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ABSTRACT

Explicit finite element analysis (FEA) simulatiomse widely used in the product

development of cars to evaluate their crash safttyis helping save substantial

amount of resources required if only physical testvas to be used. At present there
are several areas where simple modelling technigreestill used, primarily because

of limited knowledge about the detailed behaviduthe system in a crash.

One such area is engine suspension componentengige and gearbox mounts. The
objective of this thesis work is to develop new amgbroved finite element (FE)
models for engine suspension mounts to be usedllirvéhicle crash simulations.
These components play an important role in both-8jgeed crashes wherein failure
occurs in the engine mount and in low speed crastravthe dynamic properties of
the engine mount are of interest in capturing thaion of the components in the
engine bay. The new model should replace the uségeulti dimensional spring
elements currently used in the existing modelsav® Car Corporation (VCC).

The methodology used to achieve the objective wasetform component and sub
assembly level tests in Fall Rig and correlate thst results by conducting
simulations in the explicit solver LS-DYNA. Materianodels derived from the
fracture curves are used to visualize the crackamation in the aluminium casting.

A detailed FE model for engine mount has been dgesl from the observations
made during correlation of Fall Rig tests. The mewadel was incorporated in the full
vehicle crash simulations. The new model showed gagpreement with the existing
model for the engine mount and observations fromahcrash tests.

Keywords:  Crash Safety, Explicit FEA, LS DYNA, ChaSimulations, Engine
Suspension Components, Physical Modelling
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Preface

This Master’'s Thesis Project is performed at Vovars Safety Centre, Géteborg,
Sweden at the frontal impact group. The work wadopmed during the period of
September 2010 to February 2011.

The work aims at investigating techniques for depilg detailed physical models for
Engine Suspension Components in the front structtithe car that can be used in
crash simulations at Volvo Cars Safety Centre. fhiesis work was concentrated on
developing Finite Element (FE) model for left haaidle engine suspension mount that
can be used in full vehicle crash simulations aaplable of predicting the dynamics
of the mount in a crash. The work ends with documgnrecommendations for
developing FE models for similar components inftloat structure of the cars to be
used in full vehicle crash simulations.

The work has been supervised by PhD Candidate LiWagstrom and Anders
Sandahl, M.Sc from Volvo Car Corporation and exadirby Asst. Prof. Karin
Brolin, Head of Vehicle Safety Division, Chalmerailersity of Technology.

Goteborg February 2011
Nilesh Dharwadkar / Krishna Prashant Adivi
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NOMENCLATURE

Greek Letters
At Time step for FE simulations
p Mass density
Wmax Natural frequency

Roman upper caseletters

C Damper matrix

p)
<

Rubber material parameter
Young's modulus

External force

Strain invariants

Stiffness matrix

Mass matrix

Nodal displacement vector

Time derivative(first order) of nodal displacement

S o © X R ~ T @

Strain energy density function

Roman lower caseletters

ag Arbitrary constants

Ce Speed of sound in the material
d Material coefficients

le Minimum element length

v Poisson’s ratio
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Abbreviations

CAD Computer aided design
CAE Computer aided engineering
FE Finite element
FRELIM  Failure risk for element elimination
IGES Initial graphics exchange specification
LHS Left hand side
MF GenYld MATFEM Generalised yield locus
NHTSA National highway traffic and safety admination
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1 | ntr oduction

1.1 Background

In automotive product development there has beegvanincrease in the application
of Computer Aided Engineering (CAE) techniques $mmulation of crash event,
particularly due to the availability of high commg machines and parallel
computing techniques. The current capabilities imucsural crashworthiness
simulation through CAE analysis is an importantsoea for increase in safety
standards. The two most important reasons for @iseash simulations are to know
the effect of impact on the vehicle structure andralyse the safety of the occupants.
These simulations offer today reasonably accueselts and save significant amount
of resources that would have been otherwise usgihysical testing. Hence use of
CAE techniques result in an efficient product depetent cycle.

Though there has been tremendous increase in tBeofisSCAE tools within
automotive crash safety, still the best is yet éme and research is very active in
investigating the possible use of more physics dasedels. In current CAE models
several areas are still handled in a much simdlifway, e.g., by use of
multidimensional spring elements instead of a tedaphysical model. One such
component is engine suspension mounts.

The engine suspension mounts are used to suspendntfine, gearbox and the
driveline with respect to the body structure. Thainmfunction of the mounts is to
form the connection between the engine and the Isidycture, to isolate the
vibrations going into the body during dynamic se@sand avoid transmission of
noise.

The current level of details being captured in f@hicle crash simulation models has
not allowed detailed modelling of engine suspensimunts with solid elements. The
main reason for this is time required in developmegiable good quality meshed
models for cast aluminium and rubber, accurate mahtenodels for rubber and cast
aluminium, and lack of knowledge of the kinematafsthe engine mounts under
crash.

The important areas of focus of this master thesisk have been to develop an
improved Finite Element (FE) model for the Left lda®ide (LHS) engine suspension
mount to be used in full vehicle crash simulatighat is capable to capture the
physical behaviour of the mount and failures dutiihg crash. To achieve this, the
software for non-linear dynamic analysis of struesuin three dimensions crash LS
DYNA [8] was used.

The model for LHS Engine Suspension mount curreaigd in full vehicle crash
simulations at Volvo Cars Safety Centre is simetifvith use of shell elements, rigid
material models and multidimensional spring elemerithis model is tuned by
varying the force properties in the spring elenteaged on the judgement of the CAE
engineer and observations from the crash testss Weicurrent model is not capable
in capturing the behaviour of the engine mounttsben bushing, hydraulic fluid and
failure within aluminium casting.
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1.2 Objective

The objective of the thesis work is to develop mproved FE model for the LHS

Engine Suspension Mount that captures the congirudetails necessary to simulate
the actual behaviour of the mount under crash. Witthetailed physical FE model

built with solid elements and advanced material etgdit is possible to capture the
nonlinear behaviour of the rubber bushing, bendintlpe bolts and crack propagation
within aluminium silicon casting.

The new FE model is validated against the test (&taeleration pulse) recorded
during physical testing of the engine mount infdadl Rig tests. The material models
for rubber and cast aluminium are tuned and newnbBHel for the engine mount were
then incorporated into full vehicle crash simulagoThe performance of the new FE
model was validated by comparing observations nfrache actual crash tests.

1.3 Limitations

The thesis work is concentrated on developing aiphl FE model for LHS engine
suspension mount. The modelling technique can bended to other engine
suspension mounts.

However, the modelling technique and material modeded for modelling engine
suspension mounts have not been tested to be asedoflelling components with
similar materials or functions. Thus additionalt$esnd investigations must be
performed to check if the modelling techniques araterial models from this thesis
work can be extended for similar components.

CHALMERS, Applied Mechanics, Master’s Thesis 2011:14



2 Theoretical Frame of Reference

This chapter discusses the history, functional belia and construction of engine
and gearbox mounts.

2.1 History of Engine M ounts

Engine and gearbox mounts connect the heavier pattse vehicle, such as engine
and gearbox to its body or chassis. The purposkeese components is to support the
engine and isolate the vibrations from the engiretraad excitations.

