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Abstract

While the potential of carbon fibneinforced plastic (CFRP) composites émrergy
absorbingstructureshas been widely acknowledged, there has been limited adoption in the
automotive industry due to high manufacturing costs and challenges associated with accurately
predicting their response during impact loading. Compomeataifacturedia high-pressure resin
transfer (HPRTM) with highly reactive resinsffer reduced cycle times, while unidirectional non
crimp fabric (UDNCF) reinforcements provide a reduction in manufacturing costs, higlaime
mechanical properties, and design flexibility. However, the energy absorption capacity (EAG) of UD
NCF CFRP composites has not been widely studied, with much of the available résassetd on
the quassstatic axial crushing or dynamic drbgsting of unidirectionaapeor wovenCFRP
compositagubes. Additionally, since predictive modelling is extensively used in the automotive
industry, additional research on accurately modellegEAC of CFRP compositeomponents is
required to expand their implementation in vehicle structures. Thus, the goal of this study is to
support the development of a hifjtielity impact simulation model for predicting the EAC of UD

NCF carbon fibreeinforced epoxy composite sttures manufactured via HRTM.

Firstly, the EAC and failure modes of [0/+45/9QD/90/+45}, and[+45/0;])stapered hat
channels subject to dynamic axi@mpressivdoading were experimentally characterizBiktinct
modes of failure were observéat the testedhannelswith the highest energy absorption coinciding
with asplaying failure mode for the [+45]@ channels (24% to 29% higher than other layups)sé&he
results were compared tesults from previously performeestson singlecorrugated and hat
channels comprising theraa material system and tested under the same conditithile. the
stacking sequence is influentfalr a given component geometmanufacturingnduced defects for
components witltomplex geometry can cause significant reductions in EAC. For all geometries, the
[+45/0;]s channels performed besthile the tapered hat chanrethibited up t®5%lower EAC

compared tahe hat and corrugated channielsthis stacking sequence

Next, simulation modelaere developedsingthe finite element software LBYNA to
predict EAC ofthetapered, hat, and corrugate&RP composite channeldth different stacking
sequencesVarious loading conditions were simulated, including dynamic and-gt&iss axial
compressivdoading and threg@oint bendingAn availablematerial model for the progressive failure
of composite laminate$1AT_054, was calibratedor a baselinecase namelythe [0/£45/90} hat



channel under dynamic axiedmpressive loadindt was concluded that whitbe EAC of channels
with different geometries from the baseline condition was accurately predicted when using the
calibrated material model, the predictive capability of the simulation models was limited for other
stacking sequencesmdloading rates and for the thrpeint bending case$he calibratednaterial
modelwas unable to capture the strain rdégendent response of the ANF composite material,
whichresulted in underpredicticsf EAC at loadingrates different from thbaselinecondition (i.e.
33% forthe [0/+45/90] hat channesubject to quasstaticaxial loading). Additionally, the single
shell part representation usedhe study prevented capture of delaminatishichresulted in
underpredictions for energy absorption widetamination wagrominent (i.e. 24% for [+454) hat
channelsubjected to dynamic axial loadnd.astly,the EACwas significantly overpredictefdr the
threepoint bendingcasegfrom 13%for the [+45/0]s corrugatedhannelsip to 60% for[+45/0;]shat
channels subject to dynamic thieeint bendingpwing to the fact that some of the material model
parameters were negphysicaland thus tailored for the axial compression loading.dasgeneral,
changesn stacking sequence and loading condition requieedlibrationof the norphysical
material modeparameters; most notably, the matipendent failure strains.

Lastly, the energyabsorption capacity and failure behaviour of adhesively bonded double hat
channelsinder axial compressive loadimgre experimentally characterized and corresponding
simulation models were developed with the calibratatierial modelTheaverage total energy
absorption was higher for the [t45)thannelsvhen compared tthe [0/£45/90] channelswith a
7.5% and 32%ncreasdor quasistaticand dynamic cases, respectivdjowever, the average
specific energy absorption of all doulilat channels tested was less than that measured for the
singlehat channel counterpart of the same stacking sequence for both loading rates. To represent the
bond numerically, the elastoplastic ratependent material model, MAT_240, was calibrated in
LS _DYNA to experimental data and applied to cohesive elements. Predictions of EAC were more
agreeable with experimental data for the dynamic axial loading cases (deviations of +12%9and
for the [0/£45/90Jand [£45/0]s channels respectively) than the gustatic axial loadings (deviations
of -33% and-35% for the [0/£45/9Qjand [£45/0]s channels respectively).

Thestudy yielded criticaperformance data fadD-NCF CFRP channeklndan improved
understanding of thassociatethfluence ofstacking sequence, component geometry, and loading
rate.Thesimulationresults serve ast@nchmarko which more physically based models (i.e.,

considering interlaminar interactions, strain rate dependencies, etc.) can be confidently compared.
iv
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Chapter 1

| ntroducti on

1.1 Research Motivation

In 2021, transportation accounted for 28%
majority of which was due to road transportation (i.e., passenger and freight vdhiclBgcent
federal zereemission targets for new passenger vehicles and light trucks have motivated automotive
manufacturers to improve vehicle design and production pro¢essdsthat emissiorfsom road
transportatiorare reducegR], [3]. The replacement of traditionally heavy metal components with
advanced, lighter materials (known as liglgighting) is one method by which increasing fuel
economy restrictions may be addressed without sacrifiehgcleperformancd4]. A 10% reduction
in weight can translate to a 6% to 8% improvement in fuel ecoffdbnyVeight reduction is not only
important in improving fuel efficiency but also in compensating for the additional weight introduced
by electric batteries in electriwowered vehiclepl]. Registrations of gagowered vehicles dropped
from 88.0% in 2020 to 80.6% in 2022, while the number of newly registered hybrid electric vehicles,
plug-in hybrid electric vehicles, and battery electric vehicles more than doubled to [64,7%
indicating increased interest in leewission vehicles.

Fibrereinforced plastic (FRP) composite materials are vikdpe-weightingoptions for
vehicle structures as they offer several advantages when compared to their metallic counterparts, such
as high specific strength and stiffness, increased design flexibility, reduced maintenance (no
corrosion), and reduced assembly owing to pansolidatior{7]. As a result, arbon fibre
monocoques have beeranufactured to redug¢be weightof Formula 1land luxuryvehicles sincehe
19809[8]. In 2005, Lamborghini developed an entire carbon fibre/epoxy body (bumper subsystem,
fenders, hood, structural frames, etc.) for the Murciel&ggu(el1.1), which yielded a weight
reduction of 34 kg (about 40%) over its-aluminum counterpart, the DialJ®]. Furthermore, in
2013, BMW launched their first electrically powered production car, the Megacity Vehicle, which
featured carbon fibre reinforced plastic (CFRP) composites to reduce the overall mass of the vehicle
(Figurel.2a). A 100 kg battery was introduced in the front of the vehicle, while an equal reduction in

body weight was also achieved using a CFRP passenggtGiell
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Figure 1.1: CFRP body panels (in lime green) adhesively bonded to the hybrid CFRP/tubular
steel frame and roof structure of the Lamborghini Murciélago Roadstef11].

While interest in the applicatioof composite materials for the mass production of
automobilesalso emergedt was almosexclusivelylimited to discontinuous fibreeinforced sheet
compound (SMC) or bulk compound (BMC) for nsimuctural or secondary paft], [13], [8]. For
energyabsorbing and structural applications, resehashbeen ongoing since the late 198@$.

More specifically, FRP composite structures are known to exhibit high specific energy absorption
capabilities under compression and higieed impadf7]. This property favours adoption for

deceleration and occupant protection applications like front crush rails, which are currently made of
steel and aluminunAutomotive manufacturers such as FIB], Hypercar Inc[16], and Ford17]

have all previously developed prototypes to investigate the wselwdn fibre reinforced plastic

(CFRP) compositeas primary structuresiowever, thigequiresthe use of stronger, continudiilsre
reinforcements (such as unidirectional prepregh)ch werecostly and timeconsuming to

manufacturg18], [19]. This limitedmostadoption to luxury and sports cd®®], [21], [22] . Despite

their clear advantages, limited adoption of CFRP composites in frontal crash structures has remained
as a result of theostly manufacturing processes amnplicated energgbsorbing mechanisms.

Fortunately, relatively recent advancements indpgost, largescale FRP manufacturing
methods (e.g., liquid compression with hedew fabrics) as well as developments in rapid curing
resin systems may enable wider adoption of CFRPs in vehicle struéromes2019 to 2022, the
Nati onal Research Council of Canadaés Automot i ve

engaged in an academic and industrially collaborative project to create fast and affordable processes
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for manufacturing advanced thermoset composites for vehicle parts. Achieving cycle times of less
than three minutes, via a process known as resin transfer (RTM), a part for coach buses 35% lighter
than the original metallic part was created and is undegdests at an industrial facilif¢]. In

addition to the reduced manufacturing cycle tiff/@sdevelopments in fabric architecture for
mediumto-high-volume applications are expandimgpn-crimp fabrics (NCFs), for example, feature
advantages such as strength, ease of handling, and low manufacturingarasts European project,
TECABS, which validated the production of lightweight carbon fibre automotive-lmedite
structures, RTM in combination with new resins enabled the production of up to 50,000 NCF floor
panels per yeaf8]. Early applications of NCFs in batch production were also accomplished via
BMW AG in Munich, Germany, where roadils were produce¢B]. BMW continues to use NCFs
manufactured via HHRTM in their vehiclesFigurel1.2b) [10]. Thus, the development of frontal

crush structures using NCF reinforcements madagimprove the accessibility of CFRRvithin the

automotive industry.

Figure 1.2: (a) Preforming the CFRP roof of the BMW M3 (b) Removal of the BMW M3 roof
from a RTM press[10].

As for their complicated enereggbsorbing mechanismihie anisotropic nature of FRPs
results in a emplex combination of damage mechanigimes, matrix cracking, fibre/matrix
debonding, fibre kinking or fracture, delamination and fricf@®]) thatalthoughefficiently dissipate
energy arealsodifficult to predict and quantify14]. The interaction of these mechanisms results in a
range of componesevel failure modeshat canmproveor hinderthe energy absorptiaccapacityof

a part[24]. Furthermore performance is heavily dependent on part geometry, fibre type and form,
3



laminate stacking sequence, loading rate, and damage initiation strf§2éyi€®r example, the

energy absorptionapacityof CFRPs is oftemotably reducednderdynamicconditions than at
quasistatic rate$26], [27], [28], [25] [29], [30]. However, much of the available literature on the
energy absorption properties of CFRPs is collected at-gtet&s rates due to tleecessibility of
guasistaticexperiments anthereforecannot be used to guidesign for vehicle crash applications

As a result,the design of crastvorthy CFRP structures currently requires extensive physical testing,
which is often costly, even on a reduced scale or when focused on specific components. Additionally,
in the automotivendustry,vehicle performance is @ investigated via fulscale numerical

structural analysis prior to experimental tesfibly Several commercial finite element software
packages are available for predicting the energy absorption capabilities of CFRP composite
structures, including L®YNA, PAM-CRASH, Radioss, and Abaqus Explicit, among otf&t$

[32]. Significanteffort has been undertaken to develop material mddatcancapturethe detailsof
composite material@ithout requiringunreasonable computational resou@&ds, [33], [34], [35],

[36]. Success in the former often comes at the cost of achieving the latter, and vic& swesds

this goal, a number of progressive failure models that predict the sudden fatorepdsite plies

such asvIAT_054 within LSDYNA, have beenlevelopedind require the calibration of many
parameters that are not physically represent@8ivg [38], [39], [40] Consequently he

transferability of such models imcertain and their use as design tools is limit€dus,beyond

reducing thalependence on experimental testicreleratingadoption within the automotive

industry; specifically,requiresthe developmeraf efficient numerical techniques and simulation tools
that reliably incorporate composite material design and manufacturing prowegssdict the
performance of CFRP crastorthy structuresTherefore, thgoal of this thesis is to support the
development of a higfidelity impact simulation model for predicting the energy absorption capacity
of unidirectional norrcrimp fabric (UDNCF) carbon fibraeinforced epoxy crasworthy composite

structures.

1.2 Thesis Outline

This thesis is divided into six subsequent chapters through which the experimental
characterization of UINCF carbon fibre/epoxy composite channels and the development of
simulation models to capture and predigperimentally observdaehaviour are described and

discussed. In Chapter 2 briefbackground on CFRP composites is presented, followed by a
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summary of studies experimentally investigating the response of CFRPs subject to axial loading and
threepoint bending. Thereafter, background and relevant studies on numerically modelling CFRPs
composites under the same loading conditions are summdrastty, approaches to modelling
adhesively bonded composites are provided and followed by relevant studies. A summary of gaps
amongst current literature and a set of objectives to support the overall goal of this study are then
detailed In Chapter 3, thenanufacture of thelD-NCF CFRP compositehannels, as well as the
experimental methodology for their characterization under axial logdipgesented. In Chapter 4,

the numerical methodology for the development of simulation models to replicate the experimental
conditions for calibration and verificatiagmdescribed. Results of the experimental characterization
andthe simulation model predictiomse presented in Chapter 5 and Chapter 6, respectively.
Discussion on each set of resudtalso provided Wwhin the respective chapters. Lastly, in Chapter 7,

the outcomes of this study are summarjzel recommendations for future work are suggested.



Chapter 2

Background & Literature Revi

In this chapter, an overview of fibreinforced composite materials is provided, namely the
common constituents for energpsorbing structures, carbfibre thermoset composites (Section
2.1). This is followed by a summary of common fabrication processes (Secomext, the
deformation response of UD composites and laminates is presented, followed by a review of damage
mechanisms and failure theories (Secfd). Literature on the energgbsorption capacity (EAC) of
thermoset composites under axial compressive loading and transverse bending is then presented
(Section2.4). Lastly, literature on simulating the behaviour of composite structures and adhesively
bonded composite parts to predict performance is presented (St6tiomd Sectior2.6). The

chapter concludes with a summary of gaps in the reviewed literature and research objectives (Section

2.7).

2.1 Overview of Fibre-Reinforced Composite Materials

Fibre-reinforced plastic composite materials consist of reinforcement fibres embedded in a
polymeric matrix. The reinforcement fibres have a much greater strength and stiffness when
compared to the matrix phase. The properties of the composite are demenifenproperties of the
constituent materials, as well as their concentrations and forms, the orientation of the fibres, and the
strength of the fibrenatrix interface[41], [42].

2.1.1Fibrous Reinforcements

The concentration of the reinforcing fibre phase is measured in terms of volume or weight
fraction @ My ). The orientation of the fibres affects the anisotropy of the material sj#tg¢m
Composites comprising continuous fibres exhibit a higherbading capacity when compared to

those with discontinuous fibres, while also offering improved impact resigié®ice

Continuous fibre tows (i.e., bundles of fibres) may be used to directly manufacture composite
parts or can be formed into fabrics that may be subsequeniimpregnated with resin to form
partially cured prepreg materigl], Two-dimensional fabrics are commonly employed because
they allow for effective tailoring of anisotropic material properties. There are many types of two

dimensional fabrics used as reinforcements such as unidirectionatimgnfabrics , woven fabrics
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(e.g., plain weave or twill weave), or braided fabrics (e.g., biaxial, triaxial, or quadri@dhlj24]
(Figure2.1). For the composite components assessed in this studi@H3 are used as the

reinforcement constituent.

Unidirectional carbon fiber fabric

ATt AT el

a) b) c) d)

Figure 2.1: Examples of twadimensional carbon fibre fabrics: a) UDNCF, b) plain weave, c)
twill weave, and d) multidirectional NCF [44].

UD-NCFs consist of parallel fibre tows aligned in one direction, stitched together with a low
density polyester yari#5] (Figure2.2a). Since UBDNCFs do not have interlacing fibre tows, they are
characterized by having limited eat-plane crimpind43]. Common stitching patterns include chain,
tricot, plain and satin, stitching6] (Figure2.2b) . Transverse supporting fibres placed below the
tows are often used to maintain fabric integrity during handling, while a stabilizing binder is often
applied to the fabric to facilitate preforming for liquid composite procptges More recently,
costeffective heavytow fabrics with 50,000 filaments per tow have been developed and used for
automotive applicationd], [38], [48], [49].
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Figure 2.2: a) Example of a carbonfibre unidirectional non-crimp fabric, adapted from [50]. b)
Examples of noncrimp fabric stitching patterns, adapted from [46].

2.1.2 Polymeric Matrices

The role of the matrix phase is to bind the fibres, transfer loads to the fibres, and protect them
against environmental degradation or damage during hap#llindg’olymers are the most widely
used matrix materials due to their low cost, easy processability, and good chemical rddi$jance
However, polymeric matrices are limited to low operating temperatures, which in turn limits the
operating temperature of the composite material. Polymer matrix materials include thermosets and

thermoplastics, with thermosets being most widely (i2éH

Thermoset polymers are characterized by short molecular chains and, thus, are liquids in the
asreceived condition at room temperature. To be used as the matrix phase in composite materials,
thermosets must be combined with a curing agent to form cras$letlveen molecules. The curing
process forms a molecular network structure, which solidifies thermosets and leads to the
development of their characteristic properties. Epoxies are the most common thermosets used in
composite materials owing to their ridl@ly high strength and modulus, and low shrinkage during
manufacturing24]. Additionally, epoxies possess straaie dependent properties, with
demonstrated increases in compressive yield strength with increasing strgbd Jrated transitions
from ductile to brittle responses under shear loafh@y Lastly, highly reactive, fagturing epoxies
have been developed to reduce production cycle {fi58s[54] and were used to fabricate the

channels considered in this study.



2.2 Fabrication of Fibre-Reinforced Plastic Composite Materials

There are many processes available for the fabrication of FRP composites, including
processes utilizing serfinished raw materials, such as prepregs, and liquid composite processes.
Liquid composite processes such as resin transfer (RTM) and wet ssioprénvolve
impregnating dry fabric reinforcement layers with a liquid resin (typically a thermoset polymer)
inside a closed heated mould. These processes offer higher efficiency, flexibility and low cost for
complex structurefs5]. A variant of the RTM process, namely higtessure resin transfer (HP
RTM), was used for the fabrication of composite components in this study and will be discussed
hereafter.

For a typical RTM process, fabric layers are cut, stacked, and preformed intereehslaape
of the final part before being placed into a tpaxt preheated mould. Once the mould is closed, a
vacuum is used to draw air out of the mould cavity for thegae of mitigating void formation
during subsequent infusion of the resin. Resin is premixed with a curing agent and infused into the
mould using a metering unit. Once the mould is filled, the resin is allowed to cure before the
solidified part is demouldk RTM enables the repeatable production of sit@lnediumsized,
geometrically complex, highuality continuous FRP composite parts in relatively short cycle times
[41] (hours or minutesdepending on the part geometry and thicki4Sh. However, the RTM
process also features disadvantages such as high initial setup costs and limits to the size of the parts.
High-pressure resin transfer was developed to address the limitations of typical resin transfer
processes. The HRTM process features a highly reactive resin and a curing agent that are rapidly
mixed and injected into the closed mould at high flow ragsg a metering unit with a mix head.
The process is often automated, leading to reduced cycle times of only n@jite®nducive to
high-volume production environments. The high pressure generated in the mould cavity also

improves surface finish qualif$7].

