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Modélisation d’essais de choc sur dispositifs detenue de
véhicules

Application aux dispositifs mixtes acier-bois

Préambule

Cette these a été financée par le LIER (LaboratbiRETS Equipements de la Route) dans le
cadre d'un contrat CIFRE avec 'ANRT (Associatioratidnale de la Recherche et de la
Technologie) et le LBMC (Laboratoire de Biomécamiget de Mécanique des Chocs —
UMR_T9406), unité mixte de recherche entre I'lFSTR Anstitut Francais des Sciences et
Technologies des Transports, de 'aménagement ®tR#seaux) et I'Université Claude
Bernard Lyonl. Les travaux qui ont été menés giment dans un contexte normatif
européen. En particulier, les validations des nmegl@umeériques s’appuient sur des criteres
définis par le groupe CEN (Comité Européen de Nésation) TC226 (Equipements de la
route) WG1 (Barriere de seécurité, glissiéeres, gaatps et parapets) TG5 (Simulation
Numérique) auquel le LIER participe activement.

Le rapport de these a donc été rédigé en anglaisi@argir le champ des lecteurs et afin de
pouvoir intégrer des personnes non francophones tlarcomité de jury. Un résumé en
francais se trouve a la fin du document.

Vehicle restraint system crash test modelling

Application to steel-wood structures

Foreword

This PhD was funded by LIER (INRETS Road Equipmeaboratory) under a CIFRE
contract with ANRT (National Research and Technglogssociation) and LBMC
(Laboratory of Biomechanics and Impact Mechaniosgearch unit with IFSTTAR (French
Institute of science and technology for transpddyelopment and networks) and Claude
Bernard Lyonl University. The research work presénin this document is linked to a
European normative context. In particular, validas of numerical models presented in the
document are based on criteria defined by CEN (&an Committee for Standardization)
TC226 (Road Equipment) WG1 (Crash barriers, sdtaiges, guard rails and bridge parapet)
TG5 (Computational Mechanics) to which LIER actywphrticipates.

Thus, this PhD report has been written in Englisbrder to broaden the spectrum of readers
and allow non French-speakers to join the PhD cdtamiA French summary can be found
at the end of the document.
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Modélisations d’essais de choc sur dispositifs elenue de véhicules - Application aux
dispositifs mixtes acier-bois

En France, un tiers des personnes tuées sur ka lesbnt lors d’un accident sur un obstacle
fixe. Dans 90% des cas, ces accidents survienmeas aine perte de contrdle du véhicule.
Les dispositifs de retenue de véhicule ont pourdeumaintenir les véhicules en perdition sur
la chaussée en limitant la sévérité de I'impact.

Ces dispositifs doivent subir des essais de chouosatifs afin de pouvoir étre installés sur le
bord des routes européennes et d'évaluer leurerpafices en termes de sévérité et de
déflexion.

Les tolérances existantes sur les paramétres d'éadscule, masse du véhicule, vitesse,
angle et point d'impact ...) et les incertitudes $es caractéristiques meécaniques des
matériaux constituant le dispositif ont un effer $&s performances de ce dispositifs et
doivent étre prises en compte lors des calculs

Les dispositifs mixtes (acier-bois) présentent ulificulté supplémentaire en raison de
I'hétérogénéité du matériau et de sa sensibilité \ariables d’environnement telles que la
température et 'humidité.

Afin de prendre en compte cette variabilité et dlé@er son impact sur les performances d’un
dispositif, des essais dynamiques sur des éclmargtitle structure ont été réalisés et modélisés
numeériguement.

Enfin, un modele complet d’'un dispositif de retemigevéhicule a été effectué et corrélé sur
un essai de choc réel a l'aide d'une méthode ptesmrcompte la variation de parametres
physiques liés a I'apparition des modes de ruinadructure. Une fois corrélé, le modéle a
ete utilisé afin d’évaluer I'incidence de la modd#tion des caractéristiques mécaniques du
bois liée aux variations des conditions environneales.

Mots clefs
Simulation numeérique d’essai de choc, DispositésRetenue de Veéhicule, Validation de
modéles éléments finis, Etudes paramétriques, Mdeegine, Bois

DISCIPLINE
Mécanique

INTITULE ET ADRESSE DE L'U.F.R. OU DU LABORATOIRE :

Laboratoire de Biomécanique et de Mécanique dexc€hdJMR_T 9406 - Ifsttar/UCB
Lyonl

Institut Universitaire de Technologie Lyon 1 — Si@ratte Ciel - Département Génie
Mécanique Productique.

17, rue de France 69627 Villeurbanne Cedex
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Vehicle restraint system crash test modelling - ligagion to steel-wood structures

In France, one third of the people dying on thedsoare killed after impacting against a
hazard. In 90% of the reported cases, these adsidesult from loss of control. Vehicle
Restraint Systems (VRS) are specially designedestrain an errant vehicle and to limit
impact severity.

Before being installed on the roadsides, thesecdsvhave to be crash-tested according to
standards in order to evaluate their safety ankxieh performances.

Tolerances exist on impact parameters (vehiclejclelmass, impact speed, impact angle,
impact point ...) and material’s mechanical charastieruncertainties have an effect towards
device performances and have to be taken into atchwing numerical simulations.
Steel-wood structures present an additional nuraledbkallenge due to wood heterogeneity
and its sensibility to environment variables suslieanperature and moisture content.

In order to assess the effect of this variabilityard safety performances, three point bending
dynamic experiments on structural samples are pedd and modelled.

Finally, a complete model of a vehicle restrairgteyn is built and validated according to real
crash test results thanks to a parametric methioid.method takes into account the variability
of the parameters associated to the failure mofideecstructure. Once validated the model is
used to assess the effect of wood mechanical grepenodifications due to environment
variable variations.

Keywords
Crash test simulation, Vehicle Restraint Systemit&ielement model validation, Parametric
studies, Failure modes, Wood
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Introduction

Context

In France, one third of the people dying on thedsoare killed after impacting against an
hazard (2010). In 90% of the reported cases, thesilents result from a loss of control.
Vehicle Restraint Systems (VRS) are specially desigo restrain an errant vehicle (stopping
it from drifting away of the road).

Roadside safety research started around 50 yearsviagn traffic grew and when the first

highways appeared. In those days, developmentro€tates aiming to restrain an errant
vehicle used to be made using common sense, enigiggedgement and many crash tests.
All French “generic” devices dating from that tirseem to be difficult to optimize.

Nowadays, the rules for crash testing are wellraefiin Europe. EN1317 norm defines the
crash conditions and mainly classifies the tesedogs as a function of severity indices and
working width. Manufacturers of such devices inteloddevelop more efficient devices

reducing both criteria.

In addition to crash testing and engineering olet@us, the development of a numerical tool
became obvious at the same time as the computhtesturces were growing.

One issue of VRS crash simulations is the numbgrasdmeters which can vary and affect
the interaction Vehicle/VRS and the VRS performand@mong other things, the tolerances
on the crash conditions (Vehicle, Vehicle mass,aotpoint, impact angle, impact speed, ...)
and the characteristics of the VRS itself (e.g.rttezhanical properties of the materials).

In fact, the variations of mechanical propertiealdanodify the sequence of events (Failure
modes) that characterize the behaviour of the tstreicduring the impact of a vehicle and

affect the performances of the VRS.

In contrast to conventional design, consideringleri@ading, the use of safety coefficients is
meaningless (in most cases the components aredds®nd the elastic domain and some
until failure point) and analyst must take into @aat these variations if he wants to be
predictive.

Some VRS are structures composed of steel and waadently praised in locations where
infrastructure has to be discreet (mountains, ggsitke), this kind of structure has to pass the
same crash tests as other kind of devices. Howéviar,choice of device remains sadly a
question of aesthetic more than performances.

The modelling of such structures is even more cempkcause of wood itself. In fact, wood
IS sensitive to environment variables (Temperatan@ Moisture Content) leading to a spread
of mechanical characteristics. Furthermore, hetaredy of the material (growing conditions,
defect localization, ...) brings some modelling chadle.

Problematic

Some questions arise from this context analysis:
» Is it satisfactory to limit the VRS evaluation tmeo single test configuration
considering impact conditions and mechanical proggewrariability?
» What is the aim of wood in a steel-wood structure?

The aim of this work is twofold:

A first aim is to develop an efficient numericalotocapable of simulating steel-wood

structures under crash loading in order to undedséad optimize the use of wood in roadside
equipment.

A second aim is to propose a method which integrdihe stochastic variations of the

parameters linked to the failure modes of the siinecin order to obtain a correlated model
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matching real crash test results. This correlatedehwill be used to assess the variability of
the mechanical properties of wood and their effestards VRS performances.

Methodology

Figure 1-lillustrates the steps needed to achiesaléfined goals. The assessment of wood
variability effect toward VRS performances can beusately performed only on a correlated
numerical model and after assessment of the vétjabi

As briefly introduced above, a large number of peeters can affect the vehicle/VRS
interaction. In order to fulfil the requirementsrabdel correlation as defined in the literature,
a method based on failure mode analysis which tatesaccount the stochastic variation of
related physical parameters is proposed.

Few data concerning wood behaviour under impaclihggis available in literature.

Therefore, in order to assess the wood variabiibme experiments are required and allow
on the one hand to assess wood variability ancatidlate a wood material constitutive law
available in the literature. On the other hand eexpental data, thanks to the simplicity of the
test configuration, brings needful data to imprtwe modelling techniques.

VRS numerical models Wood constitutive law Experimental data

A 4 A 4

Validated constitutive law
A 4 + A

Failure modes based
parametric approach

| |

Validated VRS model

l

Assessment of wood
variability effect

Modeling improvement

Figure 1-1: Contribution

In blue: present contribution

Document organisation

First, a review of literature is realised in orderset-up the context. Some historical facts
about French infrastructure development are predertefore introducing the current
normative context. After that, a state of the amaerning VRS modelling, computational
mechanics use and model validation is described.

Then, dynamic three point bending tests on wood steél-wood structure samples are
described in a second chapter and give usefulrmtion concerning the wood mechanical
properties range of variation.
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In a third chapter a model of the three point begdlynamic tests is set-up and used to test
several numerical parameters, to improve the steed coupling model and to evaluate the
material constitutive law.

Finally, a full model of a VRS is built and corredd thanks to a parametric method based on

structural failure modes analysis.
Once the correlation is reached, a new parametrayased on wood mechanical properties
variation is performed and the results in term 8&S/performances are presented.
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1.1. Vehicle Restraint Systems

1.1.1. Some historical facts

Crash testing is commonly associated to the dewsop of new vehicles and to their
evaluation in view of obtaining Euro-NCAP stars. $flpeople, (at least French people as will
be explained hereafter), imagining that there vghale industry and researchers at trying to
improve Vehicle Restraint Systems (VRS) is uncoredge.

Such a state of mind is mainly due to two facts:

» A Vehicle Restraint Systems seems to be a very lIsimgtructure.
We will see that a VRS is not as simple as it magear at first glance specifically
when talking about behaviour under dynamic condgio

» In France, people are used to see the “Generic” #&®&loped from the 60’s onwards
by the technical services of the French state [BLJO1

Back then, the French administration performedrgelaumber of crash tests. Around 700
crash tests(1) were performed by ONSER associg@oganisation Nationale de la SEcurité
Routiére — the French National Organisation fodside safety). The method used then was
almost entirely experimental, the aim of the fettp being to avoid the crossing, the roll or
the too severe redirection of the vehicle.

Once this step was completed, devices were optinizways following engineering
judgment and performing crash tests) trying to mine deflection and looking forward to
determining the best condition for devices’ impémn following NF requirements.
Considerable effort was made to understand the amécdl phenomenon involved and to
optimize the behaviour of different types of VRS.

In 1976 ONSER became INRETS (Institut National deherché sur les transports et leur
sécurité — National Institute for transport andesafresearch) and, 7 years later, INRETS
decided to transfer the test installations to asglidry company called LIER (Laboratoire
INRETS Equipements de la Route — INRETS Laboratoryroad Equipment). This decision
was made as the activity started to turn moredts teroduction rather than research work for
developing French devices and thus, got outsidéotties of INRETS.

In 1988 [CIR88] the French administration publistemime reference documents defining
“generic” French devices and their conditions oé.ufhus, a trade developed in order to
produce the generic devices and to install themgakrench roads.

NF requirements were replaced by European Norm ,18hich will be detailed in the
following section. The introduction of CE markingréed French manufacturers to setup their
own crash tests and they obviously seized this ippity to implement modifications on the
generic devices in view of their optimization.

Nowadays, as regards Western Europe, the actigitgarning crash testing of current section
VRS is much lower due to the market itself (we rawe building new kilometres of highways
every day) and also to fierce competition. Furthmerindustrials, who already dispose of an
existing range of products, are reluctant to inuesbstly and haphazard tests.

(1) from LIER archives
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Nevertheless, in France, the lack of VRS in soneasshould be a greater preoccupation for
the road authorities. Actually, in 2010 alone, 38f#4he casualties resulted from an impact
against a hazard (VRS included). When impactindR& Wthe risk of death is divided by two.
[ONI11]

Between 2000 and 2008, the number of people kibled-rench roads was halved, mainly
thanks to a political effort concerning the speetbmatic control and financial repression
(see figure 1) [ONIO1] [ONIOQ9].

Since then, the number of people killed remainsenmoriess constant highlighting the limit of
such action. It is worth to notice that the sanemdr has taken place as regards casualties
against fixed hazards around 40% of total deatiNi10)], [ONI11].

A study, [MAR97] confirms that the level of equipmeon highways is correlated with the
severity of an accident (and with the number ddlfaes).

Therefore, improving the level of road side equiptm&ould reduce the number of people
dying on the roads.

Figure 1-1 highlights the fact that the number ebjple killed after an impact against a VRS
is very low.

10000

8000

6000

4000

number of kllled people

2000

2000 2008 2009 2010
Year

[mm VRS 1 Other fixed hazard ——Total |

Figure 1-1: Evolution of killed people on French rads

Thus, the installation of VRS must be a priorityvesl as development of VRS with better
performances.

In this context, the use of numerical tools to gaim in-depth analysis of the crash
phenomenon and to maximize the chances of suctéss crash test became obvious.

To assist its customers in their development, LIE&ided to start a new activity of
Computational Mechanics (CM) in 2005 whose rol¢hie framework of roadside safety will
be detailed in the following section.
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1.1.2. Aim of a VRS

Basically, a road barrier is called Vehicle Restr&ystem because it aims firstly to restrain —
or to contain — an errant vehicle that has lostrobwof its trajectory.

Different types of VRS exist with distinct goalshd French administration [CIR88] divided
them in three main categories:

» Hard shoulder metallic devices

» Hard shoulder concrete devices

» Frontal devices

This categorization is interesting because oftisng link with the structure behaviour under
impact loading.

Hard shoulders devices aim to contain and reditleetvehicle while frontal devices are
designed to contain and stop the vehicle. The Freaministration distinguishes the Hard
shoulder devices depending on their constitutivéensds. Another classification could be
done in terms of conditions of use:

» Temporary devices: Used for working area protectionvhich are to be found plastic
units filled with sand or water, reinforced-conereinits or steel units. These devices
mainly use the inertia properties of the unitspgplg a load to the vehicle and redirect
it smoothly.

» Permanent soft devices, when the risk of VRS cngs& considered acceptable and
when the space behind the VRS is compatible wathviirking width. In this range of
products, steel devices are the most common amthsted products are preferred
because of their aesthetic interest. For this kihdevices, a soft post is linked to a
rail thanks to a fusible connection which leadsmore complex failure modes of the
structures.

» Permanent rigid devices, preferred when the defleaf the device (when impacted
by a vehicle) has to be minimized e.g. bridgesighways median strip. These kinds
of VRS usually consist of concrete or strong ss#elctures which are able to restrain
buses and/or heavy trucks. They are implementedbdations where minimum
deformation is required. Therefore, such devices wmually characterized by high
severity indices and exit speed.

One common statement is to say that a VRS mussifdie” the impact energy which is not
always the case.

Frontal devices are designed to absorb all the eénpaergy stopping the vehicles and
converting all the kinetic energy in deformatiorar Fhard shoulder devices, the aim is to
redirect the vehicle. Obviously, a certain amourgreergy, depending on the VRS and on the
impact conditions is dissipated via distinct typésnechanisms such as plastic deformation,
fusible breaking, or contact friction but this degion can be considered as negligible with
respect to initial impact energy. Indeed, in theanye can consider a perfectly elastic material
with very good friction properties (close to zeration coefficients) which could re-direct
the vehicle in the good direction without any changspeed.
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Figure 1-2: Perfectly elastic VRS kinematics

Figure 1-2 (right) illustrates the good redirectimina car obtained with a height meter length
rail (with a boundary condition at each end) forietha perfectly elastic property is applied.

It's worth noticing that the global internal enengythe algebraic sum of Car Internal Energy
and rail internal energy (Figure 1-2 top left) amechand. On the other hand, the decrease of
kinetic energy is equivalent to the increase aérimal energy (Figure 1-2.bottom left). Finally,
concerning the rail deformation, one can notice tha peak value of internal energy is one
third of the total internal energy (i.e. there vgice more energy “absorbed” by the car
deformation”) and the decrease of kinetic energyn@ significant (less than 10%).
Furthermore, as far as the rail is modelled elaliyicthere is no energy dissipation in the ralil
(the internal energy returns to zero).

However, as far as frontal devices are concermedthings are strictly different.

For the purpose illustration, a 5m honey-comb stmechas been modelled. The aim being to
stop the vehicle, all the impact energy has to dreverted from kinetic energy to internal
energy as shown in Figure 1-3.

In this case the amount of internal energy is olslp higher than in the rail case. Three
quarter are absorbed by the Honey Comb and therhasby the car.
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Figure 1-3: Theoretical frontal device

In order to achieve its goal of either restrainorgstopping a vehicle, each device may not
operate in the same way. This fact has been ifitestr by the different types of energy
balance.

This has brought about the introduction of strugsifailure modes concept.
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1.1.3. Failure modes

A failure mode is an ordered sequence of events (eaessarily failures) which will
characterize the operation of a device.

Most of VRS are fairly simple structures, made ek fcomponents and can be characterized
by a simple sequence of events.

Figure 1-4 & Figure 1-5 present the sequence oftsvieading to the expected behaviour of
respectively simple rail and double rail metallevites as described in [CIR88].

Figure 1-5: Operation of double rail metallic devies from NF P98-410

In both cases, the correct behaviour is obtainetheydisconnection between the rail (or rails
assembly) from the post allowing the rail (or ratsembly) to remain at a proper height for a
good interaction with the vehicle.

This main mechanism can be divided in three subtsve

» Yield of the rail under vehicle contact pressure @mansfer of contact forces to the
surrounding posts.
Bending of the post (formation of a plastic hing¢h& post base)
Disconnection of post-rail link. This fusible limould be obtained by different ways:
Bolt failure (double rail device)
Bolt pulled out (single rail device)

YV VYV

To achieve this proper behaviour the following peimust be respected in order to prevent
unexpected failure modes:

» Continuity of strength under longitudinal forcesedo vehicle impact loading

» Correct height of the rails

» Good anchorage of posts

Nevertheless, the activation of each mechanisnmked to, at least, one physical parameter
itself subject to important variation.

For each of the above events, at least one physacaimeter and a relating range of variations
are associated in Table 1-1.

31/174



Chapter 1 - State of the art

Failure modes Physical parameters  Range of vamiatio
Rail steel vyield >235 MPa
Yield of the rall and/or
Section thickness | 3mm

Post steel yield >235 MPa
Post bending and/or
Section thickness | 5mm

Spacer steel yield | >235 MPa

and/or

Fusible link Section thickness | 5mm
and/or
Bolt strength (4.6 class)

Table 1-1 ; Failure modes and variation range

Table 1-1 illustrates one issue of VRS design.

Most of materials used are not premium materiald, @uite too often the lower values only
are defined. Yet experience has shown that sigmflg higher values than those displayed
may occur. For S235 steel, the yield point minimuatue is 235MPa. Nevertheless, steel
certificate analysis from VRS producers frequestipws values higher than 330 MPa.
Therefore, the designer of a VRS has to deal viagise uncertainties and must ensure that the
global sequence of the impact will not be changed.

Every kind of device, before being installed on tbad, has to be crash tested in accordance
with the EN1317 standard which will presented ia tiext section. Real crash tests provide a
view of the failure modes of the device with oné afeparameters. In the framework of CE
marking process, some material analyses are peztbiont are not totaly reliable because
only one test is performed on one sample of eaniponent.

Furthermore, one cannot know how robust the desigpecause the repetition of a crash test
is economically not viable and also because thehar@cal properties cannot be controlled.
Numerical tools allow the evaluation of the robesth of a design taking into account all
these variations.

Within a certain range, the failure modes of threcttire will remain comparable and “just”
the performances of the device will be affectede Whdths of these ranges characterize the
robustness of the design.

Beyond the limits of these ranges, the failure nson@y change and the global behaviour
may be different. For instance, if the fusible liides not appear due to a too strong blot, the
rail may remain attached to the bended post andaheould run over the device.
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1.2. Normative context

1.2.1. Testing aims and limitations

Full scale impact testing has been and will cotina be the most common method of
evaluating the safety performance of every kind rohd features. Because of the
multiplication of test houses in Europe and intheted states, there is an increasing need for
uniformity in the procedures and criteria usedualeate roadside safety features.

The purpose of these procedures is to promote mmiio-service evaluation so that road
engineers may confidently compare the safety pmdoces of different designs (even if
designs are tested in different agencies). The litmalcondition of installation of road
equipment is innumerable and impractical if impblesto replicate in a reasonable number of
standardized tests. Hence, the approach to nomaatést conditions is described below:
Straight longitudinal barriers are tested althouwgived installations exist; flat ground is
recommended even though installations are sometsitgsted on sloped shoulders and /or
behind curbs; soil conditions may vary a lot (sastdbilized, asphalt, concrete sockets...) and
could affect the behaviour of devices under vehitlegact loading conditions.

Also test vehicles and impact conditions, meangit@ an in-service evaluation of roadside
safety features performances, may not represergritiee real life impact conditions but are
harmonized in order to compare and classify sgfetformances.

ROBUST (Road Barrier Upgrade of Standards) [ROBP6-IEuropean project has
demonstrated that a crash test configuration camrfeated in two different test houses with
highly comparable results but with a high levetohtrol of input parameters (Car model and
age, impact conditions...)

