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Abstract

As composite materials become increasingly utilized in commercial vehicles, 
the need to understand their crashworthiness has provided the motivation to 
investigate their viability for automotive applications. Composites due to 
their anisotropic nature inhabit complex failure mechanisms that make the 
categorization of their energy absorbing behaviour difficult. This study 
addresses the modelling and numerical simulation of the energy absorption 
capacity of composite components subjected to crash loads. In the numerical 
investigation, the crashworthiness of a composite crash box and a side-
impact beam is measured using dynamic and quasi-static testing. Results 
from the numerical analysis have shown that the complexities of the failure 
mechanisms are guided not just by material structure but component 
geometry, as different geometries favour different failure mechanisms, 
providing varying levels of energy absorption. This study has verified and 
demonstrated a numerical procedure for modelling composite structures 
under crash loads, used the numerical results to characterize the energy 
absorption capability and provided the basis upon which further correlations 
with experimental results will serve as a building block for future model 
development. 

Keywords: composite failure, crashworthiness, fibre reinforced composites, 
delamination, impact test, LS-DYNA 
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1 Introduction

  The recent trend in automotive designs has primarily been driven by two 
specific areas of interest, namely the use of lightweight elements to improve 
fuel efficiency and reduce emission, and the need for higher safety 
performance and multi-functionality while preserving collision safety. 
Structural crash elements have traditionally being made from steel and 
aluminium alloys, which have been the benchmark of the automotive industry 
for several decades now. However, crush structures made of metal do not 
provide the same energy absorption capability, stiffness-to-weight ratio and 
corrosion and fatigue resistance as compared to composite structures. 

1.1 Vehicle crashworthiness 

The use of composite materials in crash resistant structures has a unique history 
dating from the early 1950’s until the present day. The aeronautical industry 
was the first to adopt composite materials in the design of crash resistant 
structures, with the aim of reducing overall structural weight and fuel 
consumption whilst maintaining structural integrity.
The combined benefit of energy absorption capability and improved vehicle 
safety by higher or equivalent crash resistance makes the composite material a 
better choice in vehicle design[1]. However composites compared to metallic 
structures have very distinct material properties, which make their behaviour 
very difficult to predict, and thus the need to understand the crashworthiness of 
such structures becomes increasingly important.  
Furthermore, the complexity of the failure mechanisms that occur in composite 
materials make the categorizing of the energy absorbing behaviour of 
composite structures difficult. Some of the challenges involved in the 
application of structures made of composite materials include the experimental 
characterization and numerical modelling of the material structure.  
Composites due to their anisotropic nature do not undergo the same yield 
process characteristics of ductile materials, but on the application of load 
deforms elastically up to the point of fracture[2]. The primary energy absorbing 
mechanisms in composite materials include cracking and fracture of fibres, 
delamination of the layers, pull-out or de-bonding of fibres from the matrix and 
matrix fracture. 
Presently several of the material models for analysing composite failure 
provide no or simplified models for the post-failure behaviour, and thus limits 
the effective categorization of the energy absorbing capability of composite 
materials to aide in the design of crashworthy structures. It is however clear 
that the fracture modes and energy absorbing characteristics of composite crash 
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components under loading conditions depend hugely on the composition of the 
material structure and geometry. Consequently, it is fair to say that the energy 
absorption characteristics of structural composites due to static compression 
and vertical impact may vary significantly as a function of material type and 
ply orientation[3]. Composites structures when subjected to external load do 
not collapse plastically as compared to metallic structures, but rather at various 
modes depicted by micro-cracking development in the material structure[4]. 

1.2 Background

This thesis work which is part of the research program ‘Modelling crash 
behaviour in future lightweight composite vehicles’ is aimed at developing a 
representative modelling of the energy absorbing mechanisms in automotive 
structures made of advanced, in particular, carbon reinforced polymer 
composites in the event of a crash. The research program is divided into four 
working groups, which are material characterization, material modelling, 
structural modelling and implementation. The successful implementation and 
execution of the material model in a vehicle’s energy absorbing structure will 
enable the establishment of crash predictions of composite structures to a level 
comparable to current metallic structures. 

1.3 Objectives 

Composites as an alternative to metals provide numerous structural and 
performance advantages in the energy absorbing structures of vehicles. Chief 
amongst these include the ability to easily tailor a design of choice, higher 
strength-to-weight ratio, stiffness-to-weight ratio and corrosion and fatigue 
resistance.
To avoid excessive testing of prototype vehicles, the automotive industries rely 
heavily on finite element simulations to provide early warnings in the design 
process.  A validated finite element model can then be used to simulate 
different crash scenarios ranging from impact angle, velocity etc.  
However, due to their complex yield process, the introduction of composites in 
crash elements poses a limitation on the design, safety and performance 
requirements of   the vehicle. 
Nevertheless, an ideal crashworthy structure must be able to absorb kinetic 
energy, dissipate the energy over a time frame, and allow the deceleration of 
the vehicle to a minimum, without causing damage to the occupant.  
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However to dissipate energy and maintain a gradual decay in the load prolife in 
the event of an impact, the said material must have a very high fracture 
toughness. The fracture toughness will determine the materials ability to 
prevent failure initiation and resist the propagation of defects, and composite 
structures display high specific energy absorption when compared to metallic 
structures due to their low density.

Therefore, to evaluate the suitability of composite components made in 
particular of carbon-fibre-reinforced-polymer (CFRP) material for crashworthy 
application, this thesis proposes the evaluation and verification of the following 
underlined objectives: 

Determining necessary features in component geometry to allow for 
proper energy absorption and dissipation. 
Determining the overall material system required (i.e. nature of the 
matrix/fibre design) to enable structural integrity without negatively 
affecting the manufacturing process 
Analysing and evaluating composite components under crash loads 
through the use of existing state-of-the-art crash analysis methods. 

1.4 Methodology  

For most part of this project, a literature review was performed to understand 
the various failure mechanisms and structural behaviours associated with crush 
simulations of composite materials. As mentioned in the introduction, 
composite failure mechanisms are very unique in comparison to traditional 
metallic alloys. Therefore, its uniqueness in structural behaviour places a 
limitation on the design, safety and performance requirements. 

However, with the introduction of FE-software packages for the simulation of 
advanced composite materials some of these limitations can be avoided.  
The finite element software packages used in this thesis work will include 
ANSA (version 15.0.0) for pre-processing, LS-DYNA (version R7.1.0) as the 
main solver and META (version 15.2.3) for post-processing. 
For defining structural geometry and necessarily load and boundary conditions, 
the pre-processing software ANSA will be used, as well as mesh generation. 
Final results from the numerical simulations will later be verified with an 
actual test conducted at the Volvo Car Corporation, Gothenburg. 
However, to reduce the cost of running several simulations, a modelling 
strategy [5] was developed to characterize material failure through element-
level crush experiment by tuning in the material parameters before 
implementation into the crash model.  
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The present study includes the modelling and axial crushing of a composite 
crash box and a side-impact beam with representative geometries used in crash 
simulation. Quasi-static and dynamic impact tests are performed to evaluate the 
energy absorption capability of the components. The chapter, which covers the 
LS-DYNA simulation, includes an introductory part where the specifics of the 
FE-model are described, followed by a detailed description of the simulation 
process.

Figure 1.1: Modelling strategy used for the 
characterization of material failure from an element level 
to a full crash model.

For comparison purposes, simulations of different shell models are also 
performed as a means of validating the numerical results. Final results from the 
crush models are analysed to identify key parameters associated with crush 
simulations.  

ELEMENT TEST

COMPONENT TEST

CRASH TEST
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2 Literature Review On Composite Failure 
And Their Energy Absorbing 
Mechanisms

A Vehicle’s crashworthy performance is based largely on the absorption of 
energy by structural deformation through a mechanism of controlled failure. 
Composites structures when compared to metallic structures have relatively 
numerous structural advantages, which include higher strength-to-weight ratio, 
higher stiffness-to-weight ratio and corrosion and fatigue resistance, and above 
all better energy absorption capability. However, composites unlike metals do 
not undergo the same yield process characteristics of ductile materials, but on 
the application of load deforms elastically via a sequence of fracture 
mechanisms that involves fibre fracture, delamination, matrix cracking, etc. 
The geometry and nature of the matrix/fibre design in a composite material will 
determine its energy absorption capability.  
To evaluate the suitability of composite material for crashworthy structural 
application, a crush test is utilized to determine the energy absorption 
capability. Composite crush testing can be grouped into three categories, 
namely coupon, element and structural testing. Coupons are small, inexpensive 
and easily fabricated shapes that can be used to reveal the energy absorption 
properties of a material related to the constituents. The elements are rather 
larger self-supporting specimens such as tubes, channels, angles etc. that 
incorporate realistic geometries used in many vehicle structures. Structures are 
full-sized assemblies of elements that make up the entire energy absorbing 
system of a vehicle.  The primary focus of this review will mostly be based on 
topics associated with composite element testing for crashworthiness 
assessment through the use of composite tube testing. The ultimate goal of this 
review will be based on the following: 

Determining ways of measuring energy absorption in the event of a 
crush 
Failure mode mechanisms observed during composite impact testing  
Parameters which affect the energy absorbing capability of crush 
components 
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2.1 Calculation of Specific Energy Absorption (SEA) 

Theoretically, the progressive failure of an ideal energy absorbing material or 
structure should exhibit a constant or square-wave load displacement response 
over an entire crushing distance.  
Such behaviour is in contrast to specimens that exhibit a catastrophic failure 
mode. The specific energy absorption measured in a crush testing is primarily 
used to quantify crush performance.  
The capability of a material to dissipate energy can be described in terms of the 
energy absorbed per unit mass of the material, which is usually measured in 
J/g. Figure 2.1 shows a typical load displacement curve of a progressively 
crushed composite tube specimen.  

