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Abstract

A challenge in the design armgtimisationof the vehiclefront structuresis the high computational
costs required for crash analysig methodological approach to simplifyingnife HBement (FE)
vehicle modelsand crash barriersis presented in this paper. The methodojogises global
deformation characteristicsof structures whichare obtained from the global crashmodel For the
simplification of the vehicle crash modstructural regionswhich sustain only elastic deformations
during the frontalcrash are replaced by kinematmimerical representations which descrilbeth
stiffness and load paths at the interface of teabstituted structures. Verification studiesf the
simplified ehicle modelshow a very good agreemewnf the global and local structural response
during the frontal crash. Further simplifications were appliedhe offset deformablebarrier (ODB)
by replacingts detailed crushing behavioly kinematic descriptioh Through the combined use of
both simplified numerical representations the computational costof a Euro NCAP offset crash
analysis can be reduced by around 928/%th the obtainedtime reduction structural optimisation
studies of the remaining structure can be conducteckfficiently for the identification of weight
reduction potentials.
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1. Introduction

Climate change caused by greenhouse gases (mainlyad@® the increasing scarcity of energy and
material resources can be identified as reasons fords@blishmentof international restrictions on

the energy consumption of vehicleFheseforce car manufacturers to desigaver more energy
efficient vehide concepts, e.g.26).

Lightweight desigrhas therefore becomemore importantin vehicle developmentas a wayto
increasethe energy efficiency of the automotive body-white. The objetive of lightweight desigis

to meet the requirements that legislators and customers have set for vehicles (e.g. vehicle safety,
driving comfort, fuel consumption, costs) mtinimal masslt has been shown that up t&/3 of the

total energy consumption of vehiclés massdependert [19]. Thus, a low vehicle mass is an essential
factor to reduce the energy consumption atar.

The challenging objectives of ensuring lightweiglainstruction and crash safety are supported
significantly by simulation methods and structural optimisatioprocedures. It is imperative to
systematically incorporate these methods and procedures into the product development process,
evenin light of ever shorter product life cycleshichhave been more than halved]f [17].

By the application of structural optimisation studies, the structural mass and the development time
of the vehicle bodganbe reduced.

However,currently optimisation ofcrash load cases cannot be carried out with a full vehicle model
due to the long computational timerequired per simulation.In [18] the influence of the crash load
case on the computational time shown

In the case of full vehicle optimisation, the time required to obtain the optimisation resailb
quickly increaseto several weekg7]. To counteract this, variousountermeasures are described



such as increasing the number of CPUs or selecting a better optimisation algorithm. Another option
for reducingthe computational time is through the use sdirrogatemodels BQ].

But it is notonly the use of a full vehicle model that increasesnputational times; the modelling of
the respective deformablémpactors also plag a noteworthy role, depending orthe load case As
shown in B1], the modellingof a deformable barrier alssignificantly influencesthe computational
time.

Hforts are takento reducethe computational time andconcurrently theoptimisation time using
surrogatemodels. Fundamentalmeasuresare to simplify FEvehicle models, such as increasing the
time step (e.g. mass scaling), chamgiglement type and element siznd element deletion (e.g.
removal of door paneld30Q], [2] and R9].

The influence of mesh size and mesh orientation on the deformation behawefoa structure under
axial loadand on computational time islemonstratedin [12]. In [30] it is shownthat by increasing
the time step, changing the element type and modifying the contac25%gain incomputational
time comparedo that of a full vehicle modetould be obtained

According to 8], physicalsurrogatemodels can besubdividedinto eight approacheseach of which
representsa partof the physical behaviouiThe most importansimplificationmethods for vehicle
crash models are the hybrid nonlinear FEgid approach,the beam approachthe sub-structure
modelling approaclandthe multi-body system approach