In the earlier days the construction of these tygfemounts was simple where rubber
was bonded between metal casings and the engineswygmorted on to the body.
Rubber is used in vehicles since the early' t@ntury, Britannica [15]. Walter
Chrysler was the inventor of rubber mounts and eragged to use them for the
isolation of vibrations. It was first used in Fa@dP?lymouth model where the engine
was supported on three points, resting on the mutloeint. Noise and vibrations have
reduced although there were still some when theéneng in idle, but under load the
rubber mounts have shown significant reductiona$e& Now rubber systems are an
integral part of the vehicle.

These mounts had low elastic stiffness and low dagnpharacteristics since it was
made of mostly rubber and they were only suitaldeisolate high frequency
vibrations exerted by the engine. The main disathgenof these conventional engine
mount is they exhibit poor performance to road &xicin, also called engine bounce,
where the vibrations caused are of higher ampljtudekkipati [14]. The most
common engine suspension components used are angunds, gearbox mounts and
the torque restrictor. Usually there are two engmeunts, one connects gearbox to
body and the other engine to the body. They arenally arranged to provide a
degree of flexibility in the horizontal longitudihdorizontal lateral, and vertical axis
of rotation. A torque restrictor is used to lintiettorque movement of the engine in
most modern vehicles where the engine is mountetversely, because the engine
adopts a rolling movement when transmitting loads.

In the recent years, significant improvement to ¢baventional engine mounts have
occurred that can support the engine and also Haveapability to damp engine
vibrations as well as road excitations enhancirggdimnamic stiffness of the rubber
bushing. Thus to meet the design requirements necessary that these mounts are
made stiff to support the engine and have dampmmgjifude dependent of excitation.

For most powertrain installation, Volvo Car Corptara uses a pendulum type engine
mounting system wherein the engine is mountedanstrerse direction. There are a
total of three engine mounts used to connect theepaain to the body structure.
These three mounts are shown in figure 2.1
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Right Side
Engine Mount

Left Side
Engine Mount

Torque Restrictor

Figure2.1  Positions of Engine Suspension Components in VVolvo Car Corporation
Transmission Architecture

2.1.1 Construction

The gearbox mounteferred to as ‘LHS Engine Suspension Mot connects the
gearbox to the body side members of the ve, see Figure 2.2T'his engine mount i
manufactured by Trelleborg Automotive, many and is used in most of t
production vehicles at \lvo Car Corporation. It is situated in the left esidf the
engine bay area parallel to the longitudinal aXishe vehicle along the direction
motion, see Figure 2.1.

Figure2.2 Arial View of LHS Engine Suspension Mount
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The upper and lower parts of the gearbox mountraade of an Aluminium Silicon
(AlSi12Fe) alloy casting and are connected togethera screw joint. Vulcanized
rubber acting as an elastomeric spring is bourttbganner wall of the upper gearbox
mount. This rubber bushing absorbs the static IdAdsugh vertical axis of the
mount. There are two chambers within the hydro-niotine upper chamber and the
lower chamber are separated by an inertial tradkaanorifice plate combined to form
a hydraulic circuit. This circuit plate is mademéstic. The inertial track is a helical
channel and the orifice plate works as a decouwaetaining numerous transfer holes.
These two chambers are filled with a hydraulicdlunade of water and glycol in
equal proportions.

This flow of the fluid within these two chambersasntrolled by the plastic circuit
depending on the amplitude of vibration. When thmgime is idle it produces
vibrations of small amplitude and high frequencyg®, then the fluid flows through
the decoupler and restricts the flow through thertial track. This is similar to a
conventional rubber mount. When the vehicle isettied to road excitations it causes
large amplitude vibrations of low frequency, insttease the flow of the fluid is
through the inertial track. Detailed characterstid the hydro-mounts are given by
Colgate [2], Singh [3], Heinz [4], Dukkipati [14hd Renault [5].

CHALMERS, Applied Mechanics, Master’s Thesis 2011:14 5



2.1.2 EngineMount Rolein Crash

As discussed in the section 2.1.1 the main funabibthe engine mount is to isolate
the vibrations caused by the engine and road saurfélese behaviour of the engine
mount and the rubber bushing is vital in frontastres. In high speed impacts, failure
in the engine mounts occur, while in low speed iogahe dynamic behaviour of the
engine mount is of prime interest. This sectiorcases the role of the engine mounts
in frontal impacts.

The front structure in a Volvo car is designed wath objective to distribute energy
over the entire body in the event of a crash arsbribthe collision forces in an
effective and controlled manner. The engine alsurdmutes to effective deformation
with its space saving transverse installation.

In the event of frontal collision, the relation Wween the passenger compartment
deceleration and interaction forces is complextduée unique properties of different
components with respect to geometry, inertia affithess. In case of the engine, there
is a specific distance by which the engine is disptl before it contacts the firewall.
The engine suspension mounts allow engine displecenmelative to the body
structure.

The engine has substantial mass and inertia, fuiathatfrontal impact at high speed
can cause the engine to move forward in its mownmts) it impacts the barrier,

Boughton [11]. On impacting the barrier the engisedecelerated and pushed
rearward to make contact with the firewall. Thecés in the crash are sufficiently
high so as to cause the failure in the engine sisspe mounts that results in the
heavy parts in the powertrain being disconnectet! the body structure and being
made to absorb the energy in the crash in a céedraind efficient way. In case the
engine mounts don’t fail in the crash, the engingyrbe forced to move further
against the firewall resulting in intrusions in th&ssenger compartment.

In case of low speed impacts, the impact energywishigh enough to disconnect the
engine. However, the dynamic motion of the engiseimportant. This motion
depends on the characteristics of the engine saggemount that support the engine
with respect to the body structure.

To summarize, in a high speed impact failure in émgine mounts is essential
whereas in a low speed impact the engine mountinsmatact and its dynamic
properties are important.
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2.2 Material Properties

The engine mount being discussed iis thesis has Aluminium Silicon Alloy ar
Rubber as its major materiThis section describes the properties of thesermake

2.2.1 Aluminium Silicon Alloys

Aluminium alloys are widely used the automotive industry, especially in the eng
bay area. This isnainly don« to reduce the weight of the complete vehicle. Mais
the components are made up of Aluminium Siliconyal Due to the complexity
the components it is necessary that these matestiaisld possess good c-ability
and resistance to nosion and are made of A 413.0 which correspondsutectic
composition of 12% Si by weigh7].