1.2.2. European approach — US approach

Two main approaches co-exist and will be brieflysd&ed hereafter: European Norm
EN1317 [NFE10-1&2] and NCHRP (National Cooperatidgghway Research Program)
report 350 [NCH93] for the United States of Amermagressively being replaced by the
MASH (Manual for Assessing Safety Hardware from A#SHTO (American Association of
State Highway and Transportation).

Both documents provide guidelines as regards cresling conditions and criteria for the
evaluation of roadside safety features: LongitudiBarriers, Terminals, Crash Cushions,
Support Structures (NCHRP Report 350 only, in Eartipese items are evaluated in the
framework of EN12767) and Truck-Mounted Attenuattd€HRP Report 350 only it will be
included in a future part of EN1317).

33/174



Chapter 1 - State of the art

Impact Conditions

Containment| Acceptance . Impact Impact Impact

levels test Vehicle Mass Speed angle
Type o
[kd] [km/h] [°]

T1 TB 21 Car 1 300 80 8

E T2 TB 22 Car 1 300 80 15
T3 TB 21 Car ) 1 300 80 20
TB 41 SUVT 10 000 70 8

Tg N1 TB 31 Car 1500 80 20
g N TB11 Small Car 900 100 20
TB32 Car 1500 110 20
H1 TB 11 Small Ciar 900 100 20
. TB 42 SUVT 10 000 70 15
2 Ho TB 11 Small Car 900 100 20
-tI—m TB 51 Bus 13 000 70 20
H3 TB 11 Small Ciar 900 100 20
TB 61 SUVT 16 000 80 20
S Haa TB 11 Small Car 900 100 20
= TB 71 suvTt! 30 000 65 20
% H4b TB 11 Small Car 900 100 20
> TB 81 TIVT? 38 000 65 20

Table 1-2: EN1317 Containment level definition
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Impact Conditions
Test Level| Test Designation  Vehicle Impact Mass Nominal Nominal
Type (k] Speed Angle

[km/h] [°]

1-10 Small Car 895/1175 50 20/ 25

1 S1-10 Small Car 775 50 20/25
1-11 Pickup Truck 2000/ 2270 50 25

2-10 Small Car 895/1175 70 20/ 25

2 S2-10 Small Car 775 70 20/25
2-11 Pickup Truck 2000/ 2270 70 25

3 3-10 Small Car 895/1175 100 20/25

Basic S3-10 Small Car 775 100 20/25
Level 3-11 Pickup Truck 2000/ 2270 100 25

4-10 Small Car 895/1175 100 20/ 25

4 S4-10 Small Car 775 100 20/25
4-11 Pickup Truck 2000/ 2270 100 25
4-12 suvT! 8000/ 10 000 80/90 15

5-10 Small Car 895/ 1175 100 20/25

5 S5-10 Small Car 775 100 20/25
5-11 Pickup Truck 2000/ 2270 100 25
5-12 TIVT? 36000 80 15

6-10 Small Car 895 100 20/ 25

6 S6-10 Small Car 775 100 20/25
6-11 Pickup Truck 2000/ 2270 100 25
6-12 TTT? 36000 80 15

Table 1-3: NCHRP Report 350 Test matrix for longitudinal barriers (Length of Need) / Mash
modifications

! Single-Unit Van Truck
2 Tractor/Van Trailer
3 Tractor/Tank Trailer
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If one focuses on the VRS, similarities are to duenfdl between the two approaches. First, the
test matrices (Table 1-2 and Table 1-3), presdiférdnt containment levels in which two
crash tests are needed for a VRS evaluation: ghe Viehicle used to assess the severity of
the device and one heavy vehicle, whose weightriepen the restraint level, to assess the
containment capabilities of a device.

By example the “normal” N2 level of EN1317 and thesic” level 3 of NCHRP Report 350
both present a small car impact at 100 km/h and Re¥ertheless, the second test is more
severe for NCHRP report in terms of mass (2000rsgead of 1500 kg) and angle (25°
instead of 20°).

In both approaches, three main assessment faceomesented:

» Structural adequacy

» Occupant risk

» After collision trajectory
The next paragraphs will detail the criteria of bh@ddmerican and European approaches
dividing them into two main classes: Qualitativel &uantitative criteria.
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1.2.3. Qualitative criteria

The mail goal of a VRS is to contain and redirectrapacting vehicle. Table 1-4 summarizes
the qualitative criteria assessed during the tésthvallows to evaluate the effectiveness of a
proper redirection.

Evaluation

fagtor

NCHRP R350 Evaluation
Criteria

EN1317 Evaluation Criteria

Structural adequa

Test article should contain and

redirect the vehicle ; the vehicl
should not penetrate, underrid
or override the installation
although controlled lateral
deflection of the test article is
acceptable

e
e Test article should contain and redirect tk
vehicle.

Lateral deflection are measured and deta
in the quantitative criteria.

ne

led

Occupant risk

Detached elements, fragments
other debris from test article
should not penetrate or show
potential for penetrating the

occupant compartment, or
present an undue hazard to otk
traffic, pedestrian or personnel
work zone.
Deformation of, or intrusion
into, the occupant compartmer
that could cause serious injurie
should not be permited.

or

ner No ejection of a “main” part of the VRS
in  must be observed during the impact.

S

The vehicle should remain
upright during and after collisio
although moderate roll, pitchin

and yawing are acceptable.

n No rollover of the vehicle on the test zon
0 may occur

Vehicle Trajectory

After collision it is preferable
that the vehicle’s trajectory no

intrude into adjacent traffic lanes

The redirection of the car must comply wi
the “CEN box” criteria :

t

n

1: passed
2: Failled
3: wheel tracks

th

Table 1-4: Qualitative criteria

1.2.4. Quantitative criteria

If the qualitative criteria are satisfied, quarttita criteria are calculated in order to assess the
performances of the VRS in term of severity andkftexion.
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1.2.4.a. EN1317 Severity indices

The Acceleration Severity Index (ASI) is intendeddive a measure of the severity of the
motion for a person within a vehicle during an ircipaith a road restraint system. It's a non
dimensional quantity computed using the followingiation 1:

AS = ma \/[ﬁx(t)jz+(§y(t)j +(§Z(t)j2
12 9 10

Ay, :5 jaxyylzdt

Equation 1
Where

Equation 2
Equation 2 represents the 3 components of the kechoreleration averaged over a moving

time intervald=0.05s.

Theoretical Head Impact Velocity (THIV) which comtehas been developed for assessing
occupant impact severity for vehicles involved iollisions with road restraint systems.
The occupant is considered to be a freely movingabl§head) that, as the vehicle changes its
speed during contact with the vehicle restraintesys continues moving until it strikes a
surface within the interior of the vehicle. The meagde of the velocity of the theoretical head
impact is considered to be a measure of the veteskeaint system impact severity.

'

Dy"'—

}

Figure 1-6: THIV - left: reference frames - right: Theoretical Head left impact
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1.2.4.b. NCHRP 350 severity indices

Occupant impact velocities should satisfy the fwlloy:

Occupant Impact Velocity Limits (m/s)

Component Preferred Maximum
Longitudinal and Lateral| 9 12
Longitudinal 3 5

Occupant Ridedown accelerations should satisfyathawing:

Occupant Ridedown Acceleration Limits (G’s)

Component Preferred Maximum
Longitudinal and Lateral| 15 20

1.2.4.c. Deflexion measurement

In the framework of NCHRP report 350 a lateral tispment is accepted but not measured
while EN1317 distinguish between two values:
» The Working width (W) is the distance between tiadfic face of the restraint system
and the maximum dynamic lateral position of anyangprt of the system.
» Dm: Dynamic deflexion is the maximum lateral dynandisplacement of the side
facing the traffic of the restraint system

F______.--’"‘\ B i
/ f 2] / i \
i | W \ ! \ Lt
.I % = | d ¢ \
l,l I| 'l. ii |I |'_| .I 1: ks ]-
\ e i i o
[ i - i, ¢
| 5 __—J-"_,_-'L__F#Tu-,l‘l b II- ! r'I : |
yp————— R =
T 1 TE S [T [T 11 ==
=8 D
4 J Vi =0 - i B V=0
a) b} )
W W,
‘ ’ + -

Figure 1-7: Working width and Dynamic Deflection

The difference between dynamic deflection and wagkividth is illustrated on the above
Figure 1-7. The W value represents the space nefedethe VRS to work properly. It is
expected that in real life installation this spaeeain free of hazards and thus, it is important
to reduce this value.

In the revision dated 2010 of EN1317, which willibgolemented in early 2013, these values
will be normalized taking into account the thearatispeed and the actual test impact speed.

1.2.5. Discussion

Both approaches aim to define testing conditiorMBIS that are comparable.

Nevertheless testing conditions are related to iBpeeehicle fleet. One main difference
between NCRP report 350 and EN1317 in the compam$anormal level of the EN1317
(N2) and the related basic level of NCHRP repofl.3Ehe latter is significantly more severe
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(+50% of momentum). In the updated conditions of 34 the mass of the vehicle is
increased and almost all the impact angles areb5at|@ading to more severe testing
conditions.

[HUB12] compares NCHRP 350, MASH and EN1317 tegtlein term of kinetic energy.
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Figure 1-8: Kinetic energy comparison

When considering impact phenomena, it is preferdableonsider momentum instead of
kinetic energy. Nevertheless, Figure 1-8 presdm@srtterest of showing that, in spite of slight
differences, orders of magnitude are comparable.

One noticeable difference between the two appraaliéein the quantitative criterion.
EN1317 defines ASI whereas NCHRP report analysés inoplane components separately.
Both approaches deal with occupant velocity bua idifferent way. EN1317 defines THIV
where movement is considered in plane while NCRsb aleglect the yaw angle. This
difference may be balanced when one takes intoideration that THIV value (and maybe
the same for OV) usually appears at an early stAdke impact at a time when yaw angle
may be neglected.

Finally, NCRRP report defines some acceptance difahd also preferred value even if one
does not really know how to deal with) while EN13{drovides a classification of a VRS
performances which depends on the results of treethualitative criteria presented in the
previous paragraph. From ASI and THIV values, teesty class is obtained following the
Table 1-5 below:

Severity class criteria
A ASI<1,0
THIV <33
B ASI<1/4 And km/h
C ASI<1)9
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Table 1-5: EN1317 severity class

The Working width values are also distributed inimas classes as presented in the following
Table 1-6:

W classes Value (m)
W1 W<0,6
W2 W<0,8
W3 W<1,0
w4 W<1,3
W5 W<1,7
W6 W<21
W7 W<2,5
W8 W <3,5

Table 1-6: EN1317 Working width class

The global performance of a VRS is presented asrgiation of restraint level (which gives
the information about the passed crash tests),a8é6@nd Severity class (e.g. N2 — W3 — A)

The replacement of NCHRP report by MASH was basechgrily on changes in the
American vehicle fleet. Vehicles have increasegize and light truck bumper heights have
risen since the NCHRP report 350 criteria were &&tbm 1993.

It's worth noticing that MASH states that any vdaiolder than 6 years cannot be used while
no restriction is set in the EN1317.

The MASH is an AASHTO publication (not an NCHRP downt). AASHTO is controlled
by the various states and not by the federal gonem. As a result, each Department of
Transportation (DOT) is allowed to set its own MAS#plementation date and its own
MASH/NCHRP 350 implementation criteria. As long the States do not require MASH
products and agree on the use of NCHRP 350 pradtiese will be low motivation for
manufacturers to develop new products.
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1.3. VRS crash test modelling

1.3.1. Context

Computational Mechanics (CM) has been used fong tome. [RAY97] reports the first uses
of CM in the early sixties and concludes that gl of progress has been achieved into the
roadside hardware design process thanks to noarlfimete element analysis.

In its early stage, simple analytical models udiegms, masses and springs were developed
to examine vehicle dynamics while impacting a rbatier.

Several years later, following codes and compu&retbpment, more advanced models
emerged but still looked like soap boxes (Figu® 1-

2 .>;\i&\\\'t\‘2t\§\\\

Figure 1-9: Model of 1991 GM Saturn and 1995 Fordiésta

These vehicle models were never intended to beeseptative of the real vehicle geometry
nor to include all parts and joints. The intent washave simple models that had correct
inertia properties (such as good centre of gravityyrder to obtain time histories that could
be compared to those from real crash tests.

Nowadays, the use of Computational Mechanics infitdd of road side safety covers two
main applications:

» Development of new design or optimisation of erigtones

» Certification of modified products

In both cases, numerical models are expected fdmhctive, in the first case, to increase the
probability of success (mainly for economical pug® - avoiding failed crash tests), in the
second case for safety reasons as certified mddifexices are bound to be installed on the
roads.

Predictability concerns then mainly the capabitiyrepresent the global behaviour of the
vehicle during the impact and to evaluate the EN1&iteria (severity indices, deflection
measurements).

This predictability of a model is often challengadce a multitude of parameters may have an
effect on the performances of a device.

First of all, it exists tolerances for tests cormhis (Vehicle mass, impact speed, impact angle)
see Figure 1-10.

42/174



Chapter 1 - State of the art
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Figure 1-10:EN1317 impact angle and impact speedlezances

Secondly, depending on the device design, wherfaneses on the VRS structure behaviour
under impact loading, the failure modes of thecitmes are usually driven by a very high
number of parameters subjected to stochastic i@rialn the set up of a numerical model,
one is often led to use standardized data, susteabyield point and ultimate strength, which
may differ greatly from actual values.

Thus, it becomes obvious that a single result rglgunot sufficient to predict the expected
result of a future crash test insofar the toleranaiecrash test conditions suffice to modify
slightly the performances of a device.

While trying to reproduce a passed test, test ¢mmdi are known but a time consuming
iteration work is needed in order to find a sepafameters which allows reproducing in an
accurate way the behaviour of the crash configomati

Moreover, in addition to physical parameters, Fatodels for restraint systems present
numerical issues.
First of all, the total length of the VRS models\(ally around 100 meters) and the total
duration of this kind of crashes (between 1 ancke@nsds) imply a constant quest for the
optimized mesh which will permit to obtain gooduks in a shorter time.
Furthermore the models definition itself (VRS amd/ehicle, boundary conditions, ...) can
determine the output.
The benefit of the numerical tool is to take inbe@unt the greatest part of the variability:
» On the one hand to predict better the performaotagesign before real crash testing
(providing a range for expected results insteaa sihgle result)
» On the other hand to assess the robustness of dicatdn (is the modification as
safe as the original one?).

The use of Computational Mechanics is increasiryiminterest is obvious when one wants
to evaluate device performances within the nornosditions, to develop or to optimize it

and, finally, to understand the phenomenon involvethe impact. However, in contrast to

physical test results, the results of a simulatiomalways questioned. Taking into account all
the variations of the parameters listed above msoat impossible and meaningless. The
guestion is how far can we trust a numerical modal] if real tests exist, how can we
compare the results of a simulation to those ekt
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1.3.2. Vehicle models

National Crash Analysis Center (NCAC) is a mainoadh the field of road side safety
modelling. Vehicle and some VRS models are avaldtt free download on their web page
[http://mww.ncac.gwu.edu/vml/models.html].

Figure 1-11: Geometro FE model

Figure 1-12: C2500 pick-up FE model

Figure 1-13: Chevy Silverado FE model

Figure 1-14: Toyota Yaris FE model

Figure 1-11 to Figure 1-14 illustrate the evolutminvehicle models over the past 10 years.
Geometro and C2500 models dated 2000 are respgcti&e 26 and 10 518 Finite elements.
10 years later, the Chevy Silverado (dated 2004 @&oyota Yaris (dated 2010) are

respectively 929134 and 984 383 Finite Elements.

These very good looking vehicle models can be doaded for free and come with a reports
illustrating the correlation obtained in respectNSTAP test configurations. Some examples
are shown in Figure 1-15 and Figure 1-16.
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Figure 1-15: Toyota yaris comparison between NCAPRest and simulation result
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Figure 1-16: Toyota Yaris Acceleration signals comgrison

Nevertheless, these models, due to high numbeleofents involved, are cost-intensive and
the results very difficult to use in a parametrigp@ach for roadside equipment crash
simulations. In fact these models are mainly dgwedofor NCAP applications where frontal
impacts against deformable barriers are considéFbdse impacts involve mainly the car
model and last around 150 milliseconds.

Within the Technical group 5 of CEN TC226/WG1, soreeperts of Computational
Mechanics (CM) are collaborating to provide guide$ concerning the use of CM in the
specific field of roadside safety [CEN12-1]. Veleichodels have been developed (mainly by
Politecnico di Milano) to represent EN1317 vehic{g®m 900 kg small car to 38 tonnes
articulated truck) and are also available on theARGveb page (see Figure 1-17). The
ultimate aim in doing so was to have numerical ndi@e enough to be able to receive
acceleration signals comparable to those obtaingthgl real testing but coarse enough to
allow their use with a 100m length VRS FE model dosimulation of a 2 seconds impact.
Furthermore, in these models, a particular effaswnade on the representation of a correct
kinematics of suspensions and direction systemgtwig fundamental when one tries to
represent a non frontal impact configuration inuadvredirection (i.e. rotation) of the vehicle.
Therefore all these models meet the requiremeritsediin [CEN12-2].
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Figure 1-17: CM-E vehicle FE models

The average size of these models is around 40 BOA\§ a result, the CPU time is reduced

by almost 25 and makes it possible to run paramestudies within a reasonable
computational time.

It is with a similar objective that LIER developi#sl own model of 1500 kg car with a total of
21 304 FE (Figure 1-18).

Figure 1-18: LIER BMW FE model for TB32 simulations

Like the CM-E models, this model is a compromisgliké the first FE models, the intention
here is to match a real vehicle. Experience hasvsitbat some geometrical characteristics
have to be adjusted when one wants to reproducash test (or be predictive before a crash
test). Nevertheless, all components are not madlelhel the intention is not to be an “exact”
replication for that “exact” replication has a mean
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1.3.3. VRS models

The interest for using computational mechanics roadside safety features has been
demonstrated by the large amount of papers availatdpecialised literature.
The applications cover a large field.

>
>

Development or optimization of products

Three publications of the NCAC [NCA09] and [NCAl1&Z] concern the
development of a new end treatment for a steeldzhtiknber guardrail. In this work
numerical simulations were used to evaluate cone¢putesign and select the design
which presents the best chance of success focrasth testing. In the last report, crash
test results are presented and seem to fit the Inpoeldiction.

[REIOO] CM is used to modify a design of a bulln@ggerdrail system starting from a
failed test, analysing the phenomenon (validatibnmmdel based exclusively on
failure modes of the structure) and leading to essful crash test on the modified
design.

Research purpose

[YONO5] presents a model of portable traffic barrie compare different concrete
constitutive laws.

[REI98] analysis of energy dissipation in ordeofiiimize guardrail terminals

[ANGO09] use of CM tool to propose an upgrade ohdtad procedures.

Numerous research papers can be found relatingam equipment modelling either in the
USA (related to NCHRP report 350 test conditionsjnoEurope (related to EN1317 crash
test conditions). Most of them follow a very eféat roadmap:

Y VYVVYV

Subcomponent test and model

Device and model description

VRS model validation

VRS evaluation under different impact conditions design modification
performances assessment

Crash test to consolidate results obtained from B&dy

1.3.3.a. Local models

Local models are often used to focus on the maugih link to specific phenomena. Their
relative small size, in contrast with global modeldows the use of much finer meshes and
the study of phenomena which have to be idealitadhégher scale.

For instance, [TABOO_1] presents local analysiatesl to following topics:

>
>
>

Post/soil
Bolt pull out
Effect of ends
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Figure 1-19: Local analysis [TABOO]

Figure 1-19 illustrates on top left the componemtutation of a post/soil interaction in order
to extract values for non linear springs used tadehdhe soil in a global configuration
(displayed top right). Bottom pictures shows twdreme cases of bolt location which were
used to define a non linear spring load curve dsethe rail/post model. It is stated that the
bolt localisation has an effect which is not quizedi in the paper.

[PLAO3], on the same issue present some real coemdast and various sizes models which
represent the pull-out phenomenon and conclude faoca variation between 18.0kN (one
beam layer with centred bolt) and 64.7kN (two |layeir W beam non centred bolt). Table 1-7
summaries the results obtained which illustrateh@none hand the variability between tests
and on the other hand the effect of the bolt locati

Maximum force kN
Test case Test1 Test 2 Average test max.
Single layer — bolt 16.8 19.1 18.0
centred
Single layer — bolt 26.7 30.7 28.7
non centred
Two layers — bolt 40.6 41.1 41.0
centred
Two layers — bolt 62.1 67.3 64.7
non centred

Table 1-7: Post-bolt connection failure from laboraory tests [PLAO3]

[CHAO1] explored the pull-out phenomenon which I tmain failure modes of French
generic device GS2/4 in a local model with diffarereshes and boundary conditions.
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Model Boundary Conditions Pull-out force [kN]
Rear Face all edges with 6DOF o8
(Rm=500MPa) constrained
Rear Face top and bottom edges 30
(Rm 500 MPa) with 6DOF constrained
Rear Face top and bottom edges 20
(Rm=360MPa) with 6DOF constrained
boundary condition on
Complete spacer spacer front face (3 30.3
translations constrained)
boundary condition on
Complete spacer and pgst spacer front face (3 ~30
translations constrained)

Table 1-8: Pull out force for post-spacer connectio[CHAO01]

For the first four cases, a velocity is appliedthe bolt, modelled rigid, and the force is

recorded within the rigid body. For the last caselt and nut are modelled and a flexion

moment is applied to the post.

The results presented in Table 1-8 are comparahbierm of magnitude to those obtained in

the laboratory tests reported by [CHAO3] for onege layer of steel.

It is worth noticing that the steel grade, whichiagon is evaluated here, seems to be a first
order parameter.

[SECO05] focuses on post anchorage conditions instiie Two kinds of posts (steel and
wood) were tested with a bogie vehicle impact aedvexd as a basis for local model
validation. In a second step a mow trip pavemeatited.

Logically, when trying to model a steel VRS, she#ments are commonly used to represent
the membrane behaviour of the distinct steel coraptm

Analysis of literature thereto reveals two mairues concerning the FE modelling of VRS
which could affect heavily the answers providedhs FE models:

» Modelling of soil

Modelling technique Advantages Disadvantages

Boundary Condition CPU No p055|b|||t_y of post
extraction

Push-pull tests needed

Non linear springs CPU for solution setting-up
. CPU cost
3d model - Lagrangian realistic Subjected to mesh
mesh . .
distortion
3d model — Eulerian realistic CPU cost

mesh
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» Modelling of bolted connection

Modelling technique Advantages Disadvantages
Merged nodes CPU No repfre.sentatlon of
ailure
Non linear springs CPU To be tuned
3d ”g.'d modeI_W|th non realistic CPU —to be tuned
linear springs

In all cases, these very sensitive components dhmiimodelled with great care and have to
be tuned according to component tests or accotdipgor experience.

