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"Simplicity is the ultimate sophistication."

Leonardo da Vinci (1452-1519) was the first Western in-
ventor to describe folded planes and ornithopters made

of paper parchment.
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Kurzfassung

In den letzten Jahrzehnten haben Faserverbund-Bauweidengzeugbau weite Verbreitung
gefunden. Dabei sind vor allem Sekundarstrukturen augVerbeind realisiert worden. Neu-
erdings ist die Anwendung von Faserverbund-Bauweisenim&pstrukturen wie z.B. Flug-
zeugrumpfen immer weiter in den Vordergrund gerlckt. Eireversprechende Bauweise
fur Primarstukturen sind Sandwichstrukturen mit Wabenkand Deckschichten aus Faser-
verbund. Diese zeichnen sich durch hohe spezifische Stifigikd Festigkeit aus, sind aber
aufgrund ihrer vergleichsweise diinnen Deckschichtenllantuf Impaktbelastungen. Eine
effiziente Auslegung auf Impakt ist daher ein kritischer élgpdes Sandwichdesigns. Auf-
grund des hohen Aufwands einer experimentellen Charal¢ening des Impaktsverhaltens
besteht ein zunehmend groRRes Interesse den Umfang deinegptallen Testreihen durch
den Einsatz von numerischen Methoden zu reduzieren. Eireuseetzung dafir ist die Be-
reitstellung leistungsstarker Simulationsmethoden fé@tbdellierung des komplexen Mate-
rialverhaltens bei Schadigung und Versagens der Sandini&is:.

In diesem Kontext untersucht die vorliegende Arbeit die atisthe Modellierung von
Sandwichstrukturen mit Faltwabenkern aus Aramidpapier Dackschichten aus Faserver-
bund unter quasistatischen und Impakt-Lastfallen. Dazul@rebereits bestehende Ansatze,
die zellulare Sandwichstrukturen mit Meso-Modellen aussBmelementen abbilden, an Falt-
waben aus Aramidpapier angepasst und weiterentwickelgrand der Komplexitat der in der
Sandwichstruktur unter Impaktbelastung auftretende@dgings- und Versagensmechanis-
men ist die numerische Modellierung des Impaktsverhaliairéi aufeinander aufbauenden
Teilschritten entwickelt worden.

Innerhalb des ersten Teilschritt wurde die numerische Miedeng von Aramidpapier
untersucht. Zur Charakterisierung der Papiereigensahaturden Strukturanalysen mittels
Mikroskopie und Computertomographie durchgefiihrt unddeshanische Verhalten bis zum
Versagen bestimmt. Dabei wurde eine merkliche Variatianndechanischen Eigenschaften
aufgrund der inhomogenen Faserverteilung in Dickenriatptiestgellt. Basierend auf diesen
Beobachtungen wird ein Modellierungsansatz mit mehrkagigchalenelementen vorgestellt,
in dem die Variationen in Dickenrichtung bericksichtigtrden kdnnen. Die dazu benttig-
ten Materialeigenschaften der einzelnen Lagen des SaHataents, werden anhand einer
inversen Berechnung von den experimentell bestimmen atgabAramidpapiereigenschaf-
ten hergeleitet. Der Vergleich mit Coupon-Zugtests undrnéiderbeulversuchen zeigt, dass
der vorgeschlagene Modellierungsansatz das Materiaiternvon Aramidpapier auch im
nicht-elastischen Bereich gut vorhersagen kann. Inslgdeserdas zur Modellierung von Im-
paktbelastungen wichtige Beulverhalten im Fall von Drwatkbtungen wird qualitativ gut
abgebildet.



Der entwickelte Ansatz zur Modellierung von Aramidpapiérdan einem zweiten Teil-
schritt erweitert, sodass Faltwabenstrukturen abgebiléeden kénnen. Dazu wird ein Pa-
rametermodell vorgestellt, mit dem Faltwabengeometrienraehrlagigen Schalenelemente
erstellt werden kénnen. Die deutlich irregulare Faltwadterktur wird Uber ein sogenannten
,Node-Shaking' Ansatz bericksichtigt. Der Vergleich zunBbemarktests (Faltwaben unter
Druck- und Schubbelastungen) zeigt, dass die Krafte unfibiaungen bei Beginn des Aus-
beulens der Zellwénde gut reprasentiert sind und insbesertths instabile Kollapsverhalten
der Faltwabe gut wiedergegeben wird. Allerdings zeigt daslél Schwachen bei der Vor-
hersage der stark ansteigenden Spannungen bei verdickdtevaben.

In dem dritten Teilschritt wird das entwickelte Faltwaberdel auf Impakt-Lastfélle
angewandt. Dazu wurden Impaktversuche im Fallturm (Imgradtgien von 60—400 J) und
mit einer Gaskanonenanlage (Impaktenergien von 20-80Qrghgdefiihrt. Anhand der ex-
perimentell bestimmten Kenndaten wurde das Faltwabenlioglgertet. Das Impaktmodell
zeigte dabei eine gute Ubereinstimmung mit den experinidrgebachteten Schadensbildern
und Impaktverlaufen. Die Bedeutung einer guten Reprasentdes Faltwabenkerns zeigte
sich auch daran, dass in den numerischen Ergebnissen dlitlieuAnteil der kinetischen
Energie von bis zu 50% in elastische und plastische Verfagmes Kerns umgewandelt wur-
de.



Abstract

Over the last decades the application of fibore compositegdssh aircraft construction has
increased rapidly. However, in large aircrafts most fibm@posite components are secondary
structures. There is considerable interest to extend tpkcagion of fibore composite desi-
gns to primary structures, such as a fuselage. A promisisgyddor primary structures are
sandwich structures with cellular cores and fibre compdate sheets. Sandwich structures
benefit from high specific stiffness and strength. Howevee @ the low thickness of their
face sheets they are vulnerable to impact loads. An effidenensioning towards impact
loads is therefore a critical aspect of sandwich design.aBse of the considerable costs of
an experimental characterisation of impact behaviouretisea growing interest to reduce the
number of required experimental tests by the use of numermiethods. A prerequisite for
this is the availability of high-performance numerical hmads, which are needed to model the
complex damage and failure mechanisms of sandwich stesgsubjected to impact loads.

In this context, the present research thesis investigagesumerical modelling of sand-
wich structures with aramid paper foldcore and fibre contpdsice sheets in quasi-static
and impact load cases. For that purpose, existing appreaepeoducing cellular sandwich
structures on the basis of shell-based meso-models aréeddamramid paper foldcores and
further developed. Due to the complexity of damage and railmechanisms in sandwich
structures under impact loads, the numerical modellingmgfact behaviour is developed in
three successive steps.

Firstly, the numerical modelling of aramid paper was ingged. The properties of the
aramid paper were characterised on basis of structuratsinalsing microscopy and compu-
ted tomography and determination of the mechanical bebavip to failure. In the process
a notable variation of mechanical properties due to thenmgeneous fibre distribution in
thickness direction was observed. Based on these obsersai modelling approach with
multi-layered shell elements is presented, which consitter paper’s inhomgeneous nature in
thickness direction. The required material propertiehefibhdividual layers are derived from
the experimentally determined global aramid paper praggeusing an inverse approach. The
comparison to tensile coupon tests and cylinder collapsds $hows, that the proposed model-
ling approach can predict the material behaviour of aramajgep for non-elastic states until
total failure. In particular the instable buckling modeswaeing under compressive loads,
which are important for impact modelling, are well represen

In the second step, the developed modelling approach fonidrpaper is expanded
in order to represent foldcore structures. For that purgoparametric model is presented,
which is used to generate foldcore geometries composed lbflayered shell elements. The
significantly irregulare structure of a foldcore is consated by a so-called ‘node-shaking’

Xi



approach. The comparison with benchmark tests (compressid shearing of foldcores)
shows, that the forces and and deformations at initiatiobuakling and in particular the
instable collapse behaviour of the foldcore are well regmé=d. However, the numerical
model underestimates the considerable increase in siresse of densified foldcores.

In the third step, the developed foldcore model is appliethtpact load cases. For
that purpose impact test series were performed with a dreertapparatus (Impact energies:
60—400 J) and a gas gun facility (Impact energies: 20—800h#.foldcore model was then
evaluated by comparison to experimentally determined ahpharacteristica. The impact
model demonstrated good agreement with the experimertthfigrved damage patterns and
courses of impact events. The relevance of a good repreéigentd the foldcore can also be
seen in the fact that a considerable part of the initial kinenergy, up to 50%, was converted
into elastic and plastic deformation of the core.

Xii



1. Introduction

The application of composite materials to modern aircraftctures has grown steadily with
each generation of aircraft. Existing composite aircrafictures adopt conventional design
principles of skin/frame/stringer developed for alumimilightweight construction. Current
research is focusing on integrated design concepts whitbrféne different properties of com-
posites. A promising approach for a next generation airdusielage are twin-walled sand-
wich structures which provide improved shell bending s&ffs and far higher strength/weight
ratios than single skin designs (cf. research project EMIR [

The weight reduction by structural optimisation is a driyiprinciple in aircraft de-
sign. In case of aircraft fuselages a twin-walled sandwildwa highly efficient new fuselage
concepts with a reduced number of frames and without stréngenovative twin-walled ap-
proaches may achieve weight savings of about 24%-29% cadpaan aluminium reference
fuselage as described by Hermann et al. [79].

A major challenge for an application of sandwich structimggimary aircraft structures
is the impact safety. Impact events in aviation hereby ihela wide range of foreign object
impacts such as bird strike, tyre rubber, runway debrisahieigments and hail. In the case
of sandwich structures the improvement of impact propgrsenore significant compared to
monolithic structures as their reduced skin thickness andcore strength lead to increased
impact vulnerability. The present thesis was realised iwithe scope of EU Project CEL-
PACT ‘Cellular structures for impact performance’ [3] whiexamines advanced sandwich
core materials with improved impact properties in orderddrass these issues. The purpose
of this research was to enhance the impact resistance ofvganstructures by improved de-
sign of high performance, low weight cores. New core maleuader investigation were,
amongst others, folded composite cores.

The introduction of reliable modelling and finite elemenEjsimulation of sandwich
structures and cellular cores such as the foldcore offeptiential to improve the design
process of new sandwich structures with tailored propeidied reduce development costs.
FE codes with validated models provide the means to desidroptimise these structures
even for complex load cases such as impact events. The needdensive test specimen
development, which is caused by an almost infinite numbeod materials, cell geometries,
face sheet materials and sandwich constructions, impaclittons, etc. can be significantly
reduced.

A major requirement for the accuracy of numerical resulta isorrect modelling of
material properties and the present thesis aims to imptuwweonstitutive material models
and numerical descriptions used for sandwich structurdstive new foldcore material. Both
guasi-static and dynamic load cases are considered. Tolisktaew materials and improve



2 Chapter 1. Introduction

the representation of the numerical materials models ansite experimental investigation
of the core cell wall material, the core, the composite fdmets and sandwich structure under
a variety of loading conditions was required.

1.1. Aims and objectives

This work presents contributions towards the improved miogdeof foldcore cell wall ma-
terial and foldcores under quasi-static and dynamic loawlitmns, which reproduce the be-
haviour of materials and structures from the initial elasghaviour until full failure. These
improvement are based on observations made in experingtntiés to characterise the me-
chanical and structural properties of the foldcore celllwadterial and in foldcore sandwich
structures. The capability of the proposed material modets current FE techniques with
regard to modelling composite-foldcore sandwiches in gstasic and dynamic load cases is
assessed on basis of a comprehensive test program inviegtigarious load cases.

The aims of this research thesis are:

» Experimental investigation of the properties of aramiggravhich is used as foldcore
cell wall material.

» Experimental characterisation of the quasi-static anthdyic foldcore benchmark be-
haviour.

* Investigation of the hard and soft body impact responsewfapsite foldcore sandwich
panels.

» Development of a suitable material modelling approactterfoldcore cell wall mate-
rial which can represent the constitutive behaviour fromahelasticity until full fai-
lure.

» Development of a modelling strategy to correctly prediudti€ore degradation and fai-
lure in quasi-static (crushing, shear) and dynamic (lovociéy and high-velocity im-
pact) load cases.

» Stepwise validation of above modelling strategy by congoerto experimental bench-
mark tests.

1.2. Thesis summary

Chapter 2

The state of the art in sandwich structures and their desigguimmarised in this chapter.
Available sandwich materials and core types are discussidsyecial emphasis on aramid
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paper foldcores, which are the focus of this research wodhs8quently analytical and nu-

merical methods for sandwich design are summarised. Therdunumerical approaches to

model impact on sandwich structures are reviewed. Finddé/thesis structure based on the
literature research is presented.

Chapter 3

In this chapter the modelling of aramid paper is investidat€o this end an experimental
characterisation of the aramid paper’s properties up tariis presented. This includes an
analysis of the microstructure of the aramid paper by mmypg cut-images and computed
tomography. Based on the experimental findings a layerelll sioelel approach is propo-
sed, which considers the considerably non-uniform fibréhiison in the paper’s thickness
direction. The required material properties of the indixatishell layers are derived from the
globally measured paper properties on basis of an inverg®agh. In a subsequent section
the validity and efficiency of the proposed aramid paper rhisdevaluated by comparison of
experiment and simulation of several benchmark tests, asigiaper coupon test and cylinder
collapse test.

Chapter 4

In this chapter the previously presented layered shell ireqgfroach is extended to represent
aramid paper foldcore structures. For that purpose a parandescription of the foldcore’s
geometry is presented, which is the used to create a nurheradel based on the aramid
paper model. The considerable existence of irregulanties aramid paper foldcore is dis-
cussed and a consideration of these irregularities by #ftalted ‘node-shaking’ approach is
proposed. Finally the foldcore model is evaluated by comgarumerical and experimental
results of compression and shear behaviour of foldcores.

Chapter 5

In this chapter the numerical foldcore model presented aptdr 4 is applied impact load
cases. For that purpose the behaviour of foldcore sandvdaklp with carbon fibre com-
posite skins subjected to low-velocity and high-velocitypact are at first experimentally
investigated. The adaption of the foldcore model is preskand investigated in a parameter
study. In the final section the predictions of the numericatlel are compared to the experi-
mental results. The quality of the numerical predictionsvaluated on basis of the observed
representation of the governing deformation and failurelhmaisms.

Chapter 6

In this chapter the limitations and validity of the experimted and numerical results and me-
thods presented in chapters 3-5 are discussed. The bemkfiisanlvantages of the developed
improvements to the modelling of aramid paper and foldctretures are reviewed.
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Chapter 7

In this chapter the contributions produced by this work amamerised. Subsequently, fu-
ture areas of research are suggested to address limitatnaosintered during the presented
research work and to investigate the properties of foldomaterials further.



2. State of the art

2.1. Overview

This chapter offers a general overview on the state of themadandwich structures. For that
purpose available sandwich materials are discussed wettiapemphasis on sandwich core
materials. Subsequently the reader is introduced to aocalyhethods in sandwich enginee-
ring. This is followed by a section reviewing the numericaélysis of sandwich structures,
which includes a brief introduction to explicit finite elememethods and a discussion of
established modelling approaches for impact on sandwicictstres. Finally the modelling
strategy adopted in this work is summarised.

2.2. Sandwich structures

Sandwich structures are a laminate of different matenatéch are joined together. Typically
a low weight core material is inserted between two stiff fabeets, hence the term ‘sand-
wich’. Each component of the sandwich structure has sepataictural functions: the face
sheets carry the in-plane tensile and compressive foraesedaby bending loads. The core
reinforces the face sheets against buckling by carryingrstogces between the face sheets
as well as local out-of-plane loads. The basic idea is to mepa the second moment of area
by increasing the Huygens-Steiner fraction. As a results@h structures offer excellent
strength and stiffness properties in bending at low weightshown in table 2.1 taken from
Bitzer [27].

The table compares the relative strength and stiffnessveiraehoneycomb structures,
which are made from a 1.6 mm thick piece of aluminium split &f las the top and bottom
face sheets of the sandwich. The sandwich with four timeshtickness of a flat aluminium
plate is 37 times stiffer in bending and 7 times stronger, Hag at the same time only a
weight increased by 9%. According to Hermann et al. [79] Wegavings of about 24—-29 %
can be achieved for aircraft fuselages using a twin-waltis/ich compared to aluminium
reference fuselages.

As discussed in [27, 61, 68] sandwich structures offer rriddvantages beside their
weight efficiency. Compared to locally discontinuous stiféd structures such as skin-stringer-
frame designs they retain a smooth surface under load, atahidity related buckling of the
load carrying face sheets is considerably reduced by thencmus attachment to the core.
Another benefit is the increased fatigue resistance cordgarekin-stringer-frame designs.
The primary reason is that sandwich structures requirafgigntly less rivetted joints, which
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Table 2.1.: Honeycomb sandwich efficiency, taken from Bif2&].

Property Unit | I [T o2t 4T

Relative stiffness [-] 1 7 37
Deflection [mm] 25.4 3.6 0.7
Relative bending strength [] 1 3 7
Weight [N/n?] 43.6 46.8 47.6

are a major cause for stress concentrations and thus ingwesthture failure. Furthermore
sandwich structures exhibit excellent damping and insrigtroperties (vs. thermal, vibra-
tion), as delineated in [61, 147].

The key advantage, which is their excellent strength arfthesis properties at low
weight, in combination with their other advantages proradtee application of sandwich
structures in a broad range of lightweight designs. Exampletheir use can be found
in aviation [27, 61, 75, 79, 137], spaceflight [46, 136, 137dnsportation [2, 4, 143], motor
sports [111], civil engineering [112], wind energy [98, 14€porting equipment [27,117] and
packaging [156].

However, there are some limitations of sandwich structwiegh need to be mentio-
ned. The tailored multi-material composition typicallysuéts in higher cost of sandwich
composites compared to conventional materials. The fatioic process is complex and time-
consuming. Due to the buckling resistant design with larggdéns-Steiner fractions a sand-
wich structure has a considerably larger thickness thanofitbit structures. Furthermore
sandwich structures are difficult to repair, due to theiremilvely bonded architecture in com-
bination with their multi-material setup. If an adhesiveuged to bind the face sheets to the
core, the adhesive layer can also have considerably infuenche failure of a sandwich
structure. Therefore the properties of a sandwich straafiepends on the properties of the
core and face sheets, their relative thickness and the bgrtiaracteristics between them.

In particular relevant for the present work is the vulneigbof sandwich structures to
impact loads, as the sandwich face sheets are significairtydgr than a monolithic plate made
of the same material. A localised impact load leads to camnalile deformation of the loaded
face sheet and the intermediate core which in particular exaged the allowable limits of
the weaker core material.

Impact safety is a critical aspect of the design of primargrait structures. At the
present time, the application of sandwich structures iatami is mainly limited to secondary
structures. Secondary structures are characterised gdhthat their failure does not lead
to a catastrophic damage to the aircraft. Examples for &s@ndwich applications in secon-
dary structures are spoiler/ailerons, flap track fairimegding and trailing edge panels, cabin
floor panels, radomes, fuselage belly fairings, pylon/hastructures, etc. In figure 2.1a the
secondary structures in an Airbus A380 are depicted as suiseddy Hermann et al. [79]. It
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Engine pylons/nacelle ~ Floor panels,

. Hattricks
Spoilers
\ Access panels
\ ]
> -

o
Fuselage belly -~ /
fairing 7

Ailerons

Radome

Nose landing
v gear doors

Horizontal tail fairings ~ Flap track fairings

http://www.airbus.com/galleries

(a) Secondary sandwich structures in A380 (b) Beechcraft Premier |

Figure 2.1.: Examples for sandwich application in A380 ¢takrom Hermann et al. [79]) and
picture of the Beechcraft Premier la (taken from the Hawgeechcraft website

[5D.

is noted that an exception is the Beechcraft Premier | aastl in figure 2.1b, which is a light
jet aircraft for 6-7 passengers made by Hawker Beechcradte the whole fuselage, which is
a primary structure, is composed of a carbon fibre/epoxy ymmmab sandwich.

There is considerable interest to improve the impact ptegseof sandwich structures in
order to advance the application of sandwich structuregimapy structures so that aircraft
designs can take full benefit of their excellent light-weigbtential. The present work has
been created within the framework of the EU Project CELPAC®Ilular structures for impact
performance’ [3]. The objective of CELPACT was to improve thulnerability and damage
tolerance due to foreign object impact on sandwich strestby the use of new core materials.
The present work focuses here on folded composite coreshvene presented subsequently
along with common core types in aviation such as honeycordliGgam cores.

Core types

A comprehensive overview on existing core types for sandwtcuctures is found in [147],
which mainly refers to foam/solid cores (ships, aircrafipneycomb cores (aircraft, satel-
lites), truss cores (buildings, bridges) and web coresrSoh et al. [93]) as common core
types. The predominant core material in aviation are hooyjccores, which are compre-
hensively reviewed in the works of Bitzer [27] and Funke [6H further core material in
aviation are foam cores, which have been utilised succbsifuseveral aerospace structures
as described by Seibert [137]. Honeycomb cores can be &bddrom a broad range of me-
tallic and non-metallic base materials, such as alumingtegl, titanium, fibreglass, carbon
fabrics, Nomeg&, Kraft paper etc. Current non-metallic materials for foamnes are typically
thermoplastics (Kilchert [99]) such as polymethacrylim{@MI), polyvinyl chloride (PVC),
styrene-acrylonitrile (SAN) , etc. In some cases also rietmlam cores, such as aluminium
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Table 2.2.: Overview on common core types in sandwich strast(Data is taken from Bitzer
[27] and Kilchert [99]).

Core type Density Compressive Compressive  Shear Shear
Modulus Strength Modulus Strength
[kg/m?] [MPa] [MPa] [MPa] [MPa]

Aluminium honeycomb 50 520 2.1 310 1.4
Nomex honeycomb 48 140 2.2 40 1.2
Glassfibre honeycomb 48 160 2.8 130 1.3
Rohacell Rl foam 52 75 0.8 24 0.8
Klegecell R45 foam 45 60 0.54 19 0.55
Divinycell HT foam 50 75 0.7 19 0.55
Airex C70 foam 48 44 0.6 15 0.55
ALPORAS foam 250 700 15 300 1.2

(a) Honeycomb (b) Foldcore

Figure 2.2.: Pictures of a honycomb core and a foldcore.

foam (ALPORAS, ALUCORE®) or steel foam are used. The properties of common honey-
comb and foam core materials are summarised in table 2.2.

As discussed above the main load direction of sandwich ameeghe out-of-plane nor-
mal and shear loads. In that direction the weight-specifiness and strength of honeycomb
cores are much better than the weight-specific stiffnesssaedgth of foam cores. Conse-
guently honeycomb cores, as illustrated in figure 2.2a, esfeped whenever the mechanical
properties of the core are a relevant factor of the sandwasigd. The incentive to use foam
cores is their superior behaviour in insulation as well a&srtblosed cell structure, which re-
duces the accumulation of moisture. Humidity accumulaisasne of the main drawbacks of
honeycomb cores.

The present work investigates a novel folded sandwich catemal -foldcore- which
is depicted in figure 2.2b. The foldcore avoids some of theelioomb disadvantages while
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a) Imprint of fold pattern b) Folding to three- ¢) Finishing treatment
dimensional structure (Curing, coating, etc.)

-
- &

Figure 2.3.: Manufacturing process of a foldcore as usedstitute of Aircraft Design (IFB),
Universitat Stuttgart.

Cont./discontinuous
base material

maintaining the excellent mechanical properties of hoamjcores: The foldcore solves the
problem of humidity accumulation by featuring an open daldesign which allows it to vent
the foldcore (Klett et al. [104, 105]). The vulnerability tmpact loads is partially addressed
by the adaptiveness of the foldcore’s unit cell geometry bypdising base materials with
high energy absorption. Compared to common honeycomb ptiotuprocesses which are
comprehensively presented by Bitzer [27] a foldcore can &eufactured very cost-efficiently
as shown by Kehrle and Drechsler [97].

Manufacturing of foldcores is based on a simple folding pescin which a plane sheet
of material is folded into a three-dimensional structurée Toldcore can be produced both
in a continuous and a discontinuous way. Both methods follasimilar process which is
schematically illustrated in figure 2.3. In the first stepfibld pattern is imprinted into a base
material. In the second step the imprinted material is fld¢o its three-dimensional form
using an origami-like process. The plane faces of the foklectture thereby remain free of
distortion. Subsequently finishing treatments such asigwand surface treatment are applied
if needed. The density of typical folded cores made of argmjoer ranges from 25 kgfto
150 kg/n? depending on fold geometry.

The foldcores investigated in the present work are plang gelometries with simple,
repetitive arrangement of folds. It is noted that the precaso allows foldcore structures
with varying height or curvature which can be generated amslz adjusted folding patterns,
as discussed in the works of Klett et al. [L05] and Hachenbead. [71]. Typically foldcores
are orthotropic in in-plane direction as a result of the fgésbmetry. The local foldcore co-
ordinates are referred to T-, W- and L-direction as showrhefigure. The applicable base
materials for foldcore structures are in principle simitathe materials adopted in honeycomb
structures. Most prevalent are paper-like materials (Adgmaper, as investigated in Fischer
et al. [54], Kraft paper), composites (Glass, aramid, cad®presented in Heimbs et al. [76])
and metals (Aluminium, titan, as investigatd in Hecht [7ddl&ischer et al. [53]).

The Institute of Aircraft Design of the ‘Universitat Stugig’, which provided the fold-
cores investigated in the present work mainly focuses aittoks made of aramid paper pre-
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Table 2.3.: Overview on uni-directional fibre compositesfabeet materials (The data is taken
from the works of Funke [61] and Daniel and Ishai [37]).

Type Density Longitudinal Longitudinal Transverse Trasse
Modulus Strength Modulus Strength
[g/cm?] [GPa] [MPa] [GPa] [MPa]
Carbon/Epoxy 1.6 147 2280 10 46
S-Glass/Epoxy 2.0 45 1725 11 49
Kevlar/Epoxy 1.4 80 1400 6 30
Aluminium 2.7 70 140-480 70 140-480

pregs. In principle aramid paper is comparable to commoey@ymb base materials made of
aramid fibres such as NonféxHowever there are some differences which are caused by the
different fabrication processes of honeycomb cores amtéoks: in case of honeycomb cores
the block web material, which contains only a small amountsin, is repeatedly dipped in
liquid resin and then cured, whereas in case of foldcorebdise material comes in form of
pre-impregnated aramid paper, which is then folded anddcuks a result, the resin absorp-
tion in the base material of foldcores differs from the ressorbtion in the base material of
honeycomb cores, which leads to slightly different matepraperties, as will be shown in
chapter 3.

Face sheet

An overview on existing materials for face sheets of santwtouctures can be found in [147].
The main function of face sheets is to carry the in-planeieeasd compressive forces caused
by bending loads. This implies materials with large in-glatiffness and strength. In aircraft
structures this is given for a wide range of non-metallicenats such as carbon, glass fibre
composites as well as for metallic materials such as steghiaium, titanium, magnesium.
The mechanical properties of common face sheet materialdlastrated in table 2.3. In
particular composite materials have gained in importandee recent years. An exhaustive
review of the properties of common composite materialsvemin the works of Funke [61]
and of Daniel and Ishai [37].

A detailed investigation on face sheet materials would reseeeded the scope of the
present work as there is a wide range of materials availabliné design of light-weight face
sheets, whereas the present work mainly focuses on cor@ibeahaHowever the properties
of sandwich face sheets have a considerable influence omffaet behaviour of a sandwich
structure. Therefore, to provide a realistic setup for thpact cases on sandwich structures
studied in chapter 5 a reference face sheet material is UBe@. reference face sheet is a
guasi-isotropic lay-up of 16 UD carbon fibre composite phiesich was based on composite
face sheet setups employed in design concepts for sandugelafjes in the research project
EMIR [1].
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2.3. Analytical methods in sandwich structures

In the following a brief introduction to analytical desighsandwich structures is given, which
is based on the comprehensive accounts given by Bitzer [R¥psg Heimbs [75]. The over-
view includes approximate and exact formulations for saokwtiffnesses and stresses. For
the sake of simplicity presented results are limited to feleeets of similar thickness and
material. For a more detailed description the reader isneddo the work of Bitzer [27].

In the following, the z-axis indicates the sandwich’s ofsptane orientation whereas the
x- and y-axis point along the in-plane orientations. It isaal that in this work also an alter-
native nomenclature (TLW) is used in case of foldcore andeiloomb sandwich structures,
where the T-direction is parallel to the z-axis and the L- ¥directions are aligned to the
sandwich in-plane orientations.

The sandwich dimensions and properties are illustratedyurdi 2.4, which depicts ap-
proximated and exact stress distributions in a sandwicltistre under normal, bending and
shear loads. The sandwich height is signifiecdhbyhe sandwich width is, the thickness of
a face sheet is given kty and the thickness of the core is labelled For the present cases,
the face sheet and core are assumed to be isotropic matdiedsnodulus of the face sheet
is E;y and the modulus of the core Is..

Figure 2.4a illustrates a sandwich structure under a nolwadl 7' . If the dimensions
and the modulus of face sheet and core is known, the axiflessii( £A)" """ becomes

(BEAN™ = 9B it pw + Etow. (2.2)
The stresses in face shegt, and cores, , are then

EF E.F
Ofy = ——~— and Oy = ————. 2.2

Iy (EA)Normal Y (EA)Normal ( )
Often it is assumed that the stiffness of the core is conagdower than the stiffness of
the face sheetH.t. < E;t;) which allows to neglect the stresses in the core. Using this

approximation above equations 2.1 and 2.2 reduce to

(EAN™ ~2Ft;w  as well as (2.3)
2F
Ofy R % and Ocy ~ 0. (2.4)

The second figure 2.4b depicts the sandwich structure uniliexwaal load)M . For this case
the flexural stiffnes$E1)""“"*" of the sandwich is

(2.5)

Eft;wh® 1 (2Epwt}  Eawt?

ET Flexural _ fuvf . f cWl, ,
(B) VIR U VI

where the term\ signifies the Poisson’s ratio effect, which makes a wide bstiifier than a

narrow beam. In case of a beanbecomes 1, whereas in case of a plate the term has values of
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Figure 2.4.: Approximate and exact normal, bending andrsdtessses in a sandwich panel as
presented by Bitzer [27].

0.89 for aluminium, 0.91 for steel and 0.98 for fibreglassstaged in the work of Bitzer [27].
Generally, if a beam’s width is seven times larger than itsktess and larger than one-third
of the span it is assumed to behave as a plate. With equatoth@.stresses in face sheet
osy(2) and cores, ,(z) become

EfMZ
(EI)Fle:vural

E .Mz

and  o.,(2) = W

Ory(2) = (2.6)

Above equations 2.5 and 2.6 can be simplified by assuminghieatnodulus of the core is
significantly smaller than the modulus of the face sheBts{ E;). Furthermore in case of
thin face sheets { < t.) the stress distribution in the face sheet can be considenestant.
Using these approximations the sandwich flexural stiffriésg)”"“*"* and stresses in face
sheetr;,(z) and cores, ,(z) are given by
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Total deflection = Bending deflection + Shear deflection

3,
Figure 2.5.: Deflection of a sandwich beam taken from Zerjk&Q].

2

(E.I)Fle:vural ~ Eftfwh ’ (27)

2)\f
2M z\

ory(2) & 2R and oey(2) = 0. (2.8)

’ trh? ’

In the third figure 2.4c a sandwich structure is illustratddoh is loaded in shear by a lo&td
The shear stress distribution in face sheets(z) and corer. ,.(z) can be expressed as

SEf 2 t? 2
vayz(z> = 2 (E])Fle:cural <tf + tftc + 5 -z and (29)
S Esty(ty+t.) E. [t
Tc’yz(z) = (EI)Flexural < 2 + 7 Z - 22 ) (210)

By assuming that the core modulus is very small & E) and the face sheets are sufficiently
thin (t; < t.) the equations 2.9 and 2.10 reduce to

e (2) = 710 2) % (11)
wherez ranges from-h/2 to h/2. Above relations for the sandwich stiffnesses can be used
to calculate the deflection of a sandwich beam. In case ofdsah panel subjected to a out-
of-plane load the total deflection is composed of a bendiriigctéon and a shear deflection,
as illustrated in figure 2.5. The total deflecti@ns the sum of the bending deflectiohand
shear deflection, and can be expressed as

FL? FL
op=Ky————— + K,———-.
b b(E[)Flemural + hch

The parameters’, and K, are deflection constants depending on the support of thensemd
beam. Values of<, and K, for various sandwich setups can be found in the work of Bitzer
[27]. L is the length of the sandwich beam afidis the shear modulus of the core.

Above relations for stresses, stiffnesses and deflectembe used to estimate the elastic
behaviour of a sandwich based on the properties of its faeetstand core. However it is
difficult to analytically predict failure behaviour of samith structures due to their complex
nature. The common failure modes of sandwich panels and ¢hases are summarised in

(2.12)
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table 2.4. Literature dealing with failure in sandwich stures [27, 159] provides equations
which allow to calculate critical stresses for variousuegl modes, such as wrinkling (local
buckling of face sheets), dimpling (local buckling into earells) in case of cellular cores,
transverse shear failure, etc.

There exist several analytical solutions to predict thedotpesponse of composite sand-
wich structures. Soden [141] modelled core crushing usmig@entation model that consists
of an elastic face sheet resting on an elastic perfectlgticlfoundation. However this type of
approach remains limited as core crushing and damage iratieesheets is neglected. Ana-
lytical approaches which may consider these phenomengeangsnass models and energy-
balance models as found in the research works of Abrate [Baminanda et al. [15]:

Spring-mass models use springs to represent the effettivtigral stiffness of a impactor-
sandwich plate system, where the elastic response of tlteveanplate is solved from the
dynamics equations of the system. The energy-balance nevdklates the conservation of
the total energy in the system to solve for the maximum impzed. The sum of the de-
formation energies at maximum deflection is set equal to thetic energy of the impactor.
By that the deformation energies can be quantified and detethseparately. Both models
have been adopted to sandwich plates with fibrous core (Andgl7]), foam core (Zhou and
Stronge [163]) and honeycomb core (Zhou and Stronge [1683taDié [33]) to predict the
force on the impactor.

However, these elastic models are limited to predict theboisdamage and are restric-
ted in case of prediction of the evolution of damage. Modifpdng-mass models have been
proposed by Foo et al. [60] to account for damage, but theyheawily based on additional
experimentally determined data. In summary, most exigtioglels are valid for elastic im-
pact events, but the impact response of the structure h#tartset of damage is not well dealt
with.

Another restriction is that these analytical approache®aly valid for well defined im-
pact load cases. By contrast a sandwich structure subjezietpact fails under a complex
combination of various factors, such as sandwich strugemmnetry, impact conditions, na-
ture of impactor, etc. In order to predict failure condisoand failure behaviour in case of
impact or likewise complex load conditions it is therefotas of the art to resort to numerical
approaches as for example finite element methods (FEM).eThige element methods are
briefly introduced in the next section, which is then follal®y a further section discussing
their adaption to impact cases on sandwich structures.

2.4. Numerical modelling of sandwich structures

2.4.1. Introduction

Numerical methods have been applied to numerous probleersgimeering and science and
have become become a reliable design tool. Beside the wiglg finite element method
(FEM) there exist various other methods such as finite diffee method (FDM), finite volume
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Table 2.4.: Sandwich failure modes, taken from Bitzer [27].

1. face sheet failure

Initial failure may occur in either compression or tensic
face sheet. Caused by insufficient panel thickness, fe
sheet thickness or face sheet strength.

2. Transverse shear failure
Caused by insufficient core shear strength or panel t
ckness.

3. Flexural crushing of core
Caused by insufficient core flatwise compressi
strength or excessive beam deflection.

4. Local crushing of core
Caused by low core compression strength.

5. General buckling
Caused by insufficient panel thickness or insufficie
core shear rigidity.

6. Shear crimping

Sometimes occurs following and as a consequence of
neral buckling. Caused by low core shear modulus
low adhesive shear strength.

7. Face sheet wrinkling
The face sheet buckles as a plate on an elastic foun

tion. It may buckle inward or outward depending on re _,

lative strengths of core in compression and adhesive
flatwise tension.

8. Intracell buckling (dimpling)

Applicable to cellular cores only. Occurs with thin faci __,

sheets and large core cells. This effect may cause fail
by propagating across adjacent cells, thus inducing fe
wrinkling.

Tensile failure in facesheet
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method (FVM), boundary element method (BEM) and meshledbads. However in case
of impact simulations the FEM are prevalent. The FEM is caghpnsively discussed in the
textbook of Wriggers [155]. In comparison to time-consugnand expensive experimental
approaches, they allow a short-term and inexpensive asadysstress and deformation in
complex structures with simultaneous consideration ofenietdegradation and failure. In
the FEM the geometry of a continuous body is discretisedcivimeans the segmentation
into a set of nodes and elements. The physical quantitiesadecalated directly at the nodes,
whereas the distribution of the physical quantities betwtbe nodes is described by elemental
shape functions. In case of solid mechanics the FEM needsve the dynamic equilibrium
equations

mii + ctt + ku = £,,,(1). (2.13)

In above equation the termmii refers to inertia, the termu refers to damping, the term
ku refers to the stiffness anfl,,(¢) are the external forces. As the dynamic equilibrium
equation is a function of the time it is also necessary tordtse the time, which means
that equation 2.13 is solved at discrete points in time. Rat purpose two different time
integration methods can be used, which are the implicit bagxkplicit time integration.

The difference between both integration schemes is thagxpkcit method uses equa-
tion 2.13 at time to predict a solution at time+ At. In the process the system of equations
is uncoupled. The size of a time incremeXxt depends on the largest eigenfrequency of the
system, which typically implies very small time incremers the solution of the differential
equation is approximated (conditionally stable) it driftsm the exact solution in case of a
very large number of time increments. In order to achieveemence the Courant-Friedrichs-
Lewy condition (CFL condition) has to be fullfilled. It statéhat the timestefA¢t must be less
than the time a wave needs to travel between adjacent noifd$ pdhe one-dimensional case
the CFL condition for example requires

v X At
< .
Al <C, (2.14)

wherev is the velocity of a wave and! is the distance between two adjacent nodes. The term
C refers to a characteristic magnitude which depends on tiiieplar differential equation to
be solved.

The implicit method attempts to satisfy the equation 2.18na¢ ¢ after the solution at
timet — At has been found. For that purpose the whole system of eqsdtasto be solved
at each time increment which also means that the globahesif matrix has to be inverted at
large numerical costs. However it is unconditionally stadhd the size of the time interval
is only limited by the convergence conditions. Therefore tiime increments are typically
considerably larger than in the explicit method. In figuré the differences between both
integration methods are also schematically illustrated.

There exist various commercial numerical codes which ugdiaih (ANSYS, NAS-
TRAN, ABAQUS implicit, etc.) and explicit (PAM-CRASH, LS-ENA, ABAQUS expli-
cit, AUTODYN, etc.) integration schemes. Implicit metha® suitable for quasi-static and
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Figure 2.6.: Schematic illustration of implicit and exftitme integration scheme.

slowly evolving events. Typically they need one or very fawe increments to obtain a solu-
tion. They are limited in case of notably non-linear probdess the size of a time increment
has to be considerably reduced in order to converge to act@oéution. In contrast, explicit
methods are appropriate for highly non-linear problem#$ weéry short time duration, as for
example impact and crash events. As the time increment ir@iti time integration is very
small, they need a large number of time increments to obtaolation. The present work
mainly focuses on the modelling of impact problems, therefouses the explicit time inte-
gration method. An introduction to explicit time integ@timethods can be found in the text
books of Wilson [152] and Wriggers [155]. The kinetic retetts and the dynamic equilibrium
equations of a given time increment can be used to calcuhatesalution of the following
time increment. An example for this approach is the finitéedénce scheme, after which the
displacements at+ At can be expressed by

i, = m ! (f,(t) — di, — kuy) (Acceleration), (2.15)
Up1/oar = Wy jone + WAL (Velocity), (2.16)
W ar = Wy + Uypq o AL (Displacement). (2.17)

Above equations have to be solved in each time incremengidr degree of freedom (DOF).
The approach corresponds to a piecewise propagation optieged displacements and loads
(element by element) through the body. From the displacéstkea nodal forces at+ At can
be calculated. The repeated application of equations 2.13-allows to solve for a series of
time increments if the initial conditions are known.

The above discussed methods of integration are only condily stable, if the time
increment is smaller than a so-called critical time incratig.;,. The critical time increment
is based on the largest eigenfrequency of the system andnisoaly defined as
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Aty =k (5) , (2.18)

C

wherelL is the characteristic element length of the smallest elénidre factork is often used
in commercial codes to ensure stability in case of non-libea: is the material sound speed,
which is

E(1—-v)
— 2.19
\lp(l—i—u)(l—Zu) (2.19)
in case of solid elements,
| E(1-v)
c= ) (2.20)
in case of shell elements and
E

in case of solid-shell elements. The smaller the elemestasiz the stiffer the material, the
smaller becomes the critical time increment. Therefore,cibmputation time of an explicit
time integration scheme mainly depends on element size améber of integration points. In
order to limit the computation time, explicit analyses aftan with single precision (cf. [48]).
It is also noted, that explicit analyses often use a reduttegjiation technique with one-point
guadrature instead of a full integration. This reducedgragon avoids locking phenomena
but leads instead to zero-energy modes commonly calledghess-modes’, which can cause
numerical instability through uncontrolled oscillation&or these cases commercial codes
provide hourglass control algorithms, which minimise #fifect of one-point quadrature ele-
ments (PAM-CRASH manuals [47, 48]). Reduced integratigncglly results in a reduced
computation time.

