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Abstract of Thesis

Development and Validation of Progressive Deformable Barrier modeled with Shell
Elements

Deformable cash test barrienssed for vehicle crash tesisee made of deformable
aluminum honeycomb block3$hesealuminum honeycomb blocks have excellent energy
absorbing capabilitieS.hey have different crush strengths representing the front end of a
vehicle. The finite element modeld these crash test barriers are used extensively
auto manufacturers to optire the vehicle structure. Hence in a finite element
simulation, the behavior and the crush modes of the barsee ho be simulated
accuratelyHistorically, in thesebarrier modelgshe honeycomb blocks were represented
usingsolid elementsDue to largedeformation seen by the barrier thelid elemert are
prone to negative volume problems whiateafly reducestability and accuracy of the
simulations In this study a finite element modelf Progressive Deformable Barrier
(PDB) is developedusing shell elementsto overcome the negative volumes and
inaccuracies issueBiscretizing the honeycomb cedl its exact sizevas not feasible due
to extremely small cell size. A scaling methsdusedto model the PDBThe main
objective of this research was tansilate the global and local crushing behavior of the
honeycomb blocks and the characteristic deformation modes observed in the physical
tests.

PDB has honeycomb blocksittv progressively increasingtiffness in the depth
direction. The compressive strength of the FBBontrolled by progressively increasing
the thicknessof the shell elements The various honeycomb blockare tied using

adhesives and tied contact is used to represent the adhésev€E model of the PDB



with shell elements was compared topeeviously developed barrier using solid
elements. The shell element model simulations showed noticeable improvements in the
validation tests. Particularly, the validation test with large laedbrmation and shearing

of the honeycomb cells showed improvement and stability in the shell element PDB
model.In order to demonstrate the robustness and the stability of the FE model in large
deformations, a 50% offset Frontal simulation at 60 kph waslated using a FE model

of Ford F250 pickup truck (model year 2006).

Vi
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1.Introduction

The Crashworthiness of a vehicle or its capability to protect its occupants plays an
important role during the design of the vehicle. The crashworthiness of a vehicle is
evaluated by various regulation&£CE R94, R95European RegulationFMVSS 201,

208, 214(US Regulation)or protecting its occupants. Public awareness programs such
as vehicle atings by Insurance Institute of Highway SafelyHS) and the New Car
Assessment Program (NCAP) has influenced the automobile manufacturers to improve
the sfety performanceAutomobile manufacturers have responded efficiently to this
demand with improvedesign to meet the regulayarequirements and excel in the safety
rating tests Computer simulation using Finite Element Analysisised extensivelyo
improve the vehiclestructue and in design optimization of the vehicld3uring this
process detaitk computer models of the vehicle as well as the impacting or impacted
barrier are used to carry out the simulations and assess the vehicle crashworthiness.
Deformablecrash test barrierghat representthe stiffness of the front end of generic
vehicles areextensivelyusedas surrogates imehicle crah tests.

The different barriers used for crash testingregulationand consumer tests are as
follows-

1. Advanced 2000 Mobile Deformable side impact bariieEU R95, NCAP (EU),
Japan, Australiand chingFigure 1.1)

2. Progressive Deformable BarrieiCompatibility testgFigure 12)

3.NHTSA side and rear impact barrier face FMVSS 214(side impact) and FMVSS
301(reanmpact), NCAP (Figure 1.3)

4. Advanced Europeain Mobile deformable barrig(Figure 14)



5. IIHS Side impact SUV barrigiFigure 15)
6. Frontal Offset deformable Barrier(ODB) ECE R94, IIHS, NCAP, Japa/ustralia,

China (Figure 1.6)

Figurel.1l: EU-R95Barrier Figurel.2: Progressive Deformable Barrier

Figure 1.3: FMVSS 214 Side Impact Barrier Figure 1.4: Advanced European
Mobile
Deformable Barrier

Figurel.5: IIHS Mobile Side ImpacBarrier Figurel1.6: Frontal Offset Deformable
barrier



Frontaloffset tests are carried out Byl automobile manufacturevgorldwide, in
compliance wih the European regulatioRMVSS, Australian NCAP, JNCAP and IIHS.

In a Frontaloffset test, onlya certain width (overlapping width) of\eehicle's front end
impacts the deformable barrier. Hence Frontal offset tests are an assessnfent of t
structure ofa vehicle In recent yearsdue to the increase in number of larger vehicle
(Sports Utility Vehicles SUV and Pickup Trucks) on the roadirang focus has been
emphasized ofrontal compatibility Special focus is maden the safety of the partner
vehicle (smaller vehicleland aggressivity of vehicle€ompatibility of vehiclesas ben

a vital issue withthe increase in the population of large pickup trugkd SUVwhich
share the road with smaller cai$ie RogressiveDeformableBarrier has been proposed

as a crash test barrier to assess the aggressivity of the vehicle.

The barriers used for crash testing haveleformable facemade of aluminum
honeycomb structurelThese honeycomb structures have orthotropic behavior and are
made from seeral layers of aluminum foil which are glued together and expanded to
form honeycomb blocks. Aluminum honeycomb possesses excellent energy absorbing
capabilities They deform uniformly under load preventing any damage to the supporting
structure. The lowveight of the aluminum honeyconaltlsomakes it easier to handle.

With the advancement of Finite element analysis, numerical simulations are
effectively used in craskimulations.Using these methods it is possible to simulate the
behavior o f structhre dunng & crash &gh. dn order to predict the results
precisely, the Finite Element model of the barrier has to accuraetgsent the force
distribution andlocal and global deformation behavidn currenty available barrier
models the alummum honeycomb blockare representedising solid elementsSolid

element barriers are prone to negative volygmablemsand instability The behavior of

3



these solid elements a full-vehicle crash test simulation is not reliable and they fail to
capture he local deformation belvior of the aluminum honeycomb

This research focuses onodelingthe aluminum honeycomb cores of the PDB
using shell elements. The shell element barrier was validated using two tests with
different shape impactors. The results were compared to resyitewadusly developed
solid element PDB model. The validated barrier was also used for a full vehicle crash
simulation to ensure its robustness under large deformations.

The PDBtest procedurevasdeveloped by the compatibility and frontal impact
working group (WG 15) of the European Enhanced Vehicle Safety Committee (EEVC).
The PDB test is one of the proposed amemdmt s t o assess the ve
interaction, front end force level and the strength of the occupant comparifhent.
geometry of PDB and crush strength of its aluminum honeycomb cores are designed to
assess compatibility between the front end farfcthe heavier vehicles and the stiffness
of the occupant compartment of smaller cdirsee deformation of the barrier is used as an
indicator to measure thaggressivityof the vehicle. The main aim of the PDB test
procedure is to measure the partner getion and selprotection in the same test. The
PDB test procedure is able to evaluate the position of the load path and stiffness, the
global front end force and the occupant compartment strength. Tharskd€tion can be
evaluated by the measuremeatsthe dummies (instrumented Hybrid 11l dummy in the
driver and the front passenger seat). The partner protection can be evaluated by the
measure of deformation on the barrier. The energy absorbing capability of the
honeycomb cores (PDB barrier) is usedet@luate the Pressure (Force/Surfécea)

which is the key in assessing compatibility [8].



1.1 Motivation of Study

The Bi s designed to replicate the behavi

the size and the mass of the impacting vehicle the baesyonds differently. fie
complex failure mode and the deformation behavior of the barrier (aluminum honeycomb
cores)makeit difficult to simulate using FE model. Severe barrier deformation can result
in instability which may leado premature terminatioof the simulation aneéhaccuracies

in the vehicleevaluationprocess. Hence the FE model of the barrier has to replicate the
global and local deformation of the honeycomb cores accurately. Solid elements are
preferred due to their lower computational tirbaf they are prone to negative volume
problems.

The structural behavior of the honeycomb cores is difficult to represent using
solid elements with the available elagtiastic continuum material models.
Homogenization of the solid model holds good ¢gtly for ten cells (honeycomb cells),

a sharp object loading a block on a smaller scale will induce instability in the model. The
solid models fail to represent the progressive deformation of the honeycomb blocks,
instead it tends to distribute the defation [25].

