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ABSTRACT

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE
CRUSHING PROCESS OF COMPOSITE CRASH BOX

Due to restrictions to bring down fuel consumption and carbon emissions, the recent research
and technology innovations are encouraging automakers to apply new materials in
automotive industry for light weight designs. Composites are being increasingly used in the
industry because of their benefits over traditional metallic materials including their strength,
weight, and reduction in manufacturing time. Along with these benefits, composites also
have excellent performance related to energy absorption during impact and crash events.
However, due to pressure for price limitations, the studies on applying composite materials
mostly concentrate on the high priced elements per unit mass and the parts having

significance in security. Crash box is the most distinct part that has those conditions.

The fracture process in composite structures is quite complex which involves not only
intralaminar failure modes, but also interlaminar failure. Advances in commercial Finite
Element Analysis (FEA) software have enabled engineers to realistically simulate the

performance of composite components including these failure modes.

The thesis work will examine the modelling of crash behaviour of lightweight composite
crash boxes in ABAQUS. A benchmarking study is applied to understand the modelling of
the intralaminar damage mechanisms with 2D Hashin damage criteria and the delamination
with decohesion elements which is called Cohesive Zone Modelling. Moreover, a new crash
composite structure has been proposed, manufactured and tested and the results of the Finite

Element simulation are compared to experimental results.



OZET

KOMPOZIT CARPISMA KUTULARININ EZILME SURECININ
DENEYSEL VE HESAPLAMALI OLARAK INCELENMESI

Karbon emisyonlarinin azaltilmasi yoniindeki baski otomotiv iireticilerine araclarda
hafifletme c¢alismasi yapmalart yoniinde bir tesvik saglamaktadir. Kompozit malzemeler,
celik ve diger metalik malzemelerle karsilastirildiginda, hafif olmalari, yiliksek 6zgiil
dayanimlar1 ve ayni zamanda yiiksek tokluk ve mukavemetleri nedeniyle giderek artan
uygulama alanlarina ve kullanim miktarina sahip olmaktadir. Ote yandan Kompozit
malzemeler enerji sogurma kapasiteleri ve soniimleme 6zellikleri yliksek malzemelerdir.
Ancak fiyat baskis1 nedeniyle kompozit malzemelerin otomotiv pazarina girisi sinirh
olmaktadir. Bu nedenle otomotivde kompozit kullanimi {izerine yapilan ¢aligsmalar, birim
agirlik basina fiyat1 yliksek olan ve giivenlik agisindan 6nem arz eden elemanlar iizerinde

yogunlagmaktadir. Carpisma kutusu bu sartlara sahip en belirgin pargadir.

Kompozit malzemelerde lamina i¢i ve ayni zamanda delaminasyonu igeren hasar
mekanizmalar1 olduk¢a karmasiktir. Gilinlimiizde sonlu elemenlar metodu ile kompozit

malzemelerin performansi gercekei olarak simiile edilebilmektedir.

Bu ¢aligma kapsaminda, agirligi diisiik kompozit ¢arpigma kutularinin ezilme davranisi
ABAQUS’te incelenmistir. Modelin dogrulugunu teyid etmek i¢in bir kiyaslama c¢aligmasi
yapilmis, i¢ hasar mekanizmalar1 i¢in Hashin kriteri kullanilirken, delaminasyon igin
yapiskan yiizeyler modeli uygulanmistir. Ayrica, yeni bir geometri tasarlanmis, deneysel ve

hesaplamali olarak incelenmistir. Niimerik tahminler deney sonuglari ile karsilastirilmistir.



Vi

TABLE OF CONTENTS

ABSTRACT ..ottt st iv
OZET ..ot v
LIST OF FIGURES ...ttt s s e viii
LIST OF TABLES ... oottt ettt ettt sttt et e st ee e st e s bt e e see e sabeeesabeesabeesaneeesabeeensnens Xi
LIST OF SYMBOLS ...ttt ettt ettt be e e st e s bt e st e e sbee e sabeesabeeesneeesaneeennnes Xii
LIST OF ACRONYMS / ABBREVIATIONS .....ooiiiiiiiiiiiieeie ettt sttt ettt enee e xiii
1. INTRODUCTION ....oooiiiiiitiiiieieieiet sttt ettt sttt st s snesn e ene e 1
1.1.  Literature Review on Crash Studies for COmpOSItes ..........coceeveereereereenieeneenee e 5
1.2.  Problem Statement and Thesis OVEIVIEW .......cccccovreiiiniiiininieniiecene e 6

2. THEORY ittt ettt ettt e s bt e st e e s bt e s bt e s abe e s bt e e sabeesabeesbeeesabeeebeeas 8
2.1. Fibre Reinforced POLYMETS .......cc.ceviiiirieniinieierieeiestenicete sttt st 8
2.2. Main Failure Modes Of COMPOSIEES ....cc.eerverueerieriirieriirieenienieeiesteete st sreeeesresseesresreeneesreeeenees 9
2.3, Crushing Of COMPOSIEES ....cecveeruieriiriertieiteesteertte sttt ete e st e st e saeesaeesteebeesbeesbeesbeesaeesaneenseens 12

3. MODELLING PROGRESSIVE DAMAGE OF COMPOSITES IN ABAQUS ........cccccoeuen.e. 18
3.1, Intralaminar ANALYSIS ....ccceereerieriieie ettt st st sb e s s s e et 19
3.1.1. Damage INTHALION .......eeveerierierieeie et eseeseesteseesteesteesteesaeesasesasesbeenseesseesseesasesnseensaens 20
3.1.1.1. Hashin Damage Initiation CIIteria ........ccveereerveriuerrieereesieeseessieesieesseesseeseessesnseenseens 21
3.1.2. Damage EVOIULION......cciiiiiiirieriiriieieenieere sttt ste e s e sateste st e e sbeesbeesseesanesnseensaens 22
3.1.3 Damage StabiliZation .........ccecverririerinieieneeec e 24

3.2. Interlaminar Analysis (Cohesive Zone Modelling)........c.ccooeverieveninieenenenieneneeeseeeene 24
3.2.1. Formulations of Cohesive Zone Modelling ..........c.ccoevverireeiiinieneninecneneeene e 27

4. NUMERICAL ANALYSIS ..ottt 31
4.1.  Case Study: Simple Model for Delamination with CZM in ABAQUS ........cccccevereennene 31
4.2, Benchmark StUAY .......ccocoiiriiiiiiiec e e 33
4.3.  Numerical Analysis of Composite Specimen with a Novel Geometry ..........cccccevereennens 35
4.3.1.  Numerical Analysis of Metal SPecimen. .........ccccvveeeerireenineesereeeeee e 36
4.3.2.  Numerical Analysis of COmpoSite SPECIMEN......ccverurrerirerirrieereereereeseeereeseeeneeens 38

5. EXPERIMENTAL STUDY ...oooiiiiiiiiiiiiiiiiieee s 42
5.1, SPecimen Preparation.........cccceeieeriueerieerieesieeseesresseeseesseesseesessesssesssesssesssesssesssessssesnns 42

5.2, TSt PrOCEAUIE...cccoviiieiiieieeeeeeee 45



Vi

6. RESULTS AND DISCUSSION .....oooiiiiiiiriiieitereteteteese ettt 45
6.1.  Results of Basic Delamination Model...........cccccoviriininiiiiniiiniicincceceee 47
6.2.  Results of Benchmark Study ........ccoccevieieniniiiinieeeeee e 49
6.3.  Results of the Sandwich SIruCtUre ..........ccoivieiininienie e 53

7. CONCLUSIONS AND FUTURE WORK .....cooiiiiiiiiierieeee sttt 60

REFERENCES ... .ottt st s s s a e st r e s 62



Figure 1.1.

Figure 1.2.
Figure 1.3.

Figure 2.1.

Figure 2.2.