In[11] the number of elements inraFE vehicle mode$ reducedby removing the reastructure of
the vehicle behind the Billar and replacing the masses and indrimoperties of the removed
components with a rigid body. The rigid body is connected using@® KA Of $e@ring f 2 I R
structures In this way, thecrash kinematics of the full vehiclare modelled however, direct
applicationof the masses and inerlipropertiesof the crash modelo the rigid bodydescription is
not possible, as a different deformation behaviour of thedy structure is obtained A correct
deformation behaviour i®nly obtained after adapting the massnd theinertial properties of the
rigid body[11]. For the structural optimisation cd crash boxjn [29] the full vehiclecrash models
reducedby replacing altrashirrelevantcomponents(e.g. rear structure abody-in-white, doors and
interior) with rigid bodies with corresponding mass and indrtieoperties. Subsequent optimisation
of the masses and inerligroperties was also necessary to model the deformation behaviour, as the
initial deviation of the intenal energy in the crash box was ~25%tween the full carand the
surrogate model After calibrating the rigid body properties ~90%computational timereduction
could beachievedwith a deviation of5.4% Different simplification strategies for aehick crash
model, from an increase in time step tahe hybrid nonlinear FE rigid body approacivas
investigatedin [30]. In these studiesa reduction incomputational cost of up to 73%could be
obtained Themain reduction(up to 61%)was achieved using thieybrid nonlinear FE rigid body
approach; all furthesimplification strategiefiad only minor influences.

A combination of macro and detailed FE description for structural optimization sifleé crash
concept for abattery-electric vehiclewas investigated in 28]. In these studieshe computational
cost was reduced up to 98% in comparison to thefalicle simulation with an accuraof 2.5%
deviation for intrusion comparetb the fullFvehicle simulation.

For FE beam models, as described 27][ [15] and R5], the vehicle structures (such as the front
section) are representedonly as a kinematiadescription. In this descriptionthe deformation
characteristicof entire structures are replaced by macro element$herequired characteristiccan
be determined by means afxperiments 4], detailed simulations[28] or analytical correlation$9].
The disadvantage of this approach is the fiett correlation ofthe stiffness values tohe structural
concepts is not possiblé kinematic descrijion can also be used treduce the computational cost
for crash barriers 31]. With the simplifiedbarrier, the computationalcost of the model couldbe
reducedup to more than 15imes.

A slight disadvantage of the applied simplification approach isldlok of representation of the
deformation over the height of the barrier, since a simulation with a full vehicle front section results
in different levels of deformation above the barrier.



In [1] and in [32] the substructure modelling approachs used to simplify vehicle models.
Computational reduction of original simulation models to a -sutdel is obtained by applying
kinematic conditions to the interface nodes and by removitngctural parts of the vehiclenodel(in
case of a front crash for examplleet whole rear structure of the vehicle\ disadvantage with this
approach is that the extent to which a change in design affectaiptieddisplacemenparameters
cannot be verified.

The multibody system approach represerdisvery simple but effectivenodellingtechnique here,
the structural behaviour of the componentsrepresented bymassspringdampersystems, e.g.14],
[20], [16], [6], [20], [13], [24], [21] and P]. This modellingnethod is particularly well suited to
parametric studieduring the conceptialisationphase within a product development process. The
structural properties have to be determined experimentallyadjustediteratively in order tobe able

to reproduce he desired structural behaviouHowever the identification of struwral parts with
the required deformation characteristic can be a significelndllenge Still, the multibody system
approach can be used and expanded to estimate ldsglson the vehicle passengers in tlearly
development process], [23].

In this pape a new methodological approacks presened for reducing the computational costs of a
frontal crash analysisby replacing the elastic structural regions by kinematic numerical
representatiors. Addtionally a simplified representation of the ODB barrierdsscribed. Both
methods offera significantcomputational timereduction potentialwithout the requirement of an
iterative calibration procedure.