Figure 2.1: A typical load displacement curve of a progressively 
crushed carbon PEEK composite tube specimen[6] 
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The area under the load displacement curve is characterized as the total energy 
absorbed in crushing of the composite tube specimen. The energy absorbed is 
defined mathematically as: 

(2.1)

Where the energy absorbed is defined as W, the load as P and the crush 
distance as S. For a more characteristic property of progressive crush mode, the 
energy absorbed can be defined as the following: 

(2.2)

The two most commonly methods of measuring the total energy absorbed per 
unit mass of a tube specimen are the specific energy absorption and the specific 
mean crush stress. The specific energy absorption is obtained by dividing the 
absorbed energy , by the product of the volume and the density of the 
material. Where  and  are the crush distances and the  is the mean crush 
load or sustained crush force. Rewriting equation 2.1 yields the following: 

(2.3)

Assuming constant section properties,  is the volume of the crushed region of 
the composite tube specimen and  is the density of the composite material. 
However, in cases such as polymer composites where it is difficult to define a 
specific value for the mean crush load , the entire area under the load 
displacement curve can be used alternatively to calculate the energy absorbed.  
Additionally, an alternative method of measuring the energy absorbing 
capability per unit mass is by defining the specific sustained crushing stress or 
SSCS. This is can be achieved by dividing the mean crush stress by the density 
of the material: 
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(2.4)

The mean crush stress is obtained by dividing the mean crush load , by the 
cross sectional area of the tube specimen. Furthermore, to evaluate the 
performance of the various crush initiators or triggers, a performance criterion 
has been defined as the ratio of the mean crush load to the peak load. 

(2.5)

A trigger effectiveness of  would indicate a perfect square-wave load 
displacement curve, but a ratio above  should represent a well-triggered 
mechanisms. Additionally, a quantity known as the crush compression ratio is 
used during material selection to determine whether a composite structure may 
fail in compression within the back-up structure due to variations in loading. It 
is defined as the crushed stress to the ultimate compressive strength of the 
material. 

(2.6)
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2.2 Test methodologies  

Current research on the energy absorbing capabilities of composite materials 
has mainly been directed towards the axial crush analysis of composite thin-
walled structures[7]. This is due to the fact that axial crush modes represent the 
most efficient form of design. However, impacted structures often fail in 
modes, which are associated with bending and off-axis load cases. Therefore, 
an understanding of the various loading cases and bending crush behaviour of 
thin-walled composite shells is also of paramount importance. The 
methodologies commonly used in analysing a vehicle’s crush behaviour are the 
quasi-static and impact testing methods.  

2.2.1 Quasi-static test  

Quasi-static testing involves the crushing of a material test specimen at a 
steady rate using conventional tensional machines. Tube specimens are axially 
compressed between parallel steel patens with one being static whiles the other 
moves in a constant crosshead speed. Unfortunately, quasi-static analysis does 
not give an accurate description of the true crash behaviour, i.e. the sudden 
impact and the relative change in crushing speed. Since the structural 
behaviour of most crashworthy components is strain-rate sensitive, the speed of 
the impact may also be an important factor in determining the energy 
absorption capability of the material.  
Nevertheless, quasi-static testing does have the advantages of being simple and 
easy to control, and less expensive than impact tests. 

2.2.2 Impact testing

Impact testing involves the true simulation of crash conditions as it 
incorporates the actual behaviour of the specimen from the initial impact to the 
sudden change in velocity. The major advantage of this method is that it 
considers the strain rate sensitivity of the material from the initial impact and 
the relative decrease in velocity. However, to be able to study the failure 
mechanisms special high-speed data equipment is required since the actual test 
takes place in a fraction of second. A further drawback of impact testing is the 
relative cost of operation.
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2.3 Crushing modes and mechanisms 

Generally, the crush behaviour of composite energy absorbing structures is 
classified as either progressive (stable) or catastrophic (unstable). 

2.4 A catastrophic failure mode 

A catastrophic failure is mostly characterized by a sudden increase in peak load 
followed by a post failure mode[8].  After the post failure mode the specimen 
is no longer capable of sustaining a significant compression load. The energy 
absorbed in this process is too less to prevent damage to the vehicle occupant. 
Most catastrophic failure mechanisms take place when unstable intralaminar or 
interlaminar crack growth occurs in the material. This type of failure is also 
common in long thin walled-tubes due to column instability. Structures 
designed for this purposes absorb less energy and carry more structural weight 
as compared to progressively failing energy absorbers.  

Figure 2.2:  A typical load displacement curve of a composite 
tube undergoing catastrophic failure[8]. 
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2.4.1 Progressive failure modes  

In contrast, progressive failure modes are characterized by an increase in peak 
load until an initial failure occurs. Stress concentrators known as triggers are 
introduced in the structures to control the energy absorption process[9]. The 
crash triggers prevent global buckling failure in the structure and allows for 
failure to occur at specific locations within the structure, which in a controlled 
predictable manner progresses through the body at a loading speed.
The purpose of the triggering system is to reduce the initial peak load that 
accompanies failure initiation as described in the catastrophic failure mode, 
and generate local stresses, which will lead to the formation of stable crush 
zones. The major benefit of progressive failure modes is that, the energy 
absorbed are very large as compared to the catastrophic failure modes and are 
also lighter in weight. Additionally, when subjected to crushing loads the 
response of energy absorbing composite structures are complex and depend on 
the interaction between the different mechanisms that control the crushing 
process. There are three[10] modes that can be identified when crushing 
continuous fibre-reinforced tubes.  

Figure 2.3:  Crushing process of fibre-reinforced composite 
tubes.
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2.4.2 Transverse shearing or fragmentation mode

The transverse shearing or fragmentation failure mode is characterized by a 
wedge-shaped laminate cross-section with one or multiple short interlaminar 
and longitudinal cracks that form partial lamina bundles. 
The main energy absorption mechanism is fracturing of the lamina bundles, 
where the number, location and length of the cracks are a function of the 
material structure and properties[8]. During the application of load the lamina 
bundles, which act as load resistant columns, will fragment causing the length 
of the longitudinal and interlamina cracks to be less than that of the lamina. 

Figure 2.4:Crushing characteristics of transverse shearing failure 
mode[11]. 
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2.4.3 Lamina bending or splaying mode 

The lamina-bending mode is characterized by long interlamina, intralamina and 
parallel to fibre cracks. The fracturing of lamina bundles is the main energy 
absorption mechanism in this mode. However the lamina bundles do not 
fracture as in the transverse shearing mode, but rather exhibit bending 
deformation or splaying. Due to the bending of the laminas, two secondary 
energy absorption mechanisms, which are associated to friction, occur as a 
result of the sliding bundle and the loading surface. 

Figure 2.5: Crushing characteristics of lamina bending failure mode[11]. 
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2.4.4 Brittle fracturing  

The brittle fracturing mode is a combination of transverse 
shearing/fragmentation mode and lamina bending. The length of the 
interlamina cracks in brittle fracturing mode are longer than those exhibited in 
fragmentation mode but shorter than those in the lamina bending mode. As a 
consequence of this the energy absorption mechanism becomes a combination 
of the two failure mechanisms.  

Figure 2.6: Crushing characteristics of brittle fracturing failure mode[11]. 
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2.4.5 Local buckling or progressive folding  

Local buckling is characterized by the formation of local buckles due to plastic 
deformation of the material. The nature of the local buckling mode exhibited 
by both ductile and brittle composite materials is similar to the behaviour of 
ductile metals. Due to fibre and matrix plasticity and fibre splitting occurring in 
the material, most fibre-reinforced composites exhibit post-crushing integrity 
by remaining intact after being crushed.  
However, brittle fibre reinforced composites only exhibit local buckling 
crushing mode when the matrix exhibit plastic deformation under high stress, 
when the matrix has a higher failure strain than the fibre and when the 
interlamina stresses are comparatively small to the strength of the matrix. 