LIST OF FIGURES

The volume and annual growth rate of composite penetration to the

AULOMOLIVE TNAUSELY . 1ovviiiieeiiieiieeie ettt et e b ens 2
Frontal bumper system COMPONENLS ........ccceevveerrierieeriienieeiienreeieeneneeneees 3
Specific energy absorption capacities for various materials . .................... 4

a) Illustration of how the orthotropic directions are defined, b) Illustration

of how material orientation is related to coordinate systems..................... 9

Matrix failure modes. a) Shear matrix failure due to compression in
transverse direction. b) Tensile matrix failure perpendicular to tensile

load 1N tranSVErSE AITECTION. ...cevveeneeeeeeeeeeeeee e e e e eeeeeeeeeeeeeeeeeeeeearaaaeeaeaeees 9

Figure 2.3. Fibre failure modes. (a) Shear fibre failure due to compression in fibre
direction. (b) Tensile fibre failure perpendicular to tensile load in fibre
QITECHION. ..ttt 10
Figure 2.4. Failure in shear in the 2-3 plane .........cccccocevieveniiniininiinicenicceeeen 11
Figure 2.5. Failure in shear in the 1-2 plane .........ccccocevieviniiniininiiniicceee, 11
Figure 2.6. Delamination crack in SPECIMEN. ......cceeeeruiieriiieeriieeeiie e eeiee e 12
Figure 2.7. Fragmentation crushing mode. ...........ccceeviieeiiieniieeniieecee e 13
Figure 2.8. Splaying crushing mode. ..........ccccocueririiiiiiniiiiniieccce e 14
Figure 2.9. Brittle fracturing crushing mode. ..........cccooieviiieniiniiinieeieeeeeee e, 15
Figure 2.10. Local buckling crushing mode. ..........ccccvveeiiiiniiieniiecieeeeeeeee e 15

Figure 2.11. A schematic illustration of crushing of a tube with chamfered edge,

FoaTeYa NN TSTe A5 (o) 0 4 N 16

viii



Figure 2.12. Typical force-displacement curve for a specimen subject to crushing. .17
Figure 3.1. Typical uniaxial stress-strain response of a metal specimen.................... 19
Figure 3.2. Pure mode constitutive equations: (a) Mode II or Mode III; (b) Mode I. 26
Figure 3.3. Bilinear constitutive €qUation..........cocuerueeuerienieeienienieeieseenieeee e 27
Figure 4.1. The two-dimensional SPECIMEN. ..........ccueevuerieniieiienienieieneeeeee e 32

Figure 4.2. The top and side view of the ABAQUS/CAE model of the composite

101 B 1 USSR 33
Figure 4.3. Cross-sectional view of the plate (All dimensions are given in mm.) .....34
Figure 4.4. Cross-sectional view of sandwich Structure .............cceeeveeeiienieenieennennnen. 36
Figure 4.5. The 3-Dimensional view of the metal specimen..........ccccceceeverviercennennne. 36
Figure 4.6. Stress- strain curves of DP600 Steel at six different strain rates[s']...... 37

Figure 4.7 a) The quarter model of the composite sandwich structure b) front view

With SYMMELTY @XES ...evvviiiiiiieiiieeciie ettt e s 38
Figure 4.8. The illustration of the bead in the assembly.........c.ccccccvvvviiiinciiiniiennnen. 39

Figure 5.1. (a) Schematic representation of the lay-up method. (b) Manufactured

sandwich panel..........occoooiiiiiiiii e 44

Figure 5.2. Manufacturer Recomended Cure Cycle in terms of temperature and

PIESSULE .vvveeeieieeeiieeeeteeeeteeesteeessseeessseeesseeansseessseeassseessseesnsseesnnseeensseesnns 44
Figure 5.3 Test Specimen for the novel geometry........cccecevieriiieniiiniincnicneeeee, 44
Figure 5.4. Experimental SEtUD ........ccceeeiiiiiiiiiiiiieeitee et 45
Figure 6.1. Delamination growth of the 2D specimen..........cccccecveeeciieeeiieencieeenieeens 48

Figure 6.2. Crushing Process of the plate ..........cccvveriieeiiieciiieeeeeeee e 50



Figure 6.3. Comparison between the load—displacement curves of the published
study and predicted numerically in this study.........ccccceeeeieercieenirieenen. 51
Figure 6.4. A comparison between the absorbed energy values in the published study
and predicted numerically in this StUdY .......c.ccocvevviieniiiiiiinieeieieeee 52
Figure 6.5. The deformation of the composite crash box with sandwich structure
(quarter MOAEL)......cuueeeiieeeiie et 53
Figure 6.6. Distorted element at crash simulation. a) at the beginning, b) after
element 1S diStOTted. ........oouiiiiiiiiiiie e 54
Figure 6.7. Crushed corrugated specimen at the end of the compression test. ........... 55
Figure 6.8. Comparison of the experimental and numerical load—displacement curves
of corrugated crash bOX.........cceeviiiiiiniiiiii e 55
Figure 6.9. Numerical and experimental results for the absorbed energy for
composite sandwich crash boX.........cccceevviieiiiiniiniiieniiciceeee e, 56
Figure 6.10. Load-displacement curve of the steel and composite crash box ............ 57

Figure 6.11. Numerical absorbed energy results of composite and steel crash

DO S et eae e e e e et —————aaaaea et —————————aaaeraaa——— 58

Figure 6.12. Deformed shape of the metal crash boX ..........cocceeiiiniiiinin. 59



Xi

LIST OF TABLES
Table 3.1. Equations for each Single mMode. ..........cccueviiiieiiiiiiiiieerieseeee e era e 29
Table 4.1. Interlaminar material strength and fracture energy values .........c.ccccvevvvevverienciencieenieeniens 32
Table 4.2. Material Properties of TORAYCA T700/2510 ....ccvveviveviierieeieeieeieeieesieesee e sveeveeeeens 35
Table 4.3. Material properties of AS4/8552 COMPOSILE........eevvrerieereeriierierieereeteeseeseeseesneeseeeeens 39
Table 4.4 Interlaminar properties of IM7/8552 COMPOSILE........ccveerveerierierrierieiiereeseeseesveereeeeens 40

Table 6.1. Comparison of energy absorption values between composite and metal crash boxes ...... 58



°C
Cud
dm
dr
ds
Eu
E2
Es3
Es
Ge
Gic
GPa

Gij

MPa

mm

€11
€22

Y12

Vi

LIST OF SYMBOLS

Celsius

Damaged elasticity matrix

Damage variable of matrix material
Damage variable of fibre material
Damage variable of shear factor
Elastic modulus in fibre direction
Elastic modulus in transverse direction
Elastic modulus through thickness
Spesific energy absorption
Fracture toughness

Critical energy release rate under Mode- loading
Gigapascal

In-plane shear modulus

Interface stiffness

Megapascal

Millimeter

Total absorbed energy

Fibre direction strain

Transverse direction strain

Shear strain

Poisson’s ratios

Crush distance

Xii



ASTM

CFRP

CZM

EU

FEA

MRCC

SEA

LIST OF ACRONYMS / ABBREVIATIONS

American Society for Testing and Materials
Carbon-Fiber-Reinforced Polymer
Cohesive Zone Model

European Union

Finite Element Analysis

Manufacturer Recommended Cure Cycle

Spesific Energy Absorption

xiii



1. INTRODUCTION

The automotive sector is under constant pressure to bring down fuel consumption
and reduce greenhouse gases emissions, including carbon dioxide with an increase in safety
requirements. The average emissions from a car are 150 grams of carbon per kilometre. The
average total carbon emissions from a car are 2,250 kilograms annually. In other words,
2,000 trees would need to be planted to offset the carbon emissions from a single car during
its entire lifecycle. In the European Union (EU), CO; emissions restrictions will reduce
passenger cars emission limits from 130g of COz/km today to a much more difficult to
achieve target of 95g of CO2/km in 2020 [1]. The most effective way of bringing down the
fuel consumption is to reduce the automobile weight. In an automobile, every 45 kg weight
reduction causes almost 3 per cent fuel saving [2]. As a result, the recent research and
technology innovations are encouraging automakers to apply new materials in automotive

industry for light weight designs.

Carbon fibre-reinforced or glass fibre-reinforced composites are not only light in
weight but also stiff, strong and durable. The matrix resin properties and the type and
orientation of the reinforcing material increase mechanical, chemical and thermal properties
of the material greatly compared to other conventional materials. These advanced materials
offer numerous new design possibilities for the components used in several sectors. For
decades, the composites industry has witnessed steady growth, thanks notably to general
economic development and the increased market penetration of this material in key markets,

such as the construction, wind energy, aeronautics and automobile sectors.

Despite the improvements still being made with steel, and the increasing use of
aluminium, the industry is looking at composite materials as a body material for high-volume
applications. Composite materials have a large potential due to their superior properties and

almost endless usage area. Composite components are some 30 to 50 per cent lighter in



contrast to metal components. These composites thus contribute to a reduction in the carbon
footprint and a favourable total cost of ownership [1]. Advanced plastics and polymer
composites have being used in automotive industry in order to improve the appearance,
functionality, and safety of automobiles while also reducing vehicle weight and delivering
superior value to customers. In 2013, there is an increase of 8.8% in the demand for
composites in the U.S. automotive market. Figure 1.1 demonstrates the percentage of

composite penetration to the automotive industry from 1980 to 2020.
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Figure 1.1. The volume and annual growth rate of composite penetration to the automotive
industry [1].

Although there is a demand for increasing their usage, composite materials, due to
price pressure, can be used mostly for parts which have low production rates such as wheels,
seat backs and crumple zones in luxurious, sport and industrial vehicles. That is why, the
studies on applying composite materials in automotive industry concentrate on the high
priced elements per unit mass and the parts having significance in security. Crash box is the
most distinct part that has those conditions. Figure 1.2 shows the crash box component in

the frontal bumper system.
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Figure 1.2. Frontal bumper system components [21].

