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The subject of this thesis was on the fatigue and fracture behaviour of PVC cellular foam
core materials used in sandwich constructions. The investigation was restricted to a special
type of PVC called cross-linked after their chemical structure. The mechanical and physical
characteristics of the material tested throughout the investigation were typical of the one
used in the marine industry.

The first investigation reports on mixed-mode fracture in rigid cellular PVC foam based on
experimental and numerical analyses. Experiments were performed on sharp-cracked
specimens using the compact-tension-shear (CTS) test loading device. Foams of three
different densities were tested. The CTS specimen was, in association with a special loading
device, an appropriate apparatus for experimental mixed-mode fracture analysis.
Experimentally obtained fracture toughness results show good consistency. Kic fracture
toughness was marginally different in different directions. The ratio Kyc/Kic was found to
be between 0.4 and 0.65 depending on the foam density. For mixed-mode loading,
Richard’s criterion - using experimentally obtained Ky and Kjc - was the best in predicting
accurately fracture locus and fracture angle. When no experimental data were used, the
maximum tangential stress criterion predicted best kinking angle. The principal strain
criterion predicted the best fracture locus. Fracture boundary curve and kinking angle were
best predicted for low mode-II contribution. The theory appeared to be deficient in
predicting accurately both fracture locus and fracture angle.

The fatigue crack growth in rigid PVC cellular foam under combined mode-I and mode-II
loading was then investigated. Experiments were performed on sharp-cracked specimens
using the same CTS test technique, as in the previous investigation. Loading conditions
ranging from pure mode-I (opening mode), mixed-mode, to pure mode-II (shearing mode),
were generated using a simple loading device. Linear elastic fracture mechanics (LEFM)
and plane strain conditions were assumed. Crack path v, da/dN versus AK and crack growth
behaviour for each loading condition were ascertained. Fatigue data were compared with
results obtained from static tests in similar configurations. A refined fatigue and fracture
process model was proposed.

The final experimental investigation reported on flexural fatigue in glass-reinforced-plastic
(GRP) sandwich foam core beams using a 4-point-bending (4PTB) test specimen. S-N
curves, load-deflection and load-strain history curves compared well with independent
results. The flexural fatigue was characterised by 2 regimes: a creep regime inducing small
permanent deformation followed by fatigue and fracture regime, typically much sorter,
responsible for a catastrophic shear stiffness degradation. Damage formation, crack
initiation and growth were described for both single and multiple shear cracks. Mode-I
crack propagation rates were found to reach 10 mm/cycle towards the end of the fatigue
life, and compared well with previous results obtained from the CTS specimen. Fatigue
crack growth in a 4PTB foam cored sandwich beams can be considered to be Kj-controlled.
Initial crack propagation angle of 65° was in agreement with earlier investigations.

The numerical investigation reports on the fracture behaviour of single shear crack in foam
core sandwich beams. A generic sandwich structure with symmetrical isotropic facing
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bonded to thick homogeneous and isotropic PVC foam core was examined. A numerical
study was carried out using a multi-purpose finite element package. The work was
concentrated on cracks embedded in the core material itself. LEFM and plane strain
conditions are assumed. Strain energy release rate G was determined for a range of physical
and mechanical properties, characteristic of a typical sandwich beam. The relationship
between mixed-mode toughnesses, K; and Kp, was also characterised. Finally, the
numerical results were compared to a set of experimental data on mixed-mode fracture
toughness testing and 4PTB. A fracture envelope and stress intensity factor variations were
deduced for the structure under consideration.
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PREFACE

At the end of the M.Sc. Course undertaken in naval architecture, Professor Ajit Shenoi
proposed me to join the Composite Materials Group at the Department of Ship Science in
the University of Southampton. The boundaries of the subject, I was given, were simple:
composite materials and naval architecture.

Having spent the last 5 previous years studying and working on yachts and small crafts
design, I decided to look more closely at the problems of shear cracks in PVC cellular foam
sandwich structures. The subject was already a popular one and a very much spoken one by
skippers, yacht designers, naval architects, researchers and students. It is a common
practical problem with little academic-type research done on the topic: it reflects the bridge
between pure research and practical application.

The work gathered in this doctoral thesis has been carried out at the Department of Ship
Science between February 1996 and February 1999. During the spring of 1996, I was given
the opportunity to go and study at the Department of Naval Architecture and Offshore
Engineering in the Technical University of Denmark. The contents of the background and
literature review chapters were mainly written at this stage.

At the end of spring 1997, I was invited by Professor Karl-Axel Olsson to come and visit
the Lightweight Structures Division of the Department of Aeronautics at the Royal Institute
of Technology in Stockholm for few days. Researchers from this department have largely
contributed to the subject of sandwich structures over the last twenty years. This visit gave
me the chance to meet Doctor Dan Zenkert and Doctor Stephan Hallstroém, and compare my
work on the fracture mechanics of PVC foam, presented in Chapter 4, with their work. The
emphasis placed by this department on high standard of research helped me to put my own
work into its proper perspective.

In February 1999, I moved to Norway and it is there that I progressively managed to

finish the write up of the final version of the thesis.
Oslo, February 2000.

Philippe Noury
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NOMENCLATURE

crack length

a :
b :  beam breadth

b :  beam width

B(z) :  second moment of area

o . constant

d :  distance between the neutral axis of faces

d* . distance between crack tip on upper interface and beam end
D : flexural rigidity

Do : flexural rigidity of face about the beam neutral axis
e . distance between the neutral axis of the beam and the interface core/face
E : Young’s modulus

f(a’fw) : geometrical factor

fi : mode-I geometrical factor

fir : mode-II geometrical factor

g(0) :  general solution of bi-harmonic solution

G :  shear modulus

G . strain energy release rate

h :  beam height

k : Shear factor

Kic . fracture toughness in mode-I

Knc : fracture toughness in mode-II

Ky : Model stress intensity factor

ki . local mode-I stress intensity factor

Ky : Mode-II stress intensity factor

ko : - local mode-II stress intensity factor

AK . Kmax'Kmin

Ko :  provisional fracture toughness evaluated from Pq
Keyetic . Kuax at fracture

Kyv(y) : equivalent fracture toughness

L* : 45° maximum shear crack length between the interface, or +/2 ¢
My . bending moment

Ny : axial load

P . load

Prax :  maximum load

Pq :  apparent crack initiation load

q(x) :  distributed load

t : thickness

te . face thickness

t core thickness

r radial polar co-ordinate

R rotary inertia

R Pmm/ Pmax ratio, or Kmin/ Kmax

S strain energy density factor

S shear stiffness

t time

Tx shear force

specimen width

total deformation
deformation due to bending
deformation due to shear

£22 ¢

[2)



x-dir.
y-dir.

longitudinal direction, rolling direction manufacturing
transverse direction, perpendicular to rolling direction
co-ordinate

loading angle on CTS loading device

fracture toughness ratio, oy = Kiy/ Ky

parameter equal to experimentally-obtained Kic/Kjc
scalar parameter

equivalent crack angle, Beq = Arctan (Ky/Kp)
displacement given by extensometer

strain in z-direction

angular polar co-ordinate

criterion dependent critical value at which a crack initiates, polar co-ordinates
angular polar co-ordinate

k=(3-4v)

k=(3-v)/(1+ V)

strength of the singularity

Poisson's ratio - taken equal to 0.32 for the foams under considerations
shear stress or shear strength

direct stress

yield strength equals to strength at 0.2% offset of strain
principal normal stress, (i=1,2,3)

equivalent stress

density

relative density, Pfoam / Ppolymeric material

surface mass

Airy stress function

kinking angle

negligible term

subscript ¢ refers to the core

subscript f refers to the face

subscript tens refers to tensile properties

subscript comp refers to compressive properties
subscript ult refers to ultimate properties

subscript limit refers to properties taken at the upper end of the linear range
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1 INTRODUCTION

Composites structures based on lightweight composite materials bonded to a low-density
core are presently being used in a large number of applications where weight, stiffness and
strength are primary design requirements. Sandwich structures are now commonly used in
structural components ranging from the rotor blade of helicopters to the hull shell of racing
yachts.

Traditionally, the design of structures and sandwich structures for marine applications is
principally based on a strength-of-materials approach, with stiffness and stability criteria
forming constraining influences. The two possible modes of failure taken into account are
yielding or excessive plastic deformations. However, it was found that structures, designed
according to the first two modes, very often failed in a sudden manner due to unstable crack
propagation.

In marine applications, some high speed craft, having sandwich hulls with Fibre-
reinforced-plastic (FRP) laminate and foam polymer cores, have experienced damage that is
believed to be due to repeated slamming loads. The load characteristics encountered in these
cases has caused cyclic stresses and has resulted in consequential core fracture.

Fatigue behaviour and fracture of foam core have not been significantly studied and
reported in the literature, in recent years. However, some research work has been carried out

on fracture analyses of various sandwich core materials and face/core interface layers.
1.1 Sandwich structures

1.1.1 Sandwich concept

The ASTM defines a sandwich structure as follows':
“A structural sandwich is a special form of a laminated composite comprising of a
combination of different materials that are bonded to each other so as to utilise the

properties of each separate component to the structural advantage of the whole assembly.’

A sandwich structure is typically composed of 3 main parts as shown in Figure 1.

Figure 1: Typical sandwich beam



It consists of two thin stiff and strong layers of dense material separated by a thick layer of
low-density material, which is much less stiff and strong. The core is bonded to the faces by
an adhesive whose function is to transfer the load between the components. The
characteristics of a sandwich structure are identical to an I-beam. “Most” of the material is
situated away from the neutral axis. Just enough material is left in the middle to make the
whole structure work. This allows the assembly to resist shear and buckling. The main
benefit of such a structure is the high stiffness and strength to weight ratios. There are
additional advantages such as acoustic and thermal insulation, high-energy absorption,
manufacturing process and buoyancy. Research into sandwich structures has revolved
primarily around the areas of theory, failure modes and envelopes, optimisation and design
procedures, finite element modelling, impact resistance, fatigue and fracture analysis.
Disadvantages should also not be overlooked by engineers and scientists. Some typical
drawbacks are the newness of production methods, a complicated quality control, the lack

of understanding of load introduction and joining, and the lack of knowledge concerning the

effect of damage.

1.1.2 Marine applications of sandwich structures

The first serious use of FRP for boat construction appears to have been made by the US
Navy in the early 1940s. Development of hand lay-up techniques employing cold-cure
polyester resin with E-glass reinforcement led to a rapid expansion of FRP boat
construction: in the UK, the proportion of boat hulls constructed in FRP was 80 % by the
1970s.

FRP is now employed in a very wide range of boat hulls including sailboards, dinghies,
canoes, speedboats, coastal and ocean-going yachts, work-boats, pilot and passenger
launches and lifeboats. Its success in this field, where wood is a traditional building
material, is attributable to competitive first cost, (particularly in production); trouble-free
performance and low maintenance costs and the ease with which complex shapes can be
fabricated.

The most common form of construction for shells, decks and bulkheads in large and
small FRP hulls is single skin laminate reinforced as necessary by stiffeners. In smaller
craft, adequate hull rigidity may be provided by sandwich construction. Sandwich decks,
bulkheads and superstructures are commonly combined with single skin shells. New
materials and construction techniques are developed and these results in a constant
improvement in FRP structures properties™”.

Olsson and Lonno® suggest that, for high-speed marine vehicles, conventional test

methods used for sandwich structures do not account for load cases incorporating
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slamming, fatigue, impact or environmental effects. The procedures are inadequate to
determine all the relevant material properties required for design purpose. The risk of faulty
design is apparent and the potential of composites structures cannot be fully utilised. There
is a need for further research on the characterisation of loading of these structures, their

structural response, and their fatigue and fracture.

1.2 Shear cracks

1.2.1 Failure modes in sandwich panels
Sandwich beams loaded in bending can fail in several ways. The tension and compression
5,6,7,8

faces may fail uni-axially, by either yielding or fracturing and the compression faces

may buckle locally, by either wrinkling or dimpling. Wrinkling involves local buckling of
the face into the core, causing compression of the core’. Dimpling, which occurs only in
honeycomb cores, involves a similar local buckling of the compression face, but in this
case, the half-length of the buckling is equal to the cell size of the honeycomb. The core,
too, can fail, although this seems to have attracted less attention than face failure. The most
common mode of core failure is shear'®; other possible modes are tensile or compressive
yield and, if the core is made of brittle material, tensile fracture. Finally the bond between
the face and the core can fail; since the resin adhesives are usually brittle, debonding is by

brittle fracture'!. Similar failure modes occur in end-loaded sandwich columns; face yield

4 and face wrinkling by

has been described by Akers'?, Wittrick!> and Wrzecioniarz'
Ackers"?, Wittrick'®, Allen’, Ciba-Geigy8 and Wrzecioniarz. In addition, columns can fail

by overall Euler buckling or by shear buckling.

v

O
—>
—>

Figure 2: The failure modes in a sandwich beam: (a) face yielding; (b) face wrinkling; (c) core shear; (d) core
tensile yield; (e) core compressive yield; (f) core indentation; (g) debonding.