For instance, [TABOO] intended to implement a mdtho decrease the needed length of
numerical models replacing the rails by a springuasng that the rails out of the impact
pocket should remain in the elastic domain and tmay present a global stiffness in
accordance with Equation 3:
K =2
L
Equation 3

Nevertheless, this approach was abandoned duegnifisant differences between forces
recorded in these springs and forces recordedabagimodels. The author blamed the bolt
sliding and the post/soil interaction which are taten into account in the linear spring
model.

This illustrates the limitations of local modelsodal models are very useful in order to try
different modelling techniques, validate failure dee according to local tests and to assess
the range of variation of several parameters ey tan not substitute for a global analysis.

1.3.3.b. Global models

A significant model which appears quite often ire titerature is the American G4 (1S)
Device.

[TABOO] presents a model of “the most common guatciystem in the USA”

[WHI04], [MARO7] and other related reports from NCANCAO7-1 to 3] are also related to
this device and to the evaluation of several oftglifications.

The guardrail system is composed of standard w-beam3.807m length supported by
W150x12.6 steel posts of 1830mm length embedde®ra@O deep into the ground every
1.905 m. Routed wood spacers are placed betweeposte and the W-beam rails and have
dimensions of 150x200x360mm.

The total system is 53.3m long and is anchorea#it &nds.

A detailed finite element model is presented. Irtipalar, a very fine mesh is used for six
rails located at the middle of the entire guardsgistem while the remaining rails are
modelled using coarser mesh. The connection betieenmeshed rails is performed by
means of 8 bolts which are fully meshed (see Figu2€ top right image). In order to reduce
computational time (since very small elements aeded to capture the bolt geometry) the
material formulation chosen is rigid and thus, wik control the time step. A spring is placed
between the bolt head and the nut to represerttitifreess of the bolt.
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As regards the long bolts used to connect the tailhe posts through the wooden spacer,
they are modelled using beam elements; null-shHethents are tied to the beam nodes to
represent the external geometry of the bolt and@dotact purposes.

Another advantage of this model is the modellingtred soil represented by a cylindrical

block of 2.7meters in diameter and 2.02m in heidlite soil is meshed with eight node

hexahedral solid elements and the outer boundargomstrained using a non-reflection

boundary constraint option used to model infinitan@in and thus to avoid stress wave
reflection. Finally, a contact is defined betwelea post and soil meshes.

This model is definitively the most complete onemnpiling benefits of previous works.

Figure 1-20: Typical standard W-beam guardrail and its related model from NCAC

[UDD99] presents a model of a three-wave guardyaile close to G4(1S) device except the
fact that the rail consists of three waves instefathe original two. This model is older and
less detailed. For instance, most of the connesteme modelled via merged nodes which
prevent the representation of disconnection oftgurelements.

[WUO4] uses a Swedish W-beam guardrail EU4 modesisting of a W-beam connected to
a sigma profile post. In the FE model, non-lingarirggs are used to model soil and beam

layers connections (Figure 1-21). The “post to Beemnnection is modelled via a set of spot-
welds.

I = 2-node Nonlinear
Springs for the Bean

Layer Connection

1-node
Nonlinear
Springs
Representing
Soil

1-node
Linear Elastic
Springs at
Beam-end

Figure 1-21: EU4 model [WUO04]

Within ROBUST European project, a Work Package edichted to Computational
mechanics [ROB06-2]. Round robin simulations werdgrmed among several European test
houses, universities and simulation agencies wégtlihe bases of the CM-E which provides
some recommendations concerning the VRS mode#icigniques [CEN12-3].
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1.3.3.c. VRS performances
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Figure 1-22: N2 test results from LIER database

The Figure 1-22, based on LIER test database coimceEN1317 N2 restraint level devices
illustrates the performances of some devices, divith three main classes: Steel devices,
Reinforced concrete devices and steel-wood products

Few results are displayed for concrete devicesiaad these kinds of devices are commonly
found at higher containment level.

Nevertheless, concrete devices are characterizelvibyworking width and high severity
which appears logical for this kind of stiff device

Steel devices usually provide a significantly lovgewerity. A quite important spread can be
observed, due to the fact that some devices todtalied on bridges are much stiffer (and
close to concrete devices) while some others arehntighter and characterized by higher
working width and lower value of severity indicasfter devices).

The same conclusions can be applied to steel-weeottes. Nevertheless, on average, the
steel wood devices offer significantly higher wardkiwidth and lower severity indices.
Furthermore, in terms of optimisation, as far assslA of severity indices concerns ASI
values from 0 to 1.0, the interest of a decreassewérity indices is limited. By contrast, an
increase of the working width is highly detriment@his confirms the need of an efficient
numerical tool in order to develop optimized st@ebd products.

[CHAO1] is the only study found explicitly relatingp steel-wood VRS modelling. An
important work is reported concerning the modellaig/RS structures under vehicle impact
loading. Unfortunately this work suffers of lack kifiowledge concerning VRS testing and
results leading to poor correlations.

Steel-wood VRS are never found along highways kexad they relative high cost and also
because one consider that wood aging and mechgmiocpérties variation, resulting from
environment variables can affect the safety peréorre of the products.

One aim of this work will be to quantify the varily of wood and to evaluate its impact
towards one VRS performances.
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1.3.3.d. Validation procedures
In the publications detailed in the previous settithe capabilities of F.E. models to
reproduce real crash configurations are demondtrdtievertheless, the relevance of the
correlation is not homogeneous.

Generally speaking, the papers demonstrating supooemt tests provide a fairly good
agreement between test and simulation accelerttran histories. For Instance, Figure 1-23
shows the comparison of longitudinal acceleratignas related to bogie real test against a
steel post and the related signal from a FE maidek figure illustrates the good agreement
of the acceleration signals for both global trend peak value.

Longitudinal acceleration [g

12 i i i i i i i i i
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time [s]

|— Experimental test Numerical simulation |

Figure 1-23: [SECO05] Bogie test acceleration sigretomparison

At the next level, full scale crash test simulatithre correlations presented are usually limited
to criteria calculation (peak values), pictures ataken from high speed cameras and
compared to snap shots from the simulations andeaimge histories comparison (Figure
1-24).

e e

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 045 0.50

Time [s]

‘—Test - Roll Simulation - Roll — Test - Yaw Simulation - Yaw

Figure 1-24: Typical correlation process [NCAQ07-3]

In very few cases authors give velocity time higtorand even fewer authors authorize
themselves to present acceleration time histofieshe later case, the agreement between
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time histories is rarely quantified and the agreeinme qualified by the author of “reasonable”
or “fairly similar” (see Figure 1-25).

10r Vehicle x-accelerations from both the 10 Vehicle y-accelerations from both the
crash test and the simulation (0) crash test and the simulation (0)

o

y-accelerations [g]

*
-10 | H — from the test
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I
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I
w
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-15
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Time series from the crash test [ms] Time series from the crash test [ms]

Figure 1-25: Fairly similar acceleration time histaies [WU04]

[RAY96] proposes to apply statistic methods to cameptwo time histories and quantify the
differences. If two time histories are sampledhat $ame rate, filtered at the same frequency
and start at the same time; then, one proposedochéttio measure the residual between each
pair of data point (the difference at each timepsteetween the two data points).
Consequently, the author presents statistical ndetbauantify the differences between two
curves.

The limitations of these methods are that they(lighly) sensitive to the time shift and that
the signals are usually (very) noisy.

Furthermore, to analyse the results of a pairedtaiMed t-test criterion, one would need to
know the variability of the test data which is uokm.

This point highlights a major limitation of the i@ation process which is often limited to a
point-to-point comparison as far as usually onlg erash test configuration is concerned and
serves as a validation basis without any idea vicdeobustness.

[TABOO] presents the NARD validation procedure, dzh®n the theory of signal processing
and analysis, which consists of both time domaid &Bquency domain analyses. In the
paper, the time-domain validation is presentedtarek measures are presented:

Relative Moment Difference
The A" moment of test signal f(t) and its correspondiingugation output are defined as

M. (f (1)) :]t”f(t)dt

Equation 4

M,.(g(V) = [t"g(t)dt

Equation 5
Root Mean Square (RMS) log measure of differen¢&dren two signals is then defined as:

_ i o)
g —\/ﬂlolog[ gz(t)ﬂ dt

The RMS log average of the two signals is defingthle following equation:

Equation 6
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{[10|og(f 2tnff + [10I0g(gz(t))]2}dt
2

O Ly, —|

g =

Equation 7
The energy measure of the correlation between tignak is given by the following
equation:

[RIGLIOL:
REf(1),9(t)] = -

\/U f Z(t)dtjU gz(t)dtj
O O Equation 8

All these measurements are applied to comparis@coéleration signals from a test and its
simulation (Figure 1-26) and results are preseimdable 1-9.

40.0
= 30.0 Fiiter frequency = 100 Hz it O GHE)
3? Simulated crash data
=) 20.0
=
i 10.0
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E 0.0
2 00
S 200
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="l
g 300
-40.0
0.00 0.10 0.20 0.30 0.40 0.50
Time in seconds
Figure 1-26: Longitudinal Acceleration at centre ofGravity [TABOO]
Acceleration Validation
Zero Moment 0.126
1 Moment 0.095
2" Moment 0.102
3% Moment 0.118
4™ Moment 0.132
5" Moment 0.146
rq 10.1
ra 9.35
ra/ ra 1.08
Correlation Measure 0.50

Table 1-9: Metrics for acceleration signals validabn

In the end, the question of whether these valueseceptable or not remains subjective but
offers the benefit of quantifying the correlatidotaned.

[PERQO9] and [GOUQ9] use the residual methods, basedesultant velocity time history,
which was under discussion at this time within tREN TC226/WG1/TG1/CM-E
(Computational Mechanics-Europe) group.
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Recently, CM-E has become an official Technicalu@prof CEN TC226. TG5 group brought
about a technical document summarizing validatimcgdure issued from the CM-E group.
This document aims to become an appendix of ENB3Which deals with CE marking of

modified products.

First of all a comparative table (Table 1-10) hm®¢ completed. A “yes” meaning that there
is agreement between test and simulation.

Critical behaviour type Comparison: Yes / No
Containment Required Yes/no
Rollover Required Yes/no
Exit box for barrier Required Yes/no
Wheel trajectory Required Yes/no
Redirection zone for crash cushion .
; Required Yes/no
and terminals
Suspension failure Informative Yes/no
Failure of longitudinal elements Required Yes/no
Dynamic deflection for barrier Required Yes/no
Vehicle intrusion Required Yes/no
Lateral displacements for crash .
) . Required Yes/no
cushion and terminals
Penetration of parts inside the vehigle. Required es/No
comparison between final shapes of .
. Informative Yes/no
test article

Table 1-10: Comparison table

Tolerances are defined as regards measurementletds (Dynamic Deflection, Working
width and Vehicle intrusion) and the difference hasbe inferior to the value calculated
thanks to Equation 9:
d < +(005m+ 0.1x Measure)
Equation 9
In addition, final shapes and failure modes shbad¢ompared.

Here after is another table for severity indiced ame histories comparison (Table 1-11):

Criteria Type Comparison: Yes / NO
ASI Required Yes/no
THIV Required Yes/no
Time histories Required Yes/no

Table 1-11: Additional comparison table

Tolerances for ASI and THIV values are respectiu€lyl and £3 km/h for peak values and a
tolerance of £0.05s is accepted as regards thedirieese peaks.

The group of experts decided to compare veloamethistories. The comparison is based on
longitudinal and transversal components (relatetiédest article) of the vehicle’s velocity in
plane motion and on the yaw rate.

The numerical simulation is considered validate@mvthe following requirements are met:

» The numerical components of the vehicle velocitypnaa inside a window built
around the physical velocity components until taghfest in time amongst the max
ASI time and the time of flight is reached. Wheme thalidation is requested for a
modified product, the numerical velocity time histonust remain inside the window
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until the vehicles have loaded the modified compiéseThe variation limits for the
window are: +4% of the initial velocity and +.0Xstime.

» The numerical yaw rate of the vehicle remains withi window built around the
physical yaw rate until the farthest in time amdrtgse max ASI time and the time of
flight is reached. When validation is requesteddanodified product, the numerical
velocity time history must remain within the windawtil the vehicles have loaded
the modified components. The variation limits fdre twindow are: +4% of the
maximum yaw rate and +.01s in time

» More details concerning the European validatiorcedoires can be found [ANG12]
ad [CEN12-4].

1.3.4. Discussion

All authors agree that a lot of parameters couldcathe behaviour of a VRS. This is usually
demonstrated by means of local models with verg meshes which allow to present very
good correlation between experimental and simuladicceleration time histories.
Unfortunately, at a global scale, the variationgesded by the local observation are not
evaluated (or at least not reported).

In most cases, the correlation between a crasltoesiguration and a simulation is limited to
one simulation case with comparison of snap shots\wehicle angle time histories. Some
authors have tried to use statistic analysis totiiyathe curves comparison but, in the end,
the result remains poor because of the limitatioa point-to-point comparison.

The main interest for using numerical tool is ttowl the evaluation of some parameters
effects which are not possible to assess in theelifeaeither because of crash test costs or
because some parameters can not be easily codjrolle

In the light of the parameters that may affect ¥RRS performances, reporting of one
simulation results is a scientific aberration.

In chapter 4 a method for numerical model validatising a parametric study based on
structure’s failure modes analysis and on the edlathysical parameter variations will be
described aiming to fin out a set of parameters piamt with requirements for model
validation defined within the CEN TC226/WG1/TG5.
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1.4. Conclusion

The use of Computational Mechanics has been adaptiad field of roadside safety and is
more and more necessary in a complex economicah@mdative context.

To be reliable, models have to represent the faimodes of the structures. When crash tests
exist failure mode models can be tuned to caphedehaviour observed in the test.

When crash test does not exist, the model has #@bleeto predict the apparition of distinct
failure modes.

Literature analysis has illustrated that an inénitumber of parameters drive the failure
modes of this kind of structures and that it is @sgible to master them all.

Ranges of variation for some topological paraméterge been reported but the effect of this
range of variation upon device’s performances lea®nbeen studied.

The modelling of steel-wood VRS requires an aceunabdel of wood material which is, by
nature, also subject to sensibility of environmeariables.

Our approach is to start with local testing to asserange of variations of wood mechanical
properties and to validate the failure modes dealsvood beam.

Next, the wood model available in Ls-Dyna will beakiated.

Finally, a global model of the VRS will be creataad validated upon real crash test results
using a parametric approach based on failure modlsis and using the range of variation
of each related physical parameter.

In a last phase, the effect of wood mechanical gntggs variation upon VRS performances
will be assessed.
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2.1. Material and methods

Wood structures responses under dynamic loading hat been investigated a lot yet. A
large amount of data concerning wood elastic cherigtics is available in the literature.
[GUI]

In order to enhance the accuracy of our finite elehmodel, experimental test were required.
Our objective is to have a simple test configuratiath energy level comparable to those
observed during a real crash test with wooden sampth identical geometrical and
mechanical characteristics.

It was decided to test two kinds of structure, waad an assembly of steel and wood in order
to validate also the assembly modelling and to hasheation of the aim of each component.

2.1.1. Samples

A total of 20 wood beams were received from a Hneraadside safety system producer
(SOLOSAR). The samples were supposed to be in atdncbnditions of use for roadside
safety purpose.

2.1.1.a. Dimensions

The wood beams consisted in cylinders of 200mmiamdter cylinders by a length of two
meters length. The rear side is machined in oget a plane face of 110mm height.

This face was used for steel-wood tests to fixealsteinforcement of 100x5x2000mm by the
means of two M16 bolts positioned at 275mm frorhegiextremity.

The same machining was performed on 300mm at tble gide of the bottom face for the
height positioning of the beam.

0
]

¥V

Ji
A

e Steel reinforcement - 5/

Impact side

Figure 2-1 Samples dimensions

2.1.1.b. Mass and moisture content

Samples were weighted several times. All the sasnplere weighted at reception and, after
that, on every morning of experimentation day andllfy, just before testing.
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Figure 2-2: Sample mass time evolution

Figure 2-2 shows the time evolution for the 4 saapkested on the last day (which were
weighed four times).

One can notice the loss of weight for each of tisarples.

The samples were stored inside a warehouse subbjectenportant temperature variations.
Air moisture content was recorded but no corretati@s found concerning weight loss which
may be due to the natural drying of wood when kepguch storage conditions.

Special care was given to the mass and moisturtecbof each sample. The moisture content
was recorded at 3 points along the wood samplededsting: at the level of either right and
left support and at the centre of the beam.

Figure 2-3 Moisture content measurement

61/174



Chapter 2 - Dynamic three point bending experimental tests

60 : : : : : :
T3 — — S oveeeg EGBOOE...
I
R e e e A
I —_—_———_—__-
36 e B e A

Moisture content [%]

e
10 i i i i i i
25 27 29 31 33 35 37 39

Wood mass [kg]

Figure 2-4 Wood samples moisture content versus mas

Figure 2-4 shows there is extensive spread of mn@stontent. Similarly, spread of wood
sample mass is also large. Nevertheless, no cborelaetween these two parameters has
been obtained. Therefore such results highlighthisterogeneity of wood on the one hand
and other parameters must have an impact on thetglef the material on the other hand (for
instance growing conditions). This may explain ¢haracteristics of the sample circled in red
which has an important mass and a regular moistméent. This particular sample was used
for test ID EGB002 and led to an unexpected behaviehich was removed from our
analysis.

The two other samples out of the cloud were useadtésts EGB0O05 and EGBO11.
Nevertheless, as regards these two samples, #orebetween the mass and the moisture
content seems to be logical and the behaviour eeden the experiment was in accordance
with the other samples in the same configuration.
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2.1.2. Tests protocol and matrix

2.1.2.a. Test equipment
Tests were performed at IFSSTAR-Bron catapult withtons bogie vehicle.

Figure 2-6 Test set-up - details
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Two rigid structures were fixed at the front of thagie:
The longer (1) one was used for the breaking (2Zhefoogie and the shorter (3) one was used

to impact the structures.

Image: 11 ® 1000 is|

Figure 2-7 Test set-up top view

The two meter length samples (4) are simply supgo(®) in front of two rigidly fixed
concrete blocs (6) with a distance of 1.7m betwagports (7).

2.1.2.b. Test matrix

Three levels of velocity were chosen and each gardition was tested three times to assess
the repeatability of the process. Two configuratiomere repeated because of unexpected

measurement problems.

A total of 20 tests were performed following theab Design of Experiment:

[®X

Test ID Type of structure Target impact spee
EGB 001 Wood 10 km/h
EGB 002 Wood 10 km/h
EGB 003 Wood 10 km/h
EGB 004 Wood+Steel 10 km/h
EGB 005 Wood+Steel 10 km/h
EGB 006 Wood+Steel 10 km/h
EGB 007 Wood 20 km/h
EGB 008 Wood 20 km/h
EGB 009 Wood 20 km/h
EGB 010 Wood 20 km/h
EGB 011 Wood+Steel 20 km/h
EGB 012 Wood+Steel 20 km/h
EGB 013 Wood+Steel 20 km/h
EGB 014 Wood 5 km/h
EGB 015 Wood 5 km/h
EGB 016 Wood 5 km/h
EGB 017 Wood+Steel 5 km/h
EGB 018 Wood+Steel 5 km/h
EGB 019 Wood+Steel 5 km/h
EGB 020 Wood 5 km/h

Table 2-1: Test matrix
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Initially, it was planned to test at seed rangeveein 10 km/h and 30km/h in order to reach a
momentum of same magnitude as the one of a TB82 tes

During the test sessions, at 20 km/h, all the samhiled and the supporting structure
appeared to suffer. It was decided for safety mesdmt also to have some points without
failure of the samples to carry on tests at Skmiblvitould provide information in view of
model calibration.

2.1.3. Measurement analyses

For each test, acceleration data is recorded ordistmct locations of the bogie.

Concerning data recording, time zero is detecteddmtact on the impacted structure. This
contact also lights a flash visible by all the \wdsmmeras. All the measurements were filtered
using a low pass band Butterworth filter (CFC180).
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2.2. Results

2.2.1. Impact conditions

Several parameters were controlled during the begiact speed was measured thanks to an
optical system just before the impact. Table 2-@sents for each configuration the average
value, the standard deviation and the coefficiémaniation. The impact speed was very well
controlled and the test configurations were highiypeatable. The highest variation is
observed for the lowest impact speed due to thethat this was the lowest speed admissible

for the regulation system which works much bettdrigher speed (for which the variation is
not higher than 1%).

target speed [km/h] wood steel-wood
Il 4.9 4.9
5 o 0.1 0.2
o/u 2% 4%
vl 9.7 9.8
10 o 0.0 0.0
o/u 0% 0%

vl 19.7 19.3

20 o 0.1 0.3
o/u 1% 1%

Table 2-2: Impact speed [km/h]

Table 2-3 to Table 2-5 presents the average, stardkviation and coefficient of variation,
by configuration, for the total mass of the testathples (i.e. measurement included the steel
reinforcement and bolt masses for steel-wood cardiipns), the Moisture Content and the
room temperature.

The wood samples were taken in order of storagenangarticular care was givben to the
choice of a sample with respect to the configuratio be tested leading to an arbitrary
repartition of the samples.

target speed [km/h] wood steel-wood

u 32.0 39.2
5 o 1.3 0.5
o/u 4% 1%

u 33.4 43.2
10 o 2.7 1.8
a/p 8% 4%

u 28.6 41.3
20 o 0.5 2.7
o/u 2% 7%

Table 2-3: Sample mass [kg]
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Sample mass variation is always lower than 8%

target speed [km/h] wood steel-wood

vl 22.5 21.1
5 o 7.4 4.4

o/u 33% 21%
vl 22.5 35.0
10 o 2.8 14.8
o/y 13% 42%
vl 23.9 28.6
20 o 6.4 10.3
o/u 27% 36%

Table 2-4: Moisture Content [%]

Moisture content variation is high and is suppadsele representative of the one that may be
observed on the roadsides.

This parameter cannot be controlled easily. It astiv mentioning that, on average, moisture
content varies between 20 and 30%.

target speed [km/h] wood steel-wood

Il 23.8 25.7
5 o 1.4 2.1
o/u 6% 8%

Il 23.3 25.4
10 o 0.9 0.0
o/y 4% 0%

Il 21.6 25.4
20 o 1.4 0.4
o/u 6% 1%

Table 2-5: Temperature [°C]

The temperature was recorded just before each d#st, the lights were turned on. The
temperature varies between 20 and 25°C on average.