2.3 Deformation Response and Failure Characteristics of FRP Laminates

Unidirectional composites often represent a basic building block for the construction of FRP
laminates comprising multiple laydel]. Each layer may be referred to as a ply or lamina. The
material axes are defined by the direction parallel to the fibres (longitudinal axis, 1), and the
directions perpendicular to the fibres (transverse direction, 2, araf-plene transverse directip
3) (Figure2.3). Unidirectional composites are treated as transversely isotropic materials, where the
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material is isotropic in the-2 plane. The generalized stredgin response of an orthotropic FRP

lamina can be segregated into four stages: hntsgstic, prepeak softening, peak, and pasak

softening Figure2.4). Prepeak softening represents the inelastic response of composites attributed to
the accumulation of micrdamage and/or localized yielding of the matrix mat¢&a]. The peak
represents the initiation of intralaminar failuwenich can be predicted using failure criteria (Section
2.3.3). Pospeak softening represents macroscale damage evolution leading to the final failure of a
lamina[31].
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Figure 2.3: Schematic representations of (a) a unidirectional composite and its material
coordinate systemsadapted from[41] and (b) Stresses acting o composite volume element in
a state of plane stress.

10



o Peak
Pre-peak |
softening
; Post-peak
i softening
Elastic—{¢ !

Figure 2.4: Representative stressstrain behaviour of a fibre-reinforced plastic composite31].

2.3.1Plane Stress Linear Elastic Response of a Lamina and Classical Lamination Theory

For a lamina in plane stress, the resulting stséssn relations with respect to the material

coordinate system are given [gM]:

E 'E
E 'E P
E
where {8} and {U} represent the | amiredumedstr esses

stiffness matrix. The stresdrain relations can also be presented in terms of the compliance matrix,
[S], where [S] = [Q]-

n n
n n ' q
n
o p -~ . s = e P . P
Y 6h Y Y h Y 'Oh Y 0 o
The four el astic constants of the | amina consi st

directions ©andO),theinp | ane Poi s s,andiheinplare shear mddulugY . For
the analysis of a laminate, it is necessary to define a common reference coordinatexsysi#gm (
about which each lamina is oriented by ardy(Eigure2.3b). Stresses and strains can be transformed

from one coordinate system to another via the strassformation matrix ¢  or the strain
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transformation matrix ¢ [41]:

A A
A 4 KA T
Z Z
Al P OEfi cOHRIO
Y OEfN Al PO ¢cOgRI[O v
OFRIfOOHFRAI[OAT O OE[
R R
R 4 R (0}
r r
Al O OEfN OgRAI[O
4 OEfN Al P OgRAI[O X

COBRI[Oc OFAI[OAT O OE(
Thus, the stresstrain relation for an orthotopic lamina oriented with respect t&,the coordinate
system is given by:

» 4 0 0 m o4 - 0 - Il
T T m™ 6 r r

where 0 represents the lamirteansformed reduced stiffness matrix.

For a relatively thin laminate, classical lamination plate theory can be used to predict the
strains and stresses at any point across the thickness of a laminate undergoing deformation. The
straindisplacement relation can be written in terms of midpkirans () and curvatures Q) as
a function of an arbitrary distance from the midplane of the lamingil]:

R X E
R X U E w
r ] E
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Figure 2.5: Schematic of a laminate consisting of n orthotropic lamina@t1].

The variation of stresses at any point within a lanna provided by the following stressrain

relation Eigure2.5):

A 1 1 1 X 1 1 1 E
A 1 1 1 X U1 1 1 E
4 1 1 1 r 1 1 1 E

Next, the resultant forceN} and moments {1} in the laminate are defined by the following

integrations across the laminate thicknégigure2.5):
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For a laminate consisting oforthotropic laminae, the foramoment system acting at the midplane of

the laminate cabe replacedvith a summation of integrals where each represents the contribution of

one layer:
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Noting that the midplane strains and plate curvatures remain constant for the whole laminate, they can

be removed from the summation along with, the reduced stiffness matrix. This allows for a

simplified rewriting of the resultant forces and moments through the introduction of three new

matrices, [A], [B], and [D]:

Fale)

Ql©

14

P W
E CT
E cp
E (XS



The [A], [B], and [D] matrices are respectively known as the laminate stiffness matrix, coupling
stiffness matrix, and bending stiffness matrix, wHerelenotes the distance from the laminate-mid

plane to the bottom of ply(Figure2.5).

2.3.2Intralaminar and Interlaminar Damage Mechanisms in Laminated FRP Composites

Local intralaminar damage mechanisms, including breaking of fibres, microcracking of the
matrix, and separation of fibre from the matrix (i.e., interfacial debonding), precede failure of a
lamina [8]. Failure may be influenced by misalignment of fibvasiations in the strength of fibres,
fibre-matrix interfacial conditions, and manufacturimgluced residual stressgH]. In this section,
the development of intralaminar damage in UD lamina under fiydaine loading conditions is

reviewed, followed by a brief review of interlaminar damage (i.e., delamination).

Under longitudinal tensile loads, failure of a UD lamina begins with breakage of individual
fibres. Fibre breakage increases with increasing, leading to clustering of fibre breaks and
adjacent matrix cracking in localized regidb8]. These regions eventually become too weak to
support the increased load, causing complete separation of the conigigsiteZ.6a). The interfaces
of broken fibres may debond due to stress concentrations at the fibre ends and contribute to composite
separationKigure2.6b). Alternatively, cracks at different cresections may join up via debonding
or by failure of the matrixKigure2.6c).

Initial
crack

2

. ” : Debonding |
F:Rﬁ)rut or matrix
P tailure
a) b) c)

Figure 2.6: Possible failure modes of a UD composite under longitudinal tensile loading: (a)
brittle failure, (b) brittle failure with fibre pullout, and (c) brittle failure with debonding and/or

matrix failure [41].
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When a UD lamina is subjected to longitudinal compressive loading, the continuous fibres act
as long columns and-phasdibre micro-buckling (i.e., kinkband formation) can occuFigure
2.7a). For practical fibre volume fractions (greater than 40%), fibre aigokling is generally
preceded by local matrix yielding, constituent debonding, and/or matrix microcracking. Transverse
tensile strains caused by the Poisson effect can exceedithat@ltransverse strain capacity of the
composite, resulting in cracks at the filsnatrix interface. Shear failure is another potential mode of

failure (Figure2.7c).

é é
% 7
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% %
7 7

el gt
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Figure 2.7: Possible failure modes of a UD composite under longitudinal compression loading:
(a) in-phase fibre micro-buckling, (b) transverse tensile failure, and (c) shear failure. Images
adapted from[41].

When a UD lamina is subjected to transverse tension loading, stress concentrations develop at
thefibre-matrix interfaces. Thus, failure occurs because of the coalescence of localdiive
interface cracks and microcracking within the matrix, which leads to a thtbiggmess ply crack
(Figure2.8). Under transverse compressive loads, a UD composite will undergo failure along a shear
plane where localized matrix cracking and filonatrix debonding occuiF{gure2.9). Under inplane
shear loading, failure occurs by localized matrix shear failure and constituent debtiglimg (
2.10).

Figure 2.8: Failure of UD composite under transverse tensile loadingl1].
16



Figure 2.9: Shear failure of UD composite under transverse compressive loadifgdl].

Matrix Fiber Failure surface
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Figure 2.10: Failure of UD composite subject to an irplane shear load41].

Delamination cracks propagate between plies in a laminate and are induced by sufficiently
high interlaminar stresses. Delamination cracks often initiate at the tips of intralaminar ply cracks as a
result of stress concentrations at the ply crackRigure2.11).

Delamination

Figure 2.11: Schematic of celamination crack between two plies of a laminatg9].
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2.3.3Common Failure Theories

Common failure theories for fibneinforced plastic composites include the maximum stress,
maximum strain, Tsatill, Tsai-Wu, Hashin, and Charghang criteria. All failure theories require
the inplane lamina stresses (Eg. (1)) angbiane strengths cresponding to each mode of failure,
including longitudinal tension, longitudinal compression, transverse tension, transverse compression,
and shear. For the maximum stress failure theory, failure is predicted in a lamina if any of the in
plane stressexeeed the corresponding strengig]. Similarly, for the maximum strain failure
theory failure is predicted in a lamina if any of thelane strains exceed the corresponding ultimate
strains[60]. While the maximum stress and maximum strain theories inherently consider different
modes of failure, they do not account for the interaction of failure modes and, thus, ignore the
combined stress state of the lamina.

Interactive failure theories account for the coupling between lamina failure modes and are
generally deemed to exhibit improved accuracy. The-Hdhfailure theory is an extension of the
distortional energy vyield criterion for isotropic materials and wgended for anisotropic materials
[60]. A single polynomial that is a function of theptane stresses and strength describes the failure
surface. The TsalVu failure theory is based on the total strain energy applied to a lamina in plane
stress and similarly uses a single polynomial fundiiogescribe the failure surfaf@0]. This theory
is more general than the former theory because it distinguishes between the compressive and tensile
strengths of a lamina. While the T44ill and TsatWu failure theories are convenient, they do not
account for different modes of failure. & Mashin and Chanrg@hang failure theories consider
different failure modes as well as the coupling between these modes. Both theories include criteria for
fibre tensile failure, fibre compressive failure, matrix tensile failure, and matrix compresaive.fail
The theories are distinct from each other most significantly in their matrix damage criterion, although
they have both been used to predict performance of composite materials under impacféaading

2.4 Energy Absorption Capacity of Composite Structures

FRP composites do not exhibit the same enafzgorbing mechanisms associated with ductile
metallic alloys (i.e., plastic deformatiofi{]. Instead, FRP composites primarily absorb energy
through the formation of several distinct damage mechanisms (S2@i@nas a result of their
heterogeneous and layered struct{?d$. The morphology of and interactions among these damage

mechanisms are complex and may lead to distinct modes of failure, which are influencefibiog the
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architecture, lamina properties, laminate stacking sequence, part geometry, loading rate, and type of
loading[7], [14], [32]. Thefollowing sections review the performance and associated failure modes
for FRP composite parts under compressive axial and transverse bending loads.

2.4.1Behaviour Under Compressive Axial Loading

Upon application of an axial compressive force, a FRP composite part may generally fail via
buckling (leading to macroscopic fragmentation of the structure) or progressive ci@ghiriche
latter is preferred and of interest as it corresponds to increased energy absorption under sustained
loading. The general response of brittle FRP composites during progressive crushing is described

herein, followed by a review of relevant studies.

2.4.1.1Macroscopic Fore®isplacement Response & Failure Modes

For a composite structure undergoing progressive crushing, the associatdidpbacement
curve can typically be divided into two distinct regions:-pmashing and progressiaeushing
regiong[62], [63] (Figure2.12). In the precrushing region, there is an initially elastic increase in the
load corresponding to the contact of the impactor with one end of the channel. The applied load then
reaches a peak corresponding to the beginning of failure, where local fiaittates at the impacted
end. Thereafter, the load drops to a lower plateau which corresponds to progressive crushing. In the
progressive crushing region there are steady but random fluctuations in load, corresponding to the
progressive failure of the epimen[63], [62]. This behaviour is due to the stiskp nature of the
crushing mechanism in which the stresses required to initiate crack growth are higher than those
required for propagatiof24], [14]. Minimal oscillations are ideal because they maximize the area
under the forcalisplacement curve and thus the energy absorption.
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Figure 2.12: Typical force-displacement response of a brittle FRP failing via progressive
crushing under axial compressive loads, adapted frorf64].

There are several metrics commonly used to compare the eatesggbing performance of
composite structures, with the most notable summarizédbite2.1 [7]. Specific or total energy
absorption are the most widely reported parameters in the litefaflly§63]. However, crush force
efficiency (CFE) is also an indicator of a good candidate for eravggrbing applications as a lower
CFE often leads to higher SHA]. There are no standard experimental tests to assess the crush

resistance of FRPs which can make it difficult to compare studies investigating perfof&nce

Table 2.1: Common performance metrics for evaluating the energyabsorbing capacity (EAC)
of brittle FRP structures.

Performance Metric Equation Definition

Integration of the crushing force
with respect to the displacement ¢
Total energy absorptioA 00 "Ow'Qe the impactor crushing the specime
Area under théorce-displacement
curve up to the crush distance, d

Specific energy absorption o OO0 Energy absorption per crushed me
YO0 — . .
SEA a (& ) of specimen
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Average crushing force; Total

Mean crush forcé© "O B "Ow' Qe energyabsorption divided by crust
Q distance, d
Initial peak force;O - Maximum force.
0 -
Crush force efficiencyCFE 8 "00 — Ratio of mean crush force to peal

(@) force.

Both Hull[24] and Farley and Jon§85] characterized the progressive crushing behaviour of
FRP tubes under axial compressive loads. Both reported two distinct failure imgadaging/lamina
bending and fragmentation/transverse shedriwgh most specimens exhibiting a combination of
both, cenoted as brittle fracturingrigure2.13). Splaying/lamina bending is characterized by long
interlaminar and intralaminar longitudinal cracks with little or no fracture of axial lamina bundles
[14]. Crack growth is the principal energy absorption mechanism for this failure mode, with energy
also being absorbed through the bending of lamina bundles and by frictional effects between the
platen, fronds, debris wedge, and adjacent lanfibéle[62]. Fragmentation/transverse shearing is
characterized by a wedghaped laminate crosgction, with one or more short interlaminar and
longitudinal cracks forming partial lamina bundles. The wedge is created by the growth of
interlaminar cracks which evarglly cause the edges of the tube wall to fracture. The primary energy
absorption mechanism is the fracture of lamina bundles, with interlaminar and longitudinal crack
growth as secondary contributdtgl]. Lastly, as mentioned, a catastrophic unstable failure is also
possible (i.e. as a result of buckling) and leads to much lower energy absorption. Farley and Jones
[65] suggest that unstable crack growth during lamina bending and constraining of interlaminar

cracks in transverse shearing could lead to catastrophic failure.

Hull [24] proposed that the predominance of either splaying or fragmentation in a given tube is
dictated by the micromechanics of fracture, which is influenced by the distribution of fibres in the
composite. They demonstrated that tubes with a large proportiaopffibres will have a greater
tendency to fail by fragmentation than those with a majority of axially oriented fibres. This is because
the hoop fibres constrain against splaying and result in a relatively low thwalbbhear strength.
Carrutherg14] reviewed the energy absorption capacity and crashworthiness of composite material
structures and suggested that the fragmentation mode appears to be characteristic of FRPs with high

interlaminar and intralaminar shear strengths, while the splayireis more common with those of
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correspondingly lower shear strengths. However, Carruthers also notes that the lamina bending failure
tends to generate a larger crush area and so has a higher potential for absorbing energy by frictional
effects at the platen specimen interface.
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} F
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Figure 2.13: The failure modes possible for a brittle FRP composite parts under axial

compressive loading, adapted fron40], [65].
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2.4.1.2Studies on Factors Affecting Performance Under Axial Loading

Several studies hawmed toassess the performance of FRP composite parts with various
geometries, including circul§24], [66], [19], [67], [68], [69], [70], squard71], [39], [72], hexagonal
and honeycomfr 3], [74], andconeshaped?28], [75], [70] tubes, as well as-€haped kanneld63],
hat channel§2], [76], [77], [78], and corrugated chann¢i9], [39], [25]. In terms of thicknes
Farley[80], Farley and Jond§5], and Mamalis et a[81] studied the performance of circular
fibreglass FRP composite tubes under ggteic axial crush loads and reported similar trends of
decreasing specific energy absorption with increases ididhngeterto-thickness ratioThe
observation was attributed to a corresponding increase in the length and number of interlaminar
cracks which resulted in a reduced laminate failure strength. However, Farley and@sjnested
that very thick carbon fibre/epoxy tubes (diametethickness ratio greater than 1) did not readily
crush progressively because of their inherent resistance to interlaminar crack growth. Instead, the
tubes failed catastrophically when the hoop stress in the tube reached the strength of the material.
Similary, Carruthers et a[14] noted that very thiwalled carbon fibre/epoxy tubes were prone to

unstable failure via buckling

Zhao et al[82] experimentally and numericallABAQUS) investigated the crushing
behaviour ofwovenCFRP tapered tubes with various crgsstion profilesKigure2.14) under axial
and obligue compressive loading. Experimental validation via dynamic drop testing at 5 m/s was only
performed for the circular tapered tubes since these were estimated to possess the greatest EAC
both loadingates It was concluded that increasing the tapered angle of the channels appeared to
reduce unstable local buckling mogesich led to a proportional increase in SEA. In terms of
obligue loading, the EAC of all channels was observed to decrease with increasing impact angle due
to changes in the failure mode. With increasing impact arefdecedragmentation and
delamination of the pliewerepredicted. Instead, increased unzipping of the tubes near the corners
was observedrigure2.15). However, increasing the tapered angle was also found to reduce unstable
crushing for all impact angles. It was concluded that-langinar interactions (energy absorbed by
the intralaminar fibre damage and-plane shear plastic deformation) were phienary methods of
energy dissipation regardless of impact loading angle. However, Zhao et al. also noted that profiles

which resulted in increased delamination dissipated even more energy.
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Figure 2.14: Geometries of CFRP tubes investigated by Zhao et 482] in ABAQUS to evaluate

EAC.
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Figure 2.15: Predicted response of tapered CFRP tubes from simulation model developed by
Zhao et al[82]. with increasing loading impact angles: (a) 0°, (b) 10°, (c) 20°, and (d) 30°.
Adapted from [82].

Thornton and Edward83], and Mamalis et a[84] bothreported that square and rectangular
tubes are generally less effective at absorbing energy when compared to circultitibated of
glass, carbon or aramid prepregs under gstasc axial and dynamic drop testingwas suggested

that this was typically because the corners of the tubes tended to act as stress concentrators, which le
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to the formation of splitting cracks in the axial direction at the radii. The splits were noted to
dominate the failure mechanisnesulting in a poor utilization of the material as a whole.

Harvey et al[25] [76] studied the performance of UNMCF carbon fibre/epoxy channels with
hat and corrugated crassctional geometrie§igure2.16) under dynamic axial compressive
loading. Channels with two different stacking sequences, namely [0/+4&/@D][+45/0]s, were
manufactured using an HRTM process. It was found that per stacking sequence, the SEA of both
geometries was similaFigure2.16). However, channels with the [£45)0stacking sequence
absorbed more energy than channels with the [0/+458#jking sequence due to the increased
number of plies in the axial direction. Fragmentation was the predominant failure mode observed for
the [0/+45/90] channels, while some brittle fracture (combination of splaying and fragmentation) was

observed for the [£454 channels.
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Figure 2.16. a) Hat channel geometry b) corrugated channel geometry ¢) Comparison of the
specific energy absorption of UBNCF carbon fibre/epoxy [0/£45/90] and [+45/Q]shat and
corrugated channels subject to dynamic axial compressive loadijg5], [76].