1.2.2 Reported failure in sandwich hull structure

1.2.2.1 Sailing yachts
An inspection of the yachts that completed the last Whitbread Race revealed that few
entrants suffered structural damage. Typically, such yachts have sandwich hulls with FRP

laminates and foamed/honeycomb polymer cores. The modes of failure were reported as

1516 and debonding at

localised core shear failure followed by delamination in the W60 fleet
the outer face-to-core interface in the Maxi fleet. Damage areas were situated around hull
bottom forward of the keel. Single-handed Open 60 yachts also encountered delamination
problem during the previous Vendee Globe Challenge; both boats, Fujicolor and Sofap
Helvim, suffered delamination in forebody and on large area of topside. Figure 3 shows a
close-up view of an area of extensive core shear failure and delamination. The important
thing to recognise here is that core shear failure has come first, and the delamination is a

secondary effect!”.

Figure 3: Damage to sandwich bottom panel (500 mm x 350 mm) due to slamming: light areas correspond to
face-to-core delamination following shear crack propagation through the core '*

1.2.2.2 Other high speed light craft - fast ferries and rescue craft

Some rescue craft having sandwich hulls with FRP laminates and foamed polymer cores
have experienced damage that is believed to have been caused by (here also) extreme and/or
repeated slamming loads exceeding the design load levels. The mode of failure has been
predominantly shearing cracking of the core followed by delamination'®?°. Figure 4
presents a large area of delamination, or more correctly separation of the outer skin from the

core, with extensive destruction of the PVC foam core.



Figure 4: Slamming damage to sandwich hull after removal of outer skin: ripples correspond to the surface
fracture within the core '%.

1.3 Crack initiation and growth in cellular foam core sandwich structures

1.3.1 Manufacture and in-service flaws in sandwich structures

Cracks in the core may be present as a result of manufacturing irregularities or in-service
damage. Flaws of different kinds may arise during the construction of the sandwich
structure, or the production of the core material. The types of flaws considered in this
investigation are sub-surface, that are in the core material or in the face-to-core interface, as
schematically illustrated in Figure 5a-f.

Unwanted large voids in cellular cores may act as initiation points for crack growth.
More severe problem may occur in the manufacturing of sandwich panels. Poor, or even,
totally missing adhesive bonding due to errors in the manufacturing will result in debonded
areas either between blocks of core materials or in the face-to-core interface. These flaws,
shown in the Figure 5a and b, will act as stress concentrators, or even as cracks, or cause
premature failure due to face buckling. The frequent use of butt joints and the difficulty in
their manufacturing is a major problem. If the filler material does not entirely fill the joint,
as illustrated in Figure 5¢ and d, a part of the structure will be empty of load carrying
material and stress concentrators will be created.

There are many types of in-service induced flaws arising from overloading or misuse,
such as impact damages, local denting, tensile or compressive failure, and local buckling of
the faces. These represent surface failure, which can be detected by a visual inspection.
However, damages in the core may not certainly be easily detected. High transverse forces,
static or cyclic, result in high core shear stresses and may cause core shear fracture, as
illustrated in Figure 5e. Such a fracture will propagate a crack through the core in a 45-

degree angle (perpendicular to the maximum tensile stress). A core shear crack will initiate
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at the mid-plane of the core, which is the point of maximum stress, or from a material
discontinuity, e.g., a void. The crack will eventually meet and follow the face-to-core
interface. High shear stresses may also cause fracture in the adhesive joint, which will result
in debonding. If the joint is properly manufactured and fulfils the requirement to be stronger
than the core, high transverse forces should cause core shear failure before debonding.

Debonding may also result from impact, fatigue and thermal loads.
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Figure 5: Plausible sub-surface manufacture & in-service induced flaws in foam core sandwich structure®

1.3.2 Fracture mechanics & fatigue

1.3.2.1 Fatigue approach to design
There are four different approaches to design against fatigue: oversized-design, fail-safe,
safe-life, and damage tolerance.

Damage tolerance uses fracture mechanics and assess whether a crack of a given size can
propagate, or alternatively if the structure can maintain its integrity for a given flaw size.
Damage tolerance is typically used in the aeronautical industry. Fail-safe is another
approach. It consists in designing a components such that, if it fails due to fatigue, the
remaining part of the structure is able to maintain its structural integrity until the crack can
be detected. Alternatively, components can be designed for a given fatigue life. It will
operate over a safe life — beyond which it will be replaced. This approach is typical of
aeronautical applications. Finally, structural components can be over-dimensioned and

stress levels are kept below the fatigue threshold.

1.3.2.2 Fracture mechanics approach to design

Differences exist between the fracture mechanics approach to design and the traditional

approach to structural design and material selection. In the latter case, the anticipated design
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stress is compared to the strength properties of candidate materials; a material is assumed to
be adequate if its strength is greater than the expected applied stress. Such an approach may
attempt to guard against brittle fracture by imposing a safety factor on stress, combined with
minimum tensile elongation requirements on the material. The fracture mechanics approach
has three important variables, rather than two. The additional structural variable is flaw size
and fracture toughness replaces strength as the relevant material property. Fracture

mechanics quantifies the critical combinations of these three variables.

1.3.2.3 Fracture mechanics foundations & concepts

Fracture mechanics is a relatively new branch of stress analysis. It evolved from the need
for a rational explanation of the several brittle failures-without-warning of ship hull
structures, railroads structures etc. The development of fracture mechanics was initiated
from several viewpoints. One such viewpoint is the strain energy consideration in a body in
which a crack extends by just a small amount. Another approach is the application of linear
elasticity for the determination of stress fields at the tip of a crack. Other approaches are
equivalent to each other for the elastic behaviour of the material in the close vicinity of the
crack tip and diverge for plastic flow. Each approach defines its own version of the
resistance of the material to fracture, which may be termed as fracture toughness.

The basic premise in fracture mechanics is the existence of cracks or flaws in all
structures. Such flaw can be microscopic in size. For this purpose, local variations in
density, micro-voids and orientation can be treated as flaws. These defects are potential
sites for the initiation of a crack.

Fracture is the final event, often taking place very rapidly, and resulting in catastrophic
failure. Crack growth on the other hand occurs slowly. In PVC cellular material, crack

growth takes place by either fatigue due to cyclic loading or creep.

1.4 Purpose of the thesis

The overall purpose of this work is to study the behaviour of material (PVC cellular foam
core) and (PVC foam cored sandwich) structural specimens, damaged and undamaged,

under a variety of tensile, shear and mixed-mode static and fatigue load cases.



2 CRITICAL REVIEW

2.1 Fracture mechanics of sandwich structures

2.1.1 Fracture mechanics of cellular polymeric foams

2.1.1.1 Properties of cellular foam

Polymeric foams are used as cores for high performance sandwich panels. A comprehensive
investigation of the mechanical and physical properties of cellular foams has been published
by Gibson and Ashby?'. However, from a fracture point of view, the behaviour of this core
material is relatively not well known.

Rigid foams - like those used in marine application - are linear elastic up to fracture in
tension. In compression, stress-strain curves show linear elasticity at low stresses followed
by a long collapse plateau, truncated by a regime of densification®’. Global shear loading is
a cross between compressive and tensile loading according to the cell loading. Since the cell
edges and walls have less strength in compression than in tension, the first dominant
mechanism of failure in shear will be buckling and plastic folding of the cells.

Gibson and Ashby®! also showed that a few mechanical properties of cellular foams,
such as strength and Young’s modulus, could be expressed as function of relative density,
Prel-
2.1.1.2 Macro- microstructure considerations
Inspection of the fracture surface of foam parts leads one to classify the fracture process as
“prittle”. Macroscopically the fracture surfaces of tensile specimens show some minor
irregularities but are nominally flat, and specimens show little evidence of gross yielding or
necking®.

The dimensional frame within which plastic foams might reasonably be assumed to be a
continuum is several orders of magnitude larger than most other structural materials.
Polymeric foams typically contain large voids and irregularities in structure, which can be
easily seen without magnification. The voids in low-density foam account for more than
90% of the volume of the material.

If one places a macroscopic frame of reference, say 10 mm?, around the crack tip, the
discontinuous structure becomes obvious. This fact suggests that any models one might use
to represent the crack tip in a foam will not be continuum models but must take the

discontinuous nature of the material into account.



2.1.1.3 Fracture behaviour

Ashby er al.?* have treated the fracture behaviour of linear elastic foams. They assume that
the crack extends in a discrete way, each step being one cell width. This extension occurs
when the stress in the wall of the cell closest to the crack tip is sufficient to cause it to
fracture. The problem is solved by considering the equivalent continuum problem and
thereby calculating the forces and bending moment on the cell walls. The assumption that
the un-notched properties are functions of density yields an expression for the fracture
toughness (using a stress intensity factor approach) also a function of density. Folwkes®®
performed fracture toughness tests on PUR foam with specimens of four different
geometries from which the critical energy release rate was calculated by the compliance
method. Good agreement was found between the different geometries, which tends to
verify the validity of the measurements. It was also found that the average cell diameter
could be used as an inherent flaw size in LEFM to predict the tensile behaviour of PUR
foams. Meclntyre and Anderson”’, on the other hand, found the inherent flaw size to be
greater than the average cell diameter for PUR foams. Dependence between Gy, and the cell
structure was also found. Zenkert®® investigated the mode-I crack propagation of PVC
cellular foam, see Figure 8. He found that the mode-I fracture toughness was approximately
linearly increasing with increasing average cell size, and that apparent mode-II fracture

toughness was slightly higher than the mode-I . He suggested that LEFM was applicable to

this material.

2.1.1.4 Mixed-mode fracture criteria in homogeneous materials

Zenkert performed mode-II and mixed-mode fracture tests on the same material’’and found
that both fracture stress and propagation angle could be accurately predicted with the strain
energy density criterion for the mixed-mode case, originally proposed by Sih?**%. A
maximum tangential (or hoop) stress criterion - based on Williams’s investigation®® proved
also to make good predictions. Grenestedt ef al.”' investigated further fracture criteria for
wedges. Grenestedt also used successfully Severyn’s criterion based on opening stress and

un-notched strength of the material for mode-I and mode-II fracture prediction.

2.1.2 Debonding and interfacial crack

Carlsson®***** investigated the interface crack characterisation in beams using various
specimens. Axial and transverse peel forces were main loading parameters. He found that
stress intensity factors are larger at the face/adhesive interface than at the core/adhesive
interface. The type of adhesive strongly influences the bond fracture resistance but not the
behaviour of the fracture angle. The orientation of the laminate also affects greatly the

fracture behaviour at the interface. Ductility of the core material promotes interfacial
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debonding rather than crack kinking. Mode-I favours crack propagation, whereas mode-II
favours crack deflection. In general axial compression loading of the faces produces a state
of crack loading, which is highly sensitive to the structural details of the sandwich.
Zenkert® looked at the interface problem on beams and panels and concluded that interface
debonding has a drastic influence on the load bearing capacity of the damaged structure. He

also found that mode-II is the dominant loading mode at the crack tip but mode-I is always

present.

2.2 Long term fatigue behaviour of sandwich structures

2.2.1 Fatigue damage modeling

2.2.1.1 Representation of data

The traditional curve of applied mean stress level against the number of cycles to failure (S-
N curve) forms the oldest and most voluminous form of fatigue data presentation. However,
its usefulness is limited because a separate curve for every material, condition, shape, size
must be obtained®®. Attempts to plot S-logN often showed that the function was not only
linear but also non-exponential and that the hope for constant exponent in the damage law
equation was not really a material constant after all. The number of cycles to failure
depends on the stress range and mean stress. Gerber proposed a parabolic relation whereby
the endurance limit and/or curves of constant life can be plotted. Goodman diagrams, with
linear relationships, are useful means of presenting fatigue data, but in general form the
upper and lower range limits for finite life. The need to include the stress ratio R as well as
mean stress resulted in the evolution of the Constant Life diagram. These plots indicate the
behaviour in terms of constant lifelines for all conditions that are possible to apply. The
information is constrained entirely within the Goodman line triangles; regions outside the
static boundaries represents stresses greater than the ultimate strengths. The diagrams may

be regarded as a collection of S-N curves, each at the appropriate mean stress and stress

ratio.

2.2.1.2 Modelling

The most widespread technique for the life prediction of metallic components is linear
elastic fracture mechanics, which is based on the growth of single flaws to failure. In
composite materials, fatigue is associated with the growth of multiple micro-cracks in the
matrix and therefore the applicability of such a technique is severely limited®”**. Current
techniques that have been developed are based on the phenomenological approach, which is

concerned with lifetime predictions without enquiring into the microstructural nature of
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fatigue failure within the composite®®. This approach falls into two categories: namely
empirical models and wear-out models.