2.4.2. Modelling impact on cellular sandwich structures wi th FEM

An important question is how to correctly represent the laehe of cellular sandwich struc-
tures (such as foldcore and honeycomb) in impact. Genettadlyphysical phenomena as-
sociated with impact damage and progressive collapse oposite sandwich structures are
complex and therefore simulation tools for design and assbs well as predictive models are
being widely investigated. Key issues are the developmiectmstitutive laws for modelling
composites in-ply and delamination failures of the faceeshesuitable models for complex
sandwich cores and the efficient implementation of the nat@odels into explicit FE codes.
There are several approaches in literature which aim toridbessandwich structures
with face sheets and core numerically. A very basic appréeathmodel the sandwich setup
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with a stack of three shell elements representing face sla@elt core or a single multilayered
shell where face sheets and core are represented by indivialers. A parameter study
investigating different setups of this approach usingdmelastic material properties for face
sheets and core was performed by Manet [115]. The sheldbagproach is in particular

suited to reproduce the elastic bending behaviour of vegelaandwich structures. However
it is noted that the shell-based method limits the constaeraf local damage and failure and
therefore is not well qualified to model impact events.

It is noted, that Karger et al. [106] modified the shell-bagpproach to provide efficient
simulation of damage resistance of honeycomb sandwichlpanéjected to low-velocity
impact. By using an element formulation which accounts fa tull 3D stress state and
implementing a failure analysis based on a progressive gamachanics approach the onset
of damage is correctly predicted. Damage progression isardidered by the model.

Another straight-forward method is a homogenisation, Whgplaces the cellular core
with an equivalent continuum model of three-dimensiondidselements. By the homoge-
nisation the constitutive behaviour of the solid elememntzés adapted to the effective pro-
perties measured for the respective cellular core. The sheets are represented by shell
elements. This approach has been investigations in vapohkcations. Besant et al. [25]
and Heimbs [75] used homogenised solid elements to prdwiotiushing behaviour of ho-
neycombs. The honeycomb was modelled as fully anisotropternal completely uncoupled
in all directions and linear-perfect plastic material babar. Similar approaches have been
used by several other researchers [11, 76, 83, 118] to mogkeldt on foam and honeycomb
sandwich panels. PAM-CRASH [48, 49] provides three matenadels (Material type 31
and Material type 41, 42) based on homogenisation, whick baen specifically designed to
reproduce the nonlinear behaviour of honeycombs. Thewdatblamplement the constitutive
behaviour of highly anisotropic materials. Both materiaddals assume a fully uncoupled
material behaviour in all directions.

However in case of honeycombs or foldcores, these moddisr$tdm a certain draw-
back, as schematically illustrated in figure 2.7: The comrsipess-strain curves in out-of-
plane compression and shear demonstrate an initiallylslaviour and a sudden conside-
rable degradation in material properties caused by cell atkling and folding. This is
schematically illustrated for a compression case in figura,2wvhere (1) signifies the initial
stress peak, (ll) signifies the decreased stress levelglwirich the foldcore interfolds and
collapses and (Ill) marks a significant increase in stiffneége to complete densification and
compaction of the cell wall material.

Implementing this stress-strain curves into the materiatleh causes each individual
element to react like the whole foldcore/honeycomb. Theltes an atypical stress-strain
response of a mesh where several rows of elements are disttim the sandwich’s out-of-
plane direction. This is exemplified for a mesh with three saf elements as depicted in
figure 2.7b, which is loaded in compression. The elementaveelike a single element until
the peak stress is met (IV). However, as soon as a single raleafents is degrading, the
other rows are unloaded to the considerably lower collapesslevel. Once the degraded
row of elements reaches the densification phase and thegiogestress is equal to the peak
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a) Foldcore compression b) Recurring stress peaks c¢) Cut-off of the stress peak
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Figure 2.7.: Schematic illustration of a) the characterikildcore/honeycomb behaviour in
compression b) recurring stress peaks caused by homodeahéseent instability
c) avoidance of instability by cutting off the stress peak.

stress the second row of elements begins to degrade (V).s€higsence is repeated until all
rows of elements are collapsed (VIl) and after which thesstmeow further increases in all
elements beyond peak stress magnitude.

A simple workaround is to cut off the peak stress (VIII) asidegal in figure 2.7c. As
the stress in the material is now continuously increasimgcitnsecutive full failure of ele-
ments/rows of elements is avoided. However the materialaintieen underestimates the
stress levels at which the collapse of the foldcore/honeyxis initiated. This approach gives
a good approximation of energy absorption, which is impurifssandwich cores are used for
example as crash absorbers. However the approach is limitage of impact, as core failure
is localised and a correct representation of the peak sg@sportant.

Therefore a homogenised model is a convenient way to représereal core geometri-
cally, but it is limited if it is used to model core damage amgjhdation. The main reason is
that in each homogenised element the constitutive behawf@uwhole foldcore is implemen-
ted, whereas in the model it represents only a small, loaalgfat. Another limitation may
also be that it cannot reproduce the exact damage propagatised by the discontinuous
surfaces of a cellular core in contact with the face sheets.

In recent years the increase in computational power hasqiesrthe meso-model ap-
proach, which models the core explicitly with shell elensetd obtain more realistic dis-
tributions of stresses and strains. Considerable resémsteen invested in the design of
shell-based meso models and their respective cell wallmabtaodels. The focus of this
research is mainly aimed at modelling of the quasi-stati@lemur of cellular cores (prima-
rily in compression and shear) as well as on the predictiomgiact behaviour of cellular
sandwich structures.

The crushing of aluminium honeycomb cores with the exptiode PAM-CRASH was
modelled by Chawla et al. [34] who studied the influence of elloty parameters like loading
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rate, element size and material models. The aluminium callwas presumed to be isotropic
and nonlinear elastic-plastic. Aminanda et al. [14] inigeged the crushing of Nom&xpaper
and aluminium honeycomb cores experimentally, numesieait analytically. A comparable
modelling approach can be found in the work of Aktay et al] [4Bere experimental and nu-
merical analyses of the crushing of aluminium and Nofnlesneycomb cores where perfor-
med as well as in the work of Foo et al. [59] where impact on Ndireneycomb cores was
researched. All data from the open literature demonstnatdarge compressive deformations
of cores with fibre network type cell walls and which are maigbverned by buckling and
bending, can be modelled using explicit codes in combinatiibh an elastic-(perfect) plastic
material model. Similar conclusions were drawn by Lamb [Mfo simulated a range of
different load conditions on honeycomb sandwich structdioe crash absorption in Formula
1 applications.

Less research exists regarding the modelling of the cdllbeaaviour of foldcore struc-
tures. Nguyen et al. [121] modelled spherical impact on @lium honeycomb and foldcore
sandwich structures in LS-DYNA using an isotropic non-éinelastic-plastic cell wall model.
First results showed substantial potential but were abh@edidue to excessive computational
time consumption. Heimbs et al. [76, 77] compared expliaiigation and experiment of ara-
mid and carbon composite foldcore crushing and impact bebavThe folding and kinking
cell walls of the aramid paper structure were satisfagtoribdelled on basis of an isotro-
pic elastic-perfect plastic cell wall model. However thespfailure behaviour of the carbon
composite foldcore which is mainly governed by crushingwalls was difficult to represent.

A slightly different approach was employed by Buitrago effa2] to model an alumi-
nium honeycomb sandwich structure. Here the face sheetesmedelled using a fine mesh of
solid elements and the honeycomb core was modelled withhibiélsased meso-model. Far
from the impact location the honeycomb core was represdaytbdmogenised solid elements.
Good agreement of experiment and simulation was reportadifmact with high velocities.

An important advantage of the meso-model approach is, treataithe detailed represen-
tation of the cellular structure the damage initiation angppgation can be modelled accura-
tely until total failure based on the implemented materegrddation and failure mechanisms
of the cell wall. A further advantage is that the cellulausture can be directly represented
by fold geometry and cell wall material behaviour. Therefthrere is no need to tediously de-
termine the complex constitutive behaviour of cores witifedent fold geometry separately.
However it is noted that the meso-model approach requirggnéfisant number of elements
of small size for its detailed mesh structure. The componaii costs are considerably larger
than in the other approaches.

2.4.3. Thesis structure based on literature review

The present work follows the research reviewed into the ldpweent of an FE methodology,
which tries to represent the behaviour of a foldcore sanklwiouctures in various load envi-
ronments. These load environments include quasi-statipoession and shear loads as well
as dynamic load states caused by low- and high-velocity ampia order to give a precise
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reproduction of the mechanical and structural behaviowlitoad cases the detailed meso-
model modelling approach discussed in section 2.4.2 isqaegh. The motivation is that the
meso-model approach has the best performance in descaibnetevant physical mechanisms
and is able to conveniently handle large numbers of diffei@dcore geometries.

For the implementation of a shell based meso-model accauaterical descriptions of
the respective geometries and material behaviours whigierérom initial elastic behaviour
up to —if required- total failure are necessary. Additibnséveral other factors can influence
the modelling results, such as skin-core interface, sjidind friction, material irregularities,
boundary conditions, numerical inaccuracies, etc. In samnthe physical and numerical
mechanism governing response of a composite foldcore sehdnodel are very complex,
especially in case of impact. In order to provide reliabkuits the development of a meso-
model for impact on sandwich structures is realised in tistdeparts, which build on each
other. The first part includes the modelling of the cell waliterial, the second part covers
the description of foldcore structures and the third pat¢mas the foldcore model to impact.
This partitioning allows to evaluate the individual modeéacacteristics separately.

In summary the required work steps in this thesis are:

 Cell wall material: This part is discussed in chapter 3 ayzlfes on the development
of a shell-based material model which captures the charstits of aramid paper cell
wall material. For this purpose the mechanical propertiegsamid paper are characte-
rised then a suitable material description is derived. 8gbently the capability of the
material model is evaluated by comparison to experimeratiz.d

 Foldcore structure: This part is discussed in chapter Laads with the adoption of the
previously developed cell-wall material model to foldcsteuctures. For this purpose
the geometrical and mechanical characteristics of folelpamnels are measured. Based
on the geometrical description of a foldcore including n®gularities a shell-based
foldcore model is developed. For evaluation the model issegbently compared to
foldcore benchmark tests.

* Impact on sandwich panel: This part is discussed in ch&pé&erd describes the exten-
sion of the previously established foldcore model to impa@aditionally, the impact
behaviour of foldcore sandwich structures is experiméntdiaracterised in order to
assess and evaluate the predictive capabilities of the Imode
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3.1. Overview

This chapter gives an overview on the properties of arampkepand how aramid paper is
modelled in this work. In the first section the charactersf its constituents are briefly
summarised. Subsequently, the structure of aramid papesdsssed on basis of microscopic
cut-images (MCI) and computed tomography (CT). The seceatan of the chapter deals
with the measurement of the paper’s mechanical propesikgh are required for the nu-
merical representation of aramid paper. For this purpogeraktest series, such as tensile
coupon, cylinder crush, thick-walled beam shear and \itamddending tests are presented and
discussed. The third section of this chapter then dealstiwéltonstitutive description of the
aramid paper. The main part of this section discusses thgrdefsa constitutive model for the
aramid paper. The main challenges are the considerabletaly of the aramid paper and
the necessity to reproduce the non-linear mechanical l@lmawp to total failure. Finally in
the last section the validity and efficiency of the cell watiael is assessed by comparison of
experiment and simulation of selected benchmark testh,asipaper coupon test and cylinder
collapse test.

3.2. Introduction to aramid paper

In this section the constituents of the aramid paper, thaiaréibre and the phenolic resin are
discussed and basic data on their material characteraticgiven. The fabrication process
of aramid paper is briefly summarised. Subsequently, theasgopic structure of the aramid
paper is reviewed and basic mechanisms in the paper-likerrakare discussed.

3.2.1. Aramid fibre

A factor considerably contributing to the particular medical characteristics of the aramid
paper is the nature of the reinforcing fibre. Tdm®matic polyamide was developed by E. I.

DuPont de Nemours, Inc. at the beginning of the 1970s. Ardiloids are man-made high-
performance fibres with excellent thermal resistance. Niaya aramid fibres are widely used
and there is much data on their behaviour and propertiekahlain the literature [52,61,150,

157].

Typically aramid fibres are sub-divided into p-aramids andnamids. P-aramid fibres
were developed in the 1960s and 1970s. They offer high gtremgl high modulus and are ty-
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Figure 3.1.: Aromatic polyamide, as presented by Yang [157]

pically employed as reinforcement in composite materi@asmmon tradenames of p-aramid
fibre products are Twarén(Twaron is a registered trademark of Akzo Nobel, Inc.),
(Technora is a registered trademark of Teijin Ltd.) and E&/(Kevlar is a registered trade-
mark of E. I. DuPont de Nemours, Inc.). The chemical formula-aramid is illustrated in
figure 3.1a.

The other member of the aramid family are m-aramid fibreschwinere developed in
the 1960s. They demonstrate less strength and modulus cedogp-aramid fibres. In many
aspects m-aramid is similar to conventional textile fibmed @an be formed into stiff, durable
papers. Common tradenames of m-aramid fibre products areXfofNomex is a registered
trademark of E. I. DuPont de Nemours, Inc.) and Teijincéh€beijinconex is a registered
trademark of Teijin Ltd.). The chemical formula of m-arangdllustrated in figure 3.1b.

These two types of aramid fibres have several important ptiepewhich were summa-
rised by Wardle [150] as follows. The main characteristitbath types are their excellent
fracture toughness and damage tolerance as well as the dnghet strength and modulus
which is well comparable to inorganic fibres such as glasscamdon. In combination with
their low specific density they are an unusually light, stramd stiff material with high re-
sistance to impact damage. Another prominent quality isgative coefficient of thermal
expansion. In combination with a matrix material with pngtcoefficient it is possible to
create laminates which have very low thermal expansion.prbperties of aramid fibres are
compared to the properties of other fibre products in taldle 3.

However the compressive and transverse properties of drilpnes are comparatively
low. The chain structure of the polymer molecules is vulbr#o kinking and collapse, which
results in significant plastic deformation in the form ofkkimands (Andrews et al. [18]). As a
result the stress-strain response in fibre direction isiderably asymmetric as it is delineated
for a aramid fibre yarn (Kevl&r49) in figure 3.2. In compression the aramid fibre yields at
relatively low strain and subsequently shows a (perfee$td behaviour, whereas in tension
the fibre behaves linear elastic and shows a very high strefige behaviour in bending and
shear is comparable to the compressive behaviour.
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Table 3.1.: Properties of different fibre products takemfidaniel and Ishai [37] and DuPont
technical guide [45].

Material Type Density Tens. modulus Tens. strength Fastnan
[g/cm?] [GPa] [GPa] [%]

Kevlar 49 p-aramid 1.44 112.4 3.0 2.4

AS-4 High-tenacity 1.8 235 3.1 14

carbon

Glass S-glass 2.49 85 4.6 5.4

Boron Boron fibre 2.35 395 3.5 -

Steel Steel wire 7.75 200 1.96 2.0

A Stress [GPa]

Strain [%]
T T T T T T >

4 3 2 1 1 2

Figure 3.2.: Typical stress-strain-behaviour of Ke¥la#9 yarn, taken from Flemming et
al. [57].

Because of their considerable toughness aramid fibres fieildito process. Typically
fabrics have to be cut with special cutting tools and aranhictfreinforced laminates have to
be handled e. g. with water-jet cutting processes in ord@btain satisfying cut surfaces.
Aramid fibres tend to absorb humidity and are vulnerable tawublet radiation. It is also
difficult to attain a good bond between fibre and matrix andcigify the adhesion of different
matrix materials to aramid fibres is weaker compared to gladscarbon fibres.

The main characteristics of aramid fires, which are excettmighness and low weight,
make them an ideal material for impact absorption (Ward[LFink [52]). The area of
application ranges from low velocity impact to impact caséh very high velocities. Typical
examples are impact resistent structures in transporcheshsuch as aircrafts, helicopters,
automotive vehicles, railway vehicles, etc. and balliptiatection equipment.
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Figure 3.3.: Phenolic resin, as presented in the PhenokmRd&echnology Handbook [123].

Table 3.2.: Properties of different matrix materials takem Daniel and Ishai [37] and the
Phenolic Resins Technology Handbook [123].

Material Density Modulus Tensile strength Compressivergjth
[g/cm®]  [GPa] [MPa] [MPa]
Phenolic resin 1.1 5-6 34-55 69-138
Epoxy (3501-6) 1.27 4.3 69 200
PEEK 1.32 3.7 96 -
Polyester 1.1-15 3.2-35 40-90 90-250
Vinylester (Derakane)  1.15 3-4 65-90 127
Polymides 1.4-19 3.1-49 70-120 -

3.2.2. Phenolic resin

The properties of phenolic resin in this section have beemsarised based on informations
taken from the Phenolic Resins Technology Handbook [128nBlic resins are a type of
synthetic thermosetting resin invented by Dr. Leo Baekianl907. They are produced by
polymerising phenol and formaldehyde under separationadéiv The occurrence of water as
by-product leads to a certain undesired porosity. Theinroharacteristics are high tempera-
ture resistence, high strength and low smoke generatioasa of fire. They also offer a good
price/performance profile. The chemical formula of phenadsin is illustrated in figure 3.3.

Phenolic resins are relatively stiff and non-ductile. Timeaterial behaviour is typically
more brittle compared to other resins used in fibre comp®siieh as for example epoxy. The
stress-strain curve in tension is essentially a straigktuip to the yield point. In compression
they show considerable plasticity after an initial elagth@se, which approximates perfect-
plastic behaviour before failure. The compressive faikirength is 2-3 times higher than the
tensile failure strength. Typical properties of differentnposite matrix materials are listed in
table 3.2.

The percentage of phenolic resin in common fibre compossteslatively low. Their
application is limited due to the release of volatile subsés (water) during curing and their
comparatively brittle behaviour, which makes the adopésstructural components difficult.
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Conventional paper-making process Phenolic resin impregnation process
(Fourdrinier machine) (Horizontal impregnating system)

Q Hi ﬁv
800@@@@ ﬁ@

Forming Press Drying  Calender Paper Resin Treater Shear
section section  section  section feed impregnation oven

Figure 3.4.: lllustration of the paper-making process dredahenolic resin impregnation pro-
cess.

Their outstanding property is the excellent thermal rasisé and low flammability compared
to other resin matrix materials. This, in combination witle good impact resistance, which
they share with other resin matrices, makes phenolic r@siesesting for applications, where
fire safety is important. Typical examples are structureaviiation, mass-transit, marine,
off-shore and construction.

3.2.3. Manufacturing of aramid paper

In the scope of this work the primarily investigated paparcure is the ‘aramid paper’, which
is a development similar to the prevalent honeycomb matériee manufacturing process of
the investigated aramid paper comprehends of three indiVisteps. A schematic overview
on the first two process steps is given figure 3.4. In the fiegp stn aramid fibre pulp is
machined into a raw aramid fibre paper form on basis of a cdioread paper-making process
(Yang [157], Fink [52]). The aramid fibre pulp is producednfrawo forms of the aramid
polymer. Small fibrous binder particles (fibrids) deriveredily from the polymer under high
shear conditions are thereby mixed with short fibres (floagtviare cut to length from a fibre
filament.

The floc and fibrids are combined in a water based slurry fronchvé continuous fibre
fleece is produced (Forming section). The fibre fleece is sulesely milled (Press section),
which generally causes the fibres to be more orientated immhehine direction. In this
context machine direction is defined parallel to the millitigection and cross-machine direc-
tion signifies the perpendicular orientation. The remammoisture is removed by a drying
process (Drying section). The final densification and irdebonding is achieved by high
temperature calendaring (Calender section). The reguttaper is mechanically strong and
has good electrical properties.
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During the second step the aramid fibre paper is impregnatédplienolic resin, a
process which is for example delineated by Brydson [31]. tRat purpose the aramid paper
is typically machined in a horizontal impregnating systemhere the dry aramid paper is
immersed in a resin dip and then transported via a rolleesyshrough a metering device,
where the excess resin is deposited. Subsequent heatnitathogvs the fabrication of aramid
paper prepreg.

In the third step the aramid paper prepreg is brought intiniéd structural shape. In the
present work this shape corresponds to the fold structutieeofoldcore sandwich core. The
folded aramid paper prepreg is then subjected to a heabtesdtin which it is cured in its
final form. The cured aramid prepreg is called ‘aramid papEnre mass per area of the cured
aramid paper is about 240 g/m

3.2.4. Composition and structure of aramid paper

The aramid paper consists of randomly orientated aramidgibonded together by phenolic
resin. As its abbreviation ‘aramid paper’ already indisaiteshares some basic properties
and behaviours of a ‘common’ paper structure. A paper natas defined by Bristow and
Kolseth [29] is a two-dimensional fibre network. It mainlypg®ds on the elastic and strength
properties of the fibres, the bond between the fibres and tbmegeical characteristics of
the fibre network. The geometrical characteristics inclfiiiee length, fibre cross-sectional
shape, fibre orientation distribution, fibre curl and thergity and formation of the fibre-to-
fibre bonds. In general a paper structure exhibits some erajaracteristics:

* Anisotropy: The anisotropy depends mainly on the inhomeges character of the
fibre network. Dependent on the manufacturing process thesfipenerally lie parallel
to the plane of the paper. Secondly a non-uniform, in-plamentation distribution
of the fibres is caused by the milling process. In general thgotropy in thickness
direction is considerably more pronounced than in planaction.

* Planar nature of paper: The magnitude of the dimensiomalisi thickness direction
compared to the planar dimensions is very small. In fact tifferdnce in scale of
the paper’s thickness relative to the characteristic kengthe fibre network structure is
marginal. This inherent geometrical nature poses quit@herige when experimentally
evaluating the through-thickness properties.

* Inhomogenity: In reality a fibre network such as paper extién uneven distribution
of mass density and local thickness. The main reason is tbguiar orientation and
allocation of individual fibres and fibre flocs. In case of aihpaper the phenolic resin
matrix which has a weight proportion twice as much as the mrdilres additionally
causes considerable inhomogenity especially througikitiess direction of the paper.

A photography of plain writing paper is added in figure 3.5pamt out the astonishing visual
conformance to the aramid paper depicted in figure 3.5b. Trhertsions of the photographies
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(a) Writing paper (b) Impregnated aramid paper  (c) Unimpregantd aramid paper

" ‘,__.\‘; : z
(d) Impregnated aramid paper  (e) Impregnated aramid paper  (f) Impregnated aramid paper
Figure 3.5.: (a) Standard writing paper (80 g) made of cedlelpulp (b) Impregnated and
cured aramid paper (c) Uncured aramid paper prior to im@egm with phe-
nolic resin (d) Microscopic image of aramid paper crosdisaqe) Computer

tomography of aramid paper midplane (f) Computer tomogyajtaramid paper
cross-section.

in the top row of figure 3.5 are about 10 mm. In figure 3.5c thedwramid fibre fleece prior
to the infiltration with phenolic resin is illustrated. Thére network character is clearly
noticeable (by the naked eye). Variation in fibre length abkfcurl can be observed.

A study of micrographic images of aramid paper cross-se@sdepicted in figure 3.5d
leads to following observations: The distribution of fibiesout-of-plane direction of the
paper is inhomogeneous. The fibres are concentrated in thergpaidplane showing an
almost constant fibre dispersion in thickness directioncivimeasures about 0.2 mm. An
irregular distribution of pure resin film can be observed lo& surface of the aramid paper
which measures about 50 % of the total local thickness. Thegular pattern of resin film
causes significant variation in paper thickness, whichearigpm 0.2 mm to 0.4 mm.

In figure 3.5e and 3.5f the top-view of an impregnated ararajuep midplane as well as
the cross-section of an aramid paper are visualised by ctadpomography. The distribution
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of phenolic resin in the fibre reinforcement is highly irréauand there is a significant number
of voids. The voids are mainly located in the fibre reinforcegion. Considerably less voids
are observed in the pure resin film, which covers the surfatt® fibre reinforcement. It is
noted, that the polished cut image of figure 3.5d generalbyvshess voids. A reason may
be, that the grinding process of the cut surfaces tends peidis the phenolic resin to some
degree.

On basis of the examination of a sequence of micrographig@ésman average paper
thickness of 0.30 mm can be approximated. The measureddadasistent with the observa-
tions made by Baranger et al. [20] who also investigated Gibextion distribution in the plane
of the paper. The surface fibre rate in machine direction waemved to be more pronounced
than the surface fibre rate in cross-machine direction w4 compared to 5.1 %.

3.3. Experimental characterisation

This section presents test series which aim to evaluateaperjs mechanical properties ran-
ging from behaviour under general loading conditions uptaltffailure. The main intent is to
provide sufficient mechanical data to design a material ihatiech is capable to reproduce
all types of quasi-static as well as dynamic load eventsonsieration of this motive itis ne-
cessary to determine the elastic properties as well as ther@nce of damage and plasticity
prior to total failure. Due to the intrinsic properties ofarid fibore composites, which differ
especially in the post-elastic regime, the strong ten®lealiiour and the weak compressive
behaviour have to be measured separately. Finally an agiptoagquantify the effect of the
inhomogeneous fibre distribution in out-of-plane directi® proposed. Partial aspects of the
presented work have been published by the author in thercsearks of Kilchert et al. [101]
and Fischer et al. [54, 55].

To characterise the mechanical behaviour of paper mateiginecessary to expend
considerable effort on design of specimen and test setupder ¢o overcome the difficulties
given by its inherent mechanical characteristics. Duestfiite network structure and planar
nature the practicable minimum size of specimen is limited especially the evaluation of
compressive and out-of-plane properties is challengingerd is a broad consensus that pa-
per behaves as an orthotropic material [29, 51, 133] whiatde nine elastic constants to be
determined as given by
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The x- and y-axes signify the in-plane directions and theig-aignifies the out-of-
plane direction. The variableg; are the stresses and the variabigsare the strains. The
elastic constants are the normal moduli, £,, E,, the shear moduliz,., G.,, G, and the
Poisson’s ratio%,., v..., vz,. A method to determine all nine orthotropic elastic contstarh
machine-made paper was detailed by Mann et al. [116]. Th@ane normal stiffnesses of
NomexX® paper have been investigated by Foo et al. [58] and all ingokaoduli for tensile
and compressive loading of Nonfegpaper have been established by Hahnel and Wolf [80]. It
is noted that the scope of the following section is limite@ do availability of test machines
to the determination of the most relevant elastic constaish are the in-plane constants
E,, E,, v, andG,,. The stiffness and strength in out-of-plane direction igiaglly 50
to 100 times smaller than the in-plane properties. The twies®a’s ratios, ., v,. for the
coupling between the in-plane and thickness directions/ang close to zero whereas their
corresponding ratios.,, ., are large.

The elastic moduli and damage behaviour in normal in-plareetions was investigated
on basis of tensile coupon tests and ring crush tests. Os béashick-walled beam shear
test the in-plane shear behaviour of the aramid paper wasndieied. Test data of vibration
bending tests taken from Baranger et al. [20] is presentpdaide insight on how the inho-
mogeneous distribution of fibres in the out-of-plane digatis affecting the elastic behaviour
of the aramid paper.

3.3.1. Tensile coupon test

The purpose of the tensile coupon test is to determine tiptaime tensile behaviour of the
aramid paper. In the following the measurement of tensitenabmodulus, the Poisson’s ra-
tios, the tensile failure stresses and the tensile stres¢snale strain response in both in-plane
orientations is delineated and discussed. Additionaleyamount of plasticity is evaluated
using cyclic loaded coupon specimens.

The quasi-static tensile test series was conducted on akdwiiversal testing device.
The preparation and performance of the coupon tests arecorgance to ISO 1924-2 [43]
with minor modifications. The specimens are tapered aloai kangth to a minimum width
of 10 mm to avoid failure in adjacency of the clamping. An eiagh must be placed on
the grips to minimise slippage. Satisfactory results weteeved with aluminium tabs at the
clamping brackets. The specimen were prepared such thibte@etwork was either axially
loaded in machine direction or in cross-machine directidre test setup is depicted in figure
3.6 and the test conditions are summarised in table 3.3.

A challenge presents the measurement of the specimen’gatlon as the stiffness is
considerably affected by traditional methods such asrsgailges. An elegant way out of this
dilemma is offered by optical measurement methods whidbvaihe relative displacement of
a speckle pattern applied to the specimen. On basis of therpattime-dependent variation
the displacement and strain fields of the monitored area earaleculated in all three dimen-
sions. It is noted that the observed strain distributionrdutesting varied over the speimen
area as can be seen in figure 3.7. The contour plots show Hie distribution after start of
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Test method: A Coupon test

B Cyclic coupon test
Test standard: DIN EN ISO 1924-2
Test rate: 2mm/ min
Specimen material: Aramid paper
Specimen dimension: 250x15x0.30 mm
Number of specimen: A 10

B 10

Figure 3.6.: Test device Table 3.3.: Test specifications

[%] [%]

0.47 0.86
0.42 0.80
0-39 0.76
0.36 0.72
0.33 &

0.30 0.6¢
0.26 0.62

Figure 3.7.: Contour plots of longitudinal strain from testiation until briefly before failure
of specimen and photography of failed specimen.

the test and just before total failure. The quality of dimition was consistent during the entire
test duration. This non-uniform behaviour is mainly causgdhe irregular paper thickness
and fibre network properties as illustrated in section 3.A.4lobal strain can be defined by
computing the average of the non-uniform strain in a suffitydarge area.

Figure 3.8 shows the averaged stress-strain behaviour pé&mmens loaded axially in
machine direction and of 5 specimens loaded axially in eroashine direction. The high-
lighted curves signify the averaged values of the individest curves, which are printed in
light colours. The presented stresses and strains aresvalgeaged over all sub sets, which
are located on the narrow waist of the specimen. Stress Isdldemeasured with a 5 kN sen-
sor divided by the sectional area of the sample whereasrtua & the global strain described
above. The optical strain measurement captures the notraad 81 both in-plane directions
which permits the calculation of the in-plane Poisson'®gtif it is assumed that the stiffness
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Figure 3.8.: Averaged longitudinal stress-strain-cuiitensile aramid paper specimen loaded
in machine and cross-machine direction.

and Poisson’s ratios in out-of-plane are very small and eandglected. In case of infinitesi-
mal linear elasticity the in-plane Poisson'’s ratios arewalted as

Voy = = and  y, = - (3.2)
E:L’:L’ Eyy
It is noted that considerable scatter from the averagedesuraen be observed in figures 3.8
and 3.9 if the individual test curves are compared.

Figure 3.9 shows the distribution of the longitudinal streersus the strain measured in
transverse direction. Typically the stress-strain bediavof a specimen is mainly (nonlinear)
elastic until sudden failure by fracture. The elastic maduh machine direction is observed
to be approximately 8 % larger than the modulus in cross-madtirection whereas the fai-
lure stress in machine direction is 3.5 % higher than in eroashine direction. By contrast
the failure strain in cross-machine direction is about in#s the failure strain in machine
direction.

Again the influence of in-plane orthotropy observed in s8c8.2.4 is apparent. Gene-
rally the strain energy is transmitted to adjacent fibreswithe network through the sites
of bonding. The fibre segments are prevalently orientatedanhine direction and thus offer
considerable stiffness and large maximum stress if loadedrdingly. In case of loading in
cross-machine direction a large number of fibre segmentsfign themselves in load direc-
tion before gradually starting to transfer loads. Durinigrainent in load direction substantial
matrix cracking and debonding of fibres and matrix occurse M@sulting damage in the net-
work structure leads to lower maximum stress levels. The fahignment process permits a
significant increase in maximum strain where the specimismifahe majority of fibres are
straightened and met their individual load limit. In botlsea damage occurs first as cracks in
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Figure 3.9.: Averaged longitudinal stress vs. transvessalin in machine and in cross-
machine direction.

the external resin coating, followed by matrix cracking dibde debonding until eventually
the specimen fails due to fibre breaking.

The assumption that the appearance of matrix damage vapending on the respective
load direction is also supported by observations made ihocgnsion tests. The stress-strain
behaviour of single specimens in machine and cross-madimeetion is illustrated in figures
3.10 and 3.11. The observed plasticity is approximately 14 ¥he machine direction and
approximately 23 % in the cross-machine direction. Durimgéxperiment a continuous de-
gradation of the stiffness was visible, which is alreadyiatéd at low loads. This observation
is inconsistent with the general behaviour measured faai¢gtt) unidirectional aramid fibres
loaded in tension, which are essentially linear elastid taiture. An explanation of the ob-
served behaviour is that the plasticity is predominantlysea by fibre segment realignment
and associated local matrix damage. The larger the numbi@srefsegments is, which are
orientated such that they are initially able to transfediahe less fibre realignment and
matrix degradation occurs.

Table 3.4 summarises the mechanical benchmark paramegtsnined for in-plane
behaviour of aramid paper. The presented data is based omgavealues of the measured
material test curves. Naturally a considerable scattebofind—14 % exists caused by the
inhomogeneous nature of the paper. The elastic moduli hee measured from the secant
of the averaged stress-strain values at 0.3-0.6%. The reason to derive the stiffness
properties from small stress and strain values is to configeobserved non-linear elasticity
and degradation in stiffness, which occur at small loads.
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Figure 3.10.: Cyclic stress-strain-curve of tensile adpaper specimen loaded in cross-
machine direction.
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Figure 3.11.: Cyclic stress-strain-curve of tensile achmpaper specimen loaded in cross-
machine direction.
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Table 3.4.: Tensile properties of aramid paper measurexshsile coupon test. The coefficients
of variation are presented in parentheses.

Orientation Elastic Poisson’s Tensile failure Tensiléuie@a Plasticity

modulus ratio stress strain
[GPa] [-] [MPa] [%0] [%]
MD 7.7(5%) 0.3() 111 (13%) 1.6 (13%) 14 (-)
CD 7.1(4%) 0.4() 97.5 (8%) 2.04 (14%) 23 ()

3.3.2. Cylinder crush test

The cylinder crush test is used to determine the in-plangpcessive behaviour of the aramid
paper. In the following the measurement of compressive abmodulus, the compressive
yield stresses and the compressive stress vs. compregsue response in both in-plane
orientations is described and discussed.

The quasi-static cylinder crush test series was realisdld avizwick universal testing
device. Generally the compressive behaviour of paperdikeerials can be investigated me-
chanically (Uesaka [148], Fellers [50] and Haraldson eff7d]) with methods like ring crush
test (DIN 53134 [42]), short span test (1SO 9895 [88]) andpeuptest (ASTME E9-09 [19]).
Underlying motive of these tests is to overcome the stratinstability due to the marginal
out-of-plane expansion of the paper which makes the detetion of the compressive mate-
rial behaviour considerably difficult. The main challengéa separate the material behaviour
from the structural behaviour, especially in the postigtaggion. To avoid the prevalent
instability due to buckling either the unsupported axialg#h of the specimen needs to be
reduced or the area moment of inertia needs to be increaseeéxa@mple for a reduction of
unsupported length is the short span test where the basidgddleat crushing of the specimen
occurs before any buckling of the specimen can take placeth®&n method is to support the
paper material in compression on each its sides againslibgas it is done for different
kinds of support tests. A third alternative is the compm@ssif cylindrical specimen where
the substantial increase in area moment of inertia is enepl@g for example demonstrated
by ring crush tests.

The reason for choosing cylinder crush tests in this worktatthey allow to determine
the aramid paper compressive properties up to failure ois b&a convenient approach. The
underlying theory of the cylinder crush test is as followkthie height of a cylinder with
constant radius and thickness is decreased, the stresati@@ch buckling occurs increases.
Eventually a height will be found where the stress at whidtahility occurs is equal to the
compression strength of the material. With further de@@aseight, the cylinder is crushed
before it buckles, and the maximum stress sustained by tieey remains constant at the
compressive strength of the material, as depicted in figut8.3Therefore it is important,
that the cylinder dimensions given by height, radius and thakness are chosen such that
crushing failure rather than buckling failure occurs. Thare a number of effects which
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Figure 3.12.: (a) lllustration of cylinder crush specimed &s method of fixation (b) Close-up
view showing the cross-section of a crushed cylinder wall.
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Figure 3.13.: Stress at failure versus height of cylindaeen from Fellers [50].

impair to some extent the results of the cylinder crush tdstis possible that high stresses
may develop in the aramid paper perpendicular to the loadiregtion, which in turn may
seriously decrease the load at failure of the cylinder. Aapfactor is the impact of the seam
structure created by the fabrication of the cylinder whieln cause considerable non-axis-
symmetric deformation.

Based on the ring crush test described in DIN 53134 [42] dgircrush specimens were
produced with small height and thick cylinder walls conaigiof seven plys of aramid paper.
The hollow cylinder was formed by rolling the aramid papeseg around a teflon tube and
subsequently bonding the paper prepreg layers togethergdine curing process. In the pro-
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Test method: Ring crush test
Test standard: ISO 12192
Test rate: 1 mm/ min
Sample material: Aramid paper
Sample dimension: Height: 30 mm
Inner radius:

?15.6-16.2 mm

Outer radius:

?20.0-20.9 mm
Number of specimen: 10

Figure 3.14.: Test device Table 3.5.: Test specifications

cess the prepreg layers are compressed only by the resttegdes due to initial tight rolling.
The length of the rolled paper strip was chosen such thatritiengs of the strip at inner and
outer diameter are located at the same circumferentiatiposiThe test setup is depicted in
figure 3.14 and the test conditions are summarised in table The load environment was
displacement controlled with a compression velocity of 1/mim. The boundary conditions
of a fixed end are ensured by bonding the top and bottom of tivedey to prepared notches
within the clamping device with epoxy resin. The specimed apper and lower clamping
devices with notched surfaces are illustrated in figure&. PArticular consideration was used
to confirm the parallelism of the clamping devices by sepadistance pieces. The cylin-
dric specimen were prepared such that the fibre network whaereixially loaded in machine
direction or in cross-machine direction.

Figure 3.15 depicts the averaged stress-strain behaviduspecimens loaded axially
in machine direction and of 5 specimens loaded axially isgnmachine direction. Stress is
the load measured with the 100 kN sensor divided by the sedtarea of the sample and
strain is the displacement of the transverse divided byrthiali cylinder height. The cylinder
is compressed elastically until peak load whereas it degichilar continuous degradation
from linear elasticity as observed during the tensile coutasts. It is noted, that the peak
compressive stress is about half the level of the maximusileestress, as it is also observed
for compressive testing of paperboard. Subsequently,ytireder begins to collapse around
a ring-shaped initial zone at a constant stress level whaofamed constant up to strains of
about 20 % at which the execution of the experiment was sthpphe constant stress level
during collapse phase is about the same magnitude for me&ehith cross-machine direction.
The delineated compression behaviour was reproducibl@ifeamples of the test series.

The picture sequence illustrated in figure 3.16 depicts gtereal deformation of the
cylinder specimen during the crush test at strains rangom D % to 25 %. At yield stress the
cylinder typically fails by forming a kink band and then bilyeafter starts to buckle locally in



Section 3.3. Experimental characterisation 39

75 : ; .
—=— Machine direction

60 - —=— Cross-machine direction

45 {/ﬁ\

ol AN
L/

0 1.5 3 4.5 6

Compressive strain [%]

Compressive stress [MPa]

Figure 3.15.: Stress-strain-curve in machine and crosgima direction.

Figure 3.16.: Picture sequence of cylinder crush test apcessive strains of about 0 %, 5 %,
10%, 15%, 20 %, 25 %.

the yield zone. In the process debonding between two or ireszases several paper plys can
be observed, which is initiated in the yield zone. Figure2B.d4hows a cut image focussed on
the yield region of the cylinder wall cross-section, whilthstrates a debonding between the
fifth and the sixth paper ply.

The occurrence of debonding explains the considerabledserin stress level after rea-
ching the yield strength as the separated wall sections &dweer area moment of inertia.
The lower collapse stress is an obvious indicator that theciire effects the stress-strain-
behaviour after reaching the yield strength. However, trestant stress level during collapse
indicates, that similar to the behaviour of UD aramid lanesan compression the aramid
paper behaves perfectly-plastic after reaching the yieéhgth.

Table 3.6 summarises the mechanical benchmark parametec, have been determi-
ned for the in-plane compressive behaviour of aramid papiee. presented data is based on
average values of the measured test data. The elastic nf@ha@ibeen determined from the
gradients of the averaged stress-strain curves in thenorg for the tensile tests a conside-
rable scatter of about 1-9 % has been observed during theimgues. The elastic moduli
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Table 3.6.: Compressive properties of aramid paper measareylinder crush tests. The
coefficients of variation are presented in parentheses.

Orientation Elastic modulus Yield strength Yield strain [i@pse stress level

[GPa] [MPa] [%] [MPa]
MD 4.7 (4%) 53(0,5%) 1.9 (6%) 29.5 (3%)
CD 4.2 (9%) 47 (3%) 2.0 (8%) 29.5 (7%)

have been measured from the secant of the averaged stassvalues at 0.3-0.6%. The
main reason to derive the stiffness properties from smasstand strain values is to consider
the observed non-linear elasticity and degradation ifnstfs, which occur at small loads.

3.3.3. Thick-walled beam shear test

The thick-walled beam shear test was used to determine tplaive shear behaviour of the
aramid paper. In the following the measurement of shear insdand the shear stress vs.
shear strain response is presented and discussed.

It is noted, that similar to the measurement of the compressiplane behaviour, the
measurement of the in-plane shear properties is complideseause of the paper’s structural
instability due to buckling. Possible solutions to prevdm buckling modes are either to
constrain the paper’s degree of freedom in out-of-plarection or to reinforce the specimen’s
moment of inertia. The thick-walled beam shear tests ptedemere were performed by the
CELPACT partner ‘Universitat Stuttgart’ (Institute of &Anmaft Design) using specimens with
an enhanced moment of inertia. For that purpose 24 plys ofidn@aper were bonded together
during the curing process to form a single specimen.