The biggest variation observed concerned Moistargent (27 %) while the other parameter
variations were below 5%. The variation on decdienapeak remained under 10%, on
average.

No correlation could be found between the input #aedoutput variations.
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2.2.2. Deceleration results at 5 km/h
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Figure 2-8: Deceleration results - wood samples -Kn/h

Figure 2-8 shows the deceleration profiles obtaifeedhe four tests performed at 5 km/h on
the wood samples which are very close from onéeather. All the tests led to a rebound of
the bogie without any failure of the samples.
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Figure 2-9: Deceleration results - steel-wood sangs - 5 km/h

Figure 2-9 illustrates the deceleration profilesaoted at 5 km/h on the wood samples with a
steel reinforcement. As for the samples withouglsteinforcement, no failure was observed
during three tests which are also very similareisuits.
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2.2.3. Deceleration results at 10 km/h
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Figure 2-10: Deceleration results - wood sampleslO km/h

Figure 2-10 presents the deceleration profilesinbthat 10 km/h for the wooden samples.
Test EGB-002 did not fail and presented a deceteradrofile very different from the other
two where the wood sample failed. The sample usedthft test was the one highlighted in
the previous Figure 2-4. Its peak shape is compatalthose obtained at 5 km/h (peak width
around 0.1s) with a peak value significantly higher

On the other hand, for the two other tests, alérfdilure is observed, characterized by a
shortﬁr peak in both time and amplitude.
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Figure 2-11: Deceleration results - steel-wood sangs - 10 km/h

Figure 2-11 shows the deceleration profiles obthifoe steel-wood samples at 10km/h. The
peak values are close to those obtained for woogkes which failed. The main difference is
observed after the peak: A deceleration plateaateel to the yielding of the steel

reinforcement after the wood failure.
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Test EGB-004 is significantly different from thehet two in term of deceleration peak value.
Nevertheless, no distinction could be found eitimethe sample mass or in the moisture
content.

Finally let us mention the reproducibility of theakleration plateau for all samples.

2.2.4. Deceleration results at 20 km/h
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Figure 2-12: Deceleration results - wood sample20 km/h

In Figure 2-12 the curves have been set to zenonar©.055s because a second deceleration
peak corresponding to the breaking of the bogiereesrded but out of interest.

The single peaks presented, characterized the vedade (as observed at 10 km/h). One can
notice the reproducibility of this test configurati
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Figure 2-13: Deceleration results - steel-wood sangs - 20 km/h
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Figure 2-13 present the results at 20 km/h forlsteed samples. As for wood samples, the
curves where set to zero around 0.1s to avoid &z pesulting from the breaking of the
bogie.

The pulses obtained are very comparable and tredetation plateaux are really similar.

Synthesis
target speed [km/h] wood steel-wood
U -34.9 -37.4
5 o 2.4 15
a/p -T% -4%
u -38.2 -44.4
10 o 3.4 5.1
o/y -9% -12%
Tl -36.6 -46.7
20 o 2.7 3.1
o/y -1% -7%

Table 2-6: Deceleration peak [mm/s?]

The analysis of Table 2-6 raises several issues:
» A significant difference is observed between woad ateel-wood structures at every
target speed.
» No correlation is obtained between the test imppeted and the deceleration peak
value
» No correlation can be obtained between the variglaf the test conditions (reported
in Table 2-2 to Table 2-5) and the variability bétdeceleration.
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Figure 2-16: Average deceleration profiles at 20 krh

Figure 2-14, Figure 2-15 and Figure 2-16 presemtehch configuration (impact speed and
sample type), the average of the test deceleratiores.
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The configuration at 5 km/h, for which no failuré wood samples occurred, shows no
significant difference between the two types ofictres.

At higher impact speeds the wood beam failure altve yielding of the steel reinforcement

and a deceleration plateau is observed for alll-steed samples. The deceleration peaks
have a comparable value for the two impact speduzaeas the peak width is significantly

narrow at 20 km/h.

2.3. Conclusion

Dynamic tests were performed on wood samples aedl-atood structures allowing to

investigate the failure modes of these structuredeuimpact loading. Acceleration curves
were obtained which are necessary for the validgirocess of the wood material constitutive
law.

While no discrepancies were found between the typedg of structures at low velocity,

differences were observed after wood failure whglsystematically observed for the two
other impact speeds.
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3.1. Introduction

The aim of this chapter is to develop a model foitmmaterial beams tested and to validate it
according to experimental results. The simple tesifiguration allows to explore a lot of
numerical parameters.

First, the focus will be on the convergence ofribenerical model.

After that, the wood material constitutive law dahle in Ls-Dyna will be evaluated in order
to select a set of parameters which best fit todueged in our experiment.

3.2. Models
3.2.1. Wood

Wood is one of the oldest construction materialsdusy human beings. As a consequence,
current design rules are often based on experiemzk traditions. Furthermore, wood
specialists are not mechanics experts, and experngechanics are not used to deal with a
living, highly anisotropic and non homogeneous maltevhich may explain the lack of data
concerning this material. [GUI86]. Nevertheless soimformation can be found in the
literature to understand the behaviour of the niter

3.2.1.a. Anatomy and mechanical properties

Wood is a complex living material. To understarsl behaviour, one has to focus on its
anatomy.

At a macroscopic scale, wood is commonly considasedylindrical orthotropic.

In fact, after a cut perpendicular to the fibresaf a trunk, one can see growing rings which
are concentric (Figure 3-1). The mechanical progerassociated to this anatomy are then
related to a cylindrical reference frame Longitidi(fibbers axis) Radial (radius of growing
rings) and tangential (perpendicular to growingsin

X

Figure 3-1: Cutting sections of wood and associatedference frame [GUI86]
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Nevertheless, the mechanical properties differebedseen Radial and tangential directions
are much lower than the one with the longitudiniaéation (Table 3-1) which leads us to
consider wood as a transverse isotropic material.

EL/ER EL/ET ER/ET
hardwood 8 13.5 1.7
sofwood 13 21 1.6

Table 3-1: Young modulii order of magnitude in thethree anatomical directions

Table 3-1 presents the average value for the twia families of wood:

Hardwood and softwood. Inside each of these famdie important variation can be observed
depending on the species and models have beensapo determine the elastic properties
depending on of wood nature (hard or soft) andetssity at 12% of MC:

Hardwood Softwood
po=0.65 g/cni po=0.45 g/cri
103
E 14400x (ﬁj 13100+ 41700< (0 - p, )
o

Table 3-2: Predictive model of wood elastic propergs
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Figure 3-2: Wood elastic modulus as a function ofahsity

3.2.1.b. Sensibility to temperature and moisture content

The hygroscopic nature of timber can be dividedva aspects:

“Free water”, inside the wood at high moisture eomt in liquid and vapour phases in the
intra-cells spaces whose rate fluctuation doesfiett mechanical properties.

“Absorbed water” requires a higher amount of endagyits extraction in order to break the
related chemical bonds. Moisture content fluctusibelow fibres saturation point go along
dimensional changes, shrinkage or swelling.

Wood material can be considered as a complex natonaposite consisting mainly of three
bio polymers. The effect of moisture content towaitdeous transition of these constituents
has been studied.

77/174



Chapter 3 - Dynamic three point bending tests simulations

The transition from vitreous to rubbery state ofypwer is characterized by temperature called
vitreous transition temperature (Tg). This trawsitgoes with a important decrease of elastic
properties among other things.

As regards wood constitutive polymers, the traosgiappear at relatively high temperatures
(around 200°C). Nevertheless the increase of mmistontent decreases the vitreous
transition temperature.

For two out of the three main wood polymers, aisigiit amount of water absorbed (20%)

decreases the transition temperature down to ambémnperature and, thus affects the
mechanical properties of wood.

1.2

ELEL"?

0.6

Figure 3-3: Relative variation of | as a function of moisture content for various woodpecies

On a practical way, [GER82] proposes a variatioelattic modulus as function of moisture
content (Figure 3-3) and [GUI87] proposes the fmilg correction of the mechanical
properties advised for a 6 to 20% moisture coni@mge of variation :

E" = EX[1-0.015H -12)]

Equation 10
E: = Eéz[l—0.0S(XH -12)]

Equation 11
ETH = E%z[l—0.0S(XH -12)]

Equation 12

For wood modelling purpose, MAT_WOOD (type 143 #afale in Ls-Dyna) was used. This
model, developed under contract from the FHWA [MBR@nd [MURO7], consists in a
transversely isotropic material with damage andiero

Our interest is that default material propertiesyfellow pine are available and temperature
and moisture content can be changed (0°C - 10°@€ 2 30°C and 0% - 10% - 20% -30%
respectively) which makes the material law easys® with respect to other constitutive laws
which are directly available in the software anthwut default properties [TABOO_2]

Wood, as a natural material, is not homogeneous @edents some defects (nodes by
example). Some authors tried to model explicitly trefects [CAS07]. The localization of a
wood defect could obviously influence the globahdéour of a wood beam under impact
loading but it is not possible, before a crash tesanalyse one hundred meter of wood
material to explicitly localise its defects and mmedl of them.
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The mechanical properties of wood are obtainedclear wood samples (without defects).

One common approach to take into account the existef the defects is to apply quality

factors to the clear wood mechanical propertiesrder to obtain homogeneous properties for
a degraded material.

Empirical equations are implemented which are fopradratic fit of experimental data. Table

3-3 presents the related coefficient for Moistumntént effect towards mechanical properties
and Figure 3-4 illustrate its behaviour in regastiterature.

Parameter P=A(MC)?+B(MC)+C
P A | B | C
Moduli

-8.50 -45.3 16774

EL Parallel
Normal (MPa)
ET Perpendiculat
Normal (MPa)
mLT Parallel
Poisson’s Ratio

-2.06 17.2 944

-0.00013 -0.00354 0.307
Strengths
-0.448 10.51 80.57

XT Tension
Parallel (MPa)
YT Tension
Perpendicular -0.016 0.33 2.82

(MPa)

XC Compression
Parallel (MPa)
YC Compression
Perpendicular 0.000 -0.555 16.93

(MPa)

0.011 -3.25 90.17

Table 3-3: Effect of Moisture Content

1.2

ELEL"™

0.6 ; ; ; ; ;

H%

Figure 3-4: Moisture content effect
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The proposed law seems to be in accordance withténature for value of moisture content
below 12%. For value above 12%MC the LS Dyna lapeap to decrease significantly more
than expected. For instance, at 20% of MC Ls Dypplies ELH=0.83*EL12. In the
literature, it appears that the module at 20% showit be less than 88% of the module at
12%MC.

In the LS-Dyna material law, all the material prdjgs are held constant above 23% of
moisture content. This is reported to be the fdaturation point at which the cell walls are
saturated with water but no water exists in theazelities.

As a result, at 30% of MC, the Ls-Dyna model resusack in the literature corridor.
Furthermore, the variations of Moisture Content dmamperature are not continuous but
tabulated. The available parameters are materihbygehe blue squares in Figure 3-4.

A factor is implemented to scale clear wood modlia function of input temperature. In

conformity with chemical phenomenon described imageaph “Sensibility to temperature

and moisture content” the factor depends on tenyperand on moisture content according to
following equations:

F, (T)=a(T -20)%+b(T -20)+1

Equation 13
With
a=a(MC)*+a,(MC) +a,
Equation 14
And
b =b,(MC)? +b,(MC) +h,
Equation 15
Where :
Coefficient Value
& -0.0000000377625
=) -0.000001416
X -0.0000003125
by -0.000004817
b, -0.000109895
b3 -0.000875

Table 3-4 quadratic fit coefficient for temperature effect

Another factor is implemented to scale clear wanength as a function of temperature as far
as the experiment has shown that the effect of éeatpre is twice important for strength as
for moduli:
Fo(T) =2[F, (T)-1]+1
Equation 16

Finally, reduction factors can be applied towarlgsicwood properties according to a wood
grade which is a way to take into account wood atsfe

The exact positions of defects are not known exgepighly controlled laboratory tests. A

practical approach for addressing defects is toifjdde material properties globally as a
function of visual grade.

For Pine option, 3 grades are available which appbuction factors for the strength in
tension (Qt) and in compression (Qc) accordingtiming Table 3-5
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Grade Qt Qc
Clear wood 1.00 1.00
Grade 1 0.80 0.93
Grade O 0.47 0.63
Table 3-5: Strength reduction factors for grade moelling
Temperature
1°C 10°C 20°C 30°C

1% 17 024 16 883 16 720 16 552

@) 10% 16 091 15 823 15471 15 063

> 20% 13 456 13 037 12 468 11 790

30% 12 740 12 105 11 236 10 194

Table 3-6: Parallel normal module as a function oMC and T from theory

Tensile tests on a single element were simulatetl aoresponding tensile module and
strength were computed in order to check the adsgbatween the theory and the model.
The results are reported in Figure 3-5, Figure&8i@ Table 3-7. The adequacy is quite good
as far the error between theoretical and compuaaks is, on average less than 1%.

Temperature
1°C 10°C 20°C 30°C
1% 17 024 16 881 16 716 16 54%
@) 10% 16 113 15 840 15472 15 083
= 20% 13 550 13119 12 554 11 870
30% 12 404 11 948 11 332 10 594

Table 3-7 Parallel normal module[MPa] as a functiorof MC and T from tensile test simulations
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Figure 3-5: Temperature effect - Tensile test simakion results
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Figure 3-6: Moisture Content effect - Tensile tessimulation results
3.2.2. Meshes

3.2.2.a. General information

Figure 3-7 Mesh general view

The impactor is considered rigid and an initialoo#ly is applied depending on the test

configuration to simulate.
The two supports are also modelled as rigid bodres boundary conditions are applied to

avoid any displacement.

The wood beam is modelled with brick elements dednbaterial law detailed in the previous

section is applied.
For under integrated elements, Ls-Dyna type 1 (llgf&Constant Stress Solid” is used.
For fully integrated simulations, element type R Solid full integrated formulation is used.

The steel reinforcement is modelled with Ls-Dynpety Belytschko-Tsay shells in addition
with an elasto-plastic law of MAT 24 (MAT_PIECEWISEINEAR_PLASTICITY).
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3.2.2.b. Bolt modelling

Figure 3-8: Bolt model deformation

Special care was applied to the modelling of thikeldoconnection between the wood beam
and the steel reinforcement and a summary canurelfm the appendix 1 of the document.
The link between the wood beam and the steel neiafoent is done via M16 bolts.

The use of Hughes Liu type beams discretized alibreg beam length with a coupling
interface (Lagrange in solid) with the wood compun&llows consistent deformation of the
beams with respect to the experiment as illustrateéigure 3-8. The Lagrange-in-solid
coupling (used to model the steel reinforcemenidensreinforced concrete) is a very
convenient way to reduce the meshing effort (theniseare localized at their proper place and
there is no need to represent the holes).

The non linear discretisation of the beam doestirigbetter results. Thus the solution with a
regular discretisation homogeneous with the woodhsgze will be used for the next steps.

3.3. Model validation

3.3.1. Methods

Before exploring the material constitutive law,skems necessary to validate numerical
aspects of the modelling.

3.3.1.a. Mesh refinement

Two meshes were used and are represented in Refure
» A “coarse” mesh with a mesh size of 30mm whichhe turrent size for most
applications of road equipment modelling.
» A fine mesh for which the brick elements were split

83/174



Chapter 3 - Dynamic three point bending tests simulations

Figure 3-9: Mesh refinements

3.3.1.b. Hourglass control and reference model

In roadside equipment modelling, under-integratethents (one-point integration for eight-
nodded elements) are often used due to their Iavinderm of CPU time.

The biggest disadvantage to one-point integrasdhe need to control the zero energy modes
which arise, called hourglassing modes.

r:
|
|
F
=T X
/ I\ \
- — X 3
‘.: - = - -
Ly L

Figure 3-10; Hourglass modes from [HAL98]

One way to withstand undesirable “hourglassingbigpply a small elastic stiffness capable
of stopping the formation of the anomalous moddshlwming a negligible effect on the stable
global modes.

It appeared during the work that Hourglass contray affect the results.

A reference set of results will be presented witltyfintegrated elements and four Hourglass
stiffness controls will be compared (0.05, 0.0080Q and without)
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3.3.1.c. Time-step control

The time step is of main interest because it wilinot fixed) determine the duration of a
simulation. Ls-Dyna, by default, takes the criticethe step which is the smallest value
obtained by the following equation computed fortlé elements of the model:

L
At, =—=
Equation 17
where c is the adiabatic sound speed :
1
2
o= [E +@}
30, 0p

Equation 18

wherep is the specific mass density

The analyst also has to check if the time stepispatible with the proper use of the contact
interfaces. In fact, Ls-Dyna give a warning witle ttontact interface maximum time step but
it is the responsibility of the analyst to checkhié conditions are satisfactory.

By default, during a calculation the time step douhange while elements deform. As a
result, the total duration or simulation could lasisy multiplied by two or worse, never end if
a highly distorted element gives a very small tstep.

Two ways exist and were explored to control theetstep of the calculation:

3.3.1.d. Mass scaling

Often used for global models.
For a constanfite, if L. decreases due to element distortion, ¢ has tedser A way is to
increasep for the specified element.

3.3.1.e. Time step erosion

To avoid numerical problem during erosion of ameat with an important density which
causes local numerical instabilities, another wsayoi erode the element for which the time
step is too low and drives the global time stethefsimulation.

This method was tested but will not be reportec l{see appendix n°2) because it didn’t give
more accurate results than the mass scaled solatiathe one hand, and had a significant
effect on the CPU time on the other hand. In faxthe efficient, one has to allow the time
step to decrease significantly before erosion (ostnof the element would be eroded) and
thus, the total CPU time needed could be seveftdgtad.

In order not to jump to conclusions on the basismé result only, a set of simulations was
performed with “Pine” default properties at 2 temgtares (20°C & 30°C) and two moisture
content levels (20% & 30%) which enclose the experital values of these parameters.
Thus, 4 shots were run with Ls-Dyna explicit solyBtAL97] for each parameter. This
analysis was performed for the 20 km/h impact speleidh is the closest to the orthogonal
component of the velocity of an EN1317 TB32 test.
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Parameter Nb of Value
value
Time step control 2 Mass scaling and time stepi@nos
Element 5 Fully integrated, Under integrated without Hourglasntrol and
formulation with hourglass control (0.001, 0.005, 0.05)
Mesh 2 Coarse and fine mesh
Structure 2 Wood and steel-wood
Table 3-8 Summary of tested parameters
3.3.2. Results

In the following figures, the results are preserfteceach element formulation by meshes and
structure type. Four simulation results are avatggerresponding to the four combinations
of temperature and moisture content).

3.3.2.a. Quadratic error

For each simulation, the quadratic error betweah sanulation acceleration signal A(t) and
its corresponding case (i.e. same structure ane sa&nd properties) ran with fully integrated
element B(t) is computed following Equation 19. Madues obtained are normalized dividing
the results by the maximum obtained by structupe {yvood or steel-wood).

\/%Z(A(tn) ~B(,))

n
Equation 19: Quadratic error
To facilitate the comparison, the results are ndired dividing the obtained value by the
maximum value obtained between the eight casesghes x 4 element formulations)of each
structure (wood or steel-wood).

Wood fine mesh

Wood coarse mesh

Steel-wood fine mesh

0.1 Steel-wood coarse mesh

without 0.001 0.005 0.05 Full Integration
Hourglass control

O Steel-wood coarse mesh m Steel-wood fine mesh OWood coarse mesh OWood fine mesh
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Figure 3-11 Squared Error (Fully Integrated run reference)

It is worth noticing that the stiffer the hourglasantrol is the bigger the quadratic error. The
simulations run without hourglass control are thesest to the one performed with fully
integrated elements.

One can notice that the mesh refinement has a @idect on the numerical quality of the
results either for Steel-wood or wood structureslet® This shows that the mesh refinement
is sufficient. Furthermore, in the simulations mith fine mesh, 20% failed for a numerical
reason while all the simulations run with coarsesmhad a normal termination.

3.3.2.b. Energy ratio

To evaluate the numerical accuracy of a model usimder integrated element, the energy
ratio between hourglass energy and internal enkeagyto be checked. Common advice is to
check that this ration may not exceed 10%. Thi® nabs computed for each simulation of
the wood material. The normalized results are pteskein Figure 3-12.

0.3+

0.2
Wood fine mesh

0.2
Wood coarse mesh

0.1
Steel-wood fine mesh

0.1

Steel-wood coarse mesh

0.0

without 0.001 0.005 0.05 Full Integration
Hourglass control

||:|Stee|-w00d coarse mesh mSteel-wood fine mesh O0Wood coarse mesh OWood fine mesh |

Figure 3-12: Energy ratio

As no hourglass mode can be activated with fullggrated elements, the ratio is always zero.
The simulations with under integrated elementsramtiourglass control which presented the
best results in term of quadratic error are hesqudlified by a poor numerical quality.

3.3.2.c. CPU time

In addition to numerical accuracy, the time neettedet the result of a simulation is a first
order factor (at present time, for a global VRS actpsimulation, the order of magnitude is
about a day). The main idea is to have a model lwailows the performance of parametric
studies in a reasonable time. Figure 3-13 pregbetaormalized results in term of CPU time
needed to complete a simulation. The normalizasoperformed dividing the average CPU
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time of the four simulations of each case by th&imam value obtained for each structure
type (wood or steel-wood).

Wood fine mesh

Wood coarse mesh

Steel-wood fine mesh

Steel-wood coarse mesh

without 0.001 0.005 0.05 Full Integration

Hourglass control

||:|Stee|-w00d coarse mesh mSteel-wood fine mesh O0Wood coarse mesh OWood fine mesh |

Figure 3-13: CPU time

For each configuration (Mesh size and structure)yfhe simulations carried out with under
integrated elements took more or less the same (imeeffect of the hourglass stiffness
toward the CPU time). On the contrary, the use uwlyfintegrated elements means a
calculation time multiplied by nearly two.

The first order parameter affecting the CPU timéhes mesh refinement. A brick element of
the coarse mesh becomes eight brick elements ifitkanesh. As a result, the total CPU
time is multiplied by an average factor of ten.

3.3.3. Discussion

For each of the above tables, it is worth notidimgt Fully integrated simulations are on one
hand characterized by the obvious numerical quétioyhourglass energy), but, on the other
hand by unacceptable CPU time (total CPU time pligtil by two). The kind of CPU time
obtained for fully integrated elements, may leadffitl restraint system models to calculation
time incompatible with the performance of parancettudies.