It is known that there has been a steady increase in the number of studies and new
designs to increase the vehicle security. However, according to statistics, in 2015, 7530
passenger vehicle occupants have lost their lives in crashes on Turkey roads [42]. About half
of the deaths occur in frontal crashes [4]. Thus, the investigations concentrate mostly on
improving the crashworthiness of vehicles [5-12]. The crashworthiness is protection level of
the occupants of vehicle in a crash and depends on the rate of impact energy absorption and
extinction. Crash box, which is equipped at the front end of its front side frame, is expected
to collapse with absorbing crash energy prior to the other body parts in case of frontal crash

so that the damage of the main cabin frame is minimized and passengers saved their lives

[11].

Composite materials provide great potential for absorbing the energy of a crash event
and reducing the accompanying accelerations and forces. Energy-absorbing composite
components, which are usually designed to dissipate kinetic energy under controlled collapse
or disintegration, substantially increase structural crashworthiness in exchange for a
reasonable increase in overall vehicle cost. Figure 1.3 demonstrates the specific energy
absorption capacity of various materials [20]. Several types of composite materials have
greater capacity of energy absorption on a per unit mass basis, as compared to more
commonly used metals, such as steel and aluminium. Hence, composites offer the potential

to be used as very efficient energy-absorbing crash structures in automotive vehicles.
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Figure 1.3. Specific energy absorption capacities for various materials [20].

In case of crash, metallic structures have high plastic deformation mechanisms such
as plastic buckling and bending. Unlike metals, the main failure modes of fibre-reinforced
composites are delamination, matrix compressive failure, matrix tensile failure, fibre
compressive failure and fibre tensile failure. Energy is mainly absorbed by delamination.
The fracture mechanisms of composites depend on the fracture time, geometry, material
properties, and stacking sequence. By optimizing these parameters, it is possible to design

composite structures with high energy absorbance capacities.

Thermoset composites have already been widely in use for many years. Thermoset
composite production is characterized by relatively low equipment and tooling costs, great
flexibility, high-grade characteristics and considerable freedom of design. However,
Thermosets don’t have proven recycling track records. According to European Union’s end-
of-life vehicle (ELV) directive, 85 per cent, by weight, of the materials used in each car built
for the 2015 model year and beyond must be reusable or recyclable. Such requirements are

feasible when long fibre thermoplastics are used [1].

Traditionally, the development of crashworthiness design relies upon experimental
testing. When several loading directions are involved, the experimental testing of the

crushing process in composites is rather costly. In addition, it is difficult to carry out a



meaningful experimental program during the initial design stages and time required for
completing the design is quite long. In automotive sector, it is required to decrease
development times that consists design, production and testing periods. An alternative
solution is the use of advanced computational tools such as Finite Element Analysis (FEA).
FEA is a computerized method for predicting how a product reacts to real-world forces,
vibration, heat, fluid flow, and other physical effects. Finite element analysis shows whether
a product will break, wear out, or work the way it was designed. It is called analysis, but in
the product development process, it is used to predict what is going to happen when the
product is used. FEA works by breaking down a real object into a large number (thousands
to hundreds of thousands) of finite elements, such as little cubes. Mathematical equations
help predict the behaviour of each element. A computer then adds up all the individual
behaviours to predict the behaviour of the actual object. FEA’s main advantage is that it
produces a much more detailed set of results than experimental investigations and is often

quicker and less expensive.

1.1. Literature Review on Crash Studies for Composites

The progressive crush analyses for the various composite structures investigated the
crushing behaviour of those structures occurring over a wide range of crushing speeds, in
order to assess energy absorbing characteristics of those structures. The response of
composite tubes under axial compression was earlier investigated experimentally in the
study of Hull [13]. Hull showed that fibre arrangement appeared to have the greatest effect
on the specific energy in the desired progressive crushing mode. Farley [14] investigated
energy absorption characteristics of composite tubes in comparison with aluminium tubes
by conducting static compression and impact tests. Farley demonstrated in an experimental
work that the energy absorption capabilities of composites are a function of crushing speed.
Mamalis et al. [15] investigated the crash behaviour of square composite tubes subjected to
static and dynamic axial compression experimentally. In their experiments, a stable
progressive collapse mode associated with large amounts of crash energy absorbed and a
mid-length collapse mode characterized by brittle fracture and catastrophic failure are

observed.



Besides experimental studies, utilization of numerical methods using finite element
codes for design become very attractive due to high cost of the experimental and physical
testing. Mamalis et al. [15] used explicit LS-DYNA to simulate the crash response of square
CFRP composite tubes and validated the simulations with experimental results. Hormann
and Wacker [16] also used the LS-DYNA explicit code to simulate thermoplastic crash
boxes. EI-Hagel et al. studied numerical analysis of the quasi-static axial crush behaviour of
aluminium-composite hybrid tube containing filament wound E glass fibre reinforced epoxy
over-wrap around an aluminium tube. A modified Chang—Chang failure model was used for
the composite layers with +45° stacking sequence [17]. Indermuehle et al. [18] studied two
approaches in ABAQUS to simulate the performance of composite cone structure including
the common failure modes of delamination, fracture, and matrix damage. First they
implemented a continuum damage mechanics approach using the constitutive model in
ABAQUS/Explicit using a VUMAT user subroutine. The second approach is CZONE
technology which is an empirically based approach where the behaviour of the composite is
modelled through a “crush” material property. As an example for accurate results between
test and simulations in ABAQUS, Sokolinsky et al. [19] simulates the crush behaviour of
composite sine wave beam made of carbon/epoxy TORAYCA fabric. A continuum shell
model was built in this study and the delamination is simulated by using cohesive zone

modelling.

1.2. Problem Statement and Thesis Overview

Crash box is one of the significant parts of automobile due to high production price
per unit mass and significance in security. Besides for applying new materials for light
weight crash box designs, it is required to decrease development times for the design. A
solution is the use of advanced computational tools such as Finite Element Analysis. That is
why the crash behaviour and energy absorption capacity of composite materials has to be
modelled by applying Finite Element Analysis. In the light of these points; for the thesis
work, the modelling of crash behaviour in lightweight composite crash boxes is studied using
the commercial software ABAQUS. For the intralaminar damage mechanisms such as
transverse matrix cracking and fibre fracture, it is required to utilize some failure criteria.

Since delamination is one of the predominant forms of failure for the case of crash



simulation, in order to reach accurate results, not only intralaminar damage mechanisms but
also interlaminar damage (delamination) has to be taken into consideration. That is why, for
effective predictive capabilities, cohesive zone modelling (CZM) is adopted for failure
analysis for delamination. CZM uses decohesion elements for the modelling of delamination.
Decohesion elements use failure criteria that combine aspects of strength-based analysis to
predict the onset of the softening process at the interface between laminae, and Fracture

Mechanics to predict delamination propagation.

In addition, a benchmarking study of Sokolinsky’s work [19] is reconstructed in order
to understand the modelling of the intralaminar damage mechanisms and the delamination.
Moreover, a new crash composite structure has been proposed, manufactured and tested and

the results of the Finite Element simulation are compared to experimental results.



2. THEORY

2.1. Fibre Reinforced Polymers

Fibre-reinforced polymers (FRP), which are commonly used in the aerospace,
automotive, marine, and construction industries, are composite materials made of a polymer
matrix reinforced with fibres. The fibres are usually glass, carbon, or aramid. The polymer
is usually a thermosetting resin such as epoxy, vinylester or polyester, or a thermoplastic

resin such as polyamide (PA), polypropylene (PP) etc.

FRPs can be of single-layer or multi-layer type. The multi-layered composites are
where several layers are stacked with fibres with orientation in different directions. Each
layer can be unidirectional, where all fibres in that specific layer are aligned in one direction.
They can also be woven, where the fibres have two or more directions. Different orientations

provide different strengths and stiffness of the laminate.

In contrast to many other engineering materials, such as metals, composites are not
isotropic. They are anisotropic in the sense that the properties (stiffness, strength, toughness
etc.) differ in different directions. Layered FRPs are rather orthotropic, which means that
properties are different in three perpendicular directions, which can be denoted as the
longitudinal fibre direction, 1, transverse direction, 2, and the out-of-plane direction, 3, as
depicted in Figure 2.1a. These directions are local to each ply in the stack-up. If the
properties in the directions 2 and 3 are the same, the material is defined as transversely
orthotropic. Fibre reinforced materials are most frequently used by employing multiple
layers of material to form a laminate. Each thin layer may have a different fibre orientation

as shown in Figure 2.1b.



