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ABSTRACT

NUMERICAL AND EXPERIMENTAL INVESTIGATION OF
TRANSVERSE LOW-VELOCITY IMPACT ON
THICK -PLY AND THIN -PLY CFRP COMPOSITE LAMINATES

Batmaz Onur Al
Master of SciengeéAerospace Engineering
Supervisor : Prof. DDemirkan Coker

December 2023133 pages

The objective of this thesis is to investigate the-lehocity impact induced damage
mechanisms observed within thessply composite laminatewith differentply-
group thicknessed his thesis is divided into twiadependent yet connectedrts

In the first part, the objective is to model thesituobservations of lowelocity line
impact experiments conducted by Bozkurt and CqRé21) on [05/90:]s CFRP
laminatesby constructing a higfidelity finite elementmodel that accurately
captures thematrix cracking using aontinuum damage model with LaRC05
initiation criterion delaminatios utilizing the cohesive zone modeland
experimental boundary conditioby proposing deuristicmodelingapproach that
replicates the experiment boundaries through the assembly of spring elehhents
simulations successfully replicated thesitu obsenations on theomposite failure
patterns and sequencasd provided insights into underlying damage mechanisms,
validaing the capabilities of the numerical model. In the second part, the effect
ply-group thickness on damage mechanisms under-Velocity line impact is
investigatedy conductingn situexperimenton [04/904/02]s and [@/90:/02/90,/02]s



CFRP laminatesandperforminghigh-fidelity numerical simulationemploying the
finite elementmodel constructed in the firpart Our experimentand simulations
revealed that the damage mechanismsditr different ply thicknesses, with the
failure mechanism changing from only matrix cracking induced delamination to
matrix cracking induced delamination with fiber breakdde comparison between
numerical simulations and experimentéservations provides evidence supporting
the sacalled insitu strength concept, where employing it played a very important
role not only in global response but also in failure mechanism chbiig thesis
demonstrates the necessity of higlelity modding to accurately capture the high

fidelity in situobservations of dynamic failure mechanisms.

Keywords:Low-velocity Impact,Polymermatrix CompositesHigh-fidelity Finite
ElementAnalysis,In situ Experiments, Damagilechanics

Vi
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CHAPTER 1

INTRODUCTION

Impacts on engineering structuie result in severe consequendesluding loss

of strength or even complete structural collajdi3eTo avoid potentiatatastrophic
scenarios, it is crucial to understand and characterize extreme events encountered in
various engineering applicatigrsome of the examples of such eventpaesented

in Figure 1.1. These events encompass a wide range of phenomena, such as bird
strikes[2], tool dropd3], and hail stormpl] affecting aerostructures, debrisiking

aircraft wings during landind$], hypervelocity micremeteorite showers impacting
space vehiclefs], and even water droplet collisions on wind turbine blgdpand

forward-facing airplane componen8] caushg erosion.

In many engineering applicatiomathin modern aerospace, renewable energy, and
transportation,composite materials have been favonearticularly for having
exceptionally high strengtto-weight ratios [9]. Still, their relatively weak
interfacial characteristics make them vulnerable teofytiane loading$§3], such as
theabovementionednpact eventsnecessitating detailed investigations.

1.1  Low-velocity Impact Damage in Composites

Among impact events, lowelocity impacts (LVIS), typically charactegd by
impactor speeds below 10 mf$0], pose particular challenges for composite
structures due to the difficulty in detecting the resulting damage. Unlike metals that
often exhibit plastic deformation in the vicinity of the impact region as visually

detectable dents, compositeay develop internal damages that are baisipple or



Figurel.1l Exampleof impact eventgxperienced bgngineering structure&) hail
damage to the tail and radome structuresBifeing 737 aircraffl1], (b) bird strike
to the wing structur¢l?], (c) a 10 cmthick aluminum blockimpactedby a 14g
plastic cylinder traveling at hypervelocitigghotograph taken iscience museum of
NASA Space Center in Houstg@nd(d) severelyerodedeading edge coating of a
wind turbine bladelue to droplet impadv].



completely undetectable from the outer surfaces due to LVI efd8jtd-igurel.2
presents a composite structure that developed internal danesgéisng from LVI
that are undetectable from the outer surfaSesh internal failures, in the form of
matrix cracking and damination as seen ifrigurel.3, lead to a considerable loss
in strength and stiffness of the structui®sand necessitate the usesophisticated

inspection method®r detection14].

Front face Back face C-scan image

Figurel.2 Low-velocity impactinduced éamagen acompositeplate The damaged
regionfrom the outer front and back surfaces and internal damagesnspested
with C-scan imaging15].

impacted

surface transverse
delaminations matrix cracks

Figure 1.3 Typical impactinducedmatrix cracking and delaminatiatamage in a
composite structurgl6].

To design loasbearingcomponents capable of withstanding {@elocity impacts,
it is essential to understand the underlying damage mechanisms and accurately

predict the onset of damage.



1.2  Predicting the Impact-induced Damage

Damage onset and resistance of composites tevédocity impact loadings can be
determined by conducting experiments on composite plates in a controlled
laboratory environment. The widely followed standard for the -givejght impact

test of composite lamates is ASTM D7136L7], where the test setup is illustrated

in Figure 1.4. Unfortunately, the complexity and variety of damage mechanisms
require many tests for each material composifi@), specimen sizgl9], stacking
sequencg20], impact energy, impactor shaf#l], and boundary conditior{22].
Ultimately, the aim is to replace most of these tests with physically accurate

numerical simulations.

= Indenter

Laminated
Composite Plate

Supporting
Window

Figurel.4 Drop-weight impact test of composiptates(ASTM D7136)[23].

Predicting the impaehduced damage within composite plates by constructing
numerical simulations of standard dragight tests has been extensively
investigated in the literatuf22,24 34], where the study biyalco et al[34] showing

the evolution and poshortem damage predictions is presdnteFigure1.5 as an
example.In these simulations, ply damage was modeled using either continuum
damage models (CDM)[24,25,2729,31,34] or discrete cracking models
[22,26,28,30,32,33}vhile delamination damage was predominantly addressed using
the cohesive zone method (CZM). Notablydiepth investigations conducted by



Lopes et al[24,27] Gonzalez et a[25], and Sun et a[22] successfully predicted

the final damaged state of their specimens, demonstrating an accurate tapoesen

of the global impact response and damage footprints. Sotd29jalSun et al[30],

and Thorsson et aJ33] further validated their modeling capabilities by capturing
permanent deformations resulting from impact and simulating the compressive
behavior of damaged specimens through compresdternimpact (CAl) tests. In
these studies, the prediction acayravas validated by comparing the simulation
results with experimental observations obtained from-pmstem inspections,
utilizing techniques such as optical microscopy, ultrasorsc&h, xray CT-scan,

and othersHowever, it should be noted that themgparisons between simulations
and experiments have remained limited to global impact responses and the final

damaged states.

Laminate 181 (Impact energy 30J)

(a) 1 2 3 4

Impacted face (EXP.) Impacted face (FEM)

(b) Back face (EXP.)

Back face (FEM)

Figure 1.5 (a) Evolution of the LViinduced damage for a composite pldtes),
experimental observation of failure after full penetration, dop numerical
predictions of failure mechanisms from the study of Falc6 §34].



Although a good agreement between experiments and simulations would be shown
globally, uncertainties associated with input parameters, material constitutive laws,
and actual experimentabnditions may hinder the modeling of the true physics of
failure, since simulations incorporating a filyeinforced material failure framework
require a considerable number of parameters (typically +20), which are either
obtained through experiments oeitg exclusively virtual. Therefore, for the
validation of physically sound damage models, direct observation of the dynamic
evolution process of damage becomes necessary.

Direct observation of damage sequences enhances the understanding and
identification of the underlying physics of composite damage mechanisms,
especially when simpler layups are utilized. In this regard, beam tests have an
advantage over plate tests as they enable direct observation of the damage processes,
and information is not restrietl to the postortem examinations of failed
specimens[35]. One of the pioneering studies on composite beam LVI was
conducted byChoi et al.[36], who employed ane-loading approacin Figurel1.6

to reduce the impact event to an almost-tiraensional scenarid heir experiments

on crossply laminates with clamped boundar&sowed the occurrence of impact
induced diagonal shear cracks and delaminatidi®e numerical studies that
simulated these experimen86i 38] elucidated the failure sequence, revealing that

shear matrix cracks serve as a trigger for subsequent delaminations.

NOSE

M
FRCR
]
Pl

........................

Figure 1.6 The ine-loading approach proposd&y Choiet al.[36]. This approach
allowsin situ observations on the free edge of the beam specimeedoging the
impact event to an almost twbmensional scenario



Several investigations have examined the flexural behavior and failure of composite
beams with various layups in a thyeeint configuratior{35,39 41]. The observed
matrix cracks beneath the impacted region, as depictéjune 1.7, vary between
vertical and diagonal orientations. The specific crack patterns depend on several
factors such as boundary conditions and composite layup configurations, with the

failure type being influenced yending or ear dominance.

Figure 1.7 Line-impact studies on composite beastwow theformation of (a)
bendinginducedvertical cracks[35] and(b) diagonally orienteghearcracks[38].

Recently, Topac et al42] performed line impact experiments on composite beams
using highspeed photography in conjuiom with digital image correlation (DIC).
They successfully predicted the observed damage pattern by employing a CDM
based ply damage model with the LaRCO04 initiation critdd@h Their simulations
showed the damage sequencemiatrix-cracking followed by delamination, and
delaminations grow in a threBmensional patternMore recently, Bozkurt and
Coker[44] expanded on the line impact study of Topac ef4dl] by performing
additionalin situexperiments on gO0z]s carbon fibesreinforced beamsvhere the

sequence of matrix cragkduced delamination is explicitly captured using an ultra



high-speed camera in conjunction with the digital image correlation method. They
measured the delamination crack tip speeds and suggested that crack tip apeed i
experimental outcome that can be used as a benchmark feurimg damage

models.

Figure 1.8 Low-velocity line-impact studies 0rj0s/90:]s composite beams(a)
Numerical and experimental observations of iMluced damage progression by
Topac et al[42], and(b) experimentsor measuringlelamination crack tip speeds
by Bozkurt and Cokej44].



1.3  Scope of thisStudy

The thesis consists of two parts that are independent yet connected.

The objective of the first study is to model thesitu observation®f low-velocity
line impact experiments conducted by Bozkurt and CokefOaf®0:]s CFRP
laminate The focus in capturing strain and deformation fields, damage initiation
time, location, damage pattern and progression, delamination sgemdshis
purpose, a higtfidelity finite element model is constructed accounting for composite
damage and delaminaticandexperimental boundary conditions. The simulations
successfullyreplicatethe in situ observed details of the composite failutteereby

validatingthe capabilities of the numerical model.

In the second part diiethesis, the effeqdly thicknesson danage mechanismsder
low-velocity line impact is investigatedhis is accomplished by conducting high
fidelity in situ experiments and employing the numerical model constructed in the
first study. First,low-velocity impactand quasstatic experimentsra conducted on
[04/904/02]s and [Q/90,/02/90,/0z]s CFRP laminates. Second, simulations are
performedfine-tuning the composite damage parameters by comparing the damage
pattern and progression with the experiments. Our experimevesledthat the
damage mechanisms differ for differgay thicknesseswith the failure mechanism
changing from only matrixcracking induced delamination to matrix cracking
induced delamination with fiber breaka@mulations show that ksituapproach in
determiningstrength propertiesf multidirectional layupseed to béncorporatedo
capture this change in failure meolsms with thickness.

Finally, this thesis demonstrates the necessity offdfgtity modeling toaccurately

capture the higlfidelity in situ observations of dynamic failure mechanisms.






CHAPTER 2

HIGH -FIDELITY FINITE ELEMENT SIMULATIONS OF
LOW -VELOCITY IMPACT INDUCED MATRIX CRACKING AND
DYNAMIC DELAMINATION PROGRESSION IN [0 s/90s]s CFRP BEAMS

A high-fidelity finite element (FE) model is constructed to simulate thevelacity

line impact expements conducted by Bozkurt and Coker o#i90z]s CFRP beams.

The experiments capturethe impactinduced matrix cracking and dynamic
delamination progression using an ulfigh-speed camera in conjunction with the
strain measurements vthe digital image correlation method.olsimulae these
experiments, waitilize a useiimplemented thredimensional continuum damage
model with LaRCO5 initiation criterion for matrix cracking, and a bmilcohesive

zone model at the 0°/90° interfaces for delaminatidamage in the
ABAQUS/Explicit software. The influence of boundary supports on the global
impact response is found to be significant, therefore, a heuristic boundary conditions
approach that replicates the experiment boundaries through the assemblpgf spri
elements at the corresponding boundary nodes is proposed. The simulation results
then demonstrated excellent agreement with the experiments in terms of global
impact response, strain fields, damage initiation time, location, form, and sequence.
Simulatons reveal intersonic delamination propagation, with crack tip speeds
around~5000 m/s, accompanied by shear Mach waves emanating from the crack tip.
In contrast, experimental delamination crack tip speeds were measured te be sub
Rayleigh speeds reachinG00 m/s. However, when a crack tip definition based on
the crack opening is introduced, its adaptation yields improved agreement with the
experiments, implying that the sliding mode might be physically hidden in the

experiments. Increasing the effectivaterface toughness to incorporate the
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macroscopic effects of experimentadligserved microscopic cracks at the interfaces
demonstrated the potential use of delamination crack tip speeds as a benchmark for

refining highfidelity numerical simulations.

2.1 Intr oduction

Damage onset and resistance of composites tev&acity impact loadings are
commonly assessdy conducting standard drapeight impact tests (ASTM D7136
[17]) on composite plate specimei@onsiderable efforin the literaturehas been
devoted to constructing higidelity numerical models capable alccurately
predicting impacinduced damage within composi{@g,24 34], ultimately aiming

to reduce the reliance on physidakts.In these studies, thsimulationswere
validatedthrough comparisons with experimental resuttisd comparisonsvere
typically limited to global impact responses and pusttem inspectionsince
standard tessetupswith plate specimengestrict dservations during tests without
modifications.Only a few stutks[23,35,42,4447] investigated thanpactinduced
damage mechanisms by monitoring experimenggu, either employing higispeed
camerag35,42,44]or by simulating impaetnduced damages thugh quasstatic
experiments wherapplied loading is interruptedt every damage monitoring
interval [23,45 47]. The lack ofobservations on the growth of local damages and
the interaction of different damage modes miaypedethe modeling of thectual
physics of compositelamage mechanismeyen when there is good agreement
between experiments and simulations at a global I&helrefore, for the validation
of physically souncdhumerical modelsdirect observation of the dynamic evolution

of damage becomes necessary

A limited number of studies in the literatuspecifically explore the dynamic
evolution of impactinduceddamagesZehnder and Rosak|g8] experimentally
investigated the dynamic crack propagation in a steel rmbtsing a configuration
consisting of a threpoint bending specimen impacted in a dragight tower. They

measured crack tip speeds using ksgkeed photography and concluded that the
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crack tip velocity is an indirect material property. Similarly, saversearchers have
examined the dynamic characteristics of impadticed interface cracks on bonded
homogenous materialgl9,50], bimaterials[51i 53], multi-layered heterogeneous
materials[54,55] and fibefreinforced compositefs6i 60] by measuring crack tip
speeds. In the specific context of these issmiavith computational focys0,53,56

59], experimental crack tip data were utilized to validate the interface damage

models or to explormfluencing parameters.