The fine mesh doesn’t give much better results ti@ncoarse one which means that the
wood material constitutive law is either not toosiéve to mesh size or the mesh size used in
the coarse mesh is sufficient (convergence of tesinis obtained)

The simulations without hourglass control are sempgly the best in terms of squared error
with respect to fully integrated results but wittp@or numerical quality represented by the
poor results obtained for the energy ratio criteria

The hourglass control with 0.001 stiffness appdarde the best compromise between
numerical quality accuracy of results and CPU cost.

The first order difference between coarse meshfimedmesh is situated at the level of CPU
time.

Thus, in the following section a coarse mesh witldar integrated element and a 0.1%
hourglass stiffness will be used.
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3.4. Wood material constitutive law evaluation

3.4.1. Methods

Previously an effort has been made in order to baotl some numerical parameters. Thus
results of simulations have been compared to aineulation carried out with fully integrated
elements.

In this part, the aim is to check the capabilitytlué Ls-Dyna wood material law to represent
properly the results obtained in our three poimddeg experiment and to select the grade
which best compares to experimental results.

Therefore, only the conditions which enclose thpegxnental conditions will be kept (20%-
30% and 20°C — 30°C). For each velocity (threel®vand each structure (wood and steel-
wood), the twelve combinations of T°, H% and gradkre simulated and compared to the
mean value of the related experiments.

Each simulation acceleration signal (B(t)) is coneplato the corresponding experimental
configuration acceleration signal (A(t)). The ramean quadratic error is computed and
normalized as follow:

Jiz (At,) - B(t,))?

(max(A(t)) - min(A(t))

Equation 20

3.4.2. Results
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Figure 3-14: Normalized Squared error (experimentakeference)

In Figure 3-14, grade -2 corresponds to clear wawethanical properties. The results
obtained with this grade are very good for bothctires (wood and steel-wood) at 5 km/h.
But, at higher impact speeds, the results are thestwn comparison with the experiment.

Grade -1 which corresponds to a quality factor.800n tension and 0.93 in compression, the
results are also very good at 5 km/h but far lesshfe two others impact speeds.
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Finally, grade O which corresponds to a qualitytdacof 0.47 in tension and 0.63 in
compression, presents the most stable resultshangest ones for the higher impact speed.

3.4.3. Discussion

Considering 10 and 20 km/h results, the grade @learly the one which best fit the
experimental data with respectively 14% and 8,6%asmalized root mean squared error.

For the lowest impact speed, all the grades fiteqoorrectly with the experiment. This may
be explained by the fact that no failures were etqukand that the elastic response of the
wood or steel-wood beam is easier to capture. €laively poor fit of the grade 0 for this
impact speed could be due to a too weak behawotlei contact area in compression.

It might have been possible and interesting to timeequality factors in order to find out a
best set of quality factors. Nevertheless the gfadesults have been considered satisfactory
mainly because the results were very close toxperenent for the highest impact speed
(which is closer to the future application use).

3.5. Conclusion

In this chapter, some numerical factors have bepiored in order to obtain a model which
combines numerical quality and a reasonable CPU cos

This section has illustrated that numerical paransesuch as Hourglass control has an
important influence on the results for the impaases presented in this study where failure
occurred and element distortion could drive thdglaynamic of the impact sequence.

One important aspect was to check if the mesh maseihough. A comparison with a model
with eight times more elements has shown thatadivel coarse mesh (30mm mesh size) was
sufficient, as far as 15mm mesh size gives no beggeilts but much higher CPU cost.

In a second step, with the optimized numerical matie material constitutive law has been
evaluated and the set of parameters which basigfiexperimental results has been selected.
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Chapter 4 Steel wood VRS modelling
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4.1. Introduction

In previous chapter, an optimized model of thelst@md assembly was found.
In this chapter, a numerical model of a steel-wdRIS using these conclusions will be
presented and validated with respect to crashrésstts (EN1317-1&2 TB32 test).

Then, the validated model will be used to assesseffect of wood mechanical properties
variations toward the VRS performances. The graflewood (grade 0) which best
corresponds to the wood used in the local expetimédhbe used and the performances of

the VRS will be evaluated for all the combinatiopsssible of environment variables
(Temperature and moisture content)

4.2. VRS Device

4.2.1. Device details

A French steel-wood N2-device “solobois” from SOLARSCompany has been modelled.

Figure 4-1: Steel-wood VRS

This device is made of a C profile post driven itite ground every two meters. Wood beams
consisting of 180mm diameter cylinders by 2 mekeng, are joined together by means of a
spacer and 4 M16 4.6 bolts at the level of each.gésr this purpose, a mechanism is
performed at the rear face of the wood beam inrdalebtain a plane face of 100mm height.
A steel reinforcement (100x5mm), 4 meters longitsased in a slot in the middle of the
wood beam. Each spacer is connected to the pastMiy2 4.6 bolt.
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Figure 4-2: VRS drawings

4.2.2. Device performances

4.2.2.a. Test conditions

We focussed on the TB32 test whose theoretical atnganditions are:
> Impact speed:110 km/M*/ .0
> Impact angle: 20°*°7 ;-
» Vehicle mass: 1500 kg +75kg

The real test conditions of the TB32 performedlm$olobois device were:
» Impact speed:113.3 km/h
» Impact angle: 20.0°
» Vehicle mass: 1430 kg
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4.2.2.b. Device results

Figure 4-3: Crash test results, damages to the ded

The impact creates a bow 24 meters long with a geemt deflexion of 0.56m at the
level of post n°17.

The wooden posts facing n°11 to 17 are disconnduobed their posts.

The steel wood beams n°9 to 19 are deformed

Post n° 6 to 18 are bended.

No element from the device penetrated the interidhe vehicle.

The vehicle didn’t break the device nor overpadbeddevice. It didn’t roll over and
remained inside the CEN box (exit angle 13°).

VVVYVYY 'V
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Figure 4-4: Crash test overview

4.2.2.c. Severity indices

ASI 0.6
THIV 21.8 km/h
Which leads to A severity class.

Y VYV VYV

4.2.2.d. Deflexion measurements

Maximal dynamic deflexion : 1.5m
Working with 1.7m
Working with level : W5€1.7m)

YV VYV
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4.3. Numerical model

4.3.1. VRS Mesh

Steel reinforcement

C post Wood beam Spacer

Figure 4-5: VRS FE model presentation

The device was modelled in accordance with the uhgsvprovided in the test report for a
total length of 64m with 135 795 finite elements.

The wood beam is modelled with brick elements aitth ¥he material law detailed in the
previous section.
Under integrated elements, Ls-Dyna type 1 (Defd@tnstant Stress Solid” are used.

The steel reinforcement is modelled with Ls-Dynpety Belytschko-Tsay shells in addition
with an elasto-plastic law of MAT 24 (MAT_PIECEWISEINEAR_PLASTICITY).

The posts are modelled thanks to Ls-Dyna typeléhehe (Full integrated shells) which
allows to capture a proper plastic hinge defornmatigth a relative coarse mesh while a mesh
refinement is needed for under integrated elentgpts2.

The Bolts are modelled, as presented in the localat using Hughes Liu type beams with a
discretisation along the length of the beam whitbwa consistent deformation of the beams
in regards of the experiment. The Lagrange-in-saldipling (used to model the steel

reinforcement inside reinforced concrete) is a vaspvenient way to reduce the meshing
effort (the beams are localized at their propeceland there is no need to represent the
holes).
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4.3.2. Vehicle model description

Figure 4-6: Vehicle model presentation

The car model used in the simulations matchesufdetines of CEN TC226/WG1/TG5.

Model Spec. - Spec +
Type of vehicle CAR
Total mass [kg] 1454 1425 1575 OK
Total length [m] 4.71 -
Total width [m] 1.77 -
Total height [m] 1.39 -
Front track [m] 1.49 1.28 1.73 OK
Rear track [m] 1.49 1.28 1.73 OK
Wheel radius [m] 0.30
Wheel base [m] 2.76
Number of axles 1S +1 1S+1 1S+1 OK
Ground clearance of
the  front  bumper

0.19
measured at the cornger
[m] |
Centre of gravity =, 44 1.12 1.36 OK
longitudinal axis [m]
Centre of gravity = 5 -0.08 0.08 OK
transversal axis [m]
Centre of gravity -, g 0.44 0.54 OK
vertical axis [m]
Total number of finite 21 304
element

Table 4-1: Vehicle model specifications
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4.3.3. Boundary conditions

The soil is modelled by means of a rigid wall watffriction coefficient.

A boundary condition (all degrees of freedom camsgd) is set for the nodes of the posts
located 20cm below the ground level. All the postles situated below 10cm from the
ground level are not taken into account by thedrigall, allowing a deflexion of the post in
accordance with the experience of stabilized soil.

4.3.4. Initial conditions

Figure 4-7: Global model general view

The vehicle model is aligned with post n°12 at agla of 20° and an initial velocity of
113.3km/h is applied.
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4.4. Model validation

In case of a crash of a vehicle against a VRSt aflparameters may have an effect on the
global behaviour and, thus, on the severity indaras$ W results.

As the structures are highly solicited (for someénponent until failure point) the use of
standardized data for parameters such as stedlpa@ht may lead to poor correlation or poor
predictions. Furthermore, even if the components @necked after crash, uncertainties
concerning the real component mechanical propariagin.

In the field of roadside safety, as reported inpthia 1, when talking about correlation
between a simulation and a real test, it is fregtenraw up on the comparison between one
crash configuration (mainly due to the crash test)cand one simulation.

This point-to-point comparison is unfortunately weyoor, as the variation of mechanical
properties is quite important and can affect sigaiftly the device performances.

One important issue in this section is to build aiprocedure for assessing the intrinsic
variability of a VRS and then to compare an expental result to a cloud of numerical
simulations.

4.4.1. Failure mode analysis

The procedure is based on the failure modes asalyhe main idea is to identify, for each
failure mode, the physical parameter which coulgedits apparition (will it appear or not,
and if it appears, at what time?).

Table 4-2 shows a TB32 simulation carried out vVBMLOBOIS model. The redirection of
the vehicle is obtained thanks to several mechanism

The vehicle contact force is transferred via tleelstvood beam to the neighbouring posts.
The posts bend allowing an articulation betweendwaasecutives beams

The post to beam bolt fails, ensuring a properttefigy the beam/vehicle interaction

The sequence is repeated until the total forceredfdy the device is sufficient to obtain the
redirection of the vehicle.

This sequence of event can easily be illustratadk® to numerical tool. In Table 4-3, four
shap shots taken from a simulation illustrate ggartition of the Von Misses resultant stress
in the main steel components of the device, theddmng in transparency.
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t=0.0 s

t=0.2 s

t=0.4 s

t=0.6 s

t=0.8 s

Table 4-2: TB32 crash sequence
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Fringe Levels
27006402
24300402
21600402
18906402 _

16206402

13606402

10806402

81006401

5.400e+01

Initial state

LX

Fringe Levels
2700e402
24306402
2460e+02 |

18906402 _

16206402

13506402

10806402

81006401

Plastic hinge formation at the post base

LX

Fringe Levels
2700e402
24306402
2460e+02 |

18906402 _

16206402

13506402

10806402

81006401

54006401

Plastic hinge formation at the beam
articulation

LX

Fringe Levels
2700e402
24306402
2460e+02 |

1890402 _

16206402

13506402

10806402

81006401

54006401

27006401

0.0006+00.

Post/beam bolt failure

LX

Table 4-3: Failure modes analysis
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The repartition of stress clearly confirms the ssope of events.

The vehicle/device interaction, and therefore tteeberation signals, may be affected by a lot
of parameters. The performance of parametric ssudiieorder to catch what happens in a
crash test or in order to explore the robustnesa device before testing, is obvious but
requires the identification of relevant parameterd ranges of variation.

Among all the available parameters, those which lmandinked to the failure modes of the
device are of first order interest. In fact, thechmenisms activated during a crash are those for
which the analyst has to play with in order to reac good correlation or to check the
robustness before going to crash test.

By example, as far as the last failure mode wastifiied in Table 4-3, the force needed to
break the bolt (and thus the time at which the falltfail) could affect a lot the interaction
between the car and the device. Depending onriedi which the disconnection appears the
vehicle wheel could impact the post before or dfterdisconnection which will not have the
same consequence on the decelerations signalsamar the redirection of the vehicle.

In a predictive work, the analyst has to checké& éxpected failure mode is robust enough to
appear in the whole range of possible mechanicgepties.

For the first two failure modes identified, the rhanism consists of a plastic hinge formation.
This phenomenon appears when the stress leveleincdimponent is above yield stress.
Therefore, the physical parameter which will drihe apparition of the plastic hinge is the
yield stress of component material.

The last failure mode identified is the disconnattof the post/beam link which is obtained
in this device with a bolt failure.

Thus the physical parameter which will drive th@agtion of the bolt failure is the ultimate
stress of the material which is linked to the tésate at failure point via the resistant section.

One can notice that wood is not included in thikifa modes analysis. Nevertheless wood
beam is responsible for the force transfer andierocalization of the plastic hinges. In this
specific design, the wood beam size raises thargsson that this force transfer and plastic
hinge localization should not be affected by a oeable variation of wood mechanical

properties.

4.4.2. Design of experiment

Once the failure modes and related physical paemetre identified, one can select a range
of variations for each of these parameters.

Based on LIER experience in the field, the follogvrange will be used:

Failure mode Physical parameter Values

Post plastic hinge

Steel yield stress

240 — 2700-\8Pa

Articulation plastic hinge

Steel yield stress

2200 -300 MPa

Bolt failure

Force at failure

33700 - 37950 — 42200

Table 4-4: Failure modes and range of variation

Each parameter can get 3 values leading®t@B simulations in a complete factorial Design
of Experiment (DOE).

In the following section, the results of the prajetich gives the best results are presented.
The same approach (27 simulations DOE) has beed tseevaluate several numerical
parameters (friction coefficient, element formwdati...). Detailed results can be found in the
appendix n°3 to the document.
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4.4.3. Results
Spacer and Bolt
Post reirFl)forcement failure ASI THIV w QM'E
yield . requirements
yield force
[Mpa] [Mpa] [N] [N.U.] | [km/h] | [m]
pointl 300 300 42 200 0.60 25.78 1.49 No
point2 300 300 37 950 0.60 25.49 1.56 No
point3 300 300 33700 0.68 24.7p 1.52 No
point4 300 270 42 200 0.57 25.14 1.62 No
point5 300 270 37 950 0.60 25.47 1.59 No
point6 300 270 33700 0.54 24.48 1.56 Yes
point7 300 240 42 200 0.56 24.71 1.72 Yes
point8 300 240 37 950 0.59 24.91 1.69 Yes
point9 300 240 33700 0.53 24.18 1.63 Yes
point10 270 300 42 200 0.59 25.45 1.52 No
pointll 270 300 37 950 0.65 25.00 1.61 No
pointl12 270 300 33 700 0.83 24.15 1.56 No
point13 270 270 42 200 0.59 25.16 1.57 No
pointl4 270 270 37 950 0.58 24.80 1.66 Yes
pointl5 270 270 33 700 0.53 24.08 n.c. No
point16 270 240 42 200 0.55 25.12 1.67 No
pointl7 270 240 37 950 0.56 24.58 1.[7 Yes
point18 270 240 33 700 0.51 23.89 | 1.66 Yes
pointl19 240 300 42 200 0.58 24.93 1.55 No
point20 240 300 37 950 0.56 24.60 1.65 Yes
point21 240 300 33 700 0.52 23.67 n.c. No
point22 240 270 42 200 0.56 24.66 1.61 Yes
point23 240 270 37 950 0.54 24.34 1.69 Yes
point24 240 270 33 700 0.51 23.65 1.64 Yes
point25 240 240 42 200 0.54 23.82 1.77 Yes
point26 240 240 37 950 0.54 24.01 1.77 Yes
point27 240 240 33 700 0.49 23.19 1.[7 Yes
H 270 270 37 950 0.57 2459 | 1.63
o 24 24 3470 0.06 0.64 0.07
o/u 9% 9% 9% 11% 3% 5%
Real
test unknown unknown unknowrl 0.57 21.75 1.70

Table 4-5: EN1317 results
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Figure 4-9: EN1317 Criteria

The tolerances proposed by the TG5 (identified Hey red rectangles in the above figures)
result in the exclusion of 13 out of the 27 simiolas (most are excluded due to THIV
criteria). Nevertheless, all the simulations ar@a@sordance with EN1317 criteria remaining
in severity class A (AS11.0 and THN&33km/h). The results obtained vary between two
working width class (W5 and W6, real test standihghe border of W5 class) but with a 5%
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variation which is reasonable compared to +/- 1@%aoiation of the design variables of the
DOE. These results highlight the robustness ofithace.

Furthermore, it's worth noticing that the chosen Bb@nclose very well the experimental
result in terms of ASI and W.
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Figure 4-10: X velocities
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Figure 4-11: Y velocities

Figure 4-10 & Figure 4-11 show the computationha velocity components of the vehicle’s
centre of gravity in the global fixed referencenfiework.

For both components, the simulations define a dorriwhich encloses the experimental
velocity components.
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For each simulation, the total quadratic error wispect to the real test curve is computed.
The following Figure 4-12 and Figure 4-13 illus&dhe velocity components with the lowest
quadratic error. This simulation (Shot 18) is wadirelated with the experiment and all the
results obtained for this set of parameters meetafuirements for the model validation (see
Table 4-5).
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Figure 4-12: X velocity component - Best fit
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Figure 4-13: Y velocity component - Best fit
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4.4.4. Discussion

The proposed parametric approach, based on steutailure modes analysis, allows the
obtainment of a good correlated model and can bibyespplied to every kind of structure.

This approach needs the identification of the failmodes and an assessment of a range of
variations for the physical parameter which drive &pparition of the mechanism.

This approach could be used not only in a cor@haprocess but also for development
purpose before real crash testing, in order tosasbe robustness of a design.

One common alternative to this approach is toanafbeperform “only” the worst case.

In most cases, the worst case does not exist. ¢fiat, considering EN1317 crash tests, one
will have to select its worst case! Is the worseceelated to deflection or to severity? These
worst cases are usually contradictory.

In traditional design, the goal is to remain in tthemain of elasticity. Therefore, safety

coefficients can be applied and loading worst caaesbe identified.

This approach becomes meaningless if one wants twddlictive or if one intends to reach a
good correlation.
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4.5. Evaluation of wood mechanical properties varia  tion

Since the numerical model is validated following NZEC226/WG1/TG1/CM-E
recommendations, a new parametric study is defioesess the effect of wood mechanical
properties variations.

4.5.1. Design of Experiment

A complete factorial DOE was defined to assessefifect of wood mechanical properties
variation using the 16 combinations of room tempeeand moisture content offered by the
material law.

4.5.2. Results
MC T ASI THIV W
[%0] [°C] [N.U.] [km/h] [m]

pointl 30 30 0.50 23.66 1.65
point2 30 20 0.51 23.89 1.65
point3 30 10 0.51 22.87 1.80
point4 30 1 0.51 21.94 n.c.
point5 20 30 0.52 23.86 1.66
point6 20 20 0.51 23.91 1.66
point7 20 10 0.49 23.03 1.87
point8 20 1 0.49 22.34 2.19
point9 10 30 0.51 24.17 1.67
point10 10 20 0.52 23.46 1.77
pointll 10 10 0.51 22.63 1.82
pointl12 10 1 0.54 22.28 1.85
pointl3 1 30 0.52 22.24 1.86
pointl4 1 20 0.52 22.04 1.81
pointl5 1 10 0.49 22.10 2.29
pointl6 1 1 0.48 22.52 2.28

U 0.51 22.93 1.86

o 0.01 0.75 0.21

o/u 2% 3% 12%

Table 4-6: Wood DOE - EN1317 results
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Figure 4-17: Wood DOE: Y Velocity components

Although the mechanical properties variation dueMoisture Content and Temperature
variation affect noticeably the modules and thergiths (respectively 15% and 20% of
standard deviation), Table 4-6 shows that the tianaof EN1317 severity indices (ASI and
THIV) remains around 3%.

The main effect of wood mechanical properties vammis on W results because of wood
beams failure that occurs in almost all simulatipegformed below 10°C and below 10% of
MC.
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Figure 4-18: Wood failure at low T° and MC

This failure is clearly due to a more brittle beioav of the wood material under these test
condition parameters.

In terms of velocity components, Figure 4-16 anguFé 4-17 show the corridors obtained in
the global reference framework which are narrowantthose obtained in the Failure modes
DOE.

4.5.3. Discussion

The parametric study performed with wood mechanipebperties variation due to
environment variables (Temperature and Moisturetesdh within a large spectrum
(respectively from 1°C to 30 °C and 1% to 30%) shittve effect toward VRS performances.
The variation obtained for VRS performances remé#mns (2.5% for severity indices and
12% for W) in relation to the variation of woodestgths (20%).

This fact leads to the conclusion that the woodhis specific design, does not enter in the
failure modes of the structure.

The brittle behaviour leading to the highest W weslus observed for temperatures below
10°C and for Moisture content below 10%. Our expents were performed with
temperatures between 20°C and 30°C and Moistureegbhetween 20% and 30%. Thus, no
validation of material law has been provided far kbwest values.
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4.6. Conclusion

In a vehicle crash test against a VRS, a sequengeysical phenomena occurs leading to the
redirection of the vehicle. These phenomena, cdlddre modes, can be easily identified
with high speed films. This identification can laeifitated by a numerical analysis.
Unfortunately, the activation of a failure modeoi$en linked to a physical property which
varies a lot. The tolerances of the material useddadside purpose are usually very large.
This explains why correlation performed with stamlileed data present a poor agreement as
regards real test results or behaviour.

The parametric approach presented in this chaménet a method to identify a set of
parameters which best represent what occurs ialdast.

Furthermore, this approach emphasises an impogealuation of the device robustness
which cannot be assessed by real crash testirity fins ground of economical purpose and
secondly because it is almost impossible to comdtdhe test characteristics.

This approach could be used after a crash tesidier @o evaluate what might be the real life
condition performances of a device.

As an example, the approach has been applied td wechanical properties variation.

The environment (mainly temperature and moisturaterd) affects wood mechanical
properties. On the road side, those parametersaratycannot be controlled. One benefit of a
numerical model is to take into account these tiaria in order to obtain a corridor of
responses and, thus, to assess their effect Methiele Restraint System performances.