Figure 2.7: Crushing characteristics of local buckling failure mode[11]. 
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3 Parameters Which Affect Energy 
Absorption Capability In Composite 
Structures

When determining the energy absorbing capability of crush components, there 
are other variables, which may influence the behaviour and rate of energy 
absorption such as material composition and geometry. A brief discussion 
about the parameters, which define energy absorption, is presented. 

3.1.1 Material and ply orientation 

Before analysis and final design of a composite component subjected to 
loading cases, it is necessary to define experimentally, the characterization of 
the material properties. Experimentally understanding the response of the 
material under different loading conditions will aid in the efficient utilization 
of the material. Composite material components such as fibres and matrix as 
well as their orientation (i.e. laminate design) will greatly affect the 
crashworthiness of the structure.
According to [12], cohere tubes (i.e. tubes of the same mass) with a 
lay-up developed consistently lower values of specific energy than tubes with a 

 lay-ups in the stable collapse region. Furthermore, Farley et al. also 
noted that the energy absorption capability tends to vary with ply orientation. 
Moreover, considerable variations in energy absorbing capability have been 
observed in quasi-static tests on  carbon-epoxy tubes for 
with energy absorption decreasing as the ply angle increased. 
Elevated temperatures affect the crush characteristics of composite, primarily 
through changes in the resin properties. Thornton et al. reported that the 
specific energy absorption of carbon and glass composite tubes generally 
decreases quite substantially with increasing temperature above .
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3.1.2 Structural geometry 

A great number of researches have been conducted on the crashworthy 
behaviour of composite thin-walled structural components of various 
geometries[4], [13]–[15]. The effect of specimen geometry on the energy 
absorbing capability has been investigated by varying the various geometric 
parameters such as wall thickness , axial length , mean diameter , or 
circumference C, semi-apical angle , as well as the trigger mechanisms[16]. 
Farley noted in one of his researches that energy absorption capability is a non-
linear function of diameter to thickness ratio[17]. The energy absorption was 
found to fall with increasing diameter to thickness ratio. Furthermore, different 
composite specimens exhibited different non-linear dependencies on  for 
specimens of different internal diameters.  
However, composite materials like aramid-epoxy of all diameters exhibited no 
such diametrical dependences. This implies that aramid-epoxy tube specimen 
can be geometrically scaled for energy absorption, whilst carbon-epoxy tube 
cannot.

To be able to apply the square/rectangular tubes in progressive deformation, it 
is necessary to ensure that neither brittle fracture nor any form of buckling 
instability can occur. Tubes with square ends cannot achieve a square-wave 
type of load/displacement response, and must therefore have some kind of 
modification in one end of tube to promote some form of progressive 
deformation. As noted by Thornton et al., tubes with square and rectangular 
cross-section tend to be generally less effective in energy absorption as 
compared to circular tubes. Whiles graphite reinforced circular tubes showed a 
stable brittle fracture mode, circular tubes made of reinforced Kevlar depicted a 
local buckling deformation mode. A similar pattern was also noted by 
Farley[18] on composite tubes with a near elliptical cross-section.  

The reason for the lower specific energy absorption in square and rectangular 
tubes can be accredited to the sharp corners, which act as stress concentrators, 
which as a result leads to splitting cracks and unstable collapse. Mamalis et al. 
also supported this conclusion by reporting that square and rectangular cross-
sections had 0.8 and 0.5 times the specific energy absorption of comparable 
circular specimens, respectively. Furthermore, the axial length of square tubes 
subjected to axial loading and collapsing in a stable manner does not affect 
their crashworthy capability. 
With respect to the trigger mechanisms, extensive work has been done to 
understand the effect of different types of triggers on the energy absorption 
capability of crush components. Czaplicki et al. [16] reported that the energy 
absorbed by tulip-triggered specimens was significantly higher than for bevel-
triggered specimens of the same geometry and material. Chamfered-triggered



20

specimens also tend to increase the prospect of delamination, and hence less 
energy absorption.
However, conical shells unlike the square or rectangular ones do not require 
trigger mechanisms to avoid initial catastrophic failure.

3.1.3 Loading

The influence of strain rate on the energy absorbing capability of composites 
has amongst other things been one of the major areas of research. Considerable 
experimental works have been conducted on static and dynamic crushing of 
composite structures under axial loading, but unfortunately none of these 
researches have provided or agreed on a common framework for the 
characterization of the crushing process. Energy absorbing capability is rate 
sensitive as a result of material composition. However, energy absorption 
dependence on crush speed is closely related to the mechanisms, which 
controls the crushing process; if the mechanism is a function of strain rate then 
the energy absorption will be a function of crush speed. This implies that the 
strain rate and crushing speed may play a vital role in the mechanical 
properties of the fibre and matrix of the composite material. Furthermore, the 
friction coefficients between the various sliding surfaces during the crushing 
process may also be influenced by changes in the crush speed. Farley[19] on 
his research on the axial loading of circular tubes concluded that matrix 
stiffness and failure strain could be a function of strain rate and, therefore, the 
energy absorption, associated with interlaminar crack growth, may be 
considered as a function of crush speed, whilst, the mechanical properties of 
brittle fibres are generally insensitive to strain rate, and therefore the fracturing 
of the lamina bundles is not a function of crash speed. 
In a head-on collision the various structural components do not collapse in a 
simple, ideal form but in a non-axial manner.  
With non-axial crush the components are subjected to a combined form of axial 
and bending loads. Czaplicki et al reported on an investigation into the two 
types of non-axial crushing, i.e. off-axis crushing and angled crushing. Angle 
loading occurs when a vehicle, moving forward along its longitudinal axis, 
impacts an object tilted away from being perpendicular to the vehicle’s 
longitudinal axis, whiles off-axis loading occurs when a spinning vehicle 
impacts an object from a direction not along its longitudinal axis. Furthermore, 
an off-axis load involves a dynamic form of friction whiles an angle load 
involves static one. Moreover, the energy absorption in the two loading cases 
appears to vary significantly with higher angles of inclination. The energy 
absorption is less in off-axis than in angled loading.



21

4 Modelling And Simulation Of Composite 
Shell Elements 

With its characteristic benefit of higher specific strength and stiffness, the use 
of composite materials, in particular carbon fibre reinforced polymer, is fast 
becoming the material of choice amongst the leading manufacturers of 
commercial transportation systems. Due to the complex nature of the fracture 
mechanisms associated with composite failure, a lot of research has been 
conducted in order to properly derive a numerical model capable of simulating 
composite failure. 

In the design of a crashworthy structure, finite element simulations are used to 
provide early warning systems during the designing process. Commercially, 
there are many available FE-codes used for crash simulations. These include 
LS-DYNA, ABAQUS Explicit, RADIOSS and PAM-CRASH [20]. Several of 
these commercial codes provide built-in material models for composites, with 
each material model utilizing different modelling strategy, which includes 
failure criterion, degradation scheme and model-specific input parameters. As 
noted by Andersson et al. [21], the numerical simulation of composite 
structures can be distinguished into two main groups, namely the micro-and 
macro-mechanical. 

The micro-mechanical approach provides a detailed analysis of the micro-
mechanical behaviour of the material. A solid element model is required to 
properly model the local material behaviour associated with matrix crack 
propagation. This approach places high demand on computational 
performance, thus making it unpractical for crash analysis. 
However, to ascertain for delamination during crack growth the micro-
mechanical behaviour provides a better understanding of the complexity of 
composite failure. 
The macro-mechanical approach, which is utilized by many FE-software, 
provides a global description of the material response. As a result of this, less 
computational time is required, consequently making it a favoured choice 
during crash analysis. However, its inability to capture all failure modes during 
the event of a crush makes it a liability. 
As reported by Andersson et al., several studies have been conducted on the 
crush behaviour of composite structures, where components with simple 
geometries have been utilized to depict their mechanical behaviour. 
Information obtained from the simulations has then been verified against data 
from a real test. However, this study will only consider crash simulations 
performed with the help of LS-DYNA. 
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4.1 LS-DYNA

As part of the on-going project ‘Modelling crash behaviour in future 
lightweight composite vehicles’, a benchmark study was carried out by 
Andersson et al. [21] to provide detailed but relevant information regarding 
composite modelling by evaluating how current commercial CAE software 
could be used to model crush test. Results from the numerical simulation were 
later compared to a physical crush test.  
In their report, an axial crush test was performed on a corrugated specimen by 
comparing different material models. The basis of the test was derived from an 
actual work conducted by Feraboli et al. [20]. The purpose of using a 
corrugated specimen was to make the specimen self-supporting and thus free 
from any support that might keep it from buckling locally. 
A similar work reported by Grauers et al. [22] also studied the damage 
mechanisms of the progressive crushing of corrugated Non-Crimp Fabrics 
(NCF) laminates, made in particular, of carbon fibre unidirectional (UD) fabric 
with a  stacking sequence. Figure 3.1 shows the specimen geometry 
together with the loading direction. 