Theobjective of this research was to develop the FE model of the PDB with shell
elementsandalsoto simulate the global and local crushing behavior of the honeycomb
blocks A scaling method was used to discretize the honeycomb cell. The FE model was
validated using two tests with different shape impactors. The simulation results were
compared to the results of the physical test. The simulation results were also compared to
the results of the solid element FE moddie results of theshell element model showed

improvements when compared to the solid element.FEhenodel was alssimulatedfor



a 50% offset Fuliehicle simulation in order talemonstrate thestablity and the

robustness of thEE modelin case of large deformations

1.2 Thesis Organization

This research describes the method of modeling PDB using shell elements in
order to improvestability of the models andccuracy of the results using FE analysis.
Thethesishasbeen divided into seven chapters. Chapter 2 providiesr@ure reviewof
the different methodthat have been uséd model honeycomb celénd previous studies
related to the study topicChapter 3 gives the technical and the construction methods
adoped to develop PDB and also explain the UTAC test result performed on PDB.
Chapter 4gives details orthe methodology adopted to develop the PDB using shell
elements. Chapter 5 discusses the shell element model simulation eesliltalso
includes thecomparsons between the test data, the solid element model results, and the
shell element resultd-ull-vehicle to barrier simulation results of the PDRT shell
element model with a ForB150 pickup truck ipresentedn Chapter 6The last chapter,

Chapter 7givestheconclusions of the research amd¢ommendations for future research.



2. Literature Review

In order to assess tlweashworthinessf the vehicle, the FE model of the PDB has
to simulate the compressiveush strengttand failure mode behaosi of the aluminum
honeycomb coredHence the FE model of the barrier has to replicate the global and local
deformation of the honeycomb cores accurately. Duringalifted impact a honeycomb
cell may encounter local tearing, and during impact loadingh@rthickness direction) it
produces localized crush. This behavior of the honeycomb structure is difficult to
generalize using solid elements with the available elp#istic continuum material

models [25].

2.1 HoneycombConstruction

D

SR

M

Figure2.1: Honeycomb showing the network of cells with Thickness, Length and the
Width directions

The Honeycor is the simplest form of cellular solid which is twdimensional
and has hexagonal cells which form a pléfgure2.1). Cellular solid is a networkfo
internally connected solid struts or plates which form the edges or faces of the cells.

The property of the cellular solids depends on the way the solid is distributed in the cell
7



faces and the cell edges. The cells can be stacked in different wags thiferent
structures based on the edge connectivity, which results irretitfeoroperties to the
cellular structure. Normally, it has three cell edges meeting at a vertex which forms an
array of six sided cells, the naturally occurring two dimengi@edls have irregular
number of celledgess oap fr ot h, a beeds honeycombs
four, five or more cell edges meeting at a vertex [19].

Relative densitys the important character governing the properties of a celluldr so

Relative density " /" s
Where! "--- is thedensity of the cellular materiahd” «-- density of thecell wall

Relative densities of cellular solids are generally less than 0.3. The shape of the
cell and the cell size has very important influence on the properties (mechanical and
thermal) of the cellular solids. The properties of solid are isotropic when theacells
equiaxed and the properties depend on the orientation of cells when the cells are
elongated or compressed. Polymeric foams used for packing and insulating have their
relative densities ranging from 0.05 to 0.2, and soft wood has range from 0.15.to 0.40

The most commonly used procedure to manufacture honeycomb is by pressing
sheet material into a half hexagonal profile and then by gluing the corrugated sheets. The
glue is applied in between the stack of metal sheets and then the stack is pulled to form a
honeycomb [15].

The strength of a honeycomb core depends on the ratio of width and thickness of
the cell walls. Aluminum honeycomb is an elagtiastic material which undergoes
deformation under impact loading. Hence honeycomb is used for differergyene
absorbing applicatian Pertaining to the automobile

deformation charactistic, failure modes under dynamic loading and their energy

8



absorbing capabilities are important factors. It is used in filling material ftg rai

vehicle structures and in vehicle crash test barriers.

2.1.1Deformation Mechanisms in Honeycomb

Honeycombs arsimilar toa spring system, when loaded irglane direction(Xi
X2 planein Figure 2.2) the cell walls starto bend. The geometry of the honeycomb
allows large deformations with only a small strain to the structure. When they are loaded
in out-of-plane direction (X plane)the honeycomhs much stifer and the cell walls are

compressed, elongated or sheared under axial loading.

Figure2.2: A honeycomb cell showing XX;and X% directions
The mechanical behavior of cellular solids involves three stages. Firstly, the walls
of the honeycomb cells start deforming and bending due to linear elastic deformation
(Figure2.3). After reaching a particular strain (depends on the material) the cells reaches
elastic buckling, plastic yielding, creep or brittle fracture depending on the particular
material used for the cell walln this region, a constant load is observed/hen the
compressive strains aiecreased furtheithe opposing walls of the cells come in contact

and they deform together. This results in steep increase of the stress. This behavior of the



Honeycomb is tered as Densification. Once the cells walls touch each other the
collapsing stops and the material starts to densify which results in the increase in stiffness

of the material [19].

Material
Densification

Compression under
constanioad

Force

Displacement

Figure2.3: ForceDeflection behavior of a honeycomb

When the honeycomb cells are subjected to tension, the cell walls starts bending
at first similar to that of compression loadinfthe material of the honeycomb cell is
yielding plastically the honeycomb exhibits plasticity, if the material used for the cell
wall is brittle then the cell fractures.

Honeycombs offer more stiffness when loaded along the axis of the cell in the
direction of X3 (Figure2.2) In case of out of plane deformation, the initial stage of linear
elastic buckling has higher axial or shear deformations of the cell walls. Linear elastic
deformation can be explained as follows:

During axial loading (in X direction the honeycomb cell alls are either

stretched or compressed unlike in theplane deformation. Since axial and bending

10



deformations are included in oot plane deformation, the plastic collapse strength is

much higher in this case.

2.1.2 Mechanical Properties of Honeycombs witldouble thickness
vertical walls

2t
\\\ e L
< s
| , Double thick
A e N vertical
o T o P
7 P e

Figure2.4: A Single Honeycomb cell with double thick vertical walls

Commercially available honeycombs are manufactured by gluing strips of the
material and then it is pulled such that hexagonal cells are formed. This process is called
as O Ex pThis process gields a cell which has four walls with lengthand
thickness- t and two walls of length h and thickness 2 he adhesive is added on the
aluminum sheets in a dirgen parallel to the thickneshe aluminum sheets are then
assembled and cured and they are expanded to the required cdliggize2.4 shows a

single honeycomb cell with double wall thickness.
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When subjected to deformation the glue deforms initially followed by the cell
walls. The strength of the glue is less than the calllvwnaterial. The relative density of

the honeycomb cell is given by

Where,O istheyoungés modul ugdiréeciont he nor mal ( X
O is Solid modulus

Uniaxial tension is given by

Plastic buckling in uniaxial compressi¢Wierzbicki (1983)[19])

z T
=6.6 -

hl=1land— o #

Where,li is theyield strength of the material of the cell walll

z

» is theplastic buckling stress of the honeycomb cell jndtrection
— is the angle
Using tis equation the lengthf each side of a honeycomb cell can be calculated based

on the desired strength.
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2.1.3Directional Dependence of Aluminum Honeycomb

In order to study the directional dependence of honeycomb cells, Kojima et al. [3]
has conducted static compression tests at different angles. gp&esinen with a sizef
150x 150x 50 nm was cut out of the honeycomb core with a variation of 10 degrees and
then the static compression test was conducgishown irFigure2.5.

The conpressive stress was calculated using

Compressive stress—=

Figure2.5: Aluminum Honeycomb Compression test based on orientatithreafell[3]

The resub of the test in Figure2.6 showthat the highest compressive stress was
measured along the zero degree of the test specimen. The resudtsomdbat the test
specimens which were cut at an angle of 60 degrees or more had very less compressive

stress when compared to the other tests.
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Figure2.6: Relationship between the cell orientation and the compressive stress
2.2 Available Deformable Barrier Finite Element Models

Kojima et.al[3] developed a&ide impact Moving Deformable Barrier using shell
elements and compared the restritsn a full vehicle side impact analysis with results
from the solid element barrier. The shell element barrier had better correlation than the
solid element barrier. In order tssess the compressive strengthihefsolid element
barrier, a FEM analysis of a flat impactor and an offset pole impactor test were carried
out. In the flat impactor tests, the results correlatedl with the actual test results
(Figure2.7), i.e. the compressive strength of the FE model of the aluminum honeycomb
under axial compression was predicted accurately. But in the offset pole test the barri
deformation measured was 32 mm less than the test rdsigiisg2.8) [11]. The results
of the comparison of both the solid and the shell elemmttels with the test are shown

in the Figure Z - 2.13
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Barrier force

i
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Figure2.7: ForceDisplacement Curve for Flat Impactor Te$t-E model and actual
Test [11]

Initial velocity
= 35km/s

In the flat impactor tesfFigure 2.7), the compression behavior of the solid elements
under axial loading was found to lm®rrelatingwith the test result. The extent of

deformaion measuredn the FE model and the test were same.