The variation of this environment variables progbsethe material law has been applied to a
VRS numerical model in a parametric study. The atfiegf this variation is very limited
towards the device performances in terms of seudfibr lowest value of Moisture Content
and Temperature, the resulting brittle behaviounvobd leads to failure of some wood beams
which affect deflexion measurements.

113/174



Chapter 4 - Steel wood VRS modelling

114/174



General conclusion

General conclusion

115/174



General conclusion

Context

The use of Computational Mechanics in the fielda#dside safety has increased in the last
decade and its use in the certification processder discussion at European level.

In the meantime, expectations on model outputsyayee and more precise and, nowadays,
one expects the model to be predictive.

This predictability cannot be achieved without aapaetric approach which takes into
accounts most of the parameters which are knowprésent stochastic variations such as
mechanical properties and impact conditions.

The accuracy of a parametric approach is baseekrnowledge of a reasonable spectrum of
variation for each parameter.

This work focussed on steel-wood products. SteaddWdRS present an aesthetic interest and
suffer of the wood reputation to be inhomogenebighly sensitive to environment variables
and thus, non reliable.

The main issue for us lay in the development @lialble model including modelling of wood
as an anisotropic material, its coupling with theekand the assessment of wood mechanical
properties variation due to its heterogeneity asndensibility to environment variables.

In Situ testing

A literature analysis relating to the knowledgenafod mechanical properties brought me to
the conclusion that some data was needed concemm&atpanical properties of wood under
impact loading.

Hence, dynamic tests, consisting of three-pointdben experiment were set-up at three
distinct velocity levels, then performed on isothfgeces of wood and steel-wood structures
received from a French roadside safety devicesyaerd No special care was required for the
samples’ preparation and they were in conditiongseffor road equipment.

During these tests, special care was given to palygiarameters such as wood moisture
content and room temperature which are known &cathe wood mechanical properties.

At the lowest energy level (2 tonnes bogie at 5Hmmone of the samples failed. In that
configuration, no significant differences were atvee between the two kinds of structures
tested (wood and steel wood).

At the other two energy levels, failures occurredoth kinds of structures and differences
clearly appeared: Steel-wood structures are tharacterized by higher peak levels and with
a plastic deformation phase of the steel reinfom@nilustrated by a deceleration plate after
the wood beam failure.

These tests permitted the building of deceleratigmerimental corridors which are necessary
for the validation of numerical models. The spreadcerning deceleration peak observed
during these experiments (10%) has been compardtetaontrolled parameters (impact
speed, sample mass, room temperature, moisturentpnThe first three parameters were
well controlled and a reasonable spread has bgemnteel (around 5%). For the last (MC), the
spread recorded was about 30% and maximum valwes Ieen linked to the maximum
spread of deceleration peak values. Neverthele$ar &s no correlation was found between
mass sample and moisture content, other paramsiehsas wood growing conditions may
have affected the results.

Each configuration was repeated three times tovat@ creation of corridors. This number is
already quite low and, moreover, due to heteroggnef wood material, unexpected
behaviour were observed and had to be removedtfieranalysis.
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A larger amount of samples would allow to buildteetorridors.

The room temperature was recorded during the exjeti but was not controlled. Thus, the
variation observed (from 20°C to 30°C) is not thdyotested parameter. An installation
allowing the control of the room’s temperature wballow to test only this parameter and to
test the other configurations allowed by the cduaste law (0°C and 10°C) which have not
been validated.

Numerical approach

The in situ tests configuration was modelled arldwadd, due to its relative small size, to
explore several fields:

Numerical parameters:

» Mesh size: Two kinds of meshes coarse and fineg wealuated in order to check the
convergence of the model. A compromise between racguof results and
computational time was found
Element formulation: Two kinds of element formutettiwere tested (reduced and
fully integrated elements)

Hourglass control: For under-integrated elemenévesal hourglass control were
tested

A compromise was found combining the two parametensler integrated element
and Hourglass control).

Mass scaling: Mass scaled solution is used for tstep control and an optimal
solution was found to avoid numerical problems.

vV V VYV V¥V

Modelling techniques for steel-wood coupling:

It appears that for steel-wood samples the wayepfeasenting the steel-wood bolted joint
affected greatly the global output of the model.sélution using an Eulerian/Lagrangian
coupling (used to model reinforced concrete) allbwe better represent the deformations of
the bolts and the local deformation of the wood [glas

Wood material constitutive law:

The transverse isotropic law available in LS-DyonawWwood modelling presents three main
parameters: Wood grade, moisture content and reonpdrature. These parameters, which
affect the mechanical properties of wood, wereuded in a factorial design of experiment in
order to find out which set of parameters besttfissexperimental results.

First, a wood grade was selected as being moreratecuSecondly, the variability of
environment parameters (room temperature and mmeistontent) was achieved in the
numerical model with a variation of physical paréeng in accordance with the range
observed during the experiment which definitiveidated the constitutive law.
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VRS model

The influence of mechanical properties of VRS congmis on the whole device’'s
performances has rarely been assessed. In thatditey while dealing with correlation,
authors often limit their presentation to the clatied case without deeply explain the iterative
process which has led us to the correlation. Is Work, a parametric approach, based on the
structure failure modes analysis is presented dlodva to take into account the above
mentioned stochastic variations either in a prédigbrocess or in a correlation research after
crash testing.

This approach was used in a first step to reachoa ggreement between the model and the
real test results following the requirements urdiscussion in the TG5.

Once the model has been validated, a second parasteidy was performed with the wood
parameters in order to assess the effect of wondhility on the device performances.

A large number of iterations were performed wittke thim of reducing the modelling

hypothesis, avoiding numerical instabilities anttigg a perfect correlation. Some solutions
were found and could be applied directly to furtapplications.

A similar approach with other steel wood devicesuldoallow to draw up some general
conclusions on the utilisation of wood and to psgeome optimisation techniques.

At the beginning of this research, one objectives W@ study the aim of wood in the steel
wood VRS. Unfortunately, only one VRS has beenistiidnd it seems difficult to come to a
conclusion from only one case. Since the numetazlis now available, a study dedicated to
other devices will allow a better analysis.

For the VRS design subject of this study the useadd can be characterized as:

» “Safe” as very little influence of wood mechanigabperties can be observed on VRS
performances. A variation of plus-minus ten perceinthe mechanical parameters
which drive the structure failure modes is much eneffective than a variation of
plus-minus 15% of wood mechanical properties.

» “Not optimized”. In fact, the use of wood, accomglito most of steel-wood VRS
manufacturers, is an aesthetic choice. Neverthetbsswood beams act as plastic
hinges localizers, and may be responsible for (kagh working width. Moreover, as
illustrated during the failure modes analysis, $iheel reinforcement is supposed to
work mainly after wood failure which is not oftelmetcase due to the actual structure
design.

Synthesis

The framework of this thesis is the use of numérgmulation within the certification
process. The validation of numerical models hdsetperformed with a single experiment.
From a scientific point of view, the parametric aggch which takes into account the
stochastic variation of the parameters identifigaglstructural analysis presents a real interest
for the field of roadside research and is a wayevaluate the robustness of a design.
Furthermore, this approach, repeated for sevenalenical parameters, gives the opportunity
to observe tendencies while comparing clouds afltes

From an industrial point of view, the method cob&dused as a complement of real testing. In
fact, as previously highlighted, the number of pagters which can affect VRS performances
is really high and it is not imaginable to repds trashes mainly for economical reasons. A
numerical approach performed after a successfighctast series could allow to assess the
robustness of a design (sensibility to impact pop#rmissible impact speed/angle/mass
ranges ...) and one can imagine a special ratingh(sscEuroNCAP stars) related to this
numerical evaluation.
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Concerning steel-wood structures, the scientifinefie of this work remains in the model
improvements made possible by the local experimgnits. An original method to model
steel-wood bolted connection is proposed and gwey good results. Furthermore, the
improvements tested in the local configurations ehdeen developed with the care of
applicability to full VRS models and performancepairametric studies.

This last point is a real interest from the indiastpoint of view because a tool is now
available for the development of optimized steebd/products.

Perspectives

The integration of the approach proposed in thesighwithin the certification process of
modified products by computational mechanics repress a first perspective. Indeed
parametric studies allow comparison of clouds etilts (between initial design and modified
design) and the definition of new acceptance caiterr the modifications.

In view of continuing this work a second hypothasiso try to characterize the link between
working width criterion and wood beam dimensionsghvihe final aim of reducing the wood
inertial properties, without any change in the laetst aspect. This approach in addition with
a study of steel reinforcement position could alltve optimization of steel-wood VRS
performances.
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Appendix

During the modelling phase of the three point begdexperiments, several modelling
techniques were evaluated concerning the steel Wwolteld connection.

The simulations presented here after are carriechbB0km/h with 30% of wood Moisture

content and 30°C for room temperature.

In the following tables, each configuration is carga to the initial model and a conclusion
is drawn with regard to experimental behaviour.

Connection model Initial model : Beam spotweld stageld interface

2 beam elements are defined at each extremity acaltdd
between the neutral fibre of the steel reinforcetreerd rear
face of the wood beam. A spotweld interface ensuhes
connection.

Connection details

Final state

Steel reinforcement stres:
level

boi intd

Node Ids

J /]
B | \\ /A\/\/
) \\ /ﬂ*\/
5.0 |

\/

-30

Deceleration time history

X-acceleration (E+3)

L L I
0 0.05 0.1 0.15

Time

The small beam elements suffer of a brittle behavend no
deformation of the bolts can be represented. Thabad
Conclusion behaviour is not in accordance with the experiment,
particular an important displacement of the stegiforcement
is observed and the deceleration plateau seenshtwt

Table A - 1 Initial model
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Connection model

Beam spotweld + spotweld interface and constrainedal
rigid body

Connection details

In order to better represent the connection belayvithe
spotweld beams are set longer and the spotweldane(wood
side) is replaced by a constrained nodal rigid bedi several
nodes of the wood beam surrounding the beam exyremi

Final state

level

Steel reinforcement stres:

Deceleration time history

boi

Node Ids
0 B A

_A 18198
i n B 18198 X-acceleration

)

5 B
| ~e%X /s =
10 “ = >
b |
1

15 L E—
‘: Il
L
20 -
b/

-25

X-acceleration (E+3)

-30

L
0 0.05 0.1 0.15

Time

This model brings a rotation of the beam insidevibed due tq
Conclusion nodal rotation. The displacement of steel reinforeet is

limited and the deceleration plateau is better.

Table A - 2 Model modification #1
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Connection model

Beam spotweld + spotweld interface + Lagrange ihids
coupling

Connection details

The constrained nodal rigid body of the previousdelois
replaced by a constrained Lagrange in solid

Final state

level

Steel reinforcement stres:

Deceleration time history

boi

Node Ids

_A 18198

/\)A ‘B 18198 X-acceleration
7

-10

< /

15 bt
I Vo /
20 k\ ’:‘

-25

X-acceleration (E+3)

015

Time

Conclusion

The displacement of the beam’s nodes inside thedwesmot

realistic. This may be due to the limitation of theupling
techniques with a single node.

Table A - 3 Model modification #2
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Connection model

Discretized spotweld beam + spotweld interface graage in
solid coupling

Connection details

Each bolt is now modelled wetiesal beams along the lengt

=

Final state

level

Steel reinforcement stres:

Deceleration time history

boi

Node Ids

_A 18198
\

/\m B 18198 X-acceleration
1|ﬂ -
| e
-10 “ A £
\ e
1
5 1\ o am—
20 I l\‘ ‘I‘/
| V]
L \/
-25

X-acceleration (E+3)

0.15

Time

Conclusion

The deformations of the bolts obtained are muchemealistic
with the experiment.

Table A - 4 Model modification #3
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Connection model

Discretized typel beam + Lagrange in solid couplingpde-to-
node connection

Connection details

Each bolt is now modelled with a Hughes Liu beaniih \&

common node at the steel reinforcement and witagrdnge in
solid coupling with wood.

Final state

Steel reinforcement stre
level

Deceleration time history

boi

Node Ids

_A 18198
i

/\m ‘B 18198 X-acceleration

X-acceleration (E+3)

0.15

Time

. The behaviour obtained with this model present bHeest
Conclusion

accordance with the experiment..

Table A - 5 Model modification #4
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Connection model

Non linear discretization

. . A refinement is applied on the beam mesh on

Connection details . . : !
reinforcement side (where displacement are loadjize

steel

Final state

ey (morcement st RERER T NN
level

boi

Node Ids

_A 18198

/\\ B 18198 X-acceleration
|

1

|

Deceleration time history

X-acceleration (E+3)

Y
@
=

-20

v /
= 1" ‘I‘
25 ¥

0.15

Time
Conclusion No significant difference appears asurgg previous model

Table A - 6 Model modification #5
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Appendix 2: Dynamic three point bending test simula tions
— detailed results
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Mass scaled solutions - coarse mesh
Wood structures

Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPU time
reference reference
without 2.58 3.02 0.20 308.75
0.001 2.68 3.04 0.07 305.50
0.005 4.57 4.94 0.17 297.75
0.05 7.69 8.07 0.17 296.00
Full 1.53 0.00 0.00 563.75
Integration
Table A - 7 Wood structure results
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPUtime
reference reference
without 0.34 0.37 1.00 0.04
0.001 0.35 0.38 0.33 0.04
0.005 0.59 0.61 0.84 0.04
0.05 1.00 1.00 0.85 0.04
Full 0.20 0.00 0.00 0.08
Integration
Table A - 8 Wood structure normalized results
Steel-wood structures
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPU time
reference reference
without 3.89 5.49 0.17 414.50
0.001 4.52 6.89 0.12 410.50
0.005 7.40 10.46 0.19 407.25
0.05 13.01 16.08 0.23 395.00
Full 5.27 0.00 0.00 664.00
Integration
Table A - 9 Steel-wood structure results
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPUtime
reference reference
without 0.30 0.34 0.76 0.05
0.001 0.35 0.43 0.52 0.05
0.005 0.57 0.65 0.83 0.05
0.05 1.00 1.00 1.00 0.05
Full 0.41 0.00 0.00 0.08
Integration

Table A - 10 Steel-wood structure normalized rests
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Mass scaled solutions - fine mesh
Wood structures

Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPUtime
reference reference
without 1.81 2.17 0.20 3221.67
0.001 1.77 1.98 0.05 3126.00
0.005 1.30 1.99 0.07 3110.00
0.05 4.24 4.78 0.17 3111.67
Full 1.88 0.00 0.00 7260.50
Integration
Table A - 11 Wood structure results
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPU time
reference reference
without 0.23 0.27 0.99 0.44
0.001 0.23 0.24 0.23 0.43
0.005 0.17 0.25 0.36 0.43
0.05 0.55 0.59 0.83 0.43
Full 0.24 0.00 0.00 1.00
Integration
Table A - 12 Wood structure normalized results
Steel-wood structures
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPUtime
reference reference
without 4.57 2.95 0.12 4434.00
0.001 5.15 4.67 0.07 4376.50
0.005 4.77 7.30 0.17 4318.75
0.05 8.10 11.72 0.17 4195.00
Full 5.50 0.00 0.00 8769.50
Integration
Table A - 13 Steel-wood structure results
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPU time
reference reference
without 0.35 0.18 0.54 0.51
0.001 0.40 0.29 0.33 0.50
0.005 0.37 0.45 0.76 0.49
0.05 0.62 0.73 0.77 0.48
Full 0.42 0.00 0.00 1.00
Integration

Table A - 14 Steel-wood structure normalized resust
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Time step erosion solutions — coarse mesh

Wood structures

Appendix

Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPUtime
reference reference
without 1.27 1.46 0.19 530.00
0.001 1.22 1.53 0.08 438.00
0.005 1.50 1.79 0.16 355.75
0.05 4.47 4.95 0.18 341.50
Full 1.92 0.00 0.00 687.75
Integration
Table A - 15 Wood structure results
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPU time
reference reference
without 0.28 0.30 0.32 0.05
0.001 0.27 0.31 0.13 0.04
0.005 0.34 0.36 0.28 0.03
0.05 1.00 1.00 0.29 0.03
Full 0.43 0.00 0.00 0.06
Integration
Table A - 16 Wood structure normalized results
Steel-wood structures
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPUtime
reference reference
without 3.88 5.27 0.18 914.50
0.001 4.88 6.94 0.11 684.00
0.005 6.95 9.84 0.20 544.50
0.05 10.63 13.61 0.17 478.33
Full 5.11 0.00 0.00 991.00
Integration
Table A - 17 Steel-wood structure results
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPU time
reference reference
without 0.37 0.39 0.89 0.06
0.001 0.46 0.51 0.56 0.05
0.005 0.65 0.72 0.98 0.04
0.05 1.00 1.00 0.85 0.03
Full 0.48 0.00 0.00 0.07
Integration

Table A - 18 Steel-wood structure normalized resust
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Time step erosion solutions — fine mesh
Wood structures

Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPUtime
reference reference
without 1.27 1.46 0.60 5667.50
0.001 1.22 1.53 0.07 4163.25
0.005 1.50 1.79 0.08 3747.50
0.05 4.47 4.95 0.18 3325.50
Full 1.92 0.00 0.00 11504.25
Integration
Table A - 19 Wood structure results
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPU time
reference reference
without 0.28 0.30 1.00 0.49
0.001 0.27 0.31 0.12 0.36
0.005 0.34 0.36 0.14 0.32
0.05 1.00 1.00 0.29 0.29
Full 0.43 0.00 0.00 1.00
Integration
Table A - 20 Wood structure normalized results
Steel-wood structures
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPUtime
reference reference
without 3.84 2.84 0.20 11781.67
0.001 3.50 4.60 0.12 7070.50
0.005 4.46 6.84 0.15 6382.00
0.05 9.85 12.60 0.20 4660.75
Full 5.25 0.00 0.00 14837.25
Integration
Table A - 21 Steel-wood structure results
Squared Squared
Hourglass Error error Fully . .
control Experimental integrated Energy ratio CPU time
reference reference
without 0.36 0.21 1.00 0.79
0.001 0.33 0.34 0.59 0.48
0.005 0.42 0.50 0.72 0.43
0.05 0.93 0.93 0.99 0.31
Full 0.49 0.00 0.00 1.00
Integration

Table A - 22 Steel-wood structure normalized resust
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Appendix 3: Steel-wood VRS simulations — detailed r  esults
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The Design Of Experiment (DOE) defined in Chaptdraé been used to assess the effect of
several parameters of the numerical model:
» The formulation of post shell elements (Type 2: emphtegrated or Type 16 fully
integrated)
» The friction coefficient for the contact interfabetween the vehicle and the barrier
(from 0.3 to 0.5)
» The friction coefficient between the vehicle and thlgidwall (0.6 and 0.8)
» The wheel (front right) cinematic joints failure

In the following pages, the corresponding DOE demtified with all parameters delimited by
an underscore character, example: T16_04 06 canteerresults obtained for the DOE with
Type 16 shell elements for the post, a frictiorDaf between the vehicle and the device, 0.6
between vehicle and the ground and without faibfrene front right wheel).

The calculations performed with a wheel failure idemntified by “ WF”.

These parametric studies are performed with theddifinding the best correlation with the
real crash test results according to TG5 criterigh® one end. On the other hand the best
correlation is defined as the simulation presentimg lowest total quadratic error obtained
while comparing the simulation time histories toga from the real test for the two velocity
components and the yaw angle. The sum of these tuadratic errors is normalized with the
average obtained in each project and presentdtifollowing tables as TOTAL NSE.