Figure 4.1: Specimen geometry [22] with (a) chamfer and loading 
direction; (b) cross-sectional dimensions. 
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As part of our modelling strategy for the simulation of crash components the 
above geometric dimensions is used as a baseline model to calibrate and verify 
the final material model before using it as an input in the crash simulations. 
By analysing the behaviour of the corrugated specimen, a detailed analysis is 
performed with the aim of establishing the effects of the various numerical 
parameters present in the FE-code. However, variations in numerical results are 
expected during simulation of the specimen. 

LS-DYNA is a general purpose finite element program capable of simulating 
complex numerical problems originating from the automobile, aerospace, 
construction, military, manufacturing, and bioengineering industries. The 
software, which was originally designed to solve highly nonlinear, transient 
dynamic finite element analysis problems using explicit time integration also 
has a wide range of other simulation capabilities including; rigid body dynamic 
analysis, thermal and fluid analysis, failure analysis, crack propagation, multi-
physics coupling, and a user-defined option of combining several features to 
model a wide range of physical events.
LS-DYNA is a command line driven application consisting of a single 
executable input file known as a key file (.key). The input file is written in a 
simple ASCII format, which enables editing, by help of any text editor. 
Furthermore, third party software packages are available for pre-processing 
LS-DYNA input files. In this project third party software known as ANSA is 
used for both pre- processing purposes. 
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4.2 Multilayer Modelling Of A Corrugated Specimen 
Using Tiebreak Contacts 

To understand the energy absorbing and damage mechanisms of the final 
material model, a quasi-static analysis is performed on a corrugated specimen 
made of composite material. The material parameters used to simulate the 
numerical model is being developed at SWEREA SICOMP. The corrugated 
component set up can be divided into three main parts, namely geometry, 
material and boundary conditions. All three of the aforementioned parameters 
are required in order to properly run the simulation and achieve an 
understanding of the physical behaviour of the specimen.  
This section aims to describe the simple simulation model and a detailed 
software-specific issues regarding LS-DYNA. It should also be noted that all 
parameter values used in the simulation has the following units: Stress [GPa], 
Force [kN], distance/displacement [mm], Energy [kJ] and time in [ms]. For 
detailed information regarding LS-DYNA specific keywords described in this 
section, the reader is referred to the appendix. 

There are several other material models available in LS-DYNA used for 
composite modelling. Each one of these models is governed by different model 
parameters, which utilizes a series of strategy for failure prediction. Several of 
these material parameters, which vary between material models, have no 
physical meaning, but are however required to run the simulation by tuning in 
the material behaviour. Furthermore, the various material models available in 
LS-DYNA use different failure criteria to describe composite failure. Models 
such as MAT54/55 utilize a degradation scheme based on discontinuous failure 
to describe material failure. To describe when a ply is fully damaged or 
undamaged, material properties are set to zero whenever a certain failure 
condition is met. 
However, material models such as MAT_261 utilizes a more physical based 
continuum damage mechanics model to describe composite failure. Here the 
material properties are reduced after failure initiation to ascertain for the 
physical behaviour of the material. Moreover, the integration points of the ply 
are no longer important to element stiffness when the ply is fully damaged 
according to the degradation scheme. For further material description and 
understanding of the various material models used in the simulation of 
composite failure, the reader is referred to the LS-DYNA user’s manual [23] 

To simulate a composite material model in LS-DYNA a property known as 
PART_COMPOSITE is defined. The PART_COMPOSITE property 
eliminates the need for user defined integration rules and part ID’s for each 
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composite layer. The lamina stack-up of the composite, material angle, 
together with the lamina thickness and element formulation is also defined. A 
material ID is then coupled to the PART_COMPOSITE, where the material 
direction of each element is either described in the material card or separately 
by use of an additional card called ELEMENT_SHELL_BETA.  The latter 
overrides the material direction in the material card. It should be noted that 
different material cards handle element definitions in separate ways. Usually 
the element definitions are subdivided into shell, thick-shell and solid 
elements; and within each element definitions are several element 
formulations, which describe the different integration methods such as the 
Belytschko-Tsay element formulation, to name a few. 
Moreover, several of the material models are compatible with shells, thick 
shells and solids. One of the major benefits of using shell elements in crash 
simulations is the ability to reduce computational cost. Therefore, with the 
specimen’s length and width dimensions been larger than the total thickness, a 
2D shell element will consequently be more appropriate. 
However, with the simulated model containing several plies, a physical 
interpretation of the interlaminar behaviour of the material model will also be 
required. To account for the interlaminar behaviour of the material model, a 
multi-layer approach is implemented. With this method the composite 
laminates are represented by multiple layers of shell elements, with each shell 
layer containing several plies to boost computer efficiency, and with the shell 
layers tied to each other with the help of a tiebreak contact.  
The spacing between each shell element is calculated from the number of plies 
in each shell layer. For comparison reasons the corrugated specimen is 
modelled as a single shell and three-shell layer. The three-shell layers consist 
of the same equal number of plies. The lamina stack up sequence is 
with a total thickness of . For the single shell elements, the chamfer is 
modelled as a single row of elements with a reduced thickness. The two parts 
are then coupled to each other with the contact definition; 
AUTOMATIC_SINGLE_SURFACE. The chamfer of the three-shell element 
layer is modelled by placing the length of each shell element such that the first 
row of elements represents the start of the trigger. One integration point 
through thickness of the shell layer is defined for each ply according to the 
material card.  
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Figure 4.2: FE-model of corrugated specimen with three shell 
layers and 45o chamfer modelled as a set of element rows. 

The specimen is meshed with an element size of  resulting in a total 
number of 10,000 fully integrated shell elements (element type 16 [23]) for the 
single shell element. The fully integrated shell element formulation has four in-
plane integration points, which help avoid hourglass modes in the system, even 
though it is more time consuming as compared to the under-integrated shell 
elements.  
For the boundary conditions the bottom end of the specimen is constrained in 
all degrees of freedom, and the loading platen is modelled as a rigid material 
with steel properties. A prescribed boundary motion known as 
BOUNDARY_PRESCRIBED_MOTION_RIGID is added to the loading 
platen, and the contact interaction between the loading platen and the specimen 
is defined with an AUTOMATIC_SURFACE_TO_SURFACE contact type, 
where the nodes of the specimen are slaves to the master surface of the loading 
platen. The prescribed velocity is ramped up to 2 mm/ms. 
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4.3 Simulation results

Results from the simulation of the corrugated specimen showed good 
behaviour with regards to the failure process. Analysis of the single shell 
model also showed different stress values at each integration point compared to 
the multi-shell layer model. This is because the single shell layer isn’t enough 
to capture the interlaminar stresses involved with material failure. 
However, the three-shell element layer is capable of depicting the delamination 
process, and shows how the outermost shell layers splay inwards. The axially 
oriented plies are forced to bend inwards due to the compressive load.   

Figure 4.3: Delamination process of the multi-shell element layer 
model. The innermost shells bend inwards leaving the outer plies to 
splay outwards due to shear and compression. 

The bending and compressive failures occurring during the simulation is 
typical of mode I [24] failure.  
When compressed further, part of the trigger also fails in shear and the 
delamination process initiates right before the entire trigger is deleted. 
Moreover, the trigger mechanism is able to initiate the crushing process and 
thereby leading to a stable crush zone.
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Figure 4.4: Load-displacement curves of crush test with different shell models 
compared with test results obtained in[22]. 

Figure 4.4 shows the force-displacement curves from the numerical simulation 
and the test data from Grauers et al. It should be noted that the disparity in the 
load curves is mainly due to the differences in material model/composition and 
the lamina stack-up. This shows that the chemical properties of the material 
play an important role in the energy absorption mechanism of the specimen. 
However, analysis of the shell models shows how important the nature of the 
fracture mechanisms is to the stress levels in the crushed specimen. 
Furthermore, the presence of out-of-plane stresses in the multi-shell layer 
model provided a good estimation of the influence of interlaminar stresses. 
Factors such as a badly defined contact definition might to an extent have 
affected the simulation results. 
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Table 4.1: Flowchart of the modelling and simulation process 

The modelling and simulation of the corrugated specimen should provide 
detailed analysis regarding material failure and necessary software-related 
parameters that are needed to perform a crash simulation. With this knowledge, 
the crash component can then be modelled with respect to the modelling 
approach mentioned in earlier sections.   