For the investigation of dynamic damage growth in composites, beam tests have an
advantage over plate tests as they enable direct observation of the damage processes,
and information is not restricted to the posbrtem examinatian of failed
specimen$35]. Recently, Bozkurt and Cok§t4] expanded on thiene impactstudy

of Topac et al[42] by performingadditionalexperiments on E90s]s carbon fiber
reinforced beamswherethe sequence of matrix cragkduced delaminations

explicitly capturedusing an ultrehigh-speed camera in conjunction with the digital
image correlation method. They measured the delamination crack tip speeds and
suggested that crack tip speed is an experimental outcome that can be used as a

benchmark for finduning damagenodels.

In this study, we constructed a hifjtielity finite element (FE) model of the LVI
experiments conducted ons[80:]s CFRP beams by Bozkurt and CoKé4]. The
objectives are to accurately reproduce matrix cracking and dynamic delamination
observations and to investigate hypotheses beyond the limitations of direct
experimental observation. The numerical simutaioare constructed in the
commercially available FE package ABAQUS/Expli¢él] and include the
following characteristics. For the matrix cracking damage, a-tireensional CDM
featuring the LaRCO05 damagetiation criterion proposed by Pinho et f2] and

the damage progression procedure from the study of Topacd4®2]alwhich takes

into account the thregimensional stress states anesitu effects, is implemented
through a usedefined subroutine (VUMAT) with an explicit integration sote

For the delamination damage, the CZM with birlcohesive elements inserted at
the 0/90° interfaces is employed. The influence of boundary supports on the global
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impact response is found to be significant, therefore, a heuristic boundary conditions
(BCs) approach that replicates the experiment boundaries through the assembly of
spring elements at the corresponding boundary nodes is proposed. The dynamic
nature of impaeinduced matrix cracking and delamination events is explored
through global impactresponse,in situ damage progression and damage
mechanisms, the largecale contact and friction between crack surfaces, and

delamination crack tip speeds.

The originality of this work lies in i) revisiting the importance of accurate modelling

of BCs in LVI regime, ii) elucidating the dynamic characteristics of sudden
delamination growth in a crogdy composite subjected to transverse LVI, iii)
demonstrating the potential use of crack tip speeds in-fldghty numerical
modelling, and iv) highlightinghe limited reliability of relying solely on global
impact responses and damage footprints (as commonly practiced in literature)
without analyzing the dynamic progression of damage, emphasizing the need for a
more comprehensive approach to validation.

This chapteris organized as follows: In the subsequent section, we provide a brief
summary of theelevantfindings presented in the previous experimental work by
Bozkurt and Cokef44], which we aimed to construct the hifiielity simulation.
Section2.3presents the numerical method with descriptiorfsEomodelcomposite

ply damage and delamination models. In Secidnthe implementation of flexural

BCs with the proposed approach is introduced. Se@ibpresents the numerical
results of the higlfidelity FE model in &rms of the global response,situdamage
progression and damage mechanisms. These numerical results are discussed further
in Sectiorn2.6and compared with thexperimental observations. Finally, Sectiid
concludes thestudy, summarizing the key findings and highlighting the

contributions.
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2.2  Summary of the Experiments of Bozkurt and Coker [44]

In the previous experimental wodk Bozkurt and Cokein [44], 9.15 J line impact

tests were carried out on CFRP beam specimens wi®0f[} stacking sequence,
which was ideally chosen to facdie clear visualization of the failure sequence. In
this regard, redime in situ observations of the initiation and dynamic progression

of the matrix damage and succeeding delaminations were performed at the edge of
the beam via an ultraigh-speed camarat capturing rates varying between 20,000
and 525,000 fps. In order to elucidate the observed failure mechanisnigldull
strain measurements were conducted through digital image correlation (DIC)
analyses. Further characterization of the failureepativas performed in post
mortem micrographic observations of beam specimens. In this section, we provide a
summary of the relevant aspects of the experimental methodology and observations,

directing interested readers to the original pgp#ffor more comprehensive details.

2.2.1 Experimental Method

Line impact experiments, originally proposed by Choi andvodkers[36], were

carried out in an khouse built norstandad dropweight impact test setup
instrumented with a 2hm radius semcylindrical impactor, as shown iRigure

2.1(a). To impose encastre (fixed-end) boundary conditions, the composite beam
specimen was clamped along-2®n at both ends by top and bottom steel plates,
which compress the beam by means of preloaded bolts passing through them. The
steel plates were mounted on linear guidewayd, thay squeezed the composite
beam with preloaded bolted joints. The bottom steel plates of opposite ends were

positioned to create an unsupported span length-air&0

The beam specimens were comprised of Hexcel 913C/HTS unidirectional (UD)
prepregs sta@d in [G/90z]s laminate configuration. They had-plane dimensions
of 100 17 mn¥, and a resulting laminate thickness of-thB1. The plylevel elastic

and strength properties of the UD prepreg material are presented in Qegtibn
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2.2.2 Experimental Observations

The failure sequence was reported to be a diagonal matrix crack in 90° layers,
followed by delaminations in the upper and lower 0°/90° interfaces. This wolut

of LVI-induced damage was captured through a sequence cbpegil camera

i mages with an interfr ameigura2if®. Detdiledl . 9 es, a
examination of the higepeed image sequence revealed that the initial diagonal
matrix crack, occurring approximately 16 mm away from the impact line (or mid
span), immediately triggered delaminations upon reaching the 0°/90° interfaces.
About 7.6 ps later, a second matrix crack initiated 9 mm away from the impact line,
leading to the nucleation of a new delamination front at the upper 0°/90° interface.
These initial and secondary upper delaminations eventually merged into a single
delaminatim at approximately 15.2 us, propagating beneath the impactor.
Delamination crack tip positions were determined from the-bged images, and

the corresponding crack tip speeds were calculated by numerically differentiating the
crack tip positions with spect to time. The histories of crack tip position and speed
are presented iRigure2.1(b), indicating subsonic but dynamic crackgippagation

with speeds ranging from 250 to 1000 m/s.

The mechanism of matrix crack formation was elucidated through detailed

examination of strain fields obtained via digital image correlation (DIC) analyses.
Contours of t hgardiom h $ v ex) somposelitebdthe stfan

just before the initial diagonal matrix crack formation are presenteime2.1(c).

Hi gxhvaloes wereeported to indicate that the major diagonal matrix cracks were

shear matrix cracks. yhRasesgpoos Jatg@nst ensci ¢e U
with the actual diagonal crack locations, it was postulated that adhmesmsional

(3-D) failure criteron should be employed for analyzing failure under transverse

loading scenarios.

In addition to the major diagonal matrix cracks and delaminations observed in the
high-speed images, two additional types of cracks, namely hairline cracks with

lengths rangindpetween 0.40-1.0 mm and micranatrix cracks with lengths up to
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0.1 mm, were identified during pestortem examination of the failure patterns
using a digital microscope, as depictedrigure2.1. Hairline cracks were reported

to occur near 0°/90° interfaces, regardless of whether the interface is failed or intact,
and exhibit directionality along the beam. The authors deduced that the observation
of hairline cracks at the intact interfaces might be attributed to the sudden
longitudinal wave propagation resulting from the major matrix cracking. On the
other hand, micrenatrix cracks were observed at the failed interfaces and were
associated with secdary opening mode cracks resulting from the contact and
friction of crack surfaces behind a dynamic crack tip. Furthermore, the formation of
debris within the delaminated interfaces was reported, which were siugfred

particles trapped between the delaat@u surfaces.

Finally, for the purpose of providing additional benchmark data to our simulations,
we performed further investigation on the existing experimental materials of all
tested specimens. Locations, initiation times, and orientation anglesganéla
matrix crackson the lefthand side (LHS) and the rightand side (RHS) of the
specimens are summarizedTiable2.1. Average quantities are also reported with
standard deviation values.

Table2.1 Locations, initiation times and orientation angles of matrixksan all
tested specimens.

Location (mm) Initiation time (ks)  Orientation (°)
Specimen
LHS / RHS LHS / RHS LHS / RHS
IMP-1 11/10 807+7 / 350+7 42 | 48
IMP-2 NC* /12 NC* /3937 NC* /49
IMP-3 16/ 24 NA** [ NA** 43 /51
IMP-4 17/ 19 325425 /875125 45/ 45
IMP-5 14 /13 625 +25 /275+25 45 | 42
15t crack: 336+ 43
Mean 15.1+ 4.4 455+ 3.2

2"d crack: 769+ 106

*NC: Not cracked
**NA: Observation not available
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(a) Non-standard drop-weight impact setup

Specimen Impactor
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plates guideways rail

(b) Delamination propagation
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Figure 2.1 Summary of the experimental study conducted by Bozkurt and Coker
[44]. (a) Experimentasetup for lowvelocity impact,(b) delamination propagation
with corresponding delamination crack tip position and speed histdiags,
transverse shear and longitudinal strain fields prior to the damagddhapdst
mortem examination showing hairliceacks and debris formation.
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2.3 Numerical Method

This section presents the methodology followed for constructing the numerical
model.The objectives of numerical simulations are (i) to reproduce the experimental
observations through higfidelity computationsnd (ii) gain further insights into the
dynamic failure mechanisms beyond the limitations of direct observatiahis
regard, a virtual test setup is constructed to simulate thevédoeity line impact
experiments summarized in Secti®2. This virtual test setup is modelled irD3
using the commercial finite element (FE) package ABAQUS/Exgbdi}. Details

of themodelling strategy are provided in the following sections.

2.3.1 Geometry and Boundary Conditions

A schematical illustration of the FE model is presente#figure 2.2. The sem

cylindrical steel impactor is idealized as an analytical rigid body with a mass of 1.865
kg. It is positioned just above the beam providing that the initial contact happens
right atthe midspan of the composite beam. To simulate the free fall from a height
of 0.5 m, an initial downward velocity of 3.13 m/s is assigned to the impactor. The
composite beam specimen is modelled as a-iraensional deformable bodyo

account for larg deflections that result in stiffness changes, the nonlinear geometry

option is activated.

A representative meshed section of the composite laminate model is depicted in
Figure 2.2. For the ply material, -Bloded linear brick elements with reduced
integration, enhanced hourglass control, and seootker accuracy (denoted as
C3D8R in the ABAQUS library) are employed. For the purpose of modelling
delamination, &oded theedimensional cohesive elements (denoted as COH3D8
in the ABAQUS library) are inserted only at 0°/90° interfacesidifional

information regarding the elementisig is providedn Section2.3.3.3
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Figure2.2 FE model and a representative section of the mesh.

Recalling that the specimen was clamped aliheg25 17 mnt regionfrom both

ends in experiments, a straightforward approach to idealize these experimental
boundary conditions could be made by constraining displacement degrees of
freedom of the corresponding nodes, as practiced by Topad42]alSpecifically,

the end portions of the bottom surface are constrained in both longitudinal and
transverse directia while those of the top surface are fixed only in the longitudinal
direction to allow contraction of the specirt
experimental failure patterns can be accurately reproduced with the implementation
of these ideal hundary conditions, a detailed comparisoinddituexperimental and
computational deformation and strain fields reveals that such rigid constraining led
to a stiffer flexural response, which significantly affects dynamic initiation and
progression charaetistics of the damage. Instead, we propose a heuristic approach
that replicates the experiment boundaries through the assembly of spring elements at
the corresponding boundary nodes. Details of the proposed boundary conditions

approach are provided in Siem 2.4.

2.3.2 Material Properties

The complete list of properties for Hexcel 913C/HTS unidirectional (UD) prepreg

used in the simulations is provided Trable 2.2, along with the corresponding
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references. These properties consist of thegugl elastic, strength and interface
properties. The interface properties include strengths, toughness, penalty stiffness

and mked-mode interaction parameter.

Laminates exhibit increased strength when they are constrained by laminates with
different fiber orientations, compared to the strength of the unidirectional laminates.
This increased stsitussmeggth Bedrefernébduascaé
factors:i) the positioning of the laminates (outer or embeddgd}je orientation of

the adjacent laminates, aiiid the ply thickness. In our case, the 90° laminate where

damage occurred is categorized as a thitlhedled laminate.
Camanho et a[63] derived thdinearin-situ transverse matrix strength relation as

9 PP 9 (2.1)

where Yr is the transverse tensile strengthe same study also provides thesitu
in-planeshear strengtB relationship, taking into account shear dAimearity, as

given inEquation(2.2)

o T % T p
2.2
3 ) (2.2)

where parameteffs equals to 3.810% MPa3, %.can be computed through the

relation% p¢3 TO p 1 3 ,and Gais the inplane shear modulugor

thein-situ transverse shear stren@h, Catalanott{64] provided the relatioas,
COENl p

s O&f 23)

wheres is the internal friction parameter in the longitudinal direction. Experimental
studies on composites with similar fiber and resin systems have reported a value of
0.082 fors [65,66] Therefore, in this study, we adopt the same value of 0.082. The
friction parameter in the transverse directign, is calculated by the relatign

p¥OAd  wherg isthe fracture angle under pure transverse compression tests
which consistently reported as 53° in the literaf6&64,66,67]
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Table2.2 Material properties used in simulations.

Property Value Ref.

Elastic Properties:

E1 135 GPa [44]
E2=Es 9.2 GPa [44]
G12=Ga13 5.5 GPa [44]
G2s 4.5 GPa [44]
312= 313 0.30 [44]
323 0.45 [44]

Ply-level Strengths:

Yr=27Z7 60 MPa [42]
Yc=2Zc 205 MPa [42]
S 62 MPa [42]
Density:

| 1780 kg/m [44]

Interface Strengths:

To, 87.6 MPa [68]
Tou = Tom 83.7 MPa [68]

Interface Toughness:

Gic 0.26 kJ/m [42]
Giic = Guic 0.84 kJ/m [42]

Mixedmode interaction parameter:
d 1.45 [24,25]

Penalty stiffness:
Kn cuypm. .7 [69]
Ks wWwt pm . A [70]

The density of the composite matefiak reported as 1780 kgfim [42,44] Within
the explicit FEA frameworkjt is necessary to assign density to all elements,
including cohesive elements. In this study, we assume that the interface density is

equal to the composite material density. Notably, the cohesive density, denoted as
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", can be calculated using theriula” "0 ,whered represents the

thickness of the cohesive elemej@s).

The plain strain longitudinal wave speeds parallel and perpendicular to the fibers,
and shear wave spef] are calculated through the equations provided in Equation
(2.4

A

A (2.4

z| >
0¢

where @1, &2 and @e are the components of the thydienensional stiffness matrix

of the material. The Rayleigh wave speeds parali®lgnd perpendiculacy) to the
fibers are calculated by solving the relation provided in Equdfds) [71]. The

solution givegi®value ifeo  @fandaY value ifed Y.

n 31 1A (2.5)
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The calculated values of plain strain material wave speeds are giVahle®.3.