FEM[Solid] s Test
R LS =
8 / Ei
| I—=A
H B} o

o i
. W‘P 0 100 200 300 400

Stroke [mm]

Initial velocity
= 20km/s

Figure2.8: ForceDisplacement Curve for Offset pole Impactor T&fsFE model and
actual Test [11]

In the pole impactor test treroke of the barrier was 32 mm less than the test
(Figure2.8), this suggests that the barrieas astiffer response in the simulatioRigure
2.9 shows the region where the pole is impacting the barrier. This region undergoes local

deformation during the simulation. The elements in émsounter excessive hourglass.
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The study showed that, in the offset pole impactor test, the hourglass ¢oexgpl
energy ratio wasbout 60% Figure2.10). This was due to the hourglass control applied

to the solid elements which contributed to the increase in measured barrier force.

Pole

T

Region-A

ATHITHI

H
L ¢
w

Figure2.9: Hourglassing of the deformed elements of SEliement honeycomb

Energy

Internal-Energy

Hourglass-Energy

0 0.02 0.04 0.06 0.08
Time [s]
Figure2.10: Comparison of Hourglass Energy and Internal Energy in Solid Element
Moving DeformableBarrier
The ratio of hourglass energy to the internal energy in the shell element MDB

was observed to be around 10%. This was due to lesser resistaed dif/ the
aluminum honeycomhtduring deformation. Also the deformed shape of the vehicle
showed better correlation in the shell element model compared to solid element model.

Figure2.12 shows the comparison of the ratio of hourglass energy and total energy was

higher in solid element model compared to shell element model.
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Hourglassmodes are nonphysical, zeenergy modes of deformatiolt produces
zero strain and no stressourglassing of elements involves nodal deformations that do
not contribute to the strain energy of the elemedtsurglassmodesoccurin elements
which areunderintegrated (single integration poingingle point integration is generally
used to save computational tim&he two main Hourglass modes observed in elements
are inplane mode and out of plane mg@&]. Different hourglass control are available

in LS-DYNA

Out of plane mode In-plane mode

Figure2.11: Different Hourglass Modes

1.0

0.8
e FEM[Shell]
| —— FEM[Solid]

0.6

/ Total E

04

Hourglass E

0.2

Time

Figure2.12: Comparison ofhe ratio ofHourglass Energio Total Energy in Solid and
Shell Element Mving Deformable Barrier
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Figure2.13: Comparison of Results in Flat Impactor tefFE models of Shell and Solid
with Test

The shell element model atite solid element barrier model behaved similarly in
the flat impactor testHigure2.13) and the results correlated with the test results. But, in
the offset pole imapctor test, the shell element model results were more accurate
compared to solid eleme(figure2.14). The difference in thextent of deformatiomas

reduced to 3 mm

Test == FEM[Shell] FEM [Solid]
| | | |
i : N
g ’ = I
[s) | ! !
E 1 I i !
na— \ 0 I |
z = P 4uN |
: e ’
o [ . : :
: : : |
i i i
0 100 200 300 400

Stroke [Imml

Figure2.14: Comparison of Results in Offset Pole Impactor té$tE models and actual
test
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Jost, T et.a]9] developed a IIHS moving deformable barrier using Discrete Beam
method Figure 2.15). The objective in this research was to simulate the deformation
modes of the aluminum honeycomb and also to reduce the CPU TthmeDiscrete
beams in the modelare spring elements with sicoupled degrees of freedom. The
discrete beam element resulted in less number of elements compared to shell element
model, which reduced the CPU time. In the discrete beam method, each edge of the
honeycomb cell was represented by only eleenent. Thsresulted in a simplified model

of IIHS moving deformable barrier9]

Figure2.15: IIHS moving deformable barrier developed usitigcrete beam methd@®]

Eskandarian, A., et,aPf] developed a FE modelf a bogie (surrogate crash test
vehicle) and validated the FE model for rigid ptdet Bogie (Figure2.16) is surrogate
crash test vehicle used by The Federal Highway Administration to simulate the impact
dynamics of a small size vehicl&. can be configured using different noses to get
different crush behavior. The weight of the bogie can also be alteregptesent the

variation in the weight of a vehicle.
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Figure2.16: Bogie- Surrogate crash test vehicle

The FE model could be used for different crash simulations for the design

optimization of roadside hardwean The FE(Figure 2.17) model consists of anulti-

layeredcrushable honeycomhose and has different honeycomb segments representing

different crush strength&ach honeycomb segment was represented using the material

model type 26 available in DYNA3DQuasi static compression simulations were run to

validate the parameters of each honeycomb segridet.comparison of the forcie

crush response of the compression test and simulations results are showfigutée

2.18, the simulation results showed good correlation with the test reshési-E model

was validated using a 32km/hr impact useag instrumented rigid polethe result is

shown inFigure2.19.
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|

Figure2.17: FE model of the Bogie
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Figure2.19: Comparison of acceleration time histories of crash test and simulation
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Park, C.K., et,al [1Peveloped a FE model of PDB using solid eleméRigure
2.20). The FE model has small columns of solid elements repiegethie honeycomb
blocks. These columns are interconnected using discrete beam elements.
MAT_MODIFIED_HONEYCOMB material model aviable in LSDYNA was used to
represent the aluminum honeycomb. The yield stress of the material was defined as a function of
the angle off the material axis. The adhesive bonding between the plates and the honeycomb

cores was represented using discreterbetements with failure criteria [1Figure 2.21 and
Figure 2.22 show the test set up of thevd validation test simulationand the force
deflection behavior of theolid element model. The results were compareghigsical
tests In case of testh with a curved rigid impactorthe solid elemenPDB model
captures the global crushing behavior of the aluminum honeyctimbdeformation
kinematics howeverdid not matchthe testdeformationsAlso, the extent of deformation
of the barrier is not reached as obserivethe physical barrier.nl case bthe validation
with a flat rigid impactor, the solid element model ddito capture the local crushing

behavior and the deformation kinematics.
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Figure2.20: PDB modeled using solid elements
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Figure2.21: Comparison of Solid element model and Tiestalidation test1 [1]
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3.Progressive Deformable BarrierDescription

and Construction

The PDB test procedurevasdeveloped by the compatibility and frontal impact
working group (WG 15) of the European Enhanced Vehicle Safety Committee (EEVC).
This PDB test procedure groposedo evaluatere hi cl eds structur al i n
force level of the vehicle and ageant compartment strength. The deformation of the
PDB gives the measure of aggressivity of the vehicle.

PDB is a vehicldike barrier, it has honeycomb blocks which progressively
increase in stiffness represgt different types of vehicles independefttheir mass.

PDB is deeper when compared to offset deformable barrier and has been designed to
avoido Bot t o mefieay Out 6

This chapter explains the different components of PDB. The gluing process

followed to glue the different aluminum sheets tarica honeycomb cell. The results of

the two tests conducted by UTAC on PDB are also explained in this chapter.

3.1 Technical Description of PDB

PDB consists oftree deformablealuminum honeycomicoreswhich has four
distinct crush strengthdt has a stiffess which increases progressively along the
thickness direction. PDB6s design helps in
deformable honeycomb cores are made of Aluminum 3003 alloy which has yield stress at

142 MPa. The different components of Bare shown irFigure3.1 andTable3.1.
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Figure3.1: Different components d?DB

Table3.1: Components of PDB

Component Number Name of the Component
1 Front Deformable Core
2 Progressive Deformable Core
3 End Deformable Core
4 Intermediate Plate
5 BackPlate
6 Contact Plate
7 Covering Plate
8 Glue

The PDBIs 1000 mnwide, 700 mmdeepand 700 mnall. The front deformable
honeycomb core is 250 mm thick and designed in a way to pr@adstant crush

strength Behind the front core is therogressive corgvhich is 350 mm long and has a
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crush strength which increases progressively. The PDB with dimensiai®wn in
Figure 3.2. The progessivestrengthof the barrier is achieved by chemical etching
process. The progressive core has two redimpsand bottomyvith two different crush

strengths.