Empirical models are often statistically based, thus requiring large amounts of data such
as static strength, fatigue life and residual stress distributions in order to predict residual
strength at any number of cycles. Wear out models are all physically based, relating to the
reduction of some physical property such as stiffness or strength, and the ability to predict
its decay during fatigue loading. However, a problem arises since the chosen wear out
parameter is inevitably dependent on stress. Therefore testing at various stress levels must
be undertaken to describe its behaviour.

Many phenomenological approaches have been proposed, each with its own failure
criterion depending on the degradation variable used. One approach is to measure residual
strength with load cycling. Then an S-N curve can be drawn through the focus of data
points where the residual strength equals the applied stress. If the application is critical, a
Weibull distribution could be used to describe the variations in strengths and probability
curves can be drawn through the vast collection of data. Many approaches assume that
failure will occur when some critical level of damage in the composite is exceeded. Damage
grows with cycling and its growth depends on the cyclic stress range, the load ratio and the
current value of damage provided other variables such as temperature and frequency do not
change. It follows that the fatigue lifetime is simply the number of load cycles it takes to
raise an initial damage state (usually equal to zero) to the final or critical level of damage.
The problem is the damage function is not known but this can be associated with the
reduction of some property such as stiffness, which can be gathered experimentally. Testing

procedures and standards for static and fatigue testing are outlined in reference™.

In sandwich structures under cyclic load, failure of the core is usually associated with core
shear. Methods of testing are given in ASTM Standards for Composite Materials*. Loading
is in shear parallel to the plane of the facings. From a complete load deformation curve, it is
possible to compute an effective shear modulus. However there is a dependence of the
results on the test method used, and no core shear values should be incorporated into design

calculations without a full knowledge of the testing procedure and laboratory conditions™.

2.2.2.1 Flexural fatigue of foam-cored sandwich beams

Developments in Scandinavia have concluded that at high strain rates the core materials
become more brittle and hence the ultimate stress and modulus increase while the strain at
ultimate stress decreases with increasing strain rate*'. During cyclic loading, this may mean
the material is less damage tolerant and more susceptible to crack propagation“’“. Buene
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and Hayman give two core failure modes, which are common in flexural fatigue. The mode-
I failure that is characterised by a single shear crack. The failure mode is more typical of
brittle cross-linked foams. In mode-II, the final shear failure is associated with cracks in a
progressively damaged horizontal region in the core, and indicates weakening of the core by
progressive damage subsequent to yielding. This is more typical of linear foams, but has
been observed in cross-linked PVC material. It was also found that the variation of stiffness
during lifetime was very small and that the time from visual crack formation and crack
propagation to final fracture was relatively short relative to the total fatigue life. The cross-
head displacement was used to evaluate the load-deflection relationship over the fatigue
life. The deflection history was assumed to be representative of the core shear deformation
variation; no strain measurements were made on the core material itself. This is in
agreement with Echtermeyer* and Shenoi®. Shenoi reported residual plastic distortion for
linear variety of PVC foams after fatiguing. Marginal reduction in strength and stiffness
were also reported for pre-fatigued specimens.

Burman®®*" investigated the fatigue crack initiation and propagation in foam-cored
sandwich structures using a modified 4-point-bending (4PTB) rig. He studied the damage
formation process and crack propagation angle. The fatigue damage initiated in the middle
part of the core forming microcracks and eventually grew together and formed an horizontal
macro crack located between the load application point and the support. He also
investigated the R-dependency of shear load in undamaged beams. For R>0, the crack
propagated and kinked away towards the interfaces in the direction corresponding to the

maximum tangential stress.

2.2.2.2 Fatigue crack growth
A few investigations have been carried out on the fatigue behaviour of polymeric cellular
foam materials. Noble and Lilley” investigated the fatigue crack propagation in
polyurethane cellular foams subjected to mode-I loading using a compact-tension (CT)
specimen. Fatigue crack growth rate da/dN and cyclic stress intensity factor range AK were
successfully correlated using the Paris law. The fatigue crack growth rate was also found to
be dependent on the mean stress level. Yau and Mayer® investigated the influence of
environmental conditions on fatigue crack growth rates in polycarbonate foams.

Fatigue and fracture process of polymeric foam was studied by Fleck and Parker’’. They
proposed that crack extended by one cell diameter through cell wall after repeated flexion of

the cell wall in front of the crack tip.
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2.2.2.3 Frequency effects

Cellular polymeric foam is viscoelastic in nature. For foam core sandwich structures under
static loading conditions, increasing the strain rate results in the core getting stronger and
stiffer’’. Under cyclic loading conditions, repeated large strain variation results in
temperature rises in the core even at reasonably small strain rate. Olsson’' and Hedlund >*

showed that small increase in temperature in the core reduces fatigue life.

2.2.3 Fatigue of sandwich FRP faces and interface

2.2.3.1 Fatigue of laminates

There are 3 basic failure mechanisms in composite materials associated with fatigue: matrix
cracking, interfacial debonding, fibre breakage™.

2.2.3.1.1 Unidirectional Composites

Damage mechanisms of unidirectional fibre composites in tensile fatigue have been
extensively investigated®®. For unidirectional composites the fibres carry virtually all the
load but the experimental evidence suggests fatigue performance is determined principally
by the strain in the matrix’”°. All non-metallic fibres have a statistical distribution of
strength, determined by flaws; thus, a few of the weakest fibres will fail during fatigue
loading. Locally high stresses in the matrix and at the fibre/matrix interface lead to the
development of fatigue damage. Damage may also develop at local micro defects, such as
misaligned fibres, resin rich areas or voids. These can lead to resin cracks developing
between fibres, isolating them from adjacent material, rendering them as ineffective load
carriers causing fibres to become locally overloaded, resulting in further fibre static failure.
Close to failure, the matrix may show extensive longitudinal splitting parallel to fibres
caused by resin and interfacial damage, leading to the brush like failure characteristic of
most unidirectional materials®.

Unidirectional composites characteristically show excellent fatigue resistance™.
However, since fatigue performance is linked mainly to strain in the matrix, the use of
stiffer fibres will only show a slight increase in fatigue performance compared to using a
modified fatigue resistant resin. The slope of the S-N curve is related directly to the strain in
the matrix®’. Glass fibres with failures strains of 2.5 to 3.5% lead to greater matrix strains
when compared to carbon fibres with failures strains of 0.6 to 1.8 %. Therefore, the slope of
the S-N curve for the former case is greater. With Aramid fibres fatigue damage mechanism
is more complicated since the Aramid fibre are themselves fatigue sensitive and can
defibrillate during fatigue loading. This causes the S-N curve to adopt a flat shape, which

becomes much steeper at an intermediate number of cycles. Talreja™* suggests that the shape
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of the strain life diagram depends on the relation between the static failure strain of the
composite and the fatigue life of the matrix. According to this view, if the matrix fatigue
limit is greater than the static failure strain of the composite, broken fibres occur at random
during cycling and the life dependence is statistically determinated. If on the other hand, the
matrix fatigue limit is less the static failure strain of the composite, progressive fibre

fracture can occur and then a slopping curve results which is stress and cycle dependent.

2.2.3.1.2 Laminates

Composites materials are usually formed with a combination of several laminae in various
directions, with a stacking sequence based upon design load requirements. Matrix cracking
in off-axis plies is usually the first significant damage and grows during fatigue cycling
across the laminate®°. Transverse cracks couple together by interface debonding enhanced
by tensile stresses; this mechanism leads to transverse cracks in one lamina spreading into
neighbouring laminae. Longitudinal cracking caused by stacking sequence related edge
stresses may also assist in crack coupling. An intense damage region then forms where
delamination growth is driven by interlaminar stresses and some fibre fracture takes place in
the 0° plies eventually causing specimen rupture. However, the ultimate tensile fatigue
failure of composites is still usually determined by the unidirectional layers. Thus, the
tensile S-N curves for multi-directional laminated composites are still relatively shallow,

although steeper than for fully uni-directional composites™.

2.2.3.2 Frequency effects

It has now long been recognised that FRP laminates (polymer matrix composites and fibres)
are viscoleastic materials. Strength and stiffness of these materials may vary according to
temperature and strain rate. Under cyclic loads, hysteresis-heating effects may therefore
occur, but also increase noticeably for increasing frequency. This heating effect is
particularly apparent in resin-rich laminates’’. Further, in most FRP, the effects of an
increasing strain rate will result in an apparent higher strength and a lower strain to failure.
Thus, when collecting data for fatigue tests, it is desirable to carry out static tests at the

same strain rate as fatigue tests.

2.2.3.3 Edge effects

Edge induced stresses are especially a problem in fatigue and testing policy is usually aimed
at minimising edge effects and the damage that inevitably results. Both shear and normal
stresses can develop at coupon edges; these arise from a mismatch of properties between the
layers®’. The magnitude of the stresses changes both with temperature (as layers have

different expansion coefficients) and with moisture content (as layers expend to different
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extents on absorbing external moisture). Thus, layer-staking sequence is a critical variable.
In general, laminates with evenly distributed layers lead to the lowest edge effects for both

tensile and compressive externally applied loads.

2.2.3.4 Fatigue of the interface
Composite materials owe their very existence to adhesion between resin matrix and
reinforcement and additionally with core materials. This requires a tough adhesive, which is
compatible with the skin and the core material. Consideration needs to be given to the stress
regime, joint geometry and fabrication methods proposed. Additionally, the mechanical,
thermal, creep and durability properties of the adhesive must be considered before selection.

In general, toughened adhesives in the top of the acrylic stiffness range and the spectrum
of cold/warm cure two part epoxies are all true structural adhesives for FRP applications.
The fatigue characteristics of the interface of sandwich structures are generally excellent if
loading is moderate. Peak stress levels should be specified within the elastic range of the
adhesive at all times. It follows that cyclic loads should be maintained significantly lower
than the limit loads indicated by static results. However, debonding of the skin from the
core can take place especially during high rate dynamic loading like slamming, impact, and
explosive shocks as often encountered by coastal waters in the marine environment®'.
Several debonding failures have been encountered by coastal rescue vessels in Norway*
where there was an under estimation of loads experienced in the design and approval for the
vessel. Some core adhesives are considerably stiffer than the other core materials they are
expected to join. Thus when loaded, they develop appreciably higher stresses than the
surrounding foam core. With repetitive slamming loads, the low ductility adhesive cracks at
an early stage and the foam core takes on a more brittle, less damage tolerant behaviour.
The crack in the adhesive can initiate cracking in the core. Thus, it is important to match the
properties of adhesive and core as closely as possible and to ensure the combination is
damage tolerant.

Burman®’ recently investigated the fatigue performance of damaged sandwich beams
subjected to fatigue loading; two types of sub-surface flaws were investigated: a face/core
interface disbond and a flawed butt-joint. It was found that the change of compliance was

not a good way to determine the crack initiation. R-dependency was found to be less

significant for damaged specimens.
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2.3 Theoretical modelling

2.3.1 Analvtical closed form methods

2.3.1.1 Sandwich structures

For static analysis of sandwich beams, classical beam theory is a well-known method for
calculating section properties such as flexural stiffness and is covered by numerous
sources®>8%:00,61.62,63.64.65.66.67 * Allen suggests that sandwich beams and panels can be
classified into three regimes: composite beam behaviour where core shear strains are small;
thin-face sandwich behaviour where core shear strains lead to significant additional
deflections; thick-face sandwich behaviour where the load is split into two parts, one
resisted by a beam analogous to a thin-face sandwich beam, and the other by a local
bending action of the faces themselves.

However, the most common case is thin-face sandwich behaviour. A realistic assumption
is that the core does not contribute to the bending stiffness of the sandwich, so that the shear
stress is approximately uniform throughout the depth of the core. Bending/shear deflections
and stresses are therefore easily calculated for different boundary conditions and loading
cases. For simply supported beams, the shear deflection occurs quite independently of the
bending deflection and has no major effect on the stresses in the face.

For plate panels, Allen, Paganoés, Mace® and others present linear theories of composite
plates (monolithic or sandwich) in the three regimes.

In practice for marine applications, the faces are not always of equal thickness because
FRP is weaker in compression than in tension. The bottom exterior face is therefore thicker,
partly as it is in compression and partly as it is more likely to be over-engineered as it is the
first line of defence against water penetration. Classical beam theory can still accommodate
this if the actual position of the neutral axis is found.

Theulen and Peijs™ give an optimisation of bending stiffness and strength as design
parameters. This can be extended to plate theory in 3-D for various loading conditions

assuming isotropic or orthotropic material properties.

2.3.1.2 Fracture mechanics

The first systematic investigation of fracture phenomena was carried out by Griffith”' nearly
seventy years ago. He postulated the existence of flaws, and that the crack growth was
controlled by the balance between the available strain energy and the energy required to
form new crack surfaces. The subject was further developed by Sneddon’? by investigating
the behaviour of a simple penny-shaped crack. Another important contribution by Irwin was

that he demonstrated the universality of the crack-tip stress field and introduced the stress
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intensity (K) approach. Theoretical fracture mechanics is based on the basic principles of
solid mechanics and can be formulated in terms of energy or stress field for 2D or 3D
problems. Analytical solutions of the elasticity equations of crack problems in linear elastic
fracture mechanics are usually limited to highly idealised problems which do not adequately
model real engineering structures. However, it is often possible to incorporate part of the
idealised solutions into real problems, leading to semi-empirical approaches. In limited
cases, it is possible to obtain a closed-form analytical solution for the stresses and strains

and therefore the stresses in the body must be estimated numerically.

