut with {t, hawever, we believe that it
1s an effective toel.

EWLICIT VERSNS PPLICIT TINE INTESRATION FOR
CRASIMORTHIRESS ARALYSIS

Explicit finfte elamert codes are used for
amalyzing prohlems that have a significant high
fraquency content in their transient response.
prohless that fit that description are astemohil
crashes and shaped-charge design. The spatial
resolution of explicit nleuhtim 1s usually higher
than 13 pessihle with tmplicit calculations because

Typi cal

shell model with ever 20,000 elements -and 120,000
degrees-of-freedon. Only two hours of CPU on 2
Cray/X® were required. In centrast, s verification
calculation with NIKEID, an jmplicit cede, which wsed
only 2000 elements, required aver eight heurs of CPU,
The high spatial resolution 1is eften very jmportant im
dyncwic buckling calculations hecause the imperfections
of tie parts must be {ncluded for am accurste
solution, The principal limitation with explicit
calculations 1s the 1imit on the integration time step
size. Sewnd travels in most metals at a rate of
roughly .Sce/microsecond, sad the Coursat stahility
criterion states that the time step must be small
enowgh thet & sound wave canmst travel across the
smallest element during omne integration step. Typical
time steps are below ome microsecond, and therefore,
explicit calculations are impractical for events
eoccurring over s duration of seconds.

Implicit codes are mecessary for static solwtions
and for problems where the duration is Tong enough that
the Toading can be regarded as quasi-static. Dymamic
problems involving space platforms, where the
frequencies of the Tower modes are often below one
Mertz, are one area where fmplicit codes are far more
productive than explicit codes. Most of the problems
analyzed with NIKEID are quasi-static problems, such as
wmetal forming. Ve do mot expect the sitwatiom to
change watil fterative equation solvers, such as the
element-hy-element method [11], are perfected.

© The cestral trade-offs of explicit versus fmplicit
1s between the time step size and computer resowrces.
Explicit calculations wse wery little mewory, but take
very swall timesteps. laplicit calculations require
the entire mamory, 1f pessible, and comsiderable disk
space for the storage of 3 large stiffaess metrix, but
tine steps theusands of times larger tham in an
explicit calculation are pessidle.

To mmke explicit calcalations competitive with
fmplicit calculations, each time step swst be as Chosp
a8 possible. The implication is, therefore, thet the
eloments should be as sinple ss postidle. The siwplest
eloments wme linser displacemsnt fields with wiferaly
roduced integration and hourglass cantrel. Ouedratic
clomats, for the same spacing between nedes, require
ller time steps than linesr eloments. They alse

reoquire mny sere sperations per nede thom linear
elaments. Virtwally all mlicit codes are therefore
restricted te 1insar elesents. Te further reduce the
computations] cest of an elament, verfows

simplifications are intreduced te reduce the eperation
M.ut\qumllymﬂtufmnnth
geemetry of on element does not chemge very much over a
single sma11 time step.

Sased on the ased for high spetial reselution
necessary for accurstely medeling the geemetry and
hctllnﬂutmhﬂl?nurmﬂl and the shert
durstion of » crash, v believe that explicit finite
eloment methods are more cost effactive than fmplfcit
metheds,

A TEVIEN OF PVIADD

A Tete bnl-—ut of the thasretical and
c-wtntei-o.ul metheds of DYNAID is teo Teng for this
paper; the interested reader can the basics from
the nov deted Theeretical lbml 1] snd the papers
cited in our references. Our emphasis, after a faw
paragraphs to establish netatien, is en the features in
the program that are of particular interest in
crashorthingss design.

Our viewpoint is strictly Lagrangian. Material
points are Ilntiﬂod by their initfal location, X, in
the wdeformed body. The current position of a point,
x(X,t), is a function of time snd its {mitial location,

The principal of virteal work {s the fowndation of
the ﬁuhc-nt finite eloment method. It s the weak
form of Cauchy’s first Tow of motion and 13 related by
spplying the divergence t

L {_‘ ooy b 00 + {' o g 80
(1)
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where t

» 1s the density.
1s the displacement.
is the Cauchy stress.
is the body force.
1s the surfate traction.
1s the domain af the body.

t 13 the section of the boundary of Q that has
tractions spplied.