In lateral direction, the thick-walled beam specimen wantblued to face sheets made
of glass fibre composite. The face sheets were bolted to #urig jaws, which moved re-
latively to each other at a relative velocity of 1 mm/min. Tgpreparation of the universal
testing device was based on DIN 53294. The test device stnfited in figure 3.17 and the
test specifications are presented in table 3.7.

Figure 3.18 illustrates the averaged stress-strain regpairten thick-walled beam speci-
men. The shear stiffness was measured at low shear straab®of 0.1 %. It is noted that the
shear strainy is given as the change in angle measured for the thick-wakean specimen.
The shear stress is calculated by dividing the measured fyr¢he transverse cross-sectional
area of the thick-walled beam specimen.

The shear modulus given in table 3.8 correlates to the ageraggdulus and Poisson’s
ratio measured in tensile direction. This indicates, thgtlane shear is governed by similar
mechanisms as observed in the aramid paper tests in tenBidifie stress-strain curve it
can be observed, that the initially linear-elastic str&tsain relationship begins to degrade at
comparatively low strains. This degradation caused byliggnaent of fibres with localised
damage in the matrix conforms to the damage behaviour mbticehe above test series.
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Test method: Beam shear test

Test standard: DIN 53294

Test rate: 1 mm/ min

Sample material: Beam with 24 layers
of aramid paper

Sample dimension: 80x 20 x 6.3 mm

Number of specimen: 10

Figure 3.17.: Test device Table 3.7.: Test specifications
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Figure 3.18.: Averaged stress-strain-curve of thick vealeam shear test measured by Uni-

versitat Stuttgart (Institute of Aircraft Design).

At larger strains, the stress-strain curve approaches staarstress level. It is noted, that the
maximum stresses are larger than the stresses measuredantpressive test series but lower
than the maximum stresses measured in the tensile test.s€hiss observation and the good
correlation of the determined shear stiffness to the elastiduli measured in tension indicate,

that the shear behaviour is fibre reinforcement dominatadasito the tensile behaviour.
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Table 3.8.: Shear modulus measured in the thick-walled skggar test, Universitat Stuttgart
(Institute of Aircraft Design). The coefficient of variatios presented in paren-
theses.

In-plane Shear modulus Length Width Thickness
[GPa] [mMm]  [mm] [mm]
2.3 (24%) 80 20 6.3

3.3.4. Vibration bending test

The free vibration bending test was performed to charasdlhie flexural elastic stiffness of
the aramid paper. The test series was performed by the CELR&@ner ‘LMT Cachan’
(Winterberger [153], EU-project CELPACT [21]). The testtimad bases on determining the
elastic stiffness by the frequency response of the natilvedtvon of a beam. A brief overview
on this method is given by Digilov [41]. In principal, the frgency response through the fast
Fourier transform gives the fundamental frequerfgy In case of a beam with rectangular
cross-section, the frequengyis given by

w (E'I)Fle:pural
=5 A
@ p

wherew is the modal eigenvalug, is the free length of the cantilever spa,is the cross-
sectional area of the beam ani the density of the aramid papéE ) e=val js the flexural
stiffness, wherd is the area moment of inertia aridis the modulus. In figure 3.19 a sche-
matic plot of the test setup is depicted and in table 3.9 tleeifipations of the test are sum-
marised. The paper strip is restrained at one side whereasttier side can oscillate freely.
A laser velocimeter measures the displacement at the freee @me oscillation is stimulated
by a deflection of the free end by 15 mm. It is noted that thehtageé been performed in the
machine direction.

Figure 3.20 illustrates the oscillation of the free end usrthe time in a linear and a
semi-log plot. The logarithmic decrememtobserved in the semi-log plot can be used to
calculate the damping factgras

(3.3)

o
&= 2
On basis of equation 3.3 and 3.4 a global elastic rigiditys# Nmnt and a flexural modulus
of 4.7 GPa is computed. The magnitude of the evaluated flemwodulus of 4.7 GPa is lower
than expected on basis of the tensile properties measursdciion 3.3.1 and larger than
expected on basis of the compressive properties measusatiion 3.3.2. An explanation
for this deviance is the inhomogeneous setup of aramid papert-of-plane direction which
results in a concentration of the reinforcing fibres clostheéoneutral axis. The data reported
by LMT Cachan are given in table 3.10.

(3.4)
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L Test method: Vibration bending test
0. E Lo Test standard: -
- ,p; Initial amplitude: 15 mm
- Sample material: Aramid paper strip
Paper strip Sample dimension: Width: 15 mm
' ‘ Thickness: 0.3 mm
Velocimeter % Number of specimen: 5
LMT Cachan

Figure 3.19.: Test device Table 3.9.: Test specifications
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Figure 3.20.: Oscillation behaviour of vibration bendiegtt LMT Cachan.

Table 3.10.: Flexural modulus, area moment of inertia agidlity measured in the vibration
bending test (LMT Cachan).

Flexural modulus Area moment Flexural stiffness Dampirggdia
(MD) of inertia (MD)
[GPa] [mn] [Nmm?] [-]
4.7 0.03375 159 0.011
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3.4. Numerical model

In order to design a meso-model for foldcore structures wbam reproduce the deformation
of the individual folds, a detailed modelling of the cell Whkhaviour is necessary. In the
present case the interest is to integrate the relevantaiesisdics of aramid paper as specified
in sections 3.2.4 and 3.3 into a simple, effective cell wadldel. In this regard a paradox is
evident between the concept of modelling that requires tamia paper to be a preferably
homogeneous material whereas in reality the aramid papeal®a great degree of heteroge-
neity in composition, shape and distribution.

Considerable work has been dedicated to this contradiatiomodelling approach and
reality. Several theoretical descriptions of a fibre netwsarch as paper have been proposed
by the researchers of traditional papers and can be foundgshothers in [129, 134]. The
present work follows the shell-based meso-model approditivwvas used by various resear-
chers to successfully model local failure mechanisms dfweall failure in cellular cores as
discussed in section 2.4.2. In these works the nature ofamidrpaper (NoméeX cell wall
is commonly assumed to be isotropic elastic-perfect matithis section a cell wall model
is presented which is based on the presented research. iiloadtde model offers further
refinement to these concepts which can be classified intonfiaim elements:

» Layered shell model: Modelling of the non-uniform natufdre aramid paper in out-
of-plane direction on basis of a layered shell model. Thieght layers represent the
characteristic properties of the fibre reinforced regiod #re pure resin film on the
paper’s surfaces.

* Elastic properties of the fibre reinforced layer: Devel@mtof an orthotropic stiffness
matrix following the experimental observations made irtises 3.2.4 and 3.3.

 Elastic properties of the pure resin layer: Descriptiortha elastic properties by an
isotropic stiffness matrix based on the experimental alagems made in section 3.3.

« Stiffness degradation: Implementation of a stiffnessrdegtion which can reproduce
the different non-elastic properties in tension and cosgios, based on the observa-
tions in section 3.3.

To establish the constitutive equations, it is importarkriow about the fundamental mecha-
nics of the material. Section 3.4.1 summarises the expetahdata from section 3.3. The

basic setup of the of the layered shell approach is delideatsection 3.4.2. In section 3.4.3
the development of the elastic constitutive parametereirtividual layers is discussed. The
The derivation of non-elastic parameters is presentedaticse3.4.5. Finally the element

elimination technique used to erode failed elements idlprsetched. Partial aspects of the
presented work have been published in [54,101].
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Table 3.11.: Elastic properties measured experimentaltiscussed in section 3.3.

Tensile coupon test Cylinder crush test Vib. bending testanBshear test
Modulus PR Modulus Modulus Modulus
Evp FEcp vump FEcp Eup Ecp Eunp /CD Euxp /CD
[GPa] [GPa] [-] [[] [GPa] [GPa] [GPa] [GPa]
7.7 7.1 0.3 04 5.0 4.6 4.7 2.3

3.4.1. Experimentally measured aramid paper properties
In-plane properties

The experimental data on elastic properties as presensatiion 3.3 are given in table 3.11.
It is noted, that the constitutive behaviour of the aramiggrds expected to be orthotropic.
Generally, the elastic coefficients derived by tensile couests and cylinder crush tests re-
veal, that a slight in-plane orthotropy exists. As discdssesection 3.3.3, the shear modulus
shows good correlation to the in-plane tensile properties.

Notable is, that the modulus measured in the vibration benitist predicts significantly
lower stiffness than expected from the measured tensilecantgpressive moduli. Additio-
nally the moduli in machine and cross-machine directionsuezd in the vibration bending
test are virtually similar, whereas the moduli derived osid®f the tensile coupon test and
cylinder crush test show notable dependence on machiness-cnachine direction. These
discrepancies can be explained by inhomogeneous in-plaperies through thickness and
are considered based on a layered shell model as delineatsel fiollowing section 3.4.3.

Out-of-plane properties

The planar nature and the limited practicable minimum sfzegaper specimen compared to
its thickness make the determination of its out-of-plarepprties by usual mechanical means
almost impossible. An alternative approach are ultrasoreéthods as proposed by Mann et
al. [116]. Depending on its dimensions the paper samplesamasd to follow orthotropic
beam/plate wave theory. By measuring the wave velocitiemafscillating sample the elastic
constants can be directly determined. However in the scbipésovork the ultrasonic method
was not available. Based on the values found for traditipagler and paperboard (Fellers
and Coffin [51], Mann et al. [116]) an approximation of theusdtvalues was assumed and
implemented into the layered shell model approach disclissg.4.4.

Similarly, the vulnerability of paper to buckling makes iffitult to mechanically deter-
mine the in-plane shear properties and it is virtually ingdole to identify the out-of-plane
shear properties. Generally, the aforementioned methdashvemploy the wave theory to
measure the normal out-of-plane properties are againcgiypéi. By Uesaka [148] the inter-
laminar and in-plane shear moduli are measured on basiedbtkions pendulum method,
which establishes the elastic constants on the same gesa@g the ultrasonic measurements
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Figure 3.21.: Schematic setup of the layered shell model.

proposed by Mann et al. [116]. In this work the out-of-plahear properties are approximated
based on the layered shell model approach discussed in 3.4.4

3.4.2. Layered shell model - Setup

In section 3.2.4 the out-of-plane distribution of fibres waserved to be considerably inho-
mogeneous. The fibres are primarily located close to therjgapentreline whereas a film
with irregular patches of resin is found on the surface ofgager. The thickness of the resin
film layer amounts to a significant proportion of the total @afhickness. As a consequence
the normal in-plane paper stiffnesses are varying witmstfroperties in the fibre reinforced
centre region and weak properties in the resin film regioeafly a model with constant in-
plane stiffness over the thickness is in this case limiteti@n not adequately reproduce the
actual paper stiffnesses for all load conditions.

In order to adapt to this inhomogeneity the introduction tdyered shell model is pro-
posed. The layered shell concept is typically employedpooguce the layup of multiple plys
of uni-directional composite materials and is adopted bypywasearchers [87,122,131,132].
In these approaches, each layer represents an individogdaite ply and its orientation.
Similarly, in case of the aramid paper, the fibre reinforcegion and the resin film region
can be regarded as individual layers with different coansté properties. The aramid paper
is then assumed to be a layup of different continuous laygrscaematically illustrated in
figure 3.21, with isotropic or orthotropic stiffness profes. The fibre reinforced centre re-
gion is represented by an individual layedrX., ES , Ar,, IL. andI§ ) with characteristic
tensile and compressive properties of an aramid fibre congpoBhe irregular resin film on
the paper surfaces is assumed to be an isotropic regign.{, Ariim, Irim). Itis noted that a
comparable approach for aramid paper was independendsgtigated by Winterberger [153].
Subsequently, the nature of both layers is briefly summavrise
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Resin poor region Resin rich region

(a) Size of resin film layer  (b) Resin rich region in resin filn{c) Low resin region in resin film
layer layer

Figure 3.22.: Computed tomography images of aramid papesesection showing region
with low and high amount of resin in the resin film layer.

Resin film layer

The term ‘resin film layer’ describes the surface regionsiefdaramid paper. It mainly consists
of the film of resin, which settled on the fibre reinforcemeumtinlg the production process. Al-
though mainly composed of phenolic resin it contains a aertamber of voids and infrequent
inclusion of aramid fibre reinforcement in particular clasehe fibre reinforced region. The
resin film layer assumes regular geometric shape with a aon#tickness of 0.05 mm, as
illustrated in figure 3.22a. This is a simplification, as ialiy the material has an irregular
distribution of thickness, with local resin rich and resaopregions, as shown in figure 3.22b
and 3.22c. The description of material behaviour is baseti®@main constituent of the resin
film layer, which is the phenolic resin.

Fibre reinforced layer

The term ‘fibre reinforced layer’ signifies the midplane wegof the aramid paper. Here the
aramid fibre reinforcement is uniformly distributed at a ezkably constant thickness of about
0.2 mm, as depicted in figure 3.23a. The fibres are bonded toather by the paper-making
process as well as by patches of resin. The infiltration ofibire-network with resin is partial
and there is a considerable existence of voids. The amourid$ varies, which is showed
exemplary in figure 3.23b and 3.23c, where a region with heginrabsorption and a region
with low resin absorption are depicted. The description aferial behaviour is based on the
main constituents of the fibre reinforced layer, which isaremid fibre and the phenolic resin.

3.4.3. Layered shell model - Derivation of in-plane stiffne  sses

It is not possible to gain information of individual aramidger layer stiffnesses by means of
mechanical testing due to their indivisibility. As a congeqce the in-plane stiffnesses of the
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Large number of voids Small number of voids

(a) Size of fibre reinforced layer (b) Low resin absorption (c) High resin absorption

Figure 3.23.: Computer tomographies of aramid paper geston showing regions with low
and high resin absorption in the fibre reinforced layer.

two layer types have to be computed by inverse methods. Roptirpose the global tensile,
compressive and flexural properties of the entire paper haea measured experimentally
as presented in section 3.3. It is noted that the testedrapacivere of beam-like nature so
that elastic beam behaviour can be used to describe the distisbutions in the experimental
setups. Figure 3.24 illustrates the different stressrstiatributions of the theoretical laye-
red model setup in case of tensile and compressive normdinigan y-direction as well as
bending about the z-axis. Based on elastic beam theory tlb@lgh-plane properties are now
correlated to the in-plane properties of the individuatlay

The subsequently presented correlations are equally vabdth in-plane orientations
of the aramid paper. The two outer resin film layers are asdumeave identical geometrical
dimensions which is a simplification as the shape of upperlaweér resin film layers is
generally differing slightly. The fibre reinforced centegyér is signified with subscript ‘Fr’
and the resin film layer is signified with subscript ‘Film’. &ltorrelation between global
paper stiffness and the moduli of the individual layers 1&giby

(EA)Normal _ / EdA;  and (3.5)

CHEEEDY |, Ezaa, (3.6)

whereA; signifies the cross-sectional area of the ith layeratit position of the neutral line.
The global normal and flexural stiffnesses have been expetatly measured as delineated
in 3.3.1 and 3.3.4 and are given in table 3.12. It is noted,ttl@axial stiffnesses in tension
and compression are differing due to the intrinsic aramicefgyoperties.

Knowing the geometrical dimensions of the individual ardup@per layers, equation 3.5
and equation 3.6 can be used to calculate the stiffnessas €ibte reinforced layeE’ and
ES. as well as of the pure resin layel-;;,,,. In order to solve the flexural stiffness correlation
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Figure 3.24.: Tensile (a), compressive (b) and flexural {f@ss-strain distribution in layered
model.

Table 3.12.: Global stiffnesses under tensile, compresand flexual loading as measured in
section 3.3 for an average paper thickness of 0.3 mm andmspeavidth of 15
mm.

(EAT-MD (EA)C-MD (EI)'-MD (EA)T-CD (EA)°-CD (EI)'-CD
[KN] [KN] [Nmm 2] [KN] [KN] [Nmm 2]
34.6 22.4 159 31.9 20.9 157




50 Chapter 3. Aramid paper

CROSS-SECTION EQUIVALENT CROSS-SECTION
1 1
3 Neutral axis
tTllm EFilm EFilm
1 EFITENSILE z EFilm
X oo I I S A S —
l_' ’}F’r”*W'_'_E'F;old;és;v}"_’ kD N R E_m __________ | |
z 3
tFllm EFlIm EFlIm
Midplane EFI(‘(JMPRESSIVF,/EFII‘“
EFrTENSILE/EFllm

Figure 3.25.: Substitution of paper cross-section by afvaégnt cross-section with a uniform
stiffness.

given by equation 3.6 it is necessary to compute the positidhe neutral line. Due to the
difference in stiffness of the fibre reinforced layer in témsnd compressive direction the
neutral line deviates from the axis of gravity. This can beelde employing the simple
equivalent width technique as illustrated in figure 3.25.

Here a equivalent cross-section with uniform stiffnessimsen, such that the mechanical
properties correspond to the original material. The distdoretween midplane and neutral line
Z becomes

AN~ o
Z_AZ;/AZ_ZZCZA“ (3.7)

where factorA is the global cross-sectional area and the subscimglicates individual layers.
If the known geometrical dimensions are implemented in 8gna 3.5, 3.6 and 3.7 the relation
between global properties and layer properties can belesdcl Equation 3.7 then becomes

4(Ef, — Ef,) 2* — 4 (AEramtram + Eptr, + Bgtee) 2+ (Ef, — ER,) th, = 0. (3.8)

Thicknesst ;.. is the thickness of the resin film layer and thicknessis the thickness of
the fibre reinforced layer. The tensile and compressivinsstes of the aramid paper layers
implemented in equation 3.5 result in

ET _ E]j;rtFr + 2EFilthilm
Paper tFr + 2thlm

and (3.9
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Table 3.13.: Elastic in-plane properties of the fibre reioéal layer with a thickness of., =
0.2 mm and resin film layer with a thicknesstgf;,,, = 0.05 mm.

Orientation FEL — E%  Epyn 2
[GPa] [GPa] [GPa] [mm]
MD 9.2 51 4.7 0.011
CD 8.3 4.7 47 0.011

¢ _ ES tr, + 2Epimt pim
Paper tpr + 2tpim '

Similarly, equation 3.6 can be expressed as

(3.10)

(48Fitm + 3E5 trim + 6ty + 120 rimZ”) - (Epager — Eriom) + -+
+ 2 (tFr - Z>3 ’ (Egaper - Elj*:r) +2 (tFT + Z>3 ' (Egaper - Egr) =0. (311)

If equations 3.9 and 3.10 are inserted in equations 3.8 dridaBtwo-dimensional, nonlinear
equation system can be established. The rather compledoredaare solved iteratively on
basis of the multi-dimensional Newton-Raphson method. bidsec principles of the Newton-
Raphson algorithm are discussed in detail in appendix A.cbineputed stiffnessesr.,, £,
andFEr;,, as well as the position of the neutral lis@re summarised in table 3.13. Itis noted
that stiffness of the resin film layer and the position of tleeitnal line are quite comparable,
whereas the stiffnesses of the fibre reinforced layer argingudepending on their in-plane
orientation.

3.4.4. Layered shell model - Elastic properties

Knowing the in-plane stiffnesses leaves seven undeterheilastic constitutive layer constants.
However, the experimental determination of the missingstamts is beyond the scope of this
work. As a compromise the missing constants are approxadrzised on the determined va-
lues and the knowledge on the structural nature of the arpayer. The estimation of the
missing elastic constitutive parameter is discussed ifdli@ving sections ‘Resin film layer’
and ‘Fibre reinforced layer’.

Resin film layer

The resin film layer simplifies the comparatively inhomogaree distributed resin film on
the aramid paper surfaces to a homogeneous layer with omifooperties. Therefore, the
derived constitutive magnitudes of this layer representiesposition of the influences of
heterogeneously distributed resin patches and voids dswsporadic fibre inclusions. The
elastic properties of the resin film layer are derived basefblbowing assumptions:
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Table 3.14.: Material properties of the resin film layer.

StiffnessEr;,, Poisson’s ratiog;,,, Layer thicknessr;;,,
[GPa] [-] [mm]
4.7 0.35 0.05

The material behaviour of the resin film layer is isotropic.

The resin film layer has similar behaviour under tension@ndpression.

The layer in-plane stiffnesses are determined inversetiiscussed in section 3.4.3.

The Poisson’s ratio conforms to the Poisson’s ratio messiar the whole aramid paper.

The assumption of isotropy in the resin film layer is ratiomal the orthotropy of the aramid
paper is mainly caused by the fibre-reinforcement wheresaghbnolic resin itself is isotropic.
However, it is noted that a minor in-plane alignment of themdilm due to the milling process
is neglected. The intrinsic material properties of the mtierresin, which is the dominant
component of the resin film layer also give equal behaviotemsion and compression.

The elastic parameters used in this work are given in tate I.he thickness of the resin
film layer is determined by optical observation of the micagsc cut-images and is identified
to have an average magnitude of about 0.05 mm. The Poissivsof the resin film layer
is equal to the mean value of the Poisson’s ratio measureatidovhole aramid paper during
the tensile coupon test delineated in section 3.3.1. Itischthat the mean Poisson’s ratio is
0.35 which is close to the Poisson’s ratio typically obsdreg samples of pure phenolic resin
(cf. Phenolic Resins Technology Handbook [123]).

Fibre reinforced layer

The fibre reinforced layer represents the region with congtackness in the middle of the
aramid paper where the aramid fibres are mainly distribufedharacterise the (orthotropic)
stiffness of the fibre reinforcement layer following sinfigiations are made:

» The material behaviour of the fibre reinforced layer is ottbpic.

» The in-plane orthotropy of the aramid paper is caused bf¥ilthe reinforced layer.

There is no fibre reinforcement in out-of-plane direction.

The layer in-plane stiffnesses are determined inversetiiscussed in section 3.4.3.

Different in-plane stiffnesses in tension and compreassio
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The in-plane normal stiffnesses are derived inversely ssudsed in section 3.4.3. The in-
plane Poisson’s ratio is set to the mean value of the Poissatios measured during the
tensile coupon test delineated in section 3.3.1. The ingéhear stiffness is derived from the
shear stiffness experimentally measured for the aramiémapd the resin film layer shear
stiffness by using equation

(GA>Aramidpape7“ = Z A szAzy (312)
=17 Ai

where A; is the cross-sectional area of the ith layer @fds the layer's shear modulus. By
implementing the shear stiffness-;;,,, of the pure resin layer and the thicknessgsg, and
tr, the relation for the shear stiffneés-, of the fibre reinforced layer becomes

2t ilm
Grr =G+ t“ (G = Gritm) - (3.13)

Fr

Itis noted, that the resulting magnitude of the in-planeaskéffness corresponds to the tensile
stiffnesses of the fibre reinforced layer. This conformshwite observations in the thick-
walled beam shear tests (Section 3.3.3), where the sheavibehwas mainly dominated by
the load carrying capacity of the aramid fibre reinforcement

The out-of-plane stiffnesses is difficult to characteras®ijt involves matrix stiffness as
well as fibre stiffness. The composition of the fibre reinéatecegion is highly irregular with
scattered patches of phenolic resin joining the aramiddilaieich leads to a significant exis-
tence of large voids. This limits the use of conventionalyieal descriptions for transverse
elastic properties of fibre composites as can be found inalb& bf Daniel and Ishai [37]. In
this work it is assumed that there is no fibre reinforcememutiof-plane direction and the
out-of-plane normal and shear moduli are dominated by thixraehaviour. It is further
assumed that the resin film layer represents a behaviouramalle to a ‘pure’ matrix beha-
viour. These assumptions allow to set the out-of-planénsses and Poisson’s ratios of the
fibre reinforced layer equal to the stiffnesses and Poisgatios of the resin film layer.

The elastic parameters of the fibre reinforced layer arstitied in table 3.15. The 1-
and 2-direction signify the in-plane orientation, wher#aes 3-direction signifies the out-of-
plane orientation. The thickness of the fibre reinforcetaybserved in microscopic cut-
images is remarkably constant with a value of about 0.2 mris ribted, that the computed
stiffness in normal compression is equal or smaller tharstifimess calculated for the resin
film layer. This characteristic is attributed to the subBtdmccurrence of voids in the fibre
reinforced region compared to a relatively continuousritigtion of resin in the resin film
region (cf. Figures 3.5e and 3.5f in section 3.2.4). In t@mghe fibres elongate and carry
considerable loads. In compression the fibres which areppusted within the voids are
primarily kinking and tend to carry marginal loads.
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Table 3.15.: Elastic properties derived for fibre reinfartayer.

Direction E; Es Es G12 G13 G23 V12 13 V23
[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [] [ [
Tensile 9.2 8.3 4.7 2.6 1.7 1.7 035 0.35 0.35
Compressive 5.1 4.7 4.7 - - - - - -

3.4.5. Layered shell model - Stiffness degradation

In between the initial elastic behaviour and total failune aramid paper shows multiface-
ted and complex damage modes, which include for instancexhtaacking and rupturing,
matrix-fibre debonding, fibre straightening and fibre fraeturhe intent of this section is to
present the concentration of the most noteworthy damageactesistics into a straightforward
damage model. The main objective for the introduction ofdamage model was to allow a
realistic reproduction of the effects occurring durind eedll buckling. The cell wall buckling

is mainly controlled by the in-plane tensile and compresbehaviour of the aramid paper and
for a good representation it is necessary to correctly daare the respective unique proper-
ties in both the fibre layer and the resin film layer. For thappse a damage model provided
by PAM-CRASH, the unidirectional composite bi-phase plyd@ 0) description was utilised.
It offers adequate flexibility to be adapted to the requireaterial and damage behaviours,
which can be summarised as follows:

* The aramid paper exhibits considerably different failaoredes for either loading in
tension or compression respectively.

* In case of tensile loading the aramid paper shows a comyeasasmall continuous
decrease in stiffness caused by the damage occurring diilbregalignment in load
direction. After an ultimate strain is met, the aramid pafaéls suddenly in a brittle
mode.

* In case of compressive loading the aramid paper behavefedbly plastic’ after an
initial elastic phase.

» The aramid paper demonstrates a continuous orthotroptieriabehaviour as presen-
ted in subsection 3.4.1.

» The inhomogeneous through thickness properties areidedarn basis of a multi-layer
shell approach as illustrated in subsection 3.4.4.

The definition of a damage function for the PAM-CRASH unidtienal composite bi-phase
ply (Type 0) model is briefly summarised in the following. T#erivation of the damage
functions for the resin film layer and the fibre reinforceddiais presented subsequently. The
damage functions are derived from the in-plane stresgisleda observed in the tensile and
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compressive test series presented in section 3.3.1 ar®l B@& that purpose a virtual global
damage function is constructed which composes of the sapi¢ign of the individual layer
curves. The experimental curves are fitted to the virtuabgloamage function. The break-
down of global damage function into the two seperate damagetibns for resin film layer
and fibre reinforced layer is based on the characteristissrgbd for the material behaviour
of each layer region.

Degenerated Bi-Phase damage model (PAM-CRASH)

The bi-phase ply model is primarily a heterogeneous mateodel adapted to uni-directional
continuous fibre reinforced composites or composite faifrAM-CRASH [47-49]). A ty-
pical multi-directional laminate lay-up is modeled by iag through the thickness several
uni-directional ply layers with orientation correspongliio the fibre alignment in the original
laminate. The stiffness and strength of the individual @ys calculated by superimposing
the effects of an orthotropic matrix material and of a omaehsional fibre material. For each
material (fibre, matrix) a seperate modulus damage behiavérube defined.

In the presented case, the properties of the one dimengibreamaterial are set to zero
which results in a quasi homogenuous orthotropic ply dpon given by the matrix material
definition with a micro-fracturing brittle damage model.€elthus degenerated ply model has
an elastic stress-strain matii$°*« given by

COGlobal _ C«OFibre + C«é\/fatrix’ (314)

where Clre = (0 and C}1*"i* is given by the orthotropic elastic constants summarised in
tables 3.14 and 3.15 in section 3.4.4. By introducing a megldamage functior(s’) the
elastic stress-strain matri}/*"* is modified and results in the instantaneuous stress-strain
matrix C¢°%! ‘which is expressed as

C«Global — (1 _ d(gl)) Cé\/[at”x. (315)

As the damage parameteiis a scalar which depends on the strain it is necessary t@sxpr
the strain tensor in a scalar form. For that purpose the skiovariant of the deviatoric strain
tensory/.J, is used. This definition implies that the major part of theodefation energy is
based on distortion whereas the volumetric change is sl precondition is assumed to
be valid, as although the modulus damage function affeetsamplete stress-strain matrix, it
depends mainly on the in-plane strain state where Pois$ios ketween 0.3 and 0.4 have been
measured. Generally volume damage is physically assdandth tensile loading only which
causes tensile volumetric strain with correlated flaw ghoand coalescence. Compressive
volumetric strain will not cause volume damage in most casesever. The term/J; is in
the following referred to as equivalent strain

The damage functiod(¢’) is classified in seperate sections defined by the equivalent
strain parameters, ¢; ande!, as depicted in figure 3.26. The damage function is equal to zer
at initation and increases monotonically to a value of onfaiatre. It is noted that different
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d(e) . Damage-strain-curve c(€), Stress-strain-curve

const

v

Range Damage function Stress-strain-relation
0<e <é] d=0 Eye’
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Figure 3.26.: Correlation strain, damage and stressadtieiaviour of modulus damage func-
tion, taken from PAM-CRASH Solver Notes [48].

tensile and compressive damage functions can be defineddbwdual sets of parameters.
Generally two sections of linear modulus degradation aeeifipd after an initial elastic sec-
tion. After an ultimate equivalent straif) is met the damage function increases such that the
residual stress level remains constant.

Resin film layer

The shape of the damage function correlates to the nonrlimggaviour of phenolic resin,
which is the main constituent of the resin layer. Howeves imoted that the resin film layer
represents a homogenisation of an irregular material negith considerable voids and de-
fects. Therefore the damage behaviour of the resin film leylass brittle than behaviour of
pure homogeneous phenolic resin.

The fit of the damage function is based on the assumption,ttieatramid paper in
compression is purely matrix dominated. Resin film layer filmck reinforced layer behave
similar in an elastic ‘perfect-plastic’ mode. Based on éh@ssumptions, the stress-strain curve
and the yield stress observed in the cylinder crush testss@etion 3.3.2) are directly used to
fit the stress-strain behaviour of the resin film layer.

The evolution of damage in tension is considered to be idakt the damage evolution
in compression. It is noted that this is a simplification. i€gtly polymers demonstrate a
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Figure 3.27.: Evolution of the damage scalarys), as defined for the resin film layer.
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Figure 3.28.: Evolution of the normal stress y4I, for an uniaxially loaded resin film layer.

lower damage evolution and lower yield in tension as in casgion. However it is extre-
mely difficult to determine the impact of the irregular distition of material on its damage
evolution. Therefore above simplification is justified ag@gh’ estimation of the damage
behaviour, which the resin film region shows in tension.

The damage function of the resin film is illustrated in figur273 It is observed, that
damage is initiated at low straiRgJ, = 0.2 %, which conforms to the observations in section
3.3. The damage scalar increases linearly until a straif.6f = 1.7 %. At larger+/.J, the

damage is controlled such that a constant stress
stress-strain behaviour for an uni-axially loaded

vs. stigpomse is generated. The resulting
resim filith elastic material properties as
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Figure 3.29.: Evolution of the damage scalarysl, as defined for the fibre reinforced layer.

Damage factor [-]

derived in sections 3.4.3-3.4.4 is given in figure 3.28. hased that the resin film layer fails
in tension in a brittle mode at aboyf/, = 1.5 %, due to the element failure criteria defined
in the fibre reinforced layer.

Fibre reinforced layer

The damage function of the fibre reinforced layer conformshi behaviour of a typical
aramid fibre composite, with brittle failure in tension arldséic-'perfect plastic’ behaviour
in compression. Comparable to the resin film layer, the fibmneforced layer behaves softer
than a common aramid fibre composite, which may be explaigedesignificant number of
voids. The damage function in the compressive domain islfatealogously to the damage
function of the resin film layer: The evolution of damage imgoession is matrix dominated
and results in an elastic ‘perfect-plastic’ stress-stralation.

The damage evolution in tension is fitted such that the coetbresponse of resin film
layer and fibre reinforced layer conforms to the tensiledastes delineated in section 3.3.1.
Itis assumed that the aramid fibre reinforcement generaliates linear elastic and the obser-
ved degradation is caused by local matrix damage and fibligmezent which is represented
by the consolidated damage parameterlf the fibre reinforced layer is fully damaged in
tension the whole element is assumed to have failed.

The damage function of the fibre reinforced layer is depiatdiyure 3.29. Similarly to
the resin film layer, the fibre reinforced layer shows a cutindanicro-damage behaviour in
both tension and compression which is initiated at smatisaand then continuously increases.
If a specific strain threshol¢/J, = 1.5 % is exceeded in tension the material fails in a brittle
mode. In compression the damage scalar increases linedilastrain of\/.J, = 1.7 %. For
largery/.J; the damage is controlled such that a constant stress \is.Igsponse is generated.
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Figure 3.30.: Evolution of the normal stress y&7; for an uniaxially loaded fibre reinforced
layer.

The corresponding stress-strain-relation for an uniaxeamal load case is delineated
in 3.30. It is based on the elastic material properties édrivi sections 3.4.3-3.4.4. The
different behaviour is caused by the orthotropic in-plaiféngss of the fibre reinforced layer.
It is noted that the damage evolution itself is by definitisotropic.

Stiffness degradation due to interaction of resin film and fib re reinforced layer

The stiffness degradation of the whole layered elementngratbed by the damage evolution

in its individual layers. However, as discussed aboven§ttf the individual layer's damage

functions is based on the combined response of the indivldyears. This is due to the fact

that the experimental data was measured for the aramid papgrosite, whereas there is only
limited experimental data on the behaviour of its constits@nd individual layer regions.

The stress-strain behaviour of a layered shell elementdidkiers (2x resin film, 2x fibre
reinforced) is illustrated in figure 3.31 for an uniaxialdo@a MD direction and in 3.32 for an
uniaxial load in CD direction. The fibre reinforced regiorrépresented by two layers due
to numerical reasons. A single layer representing the fibirarced region will be located
directly on the element’s midline, which might cause inaacies. The figures include the
curves of the single layers as well as the experimental degadon the tensile coupon tests
and the cylinder crush tests.

The relevant characteristics of the damage function cureedimarked in the figures. In
tension and compression the material model reproducesitiad culmulative micro-damage
observed in the experiments. In tension the material mda@s brittle failure and sub-
sequent element elimination which conforms to the resulthe tensile coupon tests. In
compression the material model represents a ‘perfectiglaghaviour, which is initiated at
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Figure 3.31.: Evolution of the normal stress \gJ, for a 4-layer aramid paper element
(trim = 0.05mm, tp, = 0.2mm). The aramid paper is loaded uniaxially in
normal MD direction.

the compressive yield measured in the cylinder crush tésis subsequent drop in stress ob-
served in the experimental curve is mainly caused by stralctailure mechanisms and it is
reasonable to assume a constant stress level (cf. secB@).3.

3.4.6. Element elimination

The above presented material description of an aramid pspsepplemented by an element
erosion mechanism called ‘Element elimination techniggET)’. A comprehensive over-
view on the element elimination technique can be found inrévéeew of Mishnaevsky and
Schmauder [120] where several methods to represent damegéehgand crack propagation
in continuum meso-mechanical FE modelling are reviewedummary, the element elimina-
tion technique permits to remove elements from the calculat a specified failure condition
is met. For a removed element all components of the stressiteare set to zero which re-
sults in no loads being transmitted by this element to neghihg non-eliminated elements.
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Figure 3.32.: Evolution of the normal stress \g.J, for a 4-layer aramid paper element
(trim = 0.05mm, trp, = 0.2mm. The aramid paper is loaded uniaxially in
normal CD direction.

This means, that an eliminated element stops to interahtveitghbouring elements but is not
actually removed from the FE mesh. Typically the stresseseirequal to zero over a number
of time steps to avoid numerical problems due to the sigmifizcal loss of equilibrium. The
elastic moduli in the eliminated elements are set to zerberldst relaxation step.

The element elimination technique is incorporated in mostmercial FE codes, such
as PAM-CRASH, ABAQUS, LS-DYNA, etc. In the present work tHeraent elimination is
used to erode plies or elements which have considerablyadedrand assumed damage va-
lues close to full degradation (Damage scalar 0.99) in order to prevent over-expanded
elements. The element elimination is triggered, if certa#shhold strains in the fibre rein-
forced layer are met. These treshhold strains range fron?s2formal) to >90 % (shear).
It is noted, that the treshhold values have no direct phisieaning and are large compa-
red to failure strains observed in the experiments. Howegethe elements are essentially
fully degraded at lower strains and offer minmal resistaageformation this difference has
negligible impact on the simulation results.
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Figure 3.33.: Schematic plot of FE model setup of tensilgponuest.

3.5. Model evaluation

To assess the capacity and quality of the aramid paper mioel@redictions of the finite ele-

ment model are carefully compared to the results of seldm@dhmark tests. This includes
tensile coupon tests and crush tests of large thin-walléddsrs. It is noted, that the test en-
vironment was quasi-static contrary to the dynamic natéiteeexplicit FE simulations. The

simulation of a structure or test specimen under quasedtads with an explicit, dynamic

FE model is admissible if the dynamic inertia effects arehimitacceptable bounds. In this
regard the time scale of the dynamic model has to be chosdmasthe kinetic energy is small
compared to the internal energy. Generally the kineticggnshould be less than 1 % of total
energy.

3.5.1. Modelling of tensile coupon test (TCT)

To assess the material models capability in tension theittons of the tensile coupon tests in
section 3.3.1 are reproduced with a FE model using the rayétied shell approach presented
in section 3.4.

Experimental and finite element model setup

Details on the experimental test setup can be found in se8ti®1. The geometrical dimen-
sions of the numerical model are depicted in figure 3.33 wittlthwv = 15 mm and length L =
100 mm. The width of 15 mm corresponds to the waist width otés¢ specimen which has
a minor curvature. A strip representing the centre sectidh@respective tensile specimen
was loaded axially with a constant velocity ®f 1 m/s. To avoid excessive oscillations due
to rapid initial acceleration the velocity Vs approached at simulation begin during a start-up
time interval ofét = 0.01 ms. The element size is 1 mm.

The numerical model of a tensile specimen with a uniform ntgsically fails at the ends
of a specimen where the velocity boundary conditions ardiegppausing inconsistent edge
effects. By implementation of a marginal irregular meshatire generated with node shaking
the location of damage initiation is randomised. Main reafw the introduction of node



Section 3.5. Model evaluation 63

150 -

_ = Experiment (MD)
NE 120 + © Experiment (CD)
£ ~ Simulation (MD)
E 90 | = Simulation (CD) °
é 5
Lm) 60 / s
5 30

0

0 0.7 1.4 2.1

Tensile strain [%]

Figure 3.34.: Comparison of experimental and numeric Stsé®in-curves.

shaking were minor numerical variations in the strain fieldsed by the the slightly deformed
element shapes which override the impact of the edge effectging at the specimens tips. It
is noted, that the effect of node shaking on the stressasteaponse was negligible, which is
a result of the shift in lateral position being strongly desed by the tensile load in in-plane
direction.

Comparison and discussion

Figure 3.34 illustrates the stress-strain-behaviour ofierical model and experiment in both
orthotropic in-plane directions. Generally the curvesgigood view on the input and output
values of the model, as tensile behaviour of the model i®kd on basis of the tensile
coupon tests. In table 3.16 the failure properties obseirvatmulation and experiment are

compared. The variations of the numerically calculateghprties from the mean values mea-
sured experimentally are given. The deviation between migaig@roperties and experimental
mean values ranges from 4—20% which correspondes rougtig t6OV observed in the ex-

periments, which amounted to 8-14%. It is noted that theatian of the numerical results

caused by the node-shaking was very smalD@o) and therefore negligible.

The deviation of the numerical results from the experimigntdoserved mean values is
mainly caused by inherent limitations of the material modle¢ representation of the diffe-
rence in stress magnitude between both in-plane oriengat®limited as the model is only
capable to consider the difference in stiffness. The difiee in damage behaviour between
both directions as it is observed in the experiment is urslienated as the scalar damage
variable represents isotropic damage behaviour and ddexcoount for orthotropic damage
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Table 3.16.: Comparison of tensile failure properties ahad paper observed in experiment
and simulation. The experimental values (measured fagtoperties and COV)
are presented in parentheses.

Orientation Tensile failure Variation of Tensile failure aNation of

stress failure stress strain failure strain
[MPa] - [MPa] -
MD 117 (111) 5% (13%) 1.92 (1.6) 20% (13%)
CD 109 (97.5) 12% (8%) 1.95 (2.04) 4% (14%)

b)

1.00
0.93 a)
0.87
0.80
0.73

= 0.67
— 060
= 053
B 047
— 040
_‘F 033
B 027

‘ 0.20
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Figure 3.35.: Contour-plot of scalar damage variable iroadéd state (a) and briefly after
failure (b) / Photography of failed tensile test specimeén (c

occurrence. Another result of the isotropic damage is thestemt failure strain in in-plane
direction which differs from the range of failure strainssebved in the experiment.