2.3.2 Numerical solution technigues

2.3.2.1 Fundamentals

The most common form of numerical analysis is finite element analysis (FEA) and there are
numerous references’>’*’>"° covering the basic principles. In this context, the finite element
method (FEM) uses basic principles of elasticity on a mesh of identical representative
elements substituted for the actual structure. The most common form of FEM is the
displacement-based method. The steps in the typical solution for a linear elastic structural
problem is as follows’ : idealisation of the structural problem, subdivision of the continuum
in finite elements, modelling of the displacement field for each finite element, generation of
the stiffness matrices and the nodal equivalent loads for each element, assembling the
element stiffness matrices into a global stiffness matrix, taking into account the connection
between the elements, specifying the displacement boundary conditions, solution of all
equilibrium equations to obtain all element nodal point displacements, evaluation of the
element stresses by equations relating displacements to strains and stresses.

Commercially available FE codes such as ANSYS (used in this investigation),
NASTRAN, ABAQUS, NISA, I-DEAS and so on, can deal with very complex situations.

The key to a successful use of FEM is an accurate approximation of the theoretical exact
solution. This implies the control of the modelling errors, discretisation errors and
computing errors. In that respect, sandwich structures must be given special considerations.
The inhomogeneous and often anisotropic build-up of the sandwich should be carefully
thought about.

The shear deformation in the core must be considered in most cases. The anisotropic
nature of the composite face materials must be accounted for. Due to low stiffness and
strength in the thickness direction of the sandwich, local load introductions, corners and
joints have to be checked by 2D or 3D analyses to a larger extent than cases for metal
structures. For the same reason, curved panels with small radii of curvature (less than ten
times the sandwich thickness) will have to be analysed in 2D or 3D to account for the
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transverse normal stresses not included in shell elements. Boundary conditions for sandwich
plates may be different from ordinary structures. For example, a simple support could be
soft - bending moment at support point is zero and shear strain varies linearly across the
thickness of the beam. Or on the contrary, it could be hard - the opposite case, where the
shear strain is nil and a bending moment prevents rotations while allowing for

displacements in the normal directions

2.3.2.2 Numerical fracture mechanics

A variety of numerical techniques have been applied to problems in sold mechanics,
including finite difference, finite element and boundary integral equation methods. In recent
years, the latter two numerical methods have been applied almost exclusively. The vast
majority of analyses of cracked bodies utilise finite elements. Although the boundary
integral method may be useful in limited circumstances - when the boundary quantities are
of primary interest.

The approaches outlined below can be divided into two categories: point matching and
energy methods. The former technique entails inferring the stress intensity factor from the
stress or displacement fields in the body, while energy methods compute the energy release
rate in the body and relate G to stress intensity. One advantage of energy methods is that
they can be applied to non-linear material behaviour; a disadvantage is that it is often
difficult to separate energy release rate into the different mode-I and mode-II K
components.

Most of the techniques listed below can be implemented with either finite element or
boundary element methods: stress and displacement matching, element crack advance,
contour integration, virtual crack extension - stiffness derivative formulation, virtual crack
extension - continuum approach.

Shih ez al.”® have recently formulated the energy domain integral methodology, which is
a general framework for numerical analysis of the J integral. This approach is extremely
flexible. It can be applied to both quasi-static and dynamic problems with elastic, plastic, or
viscoelastic material response, as well as thermal loading. Moreover, the domain integral
formulation is relatively simple to implement numerically, and it is very efficient. This
approach is very similar to the virtual crack extension method.

Zenkert* 27047980 hag treated the numerical modelling of damaged PVC foam core
sandwich beams and panels. Models ranges from specimens with horizontal cracks
embedded at the mid-plane, specimens with shear cracks embedded in the core, and
specimens with interfacial (face/core) cracks. In particular, Zenkert modelled a 4PTB

damaged beam with a shear crack embedded in the core; fracture parameters and fracture
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loads were computed and compared with experimental fracture loads. The methods of
calculation used were the displacement extrapolation method or the J-integral method (non-
linear analysis). Typically, 8-node quadratic plane strain elements were used. Carlsson®*3>24
investigated the interface crack characterisation in beams using models based on different
specimens, such as CSB and DCB. The adhesive layer was modelled. Parametric study
took into account material and geometry. Falk®' modelled successfully a simply supported
sandwich plate with interface debonding. He conducted a sensitivity study on material and
geometry variables. Conclusions showed that fracture parameters followed identical trends
as for beam structures. However, Zenkert showed that, for interfacial debond, the ratio

mode-I/mode-II is slightly higher for panels (5-15%).

2.4 Analysis of the current status

2.4.1 State-of-the-art

A large amount of work has been carried out on the study of static failure limit of foam core
sandwich constructions.

A few investigations have focused on damaged sandwich structures. Previous works
include calculations of foam core fracture parameters and characterisations of fracture for

shear cracks and interfacial (face/core) cracks. They are, however, limited to pure mode-I or

mode-II.

Even fewer studies have been carried out on fatigue crack growth of rigid cellular foam
materials; they are also limited to tensile load cases.

A fair amount of work has also been done on the fatigue response of foam core sandwich
structures. Up to now, previous works have focused on fatigue life (S/N diagram), fatigue
failure mode of the structural component, and little on the damage characterisation of the
core.

The mechanical and physical properties of foams have been thoroughly studied. Basic
models have been proposed for the fracture mechanisms of cell structures and for the

fatigue mechanism of crack propagation and fracture process in cells.

2.4.2 Themes for investigations

There is an obvious difference between the current knowledge on failure mechanism and
fatigue response of sandwich structures compared to that of rigid cellular foam materials.
Thus there is a need for a better characterisation of the rigid cellular foam materials.

The research work presented in this thesis intends to:

e Dbroaden the understanding of fracture of sharp cracks and fatigue crack growth;
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characterise the material for variety of loading conditions ranging from mode-I,
mixed-mode and mode-II;

correlate experimental investigation and theoretical modelling, either by analytical
fracture criterion performance evaluation or numerical modelling;

establish a correlation between the behaviour of sandwich structure and the rigid

cellular material.
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3 INVESTIGATION PHILOSOPHY

3.1 Introduction

A large variety of research work has been carried out on the study of sandwich
constructions and foam materials. In the sandwich context, crack initiation and propagation
though is most important.

Currently, from a material characterisation point of view, the current knowledge of the
fatigue and fracture behaviour of foams used in sandwich context is limited. There is thus a
need to gain further understanding of the crack initiation and propagation in these materials
at both macro and microstructural level.

The ultimate aim of the research work presented in the thesis is to broaden the current
understanding of the fatigue and fracture behaviour of foam-cored sandwich structural

specimens under a variety of tensile, shear and mixed-mode static and cyclic fatigue load

cascs.

3.2 Scope

The focus of the thesis is on PVC cellular rigid foam materials used as a structural core
component in fibre-reinforced-plastic sandwich structures. The variety of foam is cross-
linked (manufactured by AIREX), exhibiting brittle behaviour. Characteristics of the
materials and sandwich structures specifications are representative of constructions in the
marine industry for high speed light craft. The specimen dimensions are governed by
practical and testing constraints. The sandwich structures have thin and stiff faces, and
relatively thick and compliant core. Load cases used on the test specimen in the
experimental investigations corresponds to a variety of tensile, shear and mixed-mode load;
no compressive or buckling loads are used. The load regimes are static and constant cyclic
fatigue loading. Only sharp cracks are used as initial flaw in damaged test specimens. All
the experimental investigations are carried out at room temperature, normal humidity and
atmospheric pressure conditions; the effects of environmental conditions are not in the
scope of the thesis. The stress field near the crack tip is assumed to be solely determined by
the linear elastic singular solution. On the basis that the foam is brittle and using LEFM

makes the problem analysable.

3.3 Means

The aim of this thesis can be achieved by mastering the fields of composite structures,

sandwich structures, cellular core materials, fracture mechanics and fatigue of materials.
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It is also necessary to be proficient with the investigation methods, i.e. general finite
element modelling, finite element modelling of composites and sandwich structures, finite
elements modelling of cracked structures, experimental techniques for sandwich structures,

experimental techniques for fatigue and fracture of materials.
3.4 Specific objectives

3.4.1 Mode-I, mixed-mode, mode-II fracture in PVC foam

Chapter 4 seeks to extend the understanding of the fracture behaviour of foams through
testing and numerical studies.

The main objective of the experiment was to accurately determine the fracture toughness
Kic and Ky for a range of densities. The two other goals were to study the relationship
between the stress intensity factors at fracture under mixed-mode conditions and the

fracture toughnesses Kjc and Ky in order to establish the fracture behaviour and assess

diverse mixed-mode criteria.

3.4.2 Crack growth in rigid cellular foam under a variety of cyclic loading

The aim of this Chapter 5 is to broaden the knowledge of the fatigue crack growth
behaviour when subjected to mode-I, mixed-mode and mode-II cyclic loading.

The first specific objective is to determine the crack growth rate under various loading
conditions. Another goal is to study the relationship between the stress intensity factors and
crack growth rates. The two other goals are to study the fatigue and fracture behaviour at

both micro- and macroscopic level and assess diverse mixed-mode criteria.

3.4.3 Flexural fatigue and fracture in foam cored sandwich beams

The main purpose of the Chapter 6 is to extend the understanding of the flexural fatigue in
FRP sandwich foam core beams.

The specific objectives of the investigation are to determine the constitutive phenomena
governing the flexural fatigue behaviour of cross-linked PVC foam-cored sandwich
structures; to determine crack growth rates and crack propagation angles; and to propose a
model for fatigue crack initiation and propagation in the damage process area for the

material under consideration at both macro and microscopic scale.

3.4.4 Numerical analysis of shear crack in foam core sandwich beams

The investigation presented Chapter 7 seeks to extend the understanding of the fracture
behaviour and to map the fracture parameters for shear cracks in foam core sandwich beams

through numerical studies of the 4PTB specimen.
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The main objectives of the study are to determine strain energy release rate G and stress
intensity factors K; and Ky for a range of physical and mechanical properties that are
characteristic of a typical sandwich beam. The second goal is to study the relationship
between the stress intensity factors. A practical objective is to predict the failure load of a
cracked sandwich beam by correlating results from experimentally-determined fracture
envelope and stress intensity factors calculated numerically. A final objective is to establish
a correlation between stress intensity factors calculated numerically and fracture

toughnesses under mixed-mode conditions derived from experiments.
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4 MODE-I, MIXED-MODE, MODE-II FRACTURE IN PVC FOAM

4.1 Purpose and objectives
This chapter seeks to extend the understanding of the fracture behaviour of foams through

testing and numerical studies.

The main objective of the experiment is to accurately determine the critical fracture
toughnesses Kjc and Ky for a range of densities. The two other goals have been to study
the relationship between the toughness values under mixed-mode loading and the critical

fracture toughnesses Kjc and K¢ in order to establish the fracture behaviour, and to assess

diverse mixed-mode criteria.

4.2 Test method and set up

42.1 Materials

The material used in this investigation is PVC cross-linked cellular foam made by AIREX.
It is made of closed cells and typically exhibits low fracture toughness and brittle fracture
behaviour. Three different densities were used; with nominal values of 90, 130 and 200
kg/rn3 , referred as C70.90, C70.130 or C70.200. A characteristic tensile stress-strain relation

is shown in Figure 6.

Typical properties of the foam materials in tension and shear are summarised in Table 1%
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Figure 6: Tensile stress-strain relation of C70.200
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Table 1: Properties of C70 AIREX foam in tension and shear

Name P E tens C ui, O Jimit O yield G T it
(kg/m®  (MPa) (MPa) (N.mm™?) (N.mm'?) (MPa) (MPa)

C70.90 90 81 2.6 1.65 2.1 38 1.6

C70.130 130 109 3.7 1.75 2.4 50 2.2

C70.200 200 178 6.6 3.00 43 81 3.5

Note that here 6 ,= 0 at 0.2% offset €

The test specimens were cut from blocks in both the longitudinal and transverse direction to
the dimensions of 60 x 40 x 10 mm. The dimensions of the CTS specimen used are shown
in Figure 7. Three holes were drilled along the top and bottom edges of the specimen. Sharp
crack-shaped notches were made with a thin band saw of 0.8-1 mm thickness with a/w =
0.4. The tip part of the crack was made with a razor blade up to a/w = 0.5, or 0.55 for the
testing of the C70.90 and C70.130 foam specimens in pure mode-lI, see Figure 8. For the
C70.90 specimens thin wooden battens were used to spread the load on the specimen faces

in order to overcome local foam crushing at pinholes.