Figure 2.1. a) Illustration of how the orthotropic directions are defined, b) Illustration of

how material orientation is related to coordinate systems [24]

2.2. Main Failure Modes of Composites

Several different failure modes can be observed when a composite material is
subjected to a loading. The main failure modes of fibre-reinforced composites are
delamination, matrix compressive failure, matrix tensile failure, fibre compressive failure
fibre tensile failure and shear mode failure. Some explanation is required for each of these
failure modes. Schematic Figures 2.2, 2.3, 2.4 and 2.5 show the matrix and fibre failure
modes at different loadings [22, 23, 25].
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(a)

Figure 2.2. Matrix failure modes. a) Shear matrix failure due to compression in transverse
direction. b) Tensile matrix failure perpendicular to tensile load in transverse direction.
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As illustrated in Figure 2.2a, when a composite fail in compressive matrix mode, the
failure occurs due to the fibres and matrix crushing and interacting. The crack for this type
of failure is most often at an angle to the loading direction. In contrast to compressive matrix
failure, the fracture plane in tensile matrix failure is perpendicular to the loading as shown
in Figure 2.2b [25]. Tensile matrix failure is generally due to a combination of three possible
micromechanical failures: tensile failure of the matrix material, tensile failure of the fibre

across its diameter, and failure of interface between the fire and matrix.

AN 5T N
_ - : b L >
—_— ‘T\:‘x - <« b >
—> M - . y: >

Figure 2.3. Fibre failure modes. (a) Shear fibre failure due to compression in fibre

direction. (b) Tensile fibre failure perpendicular to tensile load in fibre direction.

If a composite is loaded in compression in the fibre direction as illustrated in Figure
2.3a, compressive fibre failure mode of fibre micro-buckling, which is also called shear
mode, occurred since the matrix exhibits mostly shear strains. As a result of this mode kink

bands occur to form.

Figure 2.3b shows the tensile failure in fibre direction. When fibres are loaded in
longitudinal direction, fibres fail at low fracture strains and break in a brittle behaviour at
their weakest cross sections. In addition, the energy absorption from fibre breakage when a

composite fails is very low.
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Tension

Compressian

Figure 2.4. Failure in shear in the 2-3 plane [23]

For shear loading in 2-3 plane, since a shear stress produces a tensile stress on a plane
oriented at 45°, performance of the material is limited by the matrix tensile failure, failure
across the diameter of the fibre and failure of the interface between the fibre and matrix.
Figure 2.4 illustrates these mechanisms as viewed in this shear mode. If the composite is
loaded by shear stress in 1-2 plane, shear failure at interface is occurred as shown in Figure

2.5 [23].

— e
Shear failure
at interface
.
e
-

Figure 2.5. Failure in shear in the 1-2 plane [23]
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When it comes to fracture mechanics and crash analysis one of the interesting
characteristics is the amount of energy the material will be able to absorb. The energy is
absorbed mainly by delamination. Delamination, the separation of two adjacent plies in
composite laminates as given in Figure 2.6, represents one of the most critical failure modes
in composite laminates. A delamination crack is often preceded by a crack which propagates
through a ply until it has reached the fibres of an adjacent ply. Then the crack may branch
off to go along the interface in between the plies, causing the delamination crack to form

[27].

Figure 2.6. Delamination crack in specimen [26].

2.3. Crushing of Composites

When it comes to impact and crash events of structures, especially in vehicle
applications, it is significant to select a material that can absorb the energy required to
achieve an impact at an acceptable level of deceleration. Since composite materials have
excellent performance of energy absorption during a constant crush load, due to many

different energy absorbing mechanisms, composites are useful in crashworthy applications.

According to crush tests performed on composites, in order to prevent catastrophic

failure, such as buckling, long thin-walled structures should not be used and it is relevant to
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use chamfered edge as trigger where the crushing is initiated. According to observations,
there are several progressive crushing modes of composites [29]. The fragmentation is one
of these modes. In this mode, partial lamina bundles are formed by one or multiple short
interlaminar and longitudinal cracks in wedge-shaped laminate cross section (see Figure

2.7). Fracturing of lamina bundles is the main energy absorption mechanism.

Formation of
interlaminar
cracks

Longitudinal
cracks

Growth of
interlaminar
cracks
Shearing away
of edges of
lamina bundles

Scalloped end
of crushed tube

[.amina
bundlc

Longitudinal

Interlaminar cracks

cracks

Figure 2.7. Fragmentation crushing mode [29].

Secondly, lamina bending or splaying mode can be seen in progressive crushing
process as given in Figure 2.8. The splaying mode is characterized by very long interlaminar

and intralaminar cracks which are the main energy absorbing mechanisms.
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Figure 2.8. Splaying crushing mode [29].

In addition to fragmentation and splaying, the third mode is brittle fracturing. Figure
2.9 shows the brittle fracturing crushing mode which is a combination of fragmentation and
splaying crushing modes. In brittle fracturing, energy is mainly absorbed by the fracturing
of lamina bundles. On the other side, Figure 2.10 illustrates the local buckling or progressive

folding mode. Formation of local buckles characterizes the progressive folding mode.
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Figure 2.9. Brittle fracturing crushing mode [29].

Yielding of fiber
and/or matrix

Interlaminar cracks
at buckle

Formation of
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Figure 2.10. Local buckling crushing mode [29].

For detailed example of process, see Figure 2.11, a progressive behaviour of the
crushing, triggered by a chamfered edge, is described at different stages for a cross-section
of a tube with stack-up of [90/0]>s [28]. In the first stage the inner 90 layer is compressed

and fails in shear and is forced to move inwards and then the middle axial layers come into
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contact with the rigid plate. Delamination also occurred at the centre as mode I delamination
and between the 90° and 0° ply, will most likely as mode I delamination, which is a shearing
mode. Finally, The outer 90° layer will experience transverse shear cracks in the matrix due

to compression and tensile stresses in its fibre direction, as the material is forced outwards

[29].

Figure 2.11. A schematic illustration of crushing of a tube with chamfered edge, modified
from [28]

A typical force-displacement curve of axial crushing is given in Figure 2.12. There
is an initial force peak, followed by stable crushing where the force remains at an almost
constant level. The initial peak is higher because there have been no failure modes observed
yet. The transition zone, the zone between the force peak and the stable crush zone, is highly

dependent on how the crushing is triggered.
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Figure 2.12. Typical force-displacement curve for a specimen subject to crushing [24].

The total energy, W, absorbed during process can be expressed according to Equation

2.1.

W= [Fds 2.1)

where A is the crush distance and F is the measured force. The specific energy absorption,
Es can also be obtained, according to Equation 2.2, as the energy absorbed per unit mass.
Along with material properties, specific energy absorption is also highly dependent of

stacking sequence of plies and geometry of the crushing specimen.

B =2 (22)

where p is the density, A is the cross-sectional area, | is the crushed length. For crushing
process, the specific energy absorption is a good value to use in comparison for different

studies with different geometries and materials [24].
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3. MODELLING PROGRESSIVE DAMAGE OF COMPOSITES IN
ABAQUS

For conventional metallic structures, modern explicit FE codes are able to model the
impact and crash energy absorbing mechanisms and are being successfully applied to
simulate the collapse of these structures. This study is concerned with modelling the

response of composite structures under impact loading.

Predicting failure in composites is quite complicated. In some cases composites may
be able to sustain significantly larger load than that predicted by considerations of failure
initiation alone (first ply failure). However, in order to fully exploit the design benefits of
these materials, designers should be able to model the progressive damage growth. Each
constituent of the composite materials fails progressively. Order of the failure of the
constituents and ultimate stress and strain at failure is dependent upon the material type of
fibre and matrix, layup sequence, volume fraction and other such manufacturing related
parameters. Due to wide variety of types of composites, different progressive behaviour is

obtained for each composite structure.

This section will discuss the progressive failure analysis of Fibre Reinforced
Polymeric Composites (FRCP). For two dimensional analyses in ABAQUS, composite
materials have two main failure mechanisms: in plane failure mechanisms (fibre and matrix
failure) and delamination. Through thickness failure mechanisms are not taken into

consideration.
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3.1. Intralaminar Analysis

For Intralaminar failure analysis approach, strength based failure criteria is used.
Strength-based failure criteria predict the onset of different damage mechanisms in a single

ply of composite [30].

In order to understand the failure modelling capabilities, consider the stress-strain
response of a hypothetical material during a simple tensile test, such as illustrated in Figure

3.1.

a i e

[+]

Figure 3.1. Typical uniaxial stress-strain response of a metal specimen.

Figure 3.1 shows distinct phases. The response of the undamaged material is assumed
to be linearly elastic, a—b, and the model is intended to predict behaviour of fibre-reinforced
materials for which damage can be initiated without a large amount of plastic deformation.
That is why, plastic yielding with strain hardening, b—c, can be ignored. Point ¢ identifies
the material state at the onset of damage, which is referred to the damage initiation criterion.
The last part, c—d, demonstrates the damage evolution law. The stress-strain response is
governed by the evolution of the degradation of the stiffness in the region of strain

localization. In the context of damage mechanics c—d can be viewed as the degraded response
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of the curve c—d’. The material would have followed in the absence of damage. Elements

can be removed from the calculations once the material stiffness is fully degraded at point
d.

The undamaged material response is specified by defining an orthotropic linear
elastic material. For 2D plane stress conditions, the stress-strain relations for the in-plane

components of the stress and strain are of the form as in Eq. 3.1.