The planar damage evolution is depicted in figure 3.35a ferirtitial state and in fi-
gure 3.35b briefly after failure. The contour plot shows alsgiabal damage accumulation
due to the constant stiffness degradation. The damage Wdads to failure is localised and
propagates rapidly from the element which first reaches diieré strain. The failing ele-
ment is located exclusively at the specimen free edge andaimage spreads at an angle of
approximately 45°. However in the experiment in most casgadaure angle of 90° is ob-
served, which is depicted in figure 3.35c. It is assumed thatdiscrepancy is caused by the
inappropriate simplification that damage is governed byusieely by the second invariant of
the deviatoric strain tensor. This presumption is accuratéhe range before failure strain is
reached as mainly damage due to shear deformation by fidrgmesnt is caused. However
the failure mode by tearing as observed in the experimentde@gnd considerably on the
volumetric strain which is neglected in the damage model.
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In summary the numerical results differ to some extend fioereixperimentally observed
behaviour. These deviations are caused by inherent lignigof the material model. However
the overall analogy of numerical and experimental stréssrsbehaviour is satisfying. The
constant degradation of the stress-strain-curve obsémvbeé experiment is well represented
by the gradual increase in damage initiated a small straihg. deviation of numerical and
experimental results is in the range of or below the COV olekim the experiments.

3.5.2. Cylinder collapse test (CCT)

The purpose of the comparison of cylinder collapse behawoexperiment and simulation is
the evaluation and validation of the buckling behaviouhefdeveloped aramid paper material
model. The idea of the cylinder collapse test is to createad kEnvironment for a paper-
like material in which the buckling behaviour depends ornydeiv manageable influencing
factors and in which repeatable experimental results caabily measured. The thin cylinder
structure fails mainly due to buckling and collapse in casito the thick-walled structures
used for the cylinder crush test presented in section 3.Bi2hmvere designed to fail due to
crushing.

There is comprehensive knowledge on the compression afapselof thin-walled cy-
linder structures in the literature. Main focus of the reskas the energy absorption beha-
viour of crash absorbers with cylindrical and other georastrThe failure mechanisms here
differ depending on the employed material and geometry. [@mite tubes typically fail as
reported in the research of Mamalis et al. [114] under a gsgjve crushing mode with micro
fragmentation as well as in a fracture mode resulting irtlbriailure.

However, although the aramid paper categorises as a fibrpasita it demonstrates
a failure behaviour comparable to the modes observed foalnaed plastic tubes, which
demonstrate a progressive folding and hinging during éngstA brief overview on different
crushing modes of aluminium tubes is given by Pled et al. 1800 observed concertina,
diamond and mixed as well as Euler-type buckling modes. ldsé modes can be induced
with aramid paper tubes, depending on geometry and bouratargitions. An elaborate
investigation on fold formation in axis-symmetric collapsf round (aluminium) tubes based
on analytical, numerical and experimental methods is algndgy Gupta et al. [69, 70].

Experimental and finite element model setup

As briefly summarised in section 3.3.2 the buckling behavaia cylinder bases primarily
on cylinder height, cylinder diameter, wall thickness anatenial properties. In comparison
to the cylinder crush test of section 3.3.2 the height anthdtar of the cylinder are increased
whereas the wall thickness is reduced. The dimensions afdiveler specimen are within the
long range region as depicted in figure 3.13 on page 37 anadeyliwall buckling is expected
as main failure mode.

The quasi-static tensile test series was performed on &rsaiMesting device. An illus-
tration of the test setup and the specifications of the cglisgpecimen is given in figure 3.17.
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Test method: Cylinder collapse test
Test standard: -

Test rate: 1.0 mm/min

Sample material: Aramid paper

Sample dimension: @70 mm, 70 mm
Number of specimen: 10

Universi
Stuttgart

IFB

Figure 3.36.: Test device Table 3.17.: Test specifications

The hollow cylinder is formed by rolling the aramid paperpgney around a Teflon tube and
subsequently bonding the paper prepreg layers togethkeiauring process resulting in cy-
linder walls of three bonded plies. Particular care wasrakeensure that the ends of the
rolled paper strip at inner and outer diameter are locatétieatame circumferential position.
The aramid paper strip is rolled in cross-machine directbits fibre network so that the
machine direction points along the cylinder axis.

The cylinder is clamped to the test device by tightening wéhsion rings the upper
and lower cylinder parts to cylindrical aluminium suppomgich gives a fixed support at
both cylinder ends. The load environment was displacemamiralled with a compression
velocity of 1. mm/min. Stress is the load divided by the sewl@rea of the sample and strain
is the displacement of the transverse divided by the irgghder height.

The schematic setup of the numeric model is illustrated iaréd.37. The cylinder is
compressed with a constant velocityaf 1.0 m/s. The other degree of freedom of the nodes
at top and bottom end of the cylinder are constrained to zesgattement. The height H of
the cylinder is 70 mm and the diameter d is 70 mm. The cylindelwith three bonded plies
is represented by shell elements with a setup of twelve sagerdepicted in the figure. The
layered shell element assumes perfect bonding betweendivedual layers and no delamina-
tion between the layers is considered. The element siz8 imth whereas the mesh is slightly
distorted on basis of the node shaking approach discussasgtiion 4.3.3 with an maximum
deflection of 0.05 mm lateral and 0.0025 mm normal to the féaeed

Comparison and discussion

Figure 3.38 illustrates the stress-strain-behaviour ohercal model and the experimental
result of an individual specimen in direction of the appligsplacement condition. Typically
the stress-strain behaviour of a specimen observed duxipgrienent is mainly (nonlinear)
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Figure 3.37.: Schematic plot of FE model setup of cylinddiapse test.

Table 3.18.: Failure properties of the cylinder observethensimulation. The experimental
values (measured failure properties and COV) are preseamfgtentheses.

Orientation Failure Variation of Collapse Variation of
stress failure stress  stress  collapse stress
[MPa] - [MPa] -

MD 43.4 (48.5) 10% (4%) 8.1(8.6) 6% (13%)

elastic until sudden instability by buckling initiated gse. Similar to the behaviour ob-
served for tensile coupon test (Section 3.3.1) and cylicdesh test (Section 3.3.2) a small
constant degradation of the stress-strain-curve is @silithin the initial elastic regime. At a
peak stress of about 48 MPa the specimen starts to buckleolagses in a diamond-shaped
buckling mode with five distinct folds as can be seen in figuB98 and 3.39c. With growing
compressive deformation the amplitude of the five foldseases at a constant stress level of
about 8-9 MPa.

The variation of the numerical results caused by the nod&isg with discussed maxi-
mum deflection was very smal{0%). This was unexpected as there is a considerable dif-
ference to the numerical results of model with perfect meshnode-shaking normal to the
face plane). The negligible variation of the numerical hssaf models with node shaking
was attributed to the uniform distribution of stochastiflelgions in the scale of the cylinder
structure due to the large number of nodes.

The scatter observed in the experiment ranged from 4% to I3%%/). These values
are compared to the variation of the numerical results frioenexperimental mean values as
depicted in table 3.18. The deviation of the numericallycakdted peak stress is more than
twice as much as the coeeficient of variation observed inxperement. However, it is noted
that although the peak stress is observed to deviate, the af@dllapse and number of formed
folds as well as the average stress-strain-behaviourglaahapse are well comparable to the
experiments. The accurate prediction of the bucklingatibn and collapse behaviour is a
good indication that the aramid paper model captures thefignt buckling mechanism.
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Figure 3.38.: Compressive stress vs. compressive straiyliofder collapse simulation and
experiment.

In summary, in the numerical model the initial collapse andsequent drop in stress
level is predicted to be more excessive as the actual baelragliserved in the experiment.
This is a hint that the model overestimates the buckling iela of the aramid paper during
initial collapse. Both numerical simulation and experitgmow the formation of a diamond
shaped buckling mode with five distinctive folds which sholaat the buckling and collapse at
later stages is well represented. It is noted that the cgticdllapse test gives no information
on the buckling behaviour at fold edges, which have a corside impact on buckling.

3.5.3. Summary of evaluation of aramid paper model

In above sections 3.5.1 and 3.5.2 the experimental inestigof two different aramid paper
specimens is compared to FE models which use the layerdasbe| derived in chapter 3.4.
Altogether the layered shell model gave good results fon benchmark load cases (Tensile
coupon test (TCT) and cylinder collapse test (CCT)). Theahelastic behaviour in tension
(TCT) and in compression (CCT) showed good agreement toxperienents. The small
culmulative damage during the initial ‘elastic’ phase isetved to be well represented in all
load cases. In case of compression (CCT) the peak stredgh#lyslinderestimated by the
layered shell model.

The evolution and occurrence of buckling is generally waptared, as the comparison
of experiment and model showed in case of cell wall buckl@®GT). It is noted that the buck-
ling observed in the CCT case predicted a stronger instabdimpared to the observations in
the experiment. The local increase of damage in highly Idadgions of the aramid paper is
well represented. In case of uniaxial tensile loading (T@€)model predicted the correct fai-
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(c) Top-view of experiment (d) Top-view of simulation

Figure 3.39.: Side-view and top-view of experiment (a,a amulation (b,d) of a collapsed
large cylinder specimen.

lure strains and stresses but witl? £ompared to 90a considerable deviation of the fracture
angle.



4. Folded sandwich cores

4.1. Overview

This chapter expands the previously presented aramid papeel to foldcore structures. The
first part discusses the experimental characterisatioheofdldcore’s mechanical behaviour.
This includes compression and shear tests. Furthermoreotfécient of kinetic friction is
measured for different material combinations. In the sgbeat section a parametric approach
to describe the foldcore’s geometry is presented, whiclhes tused to create a numerical
model based on the aramid paper model. The existence of pusieregularities in a foldcore
structure is highlighted and their inclusion in a numeritaldel is discussed. The quality of
the numerical model is then studied on basis of a parametdy,stvhich investigates effects
of integration method and element size. The possibilitytcdis rate effects is discussed.
Finally the foldcore model is validated by comparing nuro&riand experimental results of
the foldcore compression and shear tests.

4.2. Experimental characterisation

To assess the capacity and quality of a numerical foldcordemdt is necessary to charac-
terise the mechanical behaviour of a foldcore. For that gegpthe foldcore is tested under
compressive and shear load conditions. Subsequentlyetiest and results of these foldcore
compression tests (FCT) and foldcore shear tests (FST)istessed. Furthermore the kine-
tic friction behaviour of aramid paper is measured. Theifysit properties are necessary to
describe the effect of contact events in case of large deftioms of the foldcore folds. It is
noted that also the friction behaviour between aramid papdrseveral other materials, such
as steel, aluminium and carbon composite was tested. Thdgeaal information on friction
are relevant for the impact modelling presented in chapter 5

4.2.1. Foldcore compression test (FCT)

The understanding and modelling of the crushing behavefuridamental to the description
of impact behaviour of cellular cores such as honeycombaldddres. During core crushing,
a cellular structure fails in a complex combination of fotairhation and cell wall fracture in
which the interconnected and deformed cell walls reinfaraeh other. This phenomenon
is known for its energy-absorbing capacities and has bealysed by various researchers
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[58, 75,151, 160]. Compressive behaviour of a foldcore gliréction is the most important
property for normal impact on sandwich structures.

The basic foldcore characteristics in compression are eoafye to the compressive
behaviour of honeycomb, which is probably one of the mo&nsely researched properties
of honeycomb. Hong et al. [82] investigated the quasistatish behaviour of aluminium
honeycomb specimen under pure compressive and combinesl |I6arthermore, The com-
pressive, tensile and shear behaviour of Nofrfesneycomb cores was comprehensively cha-
racterised by Zhand and Ashby [160] and Foo et al. [58]. Simésearch was performed by
Aktay et al. [12] and Castanié et al. [33], who also modelledé¥’ honeycomb compres-
sion and low-energy impact on basis of finite element mettedgloying shell and spring
elements. All of them reported the typical stress-stralmlveur of a honeycomb under com-
pression where the compressive stress initially increalsesst linear elastically until the cell
wall edges start to buckle or fracture. The stress then dwadower level at which the com-
pressive stress remains nearly constant. At very largasttiae stress increases again due to
densification of the core.

Foldcore properties in compression have been investigatddeimbs et al. [77] who
compared quasi-static crushing tests of foldcores withadyio finite element simulation.
Kintscher et al. [102, 103] did an extensive experimentadigtof foldcore properties under
single and combined loads. Both reported foldcore commpesghaviour to be very similar
to the one observed for honeycomb cores. The presented essipn test in this section has
been published in advance by Heimbs et al. [77].

The quasi-static foldcore compression test series wasnpeed on a Zwick 1484 uni-
versal testing device. The basic test device is depictedyurdi4.1 together with the test
specifications. Four specimens were compressed compoggdeoB81 foldcores with 5x13
unit cells and glass fibre composite face sheets bondedhigeith adhesive. The ‘Type’
specification is a foldcore geometry definition adopted en@ELPACT research project. The
corresponding foldcore dimensions can be found in tabled sage 81. The sandwich plates
are compressed in T-direction with a constant velocity 6frfBm/min. The technical stress
is calculated by dividing the force measured at the load@dmsthe theoretically computed
area. The strain is given by the displacement of the crosistiwaded by the initial foldcore
height.

Figure 4.2a depicts the average stress-strain behavidhedbldcores loaded in com-
pression in direction of the applied load. The scatter akeskin the compression test is small.
For the mean peak stress (3.1 MPa) a coefficient of variafiorB86 was calculated. An initial
elastic increase of stress is observed until a specific peagésss met. During this increase a
small cumulative degradation of the stress-strain curneticeable, similar to the degradation
behaviour observed in the tensile coupon test and cylindeshcseries in section 3.3. Briefly
before the peak stress is reached the first foldcore facedastauckle. Once buckling of the
faces has begun to extend to the fold edges the specimepsedlat peak stress. The stress
level then drops to a relatively constant stress magnitadelled crush stress. The so-called
crush zone signifies strains between 5% and 40 %. Within tghczone the buckling of the
foldcore structure and the formation of small cracks at tie €dges are observed. For large
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Test method: Foldcore compression
test
Test standard: -
Test rate: 2 mm/min
Sample material: Type 31 foldcore
Sample dimension: 5x13 unit cells,
20 mm height

Number of specimen: 4

Figure 4.1.: Test device Table 4.1.: Test specifications
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Figure 4.2.: (a) Compressive stress vs. compressive stritlicore compression experiment,
(b) Sideview of crushed foldcore which was tested until deagion.

strains (>40 %) the considerably deformed foldcore facegnbi® interact with each other.
This structural behaviour, which is called ‘densificatioe®’accompanied with a gradual in-
crease of stress. During densification the formation offskarks with considerable cracks
and fractures at the fold edges is observed in the foldcaretstre, as presented in figure 4.2b.

4.2.2. Foldcore shear test (FST)

The responses to shear in TL- and TW-direction are the tweratbminant properties of a
foldcore subjected to impact. The foldcore shear behavieggmbles the shear behaviour of
honeycombs with respect to the global stress-strain respas well as the deformation and
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Test method: Foldcore shear test
Test standard: DIN 53294
ASTM C273
Test rate: 0.5 mm/ min
Sample material: Type 21 foldcore
Sample dimension: TL: 19x5 unit cells,
20 mm height
TW: 10x8 unit cells,
20 mm height

Number of specimen: TL:5/TW:5

“onnvesy 11D

Figure 4.3.: Test device Table 4.2.: Test specifications

damage evolution of the base material. However, there iseatile deviation in the observed
characteristics, which mainly originates from the diffirgeometry and dimensions between
honeycomb cores and foldcores.

Longitudinal shear of aluminium honeycombs (TL- and TWedtron) was investigated
experimentally and analytically by several research gsqap7, 126, 127]. For a wide range
of Nomex honeycombs the collapse behaviour under both stmeacompression (TL-, TW-
and T-direction) was numerically and experimentally asatiy by Zhang and Ashby [160].
On basis of a representative unit cell the transverse sledavibur of a honeycomb sandwich
panel was numerically examined by Grediac [65]. All of thesparted similar shear beha-
viour, with an initial elastic increase in stress until alpstress is reached. The stress then
drops considerably due to face buckling and plastic defaomaf the cell walls. Following
the decrease, several studies observed a constant skesarlstrel for increasing shear strain,
whereas other studies observed a continuously decreasityal stress. At large strains the
stress approaches zero caused by interface debondinglan@ité&acture.

The shear behaviour of foldcores was investigated by Kimset al. [102, 103] who
performed an extensive experimental study of foldcore @riigs under single and combined
loads. The foldcore shear behaviour was reported to be aainlego the one observed for ho-
neycomb cores. It is noted, that for both honeycomb core aldddre an in-plane orthotropy
was observed due to the different fold symmetries in L- andiWetion.

The presented shear tests on foldcore structures have bdemped by the CELPACT
partner RWTH Aachen (Department of Aerospace and LightiateBjructures). The quasi-
static test series was performed on a Schenk Hydropuls 160nkrsal testing machine.
The basic test setup is illustrated in figure 4.3 and the fstiBcations are given in figure
4.2. Five foldcore specimen (Type 21, 19x5 unit cells) weealked in TL-direction and five
foldcore specimen (Type 21, 10 x 8) were loaded in TW-digatcti
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Figure 4.4.: Stress-strain-curves of foldcore shear te§t.idirection.

The foldcore dimensions corresponding to the ‘“Type’ speaiion can be found in table
4.5 on page 81. The glass fibre reinforced polymer (GFRP)<heets of the foldcore were
adhesively bonded to rigid steel plates, which moved pelrtdl each other with a velocity
of 0.5 mm/min. The technical stress is computed by dividlmgfbrce measured at the load
sensor by the theoretically computed area of 19x5 unit eglts 10x8 unit cells respectively.
The displacement is measured by an extensometer (HBM W20TM engineering shear
strain vy, rw IS calculated by dividing the transverse displacement lgyitittial foldcore
height. The tensorial shear straif;, 7y is calculated with

ETLTW = VTL2’TW . (4.1)

In figures 4.4 and 4.5 the average stress-tensorial shaar sgsponses of foldcores loa-
ded in TL- and TW-direction are illustrated. An average wrawas observed in both shear
directions. The CQOV calculated for mean peak stress in Teetion (1.2 MPa) was 5% and
the COV calculated for the mean peak stress in TW-directlod §1Pa) was 3%. The expe-
rimental curves demonstrate similar elementary charatitey in both in-plane orientations:
Initially, the stress increases mainly elastically in diddi to a small cumulative degradation
of stiffness, which has also been observed in the other ¢emtss Briefly after the foldcore
faces start to buckle a peak stress is met. The stress leye$ dapidly as soon as the ini-
tial face buckling extends to the fold edges. In case of &rthcreasing strains the stress
level eventually approaches zero due to extensive intiedabonding (TL-direction) and face
fracturing (TW-direction).
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Figure 4.5.: Stress-strain-curves of foldcore shear tegWW-direction.

4.2.3. Friction on sliding interfaces

The failure of a foldcore sandwich structure coincides wibmsiderable contact and sliding
of its components. In particular the interaction of defargifoldcore faces results in multiple
contact and sliding. If there is significant foldcore crumhadditional contact occurs between
the face sheets and the twisted foldcore faces. In case afdintipere is also extensive contact
between the target structure (Foldcore, face sheets) anniactor. Therefore the friction
associated with the sliding on these interfaces has signifinfluence on the simulation re-
sults. The effect of different friction coefficients on thesults of a hard body impact model is
shown in section 5.3.5 on page 146.

Typically the frictional force on a sliding interface is debded by Coulomb friction
which means that the frictional force is proportional todipplied normal force, independently
of the contact area. In case of kinetic friction the corielabetween frictional forcé’; and
normal forceN is given by

wherey,, is the coefficient of kinetic fricton. In case of the preseratenials (aramid paper,
carbon fibre reinforced polymer) it is difficult to find datathre required coefficient of kinetic
friction in the literature. The main reason is the large mogfactors affecting the frictional
behaviour of composites, e. g. resin and fibre types, camigtof the surface, arrangement of
the intrinsic components, which make a generic descrigifiicult. Briscoe and Motamedia
[28] determined the coefficient of interfibre-interyarrcfion of Kevlaf® 49 to be 0.22. Brown
and Burgoyne [30] measured a friction coefficient of 0.11 Kevlar® 49 yarns sliding on
aluminium,
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Test method: Measurement of coeff. of
friction

Sample material: Aramid paper
Carbon composite

Sliding surface Aramid paper

j Carbon composite
| Steel
Aluminium
Number of specimen: 80

Figure 4.6.: Test device Table 4.3.: Test specifications

A significant amount of information on frictional paramet@riginates from tribologal
studies. Zhang et al. [161] investigated the friction of &oa fabric reinforced phenolic
composite sliding on steel rings and found a coefficient whibn of 0.3. In the work of
Schon [135] a frictional coefficient of 0.23—-0.3 was detered for a carbon/epoxy composite
(quasi-isotropic lay-up) on aluminium. The coefficient aEfion of Nomex¥ fabrics sliding
on steel discs was measured to be 0.136 by Su et al. [142]. Hoythe frictional parameters
provided by tribology have to be considered with cautiorhay tare typically determined for
different surface topologies, pressure, temperatunenglvelocities, etc, which can result in
a significantly differing frictional behaviour.

In order to provide reliable data on the friction behaviotthe material types investiga-
ted in this work a basic friction test series was performent.tRat purpose 48 strips of aramid
paper and 32 strips of carbon composite were prepared, wiaoh pulled at constant velocity
along different sliding surfaces (Aramid paper, carbon posite, steel and aluminium). The
drag load required to pull a strip equals the frictional ortt was measured by a force meter
which was attached to the strip. The normal force was applealweight (1.7 kg and 3.6 kg)
positioned on top of the strip. The test setup is depictedguré 4.6 and the test conditions
are summarised in table 4.3.

In a test cycle the drag load is increased until the striprisetg move. During a so-called
sliding phase the strip is then moved at constant velocityaftime period. Subsequently the
drag load is again reduced to zero. This procedure is reppasatesral times. The drag force
measured during the sliding phase is the frictional forcer & better understanding, two
force-time curves are pictured in figure 4.7. They show thaiémal force measured for
aramid paper sliding on aramid paper and a normal weightkd .and 3.6 kg, respectively.
It is noted that there is hardly any initial peak load due #tistfriction observable at begin of
the sliding phase.



Section 4.2. Experimental characterisation

77

= Weight = 1.7 kg
Weight = 3.6 kg

10 | ! | ! | !
o StatC PhASE- Sliding phase -

Force [N]

S Nk~ N

Time [s]

Figure 4.7.: Force-time plot of aramid paper sliding on adapaper for an object mass of 1.7

kg and 3.6 kg.

Table 4.4.: Overview on measured coefficients of friction

Strip Sliding Number of  Friction  Standard
surface surface specimen coefficient deviation
Aramid paper Aramid paper 16 0.2 0.03
Aramid paper Steel 8 0.42 0.03
Aramid paper Aluminium 8 0.39 0.07
Aramid paper Carbon composite 14 (16) 0.18 0.02
Carbon composite Carbon composite 13 (16) 0.18 0.06
Carbon composite Steel 8 0.29 0.07
Carbon composite Aluminium 8 0.3 0.04

The measured coefficients of friction are summarised iretdld. If not stated otherwise,
the in table 4.4 presented magnitudes for Coulomb frictienused in the numerical models
of this work. The coefficients of friction determined for angposite surface sliding on a
composite surface (Carbon composite, aramid compositgjerérom 0.17 to 0.18. These
magnitudes are lower than those measured for a composigesgliding on a metal surface
(Steel, aluminium) which range 0.29 from 0.42. It is notedtttine coefficient of friction of
0.42 measured for a aramid paper surface sliding on a stdatsus considerably larger than
the value of 0.136 reported by Su et al. [142] for NoffexReasons for this disagreement
are differences in normal load (16.5-35 N vs. 235-430 N)paigl (0.03 m/s vs. 0.26 m/s)
surface structure (The surface of aramid paper is excllysa@mposed of phenolic resin),

contact temperature (2@ vs. 62—240C) and time duration (~30 sec vs. 2h).
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4.3. Numerical model

In this section the aramid paper model derived in chapter@Pjied to foldcore geometries.
For this purpose a parametric foldcore unit cell is presknighe existence and representa-
tion of imperfections and irregularities in a foldcore sture are outlined subsequently. The
dependency of the foldcore model on numerical factors ssdhtagration method and ele-
ment size is quantified on basis of a parameter study and tiseqaences on the numerical
adequacy and reliability of the model are discussed. Biralbrief overview on strain-rate
dependent behaviour of the foldcore structure caused bsormertial effects is given.

4.3.1. Foldcore geometry

In the following a the geometric description of a foldconeisture is presented, which can then
be meshed by shell elements using the aramid paper modeinpeesin chapter 3. The geo-

metrical foldcore desrciption is based on existing redept4, 71,158], in which a description

for the ideal geometry of repetitive folded structures weespnted. Generally a folded geo-
metry without curvature is composed of a recurrent foldgrattwhich repeats itself along the
planar directions. Different folding patterns of compléxete-dimensional folded structures
are depicted in figure 4.8. The foldcore schemes investigatthis work are denominated as
the zig-zag type (Figure 4.8a) and the extended type (Fig&ie). The recurrent fold pattern

can be used to define a unit cell as illustrated in figure 4.9Herzig-zag and the expanded
foldcore types. Typically the orientation of a foldcore iigrsfied with the parameter T, L and

W, where T is the out-of-plane direction representing tHddore’s thickness and L, W are

the in-plane directions representing the foldcore’s lbragtd width.

In the work of Hachenberg et al. [71] it was shown, that a sébof independent geo-
metric parameters determines a unit cell of zig-zag foldageometry and five independent
parameter define an expanded foldcore geometry. Addityoaahethod to describe curved
foldcore geometries was proposed. However, the foldcoshrgeometries presented here are
confined to flat surfaces of parallel geometry although ieisegally feasible to generate cur-
ved shapes with varying spacing between the surfaces. Tampters defining the geometric
model are the folded core height, the zigzag opening angteand the spacing parameters
and L. The extended foldcore includes the additional dimensioBach individual foldcore
face occupies a respective fraction of the sandwich corgwel *. In figure 4.10a the volume
taken by a zigzag type foldcore face is depicted. In figur@kthe volume occupied by the
extended face in W-direction of a extended type foldcordn@s. If the cell wall thickness
tway @nd the cell wall density,,;; are known an average core densitycan be calculated
with

Pwall s (4.3)
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Figure 4.8.: Typical folding schemes for a variety of foldgdictures taken from Hachenberg

etal. [71].
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whereV,,q; is the cell wall volume and’™ is the average core volume of a unit cell. The cell
wall volumeV,”/9*%9 and the average core voluriiéZi9=% of a zigzag type unit cell are given

by

V29209 — 4q\[L2sin2y 4+ H%t and  V*#929 = AL Hasiny. (4.4)

The cell wall volumelZ=f and the average core volurié”* of a extended type unit cell are
defined by

VEsS — 4 <a\/L23in27 + H?2 + sV L%+ H2) twall and V*ET — ALH (asiny + s) .

(4.5)
By combining equations 4.4 in case of zigzag type and 4.5 $e od extended type respec-
tively one of the independent geometric parameter can bstituted by the average core
densityp*. The resulting correlations can be written as

/T2cimn2
p*Zigzag _ L?sin ’}/twall

wa and 4.6
LHsiny Pwall (4.6)

sV H? + L2 + asiny\/L?sin?y + H2) twall
LH (s + asin?y)

p*Ext = ( Pwall- (47)

It is noted that in case of zig-zag cores the average cordtgerig** is independent
of the geometric parameter The average core density is a fundamental design crit@fion
sandwich cores and it is generally convenient to utiliseatrexage core density as a parameter
to define the unit cell. In course of the presented work, tlwalformulation was adopted to
mathematically describe the investigated foldcore gedeset

Typically the foldcore mesh is generated in ANSYS on basasabdl-script in which the
input of the geometric parameter, the global foldcore disiams and the mesh characteristics
constitutes the position of the nodes and their respediments. The basic procedure of mo-
del generation in PAM-CRASH is briefly summarised appendik B noted, that the specific
foldcore geometries in this work are referred to as Typeakd€ores, where ‘X’ specifies the
number given in table 4.5. This notation has been adoptedgitlie CELPACT project [3]
during which the impact behaviour and performance of the thefined set of different fold-
core geometries was investigated. Results of the numeaneastigations performed in the
CELPACT project are presented in section 4.4 and sectionf3his thesis.

4.3.2. Imperfections in a foldcore structure

During observation of a genuine foldcore sample it becorpesu@nt that its structure is nei-
ther uniform in geometry nor free of imperfections and itegities. Three types of imper-
fections can be observed. Firstly irregularities, whiatedily originate from the non-uniform
consistency of the cell wall material. A rough indicationtleé irregular nature of the aramid
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Table 4.5.: Foldcore geometry specification as employedUspEdject CELPACT [3].
Number H[mm] a[mm] ~[°] s[mm] p*[kg/m®] t,. [mMm] Variation
1 10 12.5 30.5 5 137.5 0.306 H
2 15 12.5 30.5 5 137.5 0.306 H
3 20 12.5 30.5 5 137.5 0.306 H
4 25 12.5 30.5 5 137.5 0.306 H
5 30 12.5 30.5 5 137.5 0.306 H
6 20 5.0 30.5 5 137.5 0.306 a
7 20 8.75 30.5 5 137.5 0.306 a
8 20 12.5 30.5 5 137.5 0.306 a
9 20 16.25 305 5 137.5 0.306 a
10 20 20 30.5 5 137.5 0.306 a
11 20 125 1.0 5 137.5 0.306 v
12 20 125 15.75 5 137.5 0.306 v
13 20 125 305 5 137.5 0.306 v
14 20 125 45.25 5 137.5 0.306 y
15 20 125 60.0 0 137.5 0.306 y
16 20 125 305 2.5 137.5 0.306 s
17 20 125 305 5 137.5 0.306 s
18 20 125 305 7.5 137.5 0.306 s
19 20 125 305 10 137.5 0.306 s
20 20 125 305 5 75.0 0.306 s
21 20 125 305 5 106.25 0.306 p*
22 20 125 305 5 137.5 0.306 p*
23 20 125 305 5 168.75 0.306 p*
24 20 125 305 5 200.0 0.306 p*
25 20 125 305 5 137.5 0.063 p*
26 20 125 305 5 137.5 0.126 twall
27 20 125 305 5 137.5 0.201 twall
28 20 125 305 5 137.5 0.268 twall
29 20 125 305 5 137.5 0.306 twall
30 20 125 305 5 137.5 0.306 twall
31 20 125 305 5 112.97 0.306 Additional
32 20 125 312 5 137.5 0.306 Blocked
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(d) Foldcore edges (e) Fold cross-section (f) Fold cross-section

Figure 4.11.: Imperfections observed in foldcore specim@) Top view on skewed fold-
core geometry (b) Warped foldcore faces (c) Foldcore cdllwaterial (Aramid
paper) demonstrates considerable non-uniform propddjesruncated aramid
paper at foldcore edges (e-f) Microscopic image of the esgssion of the fold
between two foldcore faces showing (e) open cut on outeaseidnd (f) closed
cut on inner surface.

paper is given in figure 4.11a where randomly oriented fibrekrasin patches can be ob-
served at the paper faces. The distinctive characteristittee aramid paper with substantial
existence of irregularities are discussed in detail in tdrap. The modelling of the paper
material’s inherent inhomogenities is presented in chiegte

Local cuts at the fold edges are separately considered aoadgype of imperfection.
The cuts are caused by the embossment of the fold patterrthiataramid paper prepreg
and the subsequent folding process. In figure 4.11d a clpsgiotography of a foldcore
cell shows the cut structure at the foldcore edges which seiable by the naked eye. The
microscopic images of the cross-section of two foldcoreesdigpicts an open cut positioned
at the exterior of the fold and a closed cut positioned at tie ihterior. Generally the cut
depths range between 40-80 % of the total cell wall thickness
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It is noted, that degradation of the aramid paper at the fdgesdue to the embossing
process is not considered in the subsequently discusseellimgdapproach. However, in the
guasi-static foldcore experiments of section 4 it is obslele, that cracks and tears are predo-
minantly initiated at the face edges, where the materialdakened and where significantly
loads are occurring. Therefore it is expected that althdbgladopted finite element approach
may reproduce crack initiation at face edges due to theiegisbad concentration, it will
overestimate the stiffness and strength properties ofate édges due to the neglect of initial
edge degradation.

Another type of imperfection is the noticeable variatiorttad foldcore geometry. Com-
mon variations are uneven cell walls and deviation of the faze from the perfect shape due
to the folding process as depicted in figure 4.11b as well asiderable curvature of the faces
in unloaded state as observable in figure 4.11c. The effdti®fype of imperfection on the
foldcore’s load response is examined in the following.

4.3.3. Representation of foldcore imperfections

In contrast to the previously discussed imperfections Meskin real foldcore structures the
geometry of a meso-model generated by the geometrical apipis perfect. An uniform fold-
core geometry is expected to influence simulation resultisveas investigated by Heimbs et
al. [77]. Here the implementation of inhomogenities in FEd@lg which reproduced buckling
and crushing of aramid paper and carbon composite foldqueeimen in compression was
investigated. Different approaches were examined sudma®m variation of mesh geometry
as well as modification of the cell wall properties. It wasrduhat the geometrical imper-
fections influence the buckling load of the single cell waltgl the whole structure’s strength
especially in case of the carbon composite foldcores. It alss observed that neglect of
imperfections can cause discrepancies due to uniform ahibehaviour.

In the presented work the effect of the geometrical inhomaps are modelled on basis
of random variations of the mesh geometry. Two variatiorragghes have been investigated.
The approach signified as 'node-shaking’ is depicted in égufL2. Here the local imperfec-
tions are represented by random modifications of all nodatdinates with the exception of
the nodes at the paper wall edges. In-plane of the cell walhttdal positions are reloca-
ted from their original positions at a distance which rantjoranges between the maximum
negative and positive magnitudé’® . Out-of-plane of the cell wall the nodal positions are
randomly varied on basis of a reduced minimum/maximum ntageind??  with the ratio
factor o having a value of 0.05.

The second approach is denominated as 'geometry shakihg’'top view on a foldcore
geometry distorted with 'geometry shaking’ approach igsiltated in figure 4.13. Here the
corner positions of the cell wall faces are randomly varigdrgo meshing. In direction of
the sandwich’s L- and W-orientation the corner positiores lndomly dislocated between
a maximum negative and positive magnitutf¢’.. In the sandwich T-direction the corner
positions are randomly varied on basis of a reduced minimaxrimum magnitude3dSs
with ratio factorg being equal to 0.25.
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Figure 4.12.: lllustration of randomly distorted node piosis in node shaking approach

(Maximum deviation: 0.4 mm in-plane of paper and 0.1 mm dytane of

paper).

view on distorted geometry of a foldcaregeometry shaking approach

(Maximum deviation: 4 mm in L- and W-direction and 1 mm in TFegition).

Figure 4.13.: Top
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Figure 4.14.: Comparison of stress-strain-curve of foldén compression with perfect fold-
core geometry and node-shaking with valueg®f, = 0.1 mm, 0.2 mm, 0.3 mm
and 0.4 mm.

Figures 4.14 and 4.15 show the stress-strain behaviour @fladre specimen in com-
pression modelled with a perfect geometry and with 'nodeksig’ and 'geometry-shaking’
approaches using differedt, ... For the aramid paper the material model developed in chap-
ter 3.4 was implemented. Generally it can be observed, thaéhé investigated conditions the
effect of the different geometrical inhomogenities on tmawsation results is very small and
the stress-strain-curve of the modified geometry is conipp@r® a uniform geometry. This
contravenes to some extend observations made in the PhiB t¢iiéddktay [10] and by Heimbs
etal. [77].

In case of the honeycomb structures reported by Aktay [1€]differing results cau-
sed by the consideration of geometrical inhomogenities argynate from the difference in
orientation of the individual cell wall structure of fold@s and honeycomb cores. In a honey-
comb core under compression the respective cell wall fasewaded parallel to their planes.
A slight deviation of the geometry in out-of-plane directiof the face provokes a conside-
rable decrease of stability as it introduces a load in latiraction of the face. In a foldcore
under compression, the faces are loaded in normal and nalatieection due to their inclined
orientation. A deviation of the foldcore geometry has thene a lesser effect on the global
stability of the foldcore.

Heimbs et al. [77] observed an impact due to consideratiggeometrical inhomogeni-
ties in particular for carbon composite foldcores. Carbomposite foldcores are generally
significantly stiffer than aramid paper foldcores and algbilgt a larger amount of global
geometrical irregularities in the foldcore structure. 3&eharacteristics might explain the
different observations made for the effect of consideratibinhomogenities.
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Figure 4.15.: Comparison of stress-strain-curve of foldén compression with perfect fold-
core geometry and geometry-shaking with valueg©f, = 1.0 mm, 2.0 mm,
3.0 mm and 4.0 mm.

(a) Perfect geometry (b) Node-shaking

Figure 4.16.: Buckling and deformation plots of an uniforeometry and a node-shaked geo-
metry.

However, while a perfect foldcore structure tends to buakliéormly for each repeating
unit cell, a modified node structure demonstrates slighffer@nt buckling for each unit cell
and thus avoids discrepancies, which can result from umifoehaviour. This behaviour is
illustrated in figure 4.16, where the buckling pattern of aifarm and a ‘node-shaked’ fold-
core geometry are depicted. The perfect geometry showsicgdéhuckling for each unit cell,
whereas the modified geometries exhibit a preferable itaedpuckling as it is also observed
in reality.



Section 4.3. Numerical model 87

An implication of the observed behaviour is that although tandom modification of
geometry has negligible effect on the stress-strain-aJnvés desirable to consider irregula-
rities in the geometrical model, as it results in a physycadhlistic irregular folding/buckling
mode in the core. For this purpose, both 'node-shaking’ gedmetry-shaking’ demonstrate
gualitative comparable results. In the present work, inbgemities are generally considered
by the 'node-shaking’ approach withdd® of 0.1 mm and am of 0.05.

4.3.4. Numerical effects and influences

In the following a parameter study is presented, which itigates the influence of several
numerical factors on the FE models results. The study usepragentative setup reprodu-
cing foldcore compression. There are several incentiveglect foldcore compression as a
characteristic reference case: Foldcore compressioraigistforward to implement and expe-
rimentally and numerically well-established. Most notaislthat the deformation and failure
mechanisms observed for foldcore compression correspehtoveffects observed for impact
cases whilst reducing the influencing factors given thaperties of face sheets and adhesive
bonds can be neglected and the load environment is comyyagimple.

Element type and Hourglass energy

In this subsection the adequacy of different shell formaket based on Mindlin shell theory
[119] and provided by PAM-CRASH to reproduce foldcore loedrgrios is investigated. The
desired shell formulation is required to balance compaoitati cost with numerical accuracy,
especially in case of considerable shell bending and rigdylmotion, as is expected to occur
in the foldcore model. The parameter model used for the tigegson employs the aramid
paper material model discussed in chapter 3 and reprodotdsfe compression between
two rigid surfaces at constant velocity. Relevant charattes for assessment are the initial
elastic behaviour as well as the buckling and collapse bhetawf the foldcore.

The four types of PAM-CRASH shell formulations analysed areduced Belytschko-
Tsay (BT) formulation, a fully integrated Hughes-Tezduf@mulation as well as a reduced
and a fully integrated Belytschko-Wong-Chiang formulatjd7]. The Belytschko-Tsay shell
formulation employs a bilinear (four node) quadrilateraéls which is based on a uniform
reduced integration approach as proposed by Hughes etHlafl further developed by
Belytschko et al. [23]. The Belytschko-Tsay formulatiomesnarkably computationally effi-
cient and offers in general satisfactory accuracy. How#\airffers from zero-energy modes
which are a consequence of under-integration. In most cédsesmpact of the zero-energy
modes can be effectively reduced by addition of an algoriftsnproposed by Flanagan and
Belytschko [56].

The Hughes-Tezduyar (HT) shell formulation uses a fullggnated bilinear (four node)
qguadrilateral shell which adopts an enhanced transvesa sitrain rate field as developed
by Hughes and Tezduyar [86]. The assumed strain field avb&shear locking commonly
observed in fully integrated shells. The Hughes-Tezdugamtilation has no zero-energy
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Figure 4.17.: Compressive stress-strain-curve of a follémaded in compression which is
computed with different shell element formulations (BsebtJtko-Tsay (BT),
Hughes-Tezduyar (HT) and Belytschko-Wong-Chiang (BWC)).

modes due to its full quadrature. However as a direct coresemuof full integration the
formulation is computationally expensive.

The Belytschko-Wong-Chiang (BWC) shell formulation (Bslghko and Leviathan [22])
adds a nodal projection as described by Belytschko et gl if2éhe Belytschko-Tsay formu-
lation. The projection enforces invariance of the intepwder to rigid body motion and drill
rotation, which results in improved behaviour for warpeeneénts. The Belytschko-Wong-
Chiang formulation is implemented for reduced as well ay fategrated bilinear (four node)
quadrilateral elements. The full rank element has no zeevgy modes but it requires a consi-
derable increase in CPU time. In case of the full rank elerttenshear field is assumed on an
approach based on Bathe and Dvorkin to avoid shear locking.

The effect of the individual shell formulation are illugied in figure 4.17, which depicts
the stress-strain-behaviour of several FE simulation ajldcbre parameter model in com-
pression. In summary it is observed that the stress-shaaviour during initial buckling as
well as the considerable deformation during foldcore anglis well represented by all for-
mulations. In case of initial buckling, the formulationstivreduced integration demonstrate
a marginally lower stress level than the full rank formwas. Due to the satisfactorily repro-
duction of buckling behaviour and the low computationaldioconsumption, as seen in table
4.6, the Belytschko-Tsay formulation is preferred for fmde modelling in this work.