Table2.3 Material wave speeds for Hexcel 913C/HTS UD pre[pddd

IS Ju JL JIR JI%J
Tm m v 1| 1

8807 m/s 2567 m/s 1758 m/s 1675 m/s 1556 m/s

The effect of stochastic distributions of material properties, specifically the dominant

strength oP , on the damage patterns is presented in Appendix B.

2.3.3 Damage Modelling

This section describes the numerical methodology employed to model two different

types of damage observed in experiments: intralaminar damage within the composite
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plies and interlaminar delamination at the interfaces between plies. These two failure
modesare modelled separately mumericalsimulations. Intralaminar failure is
characterized by matrix cracking and is the only failure mode observed in
experiments due to the cregly layup sequence. Therefore, the numerical model
only includes matrix failurenodes to simulate intralaminar damage. Interlaminar
failure, on the other hand, is simulated using the Cohesive Zone Method (CZM) to
model crack growth at the interfaces between plies with different fiber orientations,
such as the 0° and 90° interfaces.

To capture matrix damage initiation and progression within the composite plies, a
continuum damage model is implemented using a VUMAT-ssbroutine. For the
delamination damage, builh cohesive elements of the ABAQUS software are
utilized at the 0°/90iterfaces. More specific details and formulations of the damage
models employed in the numerical simulations are provided in the subsequent

sections.

2.3.3.1 Transverse Matrix Cracking

The experimental findings, summarized in Secid)emphasize the importance of
employing threadimensional (3D) failure criteria in transverse impact events. In
this regard, the LaRCO05 damage initiation critefi®2] is chosen over the LaRC04
criterion as if42]. This decision is based on several factorshe LaRCO5 criterion

is a combined critgon that considers tensile and compressive damage with a single
relation,ii) it is a complete - criterion including oubf-plane stress components,
which have been identified as critical in transverse impact ey2bfsandiii) it

provides a critical fracturl@)pl ane orientat

The bilinear equivalent stres&{) vs. egiivalent displacementi{y) relation that an
integration point obeys is illustrated kigure2.4. The equivalent displacement and
the correspondingquivalent stress governing the progressive matrix damage model

are defined as,
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where0 is the characteristic length defined to alleviate mesh dependency, and < >
represents the Macaulay brackebhe material response is linear up to the damage
initiation point (labelled as A), which is predictég the LaRC05 matrix failure

criterion, shown in Equatio(2.8). This criterion is a modified version of Mehr

Coul ombd6s transver se ¢ ongpan adlisonabterm tor i t er |
account for tensile failure3he internal friction parameters (ands ) reflect the

pressure effects on the failure response by either increasing or decreasing respective
shear strengths depending on whethefrdnure plane tractions are compressive or

tensile.

2
Q

Z Z

_ S 2.8
3 sk 3 sA P (28)
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© ‘

The traction components on the fracture pléne z , A ) are obtained by stress
transformation relations given in Eqr{.9), (2.10) and(2.11). The illustration of
the traction components on the matrix fracture plane is depict&dune2.3.

A

z OEd— z AT & (2.9)
z z A6 z OEL+ (2.10)
A KA K K .. . A
A - —Al & 2 OEG— (2.11)
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Figure2.3. lllustration of critical plane search and tractemmponents on the critical
plane.

After the damage initiation criterion is satisfied, the damage in the material
progresses by degrading the stiffness of the elements following the cortinuum
damage modelling approacfy3]. Stiffness degradation is implemented by

introducing egradedvalues of transverse and shear moduli into the compliance

tensor Here, the @ damaged compliance tens®is given in Equatiorf2.12) [74].

p .

L - — ]
0 0 0 m m o
] . p : _ - - - |:|
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where the matrix damage varialde varies from 0 (undamaged) to 1 (complete
damage) along the line-8 in Figure 2.4, and the shear damage variable becomes
‘Q 'Q since there is no distinction beden tension and compression failure in
LaRCO5 The irreversibility of the damage process is taken into account by the non

linear saturation type behavior provided in Equafdh3).

A (2.13)
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wherey ,) and) are the equivalent displacements at the initiation, progression
and complet damage states, respectiveRhe equivalent displacement at the
completely damaged state is calculated by equating the dissipated energy (i.e. the
area under the triangie Figure2.4) to the fracture toughnessg, of the respective

mode, i.e.,

G
1 e (2.149)

Gc is considered equivalent to the Medé&acture toughnessc) for a tensile
mat ri x (@), ahduapmoxirhated by the relati@c/cos( ) [75] for a
compressig mat r i x<O) Ibah ¢élemenebedomes completely damaged, it is
not deleted due to its compressive kiehsferring capabilities since only matrix

failure occurs. The matrix damage variables are limited to a threshold of 99.99%.

O'eq
| FI=1
I P
_ Beq(Beq = 88)
GC
c ~dm=1
I o ; Seq
0 . :

Figure 2.4. Constitutive material model that predicts the intralaminar damage
initiation and progression.
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2.3.3.2 Delamination

Delaminationgrowth between the adjacent ply interfaces having different fiber
orientations isisnulated utilizing the Cohesive Zone Method (CZM) through the use
of built-in cohesive elements of ABAQUS.

A bilinear traction response to the respective separation at the interfaces for both
opening and combined shear fracture modes is employed inutlis &$ illustrated

in Figure 2.5. Considering the multiaxial nature of transverse impact loading, the
interaction of opening and shear fracture modes is tateraccount (mixedanode

CZM). The region prior to the delamination onset enforces a linear elastic response
with penalty stiffnesses ofikand Ks for the opening and shear modes, respectively.
Turon et al[69,70]proposed Eqng2.15) and(2.16) to determine Ik and Ks,

~%

+ ~ 2.1
P (2.16)
1 4FI

wherec is a coefficient suggested to be 5(68], t is thesudaminate thickness,oJ
and Gc ('Q )N ))being interface strength and fracture toughness. The delamination
initiation predicted using the quadratic nominal stress criterion, proposed by Chang

and Springe[76], is provided in Equatio(.17).

p (217)

where T('Q )R h) ) aye the surface tractions of corresponding modes, respectively.
Only the positive values ofi@re included in this relation since compressive stresses
have no contribution to opening mode fractures. The separation at the damage

initiation is calculated with the relation 4 1% where its corresponding

initiation traction is4 4 4y 4.
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Following the prediction of damage initiation in a cohesive element, a linear
softening behaviour is employed during the propagation of damage through
degradation of the penalty stiffnesses of the cohesive element by the cohesive

damage variable D, whids given by,

$ — (2.18)

where the effective separationis ¢ O 1 andits critical separation at

the propagation is determinedpy ¢' ¥4 .Cohesive elements are removed from

the mesh when the damage parameter D reaches the predefined 99% threshold to
simulate the contact and frictional events between delaminated surfaces. The mixed
mode fracture toughness,, is calculated based on the Beggagh and Kenane {B

K) criterion inEquation(2.19) [77].

1 1 1 1 _— (219)
whereq st ands {mode interacdon parameded.
T Initiati
C{iterion T
_6c(8—8p)
~ 6(8c— 8o)
\
\\\ D =1
.- 6‘

Propagation
Criterion

Figure2.5. Constitutive law of the mixethode cohesive zone model.
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2.3.3.3 Element Sizs

To establish a realistic energy dissipation during fracture, the determination of
appropriate element sizes plays a crucial role in achieving accurate rébeits.
greatest element size is determined by comparing the allowable siztralafminar

andinterlaminar damage models

~

For composite continuum elements, the greategplane sized a is

suggested to be less than the maximwplame characteristic length  to avoid
the snagback behavior of the constitutive softening braj2d]j. In the case of linear
softening law, the adopted criterion to determingithe length is given in Equation
(2.20) [25].

ad “Z‘)' «EADA ¢ K Fp (220

where’O , 'O and®@ are elastiomodulus, fracture toughness and ply strength
values.) ¢ hg hp corresponds to tensile, compressive and shear failure modes
of the matrix. Accordingly, the maximum-plane characteristic length using the

properties given ifable2.2is 0.61 mm.

For cohesive elements, an estimation for the interlaminar fracture process zone can
be acquired using the mesh stability criteria proposed by Yang and Cox for slender
beamg[78]. The fracture process zones for Mddend Modell delamination are
estimated byd ; & ;7 'Q7 and & ; & ; 'Q respectively. In these
relations, Qis conservatively taken equal to the thinnestlsmhinate thickness and

&  is the characteristic length of interfaces for failure md@es@OWhered

"OOTY; with 'O, Gee 'O p ' ' and"Y; being fracture toughness,
equivalent elastic modulus and interfacial strength. With the given parambeéers, t
interlaminar fracture process zone is estimated as 0.71 mm, yet the maximum

allowable inplane size of a cohesive element is determined as 0.24 mm since having
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at least 3 elements along the process zone is suggested for an accurate delamination

initiation and propagation representatj@h,69,79,80]

For element sizing along the thickness direction, mesoscale mod@lir&p] is
adopted for the composite elements, where eacls pgpresented by a single layer

of solid elements. This corresponds to a mesh size of 0.3 mm along the thickness of
composite layers.

For the thickness of cohesive elements, v em is assigned, which is less than

1% of the laminate thickness. Whiteodelling the cohesive zone with zétockness
elements seems plausible, assigning a density value to these elements in dynamic
analyses can be problematic as they theoretically have an infinite density, and such
a value can significantly affect stablecrement time and wave propagation speeds

in explicit analyseg61]. Nevertheless, this issue can be resolved by modelling
cohesive elements with a small thickness, which allows to assignment of a finite
densityvalue. In this study, we assume that the interface density is equal to the
density of the prepreg materidlhe cohesive density, denoted’as , is defined as

the mass per unit area using the fornfula "0 [61].

Consequently, it has been determined that a maximum mesh siggs afi€ mn?
in-plane, and 0.3 mm along the thickness are suitable for accurately simulating the
damage progression in the laminate. The corresponding representative meshed
sectionof the FE modeils depicted inFigure2.2. The dfects of mesh refinement on

the global impact responses and damage patterns by halving the element sizes are
presented in AppendiX.

2.3.3.4 Contact and Friction

Contact and friction laws aréefined between the steel impactor and composite
beam, as well as between composite layers in casea#Hct occurs. The contact
algorithms and friction models provided by Abad64] are employed for this

purpose.
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Self-contact between composite layers is simulated by utilizing the general contact
algorithm with the penalty contact method, excluding the impacomposite beam
contact pair. The surfade-surface contact type with penalty contact method is
preferred for the contact between the steel impactor and composite beam to increase
computational efficiency by defining the contact pair in advance. Friction is included

at all contacting surfaces and interfaces by employing theibuilt Coul omb&és f r i ct |
model. In this model, the tangential motion is zero up until the surface shear traction
reaches the critical value that is calculated by the reldtiori 1 where* andn

are the static Coefficient of Friction (COF) and normal contact pressure,
respectively. Different COFs are utilized depending on the contact couples: 0.3 for
the contact between the steel impactor and compjazité2,83 85] and 0.5 for in

case of seltontact of composite layef24,86] Although there is no consensus on
values of COF along the crack surfaces for similar composites in the listhg

effects of utilizing frictionless and very high COF contacts are investigated in
Section2.6.

2.4  Implementation of Flexural Boundary Conditions

In the LVI regime, the role of boundary conditions (BCs) is crucial as there is
sufficient time for stress waves generated from the impact zone to propagate and
reflect back from the supports of the struc{&4. In our problem, a straightforward
idealization approach for the BCs by constraining disgt@ent degrees of freedom

of the corresponding nodes, as practiced by Topac ¢42|. wasdescribed in
Section2.3.1 Although experimental failure patterns can be accurately reproduced
by implementing such BCs, a detailed comparisonnositu experinental and
computational deformation and strain fields reveals that such rigid constraining led
to a stiffer flexural response, which significantly affects dynamic initiation and

progression characteristics of the damage.

In this regard, we propose a hetidsapproach that replicates the experiment
boundaries through the assembly of spring elements at the corresponding boundary
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nodesusing a Python scriptvhere we determine the stiffness of these springs based
on the minimization of differences between thk-field displacements and strains
obtained from the experiment and simulation. The aim of this approach is to
eliminate the artificial effects that influence the aspects of the global and local
impactinduced failure processes caused by the idealizafi@Cs. In the FE model,
translational spring elements (denoted as CONN3D2 in the ABAQUS library)
connect boundary nodes to the rigid ground where each spring element has two
translational degrees of freedom, horizontal and vertical. The following

consicerations are made in modelling of spring configurations:

1 The horizontal response of top boundary springs is associated with the
tangential contact between the beam and the top fixture plates. This implies
the tensiorcompression symmetric definition of mite horizontal spring
constantQ; Q; ).

1 The vertical response of top boundary springs is associated with a normal
contact or separation between the beam and the top fixture plates and should
be treated differently under compression &saksion. Under compression,
springs are modelled to simulate the normal contact situation with a finite
vertical spring constanf@: | 0) . Under tension, on
are modelled to simulate the separation of the mating surface by oighe
definition of zero vertical spring constar®f ).

1 The horizontal response of bottom boundary springs is associated with the
adhesive frictional contact between the beam and bottom fixture plates as this
interface was reported to have adiegegiong44]. This also implies the
tensioncompression symmetric definition of a finite horizontal spring
constan (Q;, Q; ).

1 The vertical response of bottom boundary springs is associated with the
vertical compliance of the text fixture under compression, and adhesive
contact of mating surfaces under tension. These imply the definitions of a
finite verticd spring constant under compressio®;( ) and tension

(Q; .
A flowchart for the construction of flexural boundary conditions through the
proposed approach is depictedrigure2.6. The first FE analysis was initiated by

employing a spring configuration with randomly assigned spring constants guided
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by the aforementioned considerations. Horizontal and vertical displacements along
a vertical path near bodaries shown with a dashed linekigure 2.6 and shear
strains along the beam's centerline were extracted from simulations and compared
with the corresponding DIC results. Considering the differences between
displacements, a new FE mbde constructed with either increased or decreased
spring constants. Differences are calculated for the same impactor position with
respect to the undeformed state in experiments and simulations, which results in
indirectly considering the impactor boumgaalso. The process of adjusting the
spring constants continued iteratively until the error between the simulations and
DIC results fell below a predetermined threshold. For an error threshold of 5%, the
spring constants fofx, Qx Qi , Qp, Qf are determined as 1040, 130, 1517,
1084 p mkN/mm, respectively.

Experiments Numerical idealization
] RN )

(R 3
e Top and bottom surfaces ——
of clamped boundaries S s
B kye if §<0
ke vt lo if 8§20
000000~ <
.___‘\(
000000~ =
L g A kyp if §<0
- S T kg if 820
al di ‘i. emen i x-position (mm) ) \ T | /

&

Calculate the difference in
displacements and shear strains obtained
\_ from the experiment and simulations

-~

Iterate until

.8 the error
drops below
Adjust constants of spring combinations a threshold

\ kh,t kh,b kv,r kv,b
Figure2.6. A heuristic approach to replicate the experiment boundaries through the
assembly of spring elements at tteeresponding boundary nodes. The stiffness of
the springs is determined based on the minimization of differences between-the full
field displacements and strains obtained from the experiment and simulation.