0.55 W

0.75W

Figure 7: Static CTS fracture specimen geometry

W = 40 mm, thickness = 10 mm

4.2.2 Testrig and set up

A simple and compact fracture mechanics specimen was used for the determination of

fracture toughness under mode-I, mode-II and mixed-mode loading conditions. The loading
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device is simply installed in the universal testing machine, and generates accurately

repeatable multi-axial loading conditions, see Figure 9.

L

Figure 8: Mode-I (tension), mode-II (shearing) and mode-III loading (tearing)

The tests were displacement-controlled; this was because load-controlled testing was
difficult to achieve with the small loads that had to be applied on the specimen. All
specimens were tested at the same displacement rate of 1 mm/minute. Load and
displacements were recorded with the built-in load cell during the whole test. All tests were
carried out using an Instron model 8500 universal-testing machine. Crack mouth
displacement was measured with a 5-10 mm gauge extensometer previously calibrated for
linearity according to ASTM Standard E 399 ®. A total of 72 specimens were tested in this
survey. For each of the 3 densities, one mode-I, one mode-II and two mixed-niode loading
conditions, were used as shown in Table 2. Mode-I, mode-II or mixed-mode loading
conditions were produced by selecting the fastening position of the jig to the machines
arms, see Figure 10. Tests were repeated 3 times for both longitudinal (crack in the x-

direction of the original block) and transverse (y-direction) specimens.

Figure 9: Loading device for mixed-mode loading and specimen

Table 2: Mode-mixity vs. loading angle o

Mode-mixity  pure mode-l mixed-mode  mixed-mode  pure mode-l|
o 0° 30° 60° 90°
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4.2.3 Test method

Using a load-displacement curve, the ASTM Standard E 399 8 defines an apparent crack
initiation load, Pq, using a 5% secant construction. The standard states that the load must be
greater than 1.1 times the maximum load in the test for the result to be valid. The
provisional fracture toughness, Kq, is then calculated from the following relationship:

ko =220 1) 1)

W,

Kq value computed from (1) is a valid K; or Ky result only if all the validity requirements
were met, see (3-4). Ky and Ky are obtained using geometrical factors f(a/w), i.e. f or g

respectively in (1) In turn, f; or fy;, are obtained from a finite element model of the CTS test

specimen.

Figure 10: Loading device for mixed mode loading and specimen

4.2.4 Assumptions

ASTM Standards E 399 * and D 5045 **give some guidance for plane strain mode-I fracture
toughness Kjc for metals and plastics, and draft provisions on the specimen sizes. The
scalars in (3) and (4), defining the size requirements, are used in both Kjc standard for
metals ** and Kjc standard polymers . Further, no standard requirements exist for the
validity of LEFM and plane-strain conditions for tests with cellular materials. Because the
yielding behaviour of metal and plastic are different, and because bulk material and cellular
material are also different at microscopic scale, one should not expect both material systems
to exhibit the same size limits for a valid Kjc.

LEFM is the primary requirement, i.e. linear elastic material behaviour of the cracked

specimen, so certain restrictions on linearity of the load displacement diagram are imposed.
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A state of plane strain at the crack tip is required. Specimen thickness must be sufficient to
ensure this strain state. The crack must be sufficiently sharp to ensure that a minimum value
of toughness is obtained. The failure must be a brittle fracture. Imposed ASTM

requirements for Kq to be valid are the following:

0.45<afw<0.55 (2)
2
K,
t,aw—a<l5 | — (3)
o,
Py <115, @)

No standards exist for mode-II fracture toughness and mixed-mode fracture.

4.3 Experimental results

All the tests showed clear linear elastic and brittle material behaviour and an almost straight
P-d curve. Specimens failed at relatively low values of strain with only little elongation after
the proportional limit, see Figure 11. Moduli of elasticity of identical specimens were

sometimes different and led to some scatter in the K; and Ky values.
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Figure 11: P-8 curve of C70.130

4.3.1 Fracture toughness Kjc _and Knc

Fracture toughness values were derived from the load-displacement curves. Kyc and Kyc
were calculated using the relationship of (1). Table 3 shows the mean values of
experimentally determined fracture toughness in mode-I and II. Results are shown for the
three densities under consideration and for both in-plane directions, i.e. x-direction and y-
direction, of the material. K¢ and Ky decrease with decreasing nominal density. Fracture
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toughness in the two in-plane directions is slightly different. This is in accordance with

other material properties, e.g. Young’s modulus or strength.

Table 3: Fracture toughness values for C70 foams

Density Kic K||c
kg/m® Mpa.m™®  MPa.m®®
200 x-dir. 0.515 0.239
200 y-dir. 0.485 0.232
130 x-dir. 0.283 0.148
130 y-dir. 0.255 0.153
90 x-dir. 0.235 0.076
90 y-dir. 0.242 0.098

4.3.2 K;jand Ky values at fracture under mixed-mode loading

Mixed-mode toughness values were derived in a similar fashion as Kjc and Kyc. Table 4,
Table 5 and Table 6 present the mixed-mode toughness values, K; and Ky, at load Pq under
various loading conditions. Each test configuration was repeated three times; results are
listed below together with mean values. The circles and crosses in Figure 12 to Figure 14
indicate experimental results; Ky/Kjc is plotted against Ky/Kc (the value of Kjc was that
from Table 3). As Ky/Kjc decreases and the mode-II loading contribution increases, i.e. as
o increases from 0° up to 90°, Ky/Kjc increases. In the mixed-mode cases, mode-I

contribution is greater than that of mode-II; this is true for all three foam densities.

T T T T T

Effective mixed mode fracture-X

| ——— Effective mixed mode fracture-Y

' Strain energy density

Hoop stress

Principal strain

I @® experimental data for C70.200-X

-+ experimental data for C70.200-Y
T T T T

KI/KIC

[ |

| |

| 1
___________________ T
1 I

I I
T

| I

I I

4
e e s e

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
KI/KIC

Figure 12: Fracture boundary curve and experimental results for C70.200
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Figure 14: Fracture boundary curve and experimental results for C70.90

Table 4: Mean mixed-mode toughness values K for C70.200, 130 and 90 foams

o

0° 30° 60°

90°

200 x-dir.
200 y-dir.
130 x-dir.
130 y-dir.

90 x-dir.
90 y-dir.

Ki Ki Ki K Kii
0.515 0.428 0.120 0.211 0.177
0.485 0.364 0.102 0.178 0.149
0.283 0.220 0.061 0.106 0.089
0.255 0.222 0.062 0.126 0.106
0.235 0.191 0.053 0.057 0.048
0.242 0.186 0.052 0.071 0.060

Ki
0.239
0.232
0.148
0.153
0.076
0.098
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In order to evaluate the spread of the results shown Figure 12 to Figure 14, a statistical
analysis was conducted. Table 5 tabulates the means and ranges for the C70.200 foam.
From this, it can be observed that dispersion is small. For the C70.130 and the C70.90

foams as well, although the dispersion is marginally higher, the trends are similar.

Table 5: Statistical data on mixed-mode toughness K for C70.200 foam

o 0° 30° 60° 90°
X-dir. K; K| Ku K| K|| K“
Mean 0.515 0.428 0.120 0.211 0.177 0.239
Range (%) 0.007 0.087 0.024 0.047 0.039 0.057
Y-dir. Kg K| K“ K| K|| Ku
Mean 0.485 0.364 0.102 0.178 0.149 0.232

Range (%) 0.033 0.038 0.011 0.000 0.000 0.026

4.3.3 Kinking angle ¥

A propagating crack seeks the direction of the maximum crack driving force and the
direction of minimum material resistance. It does not need to be confined to its initial plane.
The fracture deflection angle or kinking angle may be defined as the angle between the
direction of the initial crack and the direction taken by the propagating crack. Theoretical
kinking angles can be predicted by the mixed-mode fracture criteria. Experimental results
pertaining to the kinking angle versus Ky/(K;+Kyy) are plotted in Figure 15 for C70.200, 130
and 90 foams; see also results in Table 6 for a listing. Pure Mode-I loading induces a nil
kinking angle, as expected. As mode-II loading increases relative to Mode-I loading,
kinking angle increases up to a maximum value of between 55° and 62°. The trend is
similar for the three types of foam. However, kinking angle values are slightly different for

cach density and seem to decrease marginally as density decreases. The variability of the

crack angle is about + 5°.

Table 6: Mean kinking angle y for C70.200, 130 and 90 foams

o 0° 30° 60° 90°

200 x-dir. 0 27 44 61
200 y-dir. 0 29 43 61
130 x-dir. 0 30 43 59
130 y-dir. 0 28 43 59
90 x-dir. 0 27 39 56
90 y-dir. 0 27 38 61
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Figure 15: Kinking angle y experimental results for C70.200, 130 and 90 foam
4.4 Theoretical model

4.4.1 Elasto-static crack tip solution

Assuming plane strain and the existence of an Airy stress function @, the elasticity equation

can be written:

V3(V2e)=0 (5)
The stress function @ at the tip of a sharp crack is given by:
@ =r"g(p) 6)

where (1,) are polar co-ordinates and A is the strength of the singularity at the tip of the

crack, see Figure 16.

¥
)
crack tip ”rr/\' ./EW

P=-T

Figure 16: Crack tip in infinite plane body

A general solution of the bi-harmonic equation may be obtained from:

g(@) = ¢, cos[(A —1)p]+ ¢, sin[(A —1)p]+ ¢, cos[(A + 1)p]+ ¢, [(A +1)¢] (7)
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where ¢; are constants.

For an isotropic material, the stresses can be derived as follows:

r
160 19 4, d’f
ALy + 2
2
<qw=;?=iﬁ+w*7‘ (&)
__ 91 o d
o\ r dp do
or
o, = ‘g;l’; (% cos(%) - —005(3—;0-}} + \/I;% (— %sm(%} - %sin(—'o’z—)) + O(r)

Opp = ‘/[2%; G cos(ize) + ;1’: cos 37(0]} + \/Iél—/frr (— %sin(%} _3 sin(gﬂ)] +0(r) )
oo e(5) () ) i)

4.42 Fracture criteria

When plane mixed-mode conditions - mode-I and mode-II - apply at the tip of a straight
sharp crack in a plane specimen, the fracture behaviour may be described in a material-
dependent fracture boundary curve, extending between the fracture toughness Kjc and Kyc
for pure mode-I or mode-II fracture. The fracture criterion also covers a prediction for the

deflection angle of crack growth. Different criteria based on the linear elastic stress field

were investigated.

4.4.2.1 Maximum hoop stress criterion and maximum shear stress criterion

The maximum hoop stress criterion was proposed by Erdogan and Sih®. Assuming the
stress state to be determined by the singular part of the linear elastic stress field, the crack
extension starts from its tip along the radial direction @ = @c on which Gy, becomes

maximum. The hypothesis can be expressed mathematically by the relations:

<) (10)

Fracture starts when Gyg has the same value as in equivalent opening-mode, that is

G¢r¢(¢=¢1c):f2—1;— (11)

The maximum shear stress criterion hypothesis is equivalent to the previous hoop stress

criterion but for a mode-II type growth, i.e. fracture occurs in the radial direction, parallel
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with the plane of maximum shear stress. The derivation is identical to that of the maximum

hoop stress criterion.

K 1C ( 12)

O.p ((0 = ®Puc ) = \/‘2;

4.4.2.2 Minimum strain energy density criterion
The minimum strain energy density criterion was suggested by Sih®?. The criterion states
that fracture initiation is towards the point where the strain energy density factor My, has a

stationary value. The crack criterion is stated as:

?:%:O and Z;f >0 (13)
Fracture initiation occurs when S reaches a critical value Sc;. S and S, will then be defined
as

S=0, K} +20,K,K,; +a,,K} (14)

5, =5k (19)

4.4.2.3 Maximum principal strain criterion
The principal strain criterion was suggested by Fisher®®. The criterion uses deformation (or
strain) values instead of stress values in the formulation of fracture criteria. Crack
propagation is assumed to initiate in the direction Yo, where the maximum principal strain
and the corresponding equivalent stress intensity factor Ky become minimum; unstable
crack propagation starts when Ky(yy) reaches a critical value equal to K¢,

The equivalent stress is derived from conventional stress analysis assuming plane strain
conditions:
Oy =(1+V)[0'1 +V(O-1 +t0, )] (16)
Using the singular terms of the approximate solution for the stress field at the crack tip, the
equivalent stress intensity factor Ky is found to be:

_azlimlfro,)

Y +v)i-2v)

an

4.4.2.4 Effective mixed-mode fracture criterion
Many of fracture boundary curves can be expressed in the following way, as shown by
Richard®’.
2
K K
——-]—+0{1( o ) =1 (18)

c Ic
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The fracture toughness ratio o; can be empirically obtained, and characterises the material
under consideration. This can express experimentally obtained fracture boundary curves,
and furthermore, it covers previously known criteria, i.e. with o = 1.00 the strain energy
density criterion, with oy = 2/3%3 the hoop stress criterion, with oy =1.88 the principal strain

criterion.