The mechanical properties of these components tomgdy dependent on tf
microstructure of the alloyThese properties can be modifieg controllingcooling
and solidification rates of the alloy. The ratecobling influencegthe size, shape ai
interdendritic spcing of the micro constituel. The rate of cooling depends on -
pressure maintained during the casting procThe casting method that used
depends on the amount of silicon in the alloy. €fae the rate of cooling is al
controlled by the amount of silicorThe percentage of silicon by weiglalso
influences themechanical properti of the aluminium alloy Increasing the silico
percentage increases the strength and ductility oftloy. The casting process to
chosen, depends on the amount of silicon and Alt®icic syster

The following figure show the microstructure of 1ZiAluminium Alloy
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Figure2.3 Microstructure of cast AlIS12 alloy

During casting processhen the liquid transforms into solid there is agbility that
the volume decreases. This shrinkage results imdbon of porosity in the allo
which can degrade its mechanical properties. Pgr@stommon in A-Si castings. A
pore in the alloy is stress concentrator and when subjected to aeynaktloay, it

can lead to micro cradhkitiation and propagatio[7].
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2.2.2 Rubber Properties

This section discusses the properties of rubbet irsengine suspension components.
Rubber in its natural state is too soft to be wsed vibration isolator. To improve the
mechanical properties i.e., strength and elastieiticanization of rubber is done.
Vulcanization is an irreversible chemical processavered by Charles Goodyear in
1839 to make rubber tires [8]. In this process irper usually rubber is heated by
adding a curing agent to form cross-linked chaiesvben molecules of rubber
increasing its elasticity and stability. This vulceed product of rubber can also be
called as elastomers. The most common curing aigeBulphur. The number of
Sulphur atoms to the cross links determines the har@cal properties of the
elastomer i.e., if the cross links contain morepbut atoms the elastomer has very
good flexibility while it exhibits poor heat resasice. Elastomers are ten times
stronger and more rigid than natural rubber [9].

The capacity to recover from large deformationsoise of the distinguishing
mechanical properties of rubber. Certain rubbergmmds can recover from nominal
strains of up to 600%. What is particular abous tehaviour is the nonlinear stress-
strain relationship encountered in such deformatibrs generally characterized by
initial softening, then sudden stiffening as theemal approaches its elongation limit
[9].

Rubber materials are load rate dependent. Thenstaé¢ has a major effect on the
stiffness, which increase dramatically in rapidgass. This behaviour can partly be
described as viscoelastic. The major part of theexetion occurs in a very short time.
The relation between the shear modulus and the mmd&ulus is large, the bulk
modulus is usually 1000-2000 times higher than shear modulus. This makes
rubber nearly incompressible. Thus, in many caske &pproximation of
incompressibility is quite appropriate.

CHALMERS, Applied Mechanics, Master’s Thesis 2011:14



3 FE Model of Engine Suspension Mount

This chapter describes the development of the nEwmiedel for the LHS engine
suspension mount based on the requirements gethavhike setting the objective of
the thesis work.

3.1 FE Model Development

The engine suspension mounts are developed andfactumed for Volvo Car

Corporation by Trelleborg Automotive, Germany. TBAD model for the mount is
developed in design program CATIA V5. The data neglifor FE modelling was

acquired in Initial Graphical Exchange Specificat(dGES) format that is supported
in all the CAE pre — processing software.

The pre — processing software used in the thesik was ANSA, available from Beta
CAE Systems S.A. ANSA is an advanced multidiscgghnCAE pre-processing tool
that provides all the necessary functionality fdi-model build up for crash analysis,
from CAD data to ready-to-run solver input file,arsingle integrated environment.

The following steps were carried out in ANSA:
* Importing IGES file into ANSA environment.
* Cleaning of geometry and preparing the file for mgsneration.
e Generating appropriate mesh for individual compésien

* Assembling meshed components and performs quahgcks for mesh
generated.

* Assignment of appropriate material models and ratgoroperties for
different components.

« Define contacts between different parts in therdy based on the physical
behaviour of the component.

» Define necessary boundary conditions like displaa®s) velocities, forces
etc.

* Solve the FE model in LS DYNA.

CHALMERS, Applied Mechanics, Master’s Thesis 2011:14



3.2 Mesh Generation

This section describes the strategy used in dewgjdhe mesh for the new FE model
for the engine mount.

3.2.1 HexVsTetraMeshing

Tetra meshing is a fast approach for generatingd smiesh for a component.
Automatic and 2D (Tria) to 3D (Tetra) meshing tegaes can be used to generate
solid mesh in a short time compared to hex meskes&Hechniques also help in
capturing the geometry of the solid component mareurately compared to hex
mesh. However tetra mesh generally results in latgeber of elements and nodes in
meshing the same component as compared to hex mlesk.resulting in a higher
solution time. A comparison was performed betwedtratand a hex mesh to mesh the
aluminium casting. The results for this study aseuinented in the Chapter 5.

The hex mesh is generated semi — automaticallyasually and requires more time

and skill. However, hex mesh creates less humbeteshents and nodes to mesh a
solid component compared to a tetra mesh for angdlement length. Hence resulting

in lower solution times. With a hex mesh it is iffit to capture the geometry of

complicated solid shapes and hence approximatiorsigh geometry cleanup are

often made.

3.2.2 Selection of Mesh Parameters

The most critical mesh parameter for crash simuatis element length. The element
length for the mesh is selected based on the tir@p Being used in the crash
simulations so as to have stable mesh with minimamss scaling.

The element lengths are mentioned in Table (3.tbvoe

Table3.1
. Element Length
Sl. No Material 9 Element Type
(mm)

’ Aluminium Casting 5 5 Underintegrated Hex
' [AISI12Fe) ' Elements

5 Rubber (52 Shore] 4 Lnderintegrated Tetra
Elements

3 Blastic 3 Underintegrated Hex
Elements

10 CHALMERS, Applied Mechanics, Master’s Thesis 2011:14



3.2.3 FE Model Development

Figure 3.1 shows the final FE model for the LHSieraguspension mount. Since the
geometry and construction of the engine suspensmount is complex,
approximations had to be made in suitable areaeweloping the FE model without
affecting the physical behaviour of the mount.

Though a fine mesh for all the components in themhavould produce a result with
higher degree of accuracy, it was necessary to rapgeximations and not decrease
the element size beyond a critical value to haablstmodel with minimum mass
scaling with reasonable computational time. Theraéwtic fluid in the mount is not
modelled since it has no significance in crash ilogdof the engine mount as
explained in section 2.1.1 in Chapter 2. The alummmcasting has been modelled to
capture its shape to the maximum extent. Howeweigdtometry has been cleaned to
remove unnecessary holes and fillets to decreasketel of details and complexity.
The rubber bushing is modelled using tetra elemaitise modelling it in hex
elements was difficult due to its complex shapem&garts in the rubber bushing
were not modelled as it resulted in large distoriio the elements during simulations
causing negative volume and stability problems.e Vhlcanised rubber glued to the
lower gearbox mount was approximated and modebBeallaminium casting due to its
small thickness. The rubber cap on the top alummngasting that forms the boundary
for the hydraulic fluid was modelled as aluminiunstiead of rubber to provide better
visualization of the mount during post processifge plastic hydraulic circuit in the
top aluminium casting was modelled in a much simfem. The significance of the
plastic circuit is only to add the mass to the F&dsl.

The aluminium casting was modelled using eight neml& brick element as well as
four node solid tetrahedral element to form twosiers of the FE model. The rubber
bushing was modelled using four node solid tetreddezglements. The top aluminium
flange and the rubber boundary were modelled u$tg node quadratic shell
elements. The screw in the mount is modelled usimynode beam element. Since
LS DYNA does not consider the cross section that wautted while defining the
beam element, a cylindrical casing was created narothe beam elements
representing the bolt. The cylindrical casing akolior the physical dimension of the
bolt and the contact between the bolt and the alwmm casting working properly.
The cylindrical casing for the bolt was modellethgsA node quadratic shell element.
The dimension of the cylindrical casing was kepalen than that in the CAD model
to compensate for the thickness of the shell elésnefhus avoiding any contact
penetrations between shell elements and also fedtiaig the behaviour of the model.