Component design, laminate 
stack-up sequence, trigger 
mechanism, boundary 
conditions

COMPONENT 
TEST

CRASH 
SIMULATIONELEMENT TEST 

Selecting right material 
model, determining minimum 
mesh size and type, contact 
definition, analysing crush 
process, multi-shell layer 
modelling.
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4.4 Delamination modelling 

To simulate the interlaminar behaviour between the shell layers, a tiebreak 
contact formulation known as 
AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_TIEBREAK is 
defined between the shell layers to prevent the layers from penetrating each 
other after element failure. For this thesis work, the tiebreak contact 
formulation with a bilinear traction separation law is used according to the 
recommendations of [25]. To check for bond failure between the sub-laminates 
the shear and normal failure strengths must be defined. The input parameters 
required to simulate delamination are consequently the interlaminar normal 
strength, the shear stress and a critical distance to interface failure. The tiebreak 
formulation is modelled as option 8 in the LS-DYNA interlaminar contact 
definition with damage initiating when the stresses at the interface satisfy the 
following criterion: 

(4.1)

Where NFLS is the tensile failure strength and SFLS is the shear failure 
strength of the adhesive. The tiebreak contact acts the same way in both tensile 
and compressive loading. During loading the damage of the material is a linear 
function of the distance between the two points, which are initially in contact. 
The contact is broken when the critical opening is reached and the sub-
laminates are converted into separate surfaces.  

The critical distance at which failure occurs is given by [25]: 

(4.2)

Where  is defined as the energy released due to the failure at the interface 
and

(4.3)

From a similar test conducted by Grauers et al. it was shown that the crush 
behaviour of the corrugated laminate is mixture of bending and compressive 
failure, a delamination in mode I located central in the laminates. Therefore to 
simplify the simulation a pure mode I delamination is assumed. Since mode I 
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fracture is caused by tensile stress normal to the plane of a crack, the critical 
distance is redefined as: 

(4.4)

As noted by [26], a lower mode I critical energy release rate would cause the 
ties to break prematurely, subsequently causing a high delamination rate. 
Furthermore, it has also been established that the simulation of progressive 
delamination is mesh size dependent and requires a very fine mesh.  
One way of dealing with this problem is to use the methodologies proposed by 
[26]. Here the proposed solution involves the lowering of the interlaminar 
strength whiles keeping the fracture toughness constant in order to adapt the 
length of the cohesive zone for a given mesh size. The interfacial strength is 
recalculated as: 

(4.5)

Where  is the fracture energy release rate,  is the desired number of 
elements in the cohesive zone,  is the mesh size in the direction of the 
delamination progression and  is the longitudinal compressive modulus for 
the orthotropic material. Even though the proposed methodology involves the 
use of cohesive elements, it should be noted that the described formulation 
adheres to the same traction separation law similar to those used in tiebreak 
formulations. The exact number of elements needed in this simulation has been 
placed at 4, since it is enough to simulate the propagation of delamination. 
With all of the above parameters available, the tensile and shear failure 
strength is recalculated. Furthermore, it should be noted that delamination 
could occur along any or all of the ply interfaces, and since the tiebreak contact 
definition is only assigned between the shell elements, the critical length at 
which fracture occurs is therefore scaled by the number of ply interfaces to the 
number of tiebreak interfaces to account for this behaviour.  
The new critical length is defined as: 

(4.6)
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Table 4.2: Delamination parameters 

However, from initial simulation results the lowering of the interlaminar 
strength as a means of adapting the length of the cohesive zone for a given 
mesh size yielded lower material response when compared to the single shell 
element model. This is probably due to differences in degradation schemes of 
the material models. The methods proposed were modelled with MAT_54, 
which utilizes a degradation scheme based on discontinuous failure to describe 
material failure. Therefore, for the remainder of this study all delamination 
modelling are done without reducing the interfacial strengths.

( ) (MPa) (MPa) ( ) ( )
9150 0.149 33.4 15.5 0.0192 0.096 
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4.5 Material characterization and numerical procedure 

The carbon fibre material, which is used in the manufacturing of the crash 
components, is a plain uni-weave NCF carbon-fibre/LY556. For input data in 
the simulation of the composite components and the validation of the 
numerical models, results from standardized coupon tests performed at Sverea 
Sicomp Research Institute in Gothenburg, Sweden were used. 
The material characterization tests were performed in tension and compression 
in accordance with normal tests regulations. Properties such as the Young’s 
modulus, Poisson’s ratio, yield stress, shear and strain properties were 
extracted from the coupon tests.
The material model is based on a continuum damage mechanics model, in 
which the constitutive relation is degraded when a set of damage parameters 
are activated. With damage growth being the main dissipative mechanism in 
carbon fibre reinforced polymers, the material is modelled through a damage 
variable/parameter where the effect of damage is accounted for by allowing the 
relevant stress component to be downgraded. Damage is initiated when any of 
the four failure criterions (i.e. failure in fibre tension, failure in matrix tension, 
failure in fibre compression and failure in matrix compression) is activated. 
Furthermore, it should be noted that before damage initiation the response of 
material model is linear elastic and transversely isotropic.  Damage evolution 
takes place when any of the respective failure indexes reaches one, and failure 
propagation is processed in accordance with the specifics of each failure mode. 
However, with the material model still under research and with a timeframe 
beyond the scope of this thesis, a similar material model from the LS-DYNA 
software is utilized instead.  
Currently, one of the most advanced material models for simulating 
intralaminar failure is the LS DYNA material card MAT_261, based on the 
theory of Pinho et al. [27]. The failure model and degradation scheme of the 
material card is also based on a set of scalar damage variables, which are 
activated when the variables are reduced. The four damage parameters are 
shown in figure 4.5.
A softening evolution based on the fracture toughness of the material is used to 
describe strain behaviour in both fibre and matrix direction. Furthermore, non-
linear shear behaviour with hardening can be defined within the material card.  
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Figure 4.5: The four damage parameters of the material model as 
described by [28]. 

Consequently, damage is initiated when one of the following failure criterions 
is activated: 

a. Tensile fibre mode: 

(4.7)

b. Compressive fibre mode (3D kinking model): 

(4.8)

c. Tensile matrix mode: 

(4.9)

d. Compressive matrix mode 

(4.10)
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In addition to the stress-based criteria, the material orientation of the specimen 
is defined in the global direction (i.e. AOPT=2). To access the history variables 
of the model, the NEIPS in the DATABASE_EXTENT_BINARY card is set to 
12.

Table 4.3: Mechanical properties of the uni-weave NCF composite LY556. 

Elastic properties 
Modulus (MPa) Poisson’s ratio 

136000 9150 4900 0.29 0.4 
Strength properties (MPa)

1787 626 29 130 40 

47.44     
Interlaminar fracture toughness (mJ/mm2)

0.149 0.690 0.257   
Intralaminar and translaminar fracture toughness (mJ/mm2)

50 25 0.222 1.92  
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5 Low Speed Vehicle Impact And Crush 
Management Systems 

Over the years many key aspects in the design and test configuration of 
vehicles has been set to minimize the occurrence of damage and their apparent 
consequence. Modern vehicle comprises of individual structural components 
that work mechanically together to absorb and dissipate energy during the 
event of an impact.
Two types of safety mechanisms, namely active and passive safety, are used to 
improve vehicle crashworthiness. A passive safety system involves all of the 
vehicle structure components that work together to reduce the crash load, 
whiles an active safety system involves the installation or application of special 
structural components which assist in the prevention of a crash. Crash 
protection priorities depends on the speed of the vehicle during impact. Table
4.1 shows a description of the various speed limits and respective vehicle 
protection priority.

Table 5.1: Crush management and pedestrian protection. 

Speed [km/h] Protection priority 
15 Minimize repair cost 

15-40 Protect pedestrian 
40 and above Guarantee occupant protection 

Crash management systems generally refers to the structural module consisting 
of the bumper and the related attachments, which connect to the longitudinal 
beams of the car.  The front bumpers of vehicles are normally connected to the 
front longitudinal beam by a separate deformation element known as the crash 
box.
The bumper system serves as compliance between the longer longitudinal 
beam and the crash box. In the event of an impact, energy is distributed 
through the bumper beams by elastic flexure and plastic deformation, through 
the crash boxes, which absorbs energy by plastic deformation and further on 
towards other structural components of the vehicle.  
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Figure 5.1: A view of the Volvo V40 crush management system with related 
attachments[29]. 