The proposed BCs approach is validated througailkd comparisons of
displacement and shear strain fields between simulation with optimum spring

constants and experimeiigure 2.7 presents the impactor transtatihistory with

pl ots showing the dixstanduvemonisc &@)f diogplzomd
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along the boundary edges from experiment and both FE models with fixed and
proposed BCs. The displacement distributions are extracted from the experiment
frame prior to damage (labelled as frame A) and corresponding time frames from FE
simulations. The experiment and FE frames are plotted transparently on top of each
other in the bottom left corner for visual comparison. The results obtained from the
experimemn and FE model with proposed BCs are in good agreement in both
horizontal and vertical displacement distributions. In contrast, the discrepancy
between the experiment and FE model with fixed BCs shows the inadequacy of this

BCs modelling approach.

Furthemore, the transverse shear strain fielslg) (Obtained from experiments are
compared to the FEA results with fixed and proposed BCs at the identical impactor
translation (0.84 mm) frame irigure2.8. On the rightpxy data acquired along the
centerlines (shown with white dashes) are plotigdcontours of experiments (top)

and FEA with proposed BCs (bottom) are in excellent agreement except for the
hotspot regions observed in experiments. These slightly high localized values, also
reported inNf42], were attributed to the tested
elastic properties causing a relaxed strain response locally, wbhieyasd the scope

of this study to model. In contrast, the FE model with fixed BCs overpresjcts
values along most of the test section and underpredicts near the boundaries due to

rigid constraining.
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Figure2.7. Impactor translation history (top) and plots showing the distributions of
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experiment and FE models with fixed and proposed g@#om). Displacement
distributions are extracted from the experiment frame prior to damage (labelled as
A) and corresponding frames of FE simulation results.
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Figure2.8. Comparison of experiment and FE#sults in terms of transverse shear
strain fields ¢xy). 9xy data acquired along the centerlines (shown with white dashes).
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2.5 Results

In this section, the FE simulation results of the -\@locity impact experiments
performed on [690z]s CFRP beanj44] are presented. The section begins with an
overview of the global behavior of the composite beam. Suilesdly, a detailed
examination is carried out on the situ impactinduced matrix cracking and

delamination progression, damage mechanisms, and dynamic characteristics.

2.5.1 Global Impact Response

The global impact response of the composite beam is investigatough the
analysis of force history, foredisplacement curves and energy balance of FE

simulations.

The impactor force history and the fordisplacement response of the FE model are
plotted inFigure 2.9 for the entire impact process, from the initial contact of the
impactor to its rebound. The material response is elastic up to the sudden load drop
(denoted with A) at ti me anugkspecivehpThac e ment
periodic oscillations in the elastic regime occur due to the dynamic coupling of
impactor, specimen and BJ20]. A steep load drop occurs when delamination is
propagated, as the effect of delamination on the-bmsding capacity of the
specimen is greater than that of matrix cracking. At 1.2 ms, the impactor reaches its
maximum deflection point of 2.1 mm and subsequently starts to rebound back
(denoted with B)Eventually, it completely disengages from the laminate at around
2.5 ms (denoted with C).
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Figure2.9. (a) Impactor force history angb) impactor forcedisplacement response
of the model.

The energy transformation of the FE model is plotteBigure2.10 for the entire
impact process. Initially, the kinetic energy of the impactor is converted into elastic
energy within the laminate. Upon the occurrence of matrix cracking and
delamination at @proximately 0.4 ms, energy is dissipated in the form of
intralaminar and interlaminar damages. Frictional dissipation becomes evident
following the occurrence of damage, indicating that -seiftacting of the

delaminated layers plays a significant role emergy dissipation. Impactor
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disengages from the laminate at around 2.5 ms with a kinetic energy of 4.9 Joules,
which corresponds to rebound velocity of 2.3 m/s. In the experiments, the rebound
velocity of the impactor was measured 2.1 m/s, indicating ttie simulations
predicted the dissipated energy by an error of less than 15%. The total energy
throughout the simulation remains practically constant, indicating that the simulation

is free of significant artificial disturbances.

—
(==

9
8
7 —Total Energy
=6 —Kinetic energy
=
205 . -
3} —Intralaminar dissip.
=1
o 4
3 Interlaminar dissip.
2 / —Frictional dissip.
1 / \ _
Y 4 |
0 ) | ” | 1 |
0 0.5 1 1.5 2 25
Time (ms)

Figure2.10. Energy transformation of the FE model for entire impact process.

2.5.2 In situ Damage Progression

The entire sequence of the damage observed during theslogity impact event is
presented in this sectioRigure 2.11 displays seven consecutive frames from the
first damage initiation to the final state of the damaged beam. In the figure, finite
elements are depicted in black to indicate complete compelgiteent damage,
while thin black lines represent cohesive failure. The key observations regarding the

damage progression can be summarized as follows:

1 The major matrix damage initiates inside the embedded 90° plies at around
368 ¢€s. Thi sislocatedt~i8anmiawanp from ehegimmactor and
near the upper 090° interface, where the stiffness mismatch between
adjacent layers is significant.

1 The matrix damage grows diagonally with an inclination angle of about 48
degrees and reaches the lowgB0°i nt er f ace at 369. 4 ¢
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1 When the matrix damage reaches interfaces, it immediately triggers
delamination damage. The upper interface delamination propagates towards
the beam's midspan, while lower delamination to the clamped boundaries.

1T At 370. 8 darg diagomal matrig orack develops near the upper
interface in front of the delamination as it propagates toward the impactor.

1 The primary and secondary delamination, which was triggered by the
secondary matrix crack as it reaches the interface, metgfoan a single
delamination.

1T Del aminations reach the region underneat|
are momentarily arrested due to the compressive stress state in this region.

T The final state of the damagednsbeam is ¢
propagating from the opposite sides of the beam are observed to be merged
into one in the middle.

These damages occur simultaneously on both sides of the beam due to having a
completely symmetric model with respect to the center where the impactdesolli

2.5.3 Damage Mechanisms

The underlying damage mechanisms of impadticed matrix cracking and
delamination are explained in this section. The dynamic characteristics of

delamination are elucidated.

2.5.3.1 Matrix Cracking

The formation of major matrix cracking ayged inside the embedded 90° plies was
presented in the previous section. The mechanism of matrix cracking is investigated
through transverse shear strdgs) contours where the transverse normal sti@s} (

state is tensile, with the material coordeaystem aligned with the fibers in the 1

direction.
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Figure2.11. Damage formation sequence and resulting damaged state.

In Figure2.12, five consecutivé3s contours coincident with tensife- regions are
plotted on top of images showing damaged elements for the 90° plies, on the left half
of the beam. The first frame showee stress state of the beam where upper layers
near boundaries, lower layers underneath the impactor, and interconnection between
these two regions are in tension, while the entire embedded 90° plies experience
transverse shear. The first major matrigadr initiates at a location inside the 90°
plies wherd}s becomes maximum, specifically 368 us after the initial contact of the
impactor. The higli}s values and diagonal orientation of approximately 48° indicate
that these matrix cracks can be charargerias shear cracks, as also emphasized in
[44]. After the first matrix crack occurs, the maximigmlocation shifts towards the

impactor, but it has not caused any damage in the immediate vicinity due to
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compressive waves emanating from the sudden cracking. The second matrix crack
develops due to wag generated by the impactor amplifying the shear stresses before
compressive waves emanating from the first matrix crack reach the damage location.
The orientation of the second matrix crack is nearly identical to that of the first matrix

crack, as bothxgerience a similatdsdominated stress state.
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Figure 2.12. Transverse shear stress contouss) (coincident with the tensile
transver se 20)regians. Black elements anl limespectively show
completely damaged elements and delamination.

42



2.5.3.2 Delamination Propagation

The threedimensional progression of delamination is investigated through the
cohesive damage variable distributions of upper interface elements depicted in
Figure 2.13. The first frame, captured at time 368.4 us, shows the locations of
cohesive damage initiation at the edges near matrix damages. Initial frames
demonstrate the fesedge effec{88] induced 3D damage formation seen at the 0°

90° interface. The subsequent three frames reveal that the delamination propagation
near edges occurs more rapidly than those in thewidth. When delamination
reaches the region underneath the impactor aroundO 348, the increased
compressive stresses retard the propagation momentarily. Eventually, the
delamination cracks from the opposite sides of the beam are merged into one, as
depicted in the last frame dfigure 2.13, which shows the final form of the

delamination.

Cohesive damage variables are analyzed along the visible edge of the upper interface
to investigate the delamination propagation characteristics furtHeigune2.14(a),

the development of the cohesive damage variables is plotted from 1 us before the
initial occurrence of delamination damage at 369.6 ps (denoted as 0 us) until its
completion. The curvesidicate that shear loading across the entire interface leads
to a sudden accumulation of delamination damage following initiation. For instance,
the element located approximately 3 mm ahead of the delamination already

experiences 80% damage when the ihde&lamination crack tip forms.

This sudden delamination propagation is further investigated by evaluating the
contributions of the opening (Modg in-plane shear (Mod#), and transverse
shear (Moddll) loading modes on the critical strain energyesse rates (SERR) in

mixed-mode delaminatioriigure2.14(b) presents the critical SERR components
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Figure 2.13. Top view of the upper interface elements showirD 8ynamic
delamination effects.

for the elements along the visible edge of the uppe®Q0°interface. The
contribution of Modd and Modelll fracture is found to be sigiccant near the
initiation region. However, the Modé type fracture becomes dominant after the

delamination crack propagates approximately 2 mm, explaining the unstable and
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sudden propagation characteristics of delamination through a pure IMoaleture
[51,56,60] At the final stages of delamination, just before the crack reaches the

impactor, the fracture mode shifts to a mbradde propagationvith significant
contributions of Modd and Modelll.
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Figure 2.14. (a) Development of the cohesive damage variable over timglgnd
critical strain energy release rate (SERR) components of mnaete delamination
for the elements along the visible edge of the upp&00°interface. Delamination
grows suddenly and unstably under sheade dominant fracture.

The dynamic behavior of temination is further analyzed by examining the
distribution of normal stresses and the associated crack tip spegdee 2.15

presents the distribution of normal § e s sirete prohlem axis) with the crack
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tip speeds measured along the beam. The delamination process initiates at around
368 ps and rapidly propagates at crack tip speeds ranging betweeBIDM/s.

This is consistent with prior theoreti¢8B] and experimentdb2,60]investigations,

which have shown that Modé cracks propagate at speeds between the shear and
longitudinal wave speed of the material (i.e., intersonic crack speed). At
approximately 370 us, slar Mach waves emanating from the crack tip (highlighted
with red dashed lines) become apparent, which are indicative of intersonic crack
propagation. These waves are observed during intersonic crack propagation and are
analogous to the aerodynamic shockves observed in supersonic fligI90].
Delamination slows down to speeds of 1{EDDO m/s as it approaches the
compressive region underneath the impactor. Consequently, the crack tip speeds are
mostly intersonic and vary between 500 and 8000 m/s throughout its propagation.
After the interface is completely delaminated, incoming bending waves generate
contacting regions with increased compressive stress behind the delamination front

that can be seen af3.6 ps.
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Figure2.15. Distribution of normal stresses,{ in problem axis) shows shear Mach
waves emanating from the delamination crack tip (highlighted with red dashed lines)
since the crack propagates faster than the material shear wave speed.
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The contact region that appears behind the delamination crack &gamined
further. In Figure 2.16, the normal crack opening profiles and the corresponding
contact regions are plotted for the uppe®0° interface. Theesults show that the

first contact region is observed when the delamination crack tip reaches the
longitudinal position 0f3 mm at 372.6 us. Subsequently, additional contact regions
trail the crack tip until it reaches the center. Once the delaminatifacs is fully
formed, the region beyond 5 mm from the center experiences contact pressures
resulting from the compressive loading applied by the impactor, as shown in the
capture at 379.6 us. The simultaneous examination of the opening profiles and the
contact images for the same time frames reveals that the normal opening of the crack
occurs outside the cohesive failure zone, indicating that mostly shear openings are
effective. This finding supports the previous result regarding the dominance of the

shea mode in delamination.
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Figure2.16. Normal opening profileand corresponding contact regions behind the
upper 0°/90°delamination crack figr consecutive time frames.
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2.6 Discussion

2.6.1 Influence of Boundary Canditions on the Global Impact Response

The influence of the proposed boundary conditions (BCs) on the global impact
response is investigated through force history and {fdisgdacement curves in
Figure2.17, in comparison with the results of the FE model with fixed BCs. The
results demonstrate that the proposed BCs model yields a more accurate impactor
force-displacement response compared to experimental results in terms of failure
initiation time or displaement. Specifically, the failure initiation time is postponed
from 257 ps to 376 pus when proposed BCs are employed as seiguia2.17(a),

where the average value from experiments was reported as 336 us. The
corresponding impactor displacements are @@ and 1.04nm for the fixed and
proposed BCs, respectively, as depicteBigure2.17(b). The model with proposed

BCs overpredicted the impactor displacement at failure, which was reported-as 0.95
mm in the reference experiment. However, this overprediction in the simulation
correlates with the giht delay in the failure initiation time, which arises due to the
stochastic distribution of material properties in the experiments. Moreover, the
compliance effect of the BCs leads to a decline in global stiffness response from
11903 N/mm to 8994 N/mm, vene a linear fit is used for the curves up to the load
drop for comparison purposes. Despite the changes in BCs and, hence, the stiffness
of the system, the maximum failure load level is found to be an ineffective metric
for validating the FE model's glob@sponse as it yields similar values for fixed and
proposed BCs models (10801 N and 10036 N, respectively), with a difference of less
than 8%. It is worth noting that the critical load levels have been found to be
approximately the same for impacts ocmg at locations offset from the symmetry
axes of the specimens and hence different B2k and even for different type of

BCs of clamped and supportgd] under LVI loading in literature.
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2.6.2 Comparison of Dynamic Failure Progression with Experiments

The failure progression captured in thesituimpact experiment is compared to the
results obtained from the FE simulatidfigure 2.18 presents sidby-side images
showing the similar damaged states of the experiment and FE simulation, focusing
on the left half of the specimen. Both in the experiment and simulation, damage
initiates as a diagonal matrix crack and propagates as delamination to-thectiod

of the beam where the impactor collides. As delamination propagates, a secondary
matrix crack initiates in front of the delamination crack tip. The first and second
matrix cracks located away from the impactor approximately-atrbéand 9mm in
experiments, 17fmm and 1imm in simulations. The numerical results are in good
agreement with the experiments in terms of damage form, sequence, and location.
However, there exists a notable discrepancy in time between each image, and
consequently the timeased for the crack to reach the ra&ttion of the beam. In

the experiment, this time is approximately 20 uys, whereas in the simulations, it is
less than 7 ps. This indicates that the delamination speed is much higher in
simulations, which is supported bBye comparison of crack tip speed curves for the
experiment Figure 2.1) and simulation Kigure 2.15). We conjecture that such
inconsistency arises from the different definitions of crack tips used in the

experiments and simulations, as further discussed in the following section.
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Figure2.18. Dynamic failure progression ¢&) reference experimei4] and(b)
FE simulation.