Similarly, Farley[80] performed quasstatic tests onT¥f — unidirectional carbon
fibre/epoxytubes for 15° << 45%nd reportedhe greatest energy absorption tubes with plies
most closelyoriented towards the direction of applied loadamgl notable decreases with increasing
— However Hull [24] demonstrated via quasiatic testing of0/90] carbonfibre/epoxy tubesvith
variedratios and positionsf hoop (90°and axial (0°) fibres, that laminatesnsisting entirely of 0°

plies (andaxially loaded in the 0° directiom)ithout any constraininguter (hoop)ayers would yield
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very low energy absorptioria excessivdongitudinal splittingandseparation of pliesurthermore,
Farley[85], concludedrom theirquaststatic experiments dn 0 /. & o §i s fafboh]fibre/epoxy
circulartubeswh er e Nd wa s ,thd the reladidndbip betawaed engrgy@bsorption and ply
orientation is highly dependent on the material sysiethe compositeand more specifically, the

relative failure strains of the fibre and matrbhey noted thahese will influence the stability of the

tube andhetype of crushinglt was suggestetthat when the failure strain of the fibres is less than the
epaxy matrix, the matrix provides a degree of stabilization during the crushing prandss

subseqguent decrease in energy absorption is due to the reduction in strength of the larttirate.

case the energy absorption will decrease with an increasing angle. Conversely, when the fibres have
a greater failure strain than the epoxy, the matrix fails first and thus provides little stabilization. In this
case, stabilization is then provided by thefrodented fibres, and the energipsorbing capacity

increases with increasing ply angles.

Ataabadi et al[86] studied the effects of ply orientation and loading rate on the energy
absorbing capacity of unidirectional carbon fibre/epoxy tubes and corrugated channels under quasi
static and low velocity impacts. Twgpes ofstacking sequences were considered, angle ply
([£45/0/£45/0/£45/0/+45/0/+45]) and crogdy [0/(90)/0]s). For the tubes, minor changes in energy
absorption were measured with changes in loading rate and stacking sequence. Haynéficant
differencesn energy absorption werecorded for thepencorrugated channelgith changesn
stacking sequenceThe specific energy absorbed by the amdlechannels was nearly 20 J/g greater
than that of the crogsly channelsAdditionally, for each loading condition, the corrugated channels
exhibited lower specific energy absorption thanabeespondingube teted.Lastly, the contribution
of theoutermost 0 layerstowards the energy absorption of the tested paasioted to banegligible
as they delaminate@adily, leadingo exteme reduction of thimad-carryingcapacity. Thusthey

increasedheweightof the channels withoummcreasing energgbsorbingcapacity.

In a crash situation, high peak loads can be unfavourable for occupant prd&gtiérRP
crushstructuresequire a collapse trigger mechanisninitiate stable, progressive, higfnergy
crushing instead of catastrophic failuwveen subject to high peak logdsl]. Chamfers, slots, and
tulip geometries have all been shown to work well as initig88% Hull [24] demonstratethat in
addition to reducing the peak load, chamfer triggers reduced the initial slope of tiisioladement
curve because preliminary crushing would occur at the chamfer in addition to the elastic deformation

of the tube. Additionally, the size of thead drop following initial failure was suggested to be
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dependent on the angle of the chamfer and can be reduced to zero for som@4ingdless, it is
possible to optimize the geometry of a trigger for maximum energy absorption.

Siromani et al[68] studied the effect of failure trigger mechanisms on the energy absorption
capacity of circular carbaiibre/epoxy tubes subject to quasatic axial compression. Chamfered
end, inwardfolding or outwardsplaying crush caps, and combined (charafet and cruskap)
triggers were considere&igure2.17). It was found that the chamfer trigger was more effective than
the crush caps on their own and that the combination of a chamfered tube anefahduagdcrush

cap yielded the lowest initial peak load and highest SEA.

Spacimen Specimen
-’ -
Crush Can

Crush Cap

O

Figure 2.17: (a) Chamfered-end, (b) inward-folding and (c) outward-splaying crush caps, used

a)

by Siromani et al.[68] to investigate the effect of trigger geometry on the energy absorption of

CFRP tubes subject to quasstatic compressive loading.

While the majority of studies are limited to quatatic loadingincreasing the loading rate
can introduce material rate effects and inertial forces, which can influence the mode of deformation of
an FRP composite compongbi], [89]. Farley[90] found that [0/ —} carbonfibre/epoxy tubes
were insensitive to crushing speed, while a 35% rise in SEA was founeltlibes over a range of
0.1 12 m/sfor —equal to 15°, 45°, and 751t was proposed that if the mechanism controlling the
crushing process was loading rate dependent, then so too would be theadsertpyng capacity of
the structure. More specifically, fracture of the lamina bundles was heavily influenced by thanfibres
the 0° plies, the properties of which are not significantly influenced by the loading rate. In contrast,
interlaminar crack growth is largely controlled by the matrix, which possessesratediependent

mechanical properties.
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Hull [24] alsoinvestigated the performance of various channels subjected to axial
compressive loading and suggested that friction in the crush zone may be another reason for changes
in SEA with crushing speed. Frictional effects generate a considerable amount ahtehe
magnitude of energy absorbed by the mechanism will likely vary with the loading rate. In their
investigation of the energy absorbed by frictional processes associated with axial loading of FRPs,
Fairfull and Hull[91] found that friction could account for more than 50% of the total energy

absorbed under progressive crushigen when very smooth plates were used.

Hu et al.[19] studied the collapse characteristics and EAC of FRP composite tubes
manufactured from five different types of epebxgsed prepregs. The first three tubes comprised satin
woven carbon fabrics, the fourth tube consisted of unidirectional fabric, andtthékasomprised
satin woven Eglass fabric. The tubes consisted of [#4facking sequences (where n is between 9
and 28) such that each channel was 3 mm thick with an inner diameter of 50 mm. A 45° chamfer was
machined on one endnd the tubes were ted at quasstatic (10mm/min) and dynamic (drop
testing at 10.2 m/s) rates. It was found that dynamic drop testing resulted in lowerarsodying
capacity in comparison to quastatic loading. Additionally, it was observed that impact loading
causedhe crushing mode to transition from splaying to fragmentation. Lastly, célvefepoxy
tubes were noted to absorb more energy than fitastepoxy tubes.

In terms of varying the loading conditioBun et al[92] experimentally investigated the off
axis crushing behaviour of [0/90)oven carboriibre/epoxy tubes subject to quastatic axial and
obliqgue compressive loading (loading angles rangeid@d@). It was noted that the composite tubes
exhibited much more complex failure modes under oblique loading. Additionally, decreases in energy
absorptionwere observed most significantly between 10° to 30° while little effect was noted between
0° to 10°.Boria et al[28] investigated the effect of wall thickness, loading angle, and internal
diameter on the energy absorption capacity of truncated woven dértsdapoxy cones with quasi
isotropic stacking sequences, subject to gstic axial loading and dynamic drop testing. Increases
in the peak force were observed with increases in thickness at both loading rates. For-#tatquasi
results specifically, amitial linearelasticregion was notedollowed by oscillating loads that trend
upwards withargerslopescorresponding to wider cone diameters. Lastly, a drsjpess was
observed when the failure mode was characterized by the formation of fronds, followed by an almost
constant mean crush force. Dynamically, it was noted that for some trials, initialization of crushing

began from the bottom of the tubes instefithe top, which resulted in different forcksplacement
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responsesAdditionally, since impact energy was fixed as opposed to the crushing distarareathe

under eacleurveis equal and nearly constant between trials. Two nofallee modes were

recordedia) splaying with axial splitting and frond formation, affdii t ot a | larina®r s a | of
(Figure2.18). The first mode was noted to correspond with improved eradyggrptiorcapacity A

25% reductionn energy absorption was measured undedyimamic conditions notedhis was

attributed to thdiltering of dynamicsignalsand a difference in the coefficient of friction between

impacting surfaces. Lastly, Boria et al. concluded that energy absorption can be maximized by

increasing laminate thickness, increasing average diameter, and/or reducing wall inclination.

V277722223

Figure 2.18: Failure modes distinguished by Boria et al[28] from the quaststatic axial loading
of truncated woven carbon fibre/epoxy cones: (a) splaying with axial splitting and external and

internal frond formation, and (b) total reversal of the laminate internally to the specimen.

Wang et al[26] studied the EAC of unidirectional carbon fibre/epoxy prepreg tubes and
noted that EAC was significantly reduced (by 36%) under impact crushing conditions (drop hammer
at 10.2 m/s) in comparison to quasatic rates (10 mm/min).héy thus suggested that dynamic
results instead of quasstatic resultsshould be used aseference to design energy absorbers.
However, where Liu et aJ27] (woven carbon fibre/epoxy double hat channels) and Boria [@84l.
demonstrated increasing SEA with increasing thickness in dynamic loading, Wang et al. noted
decreasing SEA with increasing thickness.

Harvey et al[25] [76] studied the effect of loading rate on the performance oNJIP
carbon fibre/epoxy composite channels subject to both dynamic (7.5 m/s) andtgtiagilmm/s)
loading rates. Unlike most dynamic tests of composite channels, a large mass crash sled twas us
crush the channelwa/hich were fixed to a vertical reaction wall. This configuration is representative
of the loading conditions of a crush tube undergoing a car crash. A displageamgntled platen

(hydraulic press) was used to load the champgdsistatically. Channels with two stacking
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sequences, namely [0/£45/9@hd [+45/Q]s, were manufactured via HRTM with the same cross
sectional geometries shownhigure2.16. A difference in the failure mode was observed with a
change in loading rate. Where fragmentation was the predominant failure mode observed during
dynamic loading, extensive splaying was observed during-gtat& loading. Additionally, the

energyabsobing capacity at quasitatic loading was measured to be greater than at dynamic loading

rates Figure2.19).

SEA (kl/kg)

[+45/02]s [0/+45/90]s [+45/02] [0/245/90]s

Hat Channel Corrugated Channel
m Quasi-static = Dynamic

Figure 2.19: Specific energy absorption of UDNCF carbon fibre/epoxy channels subject to

dynamic and quaststatic axial compressive loading25], [76].

2.4.2Behaviour Under Transverse Bending Loading

Assessing the performance of composite structures under transverse loading is important to
provide insight into the eneregbsorbing capacity of an automotive FRP component subject to a side
impact (i.e., CFRP Billars and side sill beam§93]. In this section, the general response of brittle

FRPs under compressive transverse loading is described followed by a review of relevant studies.

2.4.2.1Macroscopic Forc®isplacement Response & Failure Modes
The loaddisplacement response of an FRP channel underploiaebending exhibits two
distinct regions: elastic bending and bending coll§®2k [78] (Figure2.20). During the first region,

the applied load increases until the first peak is reached and the average slope of the linear increase is
30



termed the flexural modulus of the chanjél]. After this first peak, local damage is observed at the
location under the roller and the damage spreads quickly along the channel length, causing crack
development at the side and bottom walls several sharp drops in thdidpltement curve.

Amongst &ailable literature, various performance metrics are used to compare the-absogying
capacity of the samples, including energy absorption until the peak force (beginning of bending
collapse) 78], the entirety of the displacement (both regions of the fdigglacement graph$2],

and the integration of the bending moment and angle of rof@ddn

Elastic bdnding ~ Bending collapse — B3
T - ——LB6-3

\ —— LBO-1

~Peak force

Load (kN)

) ] IY(I ) _’l(l %Yt) ) ) * S0
Deflection (mm)

Figure 2.20: Load-displacement curves for the thregpoint bending of brittle FRP composite hat

channels[62]. The response of composites with 3, 6, and 9 plies subject to gustsitic three-

point bending are shown.

2.4.2.2Studies on Factors Affecting Performance Under Transverse Loading

Liu et al.[62] performed quasstatic transverse bendibgstson carbon fibre/epoxy double
hat channels with varying wall thicknesses. Tubes with three, six, or nine plies of plain weave carbon
fibre/epoxy prepreg were manufactured via bladder within a hot press. Across all trials, progressive
collapse was identi#d as the only failure mode accompanied by four distinct regiogsre2.21).
The top wall was subject to compression, the bottom to tension, and the side wall and overlap areas to
combined compression and tension. By varying the thickness of the composite tubes, it was
concluded that increasirigethickness led to an increase in the peak load and specific energy

absorption. Energy absorption appeared to have been measured as the integration of the entirety of the
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load-displacement curve, but this was not explicitly described in the paper. Furthermore, it was noted
that the cracks developed differently between the tested specimens (i.e., on one spesiksedo
not appear on the bottom wall and in anotiiés deeply collapsed).

a) b) c) d)

Figure 2.21: Progressive bending collapse process of plain weave carbon fibre/epoxy doubg
channels quasistatically tested by Liu et al.[62]: (a) elastic bending, (b) crack initiation, (c) side
wall rupture and (d) bottom wall rupture. Adapted from [62].

Chen et al[78] characterized the crush responses of carbon fibre/epoxy and glass fibre/epoxy
hatshapedchannels and flat plateBigure2.22) subject to quasstatic thregpoint bending and
transverse compression. The influence of the number of plies, ply orientation, asdyirsteacture
(i.e. with or without a sandwich core) on the performance of the channels was considerad. [0/90]
layups where represented 6, 8 or 10 plies, and [t498minates were manufactured. Performance
was evaluated by comparing the ledidplacement curves, where energy absorption was calculated as
the integration of the loadisplacement curve up to the peak force. Chen et al. concluded that the
failure modes aried with ply angle for threpoint bending but remained constant under transverse
compression. Failure was descritzedbeingdominated by fibre breakage and partial delamination.
Increasing thickness was found to improve energy absorption, and theradfiit45° layers
improved thregpoint bend performance. The use of sandwich structures did not improve energy
absorption.
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Figure 2.22: Example of the CFRP hat channel and flat plate studied by Chen et 4l8] under

guast-static three-point bending and transverse compression, adapted frofi78].

Zhou et al[95] studied the energy absorption of [0/9Q4@nd [0/+60}s unidirectional carbon
fibre/epoxy hat channels subject to dynamic thpeimt bending at impact velocities between 3.7 m/s
and 6.5 m/s. Flat plates with the corresponding stacking sequence were adhered to the bottom of each
hat channel to improve the sess of testing. The effect of impact velocity was found to be minor,
and all channels exhibited similar failure modes. However, an increase in damage with increasing

impact velocity was observed

Harvey[25] studied the performance of [+45]0and [0/+45/90]JUD-NCF hat and
corrugated channels manufactured viaRIFM, subject to thre@oint bending under dynamic and
guaststatic loading rates. Similar failure modes were reported for all tested channels, namely,
fracture of the channel at the location whereaswnpacted by the cylinddfigure2.23). The
[£45/Q,]s channels exhibited more energy absorption than the [0/+4%18&hnels, while the peak
force tended to be higher under dynamic loading. The influence of loading rate on specific energy

absorption did not follow a clear trend for the channels tested.
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Figure 2.23: Failure of [+45/0,]s UD-NCF corrugated channel subjected to quasstatic three-
point bending [25].

2.5 Predicting the Performance of FRP Composites via Simulations

Developing simulation models to predict the failure of FRP composite materials under crash
conditions is challenging because it requires modelling failure initiation and damage propagation (i.e.,
postpeak responsg3l]. Several damage mechanisms may manifest in FRP composites (Section
2.3.2 and it is difficult to capture all mechanisms in a single analggis Commercially available
codes used for crash simulations of FRP composite structures incldd¥N& [96], Abaqus
Explicit, RADIOSS, and PAMCRASH [31], [32]. These codes contain various available material
models to represent CFRP composites, via failure criteria, material property degradation schemes, and
modelspecific input parametef32].

The constitutive models can be divided into continuum damage models (CDMs) and
progressive failure models (PFMs). CDMs simulate damage as a gradual degradation of material
properties that continues to reduce stiffness as damage evolves. This is acheagtdttie
introduction of damage variables within the constitutive equations of the material. CDMs provide
more accurate and detailed representations of the damage evptotiess buare also
computationally expensive. This renders them unsuitablefgescalesimulations. In contrast,

PFMs simulate failure as a series of distinct events (i.e. delamination, matrix cracking, fibre
breakage) which resulis thesequential deletion of elements as they meet failure cri@flaThe
failure criteria used in PFMs are typically strengtsedand the stresstrain responso not
require that specific unloading/softening curves be assi@8dAfter the strength of the ply exceeds
the defined properties, the properties of thespigdenlydrop to zero. PFMs are best suitedbige
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scalesimulations where simplicity and computational efficiency are prioritized over detailed material
behaviour However, they often oversimplify crushing phenomena and require extensive calibration
[97]. Both PFMs and CDMs have been developed and implemented within the commercial software
package, LDYNA. Examples of PFMs in LBYNA include MAT_022 and MAT_054, while
examples of CDMs include MAT_058 and MAT_1[R5].

To accurately capture the behaviour of composite materials, it is also necessary to identify
the appropriate material length scales that must be consi@idéFigure2.24). Given the current
studyb6s f o-absoshingpRRP compmsiteycpmponents, modelling at the rsaate is most
appropriate because it includes consideration of the assembly of structural elements with boundary
conditions and loads. As a result, misd&hich consider the individual fibres, matrix and their

interface (micrescale) were not considered herein.

Micro-scale Meso-scale Macro-scale

Matrix

\ Woven-RVE —
) (Yarn + matrix) Composite part
UD-RVE . YVaink
(fiber + matrix)

(Fiber + matrix)

~10%m ~103m ~10°m
Figure 2.24: Example of three different scales for modelling a woven fabric composif@00].

At the macrescale, available material models can capture the behaviour of laminated FRP
composite structures using either a single layer of shell elefi®ht$32], [101], multiple layers of
shell elementf99], [102] or 3D solid elementil02] (Figure2.25). However, codes such asLS
DYNA, which was used in the present study, utilize explicit time integration schemes for dynamic
problems and require small time incremdBty. This can easily become computationally expensive;
thus, shell elements are commonly used to perform compéneritand full vehicle simulatior{81].
Singlelayer models are a reasonable choice for simulating the crush response of an FRP component.
However, it is worth noting that singlayer models cannot capture delaminaff@®j. This can be
addressed by connecting layers of shell or solid elements, each representing a ply via tiebreak
contacts or cohesive zone modell[8§]. Lastly, solid elements can be useful for modelling thick

composites, where the througfickness stress tensor components are no longer neg[iti@e A
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summary of the existing material models that capture failure of FRP composites and are compatible
with singlelayer shell models in L®YNA is provided hereafter, followed by a review of relevant
studies.

Global approach in
composites modeling

Micromechanical Macromechanical |
i i N

Fine solid Single-shell-layer Stacked-shell
element models models models
Global behavior Intralaminar Interlaminar
behavior bahavior
, J —
Intralaminar Interlaminar
behavior behavior Standard Crushing Various ) Spot-weld
models zone model failure contact model
L_lﬁ criteria
Only solid Cohesive Tied > EE::::]‘;:
elements elements contact
> Tied contact
Fracture
> mechanics
techniques

Figure 2.25: Classification of numerical modelling approaches for modelling the behaviour of
composite materialg103].