The modelling, meshing and component assembly of the vehicle were provided 
by VCC, Gothenburg. As part of the research partners in this project, details 
regarding the assembling of the front member were made available for this 
report. The vehicle parts are joined together by spotweld, rigid body constraints 
and single surfaces. 
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5.1 Finite element modelling of composite crash box 
under dynamic load 

With the increasing demand for better energy absorbing structures for 
crashworthiness application, the use of composite materials in the energy 
absorbing structures of vehicles are fast becoming the norm amongst the 
leading manufactures of commercial vehicles. Structures made of composite 
materials have numerous performance capabilities. Chief amongst these 
include their complex failure modes, which facilitate in the dissipation of high 
energy. 
However, due to the complexity of the yield process, structures made of 
composite materials require a state-of-the-art modelling approach for a better 
understanding of the intralaminar behaviour. 
 The use of the finite element method provides the designer with valuable 
information regarding structure specific details and the ability to fine-tune the 
geometry of a design before working models are physically tested.
The crash box is one of several structural components that make up a vehicles 
crush management system. The role of the crash box is to facilitate in the 
deceleration of the vehicle in the event of an impact.   

Figure 5.2: Crash box of the Volvo V40 with stress concentrators to 
initiate progressive failure. 
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Most crash boxes are comprised of steel materials, which are very ductile 
beyond their yield point, but tend to have a higher weight-to-stiffness ratio. 
Consequently, this causes an increase in the total weight of the vehicle. 
 The proposed alternative to the steel variant of the crash box is a cylindrical 
geometry with a tulip trigger at the front to initiate progressive crushing. 
Compared to a rectangular cross-section, a circular cross section avoids stress 
concentrations along the sharp edges, leading to a controlled localised damage 
progression.
Moreover, tulip triggers tend to produce a higher steady-state crush load due to 
high-energy absorption and crush stability. The length of the tulip trigger also 
has the ability to spread the force spike in the initial stage of impact and reduce 
the peak-transmitted force. 

Figure 5.3: Geometrical dimensions of current crash box model 
with triangular tulips to initiate progressive crushing. 

For comparison reasons two modelling strategy was adopted in the simulation 
of the crushing behaviour of the composite crash box. The former being a 
single shell model, and the latter a multiple shell model to simulate 
delamination.  
For the single shell model, the crash box is meshed with 3.5mm regular 
elements around the main body and triangular mesh around the triggers. The 
four-node under integrated element formulation was chosen due its robustness, 
however it wasn’t able to suppress the zero energy deformation modes. For this 
reason the fully integrated shell element formulation was used instead for the 
rest of the simulation.
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The ply layup sequence is [0/902/02/902/02/902/02/902/0] with individual plies 
modelled using one integration point per ply through the thickness, amounting 
to a total thickness of 3mm. 

Figure 5.4: Single shell model with loading plate. The plate is 
modelled as a rigid body with elastic properties of steel. 

For boundary conditions, the bottom nodes are constrained in all degrees of 
freedom; the loading plate is modelled as rigid material with steel properties. 
An initial velocity of 8.3mm/ms is applied on the loading plate, and only one 
contact definition is applied between the two surfaces. To replicate a drop test, 
a mass of 180kg is added to the rigid surface. 
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5.2 Delamination modelling

In the multi-layer shell model, two models with three and four shells are 
simulated to verify each other. Each shell model comprises of several plies to 
boost computational efficiency.  
The three-layer shell element comprises of the same number of plies as the 
single shell element, with the outer layer containing [0/902/02] plies, the middle 
layer containing [902/02/902] plies and the inner layer containing [02/902/0] 
plies. It should be noted that a single integration point represents each ply.
The boundary conditions are modelled to represent an experimental setup, with 
the bottom end of the tube constrained in all degrees of freedom.  
The modelling of the delamination interface was done as in the section 3.  
However, for the axial crushing of a composite tube it has been established 
[30] that mode II fracture is the dominant mode of failure during the 
delamination process.  Referring to equation 4.2, the critical distance to failure 
takes the form: 

Table 4.2: Delamination properties. 

Shell GIC
mJ/m
mm2

GIIC
mJ/
mm2

NFLS 
MPa

SFLS
MPa

CCRIT
mm

CCRIT’ 
mm

3 0.149 0.69 1787 77.8 0.0177 0.133 

4 0.149 0.69 1787 77.8 0.0177 0.0885 

To facilitate delamination and avoid nodal penetration between the layers after 
failure, the tiebreak contact 
AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_TIEBREAK with 
option 8 is utilized. Furthermore, to prevent the inner layers from any self-
penetration a single surface contact definition is added to the model. Moreover, 
the contact between the base of the tube and floor is modelled with a 
RIGIDWALL_PLANAR to prevent node penetration.
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5.3 Numerical results and verification 

In this section, simulations that describe the crush behaviour of the composite 
crash box under dynamic load conditions are and analysed using the LS-
DYNA numerical code. Tiebreak formulations are used to describe adhesive 
bonds between the composite layers. As representative of an impact test, the 
loading plate comes in contact with the box, which is restricted from motion at 
the base. The applied load causes the box to collapse initially at the tulip 
triggers and progressively continues downwards.

Figure 5.5: Crush initiation with the multi-shell layer model 
showing damage activation of the fibre compressive mode. 

Figure 5.5 shows the axial deformation of the composite crash box under 
compressive loads. The collapse modes and load displacement histories of the 
numerical model are in good agreement with literature.  
The delamination process can be seen in Figure 5.6, where the shell layers fall 
inwards into the box cavity. This process of deformation is characteristic of 
tulip triggers as they facilitate in the higher absorption of energy as compared 
to other trigger mechanisms. 
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Figure 5.6: Progressive crushing of composite crash box with 3-shell element. 
The inner part of the shell element fall inwards together with the outer layers. 

The load displacement curve of the three different models shows similar 
behaviour in deformation.  
However, although the models correlate well with respect to the folding 
process the peak loads seem to be characteristically lower in the multi-shell 
layer models. This behaviour can be attributed to the presence of additional 
interlaminar forces at the shell interface. The energy absorbed as shown in 
Figure 5.8 correlate well with respect to the peak internal energy.
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Figure 5.7: Comparison of the load/displacement curves of the three different 
shell layers and the steel variant. The single layer appears to have less 
deformation than the other two models. 

However, it is also of interest to evaluate the influence of additional shell 
layers on the energy absorbing capacity of the crash component. Table 4.2
shows the load response of the composite crash box with different shell layers.
As anticipated, the multi-layer shell elements display a higher energy 
absorption level due to the increasing amount of material deformation and 
interaction between the shell interfaces.  
It is noteworthy that the crush length increases with increasing numbers of 
shell layers.  Furthermore, the presence of additional shell layers does not 
greatly affect the response of the component. 
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Figure 5.8: Energy absorption of the three different shell layers and the steel 
model. The influence of out-of-plane stress in the multi-shell layer is visible on 
the graph. 

Besides the load-displacement curve there are other additional energy 
indicators that were used to evaluate the performance of the crash component. 
Chief amongst these is the specific energy absorption and the crush force 
efficiency. 
The performance of the crush initiator or trigger can also be evaluated by the 
ratio of the mean crush load to peak load. The effectiveness of the crush 
initiator was recorded at 0.63, meaning an above average performance. A ratio 
above 0.75 would have indicated a well-triggered mechanism. 
However, from an energy absorption point of view the specific energy 
absorption is important when evaluating the performance of the crash box. The 
specific energy absorption was calculated by dividing the internal energy by 
the product of the linear density and the sustained crush distance, i.e.: 
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(4.1)

Figure 5.9: The specific energy absorption of the three shell models compared 
with the model of the steel crash box. 

There are some differences in the energy values with respect to the three shell 
models. Initially, the models behave elastically until the peak load is reached. 
As deformation progresses the shape of the load-displacement curves depend 
on the modes of fracture. For a higher energy absorption rate, less delamination 
between the plies is required. It is also noteworthy that the fracture modes of 
the laminates affect the stability of the crushing process and the magnitude of 
the crush load. 



47

The specific energy absorption of the single shell model appears to be higher 
than the 3-and 4 shell element layers. However, there are little or no 
distinguishable differences between the shell layers with the tiebreak 
formulation. Compared to the steel crash box, the composite crash components 
showed higher levels of specific energy absorption. 

Table 5.2: comparison of the energy and load values of the three shell models. 

Measurement Single shell 3 shells 4 shells Steel  

Peak load [kN] 93.6 66.3 86.6 96.4 

Average load 
[kN]

61.1 46 46.2 40.2 

Energy
absorbed [kJ] 

6262 6263.5 6266.1 5988 

Specific energy 
[kJ/g]

38.7 32.4 32.5 11.5 

Furthermore, the software package allows us to track stress distribution in 
specific regions of the crash box. The extra history variables show the various 
damage parameters associated with material failure. For further analysis on the 
interlaminar behaviour of the numerical simulation, the reader is referred to 
Appendix A.2.
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6 Finite element modelling of composite 
side impact beam under quasi-static load 

Modelling of the side door beam for passenger vehicles require a minimum set 
of guidelines established by the Federal Motor vehicle Safety Standards 
(FMVSS)[31]. These guidelines stipulate the amount of allowable penetration 
at certain force levels. The side impact door should be dimensioned to 
withstand deformation at an initial crush force and an intermediate and peak 
crush resistance. This implies that the side impact beam should have the ability 
to absorb enough energy before breaking. 
However, to achieve the above-mentioned structural requirements the 
mechanical properties, shape, size and thickness of the beam during the 
designing process should guarantee maximum loading capacity and intrusion 
protection.
To meet structural requirements of high strength and toughness, the application 
of lighter materials such as composite should be able to meet these 
requirements without sacrificing structural integrity. 