2. Methodological Approach

Avehicle FEErashmodel of the Toyota Yarifom the National Crash Analysis Cerlterary was used
for this paper TheFEmodel is based on the structural definitionsf a real vehicle and contains
1514068 elements. The FE model was verified and validatezbmparingcrash testand simulation
results for the acceleration and energlgsarption of the vehicl¢22]. A validation wagarried outfor

a full frontal impact andfor an offset deformable barrier crash tesA validateddetailed FEbarrier
model provided byLivermore Software Technology CopST) was usedto develop a simplified
numerical descriptiomf the ODB[3]. All simulations were performed using-DS NAversion7.1.2

2.1. Simplified Offset Deformable Barrier

In a crash load case,dhODB represents the front structure of an oncoming vehitle barrier
consists of two partsthe main block and thstiffer bumper. Both elementare made ofaluminium
honeycombsBoth parts are covered with an aluminium shdeor the identification of the individual
failure characteristics each componentof the validated detailed LSTC shell barrier3][ was
compressedusing arigid blockimpactor. The FEmodel of the barrieris based on the structural
definition of a realbarrierand containsl 504 794 elements For a coarse vehicle FE model simeall
timestep of the LSTChell barrier can alsoinfluence the overall time step of a crasimulation.
Therefore, a simplification methodis needed to reduce the costtensive barrier modelling.
Figuresl and 2 showhe obtainedunfiltered force displacement results of the detailed FE model for
the bumper andthe main block. Based on the resujta simplified force displacement curweas
derived, which is alsdepicted infigurel and 2.

Based on thee global failure characteristica kinematic descriptiorof the barrierdeformationwas
developed.Figure3 shows the FEM model andydire 4 shows a schematic representation of the
simplified barrier.By applyng the global characteristic® the macroelements,it is possible to
model the intrusion behaviour of the vehicle into the barriefherefore,simulationsof the ODB
crash testtan be performed requiringignificantliesscomputational time.
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In the simplified barrier modeshown in fgure 4 the main blockand bumper arenodelled with 720
and 360 non-linear discrete beam elementsespectively The abstracted force/displacement
characteristis from figures 1 and 2 ardefined for the respective beam elementstbé bumper and
the main block At the start of deformationthe beam elements of the bumpdravea force peak of
approximately1 O00kN, after which a force level of approximately 50N is retainedup to full
compaction. The beam elements of the main block experience a constant force level of
approximately 2B kN up to compactionAt the rear, thebarrier is connected to a rigid wallith
fixed boundary conditionswhich represers the steel construction in the @al test setup. A
simplified shell representation of thdeformable cladding sheeas attached betweenthe bumper
and main block and at the fronof the barrier These shell elementserve as a contact surfacen

the one handbut also make local intrusions into the simplified barrier possible. All cladding sheet
nodes are limited in their movement in such a way that only axial intrgséwe possiblefor the
barrier. Lateral movements are completely prevented, as axial bugldid local crushings the
predominant failure behaviour of the aluminium honeycaosrdf the barrier §].

The deformation behaviour of the simplified barrieas analysed and verified using two different
degrees of overlap. In the firkbad case, an impaor with a mass of ®00kgintrudes with a speed

of 64km/h anda 100%overlap into the barrier. Figure 5 shows the deformation behaviour of the
LSTGshell barrier [3] and simplified barrier.This load case is mainly used to adjust the failure
behaviour & the beam elements with the failure behaviour of the LSTC shell baB]erThe
comparison of the forogtime characteristic curves ifigure 6 between barrier and impactor also
showsa goodcorrelation between the two barrier representations. The g@gteement is obtained
for the initial, almost constantforce level of the main bloclks well aghroughthe higher force level
through deformation of the bumper.
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barrier for a 1006o0verlaprigid impactor and simplified barrierwith a 100%overlaprigid impactor