2.6.3 Definition of Delamination Crack Tip

The definitions of crack tips in experimental and numerical studies lack uniqueness
leading to possible discrepancies. In experimental investigations, crack tip locations
are typically identified usig visual instruments, such as cameras or travelling
microscopes, which inherently contain some degree of uncerf@ajtyOn the other

hand in CZM simulations, there are three distoreick tip definitions according to
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[93]. The first definition is fAmathemat.
location where the damage parameter d becomesi 1 a& The second definition
identifies the location where the maximum tractiod at is séen as the crack tip.
The |l ast definition is referred to as
opening valueéi b e t swie<eas thaélcractip. Geubekk and Baylof38] used the
mathematial crack tip definition in a similar lirempact loading configuration but
they did not compare their crack tip speed results with experintertshe mixed

mode delamination, Gozluklu et §7] proposed a specified crack tip definition
when a location experiences 60% of dam@ge 0.6), which provided a satisfactory
correlation with their experimental results. For the Mdddominated fracture
Coker et al.[60] utilized a specified crack tip definition regarding the cohesive
separation, given the possibility of the crack tip being physically hidden. They

defined the crack tipatalc at i on wher,.e U becomes 51

The substantial discrepancy in crack tip speeds between experimental and
mathematical simulations led us to investigate a numerical crack tip definition
consistent with the experiment. In this regard, we visually examinedthwhand

shear components of the delamination crack face displaceraertse upper
interface. The initial shear mode crack face displacemergstaéhd the subsequent
normal opening at 6s are depicted iRigure2.19(a). Histories of normal and shear
components of crack face displacements were extracted from six different node pairs
along the compositedam and are presented kgure 2.19b). Initially, the
delamination crack forms purely in shear mode, and shear displacements
progressively increasaith a negligible amount of normal opening until the
mathematical delamination tip reaches the impactor as a result of sudden
delamination growth at intersonic speeds. Normal openings became appagsnt ~5

after the crack initiation, with slower propagatigpeeds than the shear component.
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Figure2.19. (a) Closeup view of the delamination showing the sequenceratk
face displacementstarting with shear followed by normal opening, @mdcrack

face displacemerttistories of the normal and shear components for the node pairs

indicated with markers (marker colours match with the data curve colours).

From these investigations, we atsmjecture that the shedominated delamination

crack tip may be physically concealed due to the limited amount of normal opening

(Un) in experiments. Therefore, we aimed to incorporate the effect oftithe

component in the numerical crack tip definitimnfacilitate coherent comparisons

with experiments. In reference experiments, crack tip identification relies on the

camera resolution as the visibility of a crack depends on the opening distance that

exceeds the minimum pixel size. Considering the résoluof HSC used in

experiments (12848 pxX), a single pixel corresponds to ~0.1 mm. Consequently,

we

propose

a Aopening

crack ti

po defi

the visual instrument employed in the experiments, considéring be 0.1 mm

between interfaces.

Delamination crack tip position histories and crack tip speeds are plotted for the

reference

crack

experiment and FE simulations are almost identical, but the mathematical crack tip

experi ment,

and

FEA

usi

ng

t i po Fdued?2i20 Delammatien initiation positions of the

reaches the region underneath the impactor less than 5 us, opeatkdip about

15 ps, and experiment about 25 gs,shown irFigure2.20(a). The crack tip speeds
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obtained from the experiment vary between -2800 m/s, whereas the FE
simulation with mathematical crack tip definition shows intersonic speeds of 500 to
8000 m/s throughout its propagation, as shéigure2.20(b). However, when the
opening crack tip definition is employed in FE simulations, crack tip speeds slow
down tothe subRayleigh speeds vary between 48800 m/s, which agrees better

with the experimental results. Although opening crack tgedp differ more at the
delamination initiation and completion regions, the similarity in the data and the
shape of the curves, which display three peaks and two valleys in between these
regions, gives a strong impression that the proposed crack tiptidefirs more

suitable for comparing with the crack tip data obtained from experiments.
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Figure2.20. (a) Crack tip position history an¢b) crack tip speeds along the beam
from experiment and FEimulation.

2.6.4 Effect of Varying Fracture Toughness and COF on Delamination

Dynamics

Dissipative processes, such as microcracking, can lead to effective fracture
toughness values that differ from those obtained from standard characterization tests.
In the Iterature, it has been suggested that the presence of microcracks may increase
the effective toughneg94,95], and decrease the effective wave speed and thus the
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crack speed througteduced stiffness of the material in the vicinity of microcracks
[96]. In the reference experimental study of our problem, it was reported that
numerous hairline cracks are formed along the delamination interface, as presented
in Figure2.1(d) also. Although these microscopic cracks could not be captured with
our mesoscale FE model, their apparent effect is reflected in the simulations through
an increase in the shear mode if#ee toughness . Figure2.21(a) demonstrates

the influence of increasing to 1.5 and 2.5 times its base value on the global
response of the fainate and delamination crack tip speeds. The global response of
the beam did not show a significant difference; however, the crack tip speeds
consistently slowed down with increasihg . Specifically, increasing to 2.5

times its base value decreasiee crack tip speed by 33%, except for the compressive

region underneath the impactor where crack speeds converge to similar values.

The other phenomenon reported in the experimental study was debris formation
along the delamination interfaces, as présgmFigure2.1(d). The effect of debris
formation on thecoefficient of friction (COF) remains uncertain: it miagd to the
behavior of interface antact as almost frictionless, preventing crack closure and
enabling interfaces to slide, or as an extremely rough contact, inducing mechanical
interlocking. Therefore, we investigate its effect numerically by defining frictionless
and very high COF betwaethe contact of delaminated composite layEigure
2.21(b) presents the influence of the COF on the global response of the beam and
delamination crack tip speeds. The base COF value taken from previous research
was 0.5. We performed two additional analyses, one with a COF value of O
(frictionless), and the o#r with an extreme value of 10, which was selected as the
upper limit of COF in[59]. The variations in COF yielded almost identical results
with no apparent effect on the global response. For the model with COF equals 10,
delamination initiated slower with a speed of 6000 m/s instead of 8000 m/s, as it was
the case for frictioless and base models. This reduction in initial crack speeds for
increased COF was also reported in the resu[E99fExcept for the initiation phase,

the results of the present study are found to be almost insensitive to variations in the

COF due to several reasons. Firstly, the contact regions between the delaminated
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compogde layers form relatively late, i.e., delamination has already propagated % of
its path when first contact is occurred ($egure 2.16). Secondly, ie composite
under investigation has a simple layup configuration with fewer interfaces. Finally,
the lack of a debris model that permanently blocks crack closure, akin to the model
in [97], and its possible contact effectsthar contribute to the negligible effect of

COF selection on the results.
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Figure2.21. Influence of(a) increased shear mode fracture toughness) @d(b)
coefficient of friction (COF) on the global forecksplacement response and
delamination crack tip speeds.

2.6.5 Cohesive and Matrix Strength Pairs

There are three possible situations for an interface encountering crack to experience:
i) the crack reaches theterface and penetrates adjacent material along its original

path (i.e., crack penetratiof98], ii) the crack reaches the interface, deflects from its

56



original path, angropagates along the interface (i.e., crack kinking or deflection)
[99], iii) before crack reaches the interface, it initiates debonding failure at the
interface (i.e., CooiGordon mechanisnjl00].

Regarding the present study, the refere experiments have shown that diagonal
matrix cracking triggered the onset of delamination damage almost instantaneously.
Such failure is consistent with the definition of crack deflection at the interfaces
between two orthotropic materials, which istdied by the interface and material
strengthq98,101]} Accordingly, we aimed to determine the limiting values of the
cohesive shear4(;; ) and transverse matriX9 ) strength pairs, which are the
decisive parameters in the present impact configuration, that would preserve the
experimentally observed failure mechanisms. In this regard, a parametric analysis is
conducted by investigating the damage progression of Fiels\avith9 74

ratios 0f0.95, 1.05, 1.08, 1.15, and 1.25, while keeping constant. The model

with 9 ¥4 ; ratio of 1.08 is the base model to simulate the experiments. The
corresponding forcelisplacement curves and images depicting the dadhatates

are presented ifrigure 2.22. Forcedisplacement response of the models with

9 T4 ;; ratio higher than the base model follow the same behaviour uftitefai

whereas smaller ratios (i.e., low&r) demonstrate failure sooner.

In Figure 2.22(a), it was observed that the model with a strength rati6.e6
exhibited excessive matrix cracking with suppressed delamination damage (recall
that damaged composite elements turn to black while thin black lines represent
cohesive failure) due to the interaction of CDM and CjAl#2,103] However, the
suppresion of CZM resulted in the prediction of matrix cracks at the adjacent
elements parallel to the upper 0°/90° interface corresponding to a sudden load drop
in the forcedisplacement plot. The prediction of delaminattppe matrix failure
together with adad drop is a consequence of employing a compkedamage
initiation criterion, LaRCO05, which searches for possible fracture planes in all
directions. InFigure2.22(c), the model with a strength ratio of 1.05 showed a similar

matrix damage pattern to the base mod@igure2.22(b), but the damage location
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shifted to the center due to the dynamic translation of stress f@fidncreasing

the strength ratio to 1.15 Figure2.22(d) caused the oblique matrix crack pattern to

vanish, lut the matrix cracking followed by delamination sequence remained.

Further increasing the ratio to 1.25 resulted in the matrix crack pattern and damage

sequence being lost and demonstrated

pure delamination damage obsEiyetin

2.22(e). Consequently, it was determined th@t &4 ; ratio between 1.00 and 1.15

is appropriate for preserving the experimentally observed damage form and

sequence.

The matrix cracking patterns and damage sequences do vary with changes in the

matrix and cohesive strength pairs. However, these variations have no noticeable

effect on the global responses due to the dominant influence of delamination on the

load-bearing cpacity. As a result, it was

concluded that relying solely on the global

load-displacement response and delamination footprints could be misleading for

predicting intralaminar damages.
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Figure 2.22. Forcedisplacement curves and images of damaged states for models
with transverse matrix strength to cohesive shear strength2atid®( 74 ) of (a)
0.95,(b) 1.05,(c) 1.08,(d) 1.15 ande) 1.25.
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2.7 Conclusions

In this study, we have reproduced thesitu experimental observations on the low
velocity impactinduced damage progression in/fz]s CFRP beams fronj4]
through highfidelity computations and gained further insights into the dynamic
failure mechanisms beyond the limitations of direct observation. The simulations
employ a usemplemented constitutive model featugirthe LaRC05 damage
initiation criterion for matrix cracking, and a buiit cohesive zone model at the
0°/90° interfaces for delamination damage in ABAQUS/Explicit software. Our main

conclusions are outlined as follows:

1 The proposed boundacpndition modelling approach provides a more accurate
representation of the experimental conditions compared to fixedHSslts of
the FE simulationwith the proposed BCshow excellent agreement with
experiments in terms of global impact response, dganratiation time, location,
form, and sequence.

1 Matrix cracking initiates near the’/Q0° interface, propagates diagonally and
immediately induces delamination. Simulations reveal intersonic delamination
propagation, with crack tip speedsound~5000 m’s, accompanied by shear
Mach waves emanating from the crack tip.

1 A crack tip definition based on the normal component of the crack opening is
introduced for cosistent comparisons with experimentehere only sub
Rayleigh crack growth, in the 28000 m/gange, was capturedhe introduced
crack tip definition yields consistent crack tip speeds with the experimental
observations, in the 490600 m/s range, implying that sliding mode might be
physically hidden in the experiments

1 Increasing the effective tarface toughness values, motivated by microcrack
formation near interfaces, led to decreasing crack tip speeds with no noticeable
effect observed in the global responses, which demonstrated the potential use of
delamination crack tip speeds as a benchiwarefining highfidelity numerical
simulations.

1 The damag@atterns andgequences vary with the matrix and cohesive strength
pairs. However, these variations have no noticeable effect on the global
responsesTherefore, relying solely on the global ledi$placement response
and postmortem delamination footprints shown tobe misleading for high
fidelity predictions of impaeinduced damage in composite laminates.
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CHAPTER 3

DYNAMIC DAMAGE EVOLUTION IN
THICK -PLY AND THIN -PLY CFRP COMPOSITE BEAMS UNDER
LOW -VELOCITY IMPACT AND QUASI -STATIC INDENTATION LOADING

This study investigates the influence of jgisoup thicknesses on lewelocity
impact (LVI)-induced damages in crepy CFRP beams wh stacking layups
[04/904/02]s and [@/90/02/90,/02]s throughin situ LVI experiments In additionto

the LVI experimentswhere highspeed photography is employed to obsdahe
damage progressipguaststatic indentation (QSI) experimerdase conducte to
reduce the difficulties in monitoring the damage in the short period of impact
loading. QSI experiments allow us to have magnifiesituobservations on one free
edge of the beam with a traveling digital microscope, whiliglresolutioncamera

is employed on the opposite edge to obtain-ffald strain distributions.
FurthermorethelLVI experiments areaumerically modeledsing the finite element
method in the ABAQUS/Explicit platformAn orthotropic constitutive matetia
mode| incorporatingfiber and matrixdamage is implemented via a VUMAT
subroutineDelamination damage is simulated using the cohesive zone method with
built-in cohesive elements inserted at the interfaCas. experimental findings
revealthat clusteing a smaller number of 90° plies $[80,/0./90,/0;]s, thin-ply
specimen) leads to a complex damage mechanigoiving central matrix cracking
followed by delamination and fiber breakage. On the other hand, clustering of a
greater number of 90° plies ¢004/0,]s, thick-ply specimen) demonste off-
center matrix cracking followed by delamination, without any discernible fiber
breakageNumerical simulations of these experiments argaond agreement in
terms of failure loagl sequencg andpatterns seen in experimerithie comparison
between numerical simulations and experimental observations provides evidence
supporting the sealled insitu strength concepivhere employing it played very

important role not only in global response bibah failure mechanism choice.
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3.1 Introduction

The desire for lightweight yet reliable loadarrying composite structures
necessitates an understanding ofrttehanismgoverning the damageithin these
materials A critical loading scenarideading to damge is the transverse low
velocity impact (LVI)on compositesThedamagemechanism primarily responsible
for the loss of stiffnesduring LVI eventswas reported to be delamination between
the adjacent laysrhaving different fiber orientationgl04]. The interaction of
delamination with the translaminar damagpgcifically transversenatrix cracking
[105,106] has been extensively studjegiven the potential for these mlages to
trigger delaminatiorj3,107,108] The mostapparentmatrix crackingat initiation
occurswithin the crossply configurationswhere the angle between fiber directions
of neighboring plies is 90 sincethe stiffness mismatcbf adjacent layerss the
highest.Consequentlymany researchers have chosen to stiaigage mechanisms

of crossply configurationg105,109 113].

Regarding damage mechanisms inside the gulyssonfigurations, Parviz4i109]

and Flaggs and Kurfl10] have reported that the strengths of carbon aasbdiber
reinforced plastic (FRP) laminates influenced by the number of embedded 90° plies
between other plieg his observation has been linked to the restrictive effect of the
0° plies on the characteristics of 90° plies. Further studies have indibatethe
actual strength of a laminate depends not only on the individual properties of its
constituent lamina, but also on the layup configuration including the location of
angled plies, the orientation of adjacent layers, and the thickness of the plies
[63,109]. In the literature, thigicreasedtrength is referred to as-#itu strength.