2.5.10verview of Available Composite Material Models in LSDYNA

MAT 022 is a simple linear elastic orthotropic progressive failure material model for lamina
that employs the Char@h a n g 6 s f a[104].dmeenaterial model rs dependent on four
strength parameters, namely longitudinal tensile strength, transverse tensile strength, transverse
compressive strength, andptane shear strength, and a Aimear shear stress parameter to calibrate
fibre tensbn, matrix tension, and matrix compression failure crifdi@®]. Elements depict sudden
failure after exceeding the strength limits of the ply based on the ply discount method. The model
does not consider fibre compressive failure and would not be well applied to compressive loading

models.
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MAT_054 and MAT_055 are enhanced versions of the material model, MAT_022, that
consider fibre compressive failure and are widely used to simulate the impact of FRP composite
structures. MAT_054 and MAT_0OS&eprogressive failure models, requiring the iterative calibration
of several parameters to achieve agreeable results with experimental data. The selection of failure
criteria distinguishes MAT_054 and MAT_055, where Ch@tgng is used for the former ané th
TsairWu failure criteria for the lattdd04]. Linearelastic deformation is assumed until failure is
predicted. At failure, the corresponding elastic properties go to@ptimns to reduce the maximum
stress by a predefined factor can be included within thepsadt responsSLIM parameters),
followed by an assumed perfectly plastic response (i.e., constant figasg2.26). Additional

details on MAT_054, the material model calibrated for this study, are provided in Section 2.5.2

MAT 058 is an elastic continuum damage mechabéssed material model for lamina that
captures prgeak softeninl04] and subsequent stiffness degradation as a result of dgb#je
The four failure modes considered within the Hashin failure crifg@id] act as threshold variables in
the damage model for failure initiation: fibre tension (rupture), fibre compression (kinking), matrix
tension (cracking) and matrix compression (crushjg@). After these are initiated, there is a
degradation in elastic properties. The most significant difference relative to MAT_054 is the smooth
(nontlinear) increase of damage as opposed to a sudden change in material behaviour; where a
smooth increase appsanore physically corre¢t06] (Figure2.26). Options for setting stress limits
(SLIMX), similar to MAT_054, are provided. These limit the stress in thepemt softening to a
given valuethe current version of MAT_58 provides options to capture the straidegendent

moduli and strengths.

MAT_213 is a lamingbased orthotropic elastoplastic damage material model for FRP
composite$104]. The material model is divided into deformation, damage, and failurmedbls
[108]. The nonlinear prpeak softening response caused by local yielding and damage accumulation
is captured by the deformation soindel using an elastoplastic deformation model. Nonlinear
unloading/reloading due to stiffness reductions is captured by theggasnbmodel. The erosion of
elements from the simulation model is accomplished by the failurensdlel and pospeak response
is not considered. Temperature and-dgpendent stresstrain data as well as the characterization of
matrix damage and faila are required. The yield function is based on a modified form of the Tsai

Wu failure criterion and requires the calibration of more than 100 pararf&tgrs
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MAT_219 uses a continuum damage mechanics approach fordibferced laminates where
nonlinear behaviour arises out of damage evolution in definethsuibated109], [110] Damage
initiation is predicted using moeliependent straibased criteria, and damage growth is captured by
the UBC Composite Damage Model (CODAM2) [91], [92%], [111] The model does not consider
strain rate dependency of the material response and requires testing of the specific laminate under

consideration for calibration of the laminate's gosak response.

MAT _261[104]is an orthotropic continuum damage model for lamina. Failure initiation is
predicted using physically based failure criteria developed by Pinhg&Bflwhile the pospeak
response for each deformatiomdeis governed by experimentally measured intralaminar fracture
toughness. A smeared formulation was used to avoid mesh dependency during damage propagation
[33]. Strain rate effects and ppeak softening are not considered in this model. MAT_262 is a
similar CDM-based material model with physidased failure criteria and simplified ntinear in
plane sheabehaviou104]. MAT_262 differs from MAT_261 in that Hinear postpeak softening
for the longitudinal direction and linear softening for the transverse and shear directions are assumed
[112] (Figure2.26). Additionally, damage activation functions based on the LaRCO04 failure criteria
are used to predict the different failure mechanisms occurring at the ply level.

Stress A

XC

E11 (modulus)

SLIMCI {MAT_054)

— MAT 054 |

—— MAT 058

SLIMCI (MAT_058)

I T Strain
! >
EC EPS, ERODS,
£pe

Figure 2.26: Comparison of stressstrain response with material models, MAT_064, MAT_058,
and MAT_262, in LS-DYNA [38].
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2.5.2Additional Details on MAT_054

MAT54 has been widely used to simulate damage progression in dynamic failure simulations
because it requires a reduced number of experimental input parameters compared to damage
mechanicshased material mode]89]. Many researchers have utilized MAT_054 to simulate the
response of composite structures on a component level as well as withiedalgerash simulations
[101], [67].

For a unidirectional lamina with the fibre as directibrthe material elastic stresgain
response is governed [04]:

P :
- 'O " " c o
P :
- 'O " " c T
Y
G- 0 t | T GV
where- ,- ,and- represent the strains in the fibre, matrix, and shear directipn®,, and’'O

represent the longitudinal, transverse, and shear mgduli,, andt represent normal stresses
along the fibre and transverse directions arpléme shear stressés, istheinp| ane Poi ssonbs

ratio,and is a nonlinear shear stress paramgi@4].

The ChangChang failure criteria consider tensile fibre, tensile matrix, compressive fibre and
compressive matrix modes of failure. Once a faitaoele ispredicted, the corresponding lamina
engineering constants are reduced to zero. For the tensile fibre modeg wherg the criterion is
given by[104]:

. QO Qo QQ

T = p Co

Q o~ st s e
QA wi 0 Qw

e
<

where® is the fibre tensile strengthy is the shear strength, ands the weight factor for the shear
term. Foff p, this criterion becomes the Hashin criter[@d2] for tensile fibore mode. Far T,
this criterion becomes the maximum stress critefd®4]. If failure is predicted, the engineering

constantsareset& O O ’ ’ L

For the compressive fibre mode where T, the criterion is given by:
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where, @ is the fibre compressive strength. If failure is predic@d, ’ ’ TL
For the tensile matrix mode where mhthe failure criterion is given by:
N ” ” T[“Q(I) "Q(‘X !Q ’Q
% TN P noaeiond cw

where,® is the matrix tensile strength. If failure is predictéd engineering constants are set as
o mo 0 1

For the compressive matrix mode where T, the failure criterion is given by:

; w0 o QMO Qa Q0 ¢ o
Y Y @ Y mTQa i 0 Qw
where,@ is the matrix compressive strength. If failure is predidieel engineering constants are set

aso '’ ' o O U

The material inputs of MAT_054 can be organized into the following categories: engineering
constants, material axes definitions, shear weighting factors, material strengths, failure criterion
selections, damage factors, deletion factors, and stress(kigtse2.27) [32], [104]. Of the
categories, all but the first two must often be calibrated iteratively using comgenelnsimulations
and are thuphy®inodled piaroameters. Most notable ar
deletion factors (e.g., DFAILX), which reduce #steength of the elements with the accumulation of
damage, and control the strain at which integration points fail, respectively. Additional information is

provided below as required.
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Figure 2.27: Input parameters for the material model, MAT_054, available in LSDYNA as
presented in LSPrepost. Note, the directions A, B, C, in the material model correspond to the

directions, 1, 2, 3, of a lamina.
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After the reduction in lamina engineering constants as a result of lamina failure per the
aforementioned failure criteria, the material behaviour becomes either perfectly plastic or there is a
drop in stress to a residual value (controlled by the relédMaiix parameter), followed by a
perfectly plastic respong&7]. For MAT_054, final failure of a ply (integration point) can occur in

one of four ways:

1) If DFAILT = 0, failure occurs if the Chan@hang failure criterion is satisfied in the
tensile fibre mode (Eq. (27))

2) If DFAILT > 0, failure occurs if the tensile fibre strain is greater than DFAILT or less
than DFAILC

3) If EFS > 0, failure occurs if the effective strain is greater than EFS

4) If TFAIL > 0, failure occurs if the time step of the element is smaller than TFAIL.

When the failure of all plies (integration points) in an element has been predicted, the element
is deleted in the simulation model. Elements which share nodes with the deleted element become
Acrash fronto el ements an dSORT edrameter (avatue lgetwdéen® s r e ¢
and 1). Information about each layer/integration point can be plotted using additional integration
point variables (NEIPS in *DATABASE_BINARY for shells) (Appendix A).

2.5.3Studies on Simulation Model Development with Material Model MAT_54

Many studies have attempted to calibrate MAT_Bb#h the availablexperimental dataf a
specific FRP composite matetiahdthenuse the tuned material model within simulation models to
predict the energgbsorption capacity of FRP composite components subject to impacf16ids
[113], [114], [115], [116].

Mamalis et al[72] developed simulation models to predict the axial crush response of square
woven carbon fibre/epoxy tubes subject to cus#atic (7 mm/min) and dynamic (5400 mm/s) loading
rates. Material models, MAT_054, MAT_055, and MAT_058, were considered and tuiiegbad
agreement was achieved. Laminate splaying, locahmadebuckling, and midength collapse were
captured in the simulations and were observed during-gtetss testingdFigure2.28). To capture
splaying, Mamalis et al. modelled three layers of rectangular shell elements and useldyengle
models for the other two modes. This approach reflected the observed collapse mode, which splayed
into two bundles of plies with the simultanedormation of a debris wedge. Numerically, the

thickness of the outer layers of shell elements was set to slightly less than half of the tube wall
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thickness, and the middle layer was of negligible thickness. Material model, MAT_055, was found to
best capture the experimentally observed brittle crushing response of the composite tubes.

Figure 2.28. Carbon fibre/epoxy tubes subject to quasstatic axial loading experimental tests
and finite elementrepresentationdevelopedin LS-DYNA, by Mamalis et al.[72].

Cherniaev et a[38] investigated the use of MAT_054, MAT_058, and MAT_262 to predict
the axial crush response oblb5,/90,]s square UD carbon fibre/epoxy tubes axially compressed at a
load rate of 5.5 m/s. All channels were generated as sshgléparts to maximize efficiency, and
parameter tuning was performed for each material model using available axial crush experiment
results. It was concluded that MAT_054 provided the best ratio of prediction accuracy to parameter
tuning of all three material models. Additionallgetstress limit factor in longitudinal compression
(SLIMC1) and the crash front softening factor (SOFT) were noted to be the most influential non
physical parameter# single shell layer approaetas noted to have ldd a significant
underestimation of energy absorption when fibre splaying was the dominant model of créskang
result, Cherniaev et d88] recommended implementing stacked shell models. Lastly, they
recommended otdf-plane randomization of nodal coordinategmprove thephysical representation

of local force peaks or other manufacturinguced defects.

Huangand Wand113] modelled the response of [+45/988D/0} carbon fibre/BMI

circular tubes axially loaded at quasatic rates (2mm/min) in LBYNA. Two layers of Belytschko
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Tsay shell elements weceeatedo represent the tubes, and fully integrated elementscheserto
represent the 45° chamfer machined for experimental te3iegtwolayers were selected to better
capture delamination, as observed experimentally, while also minimizing increases to computation
time. Similarly, mass scaling was used to reduce time, but it was verified that the ratio of kinetic to
internal energyemainedess than 5%An integration point per ply was included to represent the
layup, andoading at 100 mm/s was applied. MAT_054 was used to represent the mechanical
behaviour of the composite tubes due to its efficiehagtly, ie-break contacts were added to
connect the two layers of shells. Huaamgl Wanghoteda good correlation between the numerical

and experimental results. Splaying of the tube under progressive crushing was well captured.
However, significant, nonepresentative, local buckling was also observed in the numerical results.
This was explained toebbecause the ply disatumethod cannot accurately represent the guasi

brittle failure of laminates resulting from various damage accumulations.

Kumar et al[69] calibrated MAT_054 to simulate the axial crushing of 200 mm circular
[90./+45,/0,]s carbon fibre/epoxy tubes for applications in vehicle arnusimg approaches similar to
the aforementioned studies (i.e., rigid loading plate with initial velosiitgll elements to represent
the channel, and integration points per plyje trigger was simplified into a row of redueed
thickness shell elements. An automatic contact was used to define the contact between the impacting
plate and the composite with a coefficient of frictadr0.3 MAT_054 was calibrated via trigind
error with the initiaimodel underpredicting specific energy absorption by 57.95% and the final model
underpredicting by 1.49%.

Feraboli et al[32] predicted the quasitatic energy absorption of [0/90§emicircular
sinusoidal (i.e., corrugated) channels manufactured with carbon fibre/epoxy unidirectional prepreg
tape by calibrating MAT_054 in LBYNA. Once again, the channel was modelled as fully
integrated shell elements with reduced thickness shells to model the trigger, as well as an integration
point per ply to represent the layup. HoweWataboli et alalsoprovided stresstrain curves in the
fibre and matrix directions as inputs to MA4) Additionally, a load versus penetration curve was
provided to define the contact algorithm. The loading plate was modelled with shells as a rigid
material with the properties of steel, a mass of 154 grams, and an initial velocity of 3.81 m/s. From
their sensitivity study of material and nqysical parameters, Feraboli et al. noted that the most
influential parameter for determining the success of a simulation was the SOFT crush front parameter.

However, they noted that there was no way of determthiisgvalue beforehand or from an
44



experiment. Next, it was concluded that DFAILC and the compressive strength, XC, were most
influential in controlling element deletion. By varying these three parameters, it was determined that
the experimental results could be replicated via multiple awetibns of norphysical parameters.
Additionally, their results showed that while a simulation model can be developed to successfully

capture the experiments, the modelling stratgggnot truly predictive

Kazemian and Chernia¢¥14] compared the modelling capabilities of MAT_054 and
MAT_058 in LSDYNA via simulation models developed to capture the response éflOP carbon
fibre/epoxy square tubes subject to gtsatic (0.5 mm/min) transverse compression. Two stacking
sequences, jM0s]s and [9G 0;]s, were considered, and corresponding experimental results were
acquired for comparison. Layers of TSHELL elements were used to represent the plies of the
channels, while the supports and impactor were represented as solid rigid Doelileyers were
connected via a (tiebreak) contact card with failure defined based on a bilinear tsap@oation
law. This enabled the modelling of delamination. To reduce computational time, the loading speed
was increased to 2 m/s and only one qarast the NCF tube was modelled with the appropriate
symmetry boundary conditions applied. Noting that MAT_054 only predicts instant failure, it
prediceda row of eroded elements at the end of crushing, where a crack was observed
experimentally. In contst, MAT_058did not predict erosion at thaamepoint andinstead
displayedelements damaged in the fibre diction (via history variables). Both models were noted to
replicate the qualitative pattern of matrix cracking observed experimeasaliell asadequately
predict the forcalisplacement response of the specinidmus, Kazemian and Cherniag\l4]
concluded that botimaterial models were robust and able to predict transverse damage reasonably

well.

Rabiee and Ghasemnejdd 7] developed simulation modeis captue the behaviour of
[£45/0/90/0/90{glass fibre/epoxy tubesxially loaded aguaststatic (2 mm/ second) and imp#4t
m/s to 8m/s) rates in LBYNA. Rabiee and Ghasemnejad compared the quality of rémilteen
single and multlayershellrepresentations of the tubes. Additionally, they considered different
material models (i.e., MAT_054, MAT_058, MAT_059), element formulations (i.e., Heighes
fully integrated BelytschkeTsay, etc.), mesh sizes (0.5mm to 5.5 mm), trigger representations (i.e.,
single or doubleshell representations), contact definitions, #relinclusion or exclusion of
delaminatior(i.e., contatwith failure definitions between layers of shellBhe purpose was to

develop a finite element model capable of predicting energy absadgpagitywithin 5% ofthe
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corresponding experimental studies. Rabiee and Ghasenwveeijeld thatdelaminatiorcould be
appropriatelynodelledbetween the layers using an enebgged approach with the tiebreak option in
contactcards. MAT_054 was ultimately selected to represent eaclampdiwhile calibration

exhibited good agreement with experimental results, it was noted to be sensitive to minimal changes
in input. Overall, achmaterialmodel was noted to possess a specific range for which it was valid.
Newaz et al[115] also achieved agreeable numerical and experimental results with the simulation
model they developed in EBYNA using MAT_054 to model the dynamic axial loading of
unidirectional carbon fibre/epoxy tubes with and without holes introduced along the spdcstin
Samuel et a[116] calibrated MAT_054 t@redictthe experimentally observed response of carbon
fibre/epoxy tubes dynamically loaded arwhcluded thathe parameters selected could be further

used to simulate therushresponse ofariousunidirectional carbon tubes under dynamic impact.

Zhou et al[95] developed a numerical model in{C8YNA to replicatethe experimenté}
measureanergy absorption of [0/9QJ@and [0/+60}s unidirectional carbon fibre/epoxy hat channels
subject to dynamic thregoint bending at impact velocities between 3.7 m/s and 6.5 m/s. The
channels were modelled with a single layer of 4 mm shell elements, whereby one integration point
was included perlp through the thickness of the shell. MAT54 was selected to represent the CFRPs
and calibrated to the experimental results. After calibration, good agreement between the
experimental and numerical results was observed for both stacking sequences. Watoasle
existed, namely for the [0/9Q]@stacking sequence, Zhou et al. highlighted that it was due to the lack

of consideration for modellindelamination.

2.6 Energy Absorption Capabilities of Adhesively Joined FRP Composite Parts

It is clear from the preceding review of the literature that the energy absarpfianityof
closedprofile FRP composite channels under axial compression loading has been widely studied.
However, tubes with closed profiles cannot be readily fabricated using some FRP composite
manufacturing processes, including RTM. Instead, a closed seatidredormed by adhesively
joining two open channels and the resulting impact performance assessed. Adhesive bonding is one of
the most common methods of joininRIF composites and boasts several advantages in comparison
to mechanically fastened joints for structural applicatjdd$ [118]. These advantages include a
minimal impact on the overall structural weight, negligible stress concentrations in the bonded parts,

high damping properties, and casfectiveness. However, mating surfaces require additional
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preparation steps prior to bonding, and several adhesives require curing at elevated temperatures
[119]. Moreover, modelling of adhesively bonded parts requires fracture characterization of the joint,
as well as the implementation of additional contacts or cohesive elements to represent the bond.

2.6.1Fracture Characterization of Adhesively Bonded Joints

Fracture mechanics principles avalely used to characterize the fracture of adhesively
bonded FRP composite joints under different modes of deformation, including opening\viooke (
1) and sliding modeMode Il) [120]. Corresponding fracture criteria based on the strain energy
release rate (SERRE, are most commonly utilized because the fracture toughness or critical SERR,
G, are readily characterized from fracture experimgt6]. To obtain the critical SERR fdrlode |
fracture (Gc), double cantilever beam (DCB) tests are widely employed. DCB tests for adhesively
bonded FRP composites typically follow the standardized test ASTM D&5@&ough this test was
originally developed to characterikode linterlaminar fracture toughnefgi21] [34]. The DCB
specimen consists of two identical adherends bonded with an adifaégiwe=®.29). A small portion
at one end of the specimen is left unbonded and tested in tension via loading blocks bonded to the
cracked end of the specimen. Loading is applied via displacement control. The crack growth is
monitored during the test to enable the dateation of the SERR. Data reduction methods are

available for determining &

Fiber

Figure 2.29: (a) Typical DCB test geometry; whereagis the initial crack length (distance

between the application of the load and the prémplanted insert), h is thickness of the DCB
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specimengeis total insert length, L is the length of the specimen, anl is the width of the DCB
specimen Adapted from[121].