Solid elements for aluminium casting are modelleduader-integrated since they
were less costly and were able to replicate thawebr in the aluminium casting that
does not undergo big deformations. The solid elémanthe rubber bushing were
modelled as fully integrated since this elementnidiation performs better with high
deformations, however is more costly than singliatpategration. The shell elements
and beams were modelled as fully integrated sheith Belytschko - Tsay
formulations and Huges — Liu beam with cross sedtitegration respectively.
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The meshed model for the LHS engine suspension Inodeen in figure 3.1 below:

Legend:
= Aluminium Flange s Rubber Bushing
wos AlSi12 Fe Casting s Screw Head

s Plastic Hydraulic Circuit wssssss Screw Shank

Figure3.1 Arial and cross sectional views of FE model of LHS Engine
Suspension Mount. The top row shows the lower gearbox mount meshed with hex
elements whereas the second row shows the lower gearbox mount meshed in
tetrahedral elements. Both models were studied in full vehicle crash simulations.
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3.3 Material Model Selection & Assignment of Material
Properties

The material model used for the aluminium castisg a material card 48,
MAT_USER_DEFINED_ MATERIAL_MODEL 48. This materialacd is generated
based on the CrachFEM material data. Additionahitsefor this material card are
available in APPENDIX B.

The rubber bushing with 52 shore A rubber is definsing material card 77,
MAT_HYPERELASTIC_RUBBER. The hyper-elastic materiaodel is based on
Yeoh model. Additional details for this material deb are available in APPENDIX
B.

3.4 Contact Definitions

In the complete engine suspension mount globalactstwvere used for all the metal
to metal contacts. The global contacts allow férction of 0.2. Contact between the
rubber bushing and the aluminium casting surface gvaated by implementing the
contact option TIED_NODES TO SURFACE_OFFSET avédaim LS DYNA.
This contact ties the nodes on one surface toutface of the other part. An optional
thickness of 30 mm was defined so as to capturaddes that are far away from the
contact surface. This was necessary due to coashk far the aluminium casting.

The top rubber cap in the mount is clamped betwieermluminium cap and the upper
aluminium casting. This contact was simplified bgrging the nodes of the upper
rubber cap to the plastic circuit cap and usingahogjid body connections between
the upper rubber cap and aluminium cap.
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4 Physical Testing

This chapter describes the comporand sub — assembigsting carried out in th
thesis work ad results obtained from the te.

4.1 Background to Testing

The objective of the component testing is to vaéddne material mod used for
AlISi12Fe castig under cras loading and validatéhe simulations performed in -
DYNA. The motivation to carry out component tegtis to tune the material car
for aluminium silicon AlSi12Fe) Casting.

The tuned raterial card for AlISil12 castil and rubber from component testing ph
were used in the new | model for the engine mount. In second phase, dests
were performed on the engine mount assembly. Té$terésult were correlated wit|
LS — DYNA simulationgo validate the new FE modfor engine mount

4.2 Physical Testing Plan

The physical testing in the thesis work was caritetivo phases. In the first phase
lower gear box mount and in the second phase timplete LHS engine suspensi
mount assembly werd¢ested in the Fall Ri Figure 41 shows the flowcha
explaining the linkage between the physical teséing other important stages in
thesis work.

| Material Card
Tuning

M

[ Compeonent ' _, [Component Testing
Modeling | & Simulations

—= . camelation.

| Material Model | Sub Assembly | Full Vehicle |
| Validation | | Testing |  Simulations |

iﬁtm:p Guidelines

e o e e — — — —————— ——— T | — — — — —  T—

End
—— = — Gearbox Mount Testing

— — — Engine Mount Testing

Figure4.1 Flow chart picturing the Physical Testing Phases
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4.3 Testing
4.3.1 Gearbox Mount Testing

The lower gear box mount in the engine mount asBeisnishown in figurebelow:

m— A151 Casting

m— Rubber

Gearbox Mount

Figure4.2  Gearbox Mount Location in Engine Mount Assembly

The gearbox mount is as AlSil2Fe casting with wvuload rubber of hore value 52
glued to it. The shore value of rubber was obtaifrech the manufacturer of tt
engine suspension mount. The mount is bolted t@#aebox through an aluminiu

bracket. The rubber damps metal to metal contautdmn the gearbox mount arhe

upper engine mount assembly during dynamic movesriarthe engine bay and is r
expected to have a significant role in absorbirggieioading in frontal impact

The test setup for the gearbox mctesting is show in the figure 4.3.

U6 26 205 frort vic ] i ;J_ T =
g : "! i} i
ol [ i o s ] _"|

8 3 |

:J.

Figure4.3  Phase One Test Setup for Gearbox Mount Testing

The test setup was designed to load the gearboxtmadirectly by impact the dra
weight hammer on 8 mm thick mild steel plate. Tést trig was made of mild ste
plates of 6 mm and 12 mm thickness welcogether and clamped to the bench of
Fall Rig. The test rig was designed to have highdity to avoid flexing during
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testing. Hidn rigidity of the test ri also ensuregimplicity in modelling the wel
connections between the plates in FE model uor correlating the test results a
good repeatability between different te

4.3.1.1 Test Configurationsfor Gearbox Mount

In phase one testing of the lower gearbox mousetditop mass and initial velociti
were determined with an aim of causing a fractn thegearbox mount. The valu
for drop mass and initial velocity were approxinhatestimated based basic
mechanical design calculations . the limitations in the Fall Rig.

Based on the approximate calculations, the testtherlower gearbox mourwere
performed with drop weight of 23Kg from a height ©fm. Total five tests wel
performed. The first two tests were used to caléthe instruments and the test se
and last three tests were use perform correlations witthe LS DYNA simulations.
The gearbox mount fractured in all the te

4.3.2 Complete Engine Mount Physical Testing

The testing for the complete engine mount was @adrout at the Fall Rig in Volv
Cars Safety Centre. The objective of the testing t@aevaluate the behaviour of
engine mount under dynamic loading and to chechkrtheéence of lydraulic fluid on
the response frortine engine mour

Figure4.4  Phase 2Test setup showing complete engine mount.

The test rig was made of 6mm and 15mm thick migglsplates welded gether and
then clamped to the bench of the fall rig. The clatgpengine mount was bolt
vertically on to the test rig as shown in figi4.4. The drop weight was made
impact on to a rigid block of dimension 60x60x150rboited to the lower gearbc
mount.

A total of 11 tests were performed in the phasesfirig, out of them few initial tes
were conducted for the calibration of instrumemtd also to ensure the performai
of the test rig and the otl testswere to evaluate the behaviour of theber bushing
and to analyse the effect of hydraulic fluid on tksponse of the engine mount
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different speeds and impact masses. From thelgiBat runs it was observed that the
rubber bushing was very flexible causing excessotation of the lower gearbox
mount on impact of the drop weight. To constraiis tlotation a support plate was
introduced to the test rig so as to achieve vdrtigation of the lower gearbox mount
relative to the upper body of the engine mount.