The observedsize effect, dependence of the actual strength on the numbgliesf
clustered together with the same fiber orientatitias motivated investigations
give an explanation to this effect by experiments or numerical m¢2eJ25,114
116]. Wisnom et al. demonstrated that stacking more plies with the same fiber
orientation in a quassotropic laminate type exhibits a reduction in the terj$ild]

and compressiv¢l15] strengthsunder uniaxial loadingsFor the LVI loading,
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Gonzalez et a[117]found that increasinthe thickness qgbly clustes, which results

in decreasing the number of interfadeads to larger delamination asendreduce

the resistance of composites to LVI damage by decreasing the delamination
threshold and peak loadSun and Hallett[22] also reported the increased
delamination thresholdoad with delayed delamination propagation in timiy
specimensAmacher et al[116] observed a change predominant failure mode

from delamination with limited transverse cracking and fiber breakage to a large
translaminar crack along ehwidth as the plycluster thickness is decreased
Although the thirply laminates showed a brittle failure, they exhibited delayed
damage growth with higher resistance to impact damage than thephphick
specimenslt should be noted that, in these saslithe experimental investigations
and comparisons with simulations have remained limited to global impact responses
and the final damaged states since direct observation of damage during LVIs is

challenging.

To addresghe complicationsfthe observation of damage during the impact eyents
many researchers have adopted gattic indentation (QSI) experiments to
gualitatively identify the damage mechanisms occurring duringvielacity impact

(LVI) events[23,44,46,47,118120] since the global impagesponse in terms of
failure load, deflection at failure, and failure modes have been shown to correlate
well with the quasstatic test configuration. In fact, Olssfi20] showed that the

ratio of impactorcoupon masses governs the global impact response, where the
impact duration of largenass impactors on small coupons is long enough to exhibit
a deformation mode similar to the quatatic loading. Furthermore, Bazk and
Coker[44] demonstrated that the similarities between LVI and QSI experiments are
not limited to the global sponse but extend to the dynamic characteristadgding
predamage deformation fields anoh situ delamination crack tip speeds
Consequently, utilizing QSI experiments to capture damage mechanisms that may

be experienced during LVI events has been downbe adequate.

The appearance of size effect under LVI loadimg#) thin-ply laminatesxhibiting
a significant delay of the damage compared to thighkaminateshas beeffurther
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investigatedhroughQSI experimentsand simulations ithe literature [23,83,121]

Fuoss et al[121] reported that ply clustering degrades the impact damage resistance
of laminatesleading to afncreased delamitian areaAbisset et al[23] pefformed
interrupted QSI experiments thick-ply and thinply composite platesassessg

the damage evolution through naestructive techniqguesSun et al. [83]
numericallymodeled these QSI experiments using Higblity FE models. They
captured the sequence of matrix crackimdguced delamination and showed the
influence of plygroup thicknesson interlaminar shear stress distributions and

delamination load levels.

Theinterest inutilizing thin-ply laminatesis evident, given theiadvantageousffect

in delaying the onset of damage in tB@° plies However, companies that
manufacture composite components, mainly the aerosantiastry,are currently
trending in theopposite direction, aiming to reduce manufacturing costs through the
utilization of thicker plies[113]. The use of thickelis also attributed to their
increasd compressiorafterimpact strengthby delaying the buckling of the total
laminate due to experiencingexcessive delamination rather than translaminar
damage under impact[122]. Considering the significance of LVI causing
undetectable damages in compositd®ese facts support the importancef
conducting a detailed study on th#ect of the thickness of ply clusters on the

impactinduced damage mechanisms

In this study, we performed LVI experiments on @&RP beam specimens with two
different crossply layup configurations, namely #804/02]s and [0/90,/0./90,/02]s.

These configurations have an equal number of 0° and 90° plies but vary in the
number of plies clustered together within the laminate, thus enabling us to revisit the
influence of ply clustering on the LMhduced matrix cracking and delamination
phenonenon. Highspeed photography was utilized to observe the complete
sequence of damage progression. In addition to LVI, we conductedsfaidsi
indentation (QSI) experiments to qualitatively identify the misrale damage
mechanisms experienced during L8ents. These QSI experiments provided us

with magnified/highresolutionin situobservations on one edge of the beam using a
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traveling digital microscope, whilsimultaneouslya highresolution camera was
utilized on the opposite edge to measurefiald strain distributions through the
digital image correlation method. Then, we carried out numerical simulations of the
LVI experiments using the finite element method in ABAQUS/EXxplicit platform. To
account for fiber breakage and matrix cracking, a tdisensional continuum
damage mechanics approauttorporatinghe maximum stress and LaRQ@atrix
damage initiation criterias employedThe delamination damage is simulated using
the cohesive zone method with barltcohesive elements inserted at iterfaces

In conjunction with the numerical simulations, the in situ monitoring of damages
allowed us to further elucidatke damage mechanisms seen in cpgdaminates

under LVI loading.

The significant contribution of this study lies in #gperimentaland numerical
observations presenting the effecttbé thicknessof ply groups/cluster®n the
damage mechanism€lustering a smaller number of 90° plies led to a complex
damage mechamsinvolvingcentral matrix cracking followed by delamination and
fiber breakage, whereas clustering of a greater number of 90° plies demonstrated off
center matrix cracking followed by delamination without any discernible fiber
breakageThe evidence suppiing the insitu strength concepiyhich asserts that

the resistance to matrix crackingcreasesas the plythickness decreases, is
presentedor the LVI loadings Employingthis concepin simulationsplayed a very

important role not only in global respse but also in failure mechanism choice.

This chapter is organized as follows: In the subsequent section, we provide the
experimental method including descriptions of materials, specinegpsrimental
setups and proceduré&ection3.3presents the numerical methodlud highfidelity

FE model, composite ply damage and delamination modlgls.sectionhighly
overlaps the respective numetiozgethod sectioishownin Section2.3, therefore, it

can be regarded as an overview of Se@i@uvhile highlighting differencesSection

3.4 presents thebservationdrom LVI and QSI experiments for both laminate
configurations.Section 3.5 presents the numerical results of the Higlelity FE

model in terms of the global respogsi situ damage progression and damage
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mechanisms. These results are discussed further in S8diiand the experimental
and numerical observations are compared. Fin8k¢tion3.7 concludes the study,

summarizing the key findings and highlighting the contributions.

3.2  Experimental Method

Low-velocity impact (LVI) experiments ar@oducted on CFRP composite beams

of two different layups: [#904/02]s and [0/90,/02/90./02]s. To reduce the
complications in monitoring the damage in the short period of impact and to
gualitatively identify the damage mechanisms observed during LVI €veoasi

static indentation (QSI) experiments are performed. QSI experiments allowed us to
obtain magnifiedn situ observations and to measure {fiidlld strain distributions

using the digital image correlation (DIC) method. Details of the material rspasj
experiment setups and layouts of employed instruments are described in the

following sections.

3.2.1 Materials and Specimens

The composite specimens are manufactured from Hexcel HexPly 913/HTA
unidirectional prepreg carbon fibers and epoxyagdlayup technique. The curing

is processed at 80+5° for 30 minutes and 125+5° for 60 minutes at an ambient
pressure of 4 bars in the autoclave. Manufactured plates are cut into beam specimens
of in-plane sizes of 17 mmx150 mm with a water jet. Thickeease approximately

2.5 mm for all specimens.

For the LVI experiments one, and for the QSI experiments both sides of the
composite beams are polished with 400, 800, 1200, 2400, aneg408UC grinding
papers using Presi Minitech 233 polishing machiri&08 rpm. Polished surfaces of
the beams are examined visually before tests using the Huvitz580G digital

microscope to validate that there is no visible void or manufacturing defect.
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Microscope photographs showing the layup sequences of unteg@/(B]s and
[02/90:/02/90,/02]s specimens are depictedrigure3.1. These layups have an equal
number of 0° and 90° plies in total but differ in the number efsptiustered together
inside the laminate, thus enabling us to revisit the influence ajnolyp thicknesses

on the LVtkinduced damages.
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Figure 3.1. Specimen geometry and microscope photogragiswing layup
sequences.

3.2.2 Experiment Setups

The identical impactor (named as indenter in the QSI experiments) and boundary
configuration are utilized in both LVI and QSI experiments, except that loading is
applied quasstatically using an electromechanical testing machine in QSI
experiments. The ggimen, impactor/indenter, and clamped boundary configuration
employed for these experiments are depicteeigare3.2(a). In this configuration,

a semicylindrical impactor/indenter made of steel with a radius of 20 mm was
employed to load specimens in a uniform #hmensional setting. This liAading
approach allowed us to observe the failure mechanisms from the visible edge of the
specimens. The composite speamsevere positioned under the impactor/indenter
such that they came into contact with the center of the beam specimens. The
specimens were fixed from both ends by clamping their upper and lower surfaces

with steel plates. These steel plates were squeezddubyM6 bolts that were
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preloaded to 5 Nm using a torgoneter. The unsupported span length between steel

plates was set to 50 mm.

The LVI experiment setup is presentedrigure 3.2(b). Thisis the sameetupthat
wasdescribed in the previous chapttus, its relevant properties are described in
this section for completeness. During the impact event, the polished visible edge of
the specimen was monitored wittie Photron SA5 ultraigh-speed camera. The

LVI experiments were captured at 25,000 frames per second, which corresponds to
the interframe time of 40 microseconds between each photograph. Thepbigh
camera was equipped with a 100 mm lens and 100 nems®n ring to capture a
region of 41x12 mrhat 1024x296 pixels resolution. The camera was positioned
approximately 450 mm away from the visible edge of the specimen. Shutter speed
and diaphragm opening were set to the highest possible values for tlablavai
lighting. To increase the visibility during higdpeed imaging, two Dedocool
COOLH lighting systems equipped with 250 W Osram HLX Tungsten lamps were
utilized to illuminate the edge of the specimen. The whole-dreight assembly that

slides down orsteel guiding shafts with the impactor weighed 1865 grams.

The impactor position data acquired from the ksgleed camera images were
utilized to determine the velocities, which were then used to calculate the kinetic
energies of the impactor just priorttee collision. Accordingly, the kinetic energies

at impact were calculated as 7.8 and 11.8 Joules fal90yD:]s and
[02/90:/0-/90:/02]s specimens, respectively. When the/§0,/02/90,/02]s specimen

was impacted with the same energy as thé@¥0.]s specimen, no observable
damage was observed in the trial experiments. Consequently, the energy level was
increased to a level that resulted in significant damage. Since our focus was to
capture the damage initiation patterns rather than determinerttegdaesistances

to impact, the specimens were impacted with energy levels above their critical

thresholds, although the energy levels varied for different layups.

The QSI experiment setup is presentedrigure 3.2(c). The setup employed the

same clamped boundary configuration and impactor/indenter used in the LVI
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experiments, depicted iRigure 3.2(a). But this time, loading was applied quasi
statically using the Shimadzu AGBelectromechanical testing machine equipped
with a 10 kN load cell. Loading was applied gustsitically in displacement control

at the slowest crosshead sgdeof the machine of 0.5 mm/min. The corresponding
indenter force and crosshead displacement data were obtained from the testing
machine at 20 Hz. During the experiments, the visible edges of the specimen were
monitored using a highesolution Canon EQED digital camera on the front side,

and a Huvitz HDS2520Z traveling microscope on the rear side.

During the QSI experiments, the visible edges of the specimen were monitored using
a highresolution digital camera of 5184x3456 pixels resolution on one a&mka
traveling microscope of 1600x1200 pixels resolution on the opposite side. We
painted the side where the higsolution camera was employed with white and
black spray painters to introduce a speckle pattern for facilitatindidétdl strain
measuements using the digital image correlation (DIC) method. DIC analyses were
performedusingan opersource software named Nc¢t23]. The subset radius was
selected as 15 pixels with maverlapping pixels. The number of threads and the
subset spacing were set to 1 and 10, respectively. The traveling microscope was
positioned approximately 27 mm away from the specimen edge. For
[02/90,/02/90,/02]s and [@/9Q4/02]s specimens, the microscapagnifications of 25x

and 50x were utilized, respectively, to capture regions of 15.3x11?&nth7.4x5.6

mm?. Microscope and highesolution camera images were acquired at a rate of 0.5
Hz and 1 Hz, respectively. lllumination on the microscope sidénasadled with the
integrated light source of the microscope.
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(A) Specimen & BCs configuration (B) Low-velocity impact setup
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Figure3.2. (a) Specimen, impactor/indenter and clamped boundary configuration in
low-velocity impact (LVI) and quasstatic indentation (QSI) e@piments,(b) the
nonstandard LVI setup including ultfsigh-speed camera and lighting syste(c$,
front view and rear view of the QSI setup including a higgolution digital camera
and a traveling microscope.

3.3 Numerical Method

The objectives ofnumerical simulations are to reproduce the experimental
observations through higfidelity computations, and gain further insights into the
damage mechanisms beyond the limitations of experimental observations. In this
regard, a 3D finite element (FE) made constructed in ABAQUS/Explicit to
simulate the lowvelocity line impact experiments. Details of the computational

modeling methodology are provided in the following sections.
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3.3.1 High-fidelity Finite Element Model

A schematical illustration of the FE mdde presented irFigure 3.3. The semi
cylindrical steel impactor is idealized as an analytical rigid body with a mass of 1.865
kg. It is positioned just above thedme providing that the initial contact happens
right at the migdspan of the composite beam. To simulate the free fall, an initial
downward velocity measured in the experiments, 3.56 m/s, is assigned to the
impactor. The composite beam specimen is modeled dkreedimensional
deformable body. To account for large deflections that result in stiffness changes,

the nonlinear geometry option is activated.

Representative meshed sections of the composite laminates are depkitpden

3.3. For the ply material, -8oded linear brick elements with reduced integration,
enhanced hourglass control, and seeortter accuracy (denoted as C3D8R in the
ABAQUS library) are employed. A in-plane mesh size of 0.2x0.2 rAmvith an
element thickness of 0.125 mm, which correspondghéomesoscale approach
[81,82] of modeling each ply with a single element, is capable of capturing the
desired level of accuracy while satisfying the stability criteria for ensuring energy
dissipation during damage process. For the purpose of modeling delamination, 8
noded threelimensonal cohesive elements (denoted as COH3D8 in the ABAQUS
library) are inserted only at 0°/90° interfaces. Consequently, there are four and eight
layers of cohesive elements in the thptlk and thinply models, respectively. A

finite t hi c ksigeedt® cobekive®lentemts. i s a

As the specimen was clamped along 25 mm from both ends in experiments, a
straightforward approach could be idealizing these experimental boundary
conditions as fixed supports. However, @Ghapter2, detailed comparisons of
experimental and computational deformation and strain fields reveals that such rigid
constraining led to a stiffer flexural response, which ultimately influencegdbal

impact response. To minimize such unrealistic effects, we adopt the BCs modelling
approach proposed im Chapter2, which replicates the experiment boundatri

through the assembly of spring elements at the corresponding boundary nodes. The
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spring constants for thep andbottomBCs surfaces are determined respectively as
Qr ¢ 9Qp o &NmmandQ; o yQr 0¢Q; ¢ p ULy TKN/mm

for the specimens under investigation in thapter

Contact and friction models are defined between the steel impactor and composite
beam, as well as between composite layers in casems#Hct occurs. The contact
algorithms and friction models prowed by Abaqug6l] are employed for this
purpose. Seftontact between composite layers is simulated by the general contact
algorithm with the penalty contact method, excluding the impacomposite beam
contactpair. The surfacéo-surface contact type with penalty contact method is
employed for the contact between the steel impactor and composite beam to increase
computational efficiency by defining the contact pair in advance. Friction is included

at all contating surfaces and interfaces by employing thedouit Coul omb&és fr i ct |
model witha Coefficient of Friction (COF) of 0.3 for the contact between the steel
impactor and composit§24,42,8385] and 0.5 inthe case of seltontact of

composite layerf24,86].