SERR, G is defined a$121]:
O -— o

whereU is the total elastic strain energy in the test specitmenthe specimen width, arads the
crack lengthMode Ifracture toughness is then calculated using either the modified beam theory
(MBT) or the compliance calibration methfi®0], [122] The strain energy release rate for a double
cantilever beam specimen based on MBT is given as:

o | o0

CW W
where P is the applied load dnds the load point displacement. However, MBT may overestimate G
due to possible rotation at the crack tip. To correct for this possible source of error, a slightly longer
crack lengtha+ | o , is used. This may be determined
extension to correct for the rotation of DCB arms at the delamination front. Therefore, the strain

energy release rate is expresseflas]:
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Characterization of thiglode Il shearing interlaminar fracture toughnesg;, @& most
commonly achieved via end notch flexure (ENF) tests per ASTM D[AH, [34]. A beam is
pl aced on top of two supporting rollers, and

(Figure2.30). The initial crack is aligned to fall between the loading and supporting rollers. The shear
forces acting on the longitudinal joining plane result in longitudinal sliding of the crack fods (

II). While several data reduction approaches have been proposed for the ENF test, the most common

measure of the energy release rate is via the compliance calibration filpfB4].
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Figure 2.30: End notch flexure (ENF) test geometry for Modell interlaminar toughness
testing, adapted from [34].

Within the ASTM standard, a procedure is outlined to obtain thepr@aracked toughness and
pre-cracked toughness from the same specimen. Compliance calibration tests are performed by
loading the specimen to the peak compliance calibration force (5@% ekpected value of the
critical force at that particular crack length) and then unloai@ap The force and deflection data are
recorded continuously, or at frequent and regular intervals during the loading portiepteNon
cracked and preracked initiation values of zare obtaineftfom the maximum force. With this
method, theMiode Il energy release rate[i45] given as:

° pgon

2.6.2Adhesive Modelling in LSDYNA

Tie breaks or cohesive elements are frequently used to predict fracture of adhesive joints in LS
DYNA. A brief reviewof these approaches follow.

2.6.2.1Tiebreaks

Tiebreak contacts are a numerical method of joining parts within a commercial finite element
solver, whereby a failure criterion is introduced to release nodes tied together based on force,
displacement, or energy critefit25]. They enable the modelling of adhesive fracture, where both

compressive and tensile forces can be transnj@&d Notable inputs are normal and shear failure

stresses, while outputs are contact stresses and nodal forces (contact stresses multiplied by the area of

the shell element or the face of a solid elemi&&). Automatic tiebreak contacts are recommended
because they allow for strebased failure criterion, automatic shell normal orientation, consideration

of shell thickness offsets and options for damage (i.e.,
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Contact_Automatic_One_Way_Surface_To_Surface_Tiebreak). This contact with Option 11 would
be analogous to MAT_138 used with shells, while Option 8 would be analogous to MAT_138 used
with solids[99].

2.6.2.2Cohesive Zone Modelling

Cohesive zone modelling (CZM) éamethod of simulating fracture whereby dteess state
of thematerial ahead of a crack tip ca@modelledas cohesive tractions resisting crack growth, or
the separation of crack surfaces, across a cohesive procesEigomeZ 31) [99], [125], [126]. As
such, a tractiorseparation (also known as cohesive) law is defined to describe the relationship
between traction (force per area) and separation (displacement) at a cohesive [i@bjaBdinear
(triangular) cohesive laws are most commonly used due to their simplicity in representing the fracture
of adhesively bonded joints, but can also be considered a particular case of trilinear (trapezoidal) laws
(Figure2.32) [127]. Bilinear cohesive laws perform well for brittle or moderately ductile adhesives,
while trilinear laws are preferable when adhesives are highly ductile. Additional cohesive laws
include lineafparabolic, polynomial, or exponentidlhe experimentally derived critical SERR of the
adhesive is required to calibrate a cohesive law and represents the area under thedtdion
curve. Additional parameters required to calibrate cohesive laws include initial stiffness and peak
tracion. Inverse methods are often used to determine these additional parameters, which involve
iteratively curve fitting between experimentally measured fdisplacement data and the response

predicted by the representative finite elenmandel[120].
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Figure 2.31: Representative schematic of the fracture process zone of a crack and how it is

represented using cohesive elemenits25]. Regions of the fracture process zone are mapped to a
trapezoidal traction-separation response.

| Bilinear response

Traction (MPa)

Separation (mm)

Figure 2.32: Common traction-separation laws defined for cohesive zone models capturing the
fracture of adhesively bonded joint§120].

Cohesive zone modelling is often implemented in finite element software via cohesive elements.
Cohesive elements are finite or ze¢hickness elements made of shellSHELLS, or solid elements
connecting planes or threlfmensional solidf99], [127]. The elements themselves consist of three
nornlinear springs (one in the normal direction and two in the shear direction) to relate the relative
displacement (separation) between the upper and lower surfaces to a force per unit area (traction)
(Figure2.33) [128]. A single layer of cohesive elements provides the representative response of the
entire adhesive layer, along a predefined fracture path. A major advantage of cohesive elements is
that they can simulate both crack initiation and propag#ti®@]. Additionally, they allow one to
account for compliance in the connection and damage in the material. Lastly, cohesive elements are

beneficial, especially when interface strengths are relatively weak in comparison to the adjoining
materialg130].
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Figure 2.33: Conceptual representation of a cohesive element for the implementation of

cohesive zone modelling, wherg is relative displacementadapted from [128].

2.6.2.3Available Cohesive Material Models in HBYNA

There are two types of cohesive elements available iDYRA: type 19 and type 2[®6], [105].
Both support zerdhickness elements. Type 19 connects volume elements (moments are not
transferreflwhile Type 20 elements have offsets for use with sf@dik In this case, the cohesive
element is assumed to be centred between two layers of shells and moments are applied to the shells.
The elements output three tractions with units of force/per unit arpéane shear, orthogonakin

plane shear stress, amddtion in the normal direction (normal streg€)5].

Cohesive zone models have been used to model the failure of adhesively bond§ti3ibjnts
as well as delamination between plies in laminft62]. The available cohesive zone models are
differentiated based on their tractisaparation laws, with some offering stra@tte dependency and

temperature dependenf34].

Table 2.2: Cohesive zone material models available in LBYNA [99].

Material Model Traction - Separation Inputs Comments
Law/ Shape
MAT_138: Bilinear (linear softening)| T, S,”"O HO HOhO h | N/A
Cohesive_Mixed_Modg with mixed mode 1 R, XMU (mixed
delamination criterion mode exponent),

ultimate displacements
in tangential and normg

directions
MAT184: Linear Elastic T, S,HO HO ,ultimate | N/A
Cohesive_Elastic displacements in
tangential and normal
directions
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MAT185:
Cohesive Elastic TH

Tri-linear

Peak tractionyltimate
displacements in
tangential and normal
directions, scaled
distances to peak
traction, softening, and
failure

Reversible loading and
unloading path

MAT_186:
Cohesive_General

Arbitrary normalized
tractionseparation law
given by load curve

Type of formulation,
normalized traction
separation laws, T, S,

Irreversible damage with
unloading and reloading
paths pointing to and fron

"0 HO  XMU

T, S,”O0 RO hHoh'Q
strainrate dependency,
Q RQ

the origin

Considers rate and
plasticity effects

Ideally plastic behaviour;
different loading and
unloading paths

cannot model brittle
fracture

MAT_240:
Cohesive_Mixed_Mode
_Elasto_Plastic_Rate
Tri-linear

2.6.3Studies on Modelling the Fracture of Adhesively Bonde@€omposites

Very limited studies are available on experimental or numerical investigations into-energy
absorbing capacity of adhesively bonded composites. To begin, Hafil82hhuasistatically tested
(5 mm/min) and numerically captured the fracture behavio[#4%/(0/90)/0/+45] carbon
fibre/epoxy hat channels bondexflat platesvia the structural adhesive, SikaPower 4{2gure
2.34a). An initial crack length and chamfer at the end of the bonded channels were implemented to
improve the fracture initiation path and progressive crushing. During the experimental results, it was
observed that the outer layers of the channels curved agwdile the inner layers bent inwards
(Figure2.35a). No cracks were observed within the adhesive layer. For the simulation, two layers of
shells elements were used to better capture the bevel friggeoverepresentation dhitial fracture
path and capture the interlaminar behaviour of the char(f&isire2.34b). A four-node element with
bending and membrane capabilities (Shell 163) was selected and MAT_054 was used to represent the
failure of the CFRP. A rigid wall was used to represent the applied crushing load at a constant
velocity of 2000 mm/s. Tiebreak cats were added between the two CFRP layers to represent
interlaminar resin as well as added to represent the structural adhesive connecting the hat section and
flat plate. The interfacial failure in the adhesive layer and composite matrix were weltgutedic
(Figure2.35b). Additionally, good agreement between the measured and predicted response was
observed in terms of peak load and energy absorption with the highest deviation being 6% for peak
force (Figure2.35c).

53



Trigger coading plate

SPC

Tiebreak-adhesive

a) b)

Figure 2.34: (a) Experimental setup (b) and numerical representations of bonded hat channel

and flat plate quaststatically tested by Han et al., adapted fronj132].

d=28
b)
5°' ——FE modeliing
- - - Experiment
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<)
Figure 2.35: Representative (a) experimental and (b) numerical failure of bonded hat channel
and flat plate tested quasistatically by Han et al., adapted from[132]. (c) Experimental and

predicted (numerical) force-displacement response.
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2.7 Gapsin Literature and Research Objectives

Non-crimp fabriccomposits, especially those manufactured via RIPM, possess great potential
for addressingightweighting and manufacturing challenges, as has been demonstrated by the use of
composites by luxury car manufacturers (eB§4W and Lamborghini)However, studies
investigating the EAC of composite structures for occupant protection are limited to-ptofit=l
channels (tubesgnd often do not consider opprofile channelsWhere studies exist, it has been
demonstrated thasensitivityto changes in loading conditions observed with tubes may not exist
with open channel@.e., [86]). Therefore, further exploration of the performance of open channels is
required Beyond thisthere is a lack of published research comprehensively ewvajtiae energy
absorbingcapacity ofcompositestructures fabricated witiD-NCFs, reinforcementsvhich offer
more affordable and higher volume productiol€&RPs. Thus famost studiesrrefocusedon
unidirectionaltape or wovertarbon fibre fabris. Lastly, while there araumerousstudies which
consider displacemeibntrolled quasstatic loading, few studies replicate dynamic crash conditions
and are often limited tenergycontrolleddrop-testing This limits the evaluation dhe strain rate
effects on the performance of composite chanigisong the dynamic studies available, notable
decreases in energy absorption have been recorded at higher strain rates in comparison to lower rates.
Substantiatinghe applicationof UD-NCF composite structuressenergyabsorberdn vehicles
requiresadditional investigation into the performancenpen and closeprofile channels subject to

dynamic velocitycontrolledloadingwith changes in geometry and stacking sequence.

Adoption of UDNCF CFRP composites into automotive structures is also limited by the reliability
of the material models available to simuldkeemin commercialiinite element softwarpackages In
an attempt to addresisis, many finite element simulation models have been develejibih LS-
DYNA, specifically with MAT_054, to replicate tlenergyabsorbingoehaviourof composite
structureobserved experimentalls with the experimentatudies many ofthe numerical
investigationavere limited toclosed profile channeldabricated with woven and unidirectional
fabrics. They demonstrated that MAT_054 can be calibrated to a set of conditions with minimal
discrepancy between the experimental and numeasalts andhen recommend that the calibrated
values be used to predict the performance of different geometries, loading conditions, or stacking
sequencedHowever, therés a lack of evaluation as to howch changes may affect the predictive
capability of the material model atite validity of the overalkimulation modelsTo use FB as an
effective design tool for composite materials, it is necessary to investigate the fidelity of the material
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model for changes in design decisions and note significant limitations, should anytexssthere is
a need tonvestigate the robustness of MAT_054 in predicting the performance of new conditions
after the material model has been calibrated.

Lastly,there are very few studies which have considered the energy absoggaarityof bonded
composite structureset alone bonded UDICF CFRPsdespiteghe advantage they offer
simplifying the manufacturing and assembly of composite strudtietarger vehicle bodies
However, by introducing additional procaggsteps and changes in geometry,ghergyabsorbing
capacity of the finished component risks bdimited and thus requires studidditionally, the
robustness of MAT 054 can bartherevaluated through the development of a simulation model

which considers this increasingly complex conditaomd additional contagto represdrbonding

Thegoal of this tudy is to support the development of a hfiglelity impact simulation model for
predicting the energy absorption capacity of-NOF carbon fibreeinforced epoxy compaosite

structures. The specific research objectaexietailed agollows:

1. Characterize the energpsorption capacity and failure behaviour of single NOF carbon
fibre-reinforced snajgure epoxy channels manufactured vialRIFM when subject to
dynamic and quasstatic axial compressive loading. Assess the influence of stacking

sequence, geometry, and loading conditions on the performance of the channels.

2. Develop a set of simulation models in-D¥NA to predict theperformance of composite
channels with different stacking sequences, geometries, and loading conditions to investigate
the robustness of the available material model, MAT 054, after its calibration to

experimental datiom a baseline condition

3. Experimentally characterize the eneiysorbing capacity and failure behaviour of
adhesively bonded doubleat UD-NCF carbon/epoxy channels for comparison tosthgle
channels. Expand the simulation models developesirigiechannels for the doubleat
channels through the inclusion of cohesive elements and further evaluate the robustness of
MAT_054.
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Chapter 3
Experi @@atrakt eMeitzhaotdioolno gy

The process used to manufacture the experimentally tested channels is presented in this
chapter. Tapered hat and douhk channels were fabricated to complement the previously reviewed
hat and corrugated channel results (Se@idrl.d. The increasingly complex geometries provided
the opportunity to investigate the possibility of more complex failure processes during loading. They
also provided additional data for the validation of the simulation models developed (Chapter 4 and
Chapter6). Additionally, the experimental setups for the dynamic and egtasc axial loading tests

are presented.
3.1 Channel Production

3.1.1Channel Geometries

Two types of channels were manufactured and machined for experimental testing: tapered hat
channelsFigure3.1) anddoublehatchannelsFigure3.2). The tapered channels initially maintained
a similar geometry to the hat channel for the first 200 mm and then theseati&ss increased in
scale through the length of the remaining 600 mm of the channel to create a tapered section. The
tapereehat channls can be considered analogous to tnailS in an automotive underbody, which
are significant energgbsorbing membef433], [134], [135], [136] These members are often
designed with an increasing cressction along the length of the componéng(re3.3). The double
hat channelsonsistof two hat channels bonded together veattadhesive. For both the hat channel
and tapered hat channels, [0/£45/980d [£45/0]s stacking sequences were manufactured, while for
the latter geometry, an additional [0/90/+4&ihcking sequence was also manufactured. In all cases,

the channels were composed of eight plies with an average thickness of 2.7 mm.
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Figure 3.1: Geometry and dimensions of taperechat channel manufactured for experimental
testing.

495 mm

Y g Adbesive layer,

‘] f 0.65mm 106.05

a) b)

Figure 3.2: Geometry and dimensions of (a) an individual and (b) two hat channels bonded to

form a double-hat channel.
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Figure 3.3: Examples of front and rear Srails in automotive underbody, highlighted in red
[133].

3.1.2Materials & Manufacturing

The reinforcing phase used for the channels was the commercially availabl&EZ B35
UD300 stitchkbonded unidirectional nearimp fabric[137] (Appendix B. This heavytow fabric was
made offive-millimetre-wide aligned tows, each consisting of 50,000 continuous PX35 carbon fibre
filaments, supported by perpendicular glass fibres and stitched together with polyester yarn in a tricot
pattern in the tow directiorF{gure3.4) [43], [47]. A thermosetting binder powder was uniformly

distributed on the stitching side of the fabric. The areal density of the fabric was 88® carbon

fibre tows accounting for 92.8% of the total weif#8].

Stitching pattem side

Longitudmnal

Tncot stitching matenal direction

Transverse matenal
direction

Glass fiber yams

Glass fiber side Carbon fiber tows

Figure 3.4: Composition of the Zolteke PX35-UD300 unidirectional non-crimp fabric [137],
[43].
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The matrix consisted of a thrgart resin system: EPIKOEE Resin TRAC 06150 snagure
epoxy resin, EPIKURE Curing Agent TRAC 06150, and HELOY Additive TRAC 06805
mould releas¢5b4]. This system was designed\Westlake Epoxy (formerly Hexion Inc.) for the
massproduction of automotive structural parts and features a curing time of 5 nibditefd 12],
[138]. The resin, curing agent, and mould release agent were mixed at a ratio of 100:24:1.5,
respectivel\j138], [139]

The hat and tapered hat channels were fabricated using-&1TMRprocesg112], [139] The
moulds for the components were designed with full fibre clamping and featured afedntijection
inlet. The UDNCF fabric layers were cut from a roll, stacked, and placed onto a preheated mould
(120°C) which was mounted within a 25,000 kN Dielfacher press. The mould was closed to
preform the fabric layers and a vacuum was applied for 1 minute prior to injecting the resin mixture.
A metering unit was used to control the mixing ratio of the resin mixture, whichapiy mixed
and injected intéhe mould through a mixing heatla pressure of 120 bars and a flow rate of 40 g/s.

The resin was allowed to cure in the mould for 5 minutes prior to theuldingof the par{139].

In previous work by Suratkgt40], specimens extracted from flat plates of the same UD
NCF carbon fibre/epoxy system were tested under egtasc loading conditions to characterize-ply
level mechanical properties (Table 1). These properties were inputted into the material models used in
the simulations created for this study (Chapter 4).

Table 3.1: Ply properties of noncrimp carbon fibre -epoxy composite under quasstatic loading
for a unidirectional lamina with the stacking sequence, [G] [0]11, and a fibre volume fraction of
53%.

Mean Value
Material Property (x standard

deviation
Density F—] [37] 1.46

Longitudinal Y[GRejlddd3 Mo du 121 (x7)
Transver se YoylcBalBO0Modul u8(x2)
MajorIin-P1 ane Poi sis[M0)6s Rat i o 0.37(x0.01)
In-Plane Shear Modulus,:8GPa][140] 3.55 (£ 0.14)
Longitudinal Tensile Strength,.JMPa][140] 1637 (+168)
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Transverse Tensile Strength, WMPa][140] 60 (+4)

Longitudinal Compressive Strengths, MPa][140] 1001 (£97)
Transverse Compressive Strength, [WPa][140] 145 (z4)
In-Place Shear Strength,,$MPa][140] 90 (x2)

Fibre Longitudi m[&)][148t r ai n 0.66 (£0.07)
Fibre Transver g[®][=8@r ai n & 0.66(x0.07)
Composite Longitudc%j[dad40] St 0.8 (x0.09)
Composite Transyved%[@40]St r 8 2.42 (x0.33)
In-Plane Shear Strain at Failuhér [%] [140] 8.88 (x1.9)

3.1.3 Specimen Preparation

The tapered hat channels were trimmed to size widmasawor a DX-350 N tile saw
(Rubi). Subsequently, a trigger for progressive crushing was added to one end of each channel by
machining a 45° chamfer 2mdm to 3mm in depth(Figure3.5). Impact bading of the channels began
at this end

144 mm
45°

chamfer

Figure 3.5: (a) Manufactured, trimmed tapered channel and (b) 45° chamfer machined at the
impacted end of thechannel.

To fabricate the doublkeat channels, a pair of untrimmed hat channels, originally 800 mm
long, were bonded together to form a double hat channel using the -Hrepiatant structural
adhesive, 3M 0733R.41]. The properties of the adhesive are summarizdalote3.2. Several
bonding processes were tried until successful bonding was achieved. Successful bonding was defined
by symmetry between the two channels across the direction perpendicular to the axial direction of the

specimen and a microscopically verifiable sistent bond line thicknesBiure3.6). The
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recommended process that led to the greatest number of successfully bonded channels is described
below.

Table 3.2: Properties of Impact Resistant Structural Adhesive 3M 07338L41].