4.3.2.1 Test Configurations Engine Mount

Tests were performed on the complete engine mossenably with and without
hydraulic fluid. Different configurations of inifisspeed and impact mass were tried.
Based on approximate calculations and observatiom® trial runs, the initial
velocity was set to 4.4m/s and their correspondnags was 38kg.

In the figure 4.4 it can be observed that therkess clearance between the support
plate and the bolt used to connect the rigid blaxkhe aluminium mount. Thus
during the test as the lower gearbox mount fler'shie rubber bushing, the bolt
makes contact with the support plate resultingigmiBcant friction. The tests were
performed by lubricating the surface of the suppate to minimise the friction.
However, it was critical to account for this frati while correlating the LS DYNA
simulations with tests in phase two.

4.3.3 Instrumentation

Test measurements were obtained using force traasdaccelerometers and high
speed camera. The force transducer used in thete neasures forces in vertical
direction and has a capacity to measure up to 1MkN a resolution of 16bit that
can collect 9600 data points every 6.25 fs. There were two accelerometers to
measure the acceleration in the impact hammer. Betlaccelerometers and the force
transducer are placed on top of the impactor. Ttle $peed camera was used to film
the dynamic behaviour of the engine suspension maoth make visual comparison
with the FE simulations. The high speed camera uséuis testing has the ability to
record 1000 frames per second. Two cameras wetk ose to film the front view of
the test rig and the other in the lateral directi@n optical trigger was used that
activates the instruments and starts recordinglaie.

The raw data obtained from the tests was processid) software Hypergraph 10
from Altair Engineering to obtain desired plots egsary for analysis.
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4.4 Results
4.4.1 Resultsof Phase One Testing

This section presents the results for the firstsphaf testing done with the low
gearbox mount. The te&r gearbox mount were perforn three times. The resul
from thesedsts are represented in figure, figure 4.6 and figure 4.7

—=Test 3 Accelerameler 1 Signal CFC 60
----- Test 3 Accelerometer 2 Signal CFC 80
—Test 2 Force Transducer Signal CFC 80

Foroe (KN}

(] [ (5 i
Tima fms)

—-Tesl 4 Acceleromelar 1 Signal CFC B0
el S Y B - Test 4 Acceleromelar 2 Signal CFC &0
il i —Tesi 4 Force Transducer Signal CFC &0

Farca [KN)

L L] {F

15 ol B2 £l
Time fmsh
Figure 4.6 Force Vs Time plot for Phase One Test 4.
& o -
—=Test 3 Accelerarmater 1 Sigmal CFC 80
/‘_‘-_‘X o Teat § Avcelenometer 2 Signal CFC 80
& |I.f_.-"' Y {(—Test 5 Force Transducar Signal CFC 80
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Figure4.7  Force Vs Time plot for Phase One Test 5.
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4.4.2 Resultsfrom Phase Two Testing
4.4.2.1 Complete engine mount with hydraulic fluid

The results from the tests on the complete engionentnassembly with the hydraulic
fluid at speed of 4.4m/s and impact mass 38kg eesemted below in the figures 4.8,
4.9 and 4.10.
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Figure4.8  ForceVsTimephase2 Test 3.
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Figure 4.9 Force Vs Time phase 2 Test 4.
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Figure4.10 ForceVsTimephase2 Test 5.
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4.4.2.2 Complete engine mount without hydraulic fluid

The results from the tests on the complete engioentnwithout the hydraulic fluid at
speed of 4.4m/s and impact mass 38kg are presépted in the figures 4.11 and
4.12.

Tirees - Tiress
—Test 10 Force Transducer Signal CFC 60 |
15.4f 4 | Teat 10 Accelerometer 2 Signal CFC 60

Force (kKN)
n
2
o

L} 125 25 B Bzh TS

ELi
Time {ms)

Figure4.11 Force Vs Time phase 2 Test 10.
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Figure4.12 ForceVsTimephase?2 Test 11.
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45 Analysis& Discussion

Results from the testing , it can be inferred fribva figures 4.5, 4.6 and 4.7 the signal
from all the three sources viz, two acceleromedeid force transducer, are consistent
in all three tests with no significant differendéne peak value of force in all the test
was ~ 28KN. Any differences observed can eithedbe to the non-uniformities in
the aluminium casting (AlISi12Fe) or from dynamideets during testing such as
friction in the test rig.

Analysing the plots from the tests performed ingghéwo, engine mounts with the
hydraulic fluid it is observed that the maximumdermeasured in all the tests is ~
14.1kN (refer figure 4.8 to 4.10). Similar is these in tests on engine mounts without
hydraulic fluid where the measured maximum forcd4slkN (refer figure 4.11 to
4.12).

Studying the results can confirm that the presafde/draulic fluid inside the engine
mount has no effect on the response from enginenmaunder impact loading
conditions. With respect to section 2.1 it can leeified that the major function of
hydraulic fluid is to prevent transmission of viboas from engine to the vehicle
body along the vertical direction in this case.

Variations in the plots which can be referred ttsef between curves are due to the
positioning of the optical trigger that starts neling data. Any other differences can
be either due to non-uniformities or from dynanffees during the tests.
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5 FE Simulations of Testing

This chapter discusses the results from LS DYNAusations performed to correla
the experimental tests.

51 FE Modd of Test Rig

In the FE simulations the test setup was replicadegive a similar representat of
the tests. Since the test rig was built to be cieffitly rigid, the weld connections we
defined by applying constrains using nodal rigidlies. The clamping of the test |
to the Fall Rig bench was simulated by securingRBemodel between rig plates
with single point constraints (SPC) applied arothr@lboundary nodes securing all

degrees of freedom. The entire test rig was modietie4 node shell element wi
underintegrated element formulation. The impactor waslelled using 8 node lid

elements with undentegrated element formulation and rigid materiaddel. The
impactor was constrained to have translation mobaty in vertical direction. /
beam element was created at the top of the impaxteplicate the bolt welded to t
impactor in the tests. The bolt helps to securenipactor to the hanger carrying t
drop weight. The drop weight was modelled usingnellet node mass added to

end node of the beam element. The end nodes wece usled to measure t
acceleration smggls in the simulations and axial forces in thenbetemen

The figure 5.1 and .2 show the FE models of the test rigs used in DENB
simulations to correlate the physical tests pertanim the drop towe

&
Drop Welght =——— I

GearboXx MoUNt g |

MS Plate i<0mm wide)

|

1y o B

Figure5.1  FE model for Test Rig for Gearbox Mount physical testing.
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Rigid Block

Support Plate Engine Mount

Test Rig

Figure5.2 FE model for Test Rig for Engine Mount physical testing.