As a second verificatioload case,an intrusion of the impactowith a 40%overlapwas chosenas
this representsa load case that isclose to ttat used forthe EuroNCAP ODB cragbst. Figure 7
shows adeformation pattern of the bumper andthe main block without significant lateral
deformationin the case of the.STGhell barrier The claddingheetalso hadittle influence on the
deformation behaviour, as these fail and tear undlee crashloads. This failure behaviour caaiso
be modeled using the simplified barrier. The materfbpertiesof the cladding sheeare defined
such that the cladding surface provides a stable contact surface that does not, however, exert any
influence on the deformation behaviour of the beam elements. T™ig becomes clear when
considering the forcgtime characteristic curve seefigure 8. The constant force level of the main
blockis effectivelyrepresented only during subsequerdompactionof the bumperis the simplified
barrier slightly above the force level of thietailedbarrier.

A comparison of the basic specifications of the shell and singldarier model can be seen in
tablel. It shows thereduction in computational timeof the developed barrier modelJsing the
kinemaic description of the barrierthe number of elementsan be reducedo only 0.13% of
elementsof the full barrier leading to a reduction of computational time froBih 48 minto 40
seconds
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Tablel: Comparisorof shell and simplified barrier modet (Intel Xeon E3L2754 CPUs

LSTCreell barrier simplified barrier
Nodes 1 085 806 3930
Beam elements 0 1080
Shell elements 1504 794 900
Solidelements 0 0
Element sum 1504794 1980
Time step 4.67E4 ms 4.75E2 ms
Computationatime* 5h 48min 58s 40s

2.2. Simplified Vehicle FE Model

For a further reduction of computational timea new fourstep approach for thegenerationof a
simplified vehicle modelas develped. The four steps ardescribedin figure9. The main approach

to reduce the computational time of the crash model is the kinematic representation of structural
parts which have only elastiteformations during tk crash.

Within these four steps, the characteristit®e model the global deformation behaviourare
determinedwhich are required to generate a simplified deption of thevehiclecrashmodel These
characteristics include the massentre of gravity othe structureto be replaced the force pulse
distribution in the interface and the stiffness of theeplacedbody structure inthe longitudinal
direction. In the following he individual steps are explaingahich, in the final step generatethe
surrogatk vehicle FEErashmodel.

Analysis of cross-sectional
force puise

<

Determination of mass and
centre of gravity of replaced
body-in-white structure

~~

Determination of stiffness of the
replaced vehicle structure

~

Modelling with springs, dampers
and a discrete beam for stiffness
of the trimmed structure

Fig.9: Fourstep approach for simplified FE vehicle model
generation

1. Analysis of Cross-Sectional Force Rulse

Frstly, the force pulsein the selected interfacavithin the loadbearing structures isnalysed with
components grouped into assemblies. In this wayfor example the different sheetmetal
components of the doossill, including reinforcement shest are combined to form a door sill
assembly In the performed investigatigrthe car structurewas separated into the assembliés
pillar right, Apillar left, door sill left, door sill right, floor right, floor left, tunnel, exhaust, door left,
door rightandwindshield.
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By usingdifferent assemblies, the foreeme characteristic curvesan bedetermined during the
crashload case. Infigure 10, the forcetime characteristic curvesf the elevenassemblies can be
seen for the crash load case with 100% overlap andnpactspeed of 56 km/hThemainload paths
for the investigated carcan be clearly identified through the tunnel and respective door sill
structures. Infigurell, theimpulsetime characteristic curv@are shown, which wereobtained by
integration of he forcestime characteristic curvesTo quantify the loadpath distribution the
maximum impulse for all assemblies is takesingthe impulseghe individualload-path dstribution
can be determined foeach investigatedrashload case. Figur&2 showsthe load-path distributions
for the following crashload casesUS NCAP (100%, k@/h) and Euro NCAP (40%, &/h). For the
100% and 40% overlap, it is clear tlaé most significant load paths athe tunnel and door sill
structures. These loapath distribution percentagesare required for the subsequent simplified
vehicle modelgeneration, sincahe stiffness of thecar body is split into linear kinematic stifgss
representations according tilve obtained percentage values.