The application of a reduced integration formulation reggia control of the zero-energy
modes. Zero-energy modes are caused by the integratiamgféa provide stiffness to stop
certain modes of deformation. They are commonly contrdifeeddding an analytically deter-
mined corrective stiffness or viscosity respectively te #hement stiffness or force equations.
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Figure 4.18.: Ratio of hourglass energy by internal eneogyifferent zero-energy mode re-
duction schemes.

Table 4.6.: Time consumption of different shell formulasdor implemented parameter mo-

del.
Belytschko-Tsay Hughes-Tezduyar BWC reduced BWC full rank
Timet 6.5-10%s 1.15- 10°s 6.4-10%s 1.22-10°s
Ratiot/tgr 1.0 1.77 0.99 1.88

In large deformation calculations, a viscous term is uguyakferred to avoid building up large
elastic forces in the system. For explicit calculationdwsitnall to moderate deformations, and
long time periods, a stiffness form of zero-energy moderobid often preferred to prevent
zero-energy modes from slowly building up in the solution.

To select an adequate zero-energy mode control for the nibdelatio of hourglass
energy versus internal energy of a stiffness based and auadzased correction is compared
as illustrated in figure 4.18. Those two methods can additipribe modified by adding a
term, which improves the consideration of orthogonalitynmen hourglass strain-rates and
rigid body modes for strongly warped elements which undéagge rigid body rotations.
Based on experience the ratio of hourglass energy versermaitenergy should be less than
10 %.

In figure 4.18 a considerably lower ratio of hourglass enesgpgus internal energy is
observed for stiffness based correction compared to thesity based correction. With less
than 5% the standard stiffness based method shows satjisBgults which even can be im-
proved with the modified stiffness based method which exhibiratio of 2.5% and below.
Due to satisfying numerical results and low computatioretthe finite element models in this
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Figure 4.19.: lllustration of foldcore model meshed witfietient element sizes (0.5 mm, 1.0
mm, 2.0 mm).

work are discretised with Belytschko-Tsay shell elemertene the zero-energy modes are
controlled by the stiffness based method.

Element size

Another important numerical factor is the size dependerichell elements within the fold-
core model. A coarser mesh reduces the computational costever coarse meshes tend to
be conservative in their estimation of buckling phenomeértas overestimation of buckling
resistance is particularly strong if instability is ocdng;, as it is observed in case of foldcore
cell walls in compression.

Mesh sensitivity of cellular structures modelled by a dethshell element model has
been observed by Heimbs et al. [77] as well as by Aktay et &l [RAktay et al. [12] exa-
mined models with different mesh sizes which represent alwm honeycomb crushing. It
is reported that mesh sensitivity affects deformation rsated load-displacement-behaviour
especially in case of advanced honeycomb densificationréddts presented here have been
partly published in the work of Heimbs et al. [77], where thest sensitivity of aramid paper
und carbon composite foldcore models in compression wastigated. The element size is
noticed to slightly affect the Young’s modulus of the foldsate prior to buckling. Conside-
rable difference in buckling stresses was observed, athwicoarser mesh tends to exhibit
larger stress level compared to finer meshes. It was indic#tat the element size effect is
possibly coupled to the shell thickness.

The significance of mesh size towards buckling resistanckdgsrved using the foldcore
parameter model. Here the basic compression model usifegatif mesh sizes as illustrated
in figure 4.19 was investigated. The parameter study wasipeed for two different material
models: A simple power law aluminium material model and therad paper model. The
numerical model is set up, such that it reproduces foldcorapression between two rigid
surfaces at constant velocity. The sole variable in thesdbfit material model setups is the
mesh size.
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Figure 4.20.: Compressive stress-strain-curve of an alwmi foldcore loaded in compres-
sion which is discretised with different element sizes ragdgrom 0.5 mm up to
2.0 mm.

The stress-strain behaviour as shown in figure 4.20 for adoiwith aluminium ma-
terial model and in figure 4.22 for a foldcore with aramid papeterial model reveals a
considerable impact of the mesh size on simulation resiilis. stress level observed during
buckling and crushing of the foldcore differs about 50—10M%ase of the aluminium mate-
rial model and 25-50 % in case of the aramid paper materiakifodthe examined narrow
range of mesh sizes. The stress level drops with decreasisl size.

Two further dependencies are noticeable in figure 4.21 feraflaminium model and
in figure 4.23 for the aramid paper model, which depict a clgseiew of the stress-strain
behaviour during the initial elastic pre-buckling phaseisirecognisable that the foldcore
pre-buckling stiffness in out-of-plane direction increaslightly if the mesh size decreases.
Additionally it is noticed that the maximum peak stress atkbimg initiation varies by 10 %
where lower values result from increasing mesh sizes. Géwpéris found that the buckling
region of smaller mesh sizes is more localised than the mgkégion of larger meshes.

The aluminium model is more sensitive to a variation of mezé than the aramid pa-
per model. However it is difficult to identify an explicit medparameter which causes the
mesh size dependent behaviour, as several parameter stlod @lastic constants, the shell
thickness, plasticity and damage are different in both risodéis thought that the effect is
depending on the aspect ratio of the individual elements;iwtor confirmation needs to be
investigated in future studies.

In summary a considerable dependency on mesh size is evidiich can be avoided
only to a limited amount as it originates directly from theydzes of freedom of the mesh. A
significant variance from the mesh size for which the modsldeen validated gives differing
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Figure 4.21.: Close-up section of initial elastic phasdefdimulations depicted in figure 4.20.
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Figure 4.22.: Compressive stress-strain-curve of an araaper foldcore loaded in compres-
sion which is discretised with different element sizes ragdgrom 0.5 mm up to
2.0 mm.
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Figure 4.23.: Close-up section of initial elastic phasdefdimulations depicted in figure 4.23.

results. To minimise the effect of mesh size, the employecheht sizes in this work were
restricted to 1.0 mm to 1.5 mm side length, with some rare 008 using element sizes up
to 3.0 mm side length.

4.3.5. Strain rate effects

Most material properties (as for example stiffness modediisson’s ratios, strength, etc.)
used for calibration of FE models in static and dynamic camt@gnate from quasi-static test
methods. In case of modelling dynamic events such as crashpaict it can be necessary to
consider the dynamic material properties. Generally itidees observed that high strain rates
result in an increase in material stiffness and strengthpawed to the quasi-static behaviour.
The magnitude of the strain effect depends on the respettaterial. The strain rate is
defined as the derivation of the straimwith respect to the timeand can be written as

_d
Cdt

Commonly strain rates below 0.0% are defined as quasi-static. For strain rates of about 10
s! and larger the effect of dynamic loading can be observed &onynmaterials, as for example
metals. Strain rates properties of aramid yarns or fibre lesrnere investigated by Wang and
Xia [149] and by Tan et al. [145]. Wang and Xia loaded Ke¥lfibre bundles with strain rates
between 1@ st and 1350 3. An increase of 25 % in failure stress, 7.5 % in failure stiid

15 % in modulus was measured for strain rates of about t4thssummary the aramid fibres
demonstrated considerably less strain rate sensitivitypewed to glass fibres with a transition
range to rate dependence from rate independence at abatt 1100 s'. Tan et al. [145]

é (4.8)
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Table 4.7.: Technical strain rates and impact velocitieghath experiments are performed in
this work.

Technical strain rate  Impact velocity Application

[s] [m/s]

0.001 - Quasi-static test (2 mm/min)

200 5 Drop tower test (2.2 m/s - 6.0 m/s)
2000 50 Gas gun test (40—110 m/s)

10t 250 -

investigated aramid fibre yarns at strain rates fromi@3s™ to 500 s. At 480 s' an increase
of 36 % in failure stress, 26 % in failure strain and 28 % in madwas measured. At strain
rates of about 250%the observed increase in properties decreased to abothiod®f those
values. At a strain rate of about 480 a change in the failure mechanism of the fibres was
observed. The fibre yarns showed fracture with more lengtmidisplitting axially at low
strain rates while exhibiting fewer and shorter fibrils athstrain rates.

A basic overview on impact velocities and their correspongdechnical strain rates used
in this work is given in table 4.7. The technical strain raaéues are roughly calculated by

. Vo
Er = —
I’

whereu is the initial velocity of loading and, is the specimen dimension. It is noted that
the maximum strain rates in this work are observed in the gasmgpact test as delineated in
section 5.2.2. They are expected to be roughly about 250Bar the drop-tower experiments
illustrated in section 5.2.1 strain rates of up to 28Gase estimated.

Strain rate effects on Nom&honeycomb were investigated in research done by Gold-
smith and Sackman [64] as well as by Aitken [9]. It is noted tha strain rate measured for
honeycomb core crushing is the technical strain acting etneycomb divided by the time
and not the local strain rates at impact location. Goldmiith &ackman [64] observed in flat-
wise compression test performed with a gas gun facility gt hoading rates a 10 % increase
in crush strength compared to quasi-static test. By Aitldra[so a slight increase in crush
strength was found in the medium technical strain rate rafides. An extensive investi-
gation on strain rates effects in Nonfekoneycombs was presented by Heimbs et al. [78].
Here the crushing of honeycombs in out-of-plane and ingldinections was examined for
technical strain rates ranging from-38* to 300 s'. In this study, a technical strain rate of
300 st corresponded roughly to an impact velocity of about 4.5 righach an increase in
the crush stress plateau of about 10 % was measured. Hovwevebserved rate dependency
was attributed to inertial effects rather than materialistrate dependencies.

The structural setup of honeycomb and foldcores with pléa@es which are orientated
to each other at certain angles is comparable. Therefosgustifiable to expect that, in case
of employed impact velocities in the range of 2.2 to 110 nde dependencies are mainly

(4.9)
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Figure 4.24.: Compressive stress-strain-curve of a folltmaded in compression with dif-
ferent load rates (100's10 s?, 1 s?).

caused by micro-inertial effects, as it was observed in alstwdies. Strain rate effects induced
by the foldcore cell wall material can be neglected.

In section 4 a range of quasi-static experiments on foldcare compared to dynamic si-
mulations. A necessary condition for a successful solufanquasi-static problem by means
of an explicit, dynamic code is, however, that the problerhasically displacement-driven.
For such problems the inertia forces can easily be contrdijethe prescribed displacement
or velocity. To assess the influence of the inertial effeatsh@ numerical results a parameter
study was performed, where simulation time and prescriligglatement velocity have been
varied. The stress-strain-curves of a foldcore comprassiodel loaded with different load
rates 1003, 10 st and 1 &' is depicted in figure 4.24. The upper and lower part of the-fold
core are assumed to be fixed and a displacement load withiatiffeelocities is applied at
the upper face of the foldcore. The finite element model doésaonsider material strain rate
effects.

The presented load rate is calculated using equation 4.8renk is the velocity of
compression and, is the initial height of the foldcore. It is observable thatrieased load
rates result in a stiffer initial behaviour until peak loagl\aell as an increased stress level
during foldcore collapse and crushing. The difference imy@ur is caused by inertial effects
and disappears if the load rate is sufficiently reduced. Tblkal deformation of the model
with load rates of 100§ 10 st and 1 & at identical compressive strain of 5% is illustrated
in figure 4.26.

At 100 s! the foldcore collapses locally at the upper end where thetiapplied under
formation of sharp-edged folds. If the load rate is reduced@ s' and 1 & the buckling
pattern extends until it adopts the global buckling modecWlig generally observed in quasi-



96 Chapter 4. Folded sandwich cores

— Foldcore compression with 10 s

0.8 J W\A

| e,
/ e

0.2

Kinetic / Internal Energy [%]

0 15 30 45 60

Time [ms]

Figure 4.25.: Ratio of kinetic and internal energy of a foldecompressed with 10's

Figure 4.26.: lllustration of deformation of a foldcore nebdh compression with different
load rates (100'% 10 st, 1 s?).

static experiments. This observation indicates, thatgttdri strain rates (which are expected
in case of impact events) the failure is localised to the actreirea. There is no time for the
global buckling in the foldcore wall to take place, which éea at lower strain rates.

In summary it is noted that the stress-strain-curves andlimgcbehaviour approxima-
tely converge at load rates smaller than 10 $n conclusion quasi-static experiments are
modelled in this work with load rates between 10ad 1 §'. Although lower load rates are
generally required for quasi-static tests, the simuladed frates chosen depend on the practi-
cal balance between computation time and required model Sz this regard the time scale
of the dynamic model has to be chosen so that the kinetic gnergmall compared to the
internal energy. In figure 4.25 the ratio of kinetic energy arternal energy is plotted against
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the time for a foldcore compression model with 1B 4t is apparent that the energy ratio is
constantly less than 1 %. The initial peak of the curve is edus the internal energy being
zero at the onset of simulation.



98 Chapter 4. Folded sandwich cores

4.4. Model evaluation

To assess the capacity and quality of the adopted foldcodehivag approach the predictions
of the finite element model are carefully compared to theltesd the benchmark test pre-
sented previously in section 4.2. This includes the ingesibn of compressive as well as of
shear loading of foldcore specimen. The geometry parasatet numerical parameters used
in the foldcore model are presented in table 4.8.

It is noted, that the test environment is quasi-static @gtto the dynamic nature of the
explicit FE simulations. A comparison of a quasi-staticlppeon with an explicit, dynamic
model is admissible if the undesired inertia effects ar@iwiticceptable bounds, as discussed
in section 4.3.5. This is assumed, as in the presented diondahe kinetic energy is below
1 % of the total energy.

4.4.1. Foldcore compression test (FCT)

The compressive behaviour of a foldcore in T-direction is thost important property for
normal impact on sandwich structures. To measure the eftigief the numerical foldcore
model in this respect the numerical and experimental resilfoldcore compression tests
are compared. Evaluation criteria are the reproductionl@baj collapse behaviour of the
foldcore, face and wall edge buckling as well as cell wall dgmevolution.

The presented numerical model is configured as indicatedumefi4.27. A 3x6 type 31
foldcore (for type definition cf. table 4.5 on page 81) is eganted by a 3D shell element
structure employing the layered shell model. It is noted i@ foldcore size of the numerical
model with 3x6 unit cells is considerably smaller than thpekmental specimen with 5x13
unit cells. However preliminary numerical studies revddleat the stress-strain-behaviour is
virtually unaffected by the size reduction. The reasorhiat the effect of the free boundaries
at the foldcore edges is confined by the nearby internal cllfelds. The change of ratio of
free cell wall faces to joined cell wall faces is small in taage of investigated foldcore sizes.

The element size is 1 mm side length. The mesh is slightlpdesd via node shaking
as discussed in section 4.3.3 with an maximal deflection@§ éhm lateral and 0.0025 mm
normal to the face plane. The foldcore model is attachedjtd surfaces with the linear TIED
penalty method provided by PAM-CRASH. The possibility ofdasheet-core debonding is
neglected. The rigid face sheets move toward each othera@isiant relative velocitygvof
0.2 m/s. The foldcore model uses a self contact with a coeffiof friction of 0.2 (0.17) as
was determined in section 4.2.3.

Figure 4.28 depicts the stress-strain behaviour of exmerirand numerical model in
compression in direction of the applied load. If both curaes compared a good agreement
can be observed for the initial elastic behaviour, as wdibathe behaviour in the crush zone.
However the difference between the peak stress of numemchéxperimental results is with
10% considerably larger than the COV observed in the exmarisn(0.8%). The numerical
model seems to overestimate the peak stress, where it fgedieak stress of 3.4 MPa com-
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Table 4.8.: Summary of geometry and numerical parameted inghe foldcore model.

Parameter

Value

Unit Comments

Foldcore properties

Type

Type

Aramid
paper

31

21

Foldcore dimensions are defined in section 4.3.1 on
page 78ff. =20 mm,a =12.5 mm;y = 30.5°,
s =5mm,px = 112.97 kg/m).

Foldcore dimensions are defined in section 4.3.1 on
page 78ff. = 20 mm,a =12.5 mm;y = 30.5°,
s =5 mm,px = 196.25 kg/m).

The elastic properties of the aramid paper are listed
in section 3.4.4 on page 51ff. and the degradation is
described in section 3.4.5 on page 54ff.

Numerical properties

Node
shaking

Element
side length

Element

elimination 0.2-0.9

strain
Friction
coefficient

Contact
thickness

2.5-50 pum

0.2

0.35

mm

mm

The maximum deflection of nodal position is 2.1
normal and 5Q:m lateral to the foldcore faces.
Implementation of irregularities is discussed in
section 4.3.2 on page 80ff.

A parametric study investigating the influence
of element side length can be found in section
4.3.4 on page 90ff.

Element elimination is briefly discussed in section
3.4.6 on page 60f.

An investigation of friction can be found in section
4.2.3 on page 75ff.

The foldcore model uses a selfimpacting contact with
edge treatment (PAM-CRASH Type 36)
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Figure 4.27.: Schematic plot of FE model setup of foldcomapression test.

pared to 3.1 MPa observed in the experiment. This differenatributed to the neglect of the
pre-damaged cell wall structure at the fold edges in the migalenodel (see section 4.3.2).

Furthermore, there is a distinctive deviance in the prezhaif the stress level in the den-
sification regime, where the numerical model considerabtieuestimates the stress measured
in the experiments. This difference is attributed to the wWematerial model represents the
cell wall damage. In the experiments the foldcore structiuneng densification is observed
to form sharp folds with considerable cracks and tears afolldeedges. However in between
the folds the aramid paper is comparatively undamaged aadsesignificant stiffness. In
contrast the material model cannot fully represent the &ion of sharp folds and thin cracks
as it reproduces damage uniformly distributed over an edémiventually this leads to an
overestimation of the distribution of damage, which in tuesults in a underestimation of
predicted compressive stresses.

In figure 4.29 the deformation of an experimental specimahthe numerical model
is plotted for strains of 1%, 5% and 10%. In figures 4.29a a2@kt comparable initial
face buckling prior to peak stress is observable for the mio@emnodel and the experiment.
In figures 4.29c and 4.29d buckling of faces and edges can senadal for both experiment
and simulation. The buckling of the numerical model tendbddocated approximately in
the centre of the foldcore, whereas in the experiment baghs also seen in top and bottom
regions. In the experiment first initial cracks appear atl fediges. In the deformation plot
of the numerical model no eliminated elements are visibleweéler, if the damage scalar
contour plotin figure 4.30 is considered, significant ocence of damage at similar locations
as in the experiment can be observed at a strain of 2.5%. d3gti29e and 4.29f show
numerical model and experiment at a strain of 10 %. Both @lotsv comparable folding and
kinking as well as frequent appearance of cracks, whiclngmtimerical model, is represented
by elimination of elements.

Figure 4.30 illustrates the planar distribution of damag#gion of the numerical model
at strains of 1% and 2.5%. At 1% a low dispersal of damage isrobd at foldcore faces
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Figure 4.28.: Compressive stress vs. compressive straiolddore compression simulation
and experiment.

and fold edges. This conforms to the cumulative damage twoalgaused by fibre segment
realignment and associated local matrix damage obsentbd gxperiments. At larger strains
the damage increases locally especially in regions whereeh wall is notably deformed.
In particular at the fold edges, where buckling occurs, ssimmrable increase in damage is
observed. This evolution of damage conforms with the erpenis, in which first cracks
usually appear at fold edges.

In summary the layered shell model gives a good reprodudtfahe global collapse
behaviour in the initial phase as well as in during the criegfime. The initial peak stress
is overestimated by an moderate extend. In case of dengifigatends to overestimate the
evolution of damage. This observation is also valid for theal cell wall damage evolution,
which is well represented at low strains, but which predadiso sizeable expansion of damage
for large strains in the densification regime. Face and vagledouckling is in good agreement
with the experiments.

4.4.2. Foldcore shear test (FST)

The responses to shear in TL- and TW-direction are the twerathportant properties of a
foldcore subjected to impact. To measure the efficiency efrilimerical foldcore model in
this respect the numerical and experimental results ottolel shear tests are compared. Ma-
jor criteria are the reproduction of the global stresshstresponse and the damage processes
in the paper after the initial elastic phase as well as theesgmtation of the prevalent face
and edge tearing. The numerical model is configured as itedida figure 4.31. A 3x6 type

21 foldcore model is implemented with 3D shell elements gisive layered shell model pre-
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(a) Numerical model - 1 % strain (b) Experlment 1 % strain
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(e) Numerical model - 10 % strain (f) Experiment - 10 % strain

Figure 4.29.: Deformation plots of aramid paper foldcoredeidoaded in compression at
strains of 1 %, 5% and 10 % for simulation and experiment.

sented in chapter 3.4. Similar to the studies for the conspyascase, preliminary numerical
models with 19x5 and 10x8 unit cells show comparable sts&ssa response to a scaled down
foldcore with 3x6 unit cells. The FE simulations presentecehare realised with a foldcore
with 3x6 unit cells.

The numerical model is meshed with elements of 1 mm side thegugdl the nodal posi-
tions are slightly distorted based on the node shaking agprdiscussed in section 4.3.3. The
model of the foldcore is attached to rigid face sheets withRAM-CRASH TIED contacts.
The rigid face sheets move parallel to each other at a cangtority of 0.2 m/s. The dis-
placement in T-direction is free. Self contact is definedilgirty to the foldcore model in
compression, which uses a coefficent of friction of 0.2 (Dct7section 4.2.3).

In figures 4.32 and 4.33 the stress-strain response of exeetiand numerical model are
illustrated. The experimental curves demonstrate singlementary characteristics in both
in-plane orientations: Initially, the stress increasesnigaelastically in addition to a small
cumulative degradation of stiffness, which is also obsgiivethe other test series. Shortly
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Figure 4.30.: Contour plots of the damage scalar of the fibirdarced layer at compressive
strains of 1% and 2.5 %.

Y Y
T as)
A vy
y —
V(\
3x6 unit cells Rigid plates 3x6 unit cells Rigid plates
(a) Shearin TL (b) Shearin TW

Figure 4.31.: Schematic setup of the FE model represertimgptdcore shear tests.

after the foldcore faces start to buckle a peak stress ifieglacThe stress level drops rapidly
as soon as the initial face buckling extends to the fold ed§es further increasing strains
the stress level approaches zero due to extensive intatémnding (TL-direction) and face
fracturing (TW-direction).

The stress-strain response of experimental and numeemgalts demonstrate good agree-
ment, especially in case of larger strains. The numericalghoverestimates the peak stress
for both shear directions, with 1.45 MPa vs. 1.2 MPa in casELeflirection and 1.4 MPa vs.
1.2 MPa in case of the TW-direction. The differences are ic@nably larger than the coef-
ficients of variation observed in the experiment (5% in TL &3d in TW-direction). There
are two factors, which are identified to cause these diftmenFirstly, the pre-damaged cell
wall structure at fold edges is neglected in the numericalehavhich causes an overestima-
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Figure 4.32.: Stress-strain-curves of experiment and Isitiom of foldcore shear test in TL—
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Figure 4.33.: Stress-strain-curves of experiment and Isition of foldcore shear test in TW-
direction.
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Figure 4.34.: Deformation of aramid paper foldcore model B shear tests loaded in TL-
shear.

tion of load level, at which the fold edge begin to rupture (iMy@observed in TW-direction).
Secondly the bond between face sheet and foldcore is assonbeda perfect bond with no
fracture. In case of interface debonding the cell wall aglj¢o the face sheet has to fail ins-
tead, which also results in an overestimation of load leM&igly observed in TL-direction).

In figure 4.34 the deformation of numerical model and expental results in TL-
direction are illustrated for different strains. In casetlod experiments, the first buckling
is initiated at the zigzag faces (Fig. 4.34a). At large sganainly interface debonding is
observed (Fig. 4.34e—Fig. 4.34f). If the numerical and expental deformation plots are
compared, a good agreement of the buckling modes is obdervalne numerical model
shows extensive element degradation (Fig. 4.35) and eitioim in close proximity to the
regions, where the foldcore-face sheet interface is obsetw fracture in the experiments.
This overestimation of foldcore failure is caused by thefgarbond between face sheet and
foldcore, as discussed above.

In figure 4.36 the deformation of the numerical model and tkgeamental results in
TW-direction are illustrated for different strains. In teeperiments the first buckling is initia-
ted diagonally across the middle face of the extended fo&d(feig. 4.36b), which is parallel
to the shear load. In case of large strains fracture occunsaat the fold edges and spreads
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Figure 4.35.: Contour plots showing the evolution of the dgefactor in the fibre layer for
shear strains in TL-direction of 2.5 % and 5 %.

later across the faces (Fig. 4.36d and Fig. 4.36e). If nisakmodel and experimental re-
sults are compared, a good agreement of the buckling modsasdsnt. In figure 4.37 the
distribution of the damage factor is plotted for differettags. The numerical model initially
shows degradation mainly at the fold edges as can be obsertkd contour plot at 2.5%
shear strain. However if compared to the fracture occug@mserved in the experiment, the
subsequent degradation extends less in direction of thesealyd is more pronounced across
the foldcore faces (Fig. 4.37, 5% shear strain). As disalabeve, this deviance is attribu-
ted to the pre-damaged fold edges due to cutting in real do&dstructures, whose effect is
underestimated due to the assumption of perfect fold edgdeinumerical model.

In summary the layered shell model can satisfactorily regméthe global stress-strain
behaviour. However, it has to be noted that the numericalahoderestimates the peak
stresses by approximately 20 %, which is mainly caused blenegf pre-damaged fold edges
and assumption of a perfect bond between face sheet andfelucthe numerical model. The
buckling modes are well captured and the evolution of danaagefractures is comparable to
the occurrence of fractures observed in the experiments.

4.4.3. Summarised evaluation of numerical foldcore model

In above sections 4.4.1-4.4.2 the experimental investigaf foldcore structures loaded in T-,
TL- and TW-direction is compared to numerical foldcore medehich use the layered shell
model derived in chapter 3.4 in combination with the setigeulsed in section 4.3. Overall
the numerical model shows good results for all presented éaaes (Foldcore compression
test (FCT) and foldcore shear tests (FST)). It is noted ttreamodel has only 3 x 6 cells, whe-
reas the tests are performed on larger foldcore structlréise simulated structure the greater
proportion of free edges means that the foldcore cells asedenstrained. Thus the structure
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Figure 4.36.: Deformation of aramid paper foldcore model BB shear tests loaded in TW-
shear.
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Figure 4.37.: Contour plots showing the evolution of the dgefactor in the fibre layer for
shear strains in TW-direction of 2.5 % and 5 %.
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is softer and allows greater wall bending/buckling befakapse. The more constrained cells
in the test also fracture earlier. However preliminary saavith varying cell numbers show,
that this effect can be neglected for the investigated cases

The initial elastic behaviour in compression (FCT) showsdyagreement to the experi-
ments. The small cumulative damage during the initial #daphase is observed to be well
represented in all load cases. However, in case of compress peak stress is considerably
overestimated by the modelled foldcore structures (FCTR&if). This is in contrast to the
peak stress observed for the cylinder collapse test (CCEgation 3.5.2 which was unde-
restimated by the layered shell model. Main reasons forahesestimation are the neglect
of pre-damaged fold edges and the assumption of a perfect Ibetaveen foldcore and face
sheet. The evolution and occurrence of buckling is genewadll captured, as the comparison
of experiment and model shows in case of foldcore face and bdgkling (FCT and FST).

The initial local increase of damage in highly loaded regiah the aramid paper is
well represented. This is especially observed for fold etfegradation and tearing (FCT and
FST). However, in case of extensive occurrence of damagerasxample in the FCT, the
layered shell model significantly overestimates the oenge of damage. This is a result of
the constant distribution of damage in a single elementclvtiegrades the whole element and
therefore overestimates the planar expansion of the Berhllamage and fracture processes
observed in real foldcore structures.

In summary the foldcore model is well suited to representaotpas it gives a good
estimation of energy absorption (load level x displacemeburing impact the foldcore is
expected to be considerably subjected to collapse and &beeds, whereas densification of
the foldcore is localised. If the foldcore densification wrscin an extensive area (crash) the
model tends to moderatly underestimate the absorbed en@&itgy capability of the model
to predict the beginning of instability is limited, as theimandicator is the maximum load,
which was generally overestimated.



5. Impact on foldcore sandwich
structures

5.1. Overview

In this chapter the numerical foldcore model presented aptdr 4 is applied to impact load
cases. For that purpose the behaviour of foldcore sandwaicélp with carbon fibre composite
skins subjected to low-velocity and high-velocity impae at first experimentally characteri-
sed. Low-velocity impact of hard, spherical impactors igestigated on basis of a droptower
test series. Additionally, high-velocity impact is anagsby means of gas gun tests for va-
rying impactor types, shot angles, velocities and impaetgies. The impact occurrence is
evaluated by high speed film sequences, photography of thadimegion, 2D and 3D com-
puted tomography (CT) and in case of low-velocity impactriieasurement of the load and
deflection reaction.

In the subsequent section the adaption of the numericatdobdmodel to impact sce-
narios is presented. After a brief introduction to impactdeling, the representation of the
composite face sheets, of the bondline interface betwddnde and face sheets and of im-
pactors and support is discussed. The quality of the nualeniodel is then studied on basis of
a parameter study, which investigates effects of elemeat Bnpact location, target specimen
size and coefficient of friction.

In the final section the predictions of the numerical model @mpared to the expe-
rimental results previously presented in section 5.2. Tise fiart of the section covers the
comparison of low-velocity impact experiments (drop towests) with the numerical predic-
tions. Subsequently the comparison of high-velocity ilhgxperiment (gas gun tests) with
the numerical prediction is discussed. In both parts théditgua the numerical predictions is
evaluated on basis of the observed representation of trexgiog failure mechanisms.

5.2. Experimental characterisation

In general, a sandwich structure is relatively sensitivienjpact loading due to the low thick-
ness of its face skins (cf. Bitzer [27]). Therefore numen@search is aimed at evaluating the
damage behaviour of sandwich beams and panels under vampast loads. A significant
proportion of this research investigates impact on sanusiicictures with honeycomb cores.
Honeycomb sandwich structures are expected to demonstraiter damage characteristics
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as sandwich structures with folded cores, as both have asiggometrical structure of angu-
larly connected faces and are made of similar base matemetise following a brief overview
on the damage behaviour of honeycomb sandwich structuieer impact load is provided,
given that scarce literature is available on impact behawod foldcore sandwich structures.

Impact studies are commonly classified by the velocity ofastipn low-velocity impact
(0-50 m/s), high-velocity impact (50—-1000 m/s) and hypdogci¢y impact (> 1000 m/s).
Low-velocity impact tests are mainly executed with dropgteisystems and servo-hydraulic
impact machines. In aircraft and aerospace structures/basof impact typically results from
tool drops, hail and runway debris (low speed). High-veioicnpact tests are performed with
gas gun systems. They reproduce impact occurrences sudtd ampact, hail during flight,
runway debris (high speed) and metal fragments. For hydecig impact test mainly two-
stage light gas guns and powder guns are employed. Hyperityelmpact usually signifies
occurrences such as ballistic impact and orbital debrisgispacecraft equipment. In the
following hyper velocity impact is not considered, as thisrkvfocuses on impact behaviour
of potential aircraft structures, which is in the regimea#/land high-velocity impact.

Low-velocity impact on honeycomb sandwich structures heenhinvestigated by va-
rious researchers [16, 39,128, 138]. A low-velocity impstatly with a spherical drop weight
to characterise the type and extent of the damage obsensedanety of sandwich configu-
rations with carbon fibre/epoxy face sheets and foam or hemmelp cores was conducted by
Anderson and Madenci [16]. Dear et al. [39] studied the daaghaviour in honeycomb
sandwich panels from the onset of damage to catastrophicdaiShin et al. [138] perfor-
med low-velocity impact tests on several configurationsasfdsvich panels (foam core and
honeycomb core) at different impact energy levels. Sidyil&ark et al. [128] investigated the
damage resistance of honeycomb sandwich structures todtneity impact.

The findings of the researchers above can be summarised@sdoln case of compo-
sites predictions of the effects of low-velocity impact daga are difficult. The main reason is
that internal damage occurs at impact energy levels lovear those required to create visible
damage. Typically, the surfaces of honeycomb sandwicletstres reveal very little damage
at low levels of impact energy, as the main failure modes alandination in the surface skin
and core crushing. As a means to investigate the internahdarof the sandwich samples
X-ray scans and ultrasonic C-scans have been very suckte&dtlitionally the measurement
of the force-time and deflection-time response allows tatifiecharacteristic attributes such
as peak load, contact time to peak load, deflection at peakdond absorbed energy.

Several researchers classified characteristic sandwiicinefastates such as upper skin
failure, core crush, lower skin failure and perforation drade linked the different stages of
failure to the force—time traces. Typical failure modesfame sheet buckling and delamina-
tion within the face sheet, debonding between face sheet@nmedas well as core indentation
and crushing. Results have been compared with those of awa&ent static loading and
showed that low-velocity impact was generally quasi-stitinature except for localised da-
mage. Additional comprehensive and detailed summariesrolies experimental studies can
be found in the review articles by Abrate [6, 8].
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Although less research is available on high-velocity impat honeycomb sandwich
structures this topic has been the focus of several resgancips [32, 35, 63]. Christopherson
et al. [35] examined the high strain rate response of homapcsandwich structure filled
with foam undergoing small mass impact at high velocitiesitgo et al. [32] compared
experiment and simulation of high-velocity impact on samiwstructures with honeycomb
core. Goldsmith and Louie [63] researched the axial petifumeof aluminium honeycombs
(without face sheets) by projectiles at high impact velesit

The response of sandwich composites to impact is investigat comparison of impact
energies and absorbed energies which is calculated by sidued velocity of a penetrating
projectile. The nature of damage was also optically measunesummary, above researchers
found that once the velocity approaches a critical valupeddent upon sandwich material
and geometry of the composite panel, the damage area indyc#dte impact situation is
quite local. Christopherson et al. [35] observed the eristeof a local damage area until
the impact energy approaches and exceeds a respecticalceitiergy value, after which the
damaged region expands considerably. Main damage meahamithe face sheets is fibre
breakage whereas the core failure is mainly core crushihg i¥ in contrast to low-velocity
impact situations in which a primary mode of failure is delaation. Almost no appreciable
delamination of face sheet and core has been observed.

In addition, there has been some work concerning small nmapadts on sandwich
composite materials, which has shown that high-veloaty/mass impacts impart a wave-
controlled response such that the load and deflection resgoare out of phase and inde-
pendent of the composite panels boundary conditions or€ilsson [125]). It is noted, that
parts of the experimental studies presented in this chaypter been published by the author
in Heimbs et al. [76].

5.2.1. Low-velocity impact

This section describes low-velocity impact tests on fotdceandwich panels, which were
carried out at the DLR within the CELPACT project [91]. Thestee were carried out on
four foldcore sandwich panels with carbon composite faeetshand foldcore type 30 with
50 mm steel ball impactors (for type definition cf. table 4rbpage 81). The panels were
manufactured by ‘Universitat Stuttgart’ (Institute of Aiaft Design). One quasi-static test
was carried out at constant velocity loading to observeelesnce of failure mechanisms and
measure energy absorption. This was followed by three dmprtimpact tests with impact
energies in the range 60—400 J. It is noted that the perfodramitower tests with ~25 kg drop
weight and spherical impactor tip usually represent groommhct for example by contact with
a vehicle or during baggage handling. This type of low-vityodigh energy blunt impact
may also occur during maintenance when a tool or structungsdonto the sandwich panel. It
allows to observe a wide range of failure modes, and thusigeaxperimental data suitable
for detailed validation of the damage models and the FE sitianl methods developed here.
The failure sequence observed in the tests includes:
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(a) Photography of target specimen (b) Notation of target specimen

Figure 5.1.: Photography of the foldcore sandwich speciprenided by the Institut fur Flug-
zeugbau, Universitat Suttgart and a schematic illustnadfiche used notation.

Damage on the outer face sheet,

Perforation of the outer face sheet,

Core damage and penetration,

Damage on the inner face sheet and

Perforation of the sandwich panel.

The tests were instrumented to provide dynamic force-degrhent curves at the impactor,
from which energy absorption could be determined. Impaotatge was assessed by high
speed video film of the test and post-test by close-up vieviqgmaphy and computed tomo-
graphy analysis of the impacted panels. This technique detaled information on internal
core damage obtained non-destructively by X-ray methods.

The impacted specimen was a sandwich specimen with dimnmenefd300x300x24 mm
as depicted in figure 5.1a. The sandwich core was a type 3@ddfor type definition
cf. table 4.5 on page 81). The surface face sheets were ~1.8arbion composites panels
(Cytech HTS/977-2, 16 UD plies quasi-isotropic lay up). fyufie 5.1b the notation used for
sandwich face sheets and core is schematically illustrai®dter face sheet’ signifies the
composite face sheet, which was oriented such that it waadteg first by the drop weight.
‘Inner face sheet’ signifies the composite face sheet whahfacing away from the impacting
drop weight. In subsequent sections the quasi-staticgateta estimate kinetic impact energy
levels, the setup and the experimental results of the |deeity impact tests are discussed.
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Test method: Quasi-static pre-test
Test standard: -

Test rate: 100 mm / min
Sample material: Type 30 foldcore

Sample dimension: 300x300x20 mm
Number of specimen: 1

Figure 5.2.: Test device Table 5.1.: Test specifications

Quasi-static pre-test

As the kinetic energy levels needed to cause charactetmtiage states are initially unknown,
an individual panel was first tested to ultimate failure agjtstatic loading. During the quasi-
static test, the energy levels were measured for differtaes of indenter penetration. These
measured energy levels were then used to select impacitietdor the low-velocity impact
tests to provide impact kinetic energies similar to thacaltenergies measured in the constant
velocity test.

For that purpose, the sandwich panel was loaded quastaltatby a 50 mm diameter
steel indenter up to complete penetration in a Zwick 1484¢cshydraulic test frame. The
panel was placed horizontally on the 250x250 mm apertued kiading frame and fixed at
the edge midpoints of the lower face sheet by a light clampréwegnt lateral movement, as
depicted in figure 5.2. However the clamp did not prevent edtgions in the sandwich panel.
The spherical indenter was then pushed through the sangbaioél at a constant loading rate
of 100 mm/min.

During the course of testing some elastic loading of therdatee sheet, then outer face
sheet penetration followed by extensive core crushing anadlyiinner face sheet penetration
was observed. The outer face sheet was fractured in a airegi@n of about 70 mm diameter,
as can be seen in figure 5.3a. The amount of delamination cabhds#ved in the CT image
in figure 5.3b. The CT image clearly shows how localised tire ¢ailure was with foldcore
cells undamaged if more than 10 mm away from the indenter.tyfjieal foldcore cell wall
failure where initial buckling is succeeded by the formatad sharp kinks and fractures was
observable. The foldcore was debonded from the inner faeetshma circular region of about
100 mm diameter whereas debonding from the upper face steehegligible. The inner
face sheet fracture region extended along the fibres andembtiee whole panel. Both inner
and outer CFRP face sheets showed significant delaminatilome’s in the damage regions,
as seen on the CT image.
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(a) Photography of indented panel

Figure 5.3.: (a) Photography of front side of indented p&beRD computed tomography of
push-through region of indenter.
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Figure 5.4.: Load-deflection and Energy-deflection curdepiasi-static test.

The failure sequence is clearly seen in measured load-tiefiezuirves shown in figure
5.4, with elastic penetration until outer face sheet fractt about 9 mm deformation and 17
kN load, then extensive core crushing at a constant loadaitald kN, followed by loading
of the inner face sheet at about 20 mm deformation seen bgrlinereasing loads up to inner
face sheet penetration at about 33 mm and 26 kN load. Thelgleflaction of the carbon
composite face sheets was about 10 mm before occurrenceadffadure. The absorbed
energy data indicate outer face sheet penetration at abaliaBd inner face sheet penetration

at about 450 J.

Based on the assumption that quasi-static and dynamic \et@rgls are sufficiently
comparable the energy levels were selected to possiblynabsebounding with damage at
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Test method: Drop tower impact test
Test standard: -
Impact velocity: 2.21/3.42/5.77 m/s
Core material: Type 30 foldcore
face sheet material: Cytech HTS/977-2

16 UD plies

Sample dimension: 300x300x24 mm
Number of specimen: 3

Figure 5.5.: Test device Table 5.2.: Test specifications

outer face sheet (~60 J), outer face sheet penetration aedlamage (~140 J) and complete
penetration of the sandwich panel (~400 J).

Setup of low-velocity impact test series

A total of three flat foldcore sandwich panels were testetbiwrvelocity impact with the drop
tower impact setup shown in figure 5.5. The three foldcorelwarh panels had dimensions
300x300x24 mm with ~1.8 mm carbon composite face sheete@yWTS/977-2, 16 UD
plies quasi-isotropic lay up) and were provided with foldetype 30 (for type definition cf.
table 4.5 on page 81). For the low-velocity tests carriedhaue, the foldcore sandwich test
panels were cut to size from a larger panel and the edges efetmbealed. The panels were
placed on the same steel load frame as in the quasi-statieitaghe centre edge clips at the
lower face sheet and 4 clamps were placed at the cornershiizgdhe panel under impact
loads.

The impact velocity was varied in the range 2.2-5.8 m/s twigeodata on different
failure modes. The total drop mass was 23.63 kg for all testkjding load cell and steel ball
impactor. The steel ball impactor was 50 mm in diameter. Tle@sured impact velocities
and the corresponding impact energies are listed in taBle 5.

The force-time data was measured at the load cell locateceleetthe spherical indenter
and the impact mass. The displacement-time of the crossswaa measured by an electro-
magnetic device in the drop tower frame. The impact processracorded by a high-speed
camera system (PHOTRON Fastcam Ultima APX RS, Model 250k¢rhal structure damage
in the sandwich cores was quantified by post-test CT scansg ST the internal structure
and damage in the sandwich cores were quantified.
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Table 5.3.: Measured impact conditions.