4.43 FE model

The calculations were performed with a multi-purpose FE program, ANSY'S 5.3, running on
a SUN station. The specimen was modelled using 2042 eight node quadratic collapsed
triangular element under plane strain conditions. The a/w ratio varied between 0.45 and
0.55. The mesh was refined around the crack tip; 552 elements of approximate edge length
0.7 mm were used. Around the crack tip 12 quadratic elements with quarter point location,
i.e. displaying 1/1°° stress field singularity, were used. The entire specimen was modelled
since numerical instability was encountered with a half model. The method used to calculate
the stress intensity factors was a simple displacement extrapolation method: this was

performed automatically in the ANSYS postprocessor using the LPATH and KCALC

commands.

4.5 Numerical results

4.5.1 CTS stress intensity factors

In order to calculate K; and Ky, geometrical factors f(a/w) for both loading modes were
determined. A nominal load was applied and non-dimensional stress intensity factors, i.e.
geometrical factor f(a/w), were obtained. The a/w ratio was varied between 0.45 and 0.55
and the mixity angle o was varied between 0 and 90 degrees. Since the CTS specimen
developed by Richard”’ has very similar dimensions to the specimen used in the
investigation, results were expected to be very close. Results are shown in Table 7, Table 8
and Figure 17 and Figure 18. For pure mode-I loading, f; is maximum. As mode-II loading
contribution increases, f; decreases down to 0 for pure mode-II loading. Geometrical factors

for mode-1I loading exhibits the opposite trend; as mode-II loading increases, fi increases.
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Figure 18: Mode-II geometrical factor comparison
Table 7: Geometrical factor calculated from FE model
o a/w = 0.45 a/w = 0.50 a/w =0.55
(rad) fi fi fi fi fi fi
0 2.5048 0.0001 2.9090 0.0001 3.4388 0.0001
/12 2.4194 0.3396 2.8108 0.3645 3.3216 0.3885
T /6 2.1692 0.6560 2.5200 0.7041 29780 0.7504
/4 1.7711 0.9276 2.0576 0.9957 2.4315 1.0612
/3 1.2523 1.1361 1.4550 1.2194 1.7193 1.2996
50r/12  0.6482 1.2671 0.7531 1.3600 0.8200 1.4495
/2 0.0001 1.3118 0.0001 1.4079 0.0001 1.5006
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Table 8: Geometrical factor for Richard’s model

o a/w =045 a/w = 0.50 a/lw=0.55
(rad) fi fi fi fi fi fi
0 2.3975 0 2.8140 0 3.3359 0

n/12 2.3158 0.3315 27181  0.3607 3.2222 0.3860
n /6 2.0763 0.6405  2.4370 0.6968 2.8889 0.7457
n /4 1.6953 0.9058 1.9898 0.9854 2.3588 1.0546
/3 1.1988 1.1094 1.4070 1.2068 1.6679 1.2916
50r/12  0.6205 1.2374 0.7283  1.3460 0.8634 1.4406
T /2 Y 1.2810 0 1.3935 0 1.4914

4.5.2 Plastic zone

In the absence of extensive validation of fracture testing methods for polymeric foam in the
literature, the ASTM K¢ standard for fracture testing of plastics 8 was used. The standard
requires the plastic zone size to be smaller than the specimen size. The reasons are to ensure
predominant plane strain conditions, and the presence of an elastic singularity zone ahead of
the crack tip.

The required sizes were calculated from equation (2) and (3) in order to ascertain the
applicability of the specimen dimensions for testing. Table 9 shows the minimum thickness
values calculated from (3). The results indicates that the specimen dimensions (a=20 or 22

mm, and t=10 mm) do not fulfil the ASTM size requirements.

Table 9: Thickness requirements according to ASTM K standard

p Oyield KIC t:a
(kgm>)  (Nmm?) (MPam®®)  (mm)
200 4.3 0.515 35.9
130 2.4 0.283 34.8
90 2.1 0.242 33.2

Plastic zone sizes for the CTS specimen and the foam materials under considerations were
then evaluated from a FE investigation. Figure 19 shows the Von Mises isostress lines
resulting from the FE analysis for a given case, i.e. C70.200 foam type and a loading angle
o. =30°. The applied fracture load was Pq=271 N corresponding to a Ky=0.428 MPa.m’’ and
Kz=0.120 MPa.m®®. The stress contours corresponding t0 a O i of 3 MPa and o, of 4.3
MPa can be deduced from the figure. By transposing each of the two areas into two circles
of equal area, the zone radius is found to be approximately 4.1 mm and 3.2 mm for O imi
and oy respectively. These are of the same order of magnitude as the values predicted by
LEFM theory as shown in Table 10. Numerical plastic zone size was estimated for the three
densities under consideration, and for o ranging from 0° to 90°, see Table 11. The plastic
zone radius decreases with decreasing density. The plastic zone size relation to the mode-

mixity is not so obvious but it is larger in either pure mode-I or II loading and reaches a
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minimum value in mixed-mode loading. Note that the analytical and numerical results show
a plastic zone size remaining below the critical value of the specimen thickness, i.e. 10 mm.
Although all the specimen sizes are larger than the ASTM required size, the fracture
toughness values obtained from the experimental investigations have shown good
agreement with independent test results - this will be expanded on later in this chapter. The
results have also shown good agreements with fatigue test results presented in Chapter 5.
This indicates that: the ASTM size requirements are conservative, and too severe for this

material; and that the analytical and numerical values obtained for the plastic zone size are

adequate.
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Figure 19: Von Mises isostress lines at fracture load from FEA for C70.200 at o = 30°

Table 10: Size of the plastic zone at load Py according to LEFM theory in Mode-I

p Glimit Oyield Kic Ul o
(kg.m®) (Nmm'?) (Nmm?) (MPam®’)  (mm) (mm)
200 3.00 4.3 0.515 1.52 5.63
130 1.75 2.4 0.283 1.48 5.46
90 1.65 2.1 0.242 1.41 5.21

I: according to Irwin for plane strain in Mode-I
D: according to Dugdale for plane stress in Mode-I
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Table 11: Size of the plastic zone at load Pq from FEA

p(kgm®) o (deg) 0° 30° 60 90°
200 e (MmM) 32 40 19 6.6
130 e (Mm) 3.1 3.9 1.8 6.4
90 ree (mMm) 29 37 1.7 6.1

4.6 Discussion

4.6.1 Test technigue

The CTS specimen in combination with Richard’s loading device offers numerous
advantages. First, it is a simple test procedure and mixed-mode toughnesses are easily
calculated. Reliability of the plane strain condition is high. The specimen is compact and
clamping/un-clamping is easy to achieve. Fatigue pre-cracking is available under mode-I
and fatigue testing is also available under pure mode-I, -II and mixed-mode. A full range of
mixed-mode-I/Il combinations can be set accurately and repeated. A four-point bending
specimen only offers the possibility to test under pure mode-II at its centre, and very
accurate test set-up is necessary to achieve a given mixed-mode.

CTS specimen practical dimensions can be kept to a minimum for testing at small
fracture loads. With four-point bending testing, the loads would have been extremely small

for the foams considered here.

4.6.2 Fracture toughness Kic_and Knc

The experimental results on pure mode-I and mode-II fracture toughness of AIREX C70
foam are reproducible for the three densities under consideration. The fracture toughness
ratio Ky/Kjc varies between 0.4 and 0.65 depending on the foam density.

Table 12% shows mode-I fracture toughness data of a similar material from another
supplier, DYVINICELL. The DYVINICELL product, like that manufactured by AIREX
and used in this study, is a rigid cross-linked PVC foam with very similar chemical
composition®. The largest difference in fracture toughness, between the DYVINICELL
values and the authors is 14%, while the mean difference is about 5%. The average values
of experimentally obtained fracture toughness thus compare well with independent values.
Figure 20 shows a linear relationship between fracture toughness and density for the range
of densities under consideration. It may however be premature to generalise this inference
to a larger spectrum of densities. Zenkert’® found an approximate linear relationship
between mode-I fracture toughness and average cell size, which is in agreement with the

results of our investigation.
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Figure 20: Relationship between fracture toughness and density of C70 foam

Table 12: Mode-I fracture toughness comparison with independent data

Density Kic Difference
kg/m*  MPa.m’® %
200 x-~dir. 0.56 -8.0
200 y-dir. 0.47 3.2
130 x-dir. 0.33 -14
130 y-dir. 0.28 -8.9
90 x-dir. 0.24 (%) -2.1
90 y-dir. 0.25 (%) -3.2

(*) linear extrapolation from DY VINICELL H100 *°.

4.6.3 Directionality influence

Fracture toughness is different according to the direction of the material, Table 3. This
difference may reach 10% for the C70.130 foam. The directionality effect was also noticed
by Stibe * when comparing blocks of the same type of material, namely DYVINICELL.
Figure 20 shows that a linear relationship exists between fracture toughness and density for
the densities under examination. The constant of proportionality is dependent upon crack
direction; it is lower for a y-direction crack. The most likely cause is the manufacturing
process. First, polymers are foamed using physical or chemical blowing agents; various
techniques are used. The product is then rolled in order to produce sheets of a given
thickness. During this process, cell morphology can be altered. Cell shape and walls can be
slightly stretched in the rolling direction inducing a light orthotropy. This should not have

implications for design since variations are small for engineering purpose.
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4.6.4 K; and Ky values

The experimental results on mixed-mode fracture appear to be consistent with each other.
Figure 12 to Figure 14 show the fracture envelopes of various criteria. First, consider the
hoop stress and strain energy criteria. It can be seen that the trends predicted by the criteria
correlate well with the experimental values only for high values of Ky/Kj¢c (and low values
of Ki/Kic), i.e. low mode-II contribution zone. The principal strain criterion is a good
predictive model, but for C70.90 it overestimates Ky for Ky/Kj¢ values less than 0.8. If no
experimental data on K¢ and Ky are available, the principal strain criterion appears to be a
good predictive model but not conservative. If test data are available, however, the effective
mixed-mode fracture criterion (EMFC) predicts more accurately the fracture envelope.
Results of C70.130 foam do not match as well as the C70.200 and C70.90. Here, the
fracture loci also are overestimated. A small error in Kjc and Kyc experimental values can

lead to a poor estimate of the fracture loci, since EMFC is based on experimental K;c and

Kyc values.

4.6.5 Kinking angle

The experimental results are homogeneous and present almost no scatter. No influence of
directionality was noticed on kinking angle. The kinking angle decreases slightly as density
decreases. Fracture criterion predictions for kinking angle y are presented in Figure 21
together with experimental results. It is seen that all the theories yield good results for o
values ranging from 90° to 60°. For lower o values, the hoop stress, the strain energy
density, and the principal strain criteria overestimate largely the fracture angle. Predictions
become even higher as o gets close to 0, i.e. pure mode-II. The hoop stress criterion is in
better agreement than the two other criteria. Here, if no experimental kinking angle value is
available, the maximum hoop stress criterion is the best predictive model. The effective
mixed-mode criterion seems to predict more accurately the fracture angle, even if Kjc and

Kjic are experimentally-obtained for the material considered here.
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Figure 21: Predicted fracture angle y and experimental results

4.6.6 Numerical investigation
The FE determination of the stress intensity factors K; and Ky for the Richard’s modified

CTS specimen yield good results. They are close to Richard’s specimen stress intensity
factors values, as expected and compare well with independent FE values, see Figure 17 and
Figure 18.

Table 10 and Table 11 show plastic zone size radius calculated using LEFM and FE
analysis. Both sets of results are of the same order of magnitude. Figure 19 exhibits a plastic
zone having a radius of approximately 4 mm, and consequently smaller than specimen
dimensions. This is of the same order of magnitude as the figure predicted by LEFM theory,

i.e. 1.5 and 6 mm. The plane-strain state is validated here. The same conclusions apply for

all the specimens tested.

4.7 Conclusions

From the results and the discussion, one can draw several conclusions. For the studied
dimensions and loading rate, it is found that linear elastic fracture mechanics can be applied
with good accuracy to the materials under considerations; FE investigation supports this
inference. The CTS specimen, in association with a special loading device, is an appropriate
apparatus for experimental mixed-mode fracture analysis. Experimentally obtained fracture
toughness values results have shown good accuracy and can therefore be used as fracture
parameters for engineering purpose. Kjc fracture toughness is higher in either one of the x

or y-direction with variations up to 10%. The mode-I fracture toughness is larger than the
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mode-II fracture toughness; experimental results show that the ratio Kno/Kyc lies between
0.4 and 0.65.