US NCAP Euro NCAP
(100 %, 56 km/h) (40 %, 64 km/h)
2.6% 2.7%
3% 10.8%

23.4%
28.5%
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= Windshield
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Fig.12: Distribution of load path in theinterface for different crashload cases

1.1. Analytical Description of the Kinematic Smplification s
The main aspect of theehicle simplification methodology is a direct correlation between the
stiffness of the local structural subsystems and the impulse distribution obtained during the crash. In
figure 13 the applied numeric description is shown schematically.
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The kinenatic system consists of a magpresenting the mass of the replaced vehisteicturewith

a defined kinetic energyconnected via lineaspringdamper systems to a masepresenting the
front structure of the vehicleThe number of springamper systems directly depends on the number
of different structural assembliesvhich are used for simplificationConsidering the kinematic
system the equatian of motion can bealescribed with the Lagrange equatias

_ 0 1)

where q are thegeneralized coordinate€Q are theexternal forces in glirection, K, corresponds to
the kinetic energy and & corresponds to the potential mergy of the systemConsidering the
investigated crash load case the initial conditions of the system are

no X 4 x ¢

X0 =0
@=w
Q=0 (2

Where t is the time, yis the initial velocity of the mass. For the kinematic system the kinetic energy
in = ¥2 NM@and the potential energy of the spring deformationE& “2cx? can be applied emuation

@.

Additionally considering the significance of the acceleration loddeng a crash loadingan
assumptioncan be made thathe damping of the system can be neglected

— T 3
Applying egation (3) and (2)o equation(1) the equation ofmotion for the system becomes

G O T (4)
Equation(4) can be integrated cer the crash period to obtain the required relation between the

system deformation and the crash impulse. Integrating the acceleration term of equ@jdhe
crash impulse F is obtained

o & Qo 40 G0 OO D (5)



Considering a linealastic element with an initial lengtb, b stiffness E and an areathAe integrated
deformation term can be described as

A

®Q 00 — WQO — -® (6)

For small rotations of the interface the spring deformation can be dividediisping subsystems.
For each springa direct relationship between the elastic spring deformation and impulse is obtained
by applying quation (5) and(6) into equation(4).

0 — - @)

Normalizing equation(7) by dividing the impulse by the global impulse of the system and the
stiffness By the stiffness of the global system, equati@hbecomes

5o 5 (8)

Equation(8) is dependent on the area of the elastic spring elements. After defining a constant area
for all elastic spring elementsthe relationship can be described as

= ©)

Equation(9) shows the required direct correlation between the impulse distribution through the
vehicle and the stiffness of beam elements representing the structural assemblies after the interface.
With this approach it is possible to directly apphetload distribution obtained in global crash
simulation into linear kinematic descriptions of the beam elements at the interface.

2. Determination of Mass and &ntre of Gravity of Replaced Bodyin-White Structure

An important aspect whemenerating simplified vehicle models ito ensurethe identical mass
distribution. Therefore the structural mass of the body components to be replaced and their
cumulative centre of gravityCoG)haveto be determined Thisinput can be obtained by there-
processorelement output data The components of the centre of gravity and the representative
substitute mass of the replaced structure can be seetabie 2. In addition, the centre of gravity of
the connectingpoints of the rear axldnas to bedetermined. In the simplified vehicle modéhese
points serveas aconnectingpoint for a beam element, which prevent®tational distortionof the
vehicle structure anthe beams for the structural stiffness during crash

Table2: Calculatedcentre of gravity and structural mass of replacecthiclestructure

replacedvehiclestructure rear axle
Centreof gravity; x coordinate -2630.60 mm -3102.52 mm
Centreof gravity, y coordinate -1.12 mm 12.91 mm
Centreof gravity, zcoordinate 573.46 mm 445.97 mm
Representativestructuralmass 720.2 kg 73 kg