81 1/E1 _vlz/El O 0-1
{52 }Zl—vu/Ez 1/E, 0 ]{02} (3.1)
V12 0 0 1/G1, 1 (T12

In Eqn. 3.1, E; is the Young's modulus in the fibre direction, E, is the Young's
modulus in the direction perpendicular to the fibres, G, is the shear modulus, v;, and v,;

are Poisson's ratios.

In ABAQUS, the two dimensional Hashin initiation criteria is used to predict the
onset of damage, and the damage evolution law is based on the energy dissipated during the

damage process and linear material softening.

3.1.1. Damage Initiation

Failure theory of anisotropic composite material was primarily used as an indication
of failure initiation for each observed failure mode in the progressive failure methodology.
Damage initiation is simply the point at which the material properties are first affected.
Failure criteria theories for composites were principally established by extending the existing
failure theories for isotropic materials to account for the anisotropic characteristics of
composites in the strength. The intralaminar damage of composite can be classified into

several basic types, such as longitudinal fibre tensile breakage, compressive buckling or
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kinking, transverse matrix cracking, etc., based on either equivalent stress or strain. Failure
surface is defined by a set of polynomial equations in terms of two or three dimensional
stress and strain quantities with adjustable parameters to be determined from test or

numerical experiment.

There is large number of failure theories formulated for composite materials. The
most widely applied theories on lamina level are Tsai-Hill theory (1965), Tsai-Wu theory
(1971), Hashin and Rotem failure criteria (1973), Hashin 3D failure criteria (1980), Chang-
Chang criteria (1987), Christensen failure criteria (1997) and Puck’s criteria (1998). One of
the recently applied studies is LaRC04 failure criterion which is proposed by Pinho et al.
(2005).

ABAQUS has a built in Hashin failure criteria; that is whyj, it is investigated in the

following section in detail.

3.1.1.1. Hashin Damage Initiation Criteria

In the study of Hashin [31], four different modes of failure are considered:
- Fibre rupture in tension,
- Fibre buckling and kinking in compression,
- Matrix cracking under transverse tension and shearing,

- Matrix crushing under transverse compression and shearing.
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The failure modes included in Hashin’s criteria are given with equations 3.2-3.5 as
follows.

1. Tensile fibre failure for 611 >0

011)\?
() +

2. Compressive fibre failure for 611 <0

o 2
a(%) > 1,  where 0<a<1 (3.2)
L

(‘)’(—c)2 > 1 (3.3)

g (2)2 > 1 (3.4)

Gy \2 Y. \? o G1,\2
( 22) + <_C) 1 £+(£) > 1 (3.5)
25r 25r Y, S,

where, oij denote the stress components and the tensile and compressive allowable strengths
for lamina are denoted by subscripts T and C, respectively. Xt and Yt denote the allowable
tensile strengths in fibre and transverse directions respectively. Similarly, Xc and Yc denote
the allowable compressive strengths in fibre and transverse directions respectively. Further,

St and St denote allowable longitudinal and transverse shear strengths.

3.1.2. Damage Evolution
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Damage evolution criteria determines how the material behaves after damage has
been initiated. Damage is characterized by the degradation of material stiffness. It plays an
important role in the analysis of fibre-reinforced composite materials. Many such materials
exhibit elastic-brittle behaviour; that is, damage in these materials is initiated without
significant plastic deformation. Consequently, plasticity can be neglected when modelling

behaviour of such materials [30].

The response of the material is computed from

o=0Cq4¢ (3.6)

Where € is the strain and Cq is the damaged elasticity matrix, which has the form

L (1—-dpE,y (1—-dp)(1 —dm)vaEs 0
Cq =5| (1 —=dp)(1 —dm)vizE; (1—-dm)E; 0 (3.7)
0 0 (1 = d)Gy,D
where D=1- (1 — df)(l - dm)V21V12

where df reflects the current state of fibre damage, d,, reflects the current state of matrix
damage, dg reflects the current state of shear damage, E; is the Young's modulus in the fibre
direction, E, is the Young's modulus in the direction perpendicular to the fibres, Gy, is the
shear modulus, and v;, and v, are Poisson's ratios. Equations show how the stiffness of the
material decreases as the values of the damage variables increase. Once a damage variable

for an integration point reaches a value of 1, that point no longer contributes any strength or
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stiffness to the model and can be deleted. Matzenmiller et al. [38] point out that the normal
stress contributions, induced by Poisson’s ratio, are the first to be diminished that they are

affected by both damage variables.

3.1.3 Damage Stabilization

Sometimes ABAQUS Standard can have difficulties converging while modelling
damage growth with an implicit method [30]. To help with convergence, ABAQUS has a
viscous regularization scheme which can be utilized. Four properties are required for the
viscous regularization to be active. These are viscous coefficients for each of the four failure
modes applied in damaged elasticity matrix given in section 3.1.2. A viscous damage

variable is defined by the evolution equation (see Eqn. 3.7).

d, ==(@d~d) (3.8)

where 1 is the viscosity coefficient representing the relaxation time of the viscous system

and d is the viscous damage variable.

In ABAQUS Explicit, viscous regularization can be used to model rate dependent
material behaviour. It slows down the rate of damage growth and increases the fracture

energy as deformation rates increase [30].

3.2. Interlaminar Analysis (Cohesive Zone Modelling)
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The fracture process in composite structures is quite complex which involves not
only intralaminar damage mechanisms (e.g. Transverse matrix cracking, fibre fracture), but
also interlaminar damage (delamination). Delamination is one of the predominant forms of
failure and especially for the case of crash simulation the energy is absorbed mainly by
delamination process. That is why, for effective predictive capabilities, the failure analysis

tools for different failure modes including delamination are required.

For single mode delamination analysis, Figure 3.2 represents the traction-separation
behaviour of cohesive zone in specimens loaded in pure Modes I, II and III and constitutive
behaviours. A penalty stiffness, K, is used to hold the top and bottom faces of the decohesion
element together in the linear elastic range (Point 1 in Figure 3.2). For pure Mode I, II or III
loading, after the interfacial normal or shear tractions attain their respective interlaminar
tensile or shear strengths (Point 2 in Figure 3.2), delamination starts and the stiffness is
gradually reduced to zero. The onset displacements (6°1, 8°2 and 6°) are obtained by dividing
tensile or shear strengths to stiffness value. The area under the traction—relative displacement
curves, named as fracture toughness (Gic, Guc and Guic respectively), defines the final
relative displacements, &1, 8% and &% (Point 4 in Figure 3.2). In shear modes, the traction-
separation curves are symmetric, and same behaviour is expected when the direction of shear
is inverted (Figure 3.2.a), and in tensile mode, no failure is expected in compression (Figure

3.2.b)
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Figure 3.2. Pure mode constitutive equations: (a) Mode II or Mode III; (b) Mode 1.

In structural applications of composites, instead of single mode analysis,
delamination growth is likely to occur under mixed-mode loading. Therefore, a general
formulation for decohesion elements dealing with mixed-mode delamination onset and
propagation is also required [32]. Decohesion elements use failure criteria that combine
aspects of strength-based analysis to predict the onset of the softening process at the interface
between laminae, and Fracture Mechanics to predict delamination propagation. Camanho et
al. [33], developed zero-thickness volumetric decohesion elements able to capture
delamination onset and growth under mixed-mode loading conditions in composite

structural components.

For the Cohesive Zone Modelling in ABAQUS, carrying out the theory and

formulations are quite important to apply precise model.
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3.2.1. Formulations of Cohesive Zone Modelling

Some studies investigate formulations about delamination and their applications to
composite structures [33-37]. In this part, these formulations are described which are also

included in ABAQUS for CZM.

Cohesive damage zone models relate cohesive surface tractions, o, to separation, A,
at an interface where a crack may occur. The law used in this paper is a bilinear relation
between the traction and the separation (see Figure 3.3) [37]. Damage initiation is related to
the interfacial strength, o, i.e., the maximum traction on the traction—separation relation.

The area under the traction—separation relation is equal to the fracture toughness, Ge.

L 3

Figure 3.3. Bilinear constitutive equation [37]

According to Figure 3.3, Relative displacement at damage initiation, £, is defined in

Eq. (3.8).
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g =% (3.8)

o. = E3€.=KA 3.9

K is the interface stiffness that relates the resulting tractions at the interface with the
opening displacement, A and E; is the through-the-thickness Young’s modulus of the

material. The effective strain of the composite is shown in Eqn. 3.10.
6t A A
Eeff = ?+¥= 8+¥ (3.10)
where t is the thickness of each ply.

By converting € to E, the equivalent Young’s modulus can be written as a function
of the Young Modulus of the material. Using Eqns. (3.9) and (3.10), the effective Young’s

modulus is written as in Eq. (3.11).