& s the virtwal work.

The Tinite elesent method interpnistes x
throughout the body frem its medal valwes.
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€0, Sre the iseparametric ceerdinetes of 2
mgterial point X,

PIWAD: has issparametric eight neZ brick elemamts,
four node shell eloments and twe wode boan slements.
The interptistion metheds for the shell and heem
elonents ore wore complicated then squation (2) because
of their retationa] degrees of frosden. A1l of the
elements are formylated te hendle large, monlineer
deformtions.

Substitution of squation (2) inte eguetion (1)
gives a set of simuitancous oquations for the
accelarations. The superscript » refers te the n-th

3 hugntin time step.

Puing u = Fay &)

where

ll.'“ 1s the mass matrix.

F“ i the sum of the istermal and extermsl
forces.

Ve wse 3 diagonal, Tumped mess metrix in DYNAJD,
which makes so'lv‘lng 1or the accelerations in qution
{3) trivial. A lumped mass matrix aisc leads te more
sccurate answers in many situwations, especially those
involving shock waves.

The velocities and displacements are calcvlated
using central difference {ategration, an explicit
method which {s second order accurate.

’.‘::llz' "‘:;1’2' " ;:1 O]

le - 1:1 + n"llz ;::112 (5)
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h s the integration stepsize.

In addition to the wsual festures fewnd in
completely nonlinear finite element programs, owr
experience fndicates that there are three additional
capahii{ties that are criticsl to crashworthiness
malysis: 1) » broad range of efficiently implemented
material models, 2) sophisticated contact algorithms
for the {mpact {nteractions, amd 3) a rigid hody
capability to represest the hodies mway from the Jmpact
zones at a greatly reduced cost withowt sacrificing amy
accuracy in the momentum calculations.

Crashes, by definition, involve contact between
surfaces; any program xsed for crasiworihiness smalysis
must have a varfety of sophisticated cemtact/{mpect
algorithms. The first iavolves two arbitrary surfaces,
such as a bumper hitting a herrier, where the surfaces
deforn and wndergs large relative displacoments. The
secand type 1s single surface centact which eccurs whea
a surface Tolds over on to 1tself, e.g., the contrelled
crush structors] mesbers of 3 car. In DYMAID, Rath
types of contact are sssily medeled, including,
friction and autemetic clesure and seperation, by Uﬁl’
the penalty sethed [12]. Mhen 2 mede ponetrates

ace, a force praportiona] te the penetration ‘Is
applied sormal to surface on the penetrating nede and
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slgerithms ore guickly chl wd m.

fomentun 13 wsually the driving force in
crashes. Aay maving structure mest be medeled in its
ontirety, ne mptter how small the fmpact area, in erder
te assure the sccuracy of the mmentwn calculatfens.

of the amalysis 1s minfeizad.
Renson and Johm Yallguist tmplemented 2 rigid hedy
material type in DYMAZD [13] besed en the eerlfer
theoretical wark by Bensen for his thesis M14). Each
finite element is assigned & raterisl mumber in the

data. Al of the elements that share 2 common raterial
wymher, whete that materis] is specified to be rigid,
define 2 rigid body. Separate rigid hodies with
different sateris] mumbers can 21350 be merged to form 3
single rigid hedy. In addition to all of the stomdard
houndary conditions, cemtact surfaces, and body forces
acting on the hodies, joint comstraints, such as
waiversal joints, are used to tie bodies together.