In this section a quasi-static analysis is carried out on a car side-impact beam. 
Without losing generalities, the basis of the modelling and analysis will be 
based on a side beam subjected to impact loading. The load is applied at the 
centre of the beam, and numerical analysis with respect to relevant variables 
such as number of plies and orientation is carried out to evaluate its structural 
properties for crashworthy application. 
Figure 6.1 shows the current geometry of the side impact beam designed to fit 
an existing door structure. The shape of the beam, which is characteristic of 
most side impact door beams is designed as a hat with chamfered corners to 
avoid stress concentration, and with flanges to decrease deflection during 
loading conditions.
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Figure 6.1: Composite side beam with chamfered edge to avoid 
stress concentration. 

Most side impact beams are designed as rectangular, circular and C-sections. 
As a result of the transverse loading applied to the beam, resistance to 
deformation is increased by an increase in the thickness.  
For comparison purposes, the beam is modelled as a single and 2-shell layer. 
The multi-layer allows us to view the failure process during fracture. The 
lamina stack-up sequence was [90/030/90] plies for the single shell and [90/015]
and [015/90] for the inner and outer layers of the 2-shell element resulting in a 
total thickness of 6mm. 
For boundary conditions, a static load is applied at the centre of the beam with 
both ends constrained in translation and rotation to represent a 3-point bending 
test.
The length of the beam is 904 mm with a constant thickness of 6mm 
throughout the section.
The impactor is modelled as a half cylinder shell with a 20mm mesh size. The 
impactor is considered a rigid body with mechanical properties of steel. The 
impactor, which weighs 2.5kg in total, has a length of 600mm and a radius of 
153mm. 
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6.1 Numerical analysis of 3-point bending test

The bending properties of composite materials are mostly characterized with 
simply supported beams under concentrated load.  
Knowledge of the shear properties is also crucial in establishing the conditions 
of material failure under compressive loads. With the strength of the beam 
relying on the section modulus, low shear strength in combination with a small 
length-to-thickness ratio will cause the beam to fail at the neutral axis. 
However, with larger length-to-thickness ratios the mode of failure becomes 
more flexural. 

Figure 6.2: Simulation results showing damage activation in the 
transverse direction 
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Figure 6.3: Load displacement curve from the 3-point bending test. The 2-
shell model has a higher load response compared to the single shell layer 
model due the presence of additional shell element in the simulation model. 

From Figure 6.3 it is worthwhile to note how the load curve is almost linear up 
to the peak point. Once crack growth is initiated and deformation progresses 
the structure begins to display successive oscillations with nonlinear 
characteristics.
Furthermore, the decrease in load after failure is initiated is slow indicating that 
the static fracture of the material is ductile.   
The deformation of the composite side-door beam is consistent with a mode III 
fracture behaviour. The shear and normal stresses of the beam are strongly 
affected by the length to thickness ratio.
Moreover, the high initial peak load is caused by the high stiffness of the 
material. Once failure is initiated and deformation progresses the shape of the 
load-displacement curve begins to follow the failure modes associated with 
fracture. It is also noteworthy of the fact that the stability of the crushing 
process and the magnitude of the crush load are hugely influenced by the 
fracture modes. 
From a comparative point of view, the 2-shell model shows a larger load-
displacement curve compared to the single shell model. This obvious 
behaviour can be accredited to the fact that the more the shell layers, the stiffer 
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the response of the beam. Furthermore, an increase in the number of shell 
layers also increases the shear strength of the beam. 

Table 6.1: Comparison of the bending test results with the steel model. 

Measurement Steel Single shell 2-shell
Peak load [kN] 5.37 7.3 9.02 
Average Load 

[kN]
3.4 3.6 4.16 

Internal energy 
[kJ] 

686.3 736.7 841.3 

Figure 6.4: The specific energy absorption of the two shell models shows 
great correlation with respect to material failure.
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7 Crash Simulation

To verify the suitability of the composite components as crashworthy, the two 
crash components are applied to a virtual car model. For the side-impact test 
the following requirements according to[32], are set for maximum side 
intrusion:

Initial crush resistance not less than 10 kN 
Intermediate crush resistance not less than 1,946 N 
Peak crush resistance not less than 5,338 N 

To analyse the crash behaviour, the composite side-beam is fixed at the ends 
with a NODAL_RIGID_BODY constraint. Rigidity at the ends prevents the 
beam from dislocating at the joints before maximum bending is achieved at the 
region of applied stress.
The movement of the cylinder is defined with a 
BOUNDARY_PRECRIBED_MOTION. The prescribed motion is ramped up 
to a constant velocity of 2.5mm/ms. Figures 7.1 and 7.2 shows the un-
deformed shapes of the frontal and side crash. 

The conditions for the frontal crush are based on the requirements of FMVSS 
208. Here the focus of the crash analysis is based on the progressive crush of 
the lower path and the uniform distribution of load. The test sequence of the 
frontal crash analysis is set up to duplicate a 30km/h (8.3 mm/ms) full frontal 
barrier test. The requirements for the frontal crash test are: 

An initial peak load below 100kN 
Average load of 65kN 

For boundary conditions, the bottom end of the crash box is attached to the 
structural module of the vehicle with a tie-constraint known as structural glue. 
The glue is used to attach structural components of different material surfaces 
together.  A separate metallic plate is also attached at the trigger end of the 
crash box to serve as compliance between the longitudinal and bumper beams 
during energy dissipation. Surface interaction between the model and the wall 
was defined with an AUTOMATIC_SURFACE_TO_SURFACE contact. 
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Figure 7.1: Virtual car model with the composite crash box aligned with the 
longitudinal bumper beam. 

Figure 7.2: Crash simulation of side-impact beam with cylinder as a barrier. 
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7.1 Crash Analysis Results 

Analysis of the deformed frontal crash is shown in Figure 7.3.  Results from 
the analysis illustrated a progressive crush reminiscent of an off-axis load. The 
energy distributed through the crash box fails to meet standard requirements, 
which is unsatisfactory when considering occupant safety. The load-
displacement history diagram shows force levels, which are inconsistent with 
fundamental phenomena with regards to axial crush deformation.  
As shown in Figure 7.3, deformation is initiated at a location tilted away from 
the longitudinal axis. This off-axis loading which is caused by the structural 
alignment of the crash box to other crash systems of the test vehicle generates a 
dynamic form of friction, which causes the energy absorption to be 
comparatively low. 

Figure 7.3: Crushing process of composite crash box subjected to a 
combination of axial and bending loads. 
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There are however other factors, which may have prevented the crash box from 
achieving a near ‘perfect’ axial crush. One major factor can be attributed to the 
design constraints as stipulated by the manufacturer.  

Figure 7.4: Load-displacement curve of the off-axis deformation of the 
composite crash box compared to the axial deformation of the steel variant. 

Moreover, the nature of the triggering system made it virtually impossible to 
properly attach the metallic plate, which serves as a compliance between the 
longitudinal bumper beam and the crash box without altering the geometrical 
dimensions of the test vehicle. This implies that the characterization of the 
energy absorption capability of the composite crash components for 
crashworthy applications requires a series of crush element simulations, which 
are representative of geometric features of the structure in consideration. 
 Furthermore, the lack of a proper fastening method at the rear end of the crash 
box may have also contributed to the failure of the crash simulation. As noted 
in previous sections, energy absorbing capability is rate sensitive and any 
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improper definition of boundary conditions has the ability to control the 
crushing process, which in return could affect the simulation results.  
Ultimately, the designs of the crash box do not work well with this particular 
vehicle model, and to satisfy the requirements on weight reduction and 
improvement of crashworthiness it is required that an optimum cross-sectional 
shape be designed to facilitate in the crushing process. 

Figure 7.5: A side view of metallic plate, which serves as a compliance 
between the composite crash box and the longitudinal bumper beam. 

The conditions of the side impact test are based on the requirements of a 
moving barrier test. The barrier used in the analysis conformed to the 
geometric requirements of height, width, ground clearance as stipulated in 
FMVSS regulations. From Figure 7.5 structural integrity can be assessed by 
looking at the overall shape of the deformation, including the side beam. It 
should be noted that due to the scope of the thesis work, analysis did not 
include side impact dummies. 
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Figure 7.6: Crash analysis of composite side-impact beam. 