5.2 Gearbox Mount Test Simulations

For the test in phase one with lower gearbox mailnat,correlation vas performed
with two FE modelspne with hex mesh and another with tetra meshHerlower
gearbox mount. The objective of doing so was tackhethe results are consiste
with both the types of mesh and if the materiatidaging used for aluminium silicc
(AISi12 Fe) casting is n&h depender

The figure 53 shows comparison of time sequence for crackggaion in hex an
tetra meshed models:

10 ms 11 ms 14 ms

Hexmesh

Tetramesh

Figure5.3  Time Sequence for crack propagation in hex and tetra meshed models

In figure 5.3 it can be observed that the crackrzein the hex mesh earlier than
tetra mesh.The crack propagates in 4 ms in hex mesh, 3 netria inesh and 2 ms
actual testThe tetra mesh is more realistic in capturing tflaelk propagatior The
crack propagation is mesh depenc
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Figure 5.4 — 5.6 show the Force Vs Time plots campahe FE simulations of hex

and tetra mesh for gearbox mount with the resubis the physical tests performed in
phase one.
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Figure5.6  Force Vs Time phase 1 Test 05
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52.1 Analysis& Discussion

The simulations force curves follow a similar tretodthe test results from gearbox
mount testing. The peak force is obtained to beradda31kN and 35kN for hex and
tetra meshes respectively. These values are 12%R2%%d higher compared to the
experimental peak force of 28kN. Approximate focti value is taken into

consideration between the mild steel plate andctamping plates on the test rig
because it is very difficult to predict the frictidetween them.

The material model being used to define AlSi12 &sting is tuned to cause fracture
in the gearbox mount. Details on material modelngrcan be found in APPENDIX
B.
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5.3 Simulation Resultsfor Engine Mount Testing

5.3.1 Test with Hydraulic Fluid in Engine Mount

The figure 57 shows visual comparison between the physicalaed LS DYNA
simulations of the engine mount respons dynamic loadig. The engine moul
contains hydraulic fluid.

Test Simulation Time
[t T._I-___ ", i

15.9ms

25.9ms

35.9ms

45.9ms

Figure5.7  Time Sequence in physical tests and LS DYNA simulation on engine
mounts with hydraulic fluid.
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Figures 5.8 — 5.10 shows the comparison of thdteeBatween FE simulation and the

physical test on the engine mounts containing hydréuid.
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Figure5.10 Force Vs Time phase 2 Test 05
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5.3.2 Test without Hydraulic Fluid in Engine M ount

The figure 511 shows visual comparison between the physicilaed LS DYNA
simulations of the engine mount response to dynémaiding. The ngine mount doe
not contain hydraulifluid.

Simulation Time

15.9ms

25.9ms

35.9ms

45.9ms

Figure5.11 Time sequence for physical tests and LS DYNA simulation on engine
mount without the hydraulic fluid.
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Figures 5.12 — 5.13 shows the comparison of thelteebetween FE simulation and
the physical test on the engine mounts containyayaulic fluid.
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Figure5.13 Force Vs Time phase 2 Test 11.
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5.3.3 Analysis& Discussion

The material model for the aluminium silicon cagtimas tuned in the correlations for
gearbox mount testing and was applied in performi®&gDYNA simulations for
complete engine mount tests. Figures 5.4 and $hddvs the time sequence between
the simulations and the physical test to evaluagebiehaviour of the rubber bushing
in the engine mounts and also to validate the etiethe hydraulic fluid. Until 26ms
the rigid block in the simulations exactly followlse same path as in physical tests.
Then the rotation is more in the simulation. Tras de due to the fact that the foam
under the rigid block was not modelled since it wak/ used to stop the fluid flow in
case of leakage. Another factor that has been appated is the gravity acting on the
lower gearbox mount due to addition of the rigiddid which can cause rotation of
the block. An important aspect that needs to beesdéd is the friction between the
support plate and the bolt on rigid block whichdifficult to measure. Even though
the surface was lubricated, there was significaatidn still acting on these parts and
based on engineering judgement an approximate valwhosen. Although many
approximations have been made the rubber bushihgvies very well and also the
simulation graphs have similar trend to physicaige
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6 Validation of New FE Model in Full Vehicle
Simulations

The FE model for the LHS engine suspension moulidatad from the drop tests
the Fall Rig was incorporated into the full vehi€lé model for Volvo V60 vehicle b
replacing the existing FE model. The complete elehFE model was then used
simulae the 35 mph full frontal rigid barrier impact temtd the 40 mph offs
deformable barrier impact te:

The performance of the new FE model for the engmmunt was evaluated
comparing the time at which the crack developsha lbwer gearbox mouniuring
the crash and location of the crack with respedhto observations made from 1
engine mounts obtained from the actual full veharkesh test

The 35 mph full frontal rigid barrier impact testa regulatory test implemented

U.S National Hifpway Traffic ancSafety Administration (NHTSA)The test involve
the vehicle beingropelled nto a rigid barrier at a speed of 35 mph with fuitith

overlap. The barrier is stationary while the cle is run into it. The figure.1 shows
the top view bthe test setuf

Full Width Frontal Impact

Rigid Barrier

- 35 mph
p—

Figure6.1 35 mph Full Frontal Rigid Barrier Impact Test

The offset deformable barrier impact test was dgwedl by European Enhance
Vehiclesafety Committee as basis for legisla (where the initial velocity i
35mph). Each car $¢ed is subjected to an offset impact into an imahde block
fitted with a deformable aluminium honeycomb fadéis impact is intended 1
represent the most frequent type of road crashijtieg in serious or fatal injury.
simulates one car havingfrontal impact with another car of similar masss #ost
frontal crashes involve only part of the car’s traihe test is offset to replicate a h
width impact between the cars. In the test, thie@icated by having 40 percent
the car impact thbarrier.
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The figure 62 shows the top view of the test set

Offset Deformable Barrier Frontal Impact

S40mm 40% overlap = 40% of the width of the widest part

of the car (not including wing mirmars)

Deformable
Barrier

40 mph

Figure6.2 40 mph Offset Deformable Barrier Frontal Impact Test
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6.1 Results

Figures 6.3 — 6.8 show the time sequence duringuthesehicle crash simulations
with existing and the new FE model for the LHS aegsuspension model.

35ms 40 ms 45 ms

Figure6.3: Time sequence in a 35 mph Full Width Frontal Impact Crash
Smulation with existing FE model for LHS Engine Suspension Mount.
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35ms 40 ms 45 ms

Figure6.4: Time sequence in a 35 mph Full Width Frontal Impact Crash
Smulation by incorporating improved FE model for LHS Engine Suspension Mount
with hex mesh for lower gearbox mount bracket.
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35 ms 40 ms 45 ms

Figure6.5: Time sequence in a 35 mph Full Width Frontal Impact Crash
Smulation by incorporating improved FE model for LHS Engine Suspension Mount
with tetra mesh for lower gearbox mount bracket.
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75 ms 80 ms 90 ms

Figure6.6.  Time sequence in a 40 mph Offset Deformable Barrier Frontal Impact
Crash Smulation with existing FE model for LHS Engine Suspension Mount.
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75 ms 80 ms 90 ms

Figure6.7:  Time sequence in a 40 mph Offset Deformable Barrier Frontal Impact
Crash Smulation by incorporating improved FE model for LHS Engine Suspension
Mount with hex mesh for lower gearbox mount bracket.
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75 ms 80 ms 90 ms

Figure6.8:  Time sequence in a 40 mph Offset Deformable Barrier Frontal Impact
Crash Smulation by incorporating improved FE model for LHS Engine Suspension
Mount with tetra mesh for lower gearbox mount bracket.
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6.2 Analysisof Results

The tuned material card for aluminium silicon (Al3iFe) castings and the new FE
model for the LHS engine suspension mount were usetthe full vehicle crash
simulations. It was observed that the new FE mbddlgood capabilities in capturing
the dynamic movements in the rubber bushing ofethgine mount. However, there
was no failure caused in the aluminium silicon icg@sparts that was observed in the
parts recovered from the actual crash tests. Fhenstudy of the parts recovered from
actual crash tests, it was observed that thereavasure in the lower gearbox mount
bracket in every test. Thus it was concluded thatrhaterial model for aluminium
silicon casting was stiffer. The material model whaen modified as explained in
APPENDIX B.