Material Property Value
Density (—] 1.14
Elastic Modulus [GPa] 2.1

Poi ssonb6s Ratio 0.43[120]

Figure 3.6: Examples of indicators of a successfully bonded doubleat channel: microscopically
verifiable consistent bond line thickness and symmetry between channels.

In accordance with the surface preparation procedure described by Deljag@hihe
flanges of each channel were cleaned with acetone and then sanded by hand. To avoid premature
debonding, sanding was completed with 240 sandpaper until an approximate surface roughness of
0.75um (R) was achieved along the length of each flange. The flanges were then measured, and
excess flange width was segregated through the application of flash tape until the width of the flange
exposed for adhesive application was 25 millimetFégure3.7). Excess flange width was retained to

provide an area for adhering shims to control the bond line thickness.
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Figure 3.7: Example of flange of a hat channel sanded and with flash tape applied itdicate a

final width of 25mm.

A target bond line thickness of 0.65 millimetres was set to maximize the strength of the bond.
This thickness was adopted because proportional increases in bond strength and fracture toughness
with increasing bond line thickness up to 0.65 mm were demadedtby Dehaghafil20] for a
similar methodology. Additionally, Dehaghani calibrated a bilinear traction separation law in
ABAQUS at 0.65 mnj120] and Watsor142] calibrated a trilinear tractieseparation law in LS
DYNA for a bond line thickness of 0.64 mm, providing parameters for modelling the adhesive in
simulations (Chapter 4). To maintain a 0.65 mm bond line thickness across the channels, 0.65 mm
shims were ranufacturedKigure3.8) and treated with LOCTITE FREKOTE mould release as per
manufacturing instructiorid43]. After the surfaces were once again cleaned with acetone, the shims
were taped onto the channel flanges, and the adhesive was applied on both flanges of both channels

(Figure3.8).

g
g
|
|
i
i

Figure 3.8: (a) Shims added to the excess flange width of a hat channel and (b) adhesive applied

to the flanges of a pair of channels (right).
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Fixtures with a profile corresponding to the outside surface of the hat channels were 3D
printed out of ABS plastic and attached to the channels prior to bonding to improve the alignment
(symmetry as pefigure3.6) of one channel with respect to the otHeg(re3.9). These fixtures
were also treated with LOCTITE FREKOTE and placed intermittently along the length of the
channels. Twanch binder clamps were then added around the fixtures to maintain the aligned
orientation as well as bond line thickness. Lastly ctiennels were placed in a 1600 series HAFO
oven, and the adhesive was cured according t
[141]).

a)

Figure 3.9: (a) Fixtures 3D printed to align hat channels to one another and (b) Binder clips
applied around the flange of the channel to maintain bond line thickness and alignment (right).

After curing, the shims and excess flange width on each side of the channels were trimmed
usinga DX-350 N tile saw (Rubi)a achieve the crossection dimensions as designed. The channels
were also cut to approximately 190 mm in length prior to testing. Lastly, as was the casepenthe
channels, a 45° chamfer, 2.5 mméngthwas machined at what would be the impacted end of the
channels to serve as the progressive crushing initiator (trigger). The other end of the channel was
machined level. An emple of a completed doubtat channel is shown Figure3.10.
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Figure 3.10: Representative doublehat channel component posbonding and machining.
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3.2 Experimental SetUp of Axial Crushing

3.2.1Dynamic Axial Loading

Dynamic axial loading of the tapered hat channels and ddwablehannels was completed
usinga Seattle Safety Impact SIg4] (Figure3.13). Via highstrength rope, the sled was
connected to a piston driven by compresse{lLldi4]. A nominalvelocity was inputtedand the actual
velocity was calculated by a trigger system, whereby the amount of time it took for the sled to travel a
13-inch trigger gate and laser switch represented the initial velocity. The trigger system also
simultaneously initiated the data adition system and higepeed cameras. The impact sled is rated
for a maximum impact energy of 168,500 Joules and a maximum impact load of 800 kN. The
channels were mounted to a stationary vertical wall fixture. To metmsferce during impact, three
120 kN Kistler Quartz Force Link load cells were mounted behind the vertical wall. Two MSI
accelerometers were attached to the sled to record the deceleration during impact. All data was
recorded using a-gardened oiboard DI'S Slice data acquisition system at a sampling rate of 10,000
Hz. The acceleration data was filtered with an SAE CFC 60 (100 Hz low pasdy#itand then
doubleintegrated with the trapezoidal rule to provide displacement during loading. This method has

been previously validated with a laser positioning system (Keyene8%0X)

50 mm thick steel fixtures, conforming to the outside profile of the appropriate channel
geometry, were used to fix one end of the channel component to thé&yate@.11 andFigure
3.12). Details on the geometry and dimensions of the manufactured fixtures are proviggeimdix

C. The sled, weighing a total of 858 kg, was translated in the axial direction of the channels with an

initial impact speed of 7506—. The sled crushed the tapered hat channels over a distance of

approximately\300mm and crushed the douHtat channels over a distance of approximately 90 mm.

It was then decelerated to a stop via subsequent impacawitiinumhoneycomb cubes attached on
either side of the components. The displacement of the sled between initially impacting the channels
and impacting the aluminum cubes was defined aBdkecrush distancel'he dimensions of the

aluminum cubes varied with the initial length of the channels.

An enclosure made of slotted aluminum extrusions and plexiglass surrounded the channels to
limit the spread of carbon fibre dust during loadiRgy@re3.13). Similarly, a vacuum was inserted
on both sides of the enclosure to capture dust as the channel was crushed and to improve visibility for

the mounted video cameras. Three hégleed cameras were used to provide additional insight into
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the behaviour of the samples during loading. One Photron AX106shigld camera was positioned

to capture video on the side of a component (i.e. along the bond line in the case chdbuble

channels) and sampled at a rate of 10,000 frames per secomtg@imFigure3.13). For the testing

of the tapered hat channels, a Photron SAZ was positioned along the same side as the Photron AX100

to capture the crush process with greater temporal resolution at 100,000 frames per second (camera 3

in Figure3.13). A second Photron AX100 camera was positioned over the channels to provide a
birddbs eye view and captured i maRpgere3l3.Forthdd, 000 fr
testing of the doublaat channels, the Photron SAZ was positioned on the other side of the channel

so that capture crack propagation near the bond line along both sides of the channels could be

captured. A representative 4gi of the dynamicgeriments is shown iRigure3.13.

Figure 3.11: Steel fixture used during the dynamic axial testing of tapered hat channels to

connect the channels to the wa[lL45].

Figure 3.12: Steel fixtures used for both the dynamic and quasstatic testing of doublehat

channels to connect the channels to the wall.
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Figure 3.13: Representative setup for the experimental dynamic axial loading tests.

3.2.2Quaststatic Axial Crushing

Quaststatic axial crushing of the doubltat channels was performed with a 480
Macrodyne Press. To begin, the same fixtures used for dynamic axial crd&ung8.12) were
attached to a raised platform and used to connect the channels to a fix@dpktegous to the fixed
vertical wall used for the dynamic loading. Also similar to the dynamiagethree cameras were
used to capture the behaviour of the channghaas crushed. Two cameras were raped Point
Gray Gazelle Cameriainks, with one on each side of the douhl channel (focused on the bond
line). Each camera captured images at a rate of forty frames per second. The third camera was a
GoProMax,omnt ed to capture the front view of the
captured of the channels during dynamic loading) at a rate of thirty frames per second. Lastly, three
Tovey SW2050kip load cells, each with a capacity of 50,000 pounds, ateaehed behind a platen

which approached and crushed the channel at a velocity-ef.1Data was acquired at 0.04 to 0.05

second intervals. Displacement was monitored via feedback provided with a PID algorithm to control
motion.The platen crushed the double hat channels over a distance of approximately 90 mm. A
representative setp of the quasstatic experiment is shown kigure3.14.
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Figure 3.14: Representative setup for theexperimental quasistatic axial loading tests.

3.2.3Experimental Test Matrix

The experimental tests completed for the tapered hat chamaele8.3) and doubléhat channels
(Table3.4) are summarized below. Quadatic tests were not completed for the tapered hat channel
because of its extended geometry. Qu#aiic testing would have required the trimming of the
channel to fit within the hydraulic press. However, because the-grogsn was not constant, it
would not have been possible to test the effect of geometric change along the length of the channel.
Performance metrics were calculated for the results using the equations outlined in Table 2.1. For all
metrics, the average of the trials and the standard deviation associated with each are presented in
Chapter 5Calculations of specific energy absorption are based on the amount of mass crushed during

testing and do not include consideration ofdherushednass remaining at thend of the test.

Table 3.3: Quantity and type of experimental trials completed for the tapered hat channels.

[0/+45/90} [0/90/+45}; [£45/05]<

Dynamic Axial Crushing (7500—) 3 3 3

Table 3.4: Quantity and type of experimental trials completed for doublehat channels.

[0/£45/90} [+45/0)s
Dynamic Axial Crushing (7500—) 3 3
QuastStatic Axial Crushing (1—) 4 3
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Chapter 4
NumerMadd|Meatnhgpodol ogy

Details of the finite element models developed to simulate the experiments described in
Chapter 3, as well anodels developed to simulate tresults ofgquasistatic and dynamic axial
loading and thregoint bendingf corrugated and hat channetdlectedby Harvey [49], [53], are
presented in thishapter. All geometries were created in SolidWorks 2024 (Dassault Systemes,
Vélizy-Villacoublay) followed by mesh generation in Hypermesh 2021.2 (Altair®, Chicago). The
simulations were then developed and edlwith the commercial explicit finite element software; LS
DYNA R11.1 (ANSYS, Pennsylvania), and the accompanyinggméd posfprocessor LSrepost
R4.6.17 (ANSYS, Pennsylvania).

The composite material was defined via the material model, MAT_54:
Enhanced_Composite_Damage, available irdY®NA. The nonrphysical parameters of the material
model were first calibrated within an initial simulation model to replicate the average esmpiaiim

results of [0/x45/9Q] hat channels axially loaded at an impact velocity of 758(Section 4.1).

The calibrated material model was then used in the development of subsequent simulation models to
predict the performance of other channel geometries, stacking sequences, and loading conditions for
comparison to available experimental dé&ection 4.2). Lastly, simulation models were developed

to predict the behaviour of doukthat channels axially loaded. This required the calibration of an
additional material model, MAT_240, and the addition of cohesive elements to represent the

behaviow of a structural adhesive bonding two hat channels together (Section 4.3).

4.1 Initial Simulation Model Development for the Baseline Condition: The Dynamic
Axial Loading of [0/+45/90kHat Channels

A finite element model was developed to simulate the dynamic axial loading of the
[0/+£45/90} hat channels (i.e., baseline condition) experimentally tested by Haee{Figure4.1).
Within this simulation model, the ngphysical parameters of MAT_054 were calibrated through
parametric variation such that the foidisplacement response and energy absorption predicted would
coincide with the average experimental data. All subseaureiation models maintained the same
calibrated material model parameters despite changes in other conditions, which enabled evaluation

of the robustness of MAT_054. The nphysical parameters selected for the simulation model of the
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baseline condition are presented in Chapter 6 after the results of the parametric investigations. The

following sections provide details on the development of the initial simulation model.

\5\‘:‘\ -
g Initial
velocity:

«  7sms

wed

Mass
elements

Trigger (half the shell
thickness)
MAT54 applied to shell
(Type 16) channel. 8

/ layers/integration points

Figure 4.1: Finite element model representation of the dynamic axial loading of a [0/+45/90]at

channel.

4.1.1 Part Geometries & Mesh

A single-shell approach was employed to model the hat channel. This method added
efficiency to the model at the cost of accuracy and predictive capability in modes where delamination
or interply interaction (i.e. friction or bending of fronds) at thestrdront were predominant in the
component 6s p[AY. . enspbying thie apgraach seght integration points (one per
ply), with appropriately defined material directions and properties were assigned in
PART_COMPOSITE. Each element was defined as a Type 16 fully integrated shell element with a
thickness of B4 mm per ply (2.7 mm total thickness). This element type is regarded for its accuracy
while being one of the least computationally expensive fully integrated elef@@htédditionally,
as recommendgd46], hourglassing control for type 16 elements was applied to the channel and
trigger parts (IHG = 8) to add warping stiffness and improve the convergence of results.
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To represent the crush triggers machined on the ends of the cHégnet8.5), the first 2.5
mm to 3 mm of the hat channel were partitioned and meshed separately. These elements (green in
Figure4.2) were then assigned a shell thickness half of the thickness of the rest of the channel (0.17
mm per ply). Wade and Ferab{89] suggest that the thickness chosen for the trigger acts as a
softening of strength for the crash front similar to the effect of the SOFT parameters on the
subsequent rows of elements in the channel. The peak force can be increased or reduced

proportionallywith increases and decreases in the thickness defined for the trigger.

Figure 4.2: Finite element representation of the trigger (45° chamfer) at the crushing end of the

hat channel.

Three coordinate systems exist for shells of anisotropic materials: global, element, and
material. Orthotropic material models are defined with respect to the local material coordinate system
[99] [109]. There are a few ways to set up the material axes for composite materials with shell
elements in LDYNA: the AOPT options on the material cards, the BETA angle for each integration
point, or via the element definition its¢#9], [109]. For this study, the material card was set with
AOPT = 0 to define the material as locally orthotropic with material axes determined by the element
nodes. The elements were then manually aligned using the element editing toélrieRdst. The
directionof the elements was aligned with respect to a vector along the glabas Xigure4.3).

The change in material direction per integration point is visualizEgyure4.4. Elements whose
directions were changed were recreated as SHELL_BETA elements, such that the final channel part
was a combination of SHELL BETA and SHELL elements.
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Figure 4.3: Quadrilateral elements of hat channel aligned in the axial (global X) direction using
the elementediting tool in LS-PrePost.
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Figure 4.4: Material directions of shell element 3482 of the hat channel part for integration
points 1 to 4: a) 0°, b) +45°,¢c345°, d) 90°.

Three element mesh structures were considered for the hat channel: structured quadrilateral,
unstructured triangle, and angled structured quadrilateiglife4.5). It was suggested by Dharmaraj
[37] that a mesh consisting of angled structured quadrilaterals improved the simulated force
displacement results for the axial loading of a channel by reducing or eliminating the numerically
introduced oscillations typically. When employing a quadrilateralmthe stable crushing force

regularly drops to zero, representing the deletion of an element/row of elements and the consequential
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gap between the impacting sled and the next row of elements. For a constant velocity rigid wall, this
results in a saviooth shape corresponding to element deletion and subsequent geometry reloading as
opposed to the similarly appearing serrated-ssth behaviour present in the progressive failure of a
brittle material[147]. Minimizing these oscillations to interpret the output usefully often requires
filtering the data or dampind.47] (AppendixD).

As a result, the baseline model was initially developed with an angled structured quadrilateral
mesh applied. The neimiform mesh structure facilitated a numerical crush progression such that
there was always at least one element or group of elemesuntect with the impacting sled, which
minimized oscillations. However, this mesh structure was tedious to create and arbitrary in design. An
unstructured triangular mesh was also tried and straightforward to implement. While it eliminated
numerically intoduced oscillations in the foraisplacement response, triangular meshes are
typically discouraged for crash analysis because the elements are t{a8ifft was recommended
that they be avoided wherever possible except when applied to rigid HotB¢sThus, structured
guadrilateral meshes were ultimately implemented in the model for all part representations, and the
force-displacement results were filtered. Additional details on the influence of the mesh structures on
the predicted forcelisplacementesponses are providedAppendix D Lastly, based on previous
work (i.e., Dharmardj37]) and mesh convergence studi@ppendix D, an element size of 5 mm for

the structured quadrilateral elements was selected.
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a)
Figure 4.5: Elements generated and considered for the representation of the hat channel: a)
structured quadrilateral, b) unstructured triangle, and c¢) angled structured quadrilateral.

To represent the impacting sled, fulhfegrated shell elements (Type 16) were generated at
an element size of 20 mm x 20 mm with a thickness of 0.5 FRigorg4.1). Mass elements were
added to each node such that the sum of all mass points was 858 kg (a total of 441 00018141
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mass elements). Refined meshes of rigid bodies were encouraged for more elastic mass distribution
properties and distribution of contact for¢#49], [150]. A material card was assigned to the shell

part and is further discussed in Sectoh.4

4.1.2 Boundary & Loading Conditions

The impacting sled was constrained to only translate in the axial direction of the channel. For
the dynamic conditions, an initial velocity of 7588- was assigned to every node of the skidyre
4.1). To replicate the constraints applied by the fixtures to secure the end of the channel to the vertical
wall, the bottom 50 millimetres of the channel was constrained in all six degrees of freedom using

singlepoint constraintsKigure4.6). The influence of including the fixtures as rigid bodies as well as

the contact types was explored in preliminary simulations and notable differences were not observed.

Figure 4.6: Single point constraints (all 6 DOFs) applied to the bottom 50 millimetres of the hat

channel.

The penaltybased CONTACT_AUTOMATIC_SINGLE_SURFACE card was added to the
simulation model. Single surface contacts are the most widely used type of contact for
crashworthiness applications in 45/ NA [150]. All parts in the model were considered as part of
the slave surface, which allowed for consideration of contact between parts as well ascihaaetf
of parts. An automatic contact was used, as recommgh8e}] because the deformations were
expected to be large and it could not be predetermined where and how contact would occur. The
coefficients for dynamic and static friction were set to 0.2. To avoid initial penetrations, the parts
were distanced at least h#ie thickness of the impacting sled elemghfil]. The resultant forces

were not directly retrievable in the RCFORC file with this contact card; thus, a
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CONTACT_FORCE_TRANSDUCER_PENALTY card was also defined to retrieve the contact
forces[150].

The termination time of the simulation model was set to 35 milliseconds, which corresponded
to a sled displacement greater than 190 mm.

4.1.30ther Simulation Model Additions

4.1.3.1Numerical Consistency Between Runs

To effectively compare results and evaluate the influence of changing parameters in the
model, it was necessary to confirm that numerical results would not changermfor consistent
parameters. To minimize concerns with precision, numerical censistvas enforced through the
CONTROL_PARALLEL card149], [104]. This forced the order of summations to occur in a precise
order so that there was reduced randomness in the-ofuiedror [105]. Setting a CONST=1 and
NCPU to the negative of the number of CPUs being used provided identical results in terms of nodal
displacements and element stresses (NODOUT and ELEOUT files) for the same file, as opposed to
other ASCII values which may have suntimas operating in parallel (for efficiency) and thus cannot
have the order of summing operation enforiddib]. It was confirmed that when-reinning the same
simulation model, the nodal displacement and element stresses did not change between runs, though

the forcedisplacement results varied slightly.

4.1.3.20utputs

Shell integration points (MAXINT) corresponding to the number of plies being considered
(i.e. eight) were added to the written binary database (DATABSE_EXTENT_BINARY) along with
integration point history variables (NEIPS) corresponding to the histogblkariableoutlined in
Appendix A[99]). The NEIPS history variables tracked the mode of failure in each integration point.
Additionally, within the binary database card, the stress and strain outputs were set to be written with
respect to the material axes coordinate system by changing tR€IB/from the default value to 1
[99]. This allowed for investigation of the predicted fibre and matrix stresses and strains in the ply
directiong[109].