1
Eerr = E3 <_1+’f<—i> (3.11)

The effective elastic properties of the composite will not be affected by the cohesive
surface if E; < Kjt. At that point a parameter m is defined and Eq. (3.12) is obtained.
Equations (3.8) and (3.12) can be applied for each single crack modes shown in Table 3.1.
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K= — (3.12)

Interface stiffness, K, should be large enough to provide a reasonable stiffness but
small enough to reduce the risk of numerical problems such as spurious oscillations of the
tractions. According to the study of Turon et al [37], m is taken as 50 since the loss of

stiffness due to presence of interface for that m value is sufficiently accurate for problems.

Table 3.1. Equations for each single mode.

MODE I MODE II MODE III
(Opening) (In-plane shear) (Out-of-plane shear)
033 T31 T32
T TR 2 K
mE3;3 mGszq mGs,
K; = Ky = Koy =
I T 11 t 11 t

The damage initiation can be calculated by quadratic formula of Eq. (3.13). In this
model, linear softening damage law, shown in Figure 3.3, is used with the mixed-mode

fracture energy criteria based on Power law (Eq. (3.14)).
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(;’T‘C)Z+(%)2+(%)Z=1 (3.13)

(%)K+(2—E)K+(%)K=1 (3.14)

where Gy is normal fracture energy, Gf; and Gyj; are shear fracture energies for Mode-1I and
Mode-III respectively. Gy is the normal strain energy release rate, Gy and Gy are shear strain

energy release rates for Mode-II and Mode-I1I respectively.

The viscosity parameter is required to be defined for stability in solving the nonlinear
equations. It is difficult to achieve the nonlinear iteration convergence without this
parameter. As this slightly affects the CPU time but not the results, values from 107 to 107
were recommended. In the model of Chen et al [34] an optimum value of 10 is chosen.
Besides stiffness and viscosity parameters, a friction coefficient, which describes the
frictional forces between the surfaces separated, has also to be set in order to calibrate
cohesive law. Friction coefficient, mostly determined by experimental studies, is used in this

study as the value indicated in the study of Sokolinsky et. al. [19]
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4. NUMERICAL ANALYSIS

For Numerical Analysis, commercial finite element program ABAQUS/Explicit is
used to simulate the behaviour of the crash boxes during crash tests. When compared to the
implicit methods, explicit FE methods are better in solving structural problems involving

complex contact interactions occurring within a short duration.

Simulations of crushing processes can be carried out in quasi-static and impact
conditions. In impact conditions, the structure is subjected to decrease in crush speed, from
an initial impact speed to final rest, which is true behaviour of the actual crush. In quasi-
static compression, the specimen is crushed at a constant speed. Since energy absorption
capability is dependent on the speeds, quasi-static analysis may not be a true simulation of
the actual crash condition. However, quasi static simulations are time-effective and easy to
control. That is why; quasi-static modelling is mostly preferred in the studies of progressive

failure analysis [29].

This part presents, firstly, the case study of simple delamination model to apply
cohesive zone method. Then, the benchmark study and the numerical analysis of a novel
geometry are proposed. Since the quasi-static modelling is applied in benchmark study and
impact testing of novel geometry is difficult for the crushing unless provided with expensive
equipment, in this study, crushing simulations for all specimens are carried out in quasi-

static conditions.

4.1. Case Study: Simple Model for Delamination with CZM in ABAQUS

According to the CZM equations, in order to see the delamination behaviour, CRFP
sample with the stacking sequence of (0/90)2s and ply thickness of 0.125 mm under impact
loading is modelled in ABAQUS. Each ply is extruded in 2D separately and bonded with
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the interaction module by assigning interlaminar cohesion parameters. Interlaminar cohesion
parameters are taken from the study of Sokolinsky et al. [19]. Table 4.1 shows the
interlaminar strength and fracture energy values of the material. Interface stiffness values
are calculated as indicated in Eq. (3.12), where m is taken as 50. Friction coefficient between
cohesive elements is chosen as 0.2 in this case study. To initiate delamination properly,

crushed surface is 45° chamfered. The specimen can be seen in Figure 4.1.

Figure 4.1. The two-dimensional specimen.

For the prediction of a value in the power law fracture energy criteria formula, Chen
et al. compares the predicted failure loads for a=1 and a=2, to the experimental results [34].
Chen obtained that there is a good agreement between prediction and the tested failure results
when « is equal to 1. That is why, fracture energy criteria based on Power Law formulation

is applied with a=1.

Table 4.1. Interlaminar material strength and fracture energy values

033c(MPa) 043, (MPa) 0,3, (MPa) IC(J/mZ) GICI(J/mZ) GICII(J/mZ)

54 70 70 504 1566 1566
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Finally, element deletion is applied according to Hashin failure criteria where

following conditions is provided.

- Hashin Matrix compressive failure criteria > 0.99

- Hashin Fibre Compressive Failure criteria> 0.99

4.2. Benchmark Study

The study of Sokolinsky et al. [19] presents a physics-based finite element model of a
sine wave shape carbon—epoxy fabric composite plate subject to quasi-static crushing that
consists intralaminar (in-plane) and interlaminar (delamination) failure mechanisms in
ABAQUS/Explicit. In this work, the finite element model of Sokolinsky et al. is reapplied
in ABAQUS/Explicit for the validation of the numerical methodology. View of the model

is given in Figure 4.2.

Figure 4.2. The top and side view of the ABAQUS/CAE model of the composite plate
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As modelled specimen, the [0/90]>s composite lay-up is 2 mm thick and 76.2 mm
long. A single-sided 45-degree chamfer is applied at the bottom of the specimen that is
accounted as crush initiator. The cross-section of the corrugated plate specimen can be
obtained by repeating a semi-circular segment of radius 6.35 mm three times at alternating

sides with respect to the mid-plane (see Figure 4.3).

3xR6,35

2,01 2xR3.19

12.7

50.8

Figure 4.3. Cross-sectional view of the plate (All dimensions are given in mm.)

Both intralaminar (in-plane) and interlaminar (delamination) failure mechanisms are
considered in order to simulate the real physics of composites crushing. The in-plane
response of the composite plies is modelled with the Hashin damage criteria as a
homogeneous orthotropic material which is capable of sustaining progressive stiffness
degradation due to fibre/matrix cracking. This model requires the density value, elasticity
constants, damage initiation coefficients and damage evolution coefficients. The elasticity
constants include the Young’s modulus in the fibre directions, the principal Poisson’s ratio,
and the in-plane shear modulus. The damage initiation coefficients include the tensile and
compressive strengths along the fibre directions and the shear strength at the onset of shear
damage. The values of the user material constants and damage initiation coefficients are
given in Table 4.2. Interlaminar response of the plate is modelled according to cohesive zone
modelling approach as validated in simple delamination model. The used cohesion

parameters were previously given in Table 4.1.
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Table 4.2. Material Properties of TORAYCA T700/2510 [39]

Description Variable Value
Density [g/cm3] p 1.53
Longitudinal modulus [GPa] Eu 55.9
Transverse modulus [GPa] Exn=E3; 54.4
Principal Poisson's Ratio Vi2 0.42
Shear Moduli G12=G23=G31 4.2
Longitudinal Tensile Strength [MPa] Xi+ 911.3
Longitudinal Compressive Strength [MPa] Xi. 704
Transverse Tensile Strength [MPa] Yo+ 770
Transverse Compressive Strength [MPa]  Ya- 698.2
In-plane Shear Strength [MPa] S 131.6

Each of the eight fabric plies were individually meshed with continuum shell
elements (SC8R). Continuum shell elements in ABAQUS have the geometry of a three-
dimensional solid element but their kinematic and constitutive behaviours are similar to
those of conventional shell elements. As pointed in the study of Sokolinsky et al., the
crushing load was applied to the composite plate through another rigid steel plate moving
with a constant velocity of 200 mm/s. The friction coefficient between the surfaces of the

debonded composite plies was assumed to be 0.3 [19].

4.3. Numerical Analysis of Composite Specimen with a Novel Geometry (Sandwich
Structure)

This section contains the numerical analysis of composite crash box structure where
a novel geometry is proposed. Numerical simulations of crash tests for both steel and
composite crash boxes are performed to obtain energy absorption values derived from load-
displacement data. In order to compare specific energy absorption capacity and estimate the
optimum thickness of composite crash box, same geometry with steel is also modelled in
ABAQUS/Explicit. The cross- sectional view of the sandwich structure with dimensions is

given in Figure 4.4.
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100

Figure 4.4. Cross-sectional view of sandwich structure (All dimensions are given in mm.)

4.3.1. Numerical Analysis of Metal Specimen
The finite element model includes a deformable model of the crash-box. The 3D
drawing of the sandwich crash box is given in Figure 4.5. Material used in the analysis is

DP600 Steel with the density value of 7.85 g/cm?, elastic modulus of 210 GPa and the
Poisson’s ratio of 0.3 [40].