Specimen number Impactor type Impactor mass Impact vglodinpact energy

- - [kal [m/s] [J]

1 Steel ball 23.63 2.21 57.7
2 Steel ball 23.63 3.42 138.2
3 Steel ball 23.63 577 393.4

Figure 5.6.: Image sequence of impact with 60 J (Time interd&3 ms).

Experimental results

60J Impact The measured impact velocity in this test was 2.21 m/s gigimaitial kinetic
energy of 57.7 J. This energy level was chosen as it is belevotiter face sheet penetration
energy of 80 J seen in the quasi-static test. The steel lukdhiied the outer face sheet before
it rebounded as can be seen in figure 5.6. There was no danslfgke ¥ the close-up view
of the impact region in figure 5.7a. However, the CT image airgs.7b confirms that the
ball caused delamination damage at the contact positioh@wouter face sheet. Also some
damage on the foldcore was observable close to the pointgdétwith a region diameter of
about 50 mm. The damage was mainly cell wall breakage acauieghdy sharp kinks and
small tears very close to the impact zone. The inner facet slaekeno visible damage.

Referring to figure 5.8 the peak load at outer face sheet rebauas 12.5 kN at about 8
mm displacement. The absorbed energy at rebound calcdtatedhe load-deflection curve
was about 49.3 J which was about 85 % of the impact energyla&dclby the initial velocity
and drop weight mass which amounted to 57.7 J. The overahdétiest results in this case
were consistent with those expected from the quasi-stahefpation test.

140J Impact In the presented test the measured impact velocity was 3/dZ2onrespon-

ding to an initial kinetic energy of 138.2 J. This was chosgmamenergy level at which outer
face sheet penetration and core crushing was expected fi®guisi-static data. In figure 5.9
an image sequence of the impact occurrence is depicted. tébkebsll penetrated the outer
face sheet, is slowed down and stopped by the core and rebdgnbtsequently. The close-up
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(a) Photography of impact region (b) 2D computed tomography

Figure 5.7.: (a) Photography of the front side of the 60 J ichgpecimen (b) 2D computed
tomography of impact region.
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Figure 5.8.: Load-deflection and Energy-deflection curdebke@60 J impact test.

view of the impact region in figure 5.10a shows several cratkke location of impact. The

detailed CT image of core damage in figure 5.10b clearly shbatsafter face sheet penetra-
tion the core absorbed the remaining impact energy andqieatéhe inner face sheet from
damage. The damage of outer face sheet and core was locaiigeglimpact zone in a dia-

meter of about 70 mm. Within the impact region extensive foset delamination and core
crushing was observed.

Figure 5.11 shows the measured load-deflection data angyealksorbed in impact. In
the test the peak load at outer face sheet penetration wasg 2B® kN at 8 mm displace-
ment, with a fairly constant core crush load of 9.0 kN untbdgand started at about 15 mm
displacement. At rebound the energy absorbed by the sahgwicel was seen to be about
120 J, of which about 50 J was absorbed by fracture and p#ioetdd the outer carbon fibre
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(é) Photography of impact region (b) 2D computed tomography

Figure 5.10.: (a) Photography of the front side of the impetcimen (b) 2D computed to-
mography of impact region.

composite face sheet. It is noted that the absorbed enelgylated from the load-deflection
curve amounted to 117.5 J which was about 85 % of the impactgmalculated from the
initial velocity and impactor mass which amounted to 138.2 J

400J Impact  For the third impact test the impact velocity was measurésl @6 m/s which
resulted in an initial kinetic energy of 393.4 J. This endayel was selected as it corresponded
to an almost complete penetration of the sandwich in theiguiasc test. The steel ball
penetrated the outer face sheet, is slowed down by the cdretapped by the inner face sheet
before it finally started to rebound as seen in figure 5.12.tdpeiew of the impacted sample
in figure 5.13a shows the severely damaged outer face she=CT scans of core damage in
figures 5.13b and 5.14 confirm that the ball penetrated thee @®far as the inner face sheet,
which appears to be undamaged suggesting it was deforms&titally to absorb the impact
energy before the projectile started to rebound. Howeviamsikve core debonding from the
inner face sheet was observed.
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Figure 5.11.: Load-deflection and Energy-deflection cuofeéke 140 J impact test.

Figure 5.12.: Image sequence of impact with 400 J (Timewater-5 ms).

(a) Photography of impact region (b) 2D computed tomography

Figure 5.13.: (a) Photography of the front side of the imgetcimen (b) 2D computed to-
mography of impact region.
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Figure 5.14.: 3D computed tomography of impact region.

Referring to figure 5.15 the peak load at outer face sheettzioen was about 13.0
kN at 8.5 mm displacement, with a fairly constant core crustulof 8.5 kN before a steady
increasing load due to core compaction, crushing and irexe Sheet elastic deformation
until rebound started at about 35 mm displacement. At retiabie energy absorbed by the
sandwich panel is seen from figure 5.15 to have been about,3&iBhJan estimated 280 J
absorbed by core crushing and fracture.

With 350 J the absorbed energy calculated from the loadalftecurve was about 90 %
of the kinetic energy calculated from the initial velocitydaimpactor mass. It as concluded
that the sandwich panel had better impact resistance tleaicped from the constant velocity
penetration test, since the inner face sheet was not danragfesl LV impact test, despite the
very high energy. This may be explained by the fact that theaictor was slowed down and
stopped by the core and had no energy left to penetrate tiee face sheet, whereas in the
guasi-static test at constant velocity it continued on withstant velocity through the inner
face sheet.

Conclusions

Figure 5.16 compares the contact force in the quasi-stgtonith the results from the three
drop tower impact tests. It is apparent that the failure ,sadehe quasi-static test with outer
face sheet penetration, core crushing and finally innergaeet deformation and penetration,
are reproduced in the impact tests, except for final penetraf both face sheets. However,
in the test which was expected to cause almost completenaéinatat impact energy of 400
J, the impactor was stopped by the sandwich core and did noagiathe inner face sheet. It
is also noted, that the force magnitudes and energy absorptre observed to be larger in
the quasi-static test compared to the magnitudes obsemtad dynamic tests.

Dynamic properties of composite materials are usually attarised by a more brittle
failure behaviour, compared with quasi-static properti€bus dynamic failure stresses are
higher, but dynamic failure strains and energy absorbedllaré are usually lower. The mea-
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Figure 5.15.: Load-deflection and energy-deflection cuofé¢se 400 J impact test.

sured lower dynamic core crush loads, with lower energy ighem seen here are consistent
with DLR test data on crush response of composite absorberegits such as CFRP segments,
reported in the research thesis of M. David [38]. M. Davidealed that for crush velocities
in the range 1-10 m/s steady crush loads and energy absowsie typically 20-25 % below
guasi-static values.

Generally, in the energy-deflection curves in figure 5.1ait be observed, that the peak
measured absorbed energy is lower than the initial kinetszgy of the impactor by a factor
of about 10 %. In the dynamic tests this is the point of rebgsirtte in each test the impactor
is stopped, then rebounds with a reduced velocity. At thiatdbis expected that the initial
impactor kinetic energy is zero, and balanced by the stra@rgees, fracture energies and
kinetic energy in the sandwich plate. The discrepancy hetddcbe due to energy losses
such as friction between impactor and plate, kinetic eesrdue to plate vibrations and in the
test frame and cross-head, plus the effect of filtering ordglmamic force and displacement
measurements.

Based on the experimental results typical characterisfittee dynamically loaded sand-
wich structure have been identified for the effective impamtditions. The observed cha-
racteristics are used to assess the quality of the substyipessented finite element model.
Significant observed characteristics are:

* The impact tests followed the same load and energy curvés e point of impactor
rebound. Two definite peak loads correlated with outer anerifiace sheet failure.
After outer face sheet failure the foldcore crushed at ateon$oad.

* Observed surface face sheet failure behaviour was imiarkr delamination and sub-
sequent occurrence of face sheet fractures.

» The foldcore failed after initial elastic buckling in a shing mode under formation of
sharp kinks and fractures at face edges.
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Figure 5.16.: Load-deflection curves of the low-velocitypmat tests and the quasi-static pre-

test.
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Figure 5.17.: Energy-deflection curves of the low-velodipact tests and the quasi-static
pre-test.

» The observed damage and failure for a hard body impact weised close to the
impact region. For all tested impact energies the core meadaundamaged if it was
about 10-20 mm away from the impactor. An exception was ttensiwe debonding of
lower face sheet and core for large impact energies. In coatibn with the large-scale
damage observed in the quasi-static test this indicatediihare of the inner face sheet
can also be expected to be more widespread.
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Figure 5.18.: Photography of a gas gun test specimen.

5.2.2. High-velocity impact

This section summarises results from the high-velocitydotpest series conducted on three
sandwich panels, which are depicted in figure 5.18. The tesé warried out at the DLR
within the CELPACT project [100]. A total of three 500x500 nffat foldcore sandwich
panels were tested. The target specimen were provided hyet&itat Stuttgart’ (Institute
of Aircraft Design). The purpose of the test programme wasettermine the critical impact
energies and velocities for a given impactor to cause charatic damage states. Different
projectile types, such as

e Steel cubes,
e Steel beams and

e Rubber beams

were considered. This section briefly describes the settipeajas gun facilities, the support
conditions, the sandwich panels and the projectiles. Ehisliowed by a summary and dis-
cussion of the test results observed for each projectile.tyfhe high-velocity impact tests
were documented by a sequence of photographs of the impat extracted from the high
speed digital video camera, photographs of the visible denua the outer and inner face
sheets and computed tomography of core and interface daimeggected impact samples.
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The aim of the test programme was to determine the criticadtic energies and impact
velocities for a given projectile and test panel, causingaige on the outer face sheet, perfo-
ration of outer face sheet, core damage and penetratiomgtaon the inner face sheet and
perforation of sandwich panel. However, such a completeacherisation requires a large
number of impact tests and hence test panels. In the case pfekent test series it was pos-
sible to carry out several shots per panel with the steekptibgs, since failure was localised.
Thus it was possible to estimate face sheet and core damdgseartration conditions. For
the rubber projectiles there was no outer face sheet pdioetabserved, so that the focus was
on delamination or core/face sheet debonding at the impzsitipn. After impact testing,
computed tomography scans were carried out on the damagedspaufficient detail was
obtained to show cracking, delamination and fibre damageetomposite face sheets, face
sheet-core debonding and core microdamage.

Setup of high-velocity impact test series

A gas gun with barrel diameter of 60 mm was used in this tegselt consists of a single 50 |
pressure tank and a fast acting pneumatic valve to a doMerégich and 5 m long honed bore
barrel with 60 mm diameter. The target chamber is shown irrdigul9. On the right hand
side the muzzle of the gas gun barrel is visible. An opticé gdth velocity meters which
is positioned directly in front of the muzzle. It is linked &ocomputer for calculation of the
impact velocity and for synchronising the start of came€@sthe left hand side the sandwich
panel specimen is positioned, which is bolted to a suppamé. The projectile masses range
from 0.013 to 0.1 kg and are accelerated to impact speeds 1g6ton/s by a sudden release
of the pressurized air. The specimen were impacted with stdee, steel beam and rubber
beam projectiles at 90° or 60° impact angle and with 3-5 ghetgpanel, depending on size
of damage zone.

The free flight and the impact of the projectiles on the tagpeticimen were visualised
through a high-speed video camera (PHOTRON Fastcam UltiRda RS, Model 250k) com-
prising of a 10 Bit CMOS monochrome sensor with 1024x1024IpiXxhe camera speed was
adjusted to 12,000 frames per second (640x480 pixel). Fstrtest investigations of damage
close-up view photography and computed tomography foctsdempact samples have been
performed.

The three foldcore sandwich panels have dimensions as sbdwamatically in figure
5.20a. The sandwich core is a foldcore type 30 as specifiedbile 4.5 on page 81. The
sandwich face sheets are 16 UD plies with quasi-isotrogigdaf Cytech HTS/977-2 carbon
fibre composite (~1.8 mm thickness). The panels were sugghorta vertical plane and bolted
to a steel support frame inside the gas gun target chambendém to attach the panels securely
to the supporting steel frame, each test panel was fabdicaitd internal edge supports of
dense integral foam core at which the panel was bolted. Wh#adto the support frame
this gives the foldcore sandwich a test size of 400x400 mne drigles of impacts(°, 90°)
are obtained by rotating the frame and panel with respedt@éarmpact direction. For that
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Muzzle of gas gun barrel

Test method: Gas gun impact test

Test standard: -

Impact velocity: 40 m/s - 125 m/s

Core material: Type 30 foldcore

face sheet material: Cytech HTS/977-2
16 UD plies

1} Sample dimension:  500x500x24 mm
’ Number of specimen: 3

7

Specimen Velocity sensor

Figure 5.19.: Test device Table 5.4.: Test specifications
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(a) Dimensions of target specimen (b) Notation of target specimen

Figure 5.20.: Schematic illustration of the dimensions aathtion of the target specimen in
mm.

purpose, an adjustment device was built and fixed to the ffcdrae for the60° impact to
hold the panel at the right inclination.

The notation of the sandwich face sheets and core is sinoildret one used in the low-
velocity impact tests, as illustrated in figure 5.20b. Thetéw face sheet’ signifies the compo-
site face sheet, which is oriented such that it is impactstldi the projectile. The ‘inner face
sheet’ signifies the composite face sheet which is facingdman the impacting projectile.

In the test series, two types of metallic and one type of rupbaectiles were fired: A
steel cube with side length 12 mm and mass 13.5 g, a steel b&ardimensions 109x30x4
mm and mass 101.7 g and a rubber beam with dimensions 132x30r2 and mass 103
g. In the tests the projectiles are held in sacrificial padylnane foam cylinders inserted in
aluminium alloy ‘cups’. These ‘sabot’ devices hold the patjle in the desired orientation and
form a gas tight seal against the driving gas. A cavity at tbetfof the sabot whose diameter
and depth are adapted to the size and geometry of each [leEaties the projectile. A



126 Chapter 5. Impact on foldcore sandwich structures

5.

(a) Steel cube (b) Steel beam (c) Rubber beam

Figure 5.21.: Different types of projectiles with sabofs}teel cube (b) Steel beam (c) Rubber
beam.

sabot stripper is fitted onto the muzzle of the barrel whidtriets the muzzle opening such
that the projectile can pass through unimpeded whilst thetsa stopped. The projectiles and
their sabots are shown in figure 5.21.

The steel cube projectiles represent impact of metallieabjfrom ground debris im-
pacting lower parts of the fuselage. The steel beams ragresgine fragments hitting the
fuselage at a specific angle. The rubber beams representymerfagments, which are laun-
ched upward and impact lower parts of the fuselage. The rutiogectiles were cut from
aircraft tyres provided by Airbus. In order to have a straigibber beam with an acceptable
weight of about 100 g, it was necessary to build the rubbejeptites by using two strips
cut from the tyre, consisting of tyre rubber and fabric rerocéments. These two strips were
attached to each other using an adhesive tape.

Steel cube impact

A total of five shots were performed on a foldcore sandwicheparith a 12 mm steel cube
weighing about 13.5 g. The velocities, impact energies astidbservations of each shot are
listed in table 5.5. The angle of impact was normal to the paundace with90°. Special
care was taken to prepare sabot and projectiles so thatdfexples hit the panel flat on with
the face. However, projectile 4 and 5 rotated during freenflend hit the target panel with
slightly inclined angle.

The test series indicated that up to 20 J impacts the prigesbounds, with minor
surface scratches, as can be seen in figure 5.22a for an imjthc kinetic energy of 20.9
J. However, the computed tomography in figure 5.23a indscttat the outer face sheet was
delaminated at the location of impact. The foldcore in clpsimity (10—-20 mm) to the
point of impact was bend and showed some kinks and cracks.

Outer face sheet perforation was in the range 20-40 J, th&5-&0 J the projectile was
stopped by the foldcore, which absorbed the impact enerdyplding and fracture. Figure
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Table 5.5.: Overview on performed impact test with steekcpimjectiles.

Shot Mass Velocity Energy Comments

[0l  [m/s] [J]
1 135 556 20.9 The impactor rebounded from the sandwich. The
outer face sheet was damaged.
The outer face sheet was penetrated and the projec-
2 13.5 81.8 45.2 tile was stopped by the foldcore. The projectile re-
mained stuck in the core.
The outer face sheet was penetrated and the projec-
3 13.3 995 66.8 tile remained stuck in the core. No damage was vi-
sible on inner face sheet.
The outer face sheet was penetrated and the projec-
4 13.3 108.1 77.2 tile remained stuck in the core. No damage was vi-
sible on inner face sheet.
The outer face sheet was penetrated and the projec-
5 13.3  109.0 79.0 tile remained stuck in the core. A crack of about 0.8

mm was visible on inner face sheet.

(a) 20.9 J impact
Figure 5.22.: (a) Close-up view of impact region for a kinethergy of 20.9 J (b) Close-up
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(b) 45.2 J impact

view of impact region for a kinetic energy of 45.2 J.
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(a) 20.9 J impact (b) 77.2 J impact

Figure 5.23.: (a) The 2D computed tomography shows the ®sison of impact region for
a kinetic energy of 20.9 J (b) The 2D computed tomography shitw cross-
section of impact region for a kinetic energy of 77.2 J.

5.22b depicts the outer face sheet of the target specimachwias impacted with an kinetic
energy of 45.2 J. The projectile penetrated the outer faeetsdnd remained stuck half way
through the 20 mm thick core. The damage of the outer congtsie sheet was localised,
with the size and shape of the face sheet perforation carnelépg to the circumference of
the impacting projectile. This is confirmed by a computeddgraphy of the impact region’s
cross-section in figure 5.23a. It is clearly visible, tham@ge and delamination in the outer
composite face sheet were limited to a region of about twheeprojectiles side length in
diameter. The deformation and damage in the foldcore wadi$ee to a region of similar
size, with foldcore crushing only observed directly beltw projectile.

Similar observations were made for an impact with kinetiergg of 66.8 J. Here the
foldcore was fully crushed by the projectile which was stgpy the inner face sheet, as can
be seen in the 3D computed tomography of figure 5.24. The @r@ewhich remained stuck
is coloured in yellow. In case of larger kinetic energies.27¥ and 79.0 J) the added energy
was mainly absorbed by bending of the inner face sheet whachagcompanied by extensive
face sheet-core debonding in a region of 80—100 mm in diatretelepicted in figure 5.23b.
The different extend of inner face sheet-core debondingden the 66.8 J (no debonding)
and 77.2-79.0 J (considerable debonding) indicated tleatoldcore absorbed energy up to
about 65 J by crushing and rupturing. After 65 J the excessneggy was absorbed by the
inner face sheet. In the tests it was not possible to peedtratsandwich with the employed
kinetic energies, as this required hard body impacts abOvé @ 109 m/s) for the 12 mm
steel cube.
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(a) 66.8 J impact (b) 66.8 J impact

Figure 5.24.: 3D computed tomography of 66.8 J impact. Treges show an iso-view, with
a cut-plane (a) adjacent to the outer composite face sheadjdcent to the inner
composite face sheet.

Table 5.6.: Overview on performed impact test with steehipeojectiles.

Shot Mass Velocity Energy Comments
9]  [m/s] [J]

The outer face sheet was penetrated. The projectile
1 101.7 39.3 78.7 rotated during penetration and remained stuck in the
core. No damage was visible on the inner surface

2 101.7 67.9 234.7 The projectile penetrated the sample
3 101.7 86.3 372.0 The projectile penetrated the sample

Steel beam impact

Three shots with steel beam projectiles with dimensionsO8&B0x4 mm were carried out.
The velocities, impact energies and test observationsaf shot are listed in table 5.6. Ge-
nerally, the considerably larger mass of the projectil@lted in much higher kinetic energy
levels than in the tests with the small steel cubes. Thettapgpeimen was positioned such that
the projectiles hit the specimen with an inclined impactlarg 60°. The beam was aligned
with the sabot so that it impacts the panel end on. By rotatiegoeam in the sabot, it was
possible to vary the angle between the face of the beam aridltto®re directions.

The first shot with an kinetic energy of 78.7 J showed that #enbpenetrated the outer
face sheet and was stopped by the core and inner face shéat,igvhrery similar to the result
for the steel cube. However at the higher kinetic energi@84f7 J and 372 J, the beam passed
straight through the sandwich panel. This was a severe las&llnecause the beam was in the
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(a) Front side (b) Back side

Figure 5.25.: Photography of the front side (a) and back @yef the target specimen which
was impacted with a kinetic energy of 234.7 J.

(a) Side view (b) Top view

Figure 5.26.: The 2D computer tomographies show the side (a¢ and top view (b) of the

target specimen’s cross-section which was impacted byetikienergy of 78.7
J.

form of a 4 mm thick steel plate impacting edge onto the panélthus able to pass between
the folds of the foldcore with little energy absorption pbss

The photographies in figure 5.25 show the front and back ditleeampact with 234.7
J, where the specimen passed straight through the targetrspe Similar to the observations
made for the steel cube the size and shape of the damage intdreeomposite face sheet was
considerably localised and corresponded to the circuméeref the steel beam projectile.
However the inner face sheet showed extensive damage aardidation in a region of about
100-200 mm in diameter.
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(a) 78.7 J impact (b) 78.7 J impact

Figure 5.27.: 3D computed tomography of 78.7 J impact. Treges show an iso-view, with
a cut-plane (a) adjacent to the outer composite face shietd{hcent to the
midplane of the sandwich specimen.

The computed tomography in figure 5.26 indicates, that fomatlc energy of 78.7 J
the sandwich’s interior damage was comparable to the dapettern observed for the steel
cube at similar energy levels. The projectile remainedksindhe core. Again, the damage
in the outer face sheet and foldcore was very localised. Dtieet inclined impact angle, the
front end of the beam projectile slided along the inner fdamesand compressed and sheared
off the foldcore along a distance of about 30 mm. The innez fdwet was also considerably
debonded from the core in a region of about 120-150 mm. No damas detected on the
inner face sheet itself. Figure 5.27 depicts two 3D comptor@ographies of the same impact
event. The visible parts of the beam projectile are coloumegellow. It is evident, that the
foldcore was only damaged in close proximity to the stuckemtie.

Rubber beam impact

The difference between impact damage from hard bodies dhellastic projectiles was high-
lighted by three impact tests with rubber beams. For thapqee, the target specimen was
impacted by rubber beam projectiles with dimensions of BBZ25 mm. These had a similar
mass to the steel beams of 103 g. The velocities, impact ieseagd test observations of each
shot are listed in table 5.7. The projectiles hit the targetsmen with an impact angle 66°.
The beam was aligned with the sabot so that it impacts thd padeon. By rotating the beam
in the sabot, it was possible to vary the angle between thedathe beam and the foldcore
directions.

The target specimen was impacted with kinetic energies @854 J, however there was
no outer face sheet penetration. This was due to the rubkeriaisstoring kinetic energy as
elastic strain energy on contact, so less energy was alattadamage the panel, and because
there was no immediate penetration, the panel itself wastaldeform globally to resist the
impact. Here the only observed damage by computed tomograph delamination in the
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Table 5.7.: Overview on performed impact test with rubberberojectiles.

Shot Mass Velocity Energy Comments
[0l  [m/s] [J]

No damage was visible. The outer face sheet was
1 103 82.9 353.9 slightly deformed and yielded to pressure (~0.5 mm
in depth)

No damage was visible. The outer face sheet was
deformed and yielded to pressure in a region of ap-
2 103 105.0 568.1 proximately 2 mm in depth and 50 mm in diameter

No damage was visible. The outer face sheet was
deformed and yielded to pressure in a region of ap-

3 103 125.7 814.2 proximately 3 mm in depth and 60-70 mm in dia-
meter

LT,
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€) Photogfaphy of impact region (b) 2D computed tomography

Figure 5.28.: (a) Photography of the front side of the imgaetcimen (814 J) (b) 2D computed
tomography of impact region (814 J).

carbon composite face sheet at the impact region, with slozdl kinking of the foldcore
on contact. This was manifested by a soft spot on the sandagshsheet which could be
indented by finger pressure. Depending on kinetic energyhefprojectile, the size of the
delaminated area changed. Photography and computed tapiggof the impact with the
largest kinetic energy (814 J) is provided in figure 5.28. His ttase, the face sheet was
delaminated in a region of about 90—-100 mm in diameter. Imélai area the upper parts of
the foldcore showed local kinking and some small cracksctlirdoelow the region of impact.
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Conclusions

Based on the experimental results typical characterisfitise dynamically loaded sandwich

structure have been identified for the effective impact domts. The observed characteristics
are used to assess the quality of the subsequently predenteelement model. Significant

observed characteristics in case of hard body impact (Stée and steel beam) are:

 Steel cube and steel beam impact caused similar damaggctdrastics.

» Outer face sheet perforation was in the range 20-40 J, &0Abthe projectile was stop-
ped by the foldcore, at kinetic energies larger than 50—#e jptojectile was stopped by
the inner face sheet. At 235 J complete penetration of thévaah specimen was obser-
ved. However it was expected that penetration can occurrediderably lower energy
levels in the range of of 100—200 J. This kinetic energy ramge not investigated in
this test series.

 For all energy levels the observed outer face sheet anddmddlamage was localised to
a region of which is not much larger than the size of the ptdgc

* In case of kinetic energies of 50 J and above, the energyxhalias not absorbed by
outer face sheet and foldcore, caused considerable defomtd the inner face sheet.
As a result, extensive debonding of inner face sheet anddoddwas observed at > 70
J. In case of complete penetration the delamination and ganmathe inner face sheet
was considerably larger than in the outer face sheet.

Significant observed characteristics in case of soft bogyarh(Rubber beam) are:

* The face sheet was not penetrated in case of kinetic esargieo 814 J.

» The impact energy was mainly absorbed by global deformatidich was accompa-
nied by delamination of the outer face sheet and small Iao&lkg of the upper foldcore
in the impact region.

* The size of delamination correlated to the impact energy.

The difference in damage modes for a soft compliant prdgcivhich results in shallow
crushing of the core whereas a hard body projectile creaepad damage that conforms to
the shape of the projectile was also observed by Horrigah 44.



134 Chapter 5. Impact on foldcore sandwich structures

5.3. Numerical model

In this section the numerical foldcore model is applied tpawat loads. For that purpose a brief
introduction to impact modelling and the setup of the impactiel is given. In succession the
implementation of the composite face sheet, of the facetsiwge interface, of the different
impactor types and support frame is reviewed. The modeHjpgroach of the composite
face sheet is delineated and an estimation of its validityiven by comparing simulation
and experiment of a low-velocity composite panel impacecakhe setup of further model
characteristics, e.g. face sheet-core interface, impagies, support frame is briefly sketched
subsequently. Finally, the dependency of the presenteddmpodel on several modelling
factors such as element size, impact location, size oftapggeimen and friction coefficients
is quantified by means of a parameter study and the consesggiendhe numerical adequacy
and reliability of the model are discussed.

5.3.1. Setup of impact model

In the subsequent section the adaption of the numericatdoédmodel to impact scenarios is
presented. For that purpose the foldcore model has to bededdo give a precise reproduc-
tion of the mechanical and structural behaviour requirecifoimpact load scenario. To that
end it is necessary to represent the different componemtsandwich structure as well as the
material behaviours and relevant physical mechanismghetonodel. A schematic overview

on the necessary model extensions is given in figure 5.2%€el&eensions including the mo-

delling of the composite face sheets, the modelling of ingraand support and the interface
between core and face sheet are discussed in the followotigiss.

5.3.2. Modelling of the composite face sheet

Modelling approach

The modelling of the carbon composite face sheet presentie ifollowing mainly bases on
previously existing material data and modelling approaaraployed by the DLR, which are
extensively summarised and discussed by Johnson et @4B3,he challenge of composites
modelling is to predict material behaviour at global stanat scale level, which incorporates
the micromechanic failure mechanisms occurring at localestevel. Typically the length
scale for impact simulations measures in 1G4hdn, whereas the length scale of the occur-
ring failure mechanisms, such as fibre pull-out, fibre/matgbonding, matrix cracking, fibre
bridging, fibre fracture, microbuckling, interply delaration, etc., is in the regime @im. The
modelling and simulation of damage in composite structhes® been extensively researched
and the number of research work dealing with this topic igdanourmous to be covered in
this work. A comprehensive review of the different philobggs on damage mechanics in
composite materials is given in the research of Talreja].1#de reader is also referred to the
comprehensive investigation into the capacity of existailyire criteria provided in the work
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Representation of impactor Interaction of impactor and skin/core
(Geometry, material behaviour, (Contact and sliding interface)
impact location and velocity)

Support conditions and interaction
(Contact and sliding, boundary
conditions, geometry and material
behaviour)

Representation
of composite skin
(Geometry, material
behaviour, composite
damage mechanism)

Representation of foldcore
(Geometry, material behaviour,
irregularities, self interaction)

Interaction of core and skin
(Core-skin bond, contact and
sliding interface)

Figure 5.29.: Schematic overview on adopted modelling oastlwhich are necessary to re-
produce an impact load case.

of Hinton et al. [81]. An overview on modelling approachesammercial FE codes is found

in the review of Zhang and Yang [162]. Impact failure meckars in composite structures are
discussed and a general view on several impact modellingpappes is given in the review

of Abrate [7].

This work uses a meso-model in which the face sheet is idghls a stacking of two
entities: plies and interfaces. In-ply failure is reprasdrby a continuum damage mechanics
(CDM) formulation and inter-ply failure is represented by@hesive interface model. A
schematic overview on the representation of failure meishamin the meso-model is given
in figure 5.30. The CDM formulation follows the approach preed by Ladeveze [109, 110]
in which the damage evolution is related to the damage enelggase rate in the ply. The
CDM approach can be coupled with a cohesive interface dektinn model as fundamentally
described by Allix and Ladevéze [13]. Interface models armtensively investigated field of
research and numerous approaches which consider del@miiratomposite structures have
been proposed. A good overview on exising interface maughbipproaches is given in the
comprehensive review by Wisnom [154]. The employed coleesiterface model bases on
the approach suggested by Crisfield et al. [36] which usesuira mechanic concepts to relate
the energy absorbed in the damaging process to the int@rfeatture energy.

The CDM ply and delamination models have been implemented3lyGmbH in their
explicit FE crash and impact code PAM-CRASH, as describe@d®49]. The CDM ply
damage model is supported by layered composite shell etsmarayered composite shell
element is a stacked sequence of composite plies with éiffén-plane orientations. Each ply
is modelled on basis of the CDM formulation as homogeneottiopic elastic-damaging
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Inter-ply failure Numerical model In-ply failure
(Delamination between (Stack of individual (Local degradation
plies/sublaminates) plies or sublaminates) mechanisms in a ply)
0 1 Fibre pull-out
/ / / UU% 2 Fibre/matrix
/ / 2 I debonding
0 Matrix cracking
/ / / 1 4 6 Fibre bridging

Fibre fracture

N
N7 N

Fibre micro-
buckling

v S

I ] Cobhesive interface : Layered shell element
' which is governed by @ based on continuum

l—l fracture mechanics damage mechanics

Figure 5.30.: Schematic illustration of composite modetsnposition. The illustration of
in-ply failure is based on a figure found in the work of Ander$b7].

material. The ply damage is described by three scalar dapegeneters representing modu-
lus reductions under different loading conditions due torodamage in the ply.

Delamination can then be defined between layered shell elismeénhich represent su-
blaminate ply groups of a composite structure. For that gsgpghe shell elements are tied
together using a ‘sliding interface’ with an interface tran-displacement law. Full details of
the implementation of the delamination model as slidingriiaice with failure between sta-
cked shell elements is given by Greve and Pickett [66]. Theaihge of this approach is
that the critical integration time step is larger since ipeieds on the cross-sectional area of
the shell elements. Thus large composite structures maydaelfed efficiently with shell
or stacked shells, requiring fewer elements than solid nsp@md computationally expen-
sive interface solid elements are eliminated. It is noted timder certain circumstances this
approach can overestimate the magnitude of delaminatibrs i3 due to delamination only
being considered between sublaminates, whereas in reglagite materials delamination
may occur between individual plies. Thus, in specific cabesenergy in the model has to be
absorbed by less interfaces compared to the reality.

Implemented face sheet material model

In the present work, the composite lay-up of 16 UD ply laysrsnodelled by four stacked
layered composite shell elements with cohesive interfadesh may fail by delamination.
Each shell element represents four unidirectional ply dayigh [0/45/90/-45] orientation.
Principal properties of a single UD ply (Cytec Carbon UD @j)7are given in table 5.8. The
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Table 5.8.: Basic properties of single Carbon UD 977-2 @yysed in the material model.

Longitudinal tensile modulug’’ 141 GPa
Longitudinal compressive modulug” 117 GPa
Transverse modulus, 9.7 GPa
In-plane shear modulus;, 46 GPa
Major Poisson’s ratio;, 0.31
Longitudinal tensile failure strain]’ 0.015
Longitudinal tensile strength! 2087 MPa
Longitudinal compressive failure straifi  0.012
Longitudinal compressive strength 1440 MPa
Strain energy release rate (Moded)q 400 J/nt
Strain energy release rate (Moded);~ 1000 J/m
Densityp 1.65 g/cnd
Ply thickness p,, 0.125 mm

stacked shell elements are connected by cohesive interfgmerned by fracture mechanics
to represent skin delamination. The critical energies fodenl and mode Il failure of C-977
UD composites have been measured in a second DLR test S#5jes |

The quality of the numerical face sheet material implentgravas estimated by com-
paring impact simulations to existing data on compositéeglander impact load provided by
EU-Project HICAS [139]. Here a carbon/epoxy compositegilabricated in a lay-up [0/98)]
of Carbon UD 977-2 plies was impacted with a 50 mm sphericpbictor of a mass of 21 kg.
In the case presented here the impactor hit the target pidteawelocity of 3.11 m/s, which
corresponds to a kinetic energy of 102 J. The setup of the,plajpact tests and the instru-
mentation was the same as that shown in figure 5.5, excephtthas case the sandwich panel
was replaced by a flat CFRP plate. The impactor damaged thegid rebounded without
penetrating it. The plate was extensively delaminated dwé fracture occurred at the rear
side. The fibre fracture visible on the rear adopted a crassshape with the fracture length
measuring about half of the plates side length.

The composite plate was modelled as a stacked setup of folarsinates where each
sublaminate represents 10 plies in a [04d8}up. The parameters of the individual UD ply
and the delamination interface are identical to those usdael simulations presented in sec-
tion 5.4. The setup of the numerical model is illustrated gurfe 5.31 where a side view of
the model is shown briefly before impact and during the impaent, where the impactor has
reached the deepest penetration depth prior to rebounthnfigure 5.32 the corresponding
load-displacement curves of numerical model and expetisrendepicted, where the load on
the impactor is plotted against the penetration depth.

Both load curves show comparatively linear increase ungieak load is met, which
signifies the onset of fracture in the plate. The load thempsliand remains at a lower level
until the impactor begins to rebound at a penetration defpdivout 24 mm. Generally a good
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Figure 5.31.: Side views of the numerical model.
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Figure 5.32.: Curve plots of the impactor load vs. peneiratiepth for simulation and expe-
riment.

agreement of both curves is observed. However, the nunhermael underestimates to some
extend the load peak prior to plate fracture and delaminatibich amounts to about 12.5 kN
in the experiment and 9.5 kN in the simulation. In contrastrtbmerical model overestimates
the residual load level in the second phase in which crogesevecks are forming and extensive
delamination occurs.

The corresponding delamination patterns of simulation exyjeriment are plotted in
figure 5.33. In the contour plot of the simulation as depiatdyure 5.33a the crosswise shape
of fracture is clearly visible. The extent of delaminatisnindicated by the purple rhombus,



Section 5.3. Numerical model 139

Impactor ME

50 mm ' 50 mm

Delaminated area
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Figure 5.33.: The figures depict the amount of delaminatiosimulation (Contour plot of
interface damage) and experiment (C-Scan of impacted csitegmanel).

which signifies degraded interfaces. It is noted that thie sihthe delamination interfaces
enclosed by the rhombus is not plotted, as they are elindredter full failure (damage scalar
d =1). The shape of the delamination is mainly governed b¥tickling of the corners formed

by the crosswise fracture during the impact event. The shapdelamination predicted by

each delamination interface are comparable. If now contitarthe C-scan of the experiment
in figure 5.33b it is found that the size and shape of the delatian is well represented.

However itis noted, that in the numerical model exactlyétatelamination planes are forming,
as this is the number of delamination interfaces defined d&twthe sublaminates. In the
experiment a larger amount of delamination planes is oleserv

In summary, it is shown that the presented composite modelges sufficient accuracy
in modelling the inter-ply and intra-ply damage and failofea composite panel. It is the-
refore expected to provide a good prediction capabilityhef face sheet behaviour in order
to model of the impact cases of section 5.2. However it isdafleat, as discussed above,
some moderate deviances are existing between the numgaméchttion and the experimental
observations.

5.3.3. Modelling of impactors and support conditions

In the following a brief overview on the modelling of the difent impactor types as well as
on the representation of the different impact support diors is given. Itis noted that in case
of contact between impactor/support and the target speciheefriction values measured in
section 4.2.3 are used.
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Table 5.9.: Properties of hard body impactor models.

Type Mass Length Width Height Modulus Poisson’s ratio
kgl [mm] [mm] [mm] [GPa] [-]

Steel sphere (LVI) 23.54 Diameter: 50 mm 210 0.28

Steel cube (HVI) 0.0134 12 12 12 210 0.28

Steel beam (HVI) 0.1014 109 30 4 210 0.28

Modelling of impactors

Both hard body impact (steel impactors) and soft body imfpadiber impactors) are inves-
tigated in this work. The modelling of hard body impactordaat and moderate velocity
conditions (<300 m/s) is straightforward and most reporesgtarch on impact concentrates
on impact damage and modelling from hard body impactors33,159, 106, 118, 121]. Ty-
pically a hard body impactor is considerably stiffer thae thrget specimen and is modelled
as rigid (i. e. non-deformable). However, in the PAM-CRASbHtle elastic properties are as-
signed to this ‘rigid’ body, as they are used in the formwlatof the penalty forces in the
contact law between impactor and target specimen. The dimesnand elastic properties of
the (rigid) hard body impactors used in this work are givetabie 5.9.

By contrast soft body impactors such as gelatine (substhirt), ice (hailstones) and
rubber (tyre fragments) demonstrate considerable defaitityaand typically flow over the
structure on impact. Considerable effort is necessary weldp modelling techniques and
experimental input data for this type of impactors. Bothacel bird impact have been mo-
delled on basis of Lagrangian elements (Ice impact: Park ¢t28], Bird strike: Hanssen
et al. [72], Smojver and lvancevic [140]) as well as on basismooth particle hydrodyna-
mics (SPH) (Bird strike: Johnson and Holzapfel [90], Geadig et al. [62] and Guida et
al. [67]). In contrast most rubber materials are modellebasis of Langrangian elements, as
for example in the research of Karagiozova and Mines [96kiiTimain characteristics is the
hyperelasticity.

The PAM-CRASH material model for tyre rubber eployed herbased on the hyper-
elastic Odgen formulation, as described by Odgen [124] anthe PAM-CRASH Solver
Notes [48]. By using the two first terms of the Ogden seriedh witponents ofy; = 2
anday; = —2 the model reduces to a Mooney-Rivlin material in form of

W:iul(xi—g—MZ(X;2—1)+§(J—1)2, (5.1)

where W is the strain energy functional, K is the respectivkk Imodulus, J signifies the
determinant of the deformation gradient matrix ancare the eigenvalues of the deformation
gradient matrix. The factok, is equal toJ~/?),. The material parameteyg and, have
been identified in an independent DLR research work. Thegstigs of the rubber beam
impactor are given in table 5.10.
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Table 5.10.: Properties of soft body impactor model (Tytzber).

Massm 0.103
LengthL 132
Width W 30
Height H 25
Poisson’s ratio 0.499

kg

mm
mm
mm

Terms in Odgen series

First coefficientu, 0.26
Second coefficient, -0.63
First exponenty; 2
Second exponent; -2

MPa
MPa

Table 5.11.: Properties of support frame model.

Type Outer Outer Inner Inner Frame-target specimen
length width length width interaction
[mm] [mm] [mm] [mm] [-]
Low-velocity impact 350 350 250 250 Contact interface
Steel cube impact (HVI) 179 166 139 126 TIED interface
Steel beam impact (HVI) 225 226 185 186 TIED interface
Rubber beam impact (HVI) 225 226 185 186 TIED interface

Modelling of support conditions

The support conditions of the numerical model aim to repcedie suspension of the target
specimen during the impact test. For that purpose the steekfis modelled as a rigid body
with nominal elastic properties of steel, Young's moduki210 GPa and the Poisson’s ratio
is equal to 0.28. The rigid support frame interacts eitharascontact model or via a TIED
interface with the target specimen. The principle of a TIEEeiface is briefly sketched in
section 5.3.4. In case of low-velocity impact presenteation 5.4.1 the interaction between
frame and target specimen is modelled by a contact modeleatathet specimen is placed
on the support frame without fixation in the experiment. Isecaf the high-velocity tests
presented in section 5.4.2 the two outer sublaminates ointler face sheet are connected
to the support frame via a TIED interface. This approach @gdprates the bolting between
target specimen and frame used in the experiment. The diorensf the support frame for
the numerical impact models with different impactor typessummarised in table 5.11.
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Figure 5.34.: Schematic illustration of node-surface TIEEerface as provided by PAM-
CRASH. The figures in the illustration are taken from PAM-C&RA Solver
Notes [48].