For data outputs, element output data (ELOUT), global statistics (GLSTAT), material
energies (MATSUM), nodal force groups (NODFOR), nodal displacement/velocity/acceleration data

(NODOUT), rigid body data (RBDOUT), resultant interface forces (RCFORC)S&&Ireaction
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forces (SPCFORC), were outputted at 0.088dond intervals. Similarly, the binary D3Plot was
outputted at 0.000%econd intervals.

4.1.3.3Control Cards

Several control cards were added to the simulation model to improve the stability of results based on

recommendations from literature:

1

Within the CONTROL_ACCURACY card, invariance node numbering was implemented for
shell elements (INN = 2) to eliminate sensitivity to the order of nodes in the element
connectivity[99], [149]. This was expected to minimize the sensitivity tpliane shearing

and hourglass deformation of orthotropic shgl39].

CONTROL_BULK_VISCOSITY was added with the default bulk viscosity type being set to
the standard for type 2, 10, and 16 shell elements (TYRE[%49]. This option was

suggested to aid in reducing the noise of the resj&69¢:

CONTROL_ENERGY was added with default values to initiatectiaputation of relevant

energy valuegl49]. This allowed for review of thglstatandmatsunmenergies, the hourglass
energy and the contact energy. It is recommended that the energy ratios remain close to 1.0,
the hourglass energy remain less than 10% of the peak internal energy, and the contact energy

be positivg149]. These results were confirmed for the simulation model.

CONTROL_PARALLEL was added to enforn@merical consistendyetween runs (NCPU
= negative number of CPUs used, PARA $12)9], [104].

Within the CONTROL_SHELL card, laminated shell theory was applied (LAMSHT = 1).
Additionally, shell thinning was not invoked (ISTUP = 0) to promote numerical stability
since composites do not stretch significantly before bredkingj.

When triangular shells were used, CONTROL_SHELL was set to ESORT49]L
CONTROL_TERMINATION was set for 35 milliseconds.

CONTROL_TIMESTEP was added with all defaults maintained.
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4.1.4Material Models

The part representing the sled was assigned rigid material properties (MAT_020) based on steel as
outlined below Table4.1).

Table 4.1: Properties of steel used in MAT_20 to represent the impacting sled.

Material Property Value
Density 7890—

Poi ssono: 0.29

Youngos M 207 GPa

The parts representing the channel and trigger were assigned material model MAT_054
(Enhanced_Composite_Damage). It has been well established that MAT_054 possesses-nany hon
physical parameters thatust be calibrated through tdahderror[37], [39], [112] The physical
mechanical properties provided to MAT_054 were taken from Surdt#@}, while theinitial non
physical parameters were selected based on recommendations from literature and LSTC
documentatioi32], [105]. The initial values are summarizedTiable4.2 and were first applied to
the hat channel and trigger parts created with an angled quadrilateradmaesien repeated with the

structured quadrilateral mesh for practicality (Chapjer 6

Table 4.2: Initial parameters used for the calibration of material model, MAT 054, for the

development of a simulation model capturing the baseline condition.

Parameter Value Justification | Parameter Value Justification for Value
for Value
RO P& ¢ pm DFAILT - Overridden by EFS.
Ea 121000 EFS 0.34 Arbitrary
Es 8000 TFAIL 2.5E07 One magnitude smaller than the
_ timestep of the smallest element.
PRBA 0.0215 Experimentall 5| py 0.1 Recommended between 0 and [L85]
Gas 3550 ly den_ved SOFT 0.50 Must be calibrated by trial and error
materla_l [32]
properties,
Gsc 3550 Table3.1 FBRT 0.5 Recommended
Gea 3550 [140] YCFAC 1.2 Default
XC 1001 BETA 0.5 Recommended
Xt 1637 PEL 100 Default
Yc 145 SLIMT1 1.0 Default
Y 60 SLIMT2 1.0 Default
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DFAILM
DFAILC

DFAILS

90

Overridden
by EFS.

SLIMC1

SLIMC2
SLIMS

1.0

1.0
1.0

Default

Default
Default

To generate a stable fordésplacement response, additional adjustments viaatniderror

were required to the initial values outlinedTiable4.2. A parametric studyT@able4.3) was

performed to identify the best combination of fuhtysical parameters that would replicate the

average experimental forcksplacement response. Tieal non-physical parameters for both the

angled quadrilateral mesh and the structured quadrilateral mesh are discussed in Chapter 6.

Table43: Values considered for t-phbypacamétpacametudr
MAT_054.
Parameter Initial Value Variation Considered
DFAILM - 0.1,0.5,0.9
DFAILC - -0.1,-0.5,-0.9
DFAILS - 0.1,0.5,0.9
DFAILT - 0.1,0.5,0.9
EFS 0.3 0.1,0.5,0.9
TFAIL 2.5E07 N/A
ALPH 0.1 0.5,0.9
SOFT 0.50 0.1, 0.9
FBRT 0.5 0.1,0.9
YCFAC 2.0 0.5,1.0,3.0,6.0
BETA 0.5 0.1,0.9
PEL 100 10, 50, 90
SLIMT1 1.0 0.1,0.5,0.9
SLIMT2 1.0 0.1,0.5,0.9
SLIMC1 1.0 0.1,0.5,0.9
SLIMC2 1.0 0.1,0.5,0.9
SLIMS 1.0 0.1,0.5,0.9
4.2  Development ofAdditional Single Channel Simulation Models

Additional simulation models were developed to predict the fdigglacement response @fen

channels with different stacking sequences, geometries, loading rates, and loading conditions as

follows:

1 Dynamic axial loading of [+454) hat channel.

1 Dynamic axial loading of [0/+45/90&nd [+45/0]s corrugated and tapered channels.
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1 Quasistatic axial loading of [0/+45/90And [£45/Q]s hat and corrugated channels.
1 Dynamic thregpoint bending of [0/£45/9Qnd [+45/Q]s hat and corrugated channels.
1 Quasistatic thregpoint bending of [0/+45/9Qknd [+45/Q]s hat and corrugated channels.

For each condition, the simulation model developed for the baseline condition (Setitioas
modified as needed, while the calibrated material model paramgeaton6.1.3.10 were
maintained. The details of the additional simulation models are provided in the following section.
Changes in stacking sequence were accomplished by modifying the angle defined for the integration
points within the PART_COMPOSITE card.

4.2.1Dynamic Axial Loading of Tapered and Corrugated Channels

Besidegeplacing the geometry in the simulation model for the baseline condition with the
corrugated and tapered channel geometries, the material models, loading conditions, contacts, and
control cards already discussed were maintained in these additionaltsimoiadels. For both
geometries, the element direction remained aligned with the glebaisof the simulation model.

a) b)

Figure 4.7: Finite element representation of the a) tapered channel, and b) corrugated channel.

4.2.2QuaskStatic Axial Loading of the Hat andCorrugated Channels
The simulation models for the quasatic axial loading of the hat and corrugated channels
were developed by modifying the boundary and loading conditions defined for the impacting sled in
the simulation model for the baseline condition. Additionalig, geometry and/or stacking sequence
of the channels was updated as required. The mass of the impactor summed to 100 kg across all nodes
in order to represent the plate used in the hydraulic press for the expeii2b¢nihie impactor was

prescribed a constant displacement rate 6F-90which was scaled from the experimental rate of
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1mm/s to reduce computational time. It was verified in the egtaic simulations that the kinetic

energy remained <5% of the potential energy. The termination time was set to 1 second. Lastly, the
length of the hat channel was reduced to 305 mm, whashoansistent with the experimentally

tested channel@5]. Quasistatic axial loading simulation models were only developed for the
[0/£45/90} and [+45/Q]s hat and corrugated channels because corresponding experimental data was

only available for these cases.

4.2.3Dynamic & Quasi-Static Three-Point Bending of Hat and Corrugated Channels

For the thregooint bending simulation models, the hat and corrugated channels remained
modelled as described in Sectigh$and 4.2.1, respectively, except the removal othetrigger
elements andxtension othe channel lengths to 600 mm. These changes were to align with the
experimentallytested components. The impactors, fixtures, and boundary/loading conditions were
also altered to replicate the experimental sg28jp A half cylinder meshed of solid brick elements
was used to represent tingpactroller usedexperimentallyj25] (Figure4.8). Additionally, the
default constant stress solid element (ELFORM = 1) was assigned to the impactor with the same
material card and properties outlinedliable4.1. The fixtures were assigned the same material
properties and element type as well. The dimensions of the impactor and fixtures were created to
replicate the experimental conditiodsqure4.8) [25]. For the dynamic experiments, the resulting
mass of the impactor and sled was 877 kg. Thus, mass elements amounting to 877 kg were added to
the impactor for the dynamic simulation models. For the egtaic simulation models, mass

elements amounting &0 kg were added to the cylindrical impactor.
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Figure 4.8: (a) Finite element representation of the parts created for the simulation models of

the three-point bending of hat (and corrugated) channels. (b) Dimensions of parts.

For the dynamic model, the impactor was assigned an initial velocity of70@Mhd

constrained to translate only in tkelirection. For the quasitatic modelimpact was scaled from the

experimental loading rate of 4—. in thex-directionto 90 —. The fixtures were constrained in all

degrees of displacement, as well as x and y rotations (free to rotadiréctzon, as per axes in

Figure4.8). As with the simulation model for the baseline condition (Section 4.1), an
AUTOMATIC_SINGLE_SURFACE contact was applied between all parts. However, the coefficient
of friction was set to zero to replicate the Teflon sheets placed between the chappeids aind

impactor during the experimerf&5]. Once again, the foreeansducer penalty card was applied to
measure the reaction force of the impactor and was compared to the reaction forces of the fixtures to
verify that they were notably the same. The same control cards applied to the simulaibfomo

the baseline condition were applied to the thpeimt bending simulations as well. The termination

time was set to 30 milliseconds for the dynamic model and 1 second for thetgtiasnodel.

4.3 Development ofDouble-Hat Channel Simulation Models

Additional finite element models were developed to simulate the-gt&t& and dynamic

axial loading of the doublbat channels. In this set of models, the hat channel part was duplicated and

81



two parts representing the layer of adhesive between each pair of flanges were added to the models.
Additionally, a material model was added to capture the behaviour of the structural adhesive. Lastly,
an additional contact card was defined to represeribdind between the layer of adhesives and each
pair of flanges.

4.3.1Additional Geometries & Meshes

Figure4.9 displays the parts created to simulate the debhatechannel experiments
described irSection3.1 Two hat channels with structured quadrilateral meshes were created with the
same material model parameters and part geometries selected for the simulation model of the baseline
condition in Sectiod.1 Similarly, the sled impactor remained modelled as was described in Section
4.1 but with structured quadrilateral elements of 7.8 mm by 12.6 mm.

The two adhesive parts were meshed using solid elements, namade 8ohesive elements
with four integration points(ELFORM = 20igure4.9). Cohesive elements were selected because,
as mentioned, they efficiently capture fracture at bonded joints witrsighificant increase in
computational expeng&52], [153], [154] As with the hat channel meshes, a convergence study was
completed to determine the size of the solid eleméqipdndix B. It was concluded that 1 mm by 1
mm by 0.65 mm solid elements were sufficient to replicate the experimental performance of the

adhesive

Figure 4.9: Parts created to simulate the dynamic and quasstatic axial loading of the double
hat channels.
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4.3.2 Change in Boundary Conditions

The boundary conditions were maintained the same as the simulation model for the baseline
condition, with the exception of additional contacts between the adhesive parts, hat channels, and
triggers. The Tied_Shell Edge To_Surface_Constrained_Offset candsed to define connections
between the adhesive and each pair of flanges/triggers while accounting for the shell thickness. Eight
node sets were created to form the connections, and these were connected to the appropriate part of
the hat channel and/aigger.Figure4.10illustrates the four node sets/contacts created for the left
hand flanges, which were then duplicated for the +igirid side for a total of eight node sets.

Adhesive
nodes tied
to top hat
channe]
dhesive
nodes tied
- to top

<
S e .
= e X : tngger
h Teeiaes e Adhesive
. <

L)

e nodes tied to
‘Adhesive nodes bottom trigger
tied to bottom
hat channel

Figure 4.10: Node sets created to define connections between the hat channel/trigger parts and

the adhesive part for one pair of flanges.

4 .3.3Material Model for Structure Adhesive

Both bilinear and trilinear tractieseparation cohesive models were considered for the
representation of the adhesireliminary simulation models of DCB and ENF tests were created to
verify the accuracy of thmaterialmodels and compared with available experimental data for Mode |
[120] and Mode 1[45] loadingof a UD-NCF compositdonded with 3M 07338Appendix E)
Ultimately, MAT_240 (trilinear tractiorseparation law) was found to provide the most agreeable
results usingparameters determined by Watgta2] for the same adhesivEheselectegparameters
for MAT240 are summarized ifiable4.4.

Table 4.4: MAT_240 material model parameters used to represent the behaviour of structural
adhesive, 3M 07333.

83



Parameter

Value

Density

Youngb6s Modul us
Shear Modulus
Gic (Mode lenergy release rate)

Gic (Mode Il energy release rate)

To, Yield stress irMode |
S, Yield stress irMode |l
Fe1, Parameter to describe thelinear shape of the traction
separation law iMode |
Fe2, Parameter to describe theltriear shape of the tractien
separation law idode Il

1200— [120]

1.259 GP4142]
0.760 GP4142]
2200[142]

1369 [142]

49 MPa[142]
26 MPa [142]
0.36 [142]

0.96 [142]
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Chapter 5

Experi @@arakcterization Results

Microscopic images afamples extracted from manufactuhed and tapered hat channels are
first presented in this chapter to assess their microstructures and identify potentiakimchosesd
defects which may havefluencedthe energyabsorbingcapacityof the channels (Section 5.1). Next,
the results of the axial loading experiments performed otaff@ed hat channels (Section 5.2) and
double hat channels (Sections 5.85) are presented and discussed. For each sepeftedests,
the experimental foredisplacement response and total energy absorat@mpresented along with
the average in black. Average peak force, average mean crush force, average specific energy
absorption, and average crushce efficiency are presented as performance metrics for comparison
between the different geometries and stacking sequdPedermance metrics calculated for
experimental work completed by Harvi#] on the dynamic and quasiatic axial loading of hat and
corrugated channels are also presented for comparison to channels of similar stacking sequence or

geometry.

5.1 Microstructure of Untested Hat and Tapered Hat Channels

Longitudinal samples were extracted from a manufactured [0/£4%&0¢hanne{Figure
5.1) and a [t45/@)stapered hat chann@figure5.2) using a DX350 N tile saw (Rubi), and
subsequently polished and inspected uaimgpto-digital microscope. Microscopic images were
obtained at the top and bottom corners of both channels, specifically near the taper for the tapered
channelManufacturinginduced defects within these regions were expected to be most prominent due
to stretching and shearing of the fabric layers during formitegasurements were taken at several
locations along the samples to investigate variations in tow width and thickness as indications of

misalignment.

The [0/£45/90] hat channel was 36% thinner at sectieB Bompared to section-A (Figure5.1),
which is due to additional compaction of the fabric layers at the bottom corner of the channel during
fabrication.The channel was moulded in a tool in which sectie® Bas at the bottom, which
supports the possibility that more pressure was applied to this deaming to a greater degree of
localized compaction of the fabric layefde localfibre volume fraction was approximateding the

following equatiorfor reinforcement contefit 55]:
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whereA,, is the areal weight of the fabril,is the number of plies, , is thedensity of the sample,
andh is the thickness of the sampleor the material used in thésudy, the areal weight dhe carbon

fibre fabric (excluding the glasand polyester stitching) was 389 while the total fabric areal
weightwas333— (Appendix B).Thefibre density wa 1.81— (Appendix B), with eight plies in

each sample and thicknesses as indicated in the microstructure ifffagethe localfibre volume
fraction was calculated to be 54% at sectieB Bnd 40% at section-A, which are respectively
higher and lower than the fibre volume fraction reported for samples taken from flat panels of the
same material system (539a)10].

Front View

— A )
17 wide
sections

TT T T Buiaeiiay T

™ .
W BN JEY Y B8

§51000pum! [0/+45/90], Hat channel, A-A

Figure 5.1: Microstructure of a [0/+45/90]s hat channel at sections AA and B-B.

Measurements of tow width were limited to regions in the microscopic images tivbere
entire tow cross section was visible. The average tow width and variation in the thickness of
individual plies were similar for both sections. Based on these measureiraneb(l andTable
5.2), the average tow width in sectionBBwas 7344 [ + 149t for the +45° plies and 5041 for
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the 90° plies. Assuming that 90° plies are aligned appropriately in the layup, the average tow width of
the +45° plies was expected to be approximately 712®ased on sectioning a 90° tow at a 45°

angle. This suggests that there was minimal misalignment of the +45° tows within this section as the
average is close to the expected value. In sectié) the average tow width for the +45° plies was
705411 +33611 which was slightly less than in sectiorBB The average tow width for the 90°

plies was 50911 + 150t 1 , which is similar to section-B. The +45° plies appeared to be only

slightly misaligned as they were less than the expected width oft 7200hus, the plies appeared to

be consistent in both tow width and alignment for both sections. Moreover, the average tow thickness
in section BB was 30 | + 4711 forthe +45° plies and 319 + 6611 for the 90° plies. In

section AA, the average tow thickness for the +45° plies wast40& 70t [ while the average

tow thickness for the 90° plies was 395 + 58t | . As expected based on the overall section

thickness, the average tow thickness for the 90° and +£45° plies at se&@iaraBless than at section

A-A due to increased fabric compaction at this location.

Table 5.1: Average tow width and thickness of the plies in Section-A of a [0/£45/90]s hat

channel.

Ply Angle Average Tow Thickness Average Tow Width
+45° 45611 591l 7190t m + 236t m
-45° 383t1 +67tl @ X ¢1p$323tm
90° 43411 +55¢1 VP UR*73m
90° 363t1 +371l 5024t m + 176t m
-45° 367t1 +58ti 6L wim + 82t m
+45° 43511 +541i 7354t m + 111t m
Table 5.2: Average tow width and thickness of the plies in Section-B of a [0/£45/90§ hat
channel.

Ply (Angle) Average Tow Thickness Average Tow Width
+45° 33411 +48tli 7143t m = 41t m

-45° 27211 + 23l 7449 m + 41t m
90° 310t1 +66¢1I VT
90° 33111 +65¢i -
-45° 28011 +34¢i -
45° 316t1 +45¢ti 7T 0 fm +51fm

For the [£45/@]stapered hathannel samples-{gure5.2), section BB was also thinner than

section AA, albeit less significantly than the hat channel samplagh may be due to the different
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stacking sequencedsing the same method outlineldove (Equation 35jor which only the

thicknessh, changes he localfibre volume fraction was calculated to be 44% for sectieA and

45% for section BB. Moreovet it can also be observed that there was significant waviness in the 0°
plies at section H3. Measurements across these plies revealed an average crimp angle of 12 + 2°.
This outof-plane crimping may be the result of shearing and local wrinkling of the thwsduring

the forming of thedbric over a region of the tool where there exists a double curvature (i.e. along
both the radius and the taper outwafdsg].

17 wide
sections

TTauisiay T

| [+45/0,], Tapered hat channel, A-A
—

1000pm [£45/0,], Tapered hat channel, B-B

Figure 5.2: Microstructure of a [+45/0,]s tapered hat channel at sections A\ and B-B.