The mixed-mode fracture criteria also predict Kyc<Kjc. For mixed-mode loading,
Richard’s criterion, using experimentally obtained Kyc and Kjc, seems to be the best in
predicting fracture locus and fracture angle accurately. The principal strain criterion appears
to be a good predictive model for fracture locus independently of material characteristics.
The maximum hoop stress criterion also predicts the fracture angle well. The theory appears
to be deficient in predicting accurately both fracture locus and fracture angle. Fracture locus

and kinking angle are best predicted for low mode-II contributions.
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5 CRACK GROWTH IN RIGID CELLULAR FOAM UNDER MODE-
I, MIXED-MODE, MODE-II CYCLIC LOADING

5.1 Purpose and objectives

Chapter 4 discussed the static fracture behaviour of foams under various loading conditions
through testing and numerical studies. The aim of this chapter is to extend the
understanding of fatigue crack growth subjected to mode-I, mixed-mode, mode-II cyclic
loading.

The first specific objective is to determine the crack growth rate under various loading
conditions. Another goal is to study the relationship between the stress intensity factors and
crack growth rates. The two other goals are to study the fatigue and fracture behaviour at

both micro- and macroscopic level and assess diverse mixed-mode criteria.
5.2 Test method and set up

5.2.1 Materials

The material used in this investigation was a PVC cross-linked cellular foam made by
AIREX. It is made of closed cells and typically exhibits low fracture toughness and brittle
fracture behaviour. A foam type of nominal density 130 kg/m3, referred as C70.130, was
used. The typical cell size ranges approximately from 0.2 mm to 0.4 mm. Representative

mechanical properties of the foam materials in tension and shear are summarised Table 13.

Table 13: Properties of C70.130 AIREX foam in tension and shear

c E 1ens G Olimit Oyield Kic Kuc
(kg/m°)  (MPa)  (MPa) (MPa) (MPa)  (MPa.m"®) (MPa.m"®)
130 109 50 1.75 2.4 0.28 0.15

Note that here 6,= ¢ at 0.2% offset

5.2.2 Testrigand setup

A simple and compact fracture mechanics specimen was used for the determination of
fatigue crack growth under mode-I, mode-II and mixed-mode loading conditions. The
loading device was simply installed in an Instrom 8500 universal testing machine and

generated accurately repeatable multi-axial loading conditions, see Figure 22.
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Figure 22: Experimental apparatus (loading jig and travelling microscope) and test specimen in green in a
mixed-mode loading configuration

The test specimens corresponded to the dimensions of 300 x 200 x 50 mm, see Figure 23.
The specimen size had to be sufficiently large to permit accurate crack growth
measurements. The direction of the specimens was kept identical to avoid scatter
originating from potential light anisotropy. Three holes were drilled along the top and
bottom edges of the specimen. Sharp crack-shaped notches were made with a thin band saw
of 0.8-1 mm thickness with a/w = 0.45. The tip part of the crack was made with a razor
blade up to a/w = 0.5. None of the specimens was fatigue pre-cracked.

A total of 18 specimens were tested in this survey. Pure mode-I, pure mode- II and two
mixed-mode loading conditions were used as shown in Table 14. Tests were repeated 3
times. The tests were load-controlled and the test loading frequency was 1 Hz. The
frequency was determined such that the strain rate would not exceed the value of 10%s™ - in
order to avoid any visco-elastic effect due to temperature increase 2. Specimens were
subjected to a constant amplitude sinusoidal load cycles at the same load ratio R equal to
0.1. The specimen loading was started at the mean value of Ppax and Pp,. The maximum
cyclic load Pp.x was chosen to be approximately 66% of the previously established static
fracture 10ad Pgacture - For the o0 = 30° case, two series of tests were carried out with Prax
equal to 66% and 85% of Pgacture. Number of cycles and crack tip positions were recorded
periodically during each test. An optical travelling microscope having a magnification of up
to x50 gave an accurate position of the crack tip. All tests, 18 in total, were carried out using

an Instron model 8502 universal testing machine.
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Figure 23: Fatigue CTS fracture specimen geometry

Table 14: Mode mixity and cyclic load values vs. loading angle o

Mode mixity pure mode-| mixed-mode mixed-mode pure mode-l|
o 0° 30° 60° 90°
Prracture (N) 1750 1611 1344 1863
Pmax (N) 1200 1071 894 1239
Pomin (N) 120.0 107.1 89.4 123.9

5.2.3 Standard tests and assumptions
The Standard Test Method for Measurement of Fatigue Crack Growth Rates, ASTM E647-

93 %2, describes how to determine da/dN as a function of AK from an experiment. The test
features and specimen design are essentially identical to those required for fracture
toughness testing, described in The Standard Test Method for Plane Strain Fracture
Toughness and Strain Energy Release Rate of Plastic Materials, ASTM E 5045-95 % The
main specimen size requirement for fatigue testing is:
2
W-a> i{—]—{—“-@*—) (19)
z\ oy

This requirement was met by the CTS specimen used in the investigation. Whilst other
requirements were not strictly applicable, the same principles were used.

There are no specific requirements on specimen thickness. Accurate optical

measurements of the crack length require a travelling microscope. The ASTM standard
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E647 suggests two alternative numerical methods to compute the da/dN: a linear
differentiation approach or an incremental polynomial approach. LEFM is the primary

requirement.

No standards exist for plane strain mode-II fracture toughness and mixed-mode fracture

or for fatigue in mode-II / mode (I+II).

5.2.4 Test method

Cracks were grown under cyclic loading, with K, Kimax, and crack length being monitored
throughout the tests. Crack lengths versus N curves were plotted. These curves were

differentiated to infer da/dN using a linear differentiation approach, which is the simplest

but subject to scatter:

(ﬁ‘j) S (20)
dN a Ni+1 - Ni
a,, +a,
g = T4 21
5 e2y)
Initial applied Kmin and Kmax values were calculated from the following equation:
AK = Kmax - Kmin (22)
PN rma
N+ |a
KI,II - fI,II (A) (23)

From the mode-I tests, the Paris law material constant, m, was obtained from the slope of

da/dN versus AK curve plotted on a log scale.

da ”
v = ClaK) 24

O O O
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Figure 24: Initial kinking angle for a pure mode-II specimen
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Initial kinking angles were measured using a moving protractor in conjunction with an
optical microscope (having a magnification from x10 to x50) after test completion. Under
mixed-mode and pure mode-II loading conditions, crack deflection occurred on initial
loadings, e.g. about 65° for a specimen under pure mode-II loadings, see Figure 24. Initial

kinking angles were also computed from the periodic measurements of the crack tip

position recorded during the test.

5.3 Experimental results

5.3.1 Crack paths

5.3.1.1 Initial crack deflection angle.
Pure Mode-I loading, i.e. feq = 90° where Beq = Arctan (Ky/Ky) , gives a nil kinking angle,
as expected. As mode- II loading increases relatively to mode-I loading, i.e. Beq decreases

from 90 to 0°, kinking angle increases up to a maximum value of 65° (+ 2°), see Figure 25.
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Figure 25: Initial kinking angle as a function of applied load conditions
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Figure 26: Crack path behaviour associated with mixed-mode and mode-II tests - (a) fracture, (b) fatigue test

5.3.1.2 Macroscopic crack pathipns;

Overall observations of mixed-mode and pure mode-II specimen show that the direction
taken by the propagating crack does not remain constant, i.e. its path is curved. Figure 26a
shows the trend under static loading while Figure 26b shows the curved path under fatigue,

i.e. where the crack grows in a stable manner. This will be expanded on later.

5.3.1.3 Microscopic observations

Under pure mode-II loading conditions, it was noted that cracks start to propagate in pure
shear, i.e. co-planar with the initial notch, over a distance of a few cell widths. After arrest
of this co-planar crack propagation, a new crack grew from the notch root and propagated at

an initial angle of about 65° until catastrophic failure, see Figure 27.

/

Arrested crack tip

3 - 5 cell diameters

Figure 27: Mode-I versus mode-II crack propagation competition
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5.3.2 Crack growth rates

5.3.2.1 Crack propagation

Experimental results for crack length versus number of load cycles, oo = 30 ° and P, =
85% and 66% of Pgacrure are plotted in Figure 28. The data show that the tests are repeatable
and quite consistent with each other. Initially, the rate of crack growth, with increasing N, is
small. It, then, extends rapidly in an exponential manner until final failure. Lower Py has a

very significant effect; it results in a substantial increase in fatigue life.
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Figure 28: Crack growth vs. number of cycles for 85% and 66% of Pgacture

5.3.2.2 Initial crack growth rate

For pure mode-I loading, no kinking occurred and therefore full da/dN curves could be
obtained from standard compliance functions. For mixed-mode and pure mode-II loading,
the crack deflected at the initial crack tip position. AKjand AKy were therefore not valid
anymore. Local mode-I and mode-II stress intensity factors, Ak; and Aky;, may be computed

for a pupative kinking elastic crack using equations (25,26). Ak; and Aky can be expressed

in the form:
k, =ay (7)K1 +ap, (7)K11 (25)
ky =a, (7)K1 +a,, (7)K11 (26)

Experimental results for crack growth rate da/dN versus the variation in local stress
intensity factors Ak; are plotted in Figure 29 and tabulated in Table 15. Local Ak; and Aky
were computed for the first 5 mm of crack growth, i.e. 5% of the initial crack length an over

which equations (25,26) may be expected to be reasonably valid.
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Table 15: Variation in local stress intensity factors for the pupative kinked crack

o 0° 30°  60° 90°
Ak 2.81109.67 4.62 328  3.16
Aky 0 0.0243  0.139  0.266

As o increases and mode-II contribution increases, Ak; decreases while Aky increases. The

local mode-II stress intensity factors are therefore present during initial crack growth but

remain negligible compared to the mode-I values.

5.3.2.3 Crack growth rate under pure mode-I loading

Experimental results relating to the crack growth rate da/dN versus the variation in mode-I
stress intensity factors AKj are plotted in Figure 29. The results are plotted together with
measured da/dN for the mixed-mode tests - when plotted in terms of growth rates along the
initial kink paths and calculated Ak; and Aky. Crack growth rate varies from 0.00025
mm/cycle to 0.12 mm/cycle. Stress intensity variations range from 5.2 to 9.7 MPa.mm®°.

Although results show some scatter, a predominant linear variation of log da/dN with log

Ak; seems to emerge.
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Figure 29: Fatigue growth rate

5.3.3 Microscopic observations on fatigue crack process

For low stress intensity factors, it was observed that cracks propagated by one or several
cell diameters through cell wall after repeated flexion of the cell wall in front of the crack

tip. Cell wall collapsed plastically after repeated tensile and/or bending deformation, see

Figure 30.
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Figure 30: Crack increment at low SIF
For high stress intensity factors, a larger group of the cells located in the vicinity of the
crack tip deformed. A large number of cell walls then experienced flexural deformation, see
Figure 31.
Additionally, it was observed that a stable crack growth could decrease due to local crack
deflection around obstacles, such as thick cell walls, or due to crack-shielding caused by

microcracks in the viscinity of the crack tip.

Figure 31: Crack increment at high SIF

5.4 Discussion

5.4.1 Crack paths

5.4.1.1 Initial kinking angle

The experimental results are quite consistent and present little scatter. Fracture criteria
predictions for kinking angle y are presented in Figure 25 together with experimental
results. It is seen that all the theories yield good results for Beq values ranging from 65° to
90°. For lower Beq values (below 65°), all the fracture criteria overestimate the fracture
angle. Predictions become even higher as ¢q gets close to 0, i.e. pure mode-II. Here, if no
experimental kinking angle value is available, the maximum hoop stress criterion is the best
predictive model oversestimating the fracture angle by 8.5%. This is in accordance with

results previously established for this material under static loading conditions *"°'. The
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strain energy density shows, however, poor agreement with experimental results for high
mode-II loading contribution, overestimating the fracture angle by about 32%. This is in
disagreement with Zenkert findings 27 Experimentally obtained deflection angles from prior
investigation °' indicate that initial path behaviour for static and fatigue conditions are

similar; especially for the low ky/k; conditions characteristic of growth along the deflected

paths.

5.4.1.2 Crack path under mixed-mode or mode-11I loading

Under monotonic loading, stable crack propagation takes place relatively quickly with the
crack following kinking *!. Under fatigue loading, crack deviation also occurs at the onset
of propagation, but the path is considerably more curved, see Figure 26b. This is consistent
with Henn and Richard’s findings on the crack path of CTS specimen subjected to cyclic
mixed-mode loading. The crack immediately grows in the high k; direction with a low
accompanying k. The crack deflection angle v is influenced by the instantaneous mode-I
and mode-II loading component.

In terms of the difference in macroscopic path, see Figure 26, under cyclic loading
conditions, the onset of stable crack growth occurs at stresses intensity values that are well
below the quasi-static fracture toughness. Given the apparent similarity in high Beq path
behaviour, for static and cyclic conditions in Figure 26 (i.e. under low ky conditions
characteristic of the deflected cracks), the differences in macroscopic paths in static and
fatigue loading may be attributed to dynamic effects. The incidence of crack closure along
the deflected fatigue crack paths may also be important, with both these issues requiring

further investigation.