5.3.4. Interface between foldcore and face sheet

The sandwich specimen investigated here are fabricatesamptoduction steps. In the first
step foldcore and face sheets are assembled separatétg $econd step the cured foldcore
and face sheets are adhesively bonded together with the/dgamed film adhesive Redtix
319. In the numerical model, the bond between foldcore acel $heets is described on basis
of the TIED node-surface interface provided by PAM-CRASH,[49]. This fundamental
method of the TIED node-surface interface is illustratefigare 5.34.

The TIED node-surface interface initially searches foremdose to a surface or master
surface within a search distance h. All so-called slave sddend within the search domain
are coupled to the master surface via a penalty algorithmthad purpose the position of the
nodes is computed by determining the minimum distance ddmtvnode and master surface
on basis of the local, projected coordinagesnd). During analysis, a new ideal position is
computed each time step based on the initial position oflthe srodes relative to the master
surface. The interface approximates the ideal position bglifying the actual position of a
slave node on basis of a penalty force. The magnitude of thaltyeforce depends on the
difference between actual position of the slave node andiéal position. Due to limited
experimental data on bondline properties a very basicfatderis implemented using a linear
penalty algorithm with spring constant K.

A perfect bond between face sheet and foldcore is assumdsbeniddegradation as well
as rupture are neglected. It is noted that similar foldcaredsiich specimens with four dif-
ferent epoxy-based film adhesive systems were investigatiatwise tensile and shear tests
by Drechsler et al. [44]. It was shown that in case of questicstoads the dominating failure
was a separation of the phenolic impregnation of the ararbr@di In case of the present
work it was therefore expected that the dominant failure enisdn the cell wall material at
the bondline and the failure of the adhesive layer is notidened important.
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Figure 5.35.: Iso-view of the parametric model (Outer skimiade transparent).

5.3.5. Parameter study on impact conditions

In this subsection the effect and influence of several nurakquantities are estimated. These
include element size, impact location in relation to foldcstructure, model size and influence
of different friction coefficients. For that purpose a basipact scenario was realised allowing
comparison of the effect of the individual parameters. Teenario represents a spherical
projectile of 14 mm in diameter impacting a type 30 foldcaaadwich panel which has the
size of 5x15 unit cells. The complete face sheet laminateodatted with a layered shell as
proposed in section 5.3.2. A delamination interface is noluided. A square frame supports
the edges of the sandwich panel. The impactor and the frapyosduare rigid bodies. For
comparability reasons the velocity of the impactor was leeldstant at 25 m/s during the
whole simulation. It is noted that a constant velocity of itn@actor is not consistent with a
realistic impact occurrence, in which a projectile is decatled. Figure 5.35 depicts the setup
of the parametric model. The outer skin is made transpaneotder to provide insight into
the subjacent foldcore structure.

Element size

Similar to the mesh size studies in section 4.3.4 the elesieatdependency of an exemplary
impact model was investigated. For this purpose the impatain(foldcore, face sheets,
impactor and support) was meshed with element sizes rafiging0.5—-2.0 mm side length.
In figure 5.36 the force acting on the impactor is plotted agfaihe penetration depth. The
distinctive peaks in force magnitude signify the penedtratf the outer and inner face sheet.
The domain between both peaks indicates core crushing ahparably low force level.

As in the parameter studies of core crushing in section 4 8dnsiderable influence on
model behaviour is observed. The smaller the element sieesdfter the model becomes. The
force which was computed with the smallest element size (gidgth 0.5 mm) is about twice
the magnitude of the force which was computed with largestheht side length (side length
2.0 mm). Very small element sizes 0.5 mm) result in unstable simulation behaviour, which
is mainly caused by the characteristic element length a@ghiog the element thickness.
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Figure 5.36.: Load acting on the impactor vs. penetratigottdef the impactor plotted for
varying element sizes.

Location of impact

Another parameter which can possibly influence the simutatesults is the impact position
with respect to the foldcore geometry. In particular for 8nmapactors it was uncertain if the
impact behaviour is affected by positioning a fold ridgealdfgap directly beneath the impact
position. For this purpose the parameter model was impéetuadeen the foldcore ridges (1),
directly on a foldcore ridge (2) and on a ridge corner, whex@folds meet (3) as depicted in
figure 5.37.

The force acting on the impactor against the penetratiothdemgiven in figure 5.38. It
was expected that case (1) exhibits the lowest impact aegistand case (3) demonstrates the
highest impact resistance. Instead of that it was foundahdkree curves are very similar.
The peak of the penetration of the outer skin is slightlyéaripr the case (3) and the lower
skin is penetrated at an slightly larger penetration depihrim) for case (1) compared to
case (2) and case (3). In general the impact position inddgdoldcore geometry has a small
influence on the numerical results. With 14 mm in diameterjittpactor size in the parameter
study correlates to the minimal impactor size investigatetie subsequent numerical study.
It is noted that in case of larger impactor sizes the effedtngiact location is expected to be
even more marginal.

Panel size

Due to the dense packing of foldcore faces the meso-moddlezame considerably complex,
especially if large target specimen need to be modelledrderdo save computation time it
is therefore of interest to reduce the modelled foldcore azmuch as feasible. However, the
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1: between ridges
2: midway on ridge A/L‘
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3: on corner of ridge

Figure 5.37.: Position of impactor.
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Figure 5.38.: Load acting on the impactor vs. penetratigottdef the impactor plotted for
varying impact locations.
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Figure 5.39.: Load acting on the impactor vs. penetratigottdef the impactor plotted for
varying model sizes.

reduction of the target specimen size affects global ptegsesuch as buckling modes of the
sandwich structure and correct application of boundanditmms, as the size of the support
has to be adapted to the size of the target specimen. To @issss®ffects on global properties
the impact on several panel sizes has been investigated.

For that purpose three models were generated with the diorensf 3x9, 5x15 and 7x21
unit cells. The model size was then 68x58 mm, 113x100 mm aB&1Z mm, respectively.
The inner dimensions of the support frame were 50x41 mm, &%xm and 141x106 mm. It
is noted, that the inner face sheet is fixed to the supportdri@mmepresent the in reality bolted
fixation of panel and support. Figure 5.39 shows the load erirttpactor against the pene-
tration depth for the different panel sizes. The differeahg sizes demonstrate negligible
influence during outer face sheet penetration and foldoarghing. In case of the 7x21 unit
cell panel the loading and failure of the inner face sheetiwed at a slightly larger penetra-
tion depth ("1 mm) which indicates that there was some canpé due to increased global
buckling.

Coefficient of friction

The influence of the friction on the sliding interfaces wasestigated. The friction coefficient
for composite surface on folded core contact and for folde self contact was varied.
For this parameter study both friction coefficients wereuas=sd to be identical and ranging
between 0.0 and 0.4. It is noted that the friction coefficiemtfolded core self contact is
usually larger than the friction coefficient for surface twrec contact. The folded core and
surface element size was 1.5 mm.
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Figure 5.40.: Load acting on the impactor vs. penetratigottdef the impactor plotted for
varying coefficients of friction.

Figure 5.40 depicts the force vs. displacement curve fdemiht friction values. The
force-displacement behaviour for the first and second fpeadk is comparable for all friction
cases, although the cases with larger friction displayghgii larger force level. During core
compaction different force levels can be observed for thestigated friction coefficients.
Larger friction coefficients lead to an increase of crusttdolevel. This indicates that es-
pecially extensive core compaction and substantial fageel$ may result in a considerable
effect of friction. However, the crush force and thus theestsd differences in the investi-
gated model setup are very small. Therefore a uncertaioessds this observations exits. It
is also noted that in case of zero friction the force levepdrmto negative regions after the
outer surface is penetrated.

Summary of parameter study

In the parameter study the modelling of a small, hard bodyaictqr on a folded core sandwich
was investigated. In general, the simulations showed ddaramount of outer skin elastic
loading, then a localised penetration of the outer skirofedld by localised core crushing and
finally inner skin penetration. As the impactor was small paned to the folding pattern of
the core the energy absorbed by the folded core was small.

The conclusion in regard to element size are similar to tineade in section 4.3.4: The
element sizes employed by the numerical model need to btetinw side lengths of 1.0-1.5
mm, as there is a considerable effect of mesh size. The inhgaation is considered to have
no relevance for the impact modelling, as the simulatiortk s@mparably large foldcore unit
cells and a comparably small impactor showed negligible@nfte of position of impact.
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Facesheet: 4 stacked shell elements with delamination interface

Steel ball impactor (950 mm) A

Foldcore type 30
13x52 unit cells, 294x293 mm

Steel frame
Inner section: 250x250 mm

Figure 5.41.: Iso-view and side view on the low-velocity smepmodel. The mesh of impactor,
frame and face sheets is transparent.

5.4. Model evaluation

In section 5.3 the foldcore meso-model developed in se@iBns applied to impact loads.

In order to evaluate the accurateness and capacity of tHeaign to impact loads, the nu-

merical predictive model is comprehensively compared &diop tower and gas gun tests
delineated in section 5.2. The first part of the present@ectvers low-velocity impact (drop

tower tests). Subsequently high-velocity impact (gas gsts) is discussed. Evaluation cri-
teria are accurate representation of the course of everitggdmpact, a correct prediction of

energy absorption and a good reproduction of the resultamyagje patterns in foldcore and
face sheets. Additionally the force and displacements paéxperiment and simulation are
compared in case of the low-velocity impact tests.

5.4.1. Low-velocity impact

Setup

In this section, the numerical predictions are compareddddw-velocity impact tests discus-
sed in section 5.2.1. For that purpose the numerical modglagapted to the experimental
setup corresponding to the modelling approach delineatesgction 5.3. The initial set-up
of the numerical model is depicted in figure 5.41. The sphéropactor is positioned just
beyond the contact distance of the face sheet mesh at a gii@hvelocity.

The geometric dimensions of the numerical model correseaadtly to the dimensions
of the sandwich panel in the experiment. The sandwich cagyige 30 with 13 x 52 unit cells,
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which results in about-20° elements to represent the core in combination with an elesié®
length of 1.5 mm. The total number of elements in the whole ehmdabout 410°. The face
sheets consist of four stacked layered elements. EachidodiMayered element represents
four plies which gives a total of 16 plies per face sheet. Déhation between the stacked
elements is considered. The spherical impactor is a rigity ldith 50 mm in diameter. The
support frame is also a rigid body with inner section dimensiof 250x250 mm. Between
support frame and inner face sheet a contact and fricti@nantion is defined. Further model
parameters are summarised in table 5.12, where referereegs/an to sections in which the
individual parameters are discussed in detail.

Comparison

The initial velocities of the spherical impactor are set.@12m/s, 3.42 m/s and 5.77 m/s which
correlates to the velocities measured in the drop towersests. It is noted, that the kinetic
energies corresponding to these velocities are somewtlslesrthan the specified energies
of 60 J, 140 J and 400 J. The numerical model is evaluated aa bhseveral benchmark
characteristics, such as representation of the coursesot®during impact and the accurate
prediction of force, displacement and energy behaviouinduhe impact occurrence. A fur-
ther benchmark characteristic is the representation aflbserved damage patterns in foldcore
and face sheets. Relevant damage patterns of the fold@facar and fold buckling and frac-
ture, foldcore crushing and damage expansion. Relevaragamatterns of the face sheet are
mainly ply damage and delamination between plies.

Comparing the course of impact events, simulation and @xjget demonstrate satis-
fying conformance for all investigated load cases. As ampta the impact courses of the
140 J impact are compared in figure 5.42. The images at tireevalt=0 ms show the ball
impactor and target specimen just before impact. In bothukition and experiment the ball
impactor has reached the maximum penetration depth at titeevalt=8 ms and begins to
rebound. The images at time intervall2 ms depict the retreating ball impactor. These ele-
mentary impact characteristics are well reproduced by thearical model. It is noted that
considerable oscillations in the sandwich structure wéseoved in the experiments which
are caused by a ‘rebounding’ of the face sheets after peiogtraThis rebounding of face
sheets and associated oscillations is not reproduced yutherical model.

However, if the load-displacement and energy-displaceéroerves in figure 5.43 are
considered, in which the force on the ball impactor and trexggnabsorbed in the process is
plotted against the penetration depth, some divergengeketsimulation and experiment is
observable. Generally the load-displacement-curve ofd bady impact is signified by two
load peaks in which the face sheets are penetrated and aipHasteveen, which is dominated
by foldcore crushing at a constant load. In the experimdptak-displacements curves the
load peaks, which indicate the failure of face sheets am@lgleecognisable. In contrast the
respective load peaks are hardly discernable in the cuftbe aumerical model. For instance
the outer face sheet fails at about 12—13 kN in the experimérgreas the numerical model
predicts magnitudes of 9-12 kN. In case of a 400 J impact,xperanent showed inner face
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Table 5.12.: Properties of low-velocity impact model.

Foldcore

Geometric
dimensions

Material
properties

Element side
length

Contact and
friction

Irregularities

Type 30, 13x52 unit cellslf =20 mm,a = 12.5 mm,y = 30.5°,s =5 mm, px* =
137.5 kg/ni (for CELPACT type definition see table 4.5 on page 81)

Aramid paper model (for elastic properties of fibre reinfatdayer see table 3.15
on page 54 and for elastic properties of resin film layer sele t3.14 on page 52;
damage on basis of a scalar damage function is modelledaslpfar each layer,
an overview on the stress-strain behaviour of each layeuisd in figures 3.31
and 3.32 on page 60 f.)

1.5 mm (for an investigation of the influence of element s&e section 4.3.4 on
page 90ff.)

Coefficient of friction:,u(Fc_Fc) = O'Z!M(FC—Steel) = OA’!M(FC—CFRP) =04
(see section 4.2.3 on page 75ff.)

Node-shaking, Max. deflection: Normal = 2.5, Lateral = 50um (see section
4.3.2 on page 80ff.)

Face sheet

Geometric
dimensions

Material
properties

Element side
length

Contact and
friction

Irregularities

300x300 mm, thickness: 2 mm (16 plys, each with 0.125 mm)

Four stacked shell elements with CDM ply damage model arktbohesive
interfaces; each shell element represents four CFRP phiate(ial properties
used in model are given in table 5.8 on page 137)

1.5 mm (and investigation on element size effects can bedfousection 5.3.5 on
page 143f.)

Coefficient of friCtion:,U'(CFRP—CFRP) = 0'21:U'(C'FRP—FC) =0.4,
pcFrP—stee) = 0.3 (see section 4.2.3 on page 75ff.)

Node-shaking, Max. deflection: Normal =fn, Lateral = 5Qum, (see section
4.3.2 on page 80ff.)

Ball impactor/support frame

Geometric
dimensions

Material
properties

Element side
length

Contact and
friction

Ball Impactor: @50 mm
Frame: 250x250 mm (interior), 350x350 mm (exterior)
(see table 5.11 on page 141)

Ball impactor: E = 210 GPa; = 0.28 (see table 5.9 on page 140)
Frame: E =210 GPa; =0.28

Ball impactor: 1.5 mm
Frame: 10.0 mm

Coefficient of friction: u(sice1—rcy = 0.4, fi(Steci—crrP) = 0.3 (S€€ section 4.2.3
on page 75ff)
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0 ms 4 ms & ms 12 ms

Figure 5.42.: The image sequences depict the impact ocma@ numerical model and ex-
periment in case of a 140 J low-velocity impact.

sheet loading up to 21 kN until the impactor began to rebotimivever, the numerical model
predicted failure at a peak load of 17.5 kN.

A certain difference in peak loads of simulation and experitwas also observed in the
validation study of the composite skin model in sectionZ.® the validation study the peak
load is underestimated, whereas the subsequent load patsliglatly larger compared to the
magnitudes observed in the experiment. This indicateghleatomposite skin model predicts
a premature initiation of fracture, which correlates to tliep in stress level after reaching
peak load. After fracture initiation the composite skin raboverestimates the work needed
for subsequent crack propagation and associated delaomrgtween plys.

It is also observed, that the penetration depths predigteddonumerical model exceed
the penetration depths measured in the experiment by al2®t (60 J), 19 % (140 J) and
3% (400 J). This overestimation is to a certain point causettié reduced energy absorption
in the face sheet. The main factor however is that althoughkthetic energy imposed in
experiment and simulation is equal, the amount of energgralesl by the target specimen is
different for experiment and simulation. In the simulatiathenergy has to be absorbed by the
target specimen, whereas in the experiment several additiactors are affecting the amount
of energy absorbed by the target specimen. For instancacioin of the initial kinetic energy
can be absorbed by the support and the impactor mass, bgrirtmttween slide carriage and
rail, etc. As a result the absorbed energy measured in theriexgnt is 17 % (60 J), 18 %

(140 J) und 11 % (400 J) lower than the initial kinetic enevgyich correlates to the observed
differences in penetration depth.
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Figure 5.43.: Load-deflection and Energy-deflection cuoiése 60 J, 140 J and 400 J impact
test.
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The load-displacement and energy-displacement of nualemodel and experiment
show good agreement for the phase after outer face shedrgiereand before inner face
sheet penetration, where the response is mainly governéaldgore collapse and crushing
in combination with face sheet bending. In particular thefoamance of the load levels in
the foldcore crushing dominated phase is noted. A good septation of the foldcore beha-
viour is also found in case of cell wall damage occurrencejagrvable in figure 5.44. Here,
contour plots of the damage in the fibre reinforced layer efalamid paper model is com-
pared to post-impact CT-scans. The contour plots depianttiment in which the projectile
has reached the maximum penetration depth. The CT-scamesp&eormed subsequently to
the completion of the impact tests. A damage value of up t8 Bepresents the continuous
damage caused by micro processes such as fibre segmenhmesatigand associated local
matrix damage. A damage value of 1.0 signifies full failuréhafaramid paper. If the contour
plots are considered it is observed that the numerical maeelicts a very localised damage
in the foldcore. This is in good agreement with the CT-scdnb®impacted specimen:

In case of a 60 J impact (Figures 5.44a and 5.44b) local @adbithe cell wall is evident
directly below the position of impact. The extent of failwgerrelates roughly the diameter
of the spherical impactor. Moderate damage is observeceimpper two-thirds of the core.
Local buckling is found in the upper half of the foldcore coféis coincides with the damage
identified in the CT-scan. Here a permanent deformationefdtdcore with sharp kinks and
local fractures in the aramid paper is observed in the uppgrgd the foldcore in an area
which correlates roughly with the diameter of the impactor.

In case of a 140 J impact (Figures 5.44c and 5.44d) the nuaheniodel also shows
cell wall failure directly below the impactor in a region di@ut 1.5-2 times the diameter of
the impactor. The upper two-thirds of the foldcore are fulgnsified and the impactor has
penetrated the foldcore to a depth of about 10 mm. Below thmaator the aramid paper is
damaged almost up to the inner face sheet. The considerablerd of kinks and fractures in
the CT-scan approximately corresponds to the damage pimdio the numerical model.

The comparison of simulation (Figure 5.44e) and experialeasults (Figure 5.44d) of
the 400 J impact exhibits in both cases a full densificatiatheffoldcore below the impactor.
The numerical model predicts damage of the aramid paper eg@n of 2—-2.5 times the
diameter of the impactor. Full failure occurs close to thpactor as well as along of the face
sheets, in particular the inner face sheet. In the expetimainly face sheet-core debonding
was observed in this region. It is noted, that the numericadleh assumes a perfect bond
between face sheet and core. The foldcore elements faited) dhe interface in regions
where debonding of skin and core was observed in the expetinfas can be seen in 5.44e).
However the extent and size of this debonding zone was atilérestimated by the model.

Figure 5.45 shows the course of the kinetic and internalggegpredicted by the nume-
rical model for the 140 J impact. The blue colour signifieskimetic energy of the impactor,
which is initially about 135 J. At about=10 ms the kinetic energy is fully absorbed by the
sandwich structure and the impactor begins to rebound. fdeaplour indicates the internal
(and kinetic) energies of the inner and outer face sheets. yEHow colour corresponds to
the internal (and kinetic) energy stored in the foldcores ioted that the magnitude of the
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(a) Simulation (60 J) (b) Experiment (60 J)

(c) Simulation (140 J) (d) Experiment (140 J)

(e) Simulation (400 J) (f) Experiment (400 J)

Figure 5.44.: Comparison of numerically predicted foldcdeformation and damage with
CT-scans of the 60 J, 140 J and 400 J impact. The numericadwopkot show
the damage scalar of the fibre reinforced layer. a) The comiot depicts the
foldcore target specimen at maximum penetration depth efbil impactor
(60 J impact) b) Post-impact CT-scan (60 J impact) c) Theaortlot depicts
the foldcore target specimen at maximum penetration defgtiedoall impactor
(140 J impact) d) Post-impact CT-scan (140 J impact) e) Theocw plot depicts
the foldcore target specimen at maximum penetration deftiedball impactor
(400 J impact) f) Post-impact CT-scan (400 J impact).
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Figure 5.45.: Energies predicted by the numerical modehfb40 J impact.

kinetic energy in the sandwich structure is very small coregdo the internal energy (less
than 1 %). The purple colour signifies the energy which is diebby friction.

The kinetic energy of the impactor is absorbed to about 40 %olicore and outer
face sheet respectively, whereas 20 % of the energy is adxbsbfriction occurring between
the fold cell walls and -to some extent- the face sheets. Tieegy absorbed by the inner
face sheet is small due to the impactor being stopped by tatersheet and foldcore. It is
noted that there is a small decrease in total energy whicghlgiwcorresponds to the energy
associated with hourglassing.

5.4.2. High-velocity impact

Setup

In this section, the numerical predictions of high-velgdihpact are compared to the experi-
ments discussed in section 5.2.2. Similarly to the low-s&dmpact simulations a numerical
model was generated in correspondence to the modellingpagiprdelineated in section 5.3.
The initial model setups for the different impactor types depicted in figure 5.46.

The different impactor types are positioned such that theyl@cated just beyond the
contact distance of the face sheet mesh at a given initiatitgl The geometric dimensions
of the sandwich panel are reduced in order to reduce comgutane. The foldcore geometry
conforms to the type 30 specification. The size of the coreahisd? x 25 unit cells in case
of the cubic impactors and 9 x 36 unit cells in case of the beapectors. It is noted that
the sandwich panel size of the numerical model is signifigasrhaller than the size of the
sandwich panel used in the experiment. The reason for thigmee is that the parameter
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Steel cube projectile Steel beam projectile Rubber beam projectile

T
VO

Figure 5.46.: Iso-view and side view on the high-velocityant model. The mesh of impac-
tor, frame and face sheets is transparent.

study in section 5.3.5 indicated, that a moderate reducaifgpanel size has no significant
influence on the numerical results. The element number irsainelwich panel ranges from
2.610° to 51C° elements for an average element side length of 1.0 mm. Thertomber of
elements of the whole model ranges from@ to 1. The face sheets are setup similarly to
the face sheets in the low-velocity impact model. This meastack of four layered elements
with four plies each which gives a total of 16 plies per faceeth Delamination between the
stacked elements is considered by a cohesive interface.

The impactor types are modelled as rigid bodies in order pooduce steel cube and
steel beam projectiles. The rubber beam impactor is matielfean hyperelastic material
based on the Odgen formulation. The orientation of steetcateel beam and rubber beam
before impact has been roughly adapted to the orientatisargbd in the experimental video
sequences. The support frame is a rigid body with inner aedimensions adapted to the
sandwich dimensions so that there is an overlap of about 1®etween frame and sandwich
panel. As for the low-velocity impact simulations no danfégecondition was implemented
for skin-core bonding. Between support frame and inner $aeet a perfect bond was defined
to represent the bolting of the sandwich panel to the frarhe.model parameters are summa-
rised in table 5.13, where references are given to sectionich the individual parameters
are discussed in detail.

Comparison

In the following, the predictions of the numerical model eoenpared to high-velocity impact
test results in section 5.2.2 for steel cube impact at 55%6(29.9 J), at 81.8 m/s (45.2 J) and
at 108.1 m/s(77.2 J), steel beam impact at 39.3 m/s (78. ®6Btav¥.9 m/s (234.7 J) as well as
rubber beam impact at 125.7 m/s (814.2 J). The numerical hdgaluated on basis of se-
veral benchmark characteristics, such as representdtibie course of events during impact.
A further benchmark characteristic is the representatiath@® observed damage patterns in
foldcore and face sheets. Relevant damage patterns ofltteofe are face and fold buckling
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Table 5.13.: Properties of high-velocity impact model.

Foldcore

Geometric
dimensions

Material
properties

Element side
length

Contact and
friction

Irregularities

Type 30, Hard body impact: 7x25 unit cells, soft body imp&e25 unit cells
(for CELPACT type definition see table 4.5 on page 81)

Aramid paper model (for elastic properties of fibre reinfatdayer see table 3.15
on page 54 and for elastic properties of resin film layer sele t3.14 on page 52;
an overview on the stress-strain behaviour of each layewisd in figures 3.31
and 3.32 on page 60 f.)

1.0 mm (for an investigation of element size see sectiort4i.page 90ff.)

Coefficient of friCtion:,U,(Fc_Fc) = O.z,ﬂ(Fc_Steel) = 0'4’/L(FC—CFRP) =0.4,
I(FC—Rubber) = 0.4 (s€€ section 4.2.3 on page 75ff.)

Node-shaking, Max. deflection: Normal = 2./, Lateral = 50um (see section
4.3.2 on page 80ff.)

Face sheet

Geometric
dimensions

Material
properties

Element side
length

Contact and
friction

Irregularities

Hard body impact: 160x140 mm, soft body impact: 160x140 niickhess:
2 mm (16 plys, each with 0.125 mm)

Four stacked shell elements with CDM ply damage model arabtbohesive
interfaces; each shell element represents four CFRP phate(ial properties
used in model are given in table 5.8 on page 137)

1.0 mm (and investigation on element size effects can bedfousection 5.3.5 on
page 143f.)

Coefficient of friction:,u(CFRp_CFRp) = O'Z!M(CFRP—FC) =0.4,
I FRP—Steel) = 0.3, 1i(cF RP—Rubber) = 0-4 (S€€ section 4.2.3 on page 75ff.)

Node-shaking, Max. deflection: Normal =.n, Lateral = 50um, (see section
4.3.2 on page 80ff.)

Hard/soft body impactors/support frame

Geometric
dimensions

Material
properties

Element side
length

Contact and
friction

Steel cube: 12x12x12 mm, Steel beam: 109x30x4 mm, Rubber bea
132x30x25 mm, Frame (cube impact): 139x126 mm (interiagnte (beam
impact): 185x186 mm (interior) (see table 5.11 on page 141)

Steel impactors: E = 210 GPaz= 0.28 (see table 5.9 on page 140)
Rubber impactor: Odgen formulation (see table 5.10 on pdgg 1
Frame: E =210 GPa; =0.28

Impactors: 1.0 mm
Frame: 10.0 mm

Coefficient of friction: u(sieei—rcy = 0.4, i Stect—crrP) = 0.3,
H(Rubber—FC) = 0'4’/L(Rubber—CFRP) =0.4 (See section 4.2.3 on page 75ﬁ)
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and fracture, foldcore crushing and expansion of damaggdire Relevant damage patterns
of the face sheet are mainly ply damage and delaminationdagtylies.

In figure 5.47 the impact course of simulation and experirmemshown for impact with
the three different projectile types, namely a steel cubd)a steel beam (235 J) and a rubber
beam (814 J). The images at time interaD ms show the projectiles and target specimens
just before impact. The subsequent images depict experameinsimulation at similar until
the projectile is either rebounding or has penetrated thels@h panel. As for the low-
velocity impact case a good agreement between numericatlraod experiment is observed.
The steel cube projectile in both test and simulation petedrthrough the outer skin, crushes
the foldcore and is stopped by the inner skin on reaching tiwe@mum penetration depth at
aboutt=1 ms then begins to rebound. In the experiment the progewtils trapped in the core,
whereas the numerical model predicts it rebounding thraliglouter skin. The main reason it
is not trapped in the simulation is, that many elements ofdhget specimen were eliminated
along the path of the projectile and are therefore not abiefoit as in the test.

The picture sequences of the steel beam projectile botltidepienetration of the target
specimen during a time period of about 3 ms. The positions@fprojectile in numerical
model and experiment at differentshow good agreement. Finally picture sequences of a
rubber beam impact are presented. Both, numerical mode¢gmeriment, show a rebound
of the projectile at about=0.8 ms. In both events a considerable deformation of thbeub
projectile is observed. In summary it is evident that thereletary characteristics of the
impact event are well reproduced by the numerical model.

In figures 5.48 and 5.48 the load on the projectile versus émetpation depth is plotted
for selected steel cube and steel beam impact simulatidnesreTare no corresponding expe-
rimental curves, as the force-time response was not mehsureng the gas gun tests. The
load-penetration depth curves of both types of projec@mdnstrate similar characteristics.
Face sheet loading and penetration is recognised by twiactist load peaks with magnitude
of about 8—12 kN. The peak corresponding to the inner facetseiéower in case of the steel
cube impacts and the steel beam impact with 79 J as the plejeghounded before inner
face sheet failure. Penetration depth between 5 mm and 20igmifiyfoldcore crushing at a
relatively low, constant stress level of about 1-2 kN.

In figures 5.50 and 5.51 the deformation and damage behawsfdte foldcore model
are compared to post-impact CT-scan. Figure 5.50 shows thrpact case with hard body
impactors (steel cube and steel beam). Figure 5.51 depidts@act case with a soft body
impactor (rubber beam). The numerical images are takereahttiment, where the projectile
reached the deepest penetration depth prior to rebound.cdinesponding CT-scans were
performed subsequently to the impact tests. The contots gipict the damage scalar of the
fibre reinforced layer of the aramid paper model. A damageevaf up to 0.18 signifies the
continuous damage processes caused by micro processesssfilcie segment realignment
and associated local matrix damage (see chapter 3.3). Agtawsdue between 0.18 and 1.0
indicates the rapid decrease in local aramid paper striciutil failure at an damage value of
1.0.
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Figure 5.47.: The image sequences depict the impact evenioérical prediction and expe-
riment in case of a 45 J steel cube impact, a 235 J steel beaatiapd a 814 J
rubber beam impact.
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Figure 5.48.: Force vs. penetration depth curves compotestéel cube impact.
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Figure 5.49.: Force vs. penetration depth curves compotestéel beam impact.
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(b) Experiment (21 J)

(a) Simulation (21 J)

(c) Simulation (77 J) (d) Experiment (77 J)

(e) Simulation (79 J)

(f) Experiment (79 J)

Figure 5.50.: Comparison of numerically predicted foldcdeformation and damage with
CT-scans of high-velocity impact tests. The numerical conplots show the
damage scalar of the fibre reinforced layer in the moment evtter projectile
has reached the maximum penetration depth. a) Damage cqitbwf a steel
cube impact with 21 J b) Post-impact CT-scan (21 J steel enpadt) c) Damage
contour plot of a steel cube impact with 77 J d) Post-impaes€an (77 J steel

cube impact) e) Damage contour plot of a steel beam impabt %€t f) Post-
impact CT-scan (79 J steel beam impact).
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(a) Simulation (814 J) (b) Experiment (814 J)

Figure 5.51.: Comparison of numerically predicted foldcdeformation and damage with
CT-scans of a rubber beam impact. The numerical contous gludw the da-
mage scalar of the fibre reinforced layer in the moment whergtojectile has
reached the maximum penetration depth. a) Damage contoupph rubber
beam impact with 814 J b) Post-impact CT-scan (814 J rublmmbenpact).

The numerical model of a 21 J impact of a steel cube proje(ftigures 5.50a) de-
monstrates local failure of the foldcore directly below fh@nt of impact. In adjacent parts
a moderate degradation is observed, which spreads to tieofel midline and which has a
extension of 3—4 times the projectiles diameter. This attarstics are roughly reflected by
the CT-scan in figure 5.50b. Here the foldcore depicts shalslkand some fractures directly
below the position of impact. The foldcore is also deformed sahows buckling in a region
of about 50 mm in diameter.

The second case is a steel cube impact, where the kinetgyeofthe projectile has been
increased to 77 J. The numerical model in figure 5.50c predi@lly crushed foldcore by the
projectile. At the same time failure of the aramid paper iy @tcurs in close proximity to
the projectile. This coincides with the damage pattern ofegkin the CT-scan as depicted in
figure 5.50d. However, in the experiment extensive debandiifioldcore and inner face sheet
was evident. Because of the assumed perfect bond betweeglfaet and core this cannot be
reproduced by the numerical model. In contrast, the nuralemodel predicts a larger extent
of failure at the upper foldcore surface where the foldcermnnected to the outer face sheet.
Altogether the numerical anticipates a larger extent of algenas observed in the CT-scan of
the 77 J impact.

Figures 5.50e and 5.50f depict the damage contour plot arsc@& of a steel beam im-
pact with comparable kinetic energy (79 J) as above sted rupact. It is noted that in this
case, the impact angle is 60The extent of damage is marginally larger than observelan t
steel cube impact with comparable kinetic energy. This estduthe shovel-like movement of
the beam during the impact event, which shears the foldecore the inner face sheet. Apart
from this mechanism the damage is again localised very ¢toiee path of the projectiles.
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Similar to the previous case of a steel cube impact a diftaxdetween experiment and simu-
lation is the neglect of face sheet-core debonding in theamioal model. Apart from that the
reproduction of foldcore deformation and damge shows ggoeeanent with the CT-scan of
the experiment.

In above cases of hard body impact the numerical model iteicavery local damage in
the foldcore which corresponds to the experimental obsens In figure 5.51 the behaviour
of the foldcore in case of a soft body impact is depicted fordation (5.51a) and experiment
(5.51b). In case of a soft body impact the kinetic energy sodted by the target specimen
during a time period which is considerably larger than inecat hard body impacts with
comparable kinetic energy. Therefore the damage pattearsoft body impact differs from
the damage pattern of a hard body impact. In case of the ruidmEn impact presented
here with a kinetic energy of 814 J the numerical model showsnsive outer face sheet
delamination and cell wall failure in vicinity of the outexde sheet in a diameter of about 120
mm. If compared with the CT-scan it is found that fold kinkiagd fracture is observed in a
similar area. Furthermore the region in which the numenuadiel predicts moderate damage
values of 0.2—0.7 roughly correlates to the region in whielmpanent local foldcore buckling
was observed in the experiment.

Face sheet degradation and failure in the FEM model has todecseveral damage
modes, which are either classified as intraply failure (fiué-out, fibre/matrix debonding,
matrix cracking, fibre bridging, fibre fracture, microbuickj) or interply failure (mainly de-
lamination between plies). The quality of the modellingraerply failure (delamination) can
be well assessed by comparing the extent of delaminationeirsoft body impact cases, as
soft body impact typically leads to extensive amounts o&nhehation. Figure 5.52a depicts a
contour plot of the interface damage scalar of the simuladifca 814 J rubber beam impact. If
compared to the CT-scan in figure 5.52b, which shows the seahdpecimens cross-section
with the largest delamination diameter, it can be observatthe by the simulation predicted
extent of delamination compares well with the results ofakeeriment. However it is noted
that the FE model predicted similar delaminations zoned thi@e interface layers of the ou-
ter face sheet, whereas in the CT picture a single extenslaethation zone was observable.
However there might exist smaller delaminations, whichensst detectable due to CT scan
resolution.

In order to evaluate the FE models prediction of face shegdpty failure, simulation
and experiment of hard body impact cases can be compared baaly impact typically
shows intraply failure, whereas the amount of delaminatsonften small. However, the
intraply failure is mainly governed by fibre fracture, whiate sheared off by the edges of the
hard impactor. Therefore the assessment of the intradlyréais here limited to this failure
mode. In figure 5.53 the typical damage in the outer face sheetse of a hard body impact
is shown for simulation and experiment. Both demonstratelised face sheet failure in very
close proximity to the impactors path. This face sheet failbehaviour was observed in all
experimental and numerical investigation of hard body ictpa

In figure 5.54 the predicted kinetic and internal energiea 68 J cube impact are de-
picted. Att=0 ms the initial kinetic energy of the impactor (blue colpocorresponds to the
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Figure 5.52.: a) Plot of the damage scalar of the interfag®nein the outer face sheet of the
814 J rubber beam impact b) Side view of a CT-scan showing¢lerdnated
area of the sandwich structure impacted by a rubber beaml(814
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Figure 5.53.: a) Deformation plot showing the extend of @lated elements on the outer face
sheet in case of a steel bar, which penetrated the wholenspeqi235 J) b)
Photography of the front side of an impacted specimen (B&el35 J).

total energy. The kinetic energy decreases during perairaf outer face sheet (0—-0.4 ms)
and foldcore (0.4-3 ms). A4 ms the impactor is stopped and begins to rebound. Grey co-
lours signify the internal (light grey) and kinetic energhatk grey) of the face sheets. Yellow
colours indicate internal (light yellow) and kinetic eng(glark yellow) energies stored by the
foldcore. The purple area corresponds to the energy alssbsbiictional effects.

About 50 % of the total energy is absorbed by elastic defaonand permanent de-

gradation of the foldcore at the time the impactor is stop®35 % of the total energy is
absorbed by elastic deformation and permanent degradzttbe face sheets. The remaining
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Figure 5.54.: Energies predicted by the numerical modeh®8 J impact (Cubic impactor).

energy is absorbed by friction between foldcore cell watld also face sheets. The energy
associated with hourglass modes is less than 3 % of the tweedg However there is a small
drop in total energy at the beginning of the impact event ®-+0s), which is not fully un-

derstood, but could be explained by energy disipated atdteral contact interfaces in the
model



6. Discussion

6.1. Overview

The numerical description of an aramid paper foldcore saetdgtructure is a complex sub-
ject, mainly due to the heterogeneous nature of its comstituand the multiple failure me-
chanisms that can occur in facesheet and foldcore and ttienactions. The research thesis
has presented experimental research to investigate thieamieal properties of a promising
foldcore base material -aramid paper- and of foldcore géaesemade therefrom. Further-
more the failure mechanisms of foldcore structures witlb@arcomposite skin subjected to
different types of impact loads has been experimentallyrexad. This experimental work
has been used to develop and assess a modelling strategyéortimercial FE code PAM-
CRASH to represent various quasi-static and dynamic losescal he FE modelling is establi-
shed in a step-by-step approach, where the numerical nehetach step gradually extended
and evaluated. These steps include the modelling of araapdrpthe modelling of foldcore
structures made of aramid paper and the modelling of folsandwich structures subjected
to impact. This Chapter discusses the investigations aulthfis presented in this research
thesis. The limitations of the experimental and numericaiknare highlighted.

6.2. Investigation of aramid paper

6.2.1. Experimental determination of the mechanical prope rties
of aramid paper

A comprehensive test programme was performed to charsetdre mechanical behaviour
of aramid paper. In order to provide a foundation for the titutssze modelling the elastic
properties as well as degradation and failure behaviourmeasured. The adopted expe-
rimental method followed in many ways approaches used irrxgntal investigations of
traditional paper structures made from cellulose fibres$29133]. Most experimental in-
vestigations in the literature focus on the determinatibthe in-plane stiffness and strength
properties [58, 80, 116]. The out-of-plane properties &fedlt to measure and of secondary
importance, as paper behaviour is usually approximatetiinyshell theory.

The elastic in-plane properties in orthogonal directioesaxmeasured using tensile cou-
pon tests and ring crush tests. A moderate difference bettheein-plane stiffnesses in ma-
chine and cross-machine directions was observed. Thaes#es observed in tension were
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considerably larger than those measured for compressiarthdimore it was noticed that
the elastic properties measured in tension (coupon tests)pression (ring crush tests) and
bending (beam vibration tests, provided by Baranger e8l) [were not conforming to the
assumption of homogeneous material in thickness direclitis observation was supported
by microsopic cut-images, which showed a layered setupsipdper’s out-of-plane direction.
The fibres were concentrated in an inner layer of about 0.2 nckriess, whereas the outer
layers were composed of a irregular pure resin film with vagythickness.

The degradation and failure mechanism were measured iote(upon tests) and
compression (ring crush tests). In both load directionslarost instantaneous, continuous
degradation of material properties was observed. In cyo#iding test it was found that this
degradation is composed of both, plasticity and modulusaggmit was associated to realign-
ment of fibres in direction of loading and (irreversible) noidamage in the resin matrix. The
realignment of fibres was to a considerable extend reversits the fibres in the fibre layer
were only partly embedded in the matrix and a large numbeoiofsexisted. Different failure
mechanism for tension and compression were observed. $iotethe paper fails suddenly
by fracturing. In compression the specimen typically fitg/ instability before the material
was fully degraded. However the dimension of the ring crymdtenen was chosen such that
the stress at which instability occured was equal to the cesgon strength of the material
and the cylinder was crushed before it buckled. By this meaosmpressive strength was
identified, which was assumed to be constant once paperiegusfas initiated.

The in-plane shear properties were determined using thalled beam shear test results
provided by Universitat Stuttgart, Institute of AircrafeBign. The elastic and degradation
properties in shear direction corresponded to above oasens: the measured shear modu-
lus was in the range expected from the in-plane moduli angdane Poisson'’s ratios discussed
above. Furthermore the stress-strain-curve showed aasinghtinuous degradation of mate-
rial properties as observed in the tensile and compresssts.t For large strains the shear
stress approached a constant stress level.

However there exists a range of limitations in the experitalecharacterisation of me-
chanical properties of the aramid paper. It was difficulickentify the elastic properties as the
material began to degrade at considerable low strains.eldrerthe elastic properties were
measured at very small strains where initial inaccuraciemd test start-up could not be enti-
rely excluded. Furthermore it was difficult to avoid struetinstability in case of compression
and shear loading. The compression specimen (ring crushglagar specimen (thick-walled
beam) consisted of several layers of joined paper in ordectease their stability. This might
have affected their inherent material properties.