[0/90/0;]5  [0/90,/0,/90,/0;]5
Impactor ]
0 R20 mm
0 m=1.865kg
o V,=3.56mls

Composite beam

o0 Material: 913C/HTS |
o Element types: C3D8R & COH3D8 0.200mm
0 Ply thickness: 0.125 mm

0.125mm$

— Cohesive elements

Figure 3.3. A schematical illustration of the FE model and representative meshed
sections for the [#1904/02]s and [@/90,/0./90,/0-]s laminates.

The elastic and strengtielated properties of Hexcel 913C/HTS unidirectional (UD)
prepreg used in the simulations are providedlable 3.1. The density of the
composite material is reported as 1780 kgfi42,44] Within the explicit FE

framework, it is necessary to assign density to all elements, including cohesive
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elements. In this study, we assume that the interface density is equal to the density
of the prepreg material. Notably, the cohesive density, deasted , is defined as
the mass per unit area using the formula "0 where0 represents the

geometrical thickness of the cohesive elemfgitg

Table3.1 Material properties used in simulations.

Density } = 1780 kg/nd

Elastic properties E1 =135 GPakE>=E3=9.2 GPa,
312=313= 0.3,323= 0.45,
Gi12=G13=5.5 GPaGi2= 4.5 GPa

Ply strength Xr=2207 MPaXc = 1500 MPa
Y1 =27Z7=60 MPa,Yc = Zc = 205 MPa,
S =62 MPa
Interface strength To, = 87.6 MPaTo, 1 = To,n = 83.7 MPa
Fracture toughness Gic =260 N/m,Giic = Giic = 840 N/m
Penalty stiffness Kn = 2.88<10" N/m3, Ks= 8.14x10"3
N/m®

Mixed-modeparameter d=1.45

Laminae exhibit increased strength when constrained by laminae with different fiber
orientations, compared to the strength of the unidirectional lamiji&@4.10] This
increased strength is referremlas  #&iimnu strengtho and i s
factors:i) the positioning of the sublaminate (or ply, outer or embeddigdhe
orientation of the adjacent plies, aiiid the sublaminate (or ply) thickness. In our
case, the 90° sublaminate where the damage occurs is categorized as a thick
embedded laminate.

Camanho et a[63] derived the irsitu transverse matrix strength relationas

PP ¢1c9 for the thck-embedded laminates. The same study also provides-the in
situ shear strength relationship for thick plies, taking into account sheéinearity

as,
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p T % T p
dg o

(3.1)

where a recommended value foequals to 3.608 MPa® and%.can be computed
through the relation% p¢3 7O p i 3 . For the transverse shear
strength, Catalanott64] provided the irsitu relaion as,
¢cOENl
s OKi

(3.2)

wheres is the internal friction parameter in the longitudinal (fiber) direction.
Experimental studies on composites with similar fiber and resin systems have
reported a value of 0.082 fpr [65,66] Therefore, in this study, we adopt the same
value of 0.082. The friction parameter in the transverse diregigns calculated

by the relations pTO A{ where| is the fracture angle under pure
transverse compression tests which was consistently reported as 53° in the literature
[62,64,66,67]

3.3.2 Damage Modes

The numerical methodology is employed to model two different types of damage
observed in experiments: translaminar damage including ileatkage and matrix
cracking within the 0° and 90° plies, and delamination failure at the 0°/90° interfaces.
To capture translaminar damage initiation and progression, a continuum damage
model (CDM}based orthotropic constitutive material descriptionmplemented

into ABAQUS via a VUMAT subroutine. On the other hand, the bnikkohesive

zone method (CZM) witlthe mixedmode cohesive model is used to simulate
delamination through the use of cohesive elements. Detailed formulations of the

damage modelga provided irthefollowing sections.
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3.3.2.1 Intralaminar Damage

Figure34depi cts the bil i ges equivalgni displacengentt st

( 49) relation that aimtegration point obeys during complete failure. The equivalent
displacement and the corresponding equivalent stress governing the progressive

tensile fiber damage mode are defined as,
] DR s (3.3)
A &8 (34)

whereL® is the characteristic length of the finite element. For the matrix damage
modes, the equivalent displacement and the corresponding equivalent stress are
defined as,

] 0 0RO 6RO R R R (3.5)

(3.6)

The material response is assumed to be linear until damage initiation (point A in
Figure3.4) which is either predicted by the maximum stress critdfi@d] given in
Equation(3.7) for the fiber damage, or by the LaRCO5 failure critef@] given in
Equation(3.8) for the matrix damage modes. Damage initiates when the equations

become unity.

&) — (3.7

(3.8)

Z Z o O
9

&) 3 sk 3 sA

s ands are internal friction parametetisatcontribute to theénitiation of damage
by either strengthening or weakening the material depending on the sign of the acting

normal traction at the corresponding fracture plane. +she Macauley bracket
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which returns either zero or the enclosed value depending on whether the enclosed
valueis negative or positive. The traction components acting on the fracture plane

(t,t,, )are obtained by stress transformation relations given as,

AL o
V4 OEd— 1z Al & (3.9)
z z A6 z OEL (3.10
A K K K .. . s
A c c Al & z OEJ— (3.11)

where d i s the mediagthecaagle refuiagrthe maximgl @ d e f
over the range of [0°,180°).

Following the damage initiation, the damage in the material progresses by degrading
the stiffness of the elements following the continsdmmage modeling approach
[73]. The damage progresses Imearly degrading longitudinal or transverse and
shear moduli of any flagged element by the damage vadallbich varies from 0
(undamaged) to 1 (complete damage) along the In@iAFigure3.4. Here, the 3

D damaged compliance tensor is given in Equaidal®) [74].
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where the fiber and matrix damage variabieanddn, vary from 0 (undamaged) to
1 (complete damage) along the lingCAn Figure3.4, and the shear damage variable
becomesQ 'Q since there is no distinction betwe&nsion and compression

failure in LaRCO5The explicit formula fod reads as,
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Q (3.13)

where) ,1 andy are the equivalent displacements at the initiation, progression
and complete damage states, respectively. This nonlinear satdygoformula
ensures the irreversibility of the damage. The equivalent displacement at the
completely damaged state is edited by equating the dissipated energy, (ite

area under the triangle) to the fracture toughnegsspi@he respective mode, i.e.

) ¢' JK . For fiber damage, Gis considered equivalent to the fracture
toughness associated with longitudinal desl in tension (@), which can be
measured using compact tension tgs28]. For the matrix damage @G consiered
equivalent to the Modefracture toughness (@ f or a tens i30)e mat r i
and approximated by the relation &cos( ) [75] for a compressive matrix failure

( 4K0). During the evolution of the damage, stiffness degradation is implemented by
introducing damage variables of longitudidal transverseal, and sheads into the
components of compliance tensor S, as describgt8JnElement deletion has been
considered for the fiber breakage wiikibecomes unity, whereas damage variables
have beeiimited to a maximum value of 0.9999 fdr andde.

Ocq
4 Fi=1
7 ~td =0
i 57, (80 — 6%)
1 — eq eq eq
; Beq (57, — 52,)
. G
: C :-d =1
! o > 6
0 eq
Seq 8L,

Figure3.4. Constitutive response of the composite material with linear softening.
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3.3.2.2 Interlaminar Damage

Delamination is simulated by utilizing the buift cohesive zone model in
ABAQUS. A hilinear traction response to the respective separation at the interfaces
for both opening and combined shear fracture modes is employed in this study, as
illustrated inFigure3.5. The region prior to the delamination onset enforces a linear
elastic response with penalty stiffnesses qfadfd Ks for the opening and shear
modes, respeiekly. In this study, K and Ks are calculated following the approach
outlined by Turon et a[69,70]and the corresponding numerical values are given in
Table3.1.

Considering the multiaxial nature of transverse impact loading, the interaction of
opening and shear fracture modes is taken into account (imzdd CZM). The

delamination initiation is predicted using the quadratic nominal stress criterion
proposed by Cing and Springer[76] as ® Q4 44

4 4y p where T('Q )R H ) are the surface tractions of corresponding
modes, respectively. Only the positive values @&r€ included in this relation since
compressive stresses have no contribution to opemaalg fractures. The separation

at the damage initiation is calculated with the relatjon 4 7% where the

corresponding initiation traction #% 4y 4y 4.

Following the prediction of damage initiation in a cohesive element, a linear
softenirg behavior is employed during the propagation of damage through
degradation of the penalty stiffnesses of the cohesive element by the cohesive

damage variable D, whichisgiven® 1 1 1 j 11 1 .Theeffective

separation i sy U G )c oymmudtthe dritichl yseparation,
which is the separation at which fracture is expected, is determined by' 74

where the mixednode fracture toughness is calculated based on the Benzeggagh
and Kenane (B) criterion as,
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Figure3.5. Mixed-mode cohesive zone model for delamination damage

3.4  Experimental Results

This section presents the results of LVI and QSI experiments conducted on CFRP
beams with layup sequences {34/904/02]s and [B/902/02/90,/0z]s in two
subsectionsThe findings in each subsection are organized to present the results of

LVI experiments first, followed by the results of QSI experiments.

3.4.1 Thick-ply Laminate: [04/904/0z]s

Figure 3.6 shows the evolution of the impaciduced matrix cracking and
delamination damage in 4004/02]s specimen. The initial frame in which the
impactor contacted the composite specimen was taken as the reference with a time
of 0 ms. The matrigracking is observed at 1.32 ms as a diagonal matrix crack inside
the lower 90° group of plies on the righand side of the beam ~6.5 mm away from

the impactor center, with an orientation of approximately 53° with respect to the

horizontal inFigure3.6(c). This matrix cracking is deduced to trigger delamination
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as it reaches the adjacent 0°/90° interfddd$, however, it could not be captured
explicitly in this experiment due to the slower capturing rate compared to the
rapidness of the damage growth. The delamination that is initiated from the upper
tip of the diagonal matrix crack propagateward the impactor, whereas the lower

tip initiates a delamination that propagéatesard the boundary region. The impactor
continued to translate downwards until it reached the maximum deflection point of
3.7 mm atime 2.96 ms, as captured figure 3.6(d). After this point, the internal
energy of the composite specimen started to be transformed into the kinetic energy
of the impactor, thus, it experienced no further damage. The final state of the
composite beam and rebounding impactor are shown at 5.84Higsine3.6(e). The

failure paterns observed in this specimen are consistent with those observed in
specimens containing middle 90° clusters consisting of six plies repoifi?l 44|

In both cases, shear cracks, named #fiiediagonality of the cracks, are observed

at a specific distance from the impactor region accompdmyielamination at the
adjacent interfaces. Also, the reasons for asymmetrical damage occurring only at the
right-hand side of the beam are deducedbéoeither due to differences in clamp
pressures between opposite boundaries or shifting of the impactor from the
symmetry plane, although the experiment setup was intended to be built as perfectly

symmetric.

We aimed to investigate the miesoale damage echanisms experienced during
LVI events gualitatively by conducting QSI experiments. In these QSI experiments,
a highresolution camera was utilized on one edge of the beam to measdredull
strain distributions through the DIC method, whereas a traydigital microscope

is employed on the opposite edge to perform magnifieitu observations.

The fulkfield strain distributions are measured from the DIC analyses for the

[04/904/07]s specimen ifFigure3.7. The | orgi amdi nmaangWer se she:
strain fields prior to the damage, and the damaged state of the specimen are presented

in Figure3.7(a). The damaged state shows matrix cracks in three different locations,

one situated underneath the indenter tedother two located in the vicinity of

boundaries. Each matrix crack has a diagonal @iemt ands accompanied by
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Figure3.6. High-speed camera photographs of tiek-ply ([04/904/02]s) specimen
showing(a) the initial contact of impactor and specimém), frame prior to matrix
cracking,(c) matrix cracking and delamination formatiqd) maximum deflection
point, and(e) final state of the specimen after the impactor rebounded.
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delaminations at the adjace®°/90° interfaces. IfFigure3.7( b k.a n @ stain

distributions along the upper and lower 0y groups (data paths shownkigure

37( a)) argdipsotitledti dJns show tuvauesatehe regi on
located just underneath the indentehene the lower side of the beam is in tension

andthecont acting side i s ungdistributionsdomnce ssi on. Cc
show any distinct region withyshgnfppmer val ues
negative (cold colors) to positive (wagolors) convention along the beam, implying

that the region just un gelueseSpecifically, thee i mpact o
matrix crack location underneath the impactor experiences approximately 0.8%

normal and 1.2% transverse shear strain. Thuginsdistributions show that the

matrix cracks occuxDe eyvauevdresignifitantons where U

Indenter force vs. displacement response obtained from the testing machine is
presented alongsidi situ micrographs at 25 magnification, taken from the
opposite edge where DIC analysesFigure 3.8. The specimen exhibited linear
elastic behavior with a stiffness of 1.14 kN/mm. Befang sign of global stiffness

loss, the microscopic observations revealed the early formation of a diagonal matrix
crack within the lower 90° ply groui8.5 mm away from the impactor centgrpwn

in frame A. Macroscopic instruments could not detect tlaiskcsince it did not affect

the forcedisplacement response or strain fields for the current resolution. Then in
frame B, this matrix crack triggers the delamination at the adjacent interfaces, which
corresponds to the initial load drop at 2.75 mm and ENéSubsequently, frame C
shows the delamination propagatithat occurred within the upper 90° ply group,
accompanied by the second major load drop. However, both matri>s creakthe

left and righthandside boundaries, presentedrigure3.7(a), could not be captured

as theywereleft outside of the microscope's field of view.
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X-position (mm) X-position (mm)

Figure3.7. DIC results for thehick-ply specimen shoyg) longitudinal strain ()

and transverse shear straip) fields prior tothedamage, and damaged state of the
beam after load drop with matrix crack clagss, (b) G and oy distributions
extracted alonghe paths orupper 90 ply group and lower 90ply group.
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Figure 3.8. Indenter forcadisplacement response and correspondimgsitu
micrographs of théhick-ply specimen showing the first diagonal matrix crackihg
frame (A), matrix crackinginduced delamination damagat frame (B), and
delamination propagated from the outside of the field of @efkame(C).
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3.4.2 Thin-ply Laminate: [02/902/02/902/02]s

For the [0/90,/02/90,/02]s specimen, the whole sequence of impact event from the
initial contact tatherebound of the impactor is presentedrigure3.9. No apparent
damage is observed prior to 1.00 ms. At 1.04 ms, a sudden failure including matrix
cracking, fiber breakage and delamination damages is detected within the lower 0°
and 90° groupof plies beneath the impactor, as displayedFigure 3.9(b).
Unfortunately, thematrix cracking, delamination or fiber breakage seqeeauld

not be captured atigcapturing rateThe failure occurred successively within the
adjacent upper ply groups as the impactor translates downwards Fidgwees8.9(c)
andFigure3.9(d) respectively show these damages at 1.18l&8ms.Figure3.9(d)
alsoshows the asymmetric damage of matrix cracking and delamination occurred
only at the righthand side of the beam. The impactor reached the maximum
deflection point of 6.2 mm at 4.68snafter the initial contact, as shownHkigure
3.9(d). Lastly, the final state of the composite beam and rebounding impactor are

given at 9.12 ms ifigure3.9(e).