, &

Figure 4.5. The 3-Dimensional view of the metal specimen
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Metals show an increase in their yield strength with an increase in plastic strain as
well as strain rate. During a crash, the boxes severely deform in a very short time. That is
why a realistic simulation of a crash event requires a constitutive equation that accounts for
non-linear and strain-rate dependent deformation. In the present FE model, Strain-rate

dependent tabular data [40] is used (see Figure 4.6).
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Figure 4.6. True stress- strain curves of DP600 Steel at six different strain rates [s'] [40]

As in other analyses, steel specimen is placed between the two rigid plates. For
applying initial and boundary conditions, upper rigid wall (the impacter) has an initial
velocity of 300 mm/s. All degrees of freedom in the lower plate and all degrees of freedom
in the upper plate, except in the direction of crushing (z) axis, were constrained. Crash box

is built as solid elements while shell elements are used in rigid impacter.
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4.3.2. Numerical Analysis of Composite Specimen

The benchmark model defined in section 4.2 was studied to elucidate the progressive
crush failure model in ABAQUS consisting in-plane and delamination damages. In this
section, comprehended and validated model is applied to a composite sandwich structure
with a different material, namely AS4/8552, which is a carbon/epoxy prepreg supplied by

Hexcel.

Finite element model of a carbon—epoxy composite specimen with the novel
geometry is simulated in ABAQUS/Explicit. The specimen, in which [0/90]>s composite
lay-up used, is 1.5 mm thick and 100 mm long. Because the geometry of the crash-box and
the loading are symmetric with respect to the horizontal and vertical mid-planes, only one
quarter of the assembly is analysed and the necessary symmetry conditions are applied on
the corresponding interfaces. Figure 4.7 shows the quarter model. Since the crushing
behaviour is simulated in two-dimensional model, the extrusion of the bead is changed as
illustrated in Figure 4.8. By doing this, the intralaminar and interlaminar behaviour of the

bead can be simulated.

Figure 4.7. a) Quarter model of the composite sandwich structure b) front view with
symmetry axes
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Figure 4.8. Illustration of the bead in the assembly.

The material used for this model is AS4/8552 carbon-epoxy. Table 4.3 shows the
material properties. For interlaminar properties to apply cohesive zone modelling, all of the
required data is not available in the literature. At that point, fracture toughness data for a
very similar carbon fibre/epoxy (IM7/8552) is taken from the study of Hallett et al. [41]. The

properties used for cohesive zone model is given in Table 4.4.

Table 4.3. Material properties of AS4/8552 composite

Description Variable Value
Density [g/cm3] p 1.58
Longitudinal modulus [GPa] En 141
Transverse modulus [GPa] E2=Es;3 97.55
Principal Poisson's Ratio Vi2 0.267
Shear Moduli in 1-2 plane [GPa] G12=G13 5.2
Shear Moduli in 2-3 plane [GPa] G23 3.19
Longitudinal Tensile Strength [MPa] Xi+ 2200
Longitudinal Compressive Strength [MPa] Xi. 1500
Transverse Tensile Strength [MPa] Yo+ 81
Transverse Compressive Strength [MPa]  Ya. 260

In-plane Shear Strength [MPa] S 80




40

Element type and boundary conditions are applied as described in the benchmark
study. The velocity of the impacter is chosen as used in the simulation of metal specimen,
which is 300 mm/s. The analysis consists of a single explicit dynamic step. In the
simulations, automatic time incrementation is used with element-by-element stable time

increment estimates.

Table 4.4. Interlaminar properties of IM7/8552 composite

033c (MPa) | 013.(MPa) | 033.(MPa) GIC(J/mmz) ICI(J/mmZ) GflI(J/mmz)

54 70 70 0.2 0.8 0.8

In Section 4, four different numerical analyses are taken into consideration that
contains the models of delamination, benchmark study and sandwich crash box structures
with metal and composite materials. Results are discussed in Section 6 in detail. At the end
of all analyses, in order to present a clear definition, details related to FEA developed for the

progressive crushing process of composite crash box are listed in the following steps;

1. Creation of parts of the model as three dimensional extrusions. Each ply is extruded

separately.
2. Material properties definition and assignment.
3. Material failure criteria definition.
4. Composite lay-up assignment in which continuum shell elements are selected.
5. Orientation indication.
6. Assembly of all single parts.

7. Interaction properties assignment. Cohesive surfaces are identified separately with the

assigned properties.



8. Mesh creation with continuum shell elements and stack direction assignment.
9. Definition of the boundary conditions and load.

10. Job creation.

41
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5. EXPERIMENTAL STUDY

In the experimental part of this study, a quasi-static compression test is carried out
on CRFP sandwich structure. The main objective of the experiment is to visualize the
behaviour of the composite material under quasi-static compressive loading and to obtain
load-displacement curve for verification with the numerical results. The material and
stacking is chosen as [0/90]>s which are the same with the properties in the model of

corrugated specimen.

5.1. Specimen Preparation

The sandwich structure is manufactured from Hexcel AS4/8552 carbon-epoxy unidirectional
prepregs. Manufacturing process is carried out in an autoclave with a depth of 1500 mm and
inner diameter of 1200 mm. An autoclave is a kind of pressure vessel in which temperature
and pressure can be controlled. In the autoclave manufacturing technique, prepregs are
stacked on the mould by hand lay-up technique. The schematic representation of the lay-up
method is given in Figure 5.1. Prepared laminate is vacuumed in a vacuum bag and heated
as demonstrated in Manufacturer Recommended Cure Cycle (MRCC). With the help of
pressure, voids in resin are minimized. During the curing process, resin is hardened or
toughened by crosslinking of polymer chains. In addition, resin and fibre are bonded

chemically. MRCC for AS4/8552 prepreg produced by Hexcel could be seen in Figure 5.2.
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(@)

Aluminium
tool

(b)

Figure 5.1. (a) Schematic representation of the lay-up method. (b) Manufactured sandwich
panel.



44

8

25
—Temperature

g

—Pressure [Bar]

5 8
8

-
~
[=]

=

w

Temperature (°C)
g 8
5
Pressure [Bar]

3

8 B8
\

0 60 120 180 240 300 360
Time (min.)

Figure 5.2. Manufacturer Recomended Cure Cycle in terms of temperature and pressure

The sandwich panel shown in Figure 19b is then cut by a diamond cutter into 100
mm X 100 mm parts with 1.5 mm thickness. The compression surfaces is machined to
guarantee to be parallel to each other and chamfered in a milling machine. The final weight

of the specimen is 56.51 grams. Close-up photo of a finalized specimen is presented in Figure
5.3.

Figure 5.3. Test Specimen for the novel geometry
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5.2. Test Procedure

The specimen is tested in the vertical configuration standing free on the steel surface
of the Instron Universal Testing Machine (Model 3369). The upper plate of the experimental
rig was moving downwards during the experiments. A self-aligning sphere joint was used to
introduce the crushing load from the test frame onto the specimen. Because the corrugated
specimen is self-supporting, no supports were used on the specimens. The testing was

performed at a quasi-static speed of 0.5 mm/min. Fig. 5.4 shows the experimental setup.

Figure 5.4. Experimental Setup

6. RESULTS AND DISCUSSION
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The main purpose of the thesis was to develop a numerical model for crushing
process of composites. Progressive failure during crush consists of interlaminar and
intralaminar progressive failure. For the interlaminar failure analysis, a methodology for
predicting accurately the propagation of delamination under mixed-mode fracture with
cohesive elements was proposed. At that point, simulation of the delamination behaviour of
the two dimensional simple composite geometry is used for validation. Results will be given

in section 6.1.

Moreover, modelling of the crushing process of composite crash box for a specific
geometry existing in the literature was also studied for benchmarking purposes. A finite
element model, which includes the intralaminar and interlaminar progressive failure analysis
of composite crash box, was developed. First, in order to discuss the accuracy of the
developed numerical method, results obtained from FE analysis and taken from the original

study will be compared in this section.

Additionally, this thesis work also presents the numerical analysis of the composite
crash box with a novel geometry. AS4/8552 carbon-epoxy material was selected as a model
material for that crash box because of the availability of the material itself as well as the
material property database. Although the intralaminar material properties were found from
the experimental studies in literature, the required data for interlaminar properties of the
material couldn’t have been reached. Therefore, the interlaminar properties of a similar
material, namely T700/8552 were used in model since the matrix is the same, and the
interlaminar properties are mostly resin-dominated. For validation, composite crash box was
manufactured in order to observe crushing behaviour experimentally. With the help of the
experimental measurements, load results of the FE method with the estimated interlaminar

properties can be validated.
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Finally, in order to compare the energy absorbing capacities, numerical analysis of
DP600 Steel crash box was also done. By comparing the absorbed energy values between
the metal and composite specimens, the optimality of the thickness of composite crash box

can be discussed.