Figure3.2: PDB with dimensions in the Length, Width and Thickness direction [1]

The PDB includesfour aluminum sheeinetal plats as listedin Table 3.2. A
covering plate is located at the front face of the barAer intermediate plate is used
between the front core and progressive cArhesives are useo tond the face of the
honeycomlrore andhis aluminumplate Adhesives ar@eot used between cores and the
covering plate. Rivets are used between the contact plate and coverind péafeont
core of the PDB has an aluminum honeycomb core with a cell size mini@ndthe

progressiveeoreand the end coreave a cell size 08.5mm
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Table3.2: Aluminum sheetaisedin PDB their thicknesses

Name of the Component| Type of Aluminum used Thickness
Covering Plate 5052 H24 0.8 mm
Contact Plate 1050 H111 1.5 mm
Intermediate Plate 5052 H24 0.8 mm
Back Plate 1050 A 0.3 mm

The Front deformable colie 700 mm tall, 1000 mm wideand 250mm deep It has a
constant crustoad of 0.34 MPa (49.31 Psi) Progressiveleformablecoreis 700 mmtall
and450 mm deep The progressive core has two different load paths, the lower load path
has a stiffness wbh increases progressively frdl68 MPa to 1.02 MpPa (98.62Psi to

148 Psi) and the upper load path has a stiffnesseasingfrom 0.34 MPa to 0.68 MPa

(49.31Psi to 98.62Psi) as shown irFigure 3.3.

Figure3.3: PDB withdifferent crush resistance for different coféks

These distinct load paths aezhieved by chemical etching process. The progressive

deformable core offers constant resistance load path for the last 100 mm (End Core).
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The Intermediate Plate 1000m wide and 700mm tall. Its thickness is 0.8 mm and is
manufactured from Aluminium 5052 H24. The Contact plate is 1000 mm wide and 700
mm tall. It is 1.5 mm thick and it is manufactured from Aluminium 1050 HTtke
cladding sheet is manufactured from Aluoin 5052 H24 and it is 0.8 mm thick, the
dimensions are 100&m wide and 850nm tall. It has two mounting flanges of 75 mm
length which is used to mount the barrier on to the rigid wall. On the outer face the
cladding sheet has twenty holes with a diametes.2 mm for riveting purpose. These

rivets are made of aluminum and steel.

3.1.1Adhesive Bonding

The aluminum sheets are cleaned with a degreasing agent before they are glued
together, the cleaned aluminum sheet surfaces are then abraded using an apasive p
Then the glue is evenly applied over one side aluminum sheet and they are glued
together. The aluminum honeycomb core is glued to the sheets such that the axis of the
honeycomb cell is perpendicular to the sheets. The contact plate is glued tmtlwfe
of the PDB, the intermediate plate is glued on both sides to the faces of the front core and
the progressive core. The covering plate is not glued to the faces of the honeycomb core,
but it is gluedto only the back plate and the mounting flanges. The adhesives used in
PDB are compéint with the ECE R94 regulation. Generally polyurethane like XB5090
along with XB5304 is usedlhe Process oflging of the aluminum sheets shown in
the Figure 3.4. The adhesive is applied between the aluminum foil and then they are

expandedo form a honeycomb cell.
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Figure3.4: Aluminum Sheets glued together to form a honeycomb cell [13]

3.1.2 Calibration Test for Aluminum Honeycomb Core

The different aluminum honeycomb block®f PDB are tested dr static
compressionOne sample is taken from each of the blocks for testing. For the front
honeycomb core a sample with dimensions 2@00x 250 mm is considered for testing.
For the progressive core two samples from the two different load path regions are taken,
the dimen®n of the sample is 108 100 x 450 mm. For the end deformable core the
sample size is 108 100 x 100 mm. the samples are compressed between two parallel
plates which are 20 mm larger than the size of the sample considered for testing. The

maximumcompression is about 80 % of the honeycomb core in the thickness direction.

3.1.3Barrier Mounting

The PDB is attached to a load cell wall whiclara mass equivalent to 70 ton
The front face of the rigid wall to which the barrier is attached should be rftht a
continuous over its height and width. The rigid wall should not be displaced more than 2
mm during he test. The edge of the PDBaligned with the edge of the rigid wall. The
PDB isconnectedo the rigid wall using ten rivetwhich have a diameter 6f2 mm with

five in the top and five in the bottom of mounting flan§eeel clamping strips are used
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for both top and bottom mounting flangd$e function of the mounting strips is to hold
the PDB in its position during the test. The Pl@Benmounted orthe load cell wall is at

a height of 150 mm from the grougéigure3.5).

Figure3.5: PDB mounted on load cell wdf]

3.2 Validation Tests

The validation of the PDB ian essential part of thdevelopment process. The
validation tests are generally carried out to correlate the overall deformation and the
force-deflection behavior of the barrieand to check the local and global crushing
behavior of the honeycomb celld TAC [16] conducted two \i@ation tests on the PDB
with rigid impactors. The details of these two tests are as follows.

Test 1:
Impacting Velocity: 17.89 nis(64.4 km/hr)

Mass of the Rigid Impactor: 1492 kg
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Figure3.6: Test set up showing the overlapping distance of Rigid Impactor

Figure3.7: CurvedRigid Impactor Impacting the PDB

This test was conducted to measure the global crushing of the honeycomb cells in
the PDB. The test wasonducted twice with identical configuratios test the
robustness and the repeatability of the barrier. dimwed rigid impactolFigure 3.7)

coversthe entire height of theDB. The impactor overlaps only 700 mm of barrier along
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its width. The load cells mmted at the rear athe barrier measures the force. An
accelerometer is mounted on tingpactorto measure itaccelerationThe results of the
validation test are shown in Figure83. 3.10. The force in the graph shows that at time 0

the force is at 5&N, this is due to the filtering of the force ddtahich cuts the high
frequencies signals, alters some the forces at time zero which occur at these frequencies)
The deformed shape of thmarrier at full compression ishown in the Figure 3.9 and

3.10. The force in the second test reduces at a displacement of 250 msris taking

place when the front core is completely crushed. The deformed pictures show that the

end core is not deformed.

UTAC Test
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Figure3.8: Force Vs Displacement in the X direction
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Figure3.9: Deformed shape of tHerrierafter thetest Figure3.10: Deformed shape of
the barrier after the test
Test 2:

Impacting Velocity: 16.53 ni5(59.50 km/hr)
Backing Wall

Mass of the Rigid Impactor: 1498 kg
Moving Rigid \ -
Impactor
1 [ PDB Bartier
233 mm )
| 50 IIIIIII Vs
| 100 mmI
Ty only i
466 mm
Complete Overlap
SideView Top View

Figure3.11: Top view showing the Rigid Impactor completely overlapping the PDB
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Figure3.12 The Flat rigid impactor impacting the PDB

This test was conducted to measure the local crushing of the honeycomb cells in

the PDB. The flat rigid impactocoversthe entire width of the barrier and it is at a
specified height as shown in tR@gure3.11. The impactor isligned at theegion where

the two blockf the progressive core is separat€de load cells mounted at the rear of

the barrier measures the force. Tlaeceleration is recorded by the accelerometer
mounted on the impactor. The fordeflection characteristics of the barrier are shown in
Figure3.13. Figure3.14 shows the picture of tHearrier completely deformedhe figure

shows that the front core and the progressive core are completely defanaeithe

cladding sheet is separated from the core.
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Figure3.13: Force Vs Displacement inehX direction

Figure3.14: Deformed shape of tHearrierafter thetest
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4.Development of Finite Element Model of

Progressive Deformable Barrier

Figure 4.1 explains the process followed in the development process of PDB.
Firstly honeycomb compression simulations were run to determine the thickness of the

cell. The thicknessvalues obtained fgparticularcrush strengtivere used to develop the

S

FE model of PB.

Honeycomb Compression Simulations

Validation Test Simulations

LY
::! -'M-‘ -rls

SLLLL X

Fullg¢ Vehicle Simulation

Full¢ Vehicle Tests

Figure4.1: Developmental Process of PDB
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Then the FENnodel was validated for two validatidests. Lastly the validated PDB was
used for a fullvehicle simulation.

In this section the development and modeling process of the FE model using
shell elements are explaineddetail It also discusses the results of the component level
honeycomb comgssion simulations that were carried out to determine the cell wall
thickness.

The physical properties of hexagonal honeycomb, such as buckling modes are
better depicted when ttell size used is of the same size as that of the physical barrier
But dueto the limitations in compational time the honeycomb cell sizénad to be
scaled.

The accuracy of a FE model also depends on the material model used for the
different components of the PDB model. -D&NA has a wide variety of material
models out ofwhich two material models were used. The following table lists the
material models and the number of components with their respective material type

number.