3. Determination of Stiffness of the Replaced Vehicle Structure

As described abovén addition to the load pathghe simplified vehicle modebkes into account the
stiffness ofthe body structure to be replaced. The longitudinal stiffness is determiagghown in
figure M4, by an explicit structual simulationwhich takesthe influence of join, rubber bearingsas
well asinterior into account. The full vehicle is cut at theerfaceandthe Cds of the rear axle act as



a bearing pointArigid body elemenat the interfaceis used for load introductiartable3 shows the
resulting displacement at thanterface at an applied force oL 000N. Thisresultsin a longitudinal
stiffness 0f23584.9N/mm for the investigatedcar model.

Table3: Calculated longitudinal stiffness of replaced
vehiclestructure

{5 0008 Ol Q¢ | a0
NQ REO0QaQE

force in x-

direction force, 1000N
displacement 0.0424mm
stiffness 23584.9N/mm

connection points rear axle
Fig.14: FEM modeto determine the longitudinal stiffness of
areplacedvehiclestructure

4. Modelling with Springs, Dampers and a Discrete Beam for Stiffness of the Truncated
Structure

All previously determined parameter@re finally usedin the modelling of the simplified vehicle
model. Thefinal description of the simplifiedrashmodel is shown ifigure 15. The modelconsists
of the FE¢ model of the frontcar structuresup to the interface, beams for the structural stiffness
representations, a mass elemeat the centre of gravity of the car rear structurand one additional
node exactly between the twattachment points of the rear axléOn this nodean additional beam
element isattached toavoid rotational distortionof the surrogatemodel during crashThe second
attachment point of thebeam elemenisthe centre of gravity of thénterface

Between this attachment node and the centre of gravity of théerface an additional beam
element is positioned toepresent the influence of the reauspensioron the crash behavigmwhich
influenceand stabilizehe rotational motion of the car during crash.

The load path distribution at thenterfaceis obtained due to the different stiffness representations
of the beam elements. For each assembly one spdagper element is positioned with a structural
stiffness according to the percentual impulse distribution, which was obtained in the model
genemtion steps 1 ta3. For the investigatedar, the impulse distributionis shown infigure 12 and
the structural longitudinal stiffnessf the replacedehicle structuraslisted intable 3

Forthe US NCAP (100%, k®/h) load case for example, this redts in astructural stiffness of
5518.9N/mm for the tunnel structure; correspondgto 23.4% of the overall stiffness. Through this
modelling methodology the elasticdeformation the kinematic behaviourof the replaced body
structure and the loaghathsin the crasHoad caseare representedby the developed surrogate crash
model
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The load flow from thdront structure into the springlamper elements positioned at the interface
modelled by applying nad rigid bodies One particular featuran positioningthe springdamper
elements arises from the vectorial orientation of these elements in spélee elements are oriented
along profile orientation of thdruncated structure to obtain the same load flow in the surrogate
model. After the application of the four stepa simplified crash model is obtained whishable to
very efficientlyinvestigae the crash behaviour of the remaining car structures due to the obtained
reduction incomputational time The time reduction directly depends on the number of elements
remainingin the crash model. Thusjovingthe interfacetoward the front of the carincreaseshe
time reduction.However a position too close to highly deformed structures leaolsan additional
stiffening of this region. In this case the deviation of the simplifiedieh results will increase.