Based on the measurements that could be colletaalgb.3 andTable5.4), the average
tow width in section BB was 727Q | +68t1 for the +45° plies. In section-A, the average tow
width for the +45° plies was 6478 + 640t 1 8Since the crossection was aligned along the 0° ply
direction, tow widths for these plies could not be measuiredn be observed that the average tow
width of the +45° plies of section-B was comparable to the average tow widths of £45° plies
measured for the hat channel, suggesting minimal misalignment in this section. However, there was a
noticeable deviation (426) for the tow widths of +45° plies measured for sectief &f the
tapered hat channel, suggesting misalignment in this region. Also, the average tow thickness at
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section AA was 3521 +73t1 for the +45° plies. At section-B, the average tow thickness for
the +45° plies was 349 + 5511 . The thicknesses of the +45° plies were similar across both

sections.

Table 5.3: Average tow width and thickness of the plies in Section-A of a [+45/Q]s tapered hat

channel.

Ply Angle Average Tow Thickness Average Tow Width
+45 36411 +5011 7¢ @ unfx 143t m
-45° 30811 +49ti @ T Ghm 247t m
-45° 33911 +36¢1i 6211t m £+ 108 m
45° 406t 1 +45¢i 8102t m

Table 5.4: Average tow width and thickness of the plies in Section-B of a [+45/Q]s tapered hat
channel.

Ply Angle Average Tow Thickness Average Tow Width
+45° 364f1 +50t1 70 ¢ Ym = 21t m
-45° 30811 +49ti -

-45° 316f1 +45¢ti -
45° 42311 +34¢i 7214t m £ 51t m

5.2Dynamic Axial Loading of Tapered Hat Channels

The forcedisplacement results and performance metrics of the dynamic (7.5 m/dpadiaby of
tapered hat channels with [0/+45/9Q%45/02], and [0/90/+45]stacking sequences are presented

hereafter

5.2.1[0/+45/90} Tapered Hat Channels

For the [0/x45/9Q]tapered hat channels, the fodisplacement response was consistent
amongst the repeated tests with an average crush force of 38.6 + 0.6akdrage peak force of
92.1 £ 1.3 kN, an average total energy absorption of 11.0 £ 1.0 kJ, an average spexdfjc

absorption of 44.5 + 0.2—, and an average crush force efficiency of 41.91 + 1E#ufe5.3 and

Figure5.4). For the first trial, a drop in the force deviating from the other two channels occurred after
approximately 225 mm because the channel failed via local buckling in one of the flapgesdix
F). As a result, for this trial, the mean crush force was measured based on the response for 200 mm of

crush distance instead of 300 mm. Representative images of the crush progiassigtesing
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highlightthe magnitude of fragmentatialuring crushingas well as thécal bending of the channel
downwards with increasing impactor displacem&igure5.3).
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Figure 5.3: Force-displacement response of [0/+45/90fapered hat channels under dynamic

axial loading.
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Figure 5.4: Performance metrics of [0/£45/90]tapered hat channels under dynamic axial

loading.

The common failure mode observed in the [0/x45/@@fered hat channels was
fragmentation Figure5.5). Characteristics of this failure mode are short interlaminar cracks (i.e.,
localized delamination) and the fracture of fibre bundles via transverse sh&agung?.13). As can
be seen in the images of the channels-fsding, all three tests exhibited minimal or no fronds
remaining with significant fractures of fibre bundles. It can be observed in the latter two images, that
portions of the outer 0° plies remainethict as cracks propagated parallel to these fibre bundles
(aligned with the loading direction).
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Figure 5.5: Images of the [0/+45/9Q]tapered hat channels after dynamic axial loading
exhibiting the general failure mode, fragmentation.

5.2.2[0/90/+45] Tapered Hat Channels

For the [0/90/+45)tapered hat channels, the average crush force was 37.7 £ 0.37 kN, the

average peak force was 8£7.0.96 kN, the average total energy absorption was 11.3 = 0.1 kJ, the

average specific energy absorption was 41.8 +-8-5ind the average crush force efficiency was

43.8+ 6.3% Figure5.6 andFigure5.7). Goodconsistency between repeated testspndressive
crushingwereobserved.

100 14
I —Trial 1 —Trial2  —Trial3 ~ —Average L
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Figure 5.6: Force-displacement response of [0/90/+45fapered hat channels under dynamic
axial loading.
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Figure 5.7: Performance metrics of [0/90/+45]tapered hat channels under dynamic axial

loading.

Similar to the previous quassotropic stacking sequence, the predominant failure mode for
all channels was fragmentation. The crushed specimens exhibited significant short interlaminar cracks
(Figure5.8). In contrast to the [0/£45/90]hannels, it was observed that the outer 0° plies fragmented
less during loading, with frond formation focused on the flanges and transverse shearing of the fibre
bundles predominant at the channel radii. This may be because the increased differeree in ang
between the 0° plies and the adjacent®i@% led to higher interlaminar stresses that drove
delamination cracks between these layers as opposed to crack propagation through the layers. Lastly,
it was observed that while there were more fronds remaining, there was less bending of the fronds in
comparison to the aforementioned stacking sequence, particularly near the crush front. This translated

to a slightly reduced energy absorption than the previous stacking sequence.
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Figure 5.8: Images of the [0/90/+45]tapered hat channels after dynamic axial loading

exhibiting the general failure mode, fragmentation.

5.2.3[+45/0,)s Tapered Hat Channels

Lastly, for the [+45/¢]s tapered hat channels, the average crush force was 53.2 + 0.7 kN, the
average peak force wakl5.1+ 11.3 kN, the average total energy absorption was 16.5 + 0.3 kJ, the

average specific energy absorption was 58.9 +0,dnd the average crush force efficiency was

71.0 £ 3.4 % Figure5.9 andFigure5.10). The forcedisplacement responses demonstrated clsange

in mean crush force with increases in the ciasdional area after an impactor displacement beyond
200 mm. In the transition region frotimeinitial to tapering crossectionthere was a drop in load

near 200 mm of displacement, which may have corresponded to the observed Eigfiecs.P).

Near the transition region, microscopic images of this stacking sequence revealed waviness of the 0°
plies, which may havked to reduced efficiency in energy absorption and, thus, a lower mean crush
force. As the crossection increases in scale, so does the-taad/ing capacity of the channel which
causes an increase in the force beyond 220 mm of displacement.
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Figure 5.9: Force-displacement response of [+454 tapered hat channels under dynamic axial

loading.
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Figure 5.10: Performance Metrics of [+45/Q]s Tapered Hat Channels Under Dynamic Axial

Loading
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For the [£45/@]s stacking sequence, the predominant failure mode was lamina
bending/splaying and brittle fracturgigure5.11). Delamination cracks propagated between the 0°
plies and the adjacent +45° pligghere long sections of fibre bundles remained intact. Amongst the
+45° plies a combination of short and long fibre bundles remained. Also characteristic was the

fracture of bent fronds, observed amongst all threetpssspecimens.
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Figure 5.11: Images of the [£45/@]stapered hat channels after dynamic axial loading exhibiting

the general failure mode, splaying/lamina bending.

5.2.4Discussion ofTapered Hat Channel Results

The performance metried tapered hat channels for each stacking sequence were compared
for an impactor displacement up to 300 millimetieiggre5.12). The SEA of the [+454)s channel
was greater than that of the [0/£45/30}d [0/90/+45]channels by 24.5% and 29.0%, respectively.
Next, the peak and mean crush force values for the channels with the twisqgtrapic stacking
sequences differed slightly by 4.8% and 2.3%, respectively stigigestshat the order of the £45°
and 90° plies within the quasiotropic stacking sequences does not significantly influence the

performance of the channel.

The difference in performance among the channels with different stacking sequences can be
attributed to the difference in damage mechanisms observed. Fragmentation was predominant in the
channels with quassotropic stacking sequendeigure5.5 andFigure5.8), while splaying was
predominant in the other channdiggure5.11) . Thi s phenomenon aligned
that crush tubes with a larger proportion of hoop fibres tend to fail via fragmentation since the hoop

fibres constrain against splaying, while splaying is predominant in tubes with more axially oriented
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fibres[24]. Thereduced fragmentation in the [+45{channels allowed for increased energy
dissipation via different friction mechanisprscluding betweeifronds of adjacent plies, and with the
platen[14]. Additionally, delamination and the bending of lamina bundles resulted in energy
absorption and additional crush area for frictional dissipdfidh Lastly, the [£45/¢]schannels
consisted of two more 0° plies than the other stacking sequeviiel may have also contributed to

increased energy absorption.

| W[04d500)  W[0904+45]s W [2d502] |

8.6 377

Average Peak Crush Force (M) Average Mean Crush Force (kM)  Awerage Specific Energy Average Crush Forca Efficiancy
Absorption (kkg) (%)
Performance Metric

Figure 5.12: Comparison of tapered hat channel dynamic axial loading performance metrics.

The scatter of the experimental data, notably for the latter two metrics, was minimal.

A comparison of the energy absorbed by the straight portion of the tapered hat channels
(initial 200 mm) to the energy absorbed by the tapered portion (200 mm to 30@waaled that the
former is more effective in absorbing energy for the [t456hannelsEigure5.13). For the
channels with a quassotropic stacking sequence, the energies absorbed by the straight and tapered
portions were similar in magnitude. Tligggested that there were inefficiencies introduced along the
tapering portion, most pronounced for the [+4k/6hannels.

For the channels with quaisiotropic stacking sequences, the difference in SEA between the
constant antapered portions was limited to <10®.contrast, the differences in SEA between the
constant and tapered portions of the [t4k/@hannels were 20.8%, 16.7%, and 25.8%. The

difference may be more pronounced for the [t45&hannels because of the increased number of 0°
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plies which were misaligned from the transition region into the taper and onWwaydeet.2).
Misalignment or increased waviness in the 0° plies may reieced the energy required to
propagate cracks between the plies. As a result, splaying was still observed but less energy was
absorbed. Since the inner plies of the gqusairopic stacking sequences were already not aligned
with the axial direction, adtional misalignment or waviness would not impact performance as
significantly as the [t45/)tapered hat channels. Nonetheless, even the tapering portions of the
[£45/0,] channels exhibited higin SEA values than the constant sections of the g@tsopic

channels. Thus, the [t45]@channels remained the most efficient energy absorbers under dynamic

axial crushing.

The performance of the portion of the tapered hat channel with a constardentiss was
then compared to that of the previously tested hat and corrugated cHaBh@fgure5.13). Firstly,
it can be concluded that regardless of geometry, the [#4518cking sequence was a more efficient
energy absorber than the quissitropic stacking sequences. Beyond this, if considered exclusively,
the hat and corrugated channels suggest that geometry is of little influence on the performance of the
channels whe compared to the influence of the stacking sequence. However, the results of the
tapered hat channel experiments provide insight that geometry is more influential than stacking

sequence when it limits the predominant enexlggorbing mechanism.

Furthermore, the difference in the specific energy absorption of the first 200 mm of the
[£45/0,]s tapered hat channel (62.4 kJ/kg) when compared to the hat channel (88.8 kJ/kg) highlights
that there were also efficiency reducers within this initial seciighe tapered¢hannels. For the first
200 mm, the geometry of both channels was very sintigu(e2.16 andFigure3.1). The detractors
are likely manufacturing defects which limited the quality of the part and resulted in the 25%
reduction in SEAFigure5.2). Less significant differences were seen in the gisasiopic stacking
sequences though they were likely to have the same distribution of defects. Thus, it can also be
concluded that defects within channels that have more plies in the axial direatiomore

influential than defects in channels with a greater distribution of angled plies.
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Figure 5.13: Comparison of the specific energy absorption of channels subject to dynamic axial
loading per geometry and stacking sequence. Experimental results for the had corrugated

channels taken from[25], [76].

5.3 Dynamic Axial Loading of Double-Hat Channels

The experimental results of the dynamic axial loading of [0/+4589@] [+45/Q]sdoublehat

channels are summarized and discussed below.

5.3.1[0/+45/90k Double-Hat Channels

For the [0/£45/9Q]doublehat channels, there was an avenagancrush force of 76.8 £ 5.4
kN, an average peak force of 167.3 £ 2.5 kN, an average total energy absorption of 6.91 kJ +0.5 kJ,

an average specific energy absorption of 44.3 #2,4and an average crush force efficiency of 45.9

+ 2.6% Figure5.14 andFigure5.15). The forcedisplacement responses revealed good consistency

between most trials and progressive crushing.

99



300 12
1 —Trial 1 —Trial 2 [
250 1 L 10
200 | [s &
[ 2
r 8
z [ &
2 150 | L6 8
@ I -]
: -2
[ ] LB
100 | [, 8
] L &
—
[ &
50 )
0 [ o
0 10 20 30 40 50 60 70 80 90

Impactor Displacement (mm)

Figure 5.14: Force-displacement response of [0/+45/904ouble-hat channels under dynamic
axial loading.
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Figure 5.15: Performance metrics of [0/£45/90]double-hat channels under dynamic axial

loading.

Under dynamic axial loading, the predominant failure mode of the [0/+45i80blehat

channels was fragmentatioRigure5.16). Short interlaminar cracks near the crush framidfibre
100



fracture amongst the £45° and 90° phesre visible As was observed with the tapered channels of
the same stacking sequence, delamination cracks propagated between the outer 0° and 45° plies
which created long fronds. The inner 0° plies, which were constrained by the adhesive, did not de
bond and cohesiviailure of the adhesive was not obserab@ad of the crush front. Brittle fracture

of the internal plies was also visible.

propagation =
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interlaminar
‘crackgi

[Delamination between 0°
and 45 ° plie:

Figure 5.16. Images of the [0/£45/9Q]double-hat channels after dynamic axial loading
exhibiting the macroscopic failure modes, brittle fracture and fragmentation.

A representative progression of stable crushing was captured during the tests via-the high
speed cameraf&igure5.17). The images revealed that the adhesive initiallpaleded from the
lower adjacent ply locally. However, the speed of loading was such that the crack opening was not
ahead of the crush zone for long. As a result, tHeaeling crack was closed and Iawgiinal cracks
formed which eventually led to the development of 0° fronds.
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Figure 5.17: Representative initial damage propagation in the [0/£45/99Houble-hat channel

subject to dynamic axial loading

5.3.2[+45/0;)s Double-hat Channels

For the [£45/@]s doublehat channels, there was an average crush force of 109.9 + 1.3 kN, an

average peak force of 252.6 + 4.8 kN, an average total energy absorption of 9.89 £ 0.1 kJ, an average

specific energy absorption of 64.3 + 85, and an average crush force efficiency of 43.5 £ 0.3%

(Figure5.18 andFigure5.19).
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Figure 5.18: Force-displacement response of [+45#f) double-hat channels under dynamic axial

loading.
101
] . | wTriall wTralz wTrals
i 2 &20.1223.3
ysp ] 2463
200 1
150
] 1082 111.3110.2
100
50 439 431 435
o 1
Pealc Cposh Force (3347) Iiean Cneh Force (k) Specific Enerpy Absaption  Crush Force Efficiency (%)
(kTkg)
Performance Metric

Figure 5.19: Performance Metrics of [+45/0;]s double-hat channels under dynamic axial

loading.
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The predominant failure mode observed for the [£45ddublehat channels was brittle
fracture Figure5.20). Thiswas characterized by short bent fronds with significant transverse
shearing and fibre fracture. Debris wedges driving crack propagation between the two channels and
along the adhesive were also observed. However, the adhesive itself dicbootddar prenaturely

fracture ahead of the crush front.
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Figure 5.20: Images of the [£45/@]s double-hat channels after dynamic axial loading exhibiting

the macroscopic failure, brittle fracture.

From the highspeed images, more delamination at the onset of crushing was observed with
the [£45/Q]schannels than with the [0/£45/9@hannels. Additionally, fibrd&inking as a result of
compression was quickly observed and resulted in the fracture of fronds (brittle fracture). The
delamination of the outer plies would eventually result in the larger fronds also observed early on.

0.1410s 0.1414 5 014225 0.1407 s 0.1415s 0.1435s

Figure 5.21: Representative initial damage propagation in the [+454)s double-hat channels

subject to dynamic axial loading.

5.4 Quasi-Static Axial Loading of Double-Hat Channels
The experimental results of the quatitic axial loading of [0/£45/904nd [£45/G]sdoublehat

channels are summarized and discussed below.
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5.4.1[0/x45/90k Double-Hat Channels

For the [0/£45/9Q]doublehat tests, there was an average crush force of 100.5 + 5.7 kN, an

average peak force of 129.5+ 9.8 kN, an average total energy absorption of 8.7 £ 0.5 kJ, an average

specific energy absorption of 59.9 + 33, and an average crush force efficiency of 77.9 + 5.1%

(Figure5.22 andFigure5.23). For this set, four samples were tested because the first sample
prematurely déoonded but continued to progressively crush with increasing impactor displacement
(AppendixF). Besides this, the trials were consistent in their folisplacement responses. However,

it was observed that cracks between the plies and adjacent to the adhesive propagated ahead of the
crush front.

Triall —Triall Trial3 Trial4 =——Avemge

100 2
2
(= ] &
2 30 8
. =
g 60 : £
] P
1 £
40 ] =

20 1

o

0 10 20 30 40 50 60 70 80

Impactor Displacement (mm)

Figure 5.22: Force-displacement response of [0/£45/90double-hat channels under quasistatic

axial loading.
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Figure 5.23: Performance Metrics of [0/£45/90] double-hat channels under quasistatic axial

loading.

For the quasstatic axial loading of the [0/+45/9@loublehat channels, it was observed that

in contrast to their performance under dynamic axial loading, the predominant failure modes were

brittle fracture (a combination of fragmentation and lamina bendkiigyi(e5.24). Additionally, the

crushed material was amalgamated within the centre of the channel as crushing progressed. The outer

0° plies remained and exhibited significant bending, while the inner plies fractured along the bent

fronds. Debris wedges drove progiee crushing between a 90° ad®° degree layer. Lastly,

delamination ahead of the crush front until the end of loading was observed.
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Figure 5.24: Images of the [0/+45/9Q]double-hat channels after quasistatic axial loading

exhibiting the general failure mode, brittle fracture.

5.4.2[+45/0;)s Double-Hat Channels

For the [£45/02)doublehat channels, there was an average crush force of 109.7 + 6.8 kN,
average peak force of 167.0 + 13.4 kN, average total energy absorption of 9.7 £ 0.04 kJ, average

specific energy absorption of 64.7 + 5, and an average mean crush force efficiency of 65.7 +
8.3% (Figure5.25andFigure5.26). A decreasing mean crush force as opposed to a stable mean crush
force was also more pronounced within theee-displacement responses of the [+4h/6hannels

and is further discussed in section 5.5. Beyond this, the formation of a debris wedge made with the
adhesive material as well as the split of the debhblechannel into two major fronds was observed.
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Figure 5.25; Force-displacement response of [+45/} double-hat channels under quasistatic

axial loading.

Figure 5.26. Performance metrics of the [£45/g]s double-hat channels under quasistatic axial

loading.

For the quasstatic axial loading of [+454k doublehat channels, the predominant failure
mode exhibited was splaying/lamina bendith some brittle fracturérFigure5.27). It was observed
that the tows of the 0° plies remained intact while the innermost plies (+45°) fractured in a brittle
manner due to shearing. The outermost plies (also £45°) remained mostly intact as well because the
debris wedge enabling macroscopiaak propagation through the specimen existed a ply away from
the adhesive (within the inner +45° plies). Thus, the outer laminae bent except at the corners of the
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