Table4.1: Material Models Used in FE Model

Material Type Number Material Type
24 Piecewise_Linear_Plasticit
1 Elastic
20 Rigid
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Material type 24 (Piecewise Linear Plasticity):
The material type 24 is the most widely ugedterial modein LS-DYNA for
simulating theelastieplastic behaviarThe input parameters of this material model
1. Density of the material
2. Young6s modul us
3. Poissonds ratio
4. Yield stress
5. Load curve defining the effective stress versus the effective plastic strain which
represents the plastic region of the material
6. Effectiveplastic strain at failure
The elastic properties are determined by the use of elastic constants and the plastic
properties of the material are described by defining the yield stress, hardening and the
flow properties of the materialhe material propertgeof aluminum 3003 series were
usedin the material modelnitially a plastic strain failure a#5% elongationwas usedn
the material modelThe engineeringstressstraindata was obtained from referenceé][2
and the stresstrain datais shown inFigure 4.2. The material model Type 24 in LS
DYNA uses true stress and effective plastic strain data.
The Effective plastic strain of a material is determined by the elastic modulus of
the material.
Truestrain=In(1 + engineeringtrain
True stress = (engineering stress) * exp(stnair) = (engineeringtsess) * (1
+engineeringstrain

Effectiveplasticstran=0 0 O R OAGOOAIDO O
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The true stregeffective plastic strain curve fauminum 3003used in the material
modelis shown inFigure4.3 and tie values for the parameters of material madel

given inTable4.2.

Table4.2: Input parameters for the Material Piecewise linear plasticity used for

Aluminum Hongrcomb Core®f PDB

Input Parameters Values
Density 2.4030E9 t/a &
Young6s Modul 70 Gpa
Poissonds Ra 0.35
Yield Stress 142 N& &
Load Curve Figure4.3
Tangent Modulus Not used

Stress-Strain curve of Aluminum 3003
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Figure4.2: StressStrain data for aluminum 3003 series
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The Figure4.3 shows the True stress versus the effective plastic strain curve used for the
aluminum honeycomb cores in the PDB.

Load Curve for Aluminum 3003

g
2140
% 120

()]
O 100 Yield Stress at 142 Mpa

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Effective Plastic Strain

Figure4.3: True Stresg Effective PlasticStrain Curve of Aiminum3003

4.1Methodology

The aluminum honeycomb structures used in the crash barriers have
orthotropic hexagonal structures made of very thin aluminum foils. This section explains
the method adopted for modeling a singteneycomb cell and subsequently the whole
barrier. The hexagonal honeycomb cell has two cell walls which have double wall
thickness with the glue in between them. The double wall is shared between two adjacent
cells (Figure2.4). The honeycomb cell has three principle directidrigyre4.4) and is
stronger in the direction parallel to their cell prism which is called Thi&kness
direction when compared to other two directions. In the thickness direction, it has the
ability to withstand load more than the length and the width directions. When the
aluminum honeycomb structure is loaded in the global thickness direction, the structure
deforms elastically at first, after reaching a certain compressive stress the structure
buckles. This can be noticed in fordesplacement curve as an initial peak, shown in

Figure4.5. After the initial peak the structure buckles under compressive load [9]. After
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reaching a particular stress, the cells start collapsing and there is a steep increase in the

stress and honeycomb cells starDensify

Hexagonal Cell
T 7 /7/\ 7
W// dire‘gltion
|- L

g

AN

direction

Figure4.4: Honeycomb cells showing T, L and W directi¢@k
Initial Peak due to initial Mater_i(_';ll _
/ buckling of the material /\/ Densification

Buckling under compressiv
load

Force

Displacement
Figure4.5: ForceDeflection behavior of a honeycomb when loaded in the Thickness

direction

Hence to obtain accurate results and to represent the buckling mode of the
aluminum honeycomb, the numbef elements used in each cell wall of a honeycomb
cell plays an important role. The actual size of the honeycomb cellnsriia the front
coreandin the progressive coreButthe end cordasthe cell size 09.5mm. Due to the
limitations of compudtional timein LS-DYNA, the honeycomb cell if modeled withe

actual size would yield a large numlzdrelements. Hence to maintain a minimum time
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step of one micro second, the minimum length of the element was maintained at 7 mm

This can be achieved/Iscaling the cell size of the aluminum honeycomb.

4.1.1Element Lengthand the cell size

In a dynamic analysis, stress wave travels at the speed of sound, if the elements
are small then the stress wave can skip an element while traversing. The procedure to
find the time step is based on Eigen frequencies of the eleme@YNA determines

a minimum time step for all elements at every cycle [18].

I:]:(tnﬂ) =a. min([xelrmfl’ I:]:elmﬁtz pree ’uelm#M )

Where a is a scaling factor(set t00.9, to avoid instabilitids
Thecritical time step calculation depends on kind of the element used, for example the

critical time step for a shell element is computed through the use of the Courant Criteria

Where D, is the critical time step of an elemehis the smallest edge length in an element, and

c is the wave speed.

For shell elements, the wave speed is calculayed

Where, E is the Young modulusjs the Poisson ratio, aridis the specific mass

densityof the material
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The above equatioshows that an increase in density leads to a reduction in
sound speed and a subsequent increase in minimum time step valuésagsiscaling
Is used in LSDYNA as means to maintaiiné time step above the prescribed minimum
value This results in théencreaseof mass in the elemesniand also in th&inetic energy
of the model. This increase in mass can alter the behavior of the component. Generally,
an eight to ten percent increaseaiceptable irfinite element modeling pertaining to
auto industry.

Substituting the corresponding values of the material aluminum in the above

equation, the value ¢fwas found to be

The above mentionelkngth of an element is at deformed condition. During
simulation the elements undergo deformation and the length is redodetie time step
would reduceHence, the minimum length of the elements of the honeycomb cell was
modeled with7.0 mm Based on this eachide of thecell was modeled with three
elements and the total length of each cell wall was 20.12 mm. This scaledasizesed

to model the front, progressive and the end core of the PDB.
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Double thickness
wall shared

20.12 mm I between two
adjacent cells

Figure4.6: Test Specimen (Top View)

FE Cell Size= 35.75 mnr

ActualCell Size= 19 mm

700

Double thickness wall
shared between two
adjacent cells

Figure4.7: Scaled FE Honeycomb cell

The difference in compressive strength between the actual aluminum honeycomb
and the FE model, resulting due to scaling oftbeeycomb cell is addressed by adding

virtual thickness to the shell elements. The common cell wall shared between two

adjacent cells has double wall thickness.
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4.2Compression Tests of Aluminum Honeycomb

In order to establish a relationship betweenghell element thickness and the
corresponding compressive strength, a gatic compression test was carried. Plascore
Inc [5], conducted quasitatic tests on a honeycortdst specimen with a size of &3

inch, the cross head speed was maintainedimtHmin.

Figure4.8: Compression test of the Honeycomb core in the T direction

Plascore Compression Test
14 :

—Plascore Test(3 inch)
—Plascore Test(3 inch)
—Plascore Test(3 inch)

12

—

o
oo
o

Stress (MPa)
o
~

|

|

|

0524 }
|

|

|

|

0.3581
o i =
g
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Displacment (mm)

Figure4.9: Compression Test Ressifor the core with Crush Strength @34 MPa
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Figure4.9 shows the compression test result for the honeycomb corecruisih
strength of0.34 MPa Based on this test, a FE model was uS®adcompression test
simulationin this researchSeveral iterations were made with a specimen size of 3x3x3
inch. Figure 4.10 shows the comparison of the 3x3x3 inch FE model (with an average
element size of 3mm). Téielement size cannot be used to model the entire barrier
because of timstep issuedf the 3x3x3 inch FE model is modeled with an element size
of 7 mm (depth direction), it would yield less number of elements, which are not enough
to capture the bucklgmbehavior of the honeycomb. Hence the specimen size was scaled

to 5x5x5 inch(with an average element size of 7 mm) in ordecdpture the buckling

behavior
Comparison of Plascore Compression Tests and FE
Compression Test Simulation
14 :
—Plascore Test(3 inch) | [ll
"2l plascore Test(3 inch) | | L |
= H—Plascore Test(3 inch) & NS N E lv
%o.e —~—FE Component Simulation(dinch)| /[ | / K
w  |——FE Component Simulation(3 inch)|{~/-f——— 1
0061 —— S
2 o /
() 0.44: /
| // |
0.2
% 15 30 45 60 75 90 10 120 13¢

Displacment (mm)

Figure4.10: Comparison of the 3x3x3 inch FRodel and scaled 5x5x5 inch model

The Figure 4.11 shows the FE model of the test specimen considétigdye

4.12shows the test setup.
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Figure4.11: Test Specimen withxsx5 inches in length, width and thickness direction

I 1 inch/min

Rigid Plates

127 mm
Figure4.12: Compression test setup
Table4.3: FE ModelCompression test setup
Test SpecimerDimension 5x5x5 inches
Cross-Sectional Area 25 inchH
Cross Head speed 1 inch/min
Output Rigidwall force and Nodal Displacemer
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The stress was calculated using

Where F rigid wall force

A - Crosssectional area of the test specimen = 25%nch

Based on the compression tests the thicknesses of different aluimoma&ycomb
cores of the PDB for differentush strengthgere validated. The thickness values of the
honeycomb cells are shownTable4.4.