Finally all the non-failed simulations of all thegpects are grouped and a new normalisation
iIs computed with the global average value for ®al@omparison.
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T2-03-06
AS| THIV w CM-E | ital NSE
criteria
Shot 1 0.56 22.53 1.61 True 2.9
Shot 2 0.49 20.90 1.65 True 3.3
Shot 3 0.48 20.95 1.68 True 3.8
Shot 4 0.54 22.35 1.69 True 2.6
Shot 5 0.57 21.03 1.74 True 3.1
Shot 6 0.49 21.07 False 0.7
Shot 7 0.52 22.13 1.73 True 2.9
Shot 8 0.47 21.63 1.78 True 3.1
Shot 9 0.48 21.44 1.78 True 3.5
Shot 10 0.54 22.08 1.65 True 2.8
Shot 11 0.51 21.22 1.71 True 3.4
Shot 12 0.48 20.87 1.73 True 3.8
Shot 13 0.53 22.14 1.69 True 3.0
Shot 14 0.48 21.33 1.76 True 2.9
Shot 15 0.47 21.00 1.76 False 3.9
Shot 16 0.55 21.73 1.76 True 2.9
Shot 17 0.32 False 0.6
Shot 18 0.54 21.44 1.83 True 3.3
Shot 19 0.53 21.81 1.69 True 3.0
Shot 20 0.47 21.07 1.71 True 3.3
Shot 21 0.47 20.68 1.75 False 3.7
Shot 22 0.51 21.56 1.75 True 2.4
Shot 23 0.47 21.11 1.78 True 3.1
Shot 24 0.45 20.72 1.81 False 3.9
Shot 25 0.52 21.02 1.93 False 2.9
Shot 26 0.49 20.73 1.85 True 3.2
Shot 27 0.44 20.34 1.88 False 3.2
Table A - 23 - DOE T2-03-06 detailled results
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Figure A - 1 DOE T2-03-06 Velocity components
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T16-03-06
ASI THIV w CM-E | 1otal NSE
criteria
Shot 1 0.59 23.48 1.56 True 2.6
Shot 2 0.60 23.62 False 2.0
Shot 3 0.55 21.98 151 True 25
Shot 4 0.57 23.26 1.75 True 2.6
Shot 5 0.59 23.26 1.56 True 3.1
Shot 6 0.54 21.79 1.56 True 3.6
Shot 7 0.55 23.09 1.77 True 2.3
Shot 8 0.58 22.75 1.70 True 2.6
Shot 9 0.53 21.79 False 1.9
Shot 10 0.59 23.45 1.51 True 2.7
Shot 11 0.58 22.68 1.60 True 3.1
Shot 12 0.53 21.70 1.55 True 2.5
Shot 13 0.57 23.40 1.56 True 2.7
Shot 14 0.57 22.22 1.66 True 3.0
Shot 15 0.53 21.46 1.59 True 35
Shot 16 0.54 22.84 1.86 True 3.0
Shot 17 0.55 21.81 1.71 True 3.4
Shot 18 0.51 21.31 1.65 True 3.8
Shot 19 0.58 23.14 1.54 True 3.0
Shot 20 0.55 22.19 1.65 True 3.8
Shot 21 0.51 21.34 1.58 True 2.6
Shot 22 0.56 22.94 1.59 True 2.7
Shot 23 0.53 21.74 1.68 True 3.7
Shot 24 0.50 21.08 1.63 True 4.0
Shot 25 0.53 22.52 1.75 True 2.6
Shot 26 0.54 21.27 1.77 True 3.7
Shot 27 0.50 21.11 1.69 True 4.1
Table A - 24 - DOE T16-03-06 detailled results
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Figure A - 2 DOE T16-03-06 Velocity components
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T16-03-06_WF
ASI THIV w CM-E | rotal NSE
criteria
Shot 1 0.62 23.93 False 2.2
Shot 2 0.59 22.75 1.47 False 3.7
Shot 3 0.55 22.55 False 25
Shot 4 0.60 23.71 False 1.7
Shot 5 0.59 22.69 1.53 True 3.6
Shot 6 0.55 22.42 1.54 True 3.0
Shot 7 0.60 23.75 False 1.4
Shot 8 0.57 22.80 1.56 True 3.3
Shot 9 0.54 22.20 1.61 True 3.0
Shot 10 0.61 23.62 False 2.0
Shot 11 0.56 22.56 1.64 True 3.2
Shot 12 0.54 22.30 1.53 True 49
Shot 13 0.61 23.58 1.49 True 3.0
Shot 14 0.55 22.84 1.56 True 4.0
Shot 15 0.52 21.75 False 2.5
Shot 16 0.59 23.71 1.55 True 3.0
Shot 17 0.54 22.60 1.62 True 4.0
Shot 18 0.51 21.76 1.66 True 3.2
Shot 19 0.61 23.50 False 1.6
Shot 20 0.68 22.62 1.55 False 2.9
Shot 21 0.52 21.59 1.58 True 51
Shot 22 0.60 23.46 False 1.4
Shot 23 0.57 22.62 1.60 True 4.0
Shot 24 0.51 21.68 1.64 True 4.8
Shot 25 0.58 23.45 False 1.2
Shot 26 0.52 21.36 False 1.4
Shot 27 0.50 21.51 1.70 True 4.3

35000

Table A - 25 - DOE T16-03-06_WF detailled results
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Figure A - 3 DOE T16-03-06 Velocity components
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T16-04-06
ASI THIV w CM-E | rotal NSE
criteria
Shot 1 0.60 25.75 1.49 False 3.3
Shot 2 0.60 25.31 1.56 False 2.8
Shot 3 0.68 24.60 1.52 False 2.6
Shot 4 0.57 25.07 1.62 False 3.3
Shot 5 0.60 25.34 1.59 False 3.2
Shot 6 0.54 24.41 1.56 True 2.1
Shot 7 0.56 24.72 1.72 True 4.3
Shot 8 0.59 24.74 1.69 True 3.7
Shot 9 0.53 24.16 1.63 True 2.7
Shot 10 0.59 25.49 1.52 False 3.4
Shot 11 0.65 24.84 1.61 False 2.8
Shot 12 0.83 24.16 1.56 False 2.7
Shot 13 0.59 25.03 1.57 False 3.7
Shot 14 0.58 24.63 1.66 True 2.9
Shot 15 0.53 23.97 False 1.0
Shot 16 0.55 25.01 1.67 False 3.8
Shot 17 0.56 24.50 1.70 True 3.1
Shot 18 0.51 23.91 1.66 True 2.5
Shot 19 0.58 24.82 1.55 False 3.6
Shot 20 0.56 24.40 1.65 True 2.8
Shot 21 0.52 23.71 False 1.0
Shot 22 0.56 24.60 1.61 True 3.6
Shot 23 0.54 24.17 1.69 True 2.8
Shot 24 0.51 23.72 1.64 True 2.8
Shot 25 0.54 23.74 1.77 True 4.4
Shot 26 0.54 24.07 1.77 True 3.2
Shot 27 0.49 23.01 1.70 True 3.0
Table A - 26 - DOE T16-04-06 detailled results
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Figure A - 4 DOE T16-04-06 Velocity components
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T16-04-06_WF
ASI THIV w CM-E | rotal NSE
criteria
Shot 1 0.60 25.87 1.53 False 3.1
Shot 2 0.59 25.53 1.57 False 3.2
Shot 3 0.56 24.97 1.56 False 25
Shot 4 0.59 25.14 1.60 False 3.0
Shot 5 0.59 25.52 1.63 False 3.0
Shot 6 0.55 24.79 1.59 False 2.7
Shot 7 0.58 25.45 1.54 False 3.0
Shot 8 0.57 25.32 1.70 False 3.8
Shot 9 0.54 24.38 1.65 True 3.0
Shot 10 0.60 25.81 1.48 False 3.8
Shot 11 0.58 25.27 1.57 False 2.7
Shot 12 0.55 24.64 1.56 True 2.5
Shot 13 0.58 25.51 1.57 False 3.1
Shot 14 0.58 25.38 1.62 False 2.8
Shot 15 0.54 24.10 1.63 True 2.7
Shot 16 0.58 25.10 1.57 False 3.0
Shot 17 0.54 24.40 1.69 True 3.2
Shot 18 0.53 23.87 1.69 True 2.7
Shot 19 0.60 25.88 1.52 False 4.3
Shot 20 0.57 24.90 1.60 False 2.7
Shot 21 0.52 23.95 1.62 True 2.7
Shot 22 0.58 25.33 1.64 False 4.8
Shot 23 0.56 24.77 1.67 False 2.7
Shot 24 0.51 23.87 1.66 True 2.4
Shot 25 0.57 25.06 False 2.2
Shot 26 0.55 23.85 1.71 True 2.9
Shot 27 0.51 23.75 1.73 True 2.5

35000

Table A - 27 - DOE T16-04-06_WF detailled results
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Figure A - 5 DOE T16-04-06_WF Velocity components
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T16-04-08
ASI THIV w CM-E | rotal NSE
criteria
Shot 1 0.60 25.68 1.53 False 3.6
Shot 2 0.60 25.35 1.57 False 2.9
Shot 3 0.56 24.62 1.53 True 2.7
Shot 4 0.57 25.17 1.64 False 4.2
Shot 5 0.60 25.46 1.59 False 2.6
Shot 6 0.81 24.78 1.56 False 2.7
Shot 7 0.55 25.11 1.70 False 4.6
Shot 8 0.59 25.14 1.65 False 3.2
Shot 9 0.54 24.42 1.63 True 2.8
Shot 10 0.59 25.24 1.51 False 3.4
Shot 11 0.58 25.14 1.63 False 2.8
Shot 12 0.54 24.57 1.56 True 2.4
Shot 13 0.59 25.03 1.57 False 35
Shot 14 0.56 24.44 1.67 True 2.9
Shot 15 0.53 23.99 False 1.1
Shot 16 0.55 24.56 1.77 True 5.2
Shot 17 0.55 24.17 1.70 True 2.9
Shot 18 0.51 24.15 False 1.2
Shot 19 0.57 25.05 1.56 False 35
Shot 20 0.56 24.18 1.67 True 2.9
Shot 21 0.53 23.61 1.60 True 2.7
Shot 22 0.60 24.78 1.61 False 2.7
Shot 23 0.55 24.25 1.71 True 2.6
Shot 24 0.50 23.64 1.65 True 2.5
Shot 25 0.56 25.03 1.65 False 3.6
Shot 26 0.53 23.86 1.77 True 3.2
Shot 27 0.49 23.05 1.71 True 2.7
Table A - 28 - DOE T16-04-08 detailled results
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Figure A - 6 DOE T16-04-08 Velocity components
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T16-05-06
ASI THIV w CM-E | rotal NSE
criteria
Shot 1 0.63 28.95 1.54 False 3.6
Shot 2 0.61 29.08 1.65 False 3.8
Shot 3 0.61 27.06 1.72 False 2.9
Shot 4 0.61 28.37 False 1.9
Shot 5 0.61 28.37 1.71 False 1.9
Shot 6 0.60 27.61 False 1.4
Shot 7 0.58 27.08 1.93 False 5.2
Shot 8 0.59 29.15 False 1.0
Shot 9 0.58 26.29 False 1.5
Shot 10 0.61 27.61 1.90 False 6.9
Shot 11 0.60 28.25 False 1.8
Shot 12 0.59 26.93 1.65 False 2.1
Shot 13 0.60 28.20 1.69 False 4.6
Shot 14 0.59 28.13 1.75 False 3.4
Shot 15 0.58 26.59 1.71 False 2.3
Shot 16 0.59 27.93 1.74 False 4.3
Shot 17 0.56 27.81 1.81 False 2.8
Shot 18 0.56 26.78 1.77 False 2.0
Shot 19 0.60 28.23 1.65 False 3.4
Shot 20 0.58 27.55 1.73 False 3.1
Shot 21 0.57 25.94 1.68 False 2.3
Shot 22 0.58 27.70 1.70 False 4.7
Shot 23 0.58 27.35 1.79 False 2.8
Shot 24 0.55 26.15 1.76 False 2.5
Shot 25 0.56 27.18 1.79 False 4.4
Shot 26 0.56 27.03 1.85 False 2.9
Shot 27 0.54 25.67 False 1.4
Table A - 29 - DOE T16-05-06 detailled results
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Figure A - 7 DOE T16-05-06 Velocity components
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Figure A - 8 DOE comparison _ severity indices

The previous figure highlights the interest of paedric studies. The clouds comparison raises
the following comments:

» Element formulation has an effect mainly on ASI

» No effect of wheel failure on ASI and THIV

» Biggest effect due to friction between vehicle/V&BTHIV
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Figure A - 9 DOE comparison _ EN1317 criteria
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From the above figure, one can notice that theuawatl parameters have a limited effect
toward W values while the parameters evaluatethénlOE lead to an important spread on
this measure.

35000

Veloclty component [mm/s]

Time [s]
— T2_03_06 —T16_03_06 T16_03_06_WF — T16_04_06
T16_04_06_WF T16_04_08 — T16_05_06 — Real Test

Figure A - 10 DOE comparison _ Velocity componentarridors

The Vehicle/VRS friction coefficient parameter tasinfluence on THIV and also on the x
velocity component.

On the contrary, the main variations observed 8t &and W are due to DOE itself.

Finally, it is worth noticing that the best projext regards criteria comparison is not the best
concerning velocity component comparison. Furtheendolerances concerning criteria
validation are centred on the real crash test tesilich are not necessarily representative of
an average value of the parameters.
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Appendix 4: French summary

150/174



Appendix

Introduction

En France, un tiers des personnes tuées sur ka lesbnt lors d’un accident sur un obstacle
fixe. Dans 90% des cas, ces accidents survienmeas aine perte de contrdle du véhicule.
Les dispositifs de retenue de véhicule (DDR) ontirpbbut de maintenir les veéhicules en
perdition sur la chaussée en limitant la sévéetéiohpact.

Ces dispositifs doivent subir des essais de chouosatifs afin de pouvoir étre installés sur le
bord des routes européennes et d'évaluer leurerpafices en termes de sévérité et de
déflexion.

Les colts de développement et le besoin d’optimisates performances de ces dispositifs
associés a l'augmentation de la puissance des aldilcalcul ont permis le développement
d’une activité de simulation numérique. La simwatte ces essais de choc présente un défit
car les calculs sont effectués sur des temps Iray$ois supérieurs a la seconde) pour des
modeles trés longs (soixante métres au minimum).

De plus, les tolérances existantes sur les paraméiessai (vehicule, masse du vehicule,
vitesse d’'impact, angle d'impact, point d'impact .ef) les variations des caractéristiques
meécaniques des matériaux constituant le dispasitifun effet sur les performances de ce
dispositifs et doivent étre prises en compte l@s chlculs

Les dispositifs mixtes (acier-bois) présentent ulificulté supplémentaire en raison de
I'hétérogénéité du matériau et de sa sensibilité \ariables d’environnement telles que la
température et 'humidité.

Ce travail a deux buts principaux :

Dans un premier temps, I'obtention d’'un outil nuimée fiable permettant de simuler un

dispositif de retenue de véhicule mixte acier-tsmismis a un impact de véhicule dans le but
de comprendre et optimiser l'utilisation du boisislées équipements de la route.

Dans un deuxiéme temps, la définition d’'une méthfuelée sur I'analyse des modes de
ruine de la structure et la prise en compte degsatiams stochastiques des parametres
mécaniques qui régissent leur apparition afin @dobstla corrélation du modele par rapport a
une configuration d'essai de choc. Le modele cérsdra ensuite utilisé pour évaluer
I'incidence de la modification des propriétés mégaes du bois due aux variations des
variables d’environnement.

Chapitre 1 Etat de I'art

Un dispositif de retenue de véhicule latéral, est structure généralement assez simple dont
le but est de retenir un véhicule en perditioneetenvoyer sur la chaussée dans de bonnes
conditions pour son conducteur (sévérite) et pag &utres usagés (conditions sur la
trajectoire de sortie).

Pour atteindre ce but, la structure va activerdesdes de ruine. Un mode de ruine est une
séquence d’événements (qui ne sont pas obligateiredes ruptures) qui va caractériser le
fonctionnement d’'un systeme/

La Figure A - 11 présente la séquence d’événenmeetant au fonctionnement attendu d’'une
glissiere métallique simple et double [CIR88].
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Figure A - 11 Fonctionnement d'une glissiére simplgCIR88]

Ce bon fonctionnement est obtenu par une décommeetitre la lisse et le support permettant
a la lisse de se maintenir a une hauteur correxieyne bonne interaction avec le veéhicule.

Ce mécanisme principal peut étre divisé en traisgsnécanismes:

Plastification locale de la lisse au contact duiade et transfert des efforts aux supports
adjacents.

Flexion des supports et création d’'une charniéstiglue a la base du support

Déconnection de la liaison support/lisse. Cetteodgection pouvant étre obtenue de
différentes maniéeres (suivant les dispositifs) :

Rupture de vis

Déboutonnage (la téte de vis traverse la téle)

L’activation de chacun de ces phénomenes peuliég&@, au moins, un parameétre physique
pouvant étre sujet a d'importantes variations.

Pour la séquence décrite ci-dessus, le tableaarduigte les parametres physiques associés
ainsi que les plages de variation généralementrofss

Mode de ruine Paramétre physique P"”!gf? de
variation
I)
Plastification de 13 Limite élastique de 'acier 235< <?MPa
lisse Variations de section
Flexion du Limite élastique de 'acier 235< < ? MPa
support Variation de section
Limite élastique de la tole d’acier 235< < ? MPa
Rupture de la Etlou
ptu Variations de section Smm
liaison
Et/ou
Effort a rupture de la vis (4.6 class)

Table A - 30 Modes de ruine et plages de variation

Le tableau ci-dessus illustre un des problemesorgngs avec le dimensionnement des DDR.
La plupart des matériaux utilisés ne sont pas baptrformances et, généralement, les
spécifications ne précisent que des valeurs mimisnalinsi, pour un acier S235, il est
fréquent d’obtenir, lors des analyses matériaugctfiées aprés les essais de choc, de trouver
des limites élastiques supérieures a 300 MPa.

Ces variations fréquentes ne sont pas sans comsgggugur le fonctionnement d’un dispositif
et sur ses performances. Il est donc essentietafele en compte ces incertitudes lors de la
conception d’'un dispositif et d’essayer de fairesentes que la séquence des événements
intervenant lors d’'un impact ne soit pas modifiée.

En Europe, les dispositifs, avant de pouvoir ébstallés sur les routes, doivent subir des
essais de choc conformément aux spécificationa derme Européenne EN1317.
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Ces essais de choc permettent d’évaluer les peaafares d'un dispositif et des modes de
ruine obtenus avec un jeu de ces parametres.

Pour une certaine plage de variation, les modesiide de la structure seront inchangés et
seules les performances du dispositif seront afésctAu-dela de ces limites, les modes de
ruine peuvent étre modifiés et avoir une incidesgele comportement global du véhicule.
Par exemple, si la déconnection de s’'opére pasefpanple si la vis est trop résistante) alors
le support peut, dans sa flexion, entrainer lales sol permettant au véhicule de traverser le
dispositif.

L’évaluation de ces plages n’est pas possible @xgétalement en raison du colt du matériel
et des essais mais serait possible a I'aide dds aumériques.

Contexte normatif

Les essais de chocs ont été et demeurent la métaquas courante pour I'évaluation des
performances des équipements routiers. En raisamounhbre de laboratoire et afin de pouvoir
comparer les dispositifs entre eux, des procédunegté crées afin d’homogénéiser les essais
et les critéres d’évaluation.

La norme Européenne différentie les dispositifs peur niveau de retenue. Celui-ci
correspond a la capacité de retenue maximale duogliff et définit le ou les essais a
effectuer (voir tableau ci-apres).

Conditions d’'impact
Niveau de Essais Tvoe d Masse Vitesse Angle
retenue | d’acceptation vgﬁi?:ulg dimpact | dimpact | dimpact
[ka] [km/h] [°]
T1 TB 21 VL 1300 80 8
]
= T2 TB 22 VL 1300 80 15
T2 TB 21 VL 1300 80 20
TB 41 PL 10 000 70 8
E N1 TB 31 VL 1500 80 20
S N2 TB11 VL 900 100 20
TB32 VL 1500 110 20
1 TB 11 VL 900 100 20
° TB 42 PL 10 000 70 15
: o TB 11 VL 900 100 20
m TB 51 Bus 13 000 70 20
3 TB 11 VL 900 100 20
) TB 61 PL 16 000 80 20
S A TB 11 VL 900 100 20
T a TB 71 PL 30 000 65 20
8 b TB 11 VL 900 100 20
= TB 81 PL 38 000 65 20

Table A - 31 EN1317 Définition des niveaux de reteie
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Lors des essais de chocs, des critéres qualittidsiantitatifs sont évalués afin d’évaluer les
performances du dispositif.

Les performances obtenues lors des essais pertletteassification des dispositifs a la fois
en ce qui concerne la et la déflexion selon lelesalx ci-dessous.

Classe de Critéres W classes Valeur (m)
sévérite
Wil W<0,6
W2 W<0S8
< =Y,
A ASI<1,0 W3 W=10
w4 W<13
THIV <33 km/h W5 W<17
B ASI<1,4 | And we W21
W7 W<25
C ASI< 1,9 ws W<3,5

Table A - 33 EN1317 Largeur de
Table A - 32 EN1317 indices de sévérité fonctionnement

La performance globale d'un dispositif européen géhéralement présentée par une
compilation de son niveau de retenue, de son nidealargeur de fonctionnement et de sa
classe de sévérité (par exemple, N2-W3-A).

Modélisation des essais de chocs sur DDR
L’utilisation des méthodes numeériques n’est pasvale. [RAY97] décrit les premieres
utilisations de simulations numériques au début damées soixante et conclue que
I'utilisation de I'analyse élément finis non linéaia permis une amélioration sensible dans le
processus de dimensionnement des équipementsrsoutie
A cette époque, des modeéles analytiques simplepas#s de poutres, de masses et de
ressorts ont été développés pour étudier la dynaerdqun véhicule impactant une barriere de
sécurite.
Plusieurs années plus tard, en accompagnementvélodpement des codes de calcul et des
ressources informatiques, de nouveaux modéles ampairus. Ces modeles de veéhicules
n'avaient pas pour intention de représenter fidelgmun véhicule réel mais d’avoir des
propriétés inertielles correctes permettant d’oibtdes signaux d’accélération comparables a
ceux des essais.
De nos jours, la simulation numérique couvre dgaplieations distinctes:

» Le développement de nouveaux dispositifs ou I'o#tion de dispositifs existants

» La certification de produits modifiés.
Dans les deux cas, le modéle doit étre prédictiindle premier cas car des essais vont étre
effectués suite a l'analyse, et dans le deuxiemsecaa les produits modifiés sont appelés a
étre installés sur le bord des routes.

La prédictibilité concerne alors principalementc@pacité a représenter le comportement
global d’'un véhicule au cours de I'impact et d'ésal les critéres définit dans la norme
EN1317.

Cette prédictibilité est souvent remise en questemde nombreux parametres peuvent avoir
un effet sur les performances d’un dispositif.
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En premier lieu, des tolérances existent sur leslitions d'impact. La Figure A - 12 présente
les tolérances définie dans la norme EN1317 sutdase et 'angle d'impact.

+1,5°

o Angie

Figure A - 12 EN1317 tolérances sur I'angle et laitesse d’'impact

De méme, des tolérances existent sur la massehicuigd Enfin, le modéle du véhicule et le
point d’impact sont choisis par le laboratoire.

Le comportement d’'une structure soumise a un imgactéhicule est caractérisé par ses
modes de ruine dont I'activation dépend de nombnearameétres soumis a des variations
stochastiques. Lors de la mise au point d’'un modefeérique l'utilisation de valeur standard
pouvant étre significativement différentes des waaéelles

Par conséquent, il est évident qu’'un seul résdiasimulation ne peut étre suffisant pour la
prédiction des performances d’un dispositif lorardessai de choc futur alors que seules les
tolérances sur les conditions d’essai suffisefd raodifier significativement.

Lors d’'un travail de corrélation, les conditiongltés d’essai sont connues mais un nombre
important d’itérations est nécessaire afin de teoule jeu de parametres permettant de
reproduire de maniere correcte le comportemennobijour de I'essai.

Enfin, la modélisation des essais de chocs supéments routiers présente des particularités
rendant I'exercice particulierement ardu :

Tout d’abord, la longueur du modeéle (une centaieemgtres en moyenne) et la durée des
chocs (de I'ordre de la seconde) nécessitent wierehe permanente du meilleur compromis
entre la finesse de la modélisation et le tempsatizil.

De plus, les conditions limites (ancrages des suppades extrémités...) et la définition méme

des modéles numérigues peuvent avoir une incidaurde résultat.

L’intérét des outils numérique résulte en la pagbde prendre en compte ces variabilités

dans un premier temps pour étre prédictif (en fiegamt une plage de résultats possibles
plutbét qu’'un seul résultat) ou, dans un deuxiénmapte pour évaluer la robustesse d’une

modification (la modification apporte-t-elle plus décurit que le dispositif original ?)

L’intérét des méthodes numériques et leurs apphicatau domaine de l'infrastructure
routiere peuvent étre illustrés par les nombreymésications qui couvrent de nombreux
champs; Du développement de nouveau produits [NCADINCA10-1&2], modification de
produits existants [REIOO], a des fins de recherpoer comparer des lois matériaux
[YONO5], afin d’étudier et optimiser I'absorptioriétergie [REI98] ou encore pour faire
évoluer les standards normatifs [ANGO09].
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Dans la plupart des cas, une premiere étape cersitudier des phénomeénes locaux a l'aide
de modéles numériques tres détaillés. Permettadigtbleminer des plages de variations de
certains parametres (par exemple l'effet de lalisagon du boulon dans un trou oblong sur

I'effort nécessaire a déconnecter cette liaisonpaoaore pour obtenir des caractéristiques
équivalentes a entrer dans des macroéléments’lors chodélisation globale.