Figure 6.3 — 6.5 compare the performance of thstiegj and the new FE model of the
LHS engine suspension mount in a 35 mph full fronggd barrier impact simulation.
In the new FE model, the deformations of the rultheshing during the initial phase
in the crash due to inertia of the engine and #aatgpx causing the gearbox mount to
move forward causing bending moment and compressitre rubber bushing due to
load transfer though the screw is well capturece $ame motion in the existing FE
model was observed to be more pronounced in maimitti was concluded that this
might be due to the use of multidimensional sprehgments instead of a detailed
physical model of the screw and the rubber buskasglting in less lateral stiffness in
the existing FE model of the engine mount. Theaufailin the engine mount occurs in
the lower gearbox mount aluminium casting once ghgine and the gearbox are
being pushed rearwards towards the firewall. Thus é€ngine and gearbox are
detached from the body side members approximateiynginto the crash. This value
is same as observed with use of existing FE mamtedrigine mounts. The location of
the crack in the new FE model of gearbox mountnslar to the one seen in the
engine mount recovered from full vehicle crash.tdsis important to note that
location of the crack on the aluminium silicon aagtcan be more accurate with a
finer mesh. However, to avoid mass scaling probileenelement length for the mesh
representing aluminium silicon casting was kept rapinately 5.5 mm. The
performance with hex and the tetra mesh for theefogearbox mount are similar.
Thus the new FE model is reliable to predict theadvéour of the engine suspension
mount in 35 mph full frontal impact into a rigidroiar.

Figure 6.6 — 6.8 compare the performance of thetieg and the new FE model of the
LHS engine suspension mount in a 40 mph offsetrdedble barrier frontal impact
simulation. The behaviour of the engine mount mribber bushing during the initial
phase of the crash was well captured. The failurdae lower gearbox mount occurs
70 ms into the crash. Thus there is a lag in the tivhen engine and the gearbox are
detached from the body side members with new FEetreicompared to the existing
FE model. It is important to note that the latdui@ in the engine mount cannot be
considered to be inaccurate since there is noadatiégable from the actual full vehicle
crash tests about the exact time of failure inghgine mount. However, it will be
necessary to study the effect of late failure & émgine mount on the crash pulse in
the passenger compartment before considering teFie model to be reliable for
use in simulations for this test. This verificatimas not performed in the thesis work
due to time constraints. The results are similamy FE model with hex as well as
tetra mesh for the lower gearbox mount.
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7 Conclusions

The work in this mater thesis was concentratedeivebtbping a detailed physical FE
model for the LHS engine suspension mount existingolvo S60 / V60 vehicle to
be used in full vehicle crash simulations. The inguat features that the FE model
needs to capture in a crash simulation are dynaeih@aviour of the rubber bushing
and failure in the aluminium silicon casting.

The rubber was modelled with tetra elements witticat element length of 4.5 mm.
It was defined by using hyper elastic material ths¢s Yeoh material model. More
information on the material modelling of rubber fire bushing is available in
Appendix B and [9].

The aluminium silicon casting (AISi12 Fe) was madellusing hex and tetra elements
with minimum element characteristic length of 5..¢mA MF GenYld + CrachFEM
material model was used for cast part that is dapabpredicting the elasto—plastic
behaviour and crack failure. The material model wwagd based on the physical tests
performed on the engine suspension mount in theRtgland the observations made
on the engine mounts recovered from the actuahdests. The material models had
to be tuned by modifying the failure strain curteget fracture in the engine mount
casting. Details for this material model are avdédan APPENDIX B.

The new FE model was validated in full vehicle bragmulations. The results from
these simulations show that the new FE model ialdapin predicting the behaviour
in its rubber bushing and crack in the aluminiuticen casting. The failure in the
engine mount occurs 35 ms in case of 35 mph fatital rigid barrier impact test and
75 ms in case of 40 mph offset deformable barest. However, additional data from
the actual crash test will be necessary to valitleexact time at which the engine
mount fail detaching the engine and gearbox froemlibdy side members. Material
testing for AlISil2 Fe material must be performedotiain data on failure strains
under dynamic loading and validating the GenYld radbFEM material model that
has been tuned by following a trivial method irstimaster thesis. The performance of
the engine mount with hex as well as tetra mesholasrved to be consistent.
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APPENDIX A
Introduction to Explicit Finite Element Analysis

Direct integration solves the dynamic equation obftion using the difference

expression by time integration algorithms that associated with the geometric and
material nonlinearities. Dynamic analysis is neagssn an engineering problem, if
there are any mass inertial effects and time degr@rfdnctions. Crash simulations are
related to impact loading that creates wave pragpagshrough the elements, causing
large deformations in the vehicle. Crash simulapavblems are highly nonlinear and
require dynamic analysis. Therefore, explicit dinetegration method is best suited
for this purpose.

For a system of nonlinear characteristics, the #guaf motion is a function of
inertial, elastic, damping and the external force.
MU+ CU+KU=F (1)

Where M,C and K are mass, damping and stiffness matrices, and theisnodal
displacement. It is assumed that the mass andestdgf matrices are positive definite
for the structure to have rigid-body motion as g péits response.

A modified central difference time integration math based on velocity and
acceleration is applied in LS-DYNA.

o Ugpne = Upope
Uy = —= -~ 2
t 2At @

. Ui_p»—2U0,+U
Ut — t—A t t+At (3)

At?

The above equations (2.2) and (2.3) are substiintdte equation of motion which is
a function of displacement.

(aoM + a1 C)Upyne = Fr — (K — a;M)Uy — (aoM — a1 C)Up_pe (4)

A method is said to be explicit, if the mass andchgdar matrices are diagonal, and
then it is not required to solve the equations.e@tise it is called an implicit method.
But then the damping terms should be evaluateddrmptevious time increment.

The external force is a function of nodal displaeais because they depend on the
structure. When pressure forces are applied tosthecture, they undergo large
deformations. The internal energy of a system isoah function of nodal
displacements since it is dependent on the stregshvin turn depends on the strain
(Belytschko et al.) [1].

Initial conditions are set in equation (1) to detere the internal and the external
forces on each element. These forces are subdtitutdhe equation of motion to get
the acceleration at tinne- %. Now the velocity and the displacements are updase

the time increments. The updated nodal velocities @displacement are put in the
strain displacement equations to get new interndl eéxternal forces. Hence it is a
continuous process, where the nodal velocities displacements are updated with
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time increment outputting stress and strains irsthgcture. In the equation (1) we see
that there are damping terms, resulting in systagnbly half time step. This means
that the velocities are calculated from previounsetistep is added to the velocity of
the current time step by integrating the accelenatvith time. The velocities that

result are an integral of acceleration with respedime using the central difference
method. And again the velocity is integrated withe to get displacement.