Table4.4: Shell Thickness corresponding to the Compressive Stress

Required Compressive Stressdyl Pa) Honeycomb Cell Thicknesgmm)
0.34 0.10
0.68 0.22
1.02 0.30

Several iterations were performed in order to fthé exact thickness for the
particular crush strength. Considering the case for the honeycomalwbich has crush
strength 0f1.02 MPa (150 PsiEnd Core),Figure 4.13 shows the relationship between
the shell thicknesses and the corresponding crush strength for EndFgpme 4.14
shows the validated shell thickness for a speciiisie strengths for different honeycomb

blocksof the PDB.
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Figure4.14: Honeycomb Cores with different crush strength for validated thickness
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Theoretical Evaluation of the Length of the Cell wall of the Honeycomb Core

By Wierzbicki ds method, the plastic buc

uniform wall thickness is given by the formula [19]

z T

Wi

Where,, - Yield stress of the material

z

. - Plastic buckling stress
tT Thickness of the cell wall
| 7 Length of the cell wall
Considering the example for the honeycomb core which has compressive stress of 1.02

MPa of PDB (End Core)

the length of the cell wall vafound to be

| =18 mm

4.3 Modeling of PDB

The front core which has constant crush strength was modeled with the cell size
of 20.12 mm as mentioned in the earlier sectidre elements were represented using
guadrilateral shell withelement formulation2 (Belytschko- Tsay) available in LS
DYNA with three integration point3.he material model Type 24 was used for modeling
the material properties of aluminufhhe adhesive bonding between the front core and

the contact plate was modeled using tied contact
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The progressive core as explained earlier has two distinct crush strength zones
representing two different load pathiagure 4.15 shows the progressive core wiiln
upper zone having a compressive stress which increases from Ba3tb .68 MPa and
the lower zone increasing from 0.68&Ito 1.02 MPa across a length of 350 min.the
actual barrier this distinct crush strength is achieved by chemical etchingqrdates
process makes the surface of the aluminum progressively thinner.

Based on the ductility of aluminum, initiallg plastic strain failureat 45%
elongation of the materiavas used for the ements in thdront core andorogressive
core. Thethickness values obtained frothe component simulationgereused and the
thicknesawas increnentedprogressively for the elemenitsthe progressive cord-dence
the progressive increase in the compressive stress was regulated by the variation in the
thickness of the elements. The elements had
*CONTACT_ERODING_SINGE_SURFACE in order to avoid petration.
*CONTACT _TIED_NODES_TO_SURFACE was used representaiiigesive bonding
between the intermediate plate and the progressive core.

A MATLAB program was coded which regulates the increase in the compressive
stress by incrementing the thickness of the elements in the impact direction by
maintaining a specifiedement length. The inputs for the program are
Total length of the Progressive core = 350 mm
Total number of elements in Progressive block = 42
Minimum length of each element = 8 mm
Initial Thickness (single wall thickness) in case of Upper ProgreBépak = 0.10 mm
Final Thickness (single wall thickness) in case of Upper Progressive Block = 0.22 mm

Initial Thickness (single wall thickness) in case of Lower Progressive Block = 0.22 mm
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Final Thickness (single wall thickness) in case of Lower ProgreBspek = 0.30 mm

The end corénas two distinct regions of constant crush strength. The elements in
this region had the particular thickness obtained from the component simulations of
honeycomb. Tieadhesive bonding between thack plateand the end coreas modeled
using a tied contaciThe rivets between the covering plate and the contact plate were
modeled using rigid links constraining them in the three translational and three rotational

degrees of freedom.

Glug
350mm \/» Back Plate
0.68 Mpa 0.68 Mpa
240 mm| 10.34 Mpa

)|
A

Direction of 1.02 Mpa 1.02 Mpa

Impact 460 mm
0.68 Mp
Glue Progressive Core
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0.22mm

0.30 mm

Figure4.15: Progressive core modeled using MATLAB code with the honeycomb cell

thickness increasing progressively

Number of nodes = 586,688

Number of Shell elements = 586,133

E

Figure4.16: Fully developed PDB model using Shell Elements
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The components ofully developed FE model of PDBre mentionedn Table4.5 and

the FE model ha846,688 nodes and 586,133 shell elemehtsvn inFigure4.16.

Table4.5: Components of FE model of Progressive Deformable Barrier

Component Number| Name of the Component
1 Front Deformable Core
2 Progressive Deformable Co
3 End Deformable Core
4 Intermediate Plate
5 Back Plate
6 Contact Plate
7. Covering Plate
8 PreCrushed Honeycomb
9 Glue
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5. Simulation Results

This section discusses the foiti@e histories and foredeflectioncharacteristics
of theshell element model simulationBhe simulations were performed usiRg solver
LS-DYNA version 971Release 4singleprecision. Each simulation was run for 75
milliseconds, using 8 processors. The tstep was maintained at 1 misezond. The
rigidwall force was measured at rear end of the PDB. SAE 60 filtering was used to
reduce the noise in the force data measured.

The accuracy of thd-E simulation can be ascertained by quantitative and
gualitative comparison. The qualitatiemalysis involves the comparison of the crush
profile and deformation characteristics of the barrier. The quantitative analysis involves
the comparison of the foradeflection characteristics of the simulation and the physical
test.Table5.1 gives the validation teshatrix performedbased otUTAC [16] tests The
results of the two validation test simulations are explained in the following section.

Tableb.1: ValidationTest Matrix

Test Configuration Impactor Mass Impactor Speed
1 Curved Rigid Impactor 1492 kgs 17.89 ms (64.4 km/hr)
2 Flat Rigid Impactor 1498 kgs 16.53 ms (59.50 kmv/hr)

5.1 Baseline Simulation

The baseline model of PD#8r test 1wassimulatedand the forcalisplacement
behavior is shown in Figure 5.1As it is seen in the graphleventhough the force

displacement graphorrelates, the extent of deformatiobserved in the tesvas not
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reached in the FE modeThe deformation mode ishown in Figure 5.2It can be
observed that, the progressive core is not completely crushed in the FE Riadedt
strain failure was not udein the baseline modelnIthe nextiteration plastic strain

failure was included in the FE model.

Test 1
800 A } | | |
7ol ——UTAC Test1_1 | | | —
saol——UTAC Test1_2 — —
560~ — Shell Element Model -
E | /7 e Sl
480 | = E—/\
()] ‘ ‘
) -
5400 |
T320 |
o | ‘.
ol = |
N |
160 5 A ‘ II =
i I — —— 1
G ) \ ‘ + of ! |
0 100 200 300 400 500 600 700

Displacement X(mm)

Figure5.1: Baseline Simulation results

Progressive Core
not completely
deformed

Figure5.2: Deformation mode of Baseline Simulation
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5.2 Pre-Crushing of Honeycomb

Normal Force
1200

——Normal Force

1050

- Initial peak

| B
W N

150

; v

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time(seconds)

Force(kN)

Figure5.3: Unfiltered forceplot as a function of time

In the physical barrier, the aluminum honeycomb cellspagecrushed in order
to avoid the initial peak observed in the fodflection curve, Kigure 4.5 [3]). The
initial peak was observed in the FE model as WEljure 5.3). The initial peak was
eliminated by lowering the thickness of first three columns of elements in the front core

of PDB modelFigure5.4 shows the prerushed elments of PDB model.

PreCrushed Honeycomb
to avoid the initial peak

Figure5.4: PDB with PreCrushed Honeycomb cells
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5.3 Adhesive modeling in the FE model

The adhesive bonding between the aluminum sheets and between the honeycomb
blocks was initially modeled with tibreak contact available in EBYNA. Tie-break
contact uses stress based failure. But this contact resulted in the instability of the model
shown in Figure5.5. The elements penetrated each other near the region that separates

the front core and the progressive core.

Penetration of
elemens

Figure5.5: Deformed mode of PDB modeled with-tieeak contact

Shooting of
nodes

Figure5.6: Instability in the reduced sizaodel

A reduced size modeFigure5.6) was taken and the various parameters available

in the contact tidreak keyword were studied. This also tesiiin the instability of the
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model. LSTC(manufacturer of LDYNA) was contacted and they recommended the
following parameters for the tiereak contacand for *CONTROL_SHELL as well.