During the early stages of deformation, the outer door is crushed and the 
impacting barrier progresses towards the composite beam. To avoid penetration 
between the side-impact beam and the outer door due to the thickness of the 
beam, the constraints at the boundary is moved further down. This movement 
of the beam reduces the total deflection area of the composite at maximum 
impact. Figure 7.6 shows the load and intrusion performance of the composite 
side beam compared to the steel side-impact beam. 

However, analysis of the side impact beam showed a stable crushing process. 
The magnitude of the crush load was hugely influenced by the fracture modes 
and the boundary conditions, which are crucial in establishing the conditions of 
material failure under compressive loads. As seen in Figure 7.7, the nonlinear 
characteristics of the deformation process are caused by the various modes of 
fracture as explained in previous sections.
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Figure 7.7:Load-displacement curve of composite crash beam compared to the 
steel side-impact beam. The maximum deflection of the composite beam is 
lower due to the movement of the boundary conditions to avoid shell layer 
penetration during simulation.

Further post-processing analysis of the side-impact crash test revealed a 
performance level, which was almost in good relation with governing 
regulations. Considering the different locations of the boundary conditions, the 
analysis showed a maximum intrusion of 275 mm compared to the 299 mm 
intrusion of the steel side-impact beam. 

Table 7.1: weight comparison of composite crash components with the steel 
crash components of the Volvo V40 vehicle model. 

Crash component Steel  Composite  % Difference 
Crash box 1.26 kg 0.26 kg 79.3 

Side-impact beam 1.46 kg 0.76 kg 48 
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8 Discussions And Conclusion 

In this study, the energy absorption capabilities of composite structures 
subjected to crush loading have been investigated, with some key findings 
made. Considerably, the specific energy absorption of composite structures is 
not a material property only but rather dependent on several factors, notably 
geometry. Different geometries favour different failure mechanisms, which in 
turn provide varying levels of energy absorption. This implies that the 
characterization of the energy absorption capability of composite materials for 
crashworthy applications requires a series of crush element simulations, which 
are representative of geometric features of the structure in consideration.

On the basis of determining component geometry for the intended purpose of 
crash simulation, a cylindrical tube and a side-impact beam were designed and 
analysed through a series of numerical tests under dynamic and static loading, 
respectively. The evaluation of structural performance of the composite 
components under static and dynamic loading is crucial for the intended 
application of vehicle crashworthiness. The use of cylindrical tubes under 
dynamic loading have been explored and validated. Under dynamic loads there 
was enough energy absorbed through progressive failure of the component 
with less delamination between the plies due to the effectiveness of the trigger 
mechanism.  
Furthermore, it has also been shown that the nature of the deformation induced 
at the trigger had a significant impact on the response of the structure. 

Testing of composite beams under static loads is a reasonable way of obtaining 
certainty in design performance and the verification of the numerical response 
against theoretical predictions. 
The failure behaviour of the composite beam was primarily affected by two 
factors, namely the loading and boundary conditions. After failure initiation, 
changes in the cross-section of the beam were introduced through permanent 
deformation. The state of stress in the composite beam models were analysed 
and compared with different shell models. The fracture behaviour of the beam 
indicated a failure state where high shear stresses rather than normal stresses 
were predominant.  

The crash behaviour of the composite components have been analysed with the 
aim of evaluating their crashworthiness. Both frontal and side-impact tests 
were numerically simulated under the conditions of a full frontal and barrier 
test. As a result of component geometry, the load-displacement history of the 
crash box depicted a crash behaviour that was inconsistent with fundamental 
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phenomena related to vehicle crush test. This was largely due to the fact that 
the nature of the other structural components of the test vehicle caused the 
deformation process to initiate at a location tilted away from the longitudinal 
axis of the composite crash box.  
Furthermore, the inability to properly constrain the composite components to 
the structural module of the test vehicle prevented the evenly distribution of 
energy through other crash management components. 
The structural location of the composite side-impact beam, due to its thickness, 
was able to reduce the total area of deflection at maximum load.   

However, it should be noted that the use of rigid wall to simulate the test might 
have introduced some artificial energy in the model, notably the initial high 
peaks. It is also noteworthy of the importance of material design, i.e. ply 
orientation, and the triggering mechanism on the performance of the side-
impact beam and crash box respectively. Quantifying this performance and 
understanding the energy absorption rate is important in the design process. 
Ultimately, it is fair to say that the energy absorption characteristics of 
structural composites due to static compression and vertical impact vary 
significantly as a function of material type, ply orientation and geometry. 
Moreover, the use of the multi-shell element models created a backdrop upon 
which the out-of-plane stresses could be captured and analysed. This 
discussion also brings to attention important issues related to the 
implementation of 2D shell element formulation in composite modelling. The 
accurate selection of these modelling methods is crucial, as they have the 
ability to affect the finite element approximation of structural components 
made of composite materials. 
The numerical results from this study should serve as a building block for a test 
model development. Furthermore correlations with experimental results should 
provide the basis for which future analytical developments are made.  

8.1 Future work

For later study, it is recommended that different tulip sizes be modelled to 
evaluate any variations in energy absorption. Furthermore, different material 
orientations and geometries are also required for optimization purposes. The 
use of thick shells elements and solid elements should also be considered for 
comparative reasons.  
In order to utilize the composite crash box and beam in a vehicle model, further 
investigations regarding fastening methods are needed to allow for proper 
energy dissipation. Apart from the use of tiebreak formulations to model the 
delamination process, cohesive elements should also be considered as a means 
of improving the delamination modelling.   
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APPENDIX 
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A COMPOSITE CRASH BOX 

A.1 Material card description  

There are 46 material parameters, which are divided into 3 properties, namely 
elastic orthotropic parameters (blue parameters), material coordinate system 
(red parameters) and model parameter (green parameters). 

Table A.0.1.1 

1 2 3 4 5 6 7 8 
MID RO EA EB EC PRBA PRCA PRCB 

1 1.6E-6 136 9.15 9.15 0.019
5

0.0013 0.0269 

GAB GBC GCA AOPT DAF DKF DMF EFS 
4.9 4.9 4.9 2 0 0 0 1 
XP YP ZP A1 A2 A3 
- - - 1 0 0   

V1 V2 V3 D1 D2 D3 MANGLE  
- - - - - - -  

ENKIN
K

ENA ENB ENT ENL    

25 50 0.222 0.257 0.69    
XC XT YC YT SL    

0.626 1.787 0.13 0.029 0.04    
FIO SIGY LCSS BETA PFL PUC

K
SOFT  

62.1 0.0778  0.3 1 1 1  
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Figure A.1.1: Load curve ID LCSS used to describe the non-linear 
in-plane shear stress as a function of in-plane shear-strain 

For non-linear shear behaviour with hardening, the BETA value is set to 0.3. 
However, setting the value of BETA to one did not yield any severe disparities 
in the results with respect to the energy absorption.  
The hardening parameter of one should indicate an elastic state, zero meaning 
the material is perfectly plastic and any value between zero and one indicating 
a non-linear behaviour. 
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A.2 Interlaminar failure and history variables  

The extra history variables, which are defined in the CONTROL_SHELL card, 
allow us to view the behaviour of material during failure. 

Figure A.2.1: Damage activation function for the fibre tensile mode. 
Failure is assumed whenever the strain is greater than zero. 

Figure A.2.2: Damage activation function for the matrix mode 
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Figure A.2.3: Damage variable for the transverse direction. 
Damage is activated whenever the strain values reaches one 

A.3 Effect of SOFT parameter on the simulation results 

Contact modelling is an integral part of crash simulations. Accurate contact 
modelling between interfaces is crucial when doing numerical simulations. 
Several of the contact types described in the LS-DYNA user’s manual are more 
suited for general purposes, whiles are specifically assigned to certain 
applications. In this study, a contact type based on a soft constrained-based 
approach was utilized. The SOFT=1 method calculates the stiffness of the 
linear contact springs based on the nodal masses that come into contact and the 
size of the global time step. It is defined as: 

(A.1)

As noticed, a SOFT=0 which is the default method, uses the size of the contact 
segment and its material properties to determine the contact spring stiffness.  
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Calculation of the internal energy for the multi-shell layer models showed 
some disparities with regards to the crush length. 

Figure A.3.1: Internal energy with the default penalty method. The 
sustained crush length increases with increasing number of shell 
layers. 
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B COMPOSITE DOOR BEAM 

Figure B.1: single shell model showing stress concentration at the 
centre of the beam at 35ms. 

Figure B.2: Double-shell layer model showing stress concentration 
at the centre of the beam at 35 ms 
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C Extra history diagrams

Figure C.1: Comparison of the load-displacement curves of the composite 
crash beam the original steel beam under quasi-static load. 

Figure C.2: Effective stress during impact 
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