SNELL ELEVENT SELECTION

The Nughes-Liv element, nlch we chose for DYNA3D,
is & degenerated shell -'Ie-nt spproach originally
presented by Awed, et al, [lii for n'l'l strain, smll
deformption preblens and which is also used hy meny
others. VWeghes snd Liu studied three large strain,
Targe deformetion elements 1n their paper. ln‘lng their
netation, we implomented U1, & 4-node shell
wniform reduced integration, 1n DYNAID, and sx. a4
nofe shell with selective reduced 1nt¢grlt‘lon, in
NIKEJD,

There 13 8 substantial hedy of literature devoted
2o shell elements. Ve did adt meke 3 comprehensive
review of the literature in mking our choice, rather
tive Hughes-Liv formulation has several qualities that
we find desirable snd we chose it hased on those
qualities.

First and foremost, it is a 1inear elerent. Our
brick elements are linear and we saw no point in
fmplementing 2 higher order shell eloment.

The second ressen 1s the simplicity of the
element. Simplicity, in eur experience, wswally
triasiates inte rebustness and computationsl
efficiency.

Thirdly, it is based on degenersting & brick
eloment inte 2 shell element. A substantial smeunt of
time was tnvested 1n eptinizing the brick alements ta
our codes and many of the technigues develeped for the
bricks were trensferred te the shell elements.

, 1t sccommadated Tinite transverse shoor
strains. Mkh-ﬂ:mﬂtﬁmtr—smu
strain assumption, a5 in coretstional fermwlatiens, 1s



mi—t‘lu. gvf or not to make it. The
retaining the additioms!
shear ltnh apponrs to be insignificint.

The fifth reasen, 1 mﬂm. has ot

’runt:‘ by ?:.:‘.3.1: T edtas the uE.'.’.a
o8 or Including

affects of large mambrane strains 1»»:-1-:'.-
axtonsion te the ariging] Mughes-Liv formulation, In
sur faplesentation of this medification 1n MIKEID, w
found that nere correcter iterstions were nesded at
mummmltsmmﬂmﬂuh“
applications. U have therefore aet included the
extension in our current faplomentation.

SMELL ELEMENT NPLEMENTATION

In our first tuplementation of the Neghes-Liu
shell, we used reduced/selective integration. This
approach requires an utﬂ'ly of the strain
displacement matrix, B, by adding a partial strain
displacement metrix for the transverse shear strains,
computed at the centroid, to 1ts complement at the
Sauss !utcrltion points. Therefore, with
reduced /selective {ntegration we face the added cost of
the centroidal calculations for B. The cost of B plus
the cost of the constitutive model daminate the
eperatisn counts as can be seen in Table 1. Ouwr choice
of one point integration has reduced cost by mearly a
factor of four over the reduced/selective optfon. Our
rﬂt on cownts take advantage of the simplifications
that are possible at the element centraid to reduce the
operation count, f.e. an {ntegration point computed
away from the centroid requires sdditiona
sperations. The same simpiification for eme point
ﬂltngrltion of the brick has already been discussed

EXAMPLE: Suzwki Meter Body Iopact Test

A1 of the experimental work and wesh guuthﬁ
:: performed by the last three suthors at
of.

The car chassis, including the sespension, weighs
255.3 xgm. The mesh, shown in Figure 1, has 3439 shell
elements and 3109 nodes. Althowgh a whole car 1s shown
4n Figure 1, only half the car s modeled. To
approximete the effects of the suspension fnertia the
density of the mater{al behind the firewall wes scaled
to give the mesh the correct overall mss.

Accelerometers en the chassis and high speed
photography provided ws with the experimental data for
conparison to ewr calculations. The nitia) velocit
1s 46,6 kn/h and the response time 13 SSms, Figure
shows a sequence of deformed shapes calculated by
DYNAID and Fi 3 shows the experimental and
calculated velocity-time curves at ene point 1n the
chassis.

Gur calculation agrees quite well with the
out to twenty or thirty milleseconds. The
deformpd states shew Suckles feorming in the preper
Tecations and in the preper sequence. At later times,
twe facters cawse the large disparity hetween the
calculated and enperisental results.