3. Verification of the Smplified Offset Def ormable Barrier

Asdescribedn section2.1, the simplified ODBvas analysed and verifiemmparing the compression
response of the simplified and the detailed validated ODB shell barrier from TB& Gimulation of
this generic load case showed a good correlation for 100% and¥48etap.For afurther verification

of the simplified barrier descriptigradditional vehicle crash simulations were performed to also
prove the validity of the simplifiechumerical representatiorof the barrierfor complex intrusion
patterns. During a vehle impact the barrier exhibits different intrusion depths longitudinal
direction as well as over the height which is defined by the shape and the deformation chestécster
of the vehicle. Fowerification the Euro NCAP (40%, &/h) crash load caswas simulated with the
validated Yaris crash model using the simplified and the detailed ODB. The coutput for both
simulations isshown infigure 16. For clarity, the simulationresult of the crash modelwith the
detailed barrier is shown in grey, while the simulation output with the simplified barrighasvnin
orange.The simulation results show a very good correlation of the structural crash response of the
car. While the overall kinematgcof the car areepresented correctly between the simulations, small
differences in folding pattersare obtained in highly deformed structureschas thebonnetandthe
front spoiler. For a more detailed comparison dfi¢ different barrier deformatiors, figure 17 shows
the simplified barrier (orangepverlaid with the detaéd barrier (grey) 25 ms after impact.
Additionally, the detailed deformation lines are shown for bumper and main hld¢le comparison
showsthat despte the simplified kinematic representation of the barriéne deformation behaviour
can be modelled correctlyHowever, further verification studies showed that the obtairezturacy

of the simplified kinematic representatioalso depends on the chacteristics of the vehicle front



The deviation can increase in case of an impact of a vehicle with a flat front end design due to the
changed failure characteristics.

The main advantage of the barrier is the reduced number of elements. Since the simpéfibet

has only 0.13% ofhe elements the simulation time for a car crash simulation is significantly
reduced.Additionally,the simplified barrier allows simulations and optimization studies using coarse
vehicle crash models, since the large time stephef simplified barrier will not influence the overall
time step of the simulation.
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deformation
main block
simplified model

deformation
bumper element
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bumper element
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Fig.16: Comparison of shell barrier and simplified barrier Fig.17: Comparison ofleformation of shell barrier and
during the Euro NCARoad case(40% offset64 km/h simplified barrierat t=25ms after impact
impact speed

The energy plot for the two simulations is shownfigure 18 The small deviations between the two
barrier representations showghat the simplified barrier model can effectively represent the
behaviour of thebarrier during the deceleration phase, characterisedanyidenticalrise in internal
energy.The smaldifferences, obtainedduring the rebound phase of the vehickere not critical for
the structural design process, sinteey occur afterthe main structural loading and subsequent
deformation of the crash relevant structure.
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Fig.18: Comparison of total, kinetic and internal energy fo
LSTC shedind simplifiedbarrier model atEuro NCAP crask
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4. Verification of the Simplified Vehicle FE M odel

For the \erification of thepresented methodologyor the simplified vénicle crashmodelgeneration

crash simulationsvere carried outinvestigating thdJS NCAP (100%, &®/h) crash load casén this

load case thevehicleis drivenagainst a rigid walat a speed of 5&m/h. The crash model of the
Toyota Yaris was taken, since the available crash model is validated for this crash load case. An
additional advantage for this crash scenario is the availabilitjulbfvehicle crash test data for
validation[22]. The \erificationis basedon different levels; alongside the comparison of the global
energies and global deformation pattern, local energy / deformations wereaswared.In figure



19, the global deformation of the simplified vehicle modetange]and full vehicle moel [grey]is
displayed. No major differences can be identifiddesides the same overall crash kinemstic
between the models, also the sanbeickling and folding of the bonnet, deformation of the exhaust
system and deformation to the chasgsobtained forthe two models
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Fig.19: Comparison of full vehicle and simplified vehicle ¢ Fig.20: Comparison of total, kinetic and internal energy fo