6.1. Results of Basic Delamination Model

As one of the significant part of the thesis, Cohesive Zone Model (CZM) approach, suitable
for modelling delamination propagation, was adopted. Decohesion elements use failure
criteria that combine aspects of strength-based analysis to predict the onset of the softening
process at the interface between laminae, and Fracture Mechanics to predict delamination
propagation. Details about model were given in Section 3.2. The model was validated by
simulating the delamination behaviour of the two dimensional simple composite geometry

with eight plies. The results for delamination growth are shown in Figure 6.1.
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Figure 6.1. Delamination growth of the 2D specimen

As mentioned, the analysis was carried out to study the effect of the CZM. Numerical
simulation showed that the model developed in ABAQUS is able to model the smooth,
progressive delamination. As an advantage, CZM can be effectively used in a range of
different element sizes and can save a large amount of computation. According to Figure
6.1, the capability of the model is proved by the reasonable delamination growth.
Furthermore, results show the significance of 45° chamfer as delamination initiator. Chamfer
behaves as trigger and avoids buckling and higher initial load peak which would lead to

destruction of other structural parts.
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6.2. Results of Benchmark Study

The deformed shape of the sinusoidal shaped plate at crushing simulation is shown in Figure
6.2. Note that the deletion of damaged elements in the plies creates detached parts that are
removed from the model as explained previously. It can be seen from the deformation results
that the ABAQUS/Explicit simulation reproduced important characteristic features of the
crushing response of composites. Moreover, a close match between the published study
(Sokolinsky et al. [19]) and simulated load displacement curves is demonstrated in Figure
6.3. According to these results, it can be said that both the peak and average crush forces

were predicted reasonably well.



Figure 6.2. Crushing Process of the plate
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Figure 6.3. Comparison between the load—displacement curves of the published study [19]
and predicted numerically in this study.

The numerical results for the energy absorbed versus stroke, which is calculated as
the total area under the load—displacement curve in Figure 6.3, are shown in Figure 6.4. The
term stroke is the length of the plate that has been destroyed during crushing. As can be seen
from the figure, the original and numerically predicted curves nearly coincide with each

other.
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Figure 6.4. A comparison between the absorbed energy values in the published study [19]
and predicted numerically in this study

Finally, a comparison between the experimental and simulated specific energy
absorption (SEA) of the novel crash box based on sandwich plate is done. SEA shows the
ability of a material to dissipate energy; it is measured in Joules per gram and computed by
dividing absorbed energy by the crushed mass of the plate, which can be expressed as the
product of the stroke, cross-sectional area of the plate, and its density. From the study of
Sokolinsky et al., the specific energy absorption value is 85 J/g when the material is crushed
for 20 mm. This value is 86.062 J/g evaluated from the numerical analysis in this study.
Taking into consideration the extremely complicated nature of the crushing process, the
overall correspondence between the original and simulated SEA results can be said to be

very well.

As a result, it can be deduced that the benchmarking study of Sokolinsky’s work is
achieved successfully and the accurate model with intralaminar and interlaminar damage

mechanisms, which can be applied for other geometries, was developed.
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6.3. Results of the Sandwich Structure

According to the model that simulates crushing process of the composite crash box
with a sandwich structure, the deformation of the specimen is shown in Figure 6.5.
According to results, it can be said that brittle fracturing crushing mode was observed which
is a combination of fragmentation and splaying crushing modes. As previously indicated,
the experimental study was also carried out for comparison with numerical simulation.
Figure 6.7 demonstrates the crushed composite structure at the end of the quasi-static
compression test. Please note that the model is only a quarter of the structure since the

symmetric nature of the structure is taken into account.
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Figure 6.5. The deformation of the composite crash box with sandwich structure (quarter
model).
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The simulation time was one of the challenges for modelling in ABAQUS. Instead
of solid elements, continuum shell elements were used and element size is increased to
reduce the simulation time. Moreover, mass scaling was employed in order to achieve a

reasonable run time.

The other challenge for this numerical analysis was the occurrence of excessive
distortion errors during simulation. The excessive deformation of a three-dimensional
element under axial loading (see Figure 6.6) makes the running simulation aborted at the
beginning of the analysis. Mass scaling was one of the recommended solutions to overcome
this problem; so it is applied. In addition, the velocity is reduced and step time is increased.
Different mesh sizes were applied and the damage variable criterion for element deletion is
also reduced in order to delete elements before excessively distorted. In the final model, a
uniform mesh with an element size of 1 mm by 1 mm was used for each ply. When
simulation time is taken into account, mesh convergence study couldn’t have been applied.
Element size is indicated as the minimum value that does not cause excessive distortion. As
a result, the model, with 56800 elements and 0.01 seconds step time period, required

approximately one week of running time on 8-Core computer.
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Figure 6.6. Distorted element at crash simulation. a) at the beginning, b) after element is
distorted.
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At the end of the quasi-static compression test, corrugated specimen is crushed as
shown in Figure 6.7. The load-displacement output of the numerical analysis is given in

Figure 6.8 together with the experimental results.

Figure 6.7. Crushed corrugated specimen at the end of the compression test.
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Figure 6.8. Comparison of the experimental and numerical load—displacement curves of
corrugated crash box.
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As can be seen from Figure 6.8, the specimen was crashed by 20 mm. When, both
the peak and average crush forces are compared, the difference between two curves is not
too much. It should be noted that by measuring actual interlaminar properties, better
accuracy can be obtained. However, when challenges and simulation time are taken into
consideration, the accuracy of the results is accepted as quite reasonable. By calculating the
total area under the load-displacement curve, the numerical and experimental results for the
absorbed energy is obtained as shown in Figure 6.9. At the point that the crushed length
reached to 20 mm, the numerically obtained value of energy absorbed by the crash box is
435.6 J. According to this result, it can be said that novel geometry absorbed more energy
than the sinusoidal geometry of the benchmark study. The specific energy absorption value

of the novel geometry is 44.59 J/g in average.
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Figure 6.9. Numerical and experimental results for the absorbed energy for composite
sandwich crash box
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In order to compare the composite and the metal structures, the numerical analysis of metal
crash box was done for the same geometry and the load-displacement curves and absorbed
energy values of the metal and composite structures are compared in Figures 6.10 and 6.11.
According to overall comparison given in Table 6.1, it is hard to say that composite crash
box can substitute a metal crash box while both having same thicknesses. The amount of
energy absorbed for metal crash box at 20 mm crushed length is 1654.6 Jules which is
approximately four times higher than the energy absorbed by the composite structure. On
the other hand, recent composite crash box is %88 lighter than the metal one. If the specific
energy absorbing capacities (SEA) are compared, composite crash box has 2.4 times higher
SEA. In order to reach an optimum design for higher absorbed energy, the thickness and the

weight of composite crash box can be increased.
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Figure 6.10. Load-displacement curve of the steel and composite crash box
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Figure 6.11. Numerical absorbed energy results of composite and steel crash boxes.

Table 6.1. Comparison of energy absorption values between composite and metal crash

boxes
Crash Box ) . Energy absorbed for
Thick h EA
Material ickness [mm] | Weight [g] | SEA [J/g] 20 mm crush [J]
Composite 1.5 52.8 44.59 435.6
Metal 1.5 448 18.47 1654.6
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Figure 6.12. Deformed shape of the metal crash box
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7. CONCLUSIONS AND FUTURE WORK

In this study, modelling of the crushing process of composite crash box for a specific
geometry existing in the literature was studied for benchmarking purposes. A finite element
model of progressive failure analysis of composite crash box, including intralaminar failure
and delamination behaviour, was developed in ABAQUS/Explicit. For damage initiation,
Hashin damage criteria, which is default in ABAQUS, was applied. Moreover, CZM was
used to simulate the delamination process. The comparison between the model predictions
and published results showed that the model can predict the energy absorption of the crash

box very accurately.

After benchmarking study, validated ABAQUS/Explicit finite element code was used to
simulate the behaviour of composite crash box with a novel geometry (sandwich structure).
AS4/8552 carbon-epoxy material was selected as a model material because of the
availability of the material itself as well as the material property database. For the
interlaminar properties, data of a similar material, namely T700/8552 were used in model.
By determining the crash performance of the sandwich structure experimentally, numerical
and experimental results were compared and interlaminar properties were validated.
Consequently, the numerical results pertaining to the load-displacement curve as well as
energy absorbing capacity of the sandwich structure are close to the experimentally

measured values with an acceptable accuracy.

Finally, numerical analysis of DP600 Steel crash box having same geometry with the
sandwich composite structure was applied to compare the energy absorbing capacities and
discuss the optimality of the composite design. According to comparison, although the
specific energy absorption value of composite is higher than metal crash box, the absorbed
energy results of the composite structure fell behind the metal crash box. That is why;
composite crash box with selected thickness value cannot be utilized as the substitution of
metal version. At that point, as a future work, a new thickness and lay-up design for same

geometry, as well as other geometry options can be implemented to find an optimum crash
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box that absorbs more energy with less weight than the metal design. On the other hand,
future research can include a further validation of the numerical model with other damage

criteria and for different geometries and materials.
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