The main factor is the enfssi

to limit the overall Yangth of the crush. The
'rat stlhﬂ‘lur har was severely deformed, which
indicates that it alse carried 2 swbstantial lead.
Beth the tires and the front stabilizer noed to be
included in the mesh for an sccurate amalysis.

Retate fiker vecters and

retation metrix 28 127)
Neurglass comtrol »im
Transform force
conponents and wpdite
global ferce vector L 2] .
watrix Teadi
%a strains 1in b 351 [207]
Tamina systes
Apply Jaumenn
rate and rotate y
stresses iato 108 [ 60)
Temina system
For each
intepration Elastic stress
point evaluation 2( 9]
thi
thickness  Global stresses 79 [ 42}

Nodal forces 122 [ 61]

TOTAL 654 [228) + 682 (379]
*(Integ. pats.)

Table 1. Operation count for the elastic Hughes-Liu
shell i DYNARD, This operation cownt includes
adds, gwbtracts, mitiplies, and divides and s

Menm!-nt of vectorization. Ouantities in square
brackets are a swhtotal that includes only
weltiplication operations. The cost s dominated
by the cost of the element iategration which mekes
one point integration with miltiple thickmess
points wvery attractive relative to 2 x 2 reduced
selective integration.

A second foctor in wnder predicting the
deceleration wes interpenetration of the buckles at the
front of car fn the anslysis. Contact between the
buckles stiffen a strecture, thersfore fncreases
the deceleration, Mech more buckling occurred in the
analysis than in the experiment for reasons discussed
in the previows paragraph. Proportionstely more
contact (penetration) between the buckles therefore
occurs 1n the anslysis than in the experiment, meking
it difficult fer us to assess the significance of the
contact between buckles in the experiment. It 1s
probadly mot significant in cesparisen to the effect of
the tires smd fromt stabilfzer, bt it 1s essy to
include with the single surface centact algeritha,

Approximately twenty hours of CPU on 2 Lray/BW
-nnm'lr-lforwls calculation, tut it cowld be
reduced to Tess then an heur witk the mesh, As

of the
systen. During the crui. 1t is clesr frem the Mn‘
speed phetegraphy thet the frent tires sre crushed in
the fender wells and therefore they are carrying a
substantial part of the fapact Toad. The tires also

4=

d oorlier, the time step size 1s controltad by the
atainm sash dinansion tn explicit finite element
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[ T18) del for crashwerthiness swzuki

half body for crashworininess suzwhi
time »
time = 2,
7
2
hatf body s r crashearthiness sutuki half Sody med croshvorthiness suzukl
time = 3.000 lime = &.00000
1 1
11 1 f
/ /

Figere 2. Sequence frem a cor crash st 10, 2, 30, and 4 williseconds.
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therefore it w3 convenient te wse seme trisngular
eloments that sre slnest slivers to conplete the
nesh. Stven the size of the car, restricting the
wintrm element size to be at Tsast 20m weuld et
adversely affect the accuracy of the calculation. A
winfmm sesh dimpnsion of 200m would sllew & time step
twenty tises larger than in sur smalysis, reducing the
calculation cost tc ene hour,

concLUSIoNS
Given a full vshicle medel defined by four
L d shell @ of r b1 ﬁmim. it

mumlnﬂuatnyinlnsmlm
Furtharmore, for a 1ittle additisnal cest, the cffccts
of the suspension parts and car engine can be mpdeled
nony of them as rigid hedies. Even the dwmmies c-'ld
be modeled. On a Cray/XP-48, these calculatiens ceuld
take as little as 15 or 20 minwtes with the muiti-
tasking of all four processors.

tle are not swegesting that finite element snalysis
wi1l entirely replace experiments, but we do believe
that 1t can reduce the mumber of experiments and
fmprove their design,

This work was performed uader the auspices of the
U.S. Department of Energy by the Lawrence Livermore
National Laboratory wnder contract mamber W-7405-Eng-
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