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE TIEBREAK ID

$# cid title
6FrontCore_intermediatePlate
s# 3sid m3id 33typ mstyp sboxid mboxid spr mpr
91 1le 2 3 0 0 0 0
=33 fs fd dc vc vdc penchk bt dt
0.200000 0.200000 0.000 0.000 0.000 0 0.0001.0000E+20
5% sfs 3fm sst mst sfst sfmt fsf vsf
1.000000 1.000000 0.100000 0.100000 0.100000 0.100000 1.000000 1.000000
$%# option nfls sfls param eraten erates ct2cn cn
1 25.000000 25.000000 0.000 0.000 0.000 0.000 0.000
5% soft sofscl lcidab maxpar sbopt depth bsort frcfrgq
0 0.100000 0 1.025000 2.000000 2 0 1
$%# penmax thkopt shlthk snlog isym i2d3d 3ldchk 3ldstt
0.000 0 0 4] 1] 0 0.000 0.000
sF igap ignore dprfac dtstif unused unused flangl
1 a 0.000 0.000 0 a 0.000
5# g2ctri dtpchk sfnbr unused unused unused tiedid tinc
s 0 0.000 0.000 0 0 1] o b

*CONTROL_SHELL

%% wrpang esort irnxx istupd theory bwc miter proj

20.000000 0 g 0 2 1 1 1

#%# rotascl intgrd lamsht cstypé tshell nfaill nfaild psnfail

1.000000 0 0 1 0 1 0 0
%% psstupd irquad cntco
0 0 0

These recommendations for the hieeak contacand *CONTROL_SHELLwere
implemented. But again the FE model was unstable. LSTC compiled a beta version of
the new release of LBYNA and the FE model with tibreak contactvas run using
this version, but the FE model resulted in instability. LSTC comalutiat in the present
version of LSDYNA (Release 4), the tibreak contact algorithm for shell elements
would result in the insatiability of the FE model. Hence in this study the adhesive
bonding was modeled using tied contact. The separation of gloeth® honeycomb

blocks was not modeled in this study.
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5.4 Validation Test Simulations

TestI

The curved Rigid Impactor with a radius of 150 miaig(re 5.7) is impacted
with a speed ofl7.89 m& , the PDB is overlapped by 700 mm by the imapctor.
*CONTACT_SURFACE_TO_SURFACE was used between the impactor and the
covering plate of PDB. The stat@md dynamic friction cefficient used were 0.25 and

0.20 for this contact.

Vy=17.89 m&

Isometric View Left View

/

Moving Rigid Impactor

700 mm
1000 mm

Top View
Figure5.7: Test Setup of Validation Test 1
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Normal Force Vs Time
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Figure5.8: Force as a function of Tiraghell Element Model

Figure5.8 shows theforce acting on the rigidwall of the barrier as a function of
time. The RWFORC data is output every 1 microsecond and is filtered using SAE 60
filtering. Several iterations were made to optimize the FE model by varying different
parameterslnitially a plastic strain failure at 45% elongatidriqure4.2) was used. In
the next iteration the strain failure was increased to 50%. At a strain failu@of 6
elongation of the material, a proper response of the Hfdisggacement behavior was
observedFigure5.9 shows the forcelisplacement plot of thénal iteration As seen in
the graph,at 2 ms the prerush part of PDB gets engaged, and at 10 milliseconds the
transition between the front core and progressive core takes place (the intermediate plate
gets crushed). During this the honeycomb cores of the front core has reached its
maximum eformation and the material starts to densify. This is visible through the
increase in force during this period. At 11 milliseconds the progressive core gets
engaged. During this phase the force offered by the barrier depends on the distinct crush
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strengtls of the progressive corat 40 milliseconds the end core starts to deform. Since
this region is very stiff the forcemevery high. At 50 milliseconds the impactor starts to
rebound.Figure 5.9 shows the Force and the displacement in the X directioitize

deformation kinematics adhe PDB.

Normgl Force vs Displacement

1000 ‘ ‘ —
o001~ Shell Element Model| I 5 |
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Figure5.9: Forcei Displacement Curve for Shell Element Model

Figure 5.10 shows the comparison of correlation results of FE models of both
shell and solid element models. Overall when we compare the graphs both the FE

models fall in the range of the UTAC tests. Biiten we compare the test kinematics of
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the solid element model and the test, the deformatiodes are different, which are
shown inFigure5.11. But, the shell element modebmpares well with the tesAlso the

solid element model does not reach alkgent ofdeformationas observed in the test

Test 1

g0ol——UTAC Test1_1
sool—UTAC Test1_2
700/~ —Shell Element Model
sool——Solid Element Model

Total Force(kN)

0 100 200 300 400 500 B0 700
Displacement X (mm)

Figure5.10: Comparison oforceDisplacement behavidd TAC Test Results with

Solid and Shell Element Models
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Shell Element Model Solid Element Model

Figure5.11: Simulation and Test Kinematics Comparison

In Figure5.11 we can notice that in the solid element model the front core is
completely separated from the barrier, where as in the UTAC test, this behavior is not
observed. The shell element modgbteaes the deformation mode well. Figure5.12

it can be observed déh extent of deformation of thend core in solid element model does
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not match with that of the testhe maximum deformation is measured to be around 580
mm. But the shkelement model captures the deformation well. Once the honeycomb
cells are fully compressed, the stress increases and the deformation of the cells stop, and
the material starts to densify. This is evident as peak is seen at the end of simulation in

the brcedisplacement behavior.

UTAC Test

Shell Element Model Solid Element Model
Figure5.12: Simulation and Test Kinematics Comparison
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Figure5.13 shows the comparison of global hourglass energy measured in both
FE models. The solid element model has a larger hourglass energy compiduadofo

shell element model.

Hourglass Energy
3.5E+007
—=Shell Element Model
JE+007 .
—Solid Element Model
2.5E+007
5 24007 fem T T T
2 1
| SE+007 P -
1
1E+007 e
58
P
5E+006 =
T
o Pt
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time(seconds)

Figure5.13: Comparison oHourglass Energfglobal) measured in both FE models

Test 2:

In the case of Test 2 a flat impactds positioned at height as shown in the
Figure5.14, is impacted with a speed ©6.53 m&. The impactor completely overlaps
the entire width of the PDB*CONTACT_SURFACE_TO_SURFACE was used
between the covering plate and the flat impactdre $tatic and dynamic friction €0

efficients used were 0.25 and 0.20 respectively.
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Figure5.14: Test Setup of Validation Test 2
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Normal Force Vs Time
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Figure5.15: Force as a function of Tim@hell Element Model

The simulation was run for 75 millisecondBjgure 5.15 gives the
rigidwall force data of the barrier, measured at the rear end of the PDB. The RWFORC
data was output every 1 microsecond and weesdid using SAE 60 filter. A distance of
5 mm was maintained between the barrier and the rigid impd€ture 5.16 explains
the forcedisplacement behavior of PDB along with the deformation kinem&egeral
iterations were performed by varying the plastic strain failure. Thené&elshowed a
good corelation with a plastic strain failure 0% elongation of the materiaht 1 ms
the precrush part of the barrier gets engaged. This is followed by the deformation of the
front core. The front core completely gets deformed and the transition to progressiv
core takes place around 17 ms. This stage is followed by the crushing of the progressive
core. The impactor is placed exactly at the division of the upper and the lower
progressive core and it shears through the honeycomb cores. The progressive core
defomscompletely at 43 ms. This stage is followed bydkeérmationof end core. The
end core has again two distinct constant crush strength regions. The defowwhét®n

end core stops at 50 ms. At this time the barrier has reached his full deformatithe a
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honeycomb cells starts to densify. As the deformation mode enters the final stage the

impactor starts to rebound.

orce Vs Displacement
1800
o . L Element Mod.el
14401
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| PartsEngages | Progressivore_-—engaged 4
L . ey e e T T 1 +f Impactor]
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Displacement X (mm)

Figure5.16: Forcei Displacement Curve for Shell Element Model

Figure 5.17 shows the comparison of correlation results of FE models of both
shell and solid element models. It cae observedthat the shell element model

correlates with the UTAC test, but the solidrment model results do not correlate with
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the test. Even the pictures of test kinematics of the solid element do not compare to that

of the test.