Au niveau global (dispositif entier) les differerdsiteurs s’accordent sur la difficulté que
présente la modélisation des liaisons boulonnées.

La corrélation de ces modéles globaux par rap@odss résultats expérimentaux est moins
homogene.

Alors que les modéles locaux présentent généralietesrcorrélations obtenues a I'échelle du
signal d'accélération, la corrélation des modeélésbaux consiste a une juxtaposition
d’'images issues de I'essai de choc et du calcdestcomparaisons de courbes d’évolutions
d’angles de rotation du véhicule en fonction dugem

Dans de rares cas l'auteur présente des compasaigonitesses et encore plus rarement des
comparaisons de signaux d’'accélération. Dans asiatetas la concordance entre le signal
expérimental et celui issu de la simulation devagbitraire.

Certains auteurs [RAY96] ou [TABOOQ] ont propose dedthodes statistiques ou issues du
traitement du signal mais, in fine, le jugementimé$ant si une valeur est acceptable ou non
reste subjectif méme si elle a le mérite d’étrengjtiae.

Le groupe CEN TC226/WG1/TG5 a rédigé un documeésgtant des regles concernant la
modélisation des véhicules dans le but de simusredsais de chocs sur équipements routiers
et sur la modélisation des équipements eux-mémes. plds des criteres objectifs
d’acceptation sont définis et des tolérances caoecerla comparaison des courbes de vitesse
du véhicule réel et numérique sont proposees.

L’utilisation de la simulation numérique dans lentiine des équipements de la route est de
plus en plus nécessaire par les contextes éconeraiquormatif complexes.

Une structure soumise a des chargements dynamigiesaractérisée par ses modes de
ruines. Pour étre fiable, un modéle numérique éfé capable de prédire I'apparition de ces
modes de ruine.

L’analyse de la littérature a montré que de nombarametres pilotent I'apparition de ces
modes de ruines. DE nombreuses études réaliséelesumodeles locaux et corrélés sur des
configurations expérimentales ont montré la tre&nde sensibilité de ces structures et qu'il
est impossible de tous les maitriser 'ensemblepdeametres. Des plages de variation sont
proposées mais leur effet sur les performancesadstructure globale ne sont jamais
présentees.

En vue de modéliser les structures mixtes acies;hoi modéle fiable du matériau bois qui,
par nature est sensible aux variations de parametndronnementaux, est nécessaire.
L’approche envisagée consiste en la réalisatiossdis de flexion dynamiques qui seront
utiles pour évaluer la variation des propriétés anégues du bois, valider les modes de ruine
d’'un assemblage acier-bois et paramétrer une l@nmax pour notre modéle numérique.
Enfin, I'effet des variations des caractéristiquagcaniques du matériau bois sur les
performances d’un dispositif de retenue serontues.
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Chapitre 2 Essais dynamiques de flexion trois point S

Matériel et méthodes

Des essais expérimentaux ont été effectués suéldegents de structures en bois et sur des
assemblages acier-bois.

Le but était de solliciter des éléments de strectdentiques a ceux utilisés sur le bord des
routes a des niveaux d’énergie suffisant pour pyjaeo la rupture des éléments.

Un total de vingt échantillons, dont les dimensisost présentées Figure A - 13, a été testé.

_ (2000)

@/8

=

/‘)/00 Steel reinforcement 5)

110

Impact side Impact side

100

110

Figure A - 13 Dimensions des échantillons

Une attention particuliere a été portée a I'évolutile la masse des différents échantillons au
cours du temps ainsi qu’a la température ambiarae ¢aux d’humidité qui a été enregistré a
plusieurs points de la poutre en bois.

Les tests ont été effectués sur le site de I'lFSSBABron avec un impacteur de deux tonnes
mMis en vitesse par une catapulte.

157/174



Appendix

Figure A - 14 Configuration des essais
Trois niveaux de vitesse ont été choisis et chaguiguration a été testée trois fois afin
d’évaluer la répétabilité.
Au total, vingt lancés ont été effectués suivamhrice suivante:

Test Type de structure Vitesse d'impact
EGB 001 Bois 10 km/h
EGB 002 Bois 10 km/h
EGB 003 Bois 10 km/h
EGB 004 Bois+Acier 10 km/h
EGB 005 Bois+Acier 10 km/h
EGB 006 Bois+Acier 10 km/h
EGB 007 Bois 20 km/h
EGB 008 Bois 20 km/h
EGB 009 Bois 20 km/h
EGB 010 Bois 20 km/h
EGB 011 Bois+Acier 20 km/h
EGB 012 Bois+Acier 20 km/h
EGB 013 Bois+Acier 20 km/h
EGB 014 Bois 5 km/h
EGB 015 Bois 5 km/h
EGB 016 Bois 5 km/h
EGB 017 Bois+Acier 5 km/h
EGB 018 Bois+Acier 5 km/h
EGB 019 Bois+Acier 5 km/h
EGB 020 Bois 5 km/h

Table A - 34 Matrice d'essais

Les conditions d’'impact étaient bien maitriséescauge trés bonne répétabilité de la vitesse.
La variance maximale relevée pour ce parameétra dfanpour les essais a faible vitesse sur

échantillons acier-bois. Pour toutes les autredigamations la variance n’a jamais excédé
2%.
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Les échantillons étaient prélevés dans le stock gaé@paration ni contrdle préalable. Par

conséquent la répartition des échantillons étaitraire ainsi que les variances sur la masse
des échantillons, leur taux d’humidité et la tenapdne.

La variance la plus importante concerne le tawutidité (27%) alors que la variance des

autres parametres n’excédait pas 5%.

Vitesse d'impact [km/h] bois Acier-bois
U -34.9 -37.4
5 o 2.4 15
a/p -T% -4%
u -38.2 -44.4
10 o 3.4 5.1
o/y -9% -12%
Tl -36.6 -46.7
20 o 2.7 3.1
o/y -1% -7%

Table A - 35 Pics de décélération [mm/s?]

» Le tableau ci-dessus permet de mettre en évidemeealififérence significative entre
les deux types de structures pour toutes les eisessnsidérées.

» Cependant, aucune corrélation ne peut étre trowrdee la valeur du pic de
décélération et la vitesse d’'impact ni entre laarare des parametres d’entrée et celles
du pic de décélération.

» Les figures suivantes présentent les moyennes wétqrour chaque structure pour les
3 niveaux de vitesse.
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Acceleration [m.s-2]
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Figure A - 15 Moyennes des décélérations a 5 km/h

J;-—v—w—/v//_,.

||
=
5

-0.05

01

0.15
Time [s]

02 0.25

0.3

Figure A - 16 Moyennes des décélérations a 10 km/h
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Figure A - 17 Moyennes des décélérations a 20 km/h
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A 5 km/h, aucune rupture n'a été observée et lex dgpes structure présentent le méme
comportement. Pour les niveaux de vitesse supériurupture des éléments de structure en
bois permettent la plastification du renfort ag@eun plateau de décélération est observé pour
tous les échantillons acier-bois. Les pics de @atbn pour ces deux vitesses supérieures
ont des valeurs comparables alors que la largepicdest significativement plus faibles a 20
km/h.

Des essais dynamiques ont été effectués sur destéldms de structure bois et acier-bois
permettant I'étude des modes de ruine de ces gtasctsoumises a des chargements
dynamiques. Des courbes d'accélération ont éténabie et seront utilisée afin de valider
notre modéle numérique et la loi matériaux bois.

Chapitre 3 Simulation numérique des essais de flexi  on trois points

Le but de ce chapitre et de développer un modela d&gucture multi-matériaux testée et de
la valider par rapport aux données expérimentales.

La configuration simple des essais effectués petimeploration de nombreux parametres.

Dans un premier temps, l'attention sera portédasaonvergence numérique du modele. Dans
un deuxieme temps, une loi matériaux disponiblesdaiDyna sera évaluée dans le but de
sélectionner les parametres représentant le mégsuddnnées expérimentales.

La loi matériaux disponible dans Ls-Dyna permet, ptendre en compte l'effet de la
température et du taux d’humidité.

1.2

ELMEL "

0.6

H%

Figure A - 18 Effet du taux d’humidité

La figure ci-dessus présente en vert, le modelééimenté, les carrés bleus correspondent aux
valeurs tabulées utilisables et le corridor nonrespond a la littérature.

Cette loi permet également de prendre en compteddésuts du bois (les nceuds par
exemple). L'approche utilisée consiste en I'appia@made facteurs de réduction appliqués aux
caractéristiques mécaniques a la fois en tensien ebmpression selon le tableau ci-dessous.
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Qualité Qt Qc
Bois sans défaut 1.00 1.00

Grade 1 0.80 0.93

Grade 0 0.47 0.63

Table A - 36 facteurs de réduction liés a la quakit du bois

Le tableau ci-dessous résume, pour le moduleig@sparalléle aux fibres, I'incidence de la
température et de 'humidité :

Température
1°C 10°C 20°C 30°C
@ 1% 17024 | 16883 | 16720| 16552
xS 10% 16091 | 15823 | 15471 15063
S E 20% 13456 | 13037 | 12468 11794
= 30% 12740 | 12105| 11236 10194

Table A - 37 Module élastique paralléle en fonctiode la température et de 'humidité

Figure A - 19 Vue générale du maillage

L'impacteur est considéré rigide et une vitessdialei est appliquée en fonction de la
configuration a simuler.les supports sont égalenmeatiélisés rigides avec une condition
d’encastrement avec blocage de I'ensemble des sldgriberte.

La poutre en bois est modélisée avec des elémagtseket la loi matériaux bois décrite dans
le paragraphe précédent est appliquée.

Des éléments sous-intégrés de type 1 “ConstanssS®elid” sont utilises sauf pour les
configurations de référence ou des éléments aratiég compléte type 2, « S/R solid » sont
utilisés.

Le renfort métalligue est modélisé par des coquetype 2 Belytschko-Tsay et une loi bi-
linéaire élasto-plastique de type 24 (MAT_PIECEWISENEAR_PLASTICITY) est
appliguée.

Un effort particulier a été porté sur la modélisatde I'assemblage acier-bois. La solution
retenue consiste en une représentation des vidgsaéléments poutre en couplage de type
Euler-Lagrange avec le matériau bois.

Model validation

Avant de valider la loi matériaux, il est apparcessaire de valider des aspects numeériques
du modele.

Pour cela la configuration a 20 km/h a été retenue.

Deux types de maillage bois ont été étudiés : uflaga correspondant a une taille de maille
standard pour des applications globales et un agailtleux fois plus fin.

Pour chaque type de structure (bois seul ou ames) et chaque type de maillage, une
configuration de référence utilisant des élémentmtégration compléte a été effectuée.
Ensuite 4 coefficient de contrdle d’hourglass datétudiées (sans — 0.1%, 0.5% et 5%)
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Pour chacune de ces configurations, 4 simulatioes &s paramétres du bois correspondant
aux combinaisons d’humidité et de température spmedant aux conditions expérimentales
sont effectuées et moyennées.

La qualité numérique de chaque configuration ealué&e par deux critéres :

L'erreur quadratique entre la moyenne de chaqudigioation et sa configuration de
référence (intégration compléte).

Le rapport entre I'énergie d’hourglass et I'éneiigterne pour le matériau bois.

Enfin, le colt en terme de temps de calcul est gmiscompte, la solution retenue devant
permettre la réalisation d’études paramétriques paumodele complet d’essai de choc sur
dispositif de retenue de vehicule.

L |

1.0 / ]
0.9
0.8

Wood fine mesh

0.7
0.6
0.5

0.4+
0.3 Steel-wood fine mesh

Wood coarse mesh

0.2

0.1 Steel-wood coarse mesh

0.0

without 0.001 0.005 0.05 Full Integration
Hourglass control

|lSieeI—wuud coarse mesh B Steel-wood fine mesh OWood coarse mesh OWood fine mesh |

Figure A - 20 Erreur quadratique (référence Intégraion compléte)
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0.0
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m Steel-wood coarse mesh m Steel-wood fine mesh 0Wood coarse mesh 0Wood fine mesh

Figure A - 21 Rapport d’énergie
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Wood fine mesh

Wood coarse mesh

Steel-wood fine mesh

Steel-wood coarse mesh

without 0.001 0.005 0.05 Full Integration
Hourglass control

m Steel-wood coarse mesh m Steel-wood fine mesh 0Wood coarse mesh 0Wood fine mesh

Figure A - 22 temps CPU

Les résultats démontrent que les simulations aescéliements a intégration compléete sont
caractérisées par leur qualité numérique (pas dj@ne’hourglass) mais également pas des
temps de calculs rédhibitoires (Pour chaque cordigan le temps de calcul est multiplié par

deux).

Le maillage fin ne présente pas de meilleurs rastdtque le maillage standard la seule
différence notable résidant une nouvelle fois aail du temps de calcul.

Les simulations effectués avec des éléments saégrés et sans contrble d’hourglass
présentent des résultats étonnamment bons en wgmm®mparaison avec les simulations
correspondante en intégration complete mais leereritd’énergie d’hourglass n’'est pas

acceptable.

Le control d’hourglass a 0.1% apparait étre un bompromis entre le colt et la qualité

numérique des résultats.

Evaluation de la loi matériau

Dans cette section, on s’intéresse a la validatiera loi matériaux et aux parametres qui
permettront de représenter les résultats expérangnt

Pour les deux structures, les trois niveaux dessdeet les trois grades disponibles, quatre
simulations sont effectuées (a l'instar de la secprécédente pour encadrer les conditions
d’humidité et de température expérimentales) ehdgenne des courbes de décélération est
calculée et compare a la moyenne expérimentalesmondante.
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Normalized Average Squared
Error

Figure A - 23 Erreur quadratique (référence expérinentale)

Le grade O est le grade qui représente le mieurélmdtats expérimentaux notamment pour
les vitesses d’'impact les plus élevées.

Dans ce chapitre, des paramétres numériques omixptérés afin d’obtenir un modéle qui
combine qualité numérique et temps de calcul raigble.

Cette section a notamment mis en évidence quergdte d’hourglass avait un effet non
négligeable sur les résultats des impacts simualgsour lesquels la distorsion des éléments
situés au niveau de la rupture du bois peut pilatdiynamique globale de la séquence.

Un autre aspect important concernait la taille @dlen La taille utilisée couramment (30mm)
est apparue suffisante/

Dans un deuxiéme temps la loi matériaux a été éeatt le jeu de parameétre permettant de
représenter les résultats expérimentaux a étéidéfin

Chapitre 4 Modélisation des essais de choc sur DDR
Dispositif

Le dispositif Solobois de la societé SOLOSAR a étédélisé. Les caractéristiques
géométriques de ce dispositif sont présentéeslddingire suivante.
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Figure A - 24 Plans du dispositif
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Figure A - 25 Présentation du modeéle éléments finis

Le modele numérique du dispositif a été constroituglisant les mémes techniques et les
mémes caractéristiques que celles utilisées dartwmlgitre précédent.

Afin de valider le modéle numérique et de le carélux résultats obtenus lors de I'essai de
choc, une méthode fondée sur 'analyse des modegirte et une approche paramétrique est
proposée.
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Table A - 38 Identification des modes de ruine

L'analyse des modes de ruine permet lidentificatide trois paramétres. Pour chaque
parametre une plage de variation est choisie ptamd’expérience factoriel est réalisé.

Mode de ruine Paramétre physique Valeurs
CharmiLengar?nque du Limite élastique de l'acier 240 — 270 — 300 MPa
Plastification de I'articulation Limite élastique de I'acier 240 -270 -300 MPa
Rupture de vis Force a rupture 33700 - 37950 —@2P0

Table A - 39 Modes de ruine et plage de variation
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Les résultats en termes de déflexion et de sésmiteprésentés dans la figure ci-dessous.
Le carré noir correspond a l'essai de choc, leargge rouge correspond aux tolérances

définies par la norme
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Figure A - 26 EN1317 Criteres
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Enfin, les composantes de la vitesse de véhicul¢ calculées pour chaque simulation et
compares a la courbe expérimentale ce qui permebdeer un jeu de parametre représentant
le mieux la configuration testée.
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Figure A - 27 Composante X de la vitesse — Meillearcorrélation

Evaluation de I'effet de la variation des caractéri

stigues mécaniques du bois

La configuration retenue dans le paragraphe prétquermet de satisfaire 'ensemble des
criteres de validation définis par le TG5.
Le modéle peut maintenant étre utilisé pour évalliacidence des modifications des

caractéristiques mecaniques du bois liees aux matidns des conditions de température et

d’humidité.

Un plan d’expérience factoriel sur 'ensemble ddés cbmbinaisons offertes par la loi
disponible dans LS-Dyna est effectué et les résudiant présentés sur la figure suivante.
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Figure A - 28 Plan d’expérience BOIS — Critéres EN317

Bien que la variation des propriétés mécaniqued dsenviron 20% l'effet obtenu sur la
sévérité est tres faible (3%)/

L’effet le plus important est sur la mesure de degéur de fonctionnement. En effet, le
comportement fragile observé pour les températetrésux d’humidité faibles provoquent des
ruptures de poutres ayant une incidence directasuesure.

La redirection d’'un veéhicule lors d’'un essai de @lar un dispositif de retenue de véhicule
est obtenue grace a une séquence d'événement sippadies de ruine. Ces modes de ruine
sont facilement identifiables sur les films a hawutkesse ou encore grace a une étude
numéerique.

L’apparition d’'un mode de ruine est généralemedd B un parameétre physique sujet a des
variations stochastiques. Les matériaux utiliséar des équipements routiers présentent
habituellement des variations trés importantesdeslcaractéristiques mécaniques.

C’est la raison pour laquelle les simulations dffées avec des valeurs standard donnent lieu
a des corrélations meédiocres.

L’approche paramétrique présentée dans ce chagitrene méthode pour identifier le jeu de
parametre permettant I'obtention d’une bonne cati@h avec I'essai de choc réel.

De plus, I'approche paramétrique permet I'évaluatie la robustesse d’'un dispositif qui ne
peut pas étre évaluée par des essais de choc gouidons économique d’une part et d'autre
part car I'ensemble des parametres ne peut éttedb@n

Enfin, cette méthode peut étre appliquée pour évdlincidence d’autres parametres.

Par exemple, cette approche a été utilisée afimatliér I'incidence de la variation des
caractéristiques mécaniques du bois qui s’est auéé limitée.

Les simulations effectuées avec des valeurs baksés température et du taux d’humidité
font apparaitre un comportement fragile du voisaetupture des poutres de bois affecte la
mesure de la largeur de fonctionnement sans potantaltérer le fonctionnement du
dispositif et I'efficacité de la redirection.
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Conclusion

L'utilisation de la simulation numérique dans ledea de la sécurité routiere a augmenté
durant les dix derniéres années et son utilisatlans le processus de certification est
actuellement en discussion au niveau Européen.

De nos jours, les modeles numériques sont sup@bsepredictifs.

Une bonne prédiction de peut pas étre obtenue wsamsapproche paramétriqgue prenant en
compte les parametres connus pour présenter unatimar stochastique tels que les
caractéristiques mécaniques des matériaux ou mEsremhditions d'impact.

La pertinence d’'une telle approche repose sur tmaissance de la plage de variation de ces
parametres.

Ce travalil s’est intéressé spécifiqguement aux digif® de retenue de véhicule mixte acier-
bois. Ces dispositifs présentent un intérét esthétimais souffrent de la réputation du bois
d’étre hétérogene, sensible aux variables d’enwigarent et, donc, peu fiable.

Le but était donc de développer un modéle fiabdtuamt la modélisation du bois comme un
matériau anisotrope, son couplage avec l'acieri ajue ses variations de propriétés
mécaniques liées a son hétérogénéité et sa sdasaloik variables d’environnement.

Des essais dynamiques de flexion trois point oétedfiectués a trois niveaux de vitesse sur
des éléments de structure de dispositif de retenue.

Pendant ces essais une attention particuliere @atée sur la mesure des parameéetres de
température et de taux d’humidité du bois.

Ces essais ont permis d’obtenir des courbes ddédatién de I'impacteur nécessaire a la
validation des modeles numériques.

Ces essais expeérimentaux ont été modélisés. Ebaneéd la simplicité de la configuration, la
taille du modele obtenu a permis d’explorer de n@uk parametres numeériques (taille de
maille, formulation d’élément, contrdle d’hourglassontréle du pas de temps). Des
améliorations ont également pu été apportées aanide la modélisation de I'assemblage
bois-métal. Enfin, ces configurations ont permis vididation de la loi matériau bois
disponible dans Ls-Dyna et l'identification d’'urujele parameétres représentant le mieux le
bois utilisé durant les expérimentations.

Un modele d’'un dispositif de retenue de véhiculédera ensuite été realisé. La validation de
ce modele par rapport a des résultats d’essaibatea été effectuée en suivant une approche
paramétrique fondée sur I'analyse des modes de danla structure et sur la variation des
paramétres physiques associés.

Le modele validé a ensuite été utilisé afin d’éudieffet de la variabilité du bois sur les
performances du dispositif.

Pour le dispositif modélise, I'utilisation du boeut étre qualifiée de «sdre » car les
variations des caractéristiques mécaniques dudmbisn effet trés limité sur les performances
du dispositif. Seule la mesure de la largeur dectionnement est affectée par le
comportement fragile du bois qui apparait pounviggurs faibles de température et de taux
d’humidité.

Une premiere perspective de ce travail est I'irdign de cette approche dans le processus de
certification de produits modifiés par simulatioanmérique. En effet, la réalisation d’études
paramétriques permettrait de comparer des nuagemidés entre le dispositif initial et le
dispositif modifié et offrirait la possibilité de éfinir des criteres d’acceptation des
modifications.

Une deuxieme perspective consiste en l'optimisatiten I'utilisation du bois dans les
dispositifs de retenue de véhicule. Les méthodepqgzees dans ce travail pourraient étre
appliguées a d'autres dispositifs et le lien erae largeurs de fonctionnement et les
caractéristiques dimensionnelles des poutres em fmirrait étre étudié. La réduction des
caractéristiques inertielles sans modification 'dsplect esthétique, couplée a I'étude de la
position du renfort métallique permettrait I'optsation des performances de ces dispositifs et
une meilleure utilisation du bois.
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