In case of the ring crush test it was also assumed that thesstitewhich the cylinder
crushes is the maximum compressive strength of the paperiaslatHowever Uesaka [148]
stated that although this approach is often used in the pageastry its reliability is limited
as the results often tend to scatter significantly. Also thg crush specimen failed by initial
delamination between the paper layers and successivebackling of the seperated parts
of the cylinder wall, which was a failure of the bond betwekea paper layers and not of a
paper layer itself. The subsequent buckling was a strudtitare by instability. Therefore
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it is possible that the compressive strength of a single ar@aper layer was larger than the
measured value.

6.2.2. Modelling of aramid paper

Based on the experimental findings a modelling approach waslaped in order to represent
the aramid paper by a shell-based meso-model. In contrasétous research works, which
approximated similar materials with single layered shdlis 14, 32, 34,59, 76,77, 121], the
present work considered the non-uniform nature of the atq@per in out-of-plane direction
on basis of a multi-layered shell model. This approach albwo represent the fibre rich
region in the paper’s centre and the resin films on the paperfaces by individual layers.

The elastic in-plane properties of both layers types weterdened by an inverse ap-
proach from the tensile, compressive and bending stifigeesthe whole aramid paper. It is
noted that the compressive modulus of the fibre reinforcger lvas calculated to be equal or
even slightly below the modulus of the resin film layer depegan layer thickness. This was
attributed to local buckling of aramid fibres in the fibre fenced region which was not fully
infiltrated by the resin. Due to the missing support by therix#te fibres in these void zones
carried significantly less load in compressive directiohe Elastic out-of-plane properties of
the layers were approximated by assuming isotropic mateglaaviour in the resin film layer
and negligible fibre reinforcement in out-of-plane direntin the fibre reinforced layer. It is
noted that the out-of-plane properties were of secondapprtance as the layered shell model
is based on Mindlin/Reissner plate theory.

The degradation and failure behaviour of the aramid papearmadelled by modulus
damage functions, which use a single, independent varadseribing the damage in each
layer. The shapes of the damage functions were fitted to tp&ime degradation and failure
behaviour observed in the experiments. For that purposedhesidered the continuous de-
gradation by microdamage of an aramid paper subjected tedsmg loads as well as the
different failure modes in tension and compression. Theicoaus degradation was assumed
to be evenly distributed in the individual layers. The feglyprogression in the fibre reinfor-
ced layer was adopted to the characteristics observed midi#re reinforced composites
whereas the failure progression in the resin film layer feéld the characteristics observed
for pure phenolic resin.

In order to evaluate the shell model the tensile coupon tastiscylinder collapse test
were modelled on basis of the layered shell model. The iagutress-strain behaviour of
a complete layered shell setup was able to reproduce theiergeally measured curves in
tension and compression up to failure.

However, there are some intrinsic limitations of the damagelel, which have to be
mentioned. In case of unloading a damaged material relaxeglietely to its original shape
based on the reduced moduli. The model did not consider pemaleformation whereas
during testing permanent deformation was observed (as<mple in the cyclic tension test
in figures 3.10 and 3.11 plastic deformation of 14 % to 23 % vis®ovable). This discrepancy
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was acceptable as the occurrence of unloading is insignifioathe load cases studied in this
work.

The damage evolution model used depends exclusively ondhiatdric strain com-
ponents. However, the brittle failure at large strains imsten could have a dependence on
hydrostatic pressure.

The different damage characteristics in a specific layeewwemogenised and controlled
by a scalar damage parameter which proportionally redudoedibdulus values. In reality a
material damaged due to loading in a distinctive directi@s wot necessarily degraded to the
same extent when loaded in a perpendicular direction. Axfditly, as the damage function
was isotropic, the difference in respective stress-stelmtions was directly proportional to
the ratio of moduli in the same directions. This proportidgaontradicted to some extend
the values observed in the experiments (as for example batteasion behaviour in machine
and cross-machine direction), which seemed to evolverdifity depending on direction.

In case of tensile loading fracture formation and propagatas represented by full
degradation and subsequent elimination of shell elemetdsvever a shell corresponded to
a comparatively large area whereas a fracture was typitadblised to a very small region.
This difference could result in an overestimation of fagluespecially if multiple cracks were
forming.

6.3. Investigation of aramid paper foldcores

6.3.1. Experimental determination of the mechanical prope rties
of foldcores

An experimental characterisation of foldcore sandwichdtres was performed in order to
provide a sufficient basis for the evaluation of the numériclalcore model. For that pur-
pose the mechanical foldcore behaviour along its prindgeed directions (T-, TL- and TW-
direction) was investigated. The foldcore behaviour wagetk up to large strains, at which
considerable non-linear behaviour and numerous failurédanevere observable. Similar test
programs were performed by Heimbs [75] who examined corsesnd shear properties
of aramid paper and carbon composite foldcores. Researklmigcher et al. [102,103] also
investigated aramid paper foldcores subjected to mixedl¢oaditions. However, these mate-
rial characterisations were based on different types ahat@aper and foldcore specifications
and therefore provided an insufficient basis for evaluation

The mechanical response of the experimentally investigfatelcores agreed in shape
and semblance to the characteristics of above mentionednasworks. The behaviour was
gualitatively comparable to that of honeycomb cores, witimdial stiff response followed by
a collapse response at lower stress level. However it igrtbtd foldcores provide additional
potential to tailor the mechanical response in its prindiped directions. The potential to tai-
lor the foldcore behaviour was investigated and discussad ioptimisation study performed
by LUlf [113] based on the foldcore material model developece.
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It is noted that the foldcore compression and shear teste Weited to quasi-static
load cases which were believed to be reasonably representéthe deformation and failure
mechanisms in a foldcore structure during an impact testweler it was thought to be
possible that the response of a foldcore structure can Vvémgh loading rates are applied.
For example, an influence of high strain rates in honeycombwsih structures was observed
by Heimbs et al. [78]. In the present work these strain-riieets in foldcore structures were
assumed to be caused by inertial effects. Neverthelessraatbasation of rate dependent
material behaviour in aramid paper and in foldcores wouldabaluable study for future
work.

It might also be arguable that mixed load cases on foldcouetsires were not investi-
gated. However the stress-strain response and damagetehistacs in the compression and
shear experiments were comparable in their principal fanchshape. Therefore it was assu-
med that mixed load cases in general demonstrate quaditsitivilar stress-strain responses
and damage characteristics and did not provide added dagadtuation.

In addition to above characterisation of the mechanicap@roes the friction between
aramid paper and a range of materials was determined. Thegerpes were necessary for a
good representation of foldcores subjected to large deftbom, which typically demonstrated
significant interaction between their cell walls. Howeube determined friction properties
have to be used with caution as the presented tests only neeafsiction properties on the
surface of the material. As discussed in section 3.2.4 thfasiof aramid paper consisted
purely of a resin film. However, in case of a interfolding andsting foldcore the interacting
cell wall structures might be damaged. Therefore the @icproperties could also depend on
the properties of exposed aramid fibres as well as on changits texture.

6.3.2. Modelling of aramid paper foldcores

To represent the foldcore structure with the developed @ar@aper model a parametric geo-
metry model was presented and evaluated using above distagperimental investigation
of foldcores. The parameter model was based on the mathmhdéiscription presented by
Hachenberg et al. [71]. The various forms of irregularitrefldcores were considered by the
so-called ‘node-shaking’ approach.

The thus created foldcore model was verified by several bradhstudies investigating
the effect of differnt element formulations, element sjzete. It was found that a simple
Belytschko-Tsay formulation with reduced integration wafficient to represent a collapsing
and interfolding foldcore structure, if an appropriate fgdass control was chosen. It was also
observed that the accuracy of the numerical predictionng sensitive to element size. As a
consequence every change in element size from the origerabat size, in which the layered
shell model was verified, needed to be carefully considefedninimise this effect element
size in this work were limited to a range of 1-2 mm side length.

The foldcore model was then evaluated by comparison to #éngqursly discussed expe-
riments on foldcore behaviour. The collapse behaviour a@img of buckling, bending and
kinking of cell walls was well captured if compared to the exmentally examined cases.
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The predicted strength in the modelling was shown to givejadt values comparable to the
measured T-directional compressive strengths and TL- aNetlifectional shear strengths.

Although no strain rate dependencies were considered indhstitutive material model the

numerical foldcore model predicted rate dependenciesecdanginertia effects which were in

tendency similar to those observed by Heimbs et al. [78].

However, there exists a number of limitations in the devetbfoldcore model. The re-
presentation of the irregularities by the ‘node-shakimgpr@ach basically introduced a minor
random variance of nodal positions which prevented thedell$ from uniform buckling. The
presented implementation of ‘node-shaking’ was by no mbased on a physically measured
guantity. Although the comparison to the ‘geometry-shgkindicated that size and form of
a geometrical or a local material deviance had no large infle®n the predicted results the
simplified consideration of irregularies still might leadimaccuracies in the numerical results.
Furthermore ‘node-shaking’ was not able to capture evarg tyf irregularity. For example
the cuts in the fold edges caused by the embossing processwtadequately represented.
However, in particular these cuts in the fold edges werervksgeo lead to the formation of
fractures.

A second limitation is underestimation of the stresses whiccured if a foldcore was
densified during compression loading. A reason was thatehevall of a compacted fold-
core was typically permeated by many cracks and sharp kimkstreas the cell wall parts in
between were relatively undamaged. In contrast the shalehmverestimated the extension
of damage as it degraded the whole element. In case of detisifiche large humber of
degraded elements resulted in a considerably lower stéggcompared to those observed in
the experiments. This effect was magnified if the shell elgmas eliminated. The elimina-
tion of fully degraded shell elements led to a further unreltweakening of the compacted
foldcore region, as eliminated elements were no longeridered in the computation of sli-
ding interaction. An elimination basically led to ‘vanisiyi of the material represented by the
element, whereas in reality the damaged material rematheifoldcore and can interact with
surrounding debris through frictional contact.

6.4. Impact on foldcore structures

6.4.1. Experimental investigation of impact on foldcore sa ndwich
structures

A series of experimental studies were conducted to invatgithe behaviour of foldcore sand-
wich structures subjected to impact. The objective was ¢émtifly and characterise the de-
formation and failure mechanisms in foldcore and face she€&he knowledge gained was
used to improve the modelling of impact cases as well as ®etkaluation of the modelling

approach presented in this work. The nature of damage dnddfaaused by impact can vary
significantly and depends on several different factors @scimpactor properties, velocity,
impact angle, impact energy, etc. Therefore, in order teigeocomprehensive experimental
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data a broad range of impact conditions were investigatgdding hard and soft body impact,
impact velocities ranging from 2—-125 m/s as well as impaet@gies ranging from 21-814 J.
The experimental studies were performed in a drop towerrapggand in a gas gun facility.

In drop tower tests the impact of a hard, spherical drop weighfoldcore sandwich
structures at velocities ranging from 2 m/s to 6 m/s was imgated. These velocities were
estimated on basis of a quasi-static pre-test to causefispdgiure mechanism. Both the
guasi-static and the low-velocity impact tests showed lamfiailure modes with outer face
sheet penetration, core crushing and finally inner facetshefermation and, in case of the
guasi-static test, penetration. The face sheets failechtgylaminar delamination and sub-
sequent ply fracture. The foldcore crushed until full cootfma under formation of sharp
kinks and fractures at face edges. The observed damage iuré faas localised close to
the impact region, which corresponded to observations rfaademilar impact conditions by
Anderson and Madenci [16] and Park et al. [128].

It is noted that the stress-strain response measured inute-gtatic and low-velocity
impact tests always followed a similar pattern: Two defipigak loads correlated to outer
and inner face sheet failure. In between the foldcore cdishh@ lower, constant load. The
similarity of quasi-static and low-velocity impact resgersupported that low-velocity impact
is generally quasi-static in nature except for localisechage, as discussed in the research
papers of Dear et al. [39] and Abrate [6].

It appears that in the drop tower test the dynamic failurehef face sheets and core
crushing were triggered at lower loads than in the quasiestests. However, the maximum
deflection as observed for the 400 J test by the high-veleeityera and displacement-time
sensor respectively was about 2 mm larger than the defleatifutl penetration of the quasi-
static test. This is unexpected, as dynamically loaded ositgs typically show a more brittle
failure behaviour than quasi-statically loaded compagsitéowever, the measured lower dy-
namic core crush loads are consistent with experimental igorted in the research thesis
of M. David [38]. The observed lower failure stresses of thmposite face sheets might be
explained by the existence of additional boundary effects.

Another observation was that the absorbed energy measuitéeé idrop tower tests is
about 10 % less than the initial kinetic energy calculatedte impacting drop weight. This
difference was thought to be caused by a range of experitriatagerences such as previous
deceleration of drop weight carriage, compliance of thedgéch panel’'s support structure,
partial absorption of energy in drop weight structure angpsut structure, etc. It was obser-
ved in almost every drop weight test and difficult to circumtveln the present work it was
assumed that the absorbed energy calculated from the-stragsresponse corresponded to
the energy absorbed by the sandwich structure and thensméaken as basis for the nume-
rical modelling approach. However, the existence of a gerteaccuracy could not be fully
excluded.

It should also be noted that the presented load case is orgynerglisation of the low
velocity, high mass blunt impact scenario for an aircrafeflage. The reason for choosing a
~25 kg drop weight and spherical impactor tip was mainly tkgeetation that a broad range
of failure modes would be caused by this drop tower setupchvhiere required to evaluate
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the numerical model. However, the restriction to a singpetgf hard body impactor limited
the universality of the observations to a specific type ofaotp

In the gas gun tests the impact response of a foldcore sahdtrigcture to hard body
impact (steel cubes and steel beams) and to soft body impdiigr beams) were investi-
gated. In the test series the energies required for chaistctelamage patterns such as face
sheet delamination and perforation as well as foldcore @mtign and densification were de-
termined. These critical energy levels were then used imtimeerical model to evaluate the
modelling approach. The load-displacement response ddaysilentical impactors and dif-
ferent kinetic energies generally followed a similar pattilithe energy was fully absorbed.
However, considerable diffence in damage patterns wererebd for hard body and soft body
impact.

Hard body impactors with different geometry typically cadsomparable damage pat-
terns for similar kinetic energies. The damage was venfimadand the face sheets/sandwich
structure was penetrated at comparatively low velocitszdt body impactors mainly caused
delamination in the face sheets as well as compliance arsthio@ in the foldcore. The da-
mage was widespread in area and the face sheet were notgtededven at large velocities.
These findings corresponded to experimental observati@uerhy Horrigan et al. [84] for
honeycomb sandwich structures.

6.4.2. Modelling of impact on foldcore sandwich structures

The foldcore meso-model presented in section 4.3 was altolienpact load scenarios as dis-
cussed in section 5.3. For that purpose the behaviours geraation of face sheets, impactor
and support had to be considered in the modelling approabbsel'were implemented into
the model on basis of existing modelling capabilities in RANRRASH.

The fibre reinforced composite model of the face sheets wssdban a stacked shell
model approach with a continuum damage model represemtiptyifailure and a cohesive
interface model representing inter-ply failure. The ratt@mplex adaption of the composite
model to experimental data was realised in earlier DLR @ognes and is not adressed in
this work, but see publications of Johnson et al. [89, 90f@dfurther details. However, the
reliability of the approach was investigated here by conmganumerical predictions based
on the stacked shell model to experimental data on compalsite impact. The experimental
data was taken from the research project HICAS [139]. Theehaf panel fracture and
delamination predicted in this context were in good agregmeth the experiments. The
load-displacement responses of the impactor in simulatmh experiment compared well.
However, it was noted that the composite model predictedura initiation at a too low load
level and in contrast underestimated to a certain extensithgequent propagation of fracture
and associated ply delamination.

The impact model was verified on basis of a parameter studythlab purpose, the ef-
fect of element size, impact location, target panel sizeraagnitude of friction on the model
behaviour was estimated and the consideration of thosenfisdn the modelling approach
was discussed. It was found that the accuracy of the nunh@riediction was very sensitive
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to element size. This observation confirmed the conclusimede during foldcore model ve-
rification, which stated, that the element size has to betdithio a certain range (1-2 mm
side length). Another observation was that impact locafwith respect to the foldcore geo-
metry) and target panel size have negligible influence omsithelation results. However this
observation was made for a small, hard body impactor andtmigffbe valid for a large, soft
body impactor which usually causes considerably largebajlbending of the panel. Rarely
discussed in the literature is also the effect of the coeftioéfriction between impactor, fold-
core and face sheets on the load-displacement responsésorth@d energy. The parameter
study indicated that in particalur the friction behaviotithee foldcore had an influence on the
computed load level.

To assess the impact model’s capability numerical pregistivere compared to the ex-
perimentally investigated load scenarios presented tioses.2. In case of the drop tower test
series, the experimental and numerical results demoedtgaiod agreement. The numerical
prediction produced a good representation of the expetetigrobserved impact sequences:
Timing and extent of characteristic failure modes such assnetration, foldcore crushing,
slowing and stopping of the impactor, etc. were well captdos almost all investigated load
cases. An exception was the 400 J impact case for which themcahmodel predicted consi-
derable inner face sheet failure in contrast to negligier face sheet failure observed in the
experiment.

Comparison of the experimentally and numerically deteeditoad-displacement res-
ponses yielded some differences between the predictedrres@and the measured response.
The numerically computed penetration depths of the impaantd energies absorbed in the
sandwich structure were 10—-20 % larger than those obsemibe iexperiment. The overesti-
mation of penetration depth and absorbed energy was thtmbgbtcaused by the confinement
of the dynamic load scenario to a deformable foldcore strecand idealised impactor and
support. In reality a part of the initial kinetic energy wdssarbed by the surrounding envi-
ronment, test rig cross-head, rails, support frame, ethergas in the model all energy had
to be absorbed in the modelled structure: the foldcore sexmdwherefore the energy acting
on the foldcore structure was overrated in the model. Theease in absorbed energy led to
an increase in penetration depth, as the load curves of ghadtor typically followed similar
paths until the initial kinetic energy was fully absorbed.

If the load magnitude is considered it can be observed teahtbdel also underestimated
the loads corresponding to face sheet failure to some extémeteas the loads corresponding
to foldcore crushing seemed to be well represented. Simiterence in predicted and mea-
sured peak load was found in the preliminary study (Secti@2%in which the capability of
the face sheet material model to represent impact on comepalsies was investigated. Ho-
wever an additional factor might be that the support of tioe fsheet by the foldcore structure
was underestimated by the model, which assumed considecablwall degradation in the
foldcore close to the interface.

During the quasi-static validation tests discussed abosgbatantial overestimation of
the damaged zone by the foldcore model was observed in cdssctifre and foldcore den-
sification. This was mainly caused by the degradation of e/tedéments compared to very
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localised damage (sharp kinks, fracture) in the experimesimilar overestimation of the da-
maged zone was seen in the low-velocity impact model, masteably in case of the fully
degraded region below the impactor. However, these regiens in most cases considerably
smaller than the densified region in the quasi-static modéltherefore the effect is much
less prominent in the force-displacement response. Armpgacewas the 400 J impact, where
the region below the impactor was fully compacted and thaltieg overestimation of da-
maged zone might have contributed to the low magnitude opthdicted load at inner skin
penetration.

Predictions of the numerical model were also compared t@é#segun test series in-
vestigating hard and soft body impact on foldcore sandwinictures. It is noted that no
stress-strain response was measured during the highiyelopact tests. This limited the
evaluation of the numerical modelling to a comparison ofdhserved impact sequences and
characteristic damage patterns in simulation and expatintdowever as a specific damage
pattern typically occured in a rather large range of impatbeities the accuracy of such an
evaluation was limited. Nevertheless the correct preahgtiof the experimentally observed
impact sequences and damage patterns indicated a goodarfaton of damage and failure
mechanics in the numerical model.

In case of hard body impact the damage was typically lochbsel governed by the face
sheet behaviour. The energy absorbed by the foldcore waparatively low. In contrast,
soft body impact mainly caused delamination in the outee fetweet and buckling/kinking in
the subjacent foldcore structure. Expansion of delanonatias well predicted however the
number of delaminated areas was overestimated and dependee number of implemented
delamination interfaces.

Another limitation is that the impact model was not able tptaee the full extent of
debonding due to the neglect of interface degradation inrtbdel. This resulted especially
for large impact energies in low-velocity impact (400 J) &igh-velocity impact (hard body
impact >70J) in difference between predicted and measusathde patterns. Nevertheless
the numerical model showed to some extent degradation dbttieore elements adjacent to
the interface for these impact energies, which could bepné¢ed as ‘interface debonding’.

An important finding was, that, although the material prtipsrof the foldcore were
significantly lower than those of the face sheets, the nuwrakmodel predicted that a conside-
rable amount of kinetic impactor energy was absorbed byieldsformation and permanent
degradation of the foldcore. The energy stored in the fakleeas predicted to be 40-50 %
of the total energy without considering friction energy wthblow-velocity and high-velocity
impact events. The main reason for the large magnitudes heaextensive foldcore defor-
mation and degradation in large areas compared to smalirdefmn (bending) and localised
degradation in the face sheets: The face sheets were otentede pushed into the fold-
core by the impactor. This led to comparatively widespreaabling of the sandwich structure
and subsequent local penetration. Bending of the sandwigbtsre resulted in bending of
the face sheets accompanied by considerable buckling aistiing of the adjacent foldcore
depending on degree of relative deformation between thee $heets. The energy stored in
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the foldcore by this buckling and crushing behaviour wasificantly larger than the energy
stored in the face sheets due to bending.

In the presented simulations typically 15-20 % of the ihikiaetic energy was dissi-
pated due to friction. The numerically predicted energyodtison due to friction was highly
dependent of the implemented friction parameters, as alddben observed in the previously
performed parameter study in section 5.3.5. In order toideo& good estimation of the energy
dissipated, the Coloumb friction of the investigated matemwas determined experimentally.
However the validity of the measured friction parameters waestionable, as they are ba-
sed on friction between undamaged materials. In contrass$t Bnergy due to friction were
dissipated through considerably damaged foldcore celbveaid face sheets. In a damaged
material the smoothness and composition of surface wageldari-or example in the unda-
maged aramid paper, the surface consisted purely of pleresiin whereas in the damaged
paper regions aramid fibres were exposed on the surface. oHfiecients of kinetic friction
measured here were considered as a first approximation enaoted that further research is
required to improve the representation of friction.



7. Contributions and future research

In the following the main contributions of this research Wt existing knowledge are sum-
marised. Subsequently possible directions of future rebethat could address limitations
and further extend the presented approaches are pointed out

7.1. Contributions

Contributions to the knowledge of aramid paper material
properties

* The in-plane stiffness and strength properties of araraep have been determined. In
particular the properties in compression were previousknown due to the complex
interaction of material and structural behaviour in pageEcemen under compression.
Here, ring crush tests used in cellulose paper structures agapted to determine the
compressive stiffness and strength of aramid paper.

* A layered structure of aramid paper was identified by micopy consisting of a fibre
rich region in the paper’s centre and regions of pure resitherpaper’s surfaces. The
different magnitudes of tensile, compressive and bendinggrties measured for ara-
mid paper are caused by the layered structure. In currenétiire the distribution of
fibres in the paper’s thickness direction is assumed to beogeneous [58, 75, 80].

» A metholodogy to derive stiffness and strength properdiabe individual paper layers
has been presented. The approach is based on the globakyireéaaper properties
and the knowledge of the fundamental behaviour of pure dieresin and traditional
aramid fibre reinforced materials.

Contributions to the numerical modelling of aramid paper

* A shell-based element material model originally used iMPBRASH to describe laye-
red composite materials has been adopted to the deternran@ibgpaper behaviour. For
that purpose the stiffness and strength properties defiratie individual paper layers
(fibre reinforced layer and resin film layer) have been usedetine the orthotropic
and elastic-damage softening behaviour of the materialetnddurrent numerical ap-
proaches in the literature do not consider the inhomogenseuup of the aramid paper
in thickness direction [10, 34,59, 77,121].
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» By comparison to tensile coupon and cylinder collapsestiéstas shown that the mo-
delling approach satisfactorily reproduces the relevansite and compressive failure
mechanism.

* The limitations of the modelling approach were discus3dek main limitations are the
disregard of plastic deformation, the description of daeneageach layer by a single,
isotropic damage scalar and the overestimation of damagedracase of fracture.

Contributions to the knowledge of degradation and failure
behaviour of foldcores subjected to quasi-static and dynam iC
loads

» Foldcore sandwich structures were comprehensively desteler quasi-static (com-
pression, shear, indentation) and dynamic load condifjlansvelocity impact, high-
velocity impact). A variety of characteristic deformatiand failure mechanism were
observed and documented. These include foldcore collap$erashing modes until
full densification as well as different cell wall fracture des. In general the observed
deformation and failure behaviour is similar to the behaviobserved for honeycomb
structures. It is noted, that the existing studies on theaitchpesponse of foldcore struc-
tures tended to neglect the effect of foldcore structurefaitidre mechanisms as they
mainly focussed on the role of the face sheets on the impd@vieur of the whole
sandwich structure [16, 32, 39,128, 138].

* In case of compression and shear loads the foldcore typidamonstrates an initial
linear elastic response. If a certain peak load is reachedaldcore cell walls begin
to buckle and collapse which is accompanied by a significaop ¢h load level. At
very large compressive strains the densification of theveall material leads to a large
increase of load level.

» Hard body impact at both low and high velocities was foundeult in very localised
damage and penetration of specimen at low and moderatadkaregrgy levels. The
main observed failure modes are the collapse, crushing anslifctation of the fold-
core beneath the impactor as well as buckling of foldcorks @ljacent to the impact
location.

» Soft body impact was observed to mainly cause delaminatitime face sheets and wi-
despread collapse and crushing in the foldcore. The tapgeirmen was not penetrated
even at high kinetic energy levels.
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Contributions to the numerical modelling of foldcore struc tures
subjected to quasi-static and dynamic loads

» A shell-based foldcore model was presented using thedaymiaterial model discussed
above. The foldcore geometry is generated based on the g@ombescription pro-
posed by Hachenberg et al. [71]. In order to correctly repcedthe interaction of
face sheets and foldcore in impact cases an existing cotepusidel based on a conti-
nuum damage model with cohesive interface was adopted tatihen composite face
sheets used in the experiments. A strength of this studyaistiie aramid paper fold-
core was investigated numerically over a wide range of gstasic and dynamic load
cases, which permitted a extensive investigation of theatwdalidity. This is an im-
provement of existing numerical studies in the literaturgcl focussed on a narrow
range load cases/foldcore geometries and were therefoitedi in their comprehensi-
veness [10, 14, 25, 33,60, 75, 83,118].

» The representation of irregularities in the foldcore ipartant in order to prevent uni-
form buckling of foldcore cells. It was shown that a certaiéasure of geometrical irre-
gularity can be introduced by ‘node-shaking’ which appéesinor random variance to
nodal positions. In current literature structures witHudal cores are typically assumed
to be of perfect geometry.

» The foldcore model was compared to quasi-static compresand shear tests and it
was demonstrated that compressive and shear strengthdl as wee foldcore collapse
behaviour are well represented. However it was observeaditbanodel overestimates
the damage in case of final foldcore densification.

» The foldcore model extended to impact was evaluated by eoisgn of the numerical
predictions to the observations made in the low-velocity high-velocity impact tests.
Generally a good agreement was found, in particular thenangehaviour of the fold-
cores is well represented. However the numerical model restimates the loads for
carbon/epoxy skin penetration which influences the faib@guence.

* The effects of several numerical parameters were invagtijn parameter studies based
on a foldcore compression case and a hard body impact casablBloesults were that
the numerical model demonstrates considerable depenaenegyesh size and friction
parameters.

» Based on the numerical predictions it was found that a Baamt part (40-50 %) of
the kinetic impactor energy is absorbed by the foldcore. fHason is that although
the face sheet material has higher stiffness and strengtaxttent of deformation and
damage is considerable smaller than in the foldcore. Thas isnportant finding as it
indicates that the resistance of a sandwich structure canrmsaderably increased by an
improvement of sandwich core properties and that foldcassthe potential to improve
impact resistance in aircraft sandwich structures.
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7.2. Future research

This section presents potential future research that daowild on the results of this research
work. Some of the limitations encountered during the redeand suggestions for further
work are discussed in the following.

Adressing limitations of the aramid paper model

Although the modelling of aramid paper has been comprebelysexamined in the present
work there remain several aspects which have not been adrdsgrther recommended expe-
rimental and numerical investigations on aramid paper\iebaare:

» Consideration of strain rate effects in the material model h case of dynamic loa-
ding events: The conducted experimental and numerical investigatiovered load
events with strain rates of up to 10.sEffect of strain rates on the material behaviour
are not considered in the aramid paper model. However incp&at the larger strain
rates encountered during the high-velocity impact testsentlais assumption arguable.
To further improve the representation of aramid paper biebaat strain rates- 1 s? it
is suggested to experimentally characterise the rate depématerial behaviour (Test
methods: High-speed tension tests, drop tower, Split Hgaa pressure bar). The
findings from this investigation can then be used to intrediate dependent material
behaviour to the aramid paper model.

* Improved constitutive modelling: The degradation of the aramid paper has been cha-
racterised by uniaxial material tests. However there mést exdependency from mixed
load conditions and the triaxiality of the material behavishould be investigated expe-
rimentally. Furthermore substantial plasticity was olsedrin the experimental studies
and it is suggested to expand the aramid paper material tesept plastic material be-
haviour. A third possibility of improvement is to substiuthe isotropic damage model
by an orthotropic damage model which allows to deal with idilectional material
degradation.

* Improved representation of friction: Kinetic friction coefficents were measured for
the investigated materials (Aramid paper, carbon comppAaiuminium, Steel) in un-
damaged condition. However a considerable amount ofdnanergy is dissipated bet-
ween considerably damaged material surfaces. By consiolers this changed surface
conditions it is expected that the prediction of dissipdtadion energy can be impro-
ved. This will also result in a better reproduction of the anpevent as a considerable
part (20—-25 %) of the kinetic impactor energy is typicallwatbed by friction.
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Investigation of the aramid paper behaviour on basis of an
representative volume element (RVE) approach

Another avenue to research aramid paper properties is thefusn RVE approach, as for
example discussed in the works of Bohm [26] and Kwon et al8]10An RVE model al-
lows to numerically study the influence of microstructuretbbe macroscopic behavior of a
heterogeneous composite such as the aramid paper. An RUf culd provide better un-
derstanding of the elemental micro-mechanic processdwanicro-level. This knowledge
can then be used to improve the numerical aramid paper médelhermore it permits the
identification of strategies to improve the material projesrof the aramid paper.

Improvements of foldcore modelling

There are also some unanswered questions concerning thellmgaf foldcore sandwich
structures made from aramid paper, which have not beensat@sthis work. These potential
studies include:

* Improved consideration of irregularities: The current foldcore model accounts for
irregularities only by a random offset of nodal positionsieh is not based on physi-
cally measured properties. In future research the georaétaldcore structure could be
directly derived from three-dimensional CT-scans couplgt a numerical mapping al-
gorithm. Furthermore it was observed that fracture is ofté@rated at cell folds, where
the aramid paper material is weakened by the fold cut. As toeiroence of fracture
considerably weakens the foldcore structure it is recont@ério consider these initial
local flaws due to pre-cutting in the material model.

» Consideration of skin-core debonding: In this work, debonding between core and
face sheets was not considered. However in several impadtdases considerable
debonding between inner face sheet and core was observes:d Ba a experimen-
tal characterisation of bond properties as for exampleopexd by Heimbs [75] the
interfacial degradation and rupture could be implementéalthe foldcore model.

* Implementation of a multi-model approach: In order to reduce computation time a
coupling between different scales of foldcore models igested. Initial research based
on the shell-based foldcore model proposed here and alsadied foldcore model with
homogenised material properties was investigated in teeareh project CELPACT
[92]. Large reductions in computation time are expectedartipular for load cases
which can be partitioned in a small region where damage sagilh detailed fine scale
model and a large region away from the damage zone based mphfigd large scale
model.
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Foldcore geometry optimisation

A potential future application is the possibility to optseifoldcore structures to certain load
cases based on a numerical procedure. The aramid papeor®lthodel presented here was
used by LUlf [113] to investigate the feasibility of such gpeoach. It was shown that there
is considerable potential to improve foldcore geometmeead states such as foldcore com-
pression, shear and hard body impact. In future researshafiproach could be adopted to
optimise complex foldcore structures to load cases redunyespecific design specifications.



Appendix A.

Newton-Raphson method

In section 3.4.3 on pages 47ff. a multi-dimensional NewRaphson method was used to
compute the stiffnesses’.,, ES. and Er;,, and the position of the neutral lire A com-
prehensive introduction to Newton methods is given in thab@ok of Deuflhard [40]. In
the following the iterative solution of the two-dimensidnanlinear equation system on basis
of the Newton-Raphson method is briefly summarised. Prialtypthe roots of an equation
system with the functiong, (x1, x2) and f»(x1, z2) can be solved iteratively using

x(+D) = (M _ J-1p (x(")) , n=0,1,---, (A.1)

where.J,, is the Jacobean matrix. The vectad andF (x(">) are defined as

x— < " ) and  F(x) = < ﬁgifg; ) | (A2)

In the presented case the inverse of the Jacobean migtriis given by

-1 1 _gﬁ cczlL
Jn:ﬁ@_df_ldf_1<i2m2_m_1>' (A.3)
dro dry dx1 dx dz dz

Using above equations, equation A.1 can be solved if thetifume f; (1, ) and fo(xq, z2)
and their partial derivatives as well as initial estimaﬁ@ﬁ)) andxéo) for the roots are known.
To provide an equation system and derivatives similar tootie presented above equations
3.9 and 3.10 on pages 50f. were used to eliminate the vasi@leand E¢.. from equations

3.8 and 3.11. The resulting equations

fl = 4 (Egaper - E}C;aper) 22 —4 (Egaper + E}C;aper) tpZ + (Egaper - E}C;aper) t%r’

foo = (Whter + 6huth, + 3trumty, + 12tpamtr ) (Efaper — Brpum) + -

try 3
-+ ( g — E) (2E£apertFr - 2Egaper(2tFilm + tFr) + 4EFilthilm) 4.

try 3
+ ( ; + ?) (2E£apertFr — 2B er 2t pitm + trr) + 4EFilthilm) : (A.4)
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Table A.1.: Elastic layer properties determined by the M@aRaphson-method.

Orientation EL.~ ES.  Epum Z
[GPa] [GPa] [GPa] [mm]
MD 9.2 51 471 0.0108
CD 8.3 4.7 4.67 0.0105

have two unknown variablesy;;,,, andz. The derivatives of functiong, and f, then were

V— = 8 (Egaper - Egaper) z—4 (Egaper + E}C;aper) Lprs

- _4t?f’7‘zlm * Lpr — 6tF2lm Fr 2tF21th7" and

e 24tFilth7" (Egapﬂ — Elem) VA _|_ e

tpr
+ 3(; —z) (2B fapertrr — 2B baper (2tritm + trr) + AEpimtrim) + -+

+ 3 (tgr + z) (2EPaper QEPaper(2thlm + tFr) + 4Elethzlm) . (A.5)
With equations A.4 and A.5 applied to relation A.1 the valok&'r-;;,,, andz were iteratively
determined. For that purpose a routine was written in Forfd@ The global paper stiffness
propertiesE}, ... Ef,,.. andEf, .. were corresponding to the magnitudes given in table
3.11 on page 45. The layer thicknessgs,, andtr, were equal to 0.05 mm and 0.2 mm res-
pectively. The initial estimations adopted TBﬁmm andz® were 3.8 GPa and 0.01 mm. With
the determined magnitude éf;;,,, the values of2%Z, andE¢. were calculated from equations
3.9 and 3.10. The thus computed magnitudes of the elastiepies are summarised in table

A.l



Appendix B.
Model setup in PAM-CRASH

The present work has been realised using the explicit séi&f-CRASH in order to model
guasi-static and dynamic load cases on foldcore structéisl-CRASH is provided by the
ESI Group and is one of several commercially available ekghHE-codes. A finite element
simulation is typically composed of pre-processing, soluand post-processing phase. The
sequence of these phases as adopted in the presented wdrknsagically depicted in figure
B.1. Commonly, the numerical model was generated in theppeessing phase and then
numerically solved in the solution phase. During post-ps3ing the numerical results were
graphically and tabularly interpreted.

PRE-PROCESSOR

As illustrated in figure B.1 the pre-processing in this worksvgplit into two steps. In the first
step the numerical mesh was generated on basis of a parasueptr which was developed
within the scope in this work using the ANSY'S parameter dekigguagedpd]) and the AN-
SYS pre-processor. Thapdl programming language allowed to build the model in terms of
variables. Theapdlscript can use all ANSYS commands as part of the scriptinguage and
also has access to vector operations and numerical rostilsbsas branching and looping. Se-
veralapdl script files were programmed in order to generate the follsandwich structures
investigated in this work. The script generatectafile (ANSYS input file format) as output,
which stored nodal coordinates and the respective assignohelements. In this work pri-
marily four-point-quadrangular shell elements and ejgbiit-hexagonal brick elements were
used to represent the foldcore sandwich structure, sufrpares and projectiles. Thulbfile
was transformed to pc file (PAMCRASH input file format) on basis of an available cgb2
script written in perl programming language.

In the second step the necessary simulation parametersagéeel to thecfile via the
PAMCRASH pre-processor. These included definitions of loaaditions, constraint condi-
tions, bond interfaces, model organisation, material fsoaed composite ply models (which
are a kind of sub-class of material models). In the presemk e input parameters for
a model ‘NAME’ were typically organised in a main file (NAME aim.pc), a material file
(NAME_ parts.inp), a file defining the boundary condition®\(WE_BC.inp) and a file contai-
ning all nodal and mesh information (NAME.pc). In the maie tihe global simulation para-
meter and the file structure were assigned. The part filedieclthe definitions of the material
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ANSYS APDL PAMCRASH PAMCRASH PAMCRASH
(Preprocessor) (Preprocessor) (Solver) (Postprocessor)
- Model geometry - Material models, - Element type, - Energy output,
(Nodal coordinates, - Load-displacement
element definition) - Boundary conditions, - Time step, and Stress-strain

- Parametric generation
of mesh

- Model size definition

- Interaction behaviour

(Contact, Sliding,
Friction, TIED
interfaces)

- Options concerning

numerical solution

output

- Contour plots

- Visual assessment of

deformation and

failure modes

Figure B.1.: Basic scheme of the finite element proceduretadan this work.

Table B.1.: Consistent set of unit employed in this work.

Length unit: 1 [mm]
Time unit: 1 [ms]
Mass unit: 1 [kg]
Force unit: 1 [KN]
Acceleration of gravity: 9.81E+03 [mm/rfis
Young’s modulus of aluminium: 70 [GPa]
Yield stress of aluminium: 0.052 [GPa]
Density of aluminium: 2.7E-06 [kg/m?h

properties and the model organisation in different pattis.rioted that a consistent set of units
was used as illustrated in table B.1. The boundary condiii®specified the load and displa-
cement constraints acting on the model as well as the coatacbond interactions. The file
containing the nodal and mesh information was sometimedethinto several files to allow
for reasonable access and editing options of model subtstas.

SOLVER

The individual simulation jobs were executed at the DLR Beldwluster system with 13
nodes which add up to a total of 28 64bit AMD Opteron CPU’s. Thester system was
accessed with the open source terminal emuRtarTywhich acted as a remote client for the
SSH computer protocol. The executed simulation jobs ramert@four processors with mesh
sizes of up to 19elements. Jobs using one or two CPU’s generally ran with ar&hmemory
parallel’ (SMP) method, where the CPU’s shared the same memabs requiring more than
two CPU’s were parallelised with the ‘Distributed memoryalkel’ (DMP) method, where
the individual CPU relied on its own respective memory ar&ae quasi-static models in
this work used the PAMCRASH solver version 2006.0.2, whetka dynamic impact models
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were realised with version 2009. All models were computdti wingle precision, which was
signified the IEEE-754 32-bit format.

The employed explicit dynamic finite element formulatiogenerally suitable for mo-
delling brief, transient dynamic events such as impactlerab and is also very efficient for
highly nonlinear problems. However, it is noted that theliekpsolution scheme can only
reproduce a very brief model time period with acceptablaiamry compared to a implicit
solution scheme. The model time period usually measurdseimldmain of miliseconds. In
this work the time period of the implemented quasi-statimsgations ranged between 50-100
ms with time steps of about ¥0ms whereas for the examined dynamic cases the modelled
time periods ranged between 10-15 ms in case of drop toweelsiadd 1-3 ms in case of
gas gun models.

POSTPROCESSOR

After completion of the numerical processing of the FE madtiel results were evaluated,
which as done interactively using the PAMCRASH visual eswment, which read the bi-
nary output database files .THP and .DSY. The .THP file coathinformation on the model
(global) time history. The mesh file (.DSY) recorded the atitpf nodal and elemental va-
riables. The output data as stored at defined time intervitistiae time interval of the mesh
file usually being considerably larger than the time inteofahe time history file.

On the basis of the output the model was compared and evdlt@aenalytical and ex-
perimental results. The output also offered insight intrtilechanical and phenomenological
behaviour of the investigated structures. Typical formsutput were curve plots which re-
lated two measured variables to each other as for examplessforces, strain, displacement,
energy, time, damage information. Additionally geometng @ontour plots were provided,
which gave an easily accessible overview on structure deftton and in case of contour plots
an insight into the global geometrical evolution of a defimadable.
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