Test2

oo UTAC Test2
soo]—Solid Element Model
~ 700i~— Shell Element Model
Z

Total Force(k

0 100 200 300 400 500 600 700 80(
Displacement X (mm)

Figure5.17: Comparison of Fore®isplacement behavidd TAC Test Results with Solid
and ShelElement Models

It can be seen frorRigure5.18, the deformation mode of the POMAs not been
captured properly in the solid element model, which can be noticed irfiotbe
displacementgraph of the solid element model. The force keepsraasing, the
deformation mode of the progressive core has not been depicted in the solid element
model. Even the hourglass energy measured in the solid element model is higher than in
the shell element model, shownkigure5.19. It can be seen from the resultsat the

solid element modetompletelyfails to capturethe local crushing of the honeycomb

cells.
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UTAC Test

Shell Element Model Solid Element Model

Figure5.18: Simulation Comparison
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Figure5.19: Comparison of Hourglass Enerfglobal) measured in both FE models
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6.Full Vehicle Simulation Results

For full vehicle simulations, the NHTSA version of the Progressive Deformable
Barrier was useeXTOoi.t lits hcaasl laend eaxst r@P ®PB mm
constant crush strength of 245 psi (1.68 Mpa) and it is placed at a height of 200 mm
from the ground Kigure 6.1). The PDBXT was designed in order to avoid bottoming
out of the barrier for testing large and heavy transport vehicles. The test was carried at
60 kph [4]. In this research Full vehicle simulation wasried out in order to test the

robustness and stability of the PDB shell element model in large deformation.

790 mm

\ 4

Deformable Core
with Constant crush
strength of1.68
MPa (245 Psi)

A j -

Impact
Direction

90 mm 200 mm

A\ 4

Figure6.1: PDB-XT with a Rear deformable core 68 MPa
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The FE model of the &hicle used for the simulation wasFard F250 pickup
truck, model year 2006 [121 o wn | oaded

library. The details of the FE model and the test model are as givEabie 6.1. The

from National

Crash

structure of the F250 mladder frame typ@andthe frame supports engine, transmission,

suspension and accessories. Body mounts which functigimoak absorbers are used to

connect the vehicle body to the franihe frame absorbs most of the energy during

frontal crashes.

Table6.1: Comparison of Ford F250 Vehicle data

FE Model Test Vehicle
1. Model Year 2006 2007
2. Weight(kgs) 3016 3291.3
3. Engine Type 5.4 LEFIVS 54LV8
4. Tire size LT245/75 E LT265/70R17
5. Wheelbase(mm) 3610 3610
6. Body Style Extended Cab Extended Cab




PRE-TEST =

S =
§

-

sk - S ¥

Figure6.3: Test Vehicle Ford F250 Pickdpuck Model Year 2007 [17]

NHTSA Test No. 6340

The test was conducted in accordance wi
Left frontal offset test of a vehicle to a deformable barrier. The test vehicle Ford F250
Pickup Truck Model Year 2007 was instrumented with twelve accelerometers to
measure longitdinal axis accelerations, four accelerometers to measure lateral axis

accelerations and six accelerometers to measure vertical axis accelerations. The vehicle
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impact speed was maintained within the range 59.2 to 60.8 kph, [17]. The test

configuration is sbwn inTable6.2.

D |

VE

C
Figure6.4: Full-Vehicle Test Configuration
Table6.2: Full-Vehicle TestConfiguration [L7]
Location Description Measurement (mm)
A Total Vehicle Width 2060
B 50% Overlap Distance 1030
C Deformable Face Width of the Barrier 1000
E Lower Edge Height From Ground 200
F Deformable Barrier Honeycomb Height 700
G Constant ReaDeformable Core 90
H Progressive Rear Deformable Core 450
J Constant Front Deformable Core 250
Vehicle- Barrier Impact Angle 0 Degrees
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6.1. Comparison of Crush modes bthe Barrier in NHTSA

Test andPDB-XT Shell Element model

A full-vehicle test is combination of local and global deformation of the
honeycomb cells. Hence the FE modélPDB-XT has to effectively simulate thes
behaviors. As observed from the previous sections, the solid element model fails to
capture the global and local crushing behavior of the honeycomb cells. The force
displacement behavior solely cannot be used as a validatigritedtE model also has
to represent the deformation modssen during a full vehicle test. The following
pictures show theomparison of deformation modes of both solid and shell element

PDB-XT model.
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Shell Elanent Model Solid Element Model

Figure6.5: Post Test Progressive Deformable Barrier Left Side View

It can be seen frorRigure 6.5 that, only front core of the barrier is completely

crushed in the Test, the same behavior can be noticed in shell element model. But in the
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solid dement model, the front core does not deform completely andigétsiged from
its position.

Figure 6.6 shows the body mount failure, shell elememtdel captures the body
mount failure and the deformation mode is similar to the test. Even though the solid
element model captures the body mount fajliuhe deformatiorprofile of the solid
element model does not match with that of test. This behavamtifjes the difference
in representation of force transmission. More pictures of comparison of the shell and the

solid element barrier models can be found in appendix seckguré A1i A-5)

NHTSA Test 6340
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ShellElementModel Simulation

Solid Element model Simulation

Figure6.6: Post Test Left Side Rillar View
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7.Conclusion

This chapter summarizes the results of the research and scope for improvement
of the PDB shell element mod€lAE softwares like Hyperworks, EBYNA and LS
Post were used in this resear@he main ofective of this research was tdevelop a
finite element model of Progressive DefornaBlarrier using shell elementgalidate
the developed FE modelpmpare thevalidation results of FE shell element modethw
that of solid element model. Alsafull-vehiclecrashtestusingshellelementmodelwas
carried out to test the robustness and the stability of the FE model.

The actual size of a honeycomb delthe physical barrieis 19 mm Figure4.7),
if the FE model was modeled with the actual size, it would result in large number of
elementsThis woud result in a longesimulation time A scaling method of honeycomb
cells was effectively used to discretize the honeycomb deétisnponent simulations
were carried out in order to find the thicknesduesof the cell wallsfor the scaled
honeycomb cellThe thickness resultinffjom the component simulations ete usedo
regulate the strength of the honeycomb cores BB.PSince the stiffness of PDB
increases with the depind it hasdistinct upper and lower load pathdhis represents
the front end of a car. Hence the main focus wasitoulatethis behaviorin the FE
model effectively and @ capture theglobal and local crushing behavior of the
honeycomb cellsSeveral iterations were simulated by optimizing different parameter
The dimesions and the stiffness of PDB weresdjnedin order to avoid the bottoming
out effect, this is can be observed in FE model as well.

The next phase of the research was to compare the results of simulation with that

of solid element simulation results. 8hesults of both FE models are explained in
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chapter 5.In validation test 1, which is a measure of global crushing behavior of
honeycomb cells, the results of isoklement model correlates with the UTAC test
result but the deformation behavior obserniadhe solid element modelo not match
with that of the testThis represents the incapability of the solid element model to
representhe force transmitted during the te&ut, the shell element model ¢apes the
crush modes very well and extent ofaenation is similar as in case of UTAC test.

In validation test 2, in which #at rigid impactoris impacting the barrier, the
solid element moddhils to capture the local crushing behavior of the honeycomh cells
which is evident in the foredisplacenent curve Figure 5.17). Even in this case the
shell element model captures the local crushing behavior antbrtedisplacement
behavior correlates with the UTAC test resukgure 5.13 and Figure 5.19 show that
the hourglass energy measured in the solid element model simulations was much higher
than in the shell element model simulatiofkis was due to the hourglass control used
in the solidelementmodel. Overall, theleformation profileof the FE shell model, the
force-deflection behavior showed good agreement with the test.

The validated shell element model wesed to run a fullzehicle simulation, the
results of which are explained in chapterT®is simulation was run in order to test the
robustnesand stabilityof the FE shell modeh case of large deformation. The different
crush modesind the deformation profilef the vehicle and the shell element RRBB
modelcomparewell to the actualdst (NHTSA Test 6340)

Scope for further research

In the forcedisplacement plots of both the validation tests, the shell element
model shows very high forceswards the end of theimulation This response of the

forces needt be improved to get an timum responselrhe FE model can be optimized
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for global force with respect to displacement in Y and Z directisn.dlhe FE model
can be validated for a fullehicle simulation.

One of themain difficulties faced during this researakas in modeling the
failure of adhesivenaterial Adhesives are usdzktween the contact plate and front core
and also between the intermediatglate and the progressive core. In this study, the
adhesivewas modeled using Tied contact. The failure of dddesivescan be better
modeledusing a TieBreak contact which usestress based failur&everal iterations
were runusingthe available variations for the FRreak contactvhich resulted in the
instability of the modelHencea Tied contact was usdor modelingadhesive material.
Therefore, the FE model can be optimizecelgctivelyfailing the glue material using a

Tie-Break contacfor shell elements
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Appendix

NHTSA Test 6340

Shell Element Model Solid Element Model
Figure A- 1: Post Test Progressiiaeformable Barrier Left side % vieaf Full-

Vehicle Simulation
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