Stability and Time Step

In an explicit method to achieve accurate resujtuires smaller time increment. The
above equation (4), is said to be conditionallketathat is if the time step exceeds
the critical value it would result in a wrong satut. To determine the time step, the
velocity and acceleration (2) and (3) obtained fritve central difference method at
time ‘t’, are inserted into the equation of motion (1).

Therefore for an undamped equation of motion tlygiired time step is and equal to
the critical time step.

2
At <

(5)

wm ax

Wherew,, ., is the highest natural frequency of the system.

The critical time step depends on the material @rigs and the size of the element in
explicit time integration.

l
Aterip = min— (6)

Ce

Wherel, andc, are the minimum characteristic length of the eleih@d speed of
sound in the element material respectively. Whgchlso called the courant condition
in finite difference methods. LS-DYNA calculate® ttime step for each element and
the minimum element time step is used in the sitraria

From the equation (6), it is known that the timepsts dependent on the material
properties the speed of sound in an eight nodd st#giment of that material is;

E
Ce = ’m (7)

Where E,p and v are the Young's modulus, density and poisson® rfatr that
material.

M ass Scaling

Since very small time steps are needed for an @xplnalysis the element size is of
greater importance for numerical stability. LS-DYNw#Wtomatically detects elements
which have time steps less than the critical tite@ snd adds nonphysical mass to its
nodes in order to achieve numerical stability ghbr time steps. For the simulation
in LS-DYNA, automatic mass scaling is used, cotgwlby DT2MS in the
*CONTROL_TIMESTEP [8].
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APPENDIX B
Material Model Description for Rubber and Aluminiuilicon Alloy

Rubber Material Modéel (Hyperelastic Yeoh Model)

The rubber bushing in the engine suspension mauntodelled using material card
77, *MAT_HYPERELASTIC_RUBBER. Yeoh model as hypeasic rubber material
model has been used to develop this material cd@ids section describes the Yeoh
material model.

The Yeoh model in third order reduced polynomialnfodescribes isotropic
incompressible rubber like material. The strain rgpe density function W,
implemented in FE programs capable of handling tefpstic materials is given by
following equation:

W(11;12;13) = z:{)fjj,kzocijk(ll - B)i(lz - 3)].(13 - 1)k (8)
In case of total incompressibility ¥ 0, above equation changes to following;
W, L) = Zi‘ﬁ:OCi]-(Il - 3)i(12 - 3)j (9)

Where G are unknown constants. The above equation inmelgghform neglecting
higher order terms and neglecting the terms thatide b due to low dependency on
the second invariant for carbon black filled natusdbers is written as follows;

W(I,) = Cio(I; — 3) + Gy — 3)* + C30(I3 — 3)° (10)

The rubber material parametef €an be approximately determined from its initial
shear modulus. The approximate relations are diyeiollowing equations;

G G G

. — . - 11
z’C20 zo’C30 200 (11)

Cio =
It is important to note that the parametgp {Dfluences the behaviour in lower strain
rates and parametegddn higher strain rates.

The material model for rubber bushing used in thissis work has the following
values:C;, = 0.55 MPa, C,, = —0.05 MPa andC;, = 0.95 MPa. More details for
the rubber material model are found in [9].

CHALMERS, Applied Mechanics, Master’s Thesis 2011:14 49



Aluminium Silicon Material Model (MF GenYld + CrachFEM)

The information in this section is based from [13].

MF GenYld + CrachFEM is a comprehensive material failure model that can be
used in combination with commercial explicit FE eaglich as LS DYNA. It allows
the characterisation of various metallic materiald. S DYNA for shell and solid

element models. This approach of a universal natenodel allows the use of
standardised experimental and theoretical methodsthie characterisation of the
material for FE analysis. The figure below showe ttoncept of interlinking

experimental data with commercial FE codes throMjfh GenYld + CrachFEM

material model.

User material

P----.----------------‘-
Exi:erl_iimzntgl data: i g ‘ LS-Dyna
s Hexcening | MFGenYld |
Ry i Material model H .
¢ Fracture i v - Radioss
* Instability i g
L]
i E BETA ABALRLSY
' T 5
Material : CrachFEM ' PG
§
characterisation -'; Failure model 4 gEgal PAM-Crash/
i i " PAM-Stamp

I-----------------l-----"

Pictorial representation of interlinking the experimental data with FE codes through
MF GenYld + CrachFEM (Referencehttp://www.matfem.com/en/crachfem.html)

CrachFEM refers to the part of the material motiat describes failure. It includes
the fracture model and the prediction of local ahdity. The Mf GenYId part of the

material model describes the elasto—plastic bebaviorhe name refers to
'‘Generalised Yield Locus'.

The elasto—plastic material model MF GenYId (Gelnszd Yield Model) allows the

combination of range of yield locus descriptionsthwa variety of strain rate

dependent hardening models, including input of dadhurves. The isotropic
hardening base models can be extended to inclottepéc — kinematic hardening of
metals and anisotropic, stress — state dependedérhing. The isotropic kinematic
hardening model has the potential to correctly dlescthe materials that show a
pronounced Bauschinger Effect. The anisotropic éwardy is designed to model
different hardening behaviour for tension, compmsand shear.

The failure model CrachFEM comprises the evaluatiblocal necking by means of
transient calculation of the forming limit straiorfmetals, of ductile normal fracture
caused by coalescence of micro-voids and of dushitar fracture due to shear band
localisation. The criteria for ductile and sheaacture are consistent for shell and
solid elements. The evaluation of ductile and slfre@ture uses and integral approach
in order to consider the element deformation hystor

In order to predict the failure during crash sintiola, the deformation and heat
treatment history of the involved parts are taken accounts.
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The MF GenYId + CrachFEM material model for alurami casting (AISi12Fe) is
modelled to predict two types of ductile fractures:

* Ductile normal fracture resulting from void coalesce
* Ductile shear fracture resulting from shear barmdlisation
Details for the ductile fracture laws are availabl¢l3].

The MF GenYld + CrachFEM material is coupled to Biecode LS DYNA through
user defined material model represented by cardbeum8 in LS DYNA material
library. The fracture model curves are input ib® DYNA simulation through the
user defined material model. The material model waed based on the physical
testing performed in the Fall Rig and observatimos the actual crash tests.

The procedure for tuning this material model cansbenmarized in the following
points:

1. To increase the failure risk in the elements byrelsing the value of
FRELIM below one but higher than zero (1>FRELIM>0)initiate failure in
the material at lower strains.

2. The value of FRELIM is increased to its ideal vatieone and the values of
fracture strains are decreased by modifying thetdra curves.

In the above discussion, FRELIM is a parametemeefiin the user defined material
card. It relates the failure risk for the elementl a&ontrols element elimination by
erosion. The ideal value is one at which therelimieation at 50 % probability of
failure. A value of zero refers to no element efiation.

Decreasing the FRELIM value below one makes thenatweaker in fracture. Thus
the material fractures at lower force values antrequired for crack propagation in
smaller. Hence the material is weaker and britti@gared to its initial state.
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