US NCARrash load cas€100% rigid wall, 56 km/h impact  full and simplified vehicle modeat US NCAP crash load

speed case (100%, rigid wall, 36n/h impact speed vehicle mass
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The energy plot for the twa@rashsimulations is showm figure 20 The small deviations between the
two vehicle representations showbat the simplified vehicle modatan effectivelyrepresentthe
crashbehaviour of the vehiclguring the deceleration phaseharacterisedby the identicalrise in
internal energy.Only a small differencean be seemuring the reboundpohaseof the vehicledue to
the simplified description of theinloadingcharacteristicsof the beam elements in the simplified
model representing the stiffness of the different structural asbées. However, this difference can
be seen as unimportant for the structural design process, sinoecurs afterthe main structural
loading and subsequent deformation of theash relevant structure

Anadditionalimportant aspectwhen assessing theehaviour of a structural concept during a crash is
the local energy absorption and deformation of individual componemtassemblies. A simplified
vehicle model mustepresenttheselocal deformation behaviours during cragfith sufficient quality
to awid possible oversizing @venstructural failure. Ithe local energy absorption of the crash box,
for example, is overestimated @ simplified vehiclecrashmodel, an insufficient wall thicknessan
lead to structural failurevhen up-scalingthe results into afull vehiclecrashsimulation. In igure 21,
the energy absorption characterissiof the crash boxesre shown forboth the full vehicle model
and the simplified vehicle model. As can be seen from this diagram, the deviation between both
maodels is in the range of approximately 1%hich is sufficient twirtually investigate different crash
box designs using the simplified vehicle model

A furtherimportant aspectn the assessment dftructural conceptsvith regard to passengesafety

is the intrusion into the passenger compartmerAn important structure protecting the survival
space of the passenger is tfieewall. In figure 2, onthe one hand, the deformefirewalls of both
models aresuperimposed; on the other hand, th@eviation of tre intrusions of both models is
depicted in a contour plofThe obtaineddeviationin the deformation of thefirewall shows thatthe
simplified vehicle model canrepresent the intrusion behaviour correctly, since the deviation
between theintrusionsis mainly significantly below 5%nly close to regions oihtensivefolding of
the firewall are slightly highedeviatiors between the model®btained(approximately 5%).



Fig.21: Comparison of internal energy of therashboxes Fig.22: Comparison of local deformation of thérewall for
for full and simplified vehicle modelat US NCARrash full and simplified vehicle modelat US NCAP crash load
load casg100% rigid wall, 56 km/h impact speed case (100%, rigid wall, 36n/h impact speed)

The published crastest data from[22] were usedfor the validation of themodel simplification
methodology Due to the small quantity afvailabletest data, validation @uld only be carried out on
the global deformation behaviour arttie publishedacceleration curve of a measurement sensor at
the top of the engine. The deformation behaviour of the test and simplified vehicle madel
depictedin figure 23. The comparison showsahthe simplified vehicle model caredict the global
crash behaviour of the vehiclén figure 24 the acceleration output of the simulation model at the
top of the engines plotted to compare the result with the published test dathegraph shows that
the two extreme values of the acceleration curvare represented both qualitatively and
quantitatively by the simplified modellt should be mentionedhat the obtained deviation is not
obtained only by the simplification of the vehicle, since the fidsbrmodel also exhibits deviation in
the accelerationcurve. Since the simplificatiomethodology isbased on the global crash models,
inaccuracy existing in the global crash modeéliisctly transferred into the simplified vehicle model.

Fig.23: Comparison otrash behaviour obtainedh the full  Fig.24: Comparison of acceleratioat the top of the

vehiclecrashtest andin the simulation usinghe enginein the crash tesiandfor the simplified vehicle
simplified vehicle mode(crash test image Toyota Yaris model atUS NCAP crash load case (100%, rigid wall,
from [28]) 56 km/h impact speed) 28]

5. Discussion of the Impact on the Computational T ime

A significant challenge in the case of a crash analysis is the high computationallienmaintarget
of simplified crash models is threduction of computational time with aninimum influence on the
simulation resultsThe presented methodology for gemation of surrogate modek for deformable
barriers and full vehicle provide high-quality resultsIn this section the effect on the computational
time is discussedFor the assessment of the time reduction potentja#l crash simulations were