The fultfield strain distributions obtained from DIC analysis for the
[02/90:/02/902/02]s specimen are presentedrigure3.10. Figure3.10(a) shows the

l ongi t)diannadl t(rCh nys) strain felés prisriogttee damage, and the
damaged state of the spegvanesmgroupddhust hot s
underneath the indenter are evident where the lower and the contacting sides of the
beam were in compr essi gfieldshows stiaie hotsgots n re
grouped near the middle layers of the laminate. From the damaged state given in
Figure3.10(a), which corresponded to the fitsad drop in the loadisplacement

response, it can be observed that the initial failure is in the form of matrix cracking,
delamination and fiber breakage. Fiber breakage and perpendicular matrix cracking

were observed inside the lower 0° and 90° layetsle delamination propagated

along the interfaces adjacent to the lower 90° ply group. The simultaneous

i nvest i ga h idydieds indicatdd that the initial damage occurred due to

hi gh Vv ad uevdiwmliges Bte almost zero. Specifigathe center of the
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lower 90° ply group, where damage is observed, experiences approximately 1.5%
normal and <0.5% transverse shear strain. Consequently, the damage pattern
observed in QSI experiments can be regarded as identical to the damage captured

during the LVI experiments.

Indenter force vs. displacement response obtained from the testing machine is
presented alongsidm situ micrographs at 50 magnification, taken from the
opposite edge where DIC analysesfFigure3.11. The specimen exhibited linear
elastic behavior with a stiffness of 1.25 kN/m&mmilar to the previous specimen,

the microscopic observations revealed the early formation of a diagonal matrix crack
within the lower 90° ply group shown in frame A before any sign of global stiffness
loss Following this, a group of four matrix cracks on tinght-hand side appeared

in frame B.Macroscopic instruments again could not detect this crack since it did
not affect the forcelisplacement response or strain fields for the current resolution.
The formation of matrix cracks was followed by a sudden dargagwth including

fiber breakage and delaminations in frame C, which corresponded to the initial load
dropat 3.27 mm and 3.65 kMs the loading increased further, matrix cracking and
delamination subsequently occurred inside the upper 90° plies anderatdja
interfaces. Frame D presents the matrix cracks inside the second and third 90° plies
with delaminations along their adjacent interfaces, and delamination at 0fé0p

interface.
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Figure 3.9. High-speed camera photographs for tha-ply ([02/90,/02/90,/02]s)
specimen showinp) the initial contact of impactor and specimés),initial matrix
cracking, delamination and fiber breaka¢®,the successive damagesthin the
upper ply groupqd) point of maximum deflection ar(@) final state of the specimen
after the impactor rebounded.
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Figure 3.10. DIC results for the [§90,/02/90,/0z]s specimen showinga)
longitudinal strain {) and transverse shear straig/) fields prior to damage, and
damaged state of the beam after load d(bpk and oy distributions extracted
along the lowest 9ply group.
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Figure 3.11. Indenter forcedisplacement response and correspondimgsitu
micrographs of the f#90,/0./90,/02]s specimen showin@) the first diagonal matrix
cracking, (b) formation of the group of four matrix crack&) matrix cracking
induced delamination damage and fiber breakage(@dnadhatrix crack formation
inside the subsequent 90° ply groups.
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35 Numerical Results

In this section, the FE simulation results of the -\@locity impact experiments
performed on CFRP beams with layup sequences af9000;]s and
[02/90:/0-/902/02]s are presented in two subsections. Each subsection begins with an
overview of the global behavior of the composite beams prior to damage.
Subsegently, a detailed examinationf dhe in situ impactinduced damage

progression and mechanismsarried out

3.5.1 Thick-ply Laminate: [04/904/02]s

The global impact response of the composite beam is investigated through the

analysis of forcalisplacement cues and fulifield strain fields prior to damage.

The forcedisplacement response of the FE modegplotted in Figure 3.12. The
materialresponse is elastic up to the sudden load drop at time and displacement of
approximately600e s 2anmmg respectively. The periodic oscillations in the elastic
regime occur due the dynamic coupling dheimpactor, specimen and BC20].

A load drop occurs when delamination is propagated, as the effect of delamination
on the loaebearing capacity ohe specimen is greater than that of matrix cracking.

The maximum force level at the point of dam&g@.12kN.
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Figure3.12. Impactor forcedisplacement response of the FE model

Figure 3.13 depicts the distributions of fufl i e | d | o p)gandt trardvensea |
s h e ay) straginsacross the [f#904/0]s specimerbefore any damage occuig
Figure3.13(a), regionswith elevatedensileUx values are concentrated beneath the
impactor and in the upper regionsarthe boundarigsvhereas the contactirgide

of theupper layers experienseompressionThe oy field exhibits elevated values
near boundaries anmtar theconeshapedstresgegion beneath the impactarithin

the 90° plies.Simultaneous comparison aftrain distribution curves across the
specimen irFigure3.13(b) indicates that theritical regions for theheardominated
matrix failure are located-5.5 mm off-center for the lower 90° ply groupnd ~1.0
mm off-center for the upper 90° ply group i txhvalues approximately 1.0%

Matrix cracks occur in planes perpendicular to the maximum principal stress
direction[126]. Instead of calculating the failure index using the LaRCO5 relation
given in Equation(3.8) to determine critical regions for potential matrix cracking,
we will examine the maximum principal stresség) feaching the tensile strength of
90° plies () for simplicity. On the other hand, for fiber failure, only normal stresses

in the fiber direction{11) reaching the associated strength)(Xre considered.
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Figure3.13. FE results of the [f1904/02]s specimen showingg) longitudinal strain
(Gx) and transverse shear strairy) fields prior to damage, an@) Uk and oy
distributions extracted along the uppef §/ group and lower 90ply group.

In Figure3.14(a),then o r ma | 13 dontoardos 0° [fly’groups and theaximum

pri nci palk)costour for96 el groips are presented for[ed04/0z]s

specimen. The corresabonxi sgtkd-88tinmailebut i ons o
extracted throughhe thickness direction irFigure 3.14(b) and Figure 3.14(c).

Consistent with the strain field resullSgure3.14( a) s hows himggher values
the bottomO@pl y gr oup wunder neawithnthelvwer 90plpact or , an
group but x = 3.5 mm off from the center. Comparing the higdtestses, extracted

from Figure3.14(b) and (c) asiia = 1199MPaa n ¢ = 7d MPa,with the assoeited

strength valuesXt = 2207 MPa and ¥= 80 MPaindicates that the matrix damage

is ontheverge of initiation within the lower 9(ly group, whie fiber damage is not

expected duvalues mmparedtex U
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Figure3.14. (a) Contours of normal stres8i) for 0° ply groups andhe maximum
principal stressi() for 9C¢° ply groups,and througkthethicknessdistributions of
(b) 011 at x = Oand(c) 0p at x =-3.5 mm for the [Q/904/0z]s specimerprior to
damage
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The development of damage in theyf80/02]s specimen is presentedfigure3.15.
The first frame shows the initial effenter matrix damage located ~2 mm away from
the impactor. This matrix crack induces delamination damage at the ad)a/&€xit
interfaces, where uppand lower delamination respectively propagadwards the
impactor and the boundaries. As the delamination at the I6W80° interface
reaches the boundary, damage in the form of matrix cracking accommnéed
delamination at the adjacent interfaeesobserved within the upper 90ly group,
where matrix cracking is located8 mm away from the impactor.
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Figure3.15. Development of the damage in tiéck-ply ([04/904/02]s) specimen.
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3.5.2 Thin-ply Laminate: [02/902/02/902/02]s

The forcedisplacement response of the FE model is plotteHignre 3.18. The
material responseemains elastic up to the sudden load drop atime and
displacement 0850 s 2.8 thm, respectively. As for the preceding specimen,
the periodic oscillations in the elastic regime occur due to the dynamic coupling of
theimpactor, specimen and BCs. A stéepd drop occurs when fiber breakage and

delamination occur. The maximum force level at the point of damse&y87kN.

5

Force (kN)
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N

0 1 2 3 4
Displacement (mm)

Figure3.16. Impactor and indenter foraésplacement response of the FE model and
QSlexperiments.

Co

Figure 3.17 depictsthe distributions of fulf i el d | o0 r)gandttrarcgvensea | (
s h e @)rstra(n®acrosthe [/90,/02/90,/02]s specimen prior to damage. Similar to

the preceding layuisigure3.17( a) di s pl ay s xaaluesaocemratede | ev at
just beneath the impactor and ixfieldipper r
exhibits elevated valuesear boundaries and within a cesteaped region beneath

the impactor inside the 90° plies. A simultaneous examinatistrain distribution

curves across the specimerFigure3.17(b) indicates thathe critical regions are at
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the center for theensiledominatedailure, and theegions located3-mm off-center
for the shear failureSpecifically, thebottom90° ply groupexperiences maximum
normal andransverse shear strain D226 and1.71% at x = 0 and x 3.5 mm,

respectively

As explained for the preceding specimen, the critical regions where matrix cracking
and fiber breakage may occur are examined by respectively checking the maximum
principalstresses((y) reaching the tensile strength of3flies (Yr), and the normal

stresses in the fiber directiotn) reaching the associated strength)(X

Impactor

b
(b) 1:5 3
-1st 90°
1k 2 -2nd 90°
-3rd 90°
_ 0.5 _ 1 -4th 90°
i\c, 0 b O o o 9\1 0 -
£ - BF K
05 r ~Ist 90° =l
2nd 90°
-1 or -3rd 90° 2t
-4th 90°
-1.5 . -3 :
-25 0 25 -25 0 25
x-position (mm) X-position (mm)

Figure3.17. FE results of the f90,/02/90,/0]s specimen showing) longitudinal
strain (&) and transverse shear straig ) fields prior tothedamage, an¢b) Uy and
oy distributions extracted along the °9ply groups (# and 4" correspond to the
bottom and top 90ply groups, respectively)
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InFigure3.18( a) , t he mdaontoarlfor & plygeosps and tiie maximum
principal p) eonhtoue fos 805 ply( groups are presented for the
[02/902/02/90,/02]s specimen. The correspondidgi st r i buati oxns=00 &nd
at x =-3.5 mm are extracted through the thickness directidfigare 3.18(b) and
Figure3.18(c). Consistent with the strain field resulisgure 3.18(a) shows higher

val uesattiefbottén0°p |l y group under nepwithmthe he i mp
lower 90 ply group but x = 3.5 mm off from the center. Comparing the highest
stresses, extracted frdaigure3.18( b)) an =X 72MP a s 3 aDIMPa,

with the associated strength values,=X2207 MPa and ¥= 111 MPa, indicates
thatbothmatrix and fiberdamageareon the verge of initiation within the lower 90

and O ply groups, respectively

Development of the damage in the/f@y/0,/90,/02]s specimen is presented in
Figure3.19. The first frame reveals the occurrence of vertical matrix cracks beneath
the impactor, specifically within the lower 9@%hichlies 0.2 and 0.8 mm away from

the impactor. Delamination damage inducedfrom these matrix cracks, and
elements located at the center of the lower 0° ply group are deleted due to complete
fiber damageThe damage sequence of delamination followed by fiber breakage is
revealed in simulations, which could not be captured exglici the corresponding
experiments As the delamination propagates to the left and +igimdside
boundaries, subsequent vertical matrix cracks become evident within the adjacent
upper 90° plies. Similarly, these matrix cracks trigger a sequence ofseven
delamination followed by fiber breakage within the subsequent 0° ply group. As the
initial delamination propagation, this delaminatiype damagealso propagates to

the boundaries, yet it migrates to the adjacent interface of the 90° ply group due t

higher shear at the midplane of the specimen.
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Figure 3.18. (a) Contours of normal stressiif) for 0° ply groups and maximum
principal stressi() for 9C¢° ply groups, and througthethickness distributions of
(b) G11 at x = 0 andc) Up at x =-3.5for the [/90,/02/90,/0;]s specimerprior tothe
damage
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Figure3.19. Development of the damage in the/f,/0,/90,/02]s specimen.
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3.6 Discussion

3.6.1 Comparison of Low-velocity and Quaststatic Experiments

The damage patterns observed during thevelscity impact (LVI) and quasstatic
indentation (QSI) experiments are compareBigure3.20. LVI experiment results
revealed different impaéhduced damage patterns for the layups under
investigation. Specifically, the thighly specimer([04/904/0:]s) experienced failure
primarily due to offcenter matrix cracking followed by delaminationsHigure
3.20(a). In contrast, the thiply specimen([02/90,/02/90,/02]s), despite having the
same number of 0° and 90° plies in total compared to the-fiyckpecimen,
experiencedentral matrix cracking followed by delaminations and fiber breakage
within the lowest ply group iRigure3.20(b), with damage subsequently propagating

to the adjacent upper plies. The damage patterns and sequences observed in the QSI
experiments, presented on the rigand side ofigure3.20(a) and (b), are highly
consistent with the damage captured during the LVI experiments. Comparing these
results shows that the loading rate dependency of material is deemed nefyligible
LVI on failure characteristics. These findings provide a corollary to the previous
study showing consistency in dynamic damage characteristics of LVI and QSI
experiments conducted ons[80s]s specimens ifd4], which can be extended to the
[04/904/02]s and[02/90,/02/90,/02]s specimens under investigation in this work.

The indenter force vs. displacement responses of-filicknd thinply specimens
obtained from the quastatic indentation (QSI) experiments are present&ibinre

3.21. The stiffness values obtained in the linear elastic regime were determined as
1.14 and 1.25 kN/mm for the thighy and thinply specimens, respectively. The
thick-ply specimen showed a softer response compared to thplyhepecimen in

the linearelastic regime, as theobelement of the D matrixsée AppendixXC) of the
thick-ply specimen has a smaller value. The tipbk specimen exhibited the first

load drop accompanied by delamination at 2.75 mm and 2.69 kN, while thgthin
specimen at 3.2ihm and 3.65 kN. These displacement at failia@es align with
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(a) Thick-ply specimen:

Impactor Indenter

Indenter =

Figure3.20. Damage patterns frolow-velocityimpactexperimentgleft) andquast
staticindentationexperiments (right) ofa) thick-ply and(b) thin-ply specimens.

the values obtained from the LVI experiments, where the tplgkspecimen
exhibited failure at 2.77 mm and the #ply specimen at 3.12 mm. The thipky
specimen exhibits two major load oghs accompanied by the delamination
propagation at the adjacent interfaces of upper and lower 9@talps Similarly,
the loaddisplacement response of the tpiy specimen showed four consecutive

load drops that corresponded to the failure of 8ffiply groups andlelaminations.

Figure 3.21. Indenter forcalisplacement responses of the thptk and thinrply
specimengrom QSI experiments
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