5.4.1.3 Co-planar growth under pure mode-II loading

The incidence of co-planar growth in the mode-II tests clearly shows the existence of a pure
shear growth mode-I this material. The early arrest of shear crack growth is a well-
established phenomenon in metallic systems, and is generally attributed to friction force set
up in the shear crack wake. The implications of crack wake friction in the present system
are not known. However, the present results are consistent with this process being

significant.

5.4.2 Crack growth

5.4.2.1 Pure mode-I
The experimental results for mode-I fatigue appear to be moderately scattered. Figure 29
shows a band containing a dense spread of data. A possible explanation for the scatter could

follows.
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The present material exhibits relatively coarse microstructure. Observations made during
the testing and Ashby’s cellular foam crack extension model show that the propagation is
strongly influenced by the micro-structural features. Crack grows in sudden and rapid bursts
and then virtually arrests when barriers such as thick cell boundaries are encountered. The
micro-structural cell size effect is most likely to be the source of the scatter in experimental
results (it should be noted that the measured crack extensions were always significantly
larger than the resolution of the travelling microscope, and, as such, experimental scatter
was essentially negligible).

The Paris power law relationship, showing a linear variation of log da/dN with log Ak, is
evident over a portion of the total crack growth resistance curve. From Figure 29, the Paris
law is established to be:

a_ 1 771071 (AK )OS (27)

dN
At very high AK values, the fatigue crack growth rates are higher than those observed in the

Paris regime. AK increases rapidly and Ky« approaches the fracture toughness value of the
material causing catastrophic failure. Figure 29 shows that fracture occurred at Kcyeic
approximately equal to 9.7 MPa.mm®" (or 0.31 MPa.m®>). This value corresponds to a K
value that is about 20% higher than the Kic value obtained from static testing, see Table 13,

presumably due to the blunting of the crack tip associated with high AK increase.

5.4.2.2 Mixed-mode and pure mode-I1
Under quasi-static loading, unstable crack growth starts at a critical k value (function of k;
and ky; components) and occurs at high speed. This can be predicted using a variety of

criteria based on LEFM, see Chapter 4.4.

Under cyclic mixed-mode loading, the instantaneous crack length a(t) is dependent upon
the number of load cycles N and the instantaneous stress intensity conditions Ak (function
of Ak; and Aky). Ak varies continuously with increasing crack length while k; (t) and kg (t)

change as the crack kinks.

The experimental results on mixed-mode fatigue crack growth rate appear to be
consistent.

Figure 29 shows that the linear variation of log da/dN with log Ak; can be extrapolated to
the mixed-mode and pure mode-II loading condition. The crack grows in the high kg
direction with a low accompanying ky. Although the crack growth rates are lower (due to

lower Pgacnre) than in the pure mode-I case, the trends appear to follow the same ki-

dominated regime.
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5.4.3 Microstructural model for the fatigue crack propagation

In earlier studies by Ashby et al.?*, a microstructural model for crack propagation proposed
a crack extension by one cell diameter through cell wall after repeated flexion of the cell
wall in front of the crack tip. Observation supports this model for low stress intensity factors

range; cell wall collapses plastically after repeated tensile and/or bending deformation.

However, for a highly stressed crack tip, a large group of the cells located in the viscinity of
the crack tip deforms. Several cell walls then undergo flexural deformation until the crack
advances through the group of cells.

A given number of cycles is required to produce a critical amount of damage, at which
time, the crack grows by one step through one or several cell walls. This increment can
either be small or large, for a given stress condition at the crack tip, depending on the
topology of the cells surrounding the crack. Material distribution in the cell walls is
typically highly irregular and is inherent to the poor homogeneity of cellular materials.

The facts above support the conclusion that crack growth is governed by local plastic
deformations and local damage accumulation process. A microstructural crack is unlikely to
develop at a critical stress but at a critical tensile and/or bending deformation. It is
reasonable to suggest a strain-based model — especially in the near-threshold regime where
the local microstructure is expected to have a large influence on crack propagation. Crack
growth rate could be modelled with volume average local strain, or plastic work done over a

given volume, instead of being based on stress intensity factor range AK, as in the Paris

power law relationship.

5.5 Conclusions

Correlation between growth rates for the various loading conditions tested show that LEFM
provides a reasonable description of the material under consideration. The CTS specimen,
in association with a special loading device, is an appropriate apparatus for experimental
mixed-mode fatigue crack growth analysis. The micro-structural cell size effect can be a
source of scatter in the experimental results. The crack tip subjected to mixed-mode cyclic
loading immediately deviates and propagates close to the maximum hoop stress direction
with a corresponding k; dominated crack tip condition and a low accompanied ky. A refined
model for fatigue and fracture crack advance is described and proposes a simple refinement
for high stress intensity conditions at the crack tip. Prediction of crack behaviour based on
the maximum hoop stress criterion is reasonably consistent with previous monotonic
fracture work. The crack growth regime is accurately modelled by the Paris law. The
experimental Kcyiic value at fracture extrapolated from fatigue tests is in accordance with

mode-I plane strain Kjc. Crack growth is governed by local plastic deformations and local
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damage accumulation process. For most engineering purposes, fatigue crack growth can be
considered to be Kj-controlled. However, the existence of a pure shear growth mode in this

material indicates that, under different loading conditions, the Ky controlled co-planar crack

growth may be significant’.
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6 FLEXURAL FATIGUE AND FRACTURE IN FOAM CORED
SANDWICH BEAMS

6.1 Purpose and objectives
So far, only the fatigue and fracture characteristics of the foam material have been
discussed. Since rigid foam materials are principally used as core materials, it is important
to investigate their behaviour in the sandwich context.

The main purpose of the chapter is to extend the understanding of the flexural fatigue in

GRP sandwich foam core beams.

The specific objectives of the investigation are to determine the constitutive phenomena
governing the flexural fatigue behaviour of cross-linked PVC foam-cored sandwich
structures; to determine the crack growth rates and crack propagation angles; and to propose
a model for fatigue crack initiation and propagation in the damage process area for the

material under considerations at both macro and microscopic scale.

6.2 Test methods and set up

6.2.1 Materials

The materials used in this investigation were a PVC cross-linked cellular foam, for the core
material, and GRP E-glass-epoxy resin, for the faces. The nominal density of the foam used
was 130 kg/m’, referred to as C70.130. A characteristic tensile stress-strain relation and
typical properties of the foam materials in tension and shear are shown in Chapter 4. The

core, fibre glass and matrix mechanical properties are presented in the Table 16.

Table 16: Typical mechanical properties of the materials.

Component Name ) t E, Gt ult. G T
(kg/m®  (mm) (MPa) (MPa) (MPa) (MPa)
fiber E-glass 2600 - 74000 2200 - -
matrix SP-Ampreg-20 1200 - 4500 - - -
faces - 1620 3.85 25400 50 - -
core C70.130 130 50 109 3.7 50 2.2

6.2.2 Specimen

The test specimens were cut from a sandwich panel fabricated from the components listed
in the previous table. The faces were made of five layers of 600g/m* of VETROTEX E-
glass (satin of 3) and SP-Ampreg-20 epoxy resin. The volume fraction used was 0.3 and the
curing time was 26 hours at 40°C. The specimen was designed such that the intended failure
was in shear of the core; it had the dimensions of 550 x 50 x 57.7 mm, see Figure 32. Pads
were used at load application and support points in order to avoid skin indentation. The pads

were made of Aluminium and had the dimensions of 50x40x5 mm.
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Figure 32: Dimensions of specimen

6.2.3 Testrig and set up

A 4PTB specimen was used for the experiment. The set-up was as shown in Figure 33. A

4PTB loading device was installed in the universal-testing machine, see Figure 34.

82 mm

L 4
T 440 mm '@r‘

Figure 33: Configuration of 4-point-bending test

Figure 34: Test apparatus

The static loading tests were displacement-controlled with the same cross-head
displacement speed of 1mm/minute. Load and displacements were recorded with a built-in
load cell during the whole test. Shear strain was recorded with an extensometer positioned
at the centre of the area of maximum shear deformation, and oriented in the direction of the
maximum tensile deformation. The accuracy of the extensometer was within 1% of the
measured strain. All tests were carried out using an Instron model 8500 universal-testing
machine. A total of five specimens were tested in this part of the survey.

For the cyclic loading, 20 specimens were tested using the same 4PTB test set-up. The

tests were load-controlled and the test loading frequency was kept between 1 and 3 Hz. The
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frequency was determined such that the strain rate would not exceed the value of 10%s™ - in
order to avoid any visco-elastic effect due to temperature increase “°'°?. Specimens were
subjected to constant amplitude sinusoidal load cycles, and at the same load ratio R, equal
to 0.1. The specimen loading was started at Pyean, the mean value of Ppax and Ppyn - being the
maximum and the minimum cyclic load. Fatigue tests were conducted with varying loads.
The maximum cyclic load, Pmax, was chosen to be 75%, 62.5% and 50% of the ultimate
fracture load Py, which was determined from the static tests. The cyclic load range was thus
kept within the linear elastic limit of the material response for the 2 lasts loading cases.
Load, deflection and shear strains were recorded continuously using a computerised data
acquisition system. Number of cycles to failure was also recorded. For a few tests, crack tip
positions were periodically recorded. An optical travelling microscope having a

magnification of x20 gave a precise position of the crack tip.

Table 17: Minimum and maximum load level for cyclic fatigue tests

% of Pult Pmax (kN) F>min (kN) Trnax (Mpa) Trmin (MPa)

75 8.12 0.812 1.52 0.152
62.5 6.77 0.677 1.26 0.126
50 5.42 0.542 1.01 0.101

6.2.4 Standard tests and assumptions

The 4PTB test method was used for the determination of the stiffness of the sandwich beam,
and the shear strength and shear modulus of the core, see ASTM Standard Test Method for
Flexural properties of Flat Sandwich Constructions C393-62 **.

In the core of a 4PTB sandwich specimen, the stresses are mainly shear stresses between
the support and load point, whereas they are mostly axial between the load points. The
minimum core shear stress appears at the face-core interface and the maximum in the

neutral axis. Further, when assuming a weak core and the faces to be thin, the first order

relation can be established as:

P
T max :EZZ (28)
tf +l‘c
d=" (29)

This first order equation (28) is nearly as good as more refined equations for the evaluation
of the maximum shear stress in the core. Figure 35 shows the distribution of the core
maximum shear stress (light green) in a 4PTB specimen modelled using FE techniques.
The maximum value of the core shear stress appears to be constant. In fact, the 4PTB
sandwich test does not create a state of constant shear stress between the support and load

point, and between the faces. This has been investigated by Burman®’ using FE modelling.
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Figure 35: Shear stress distribution in a 4PTB specimen — maximum shear stress (light green)

6.3 Experimental results

6.3.1 Static test results

All the curves showed clearly a non-linear characteristics with large plastic deformations
occurring beyond the yield point, but also with an almost straight stress-deflection curve up
to the end of the proportional limit, see Figure 37. Specimens failed at different values of
strain with rather dissimilar elongation. Stress to failures and stiffness values were rather
similar. The mean static fracture load P,; was found to be 11kN, corresponding to a
maximum shear stress value of about 2 MPa, see Table 18 and Appendix Figure 76. The
upper end of the proportional range was found to be at a shear stress value of about 1.4MPa,

see Figure 36.

Table 18: Static test results

Test No. Pyi (kN) 1y (MPa)

1 10.46 1.94
2 10.92 2.02
3 11.14 2.07
4 11.30 2.10
5 10.44 1.93

Mean 10.83 2.02
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Figure 37: Maximum shear stress vs. deflection curve

The increase in deflection passed the point of non-linearity evidenced a large reduction in

stiffness. This is illustrated in Figure 38 where stiffness is plotted as function of the shear

stress. In this context, the stiffness is taken as the ratio of the maximum shear force to the

corresponding deflection value.
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Figure 38: Stiffness vs. maximum shear stress curve

All the tests showed clear ductile behaviour of the core material. The failure mode observed
for the five specimen was abrupt core shearing. The fracture was located between the
support and load point. The crack angle was oriented at approximately 45° relative to the
neutral axis of the beams — and corresponding to the direction of maximum principal stress.

The specimens did not show any sign of important damage at the point loads, see Figure 39

Figure 39: Catastrophic core shear failure F

6.3.2 Fatigue Test Results

6.3.2.1 Load-deformation history

Material degradation due to cyclic fatigue loading can be represented graphically in stress-
strain loops. Under load-controlled testing conditions, cyclic softening or hardening occurs

concurrently with an increase or decrease of the strain amplitude.
The first set of results examines the maximum displacement of the actuator cross-head.

The second set looks over the shear strain deformation (measured with an extensometer) in
the core before the crack formed.
6.3.2.1.1 Load vs. cross-head displacement

The load-deflection curves for the 3 loading levels under considerations are shown in
Figure 40, Figure 41 and Figure 42. All parallel specimens indicated a similar behaviour

and a reasonably linear load response for their whole life.
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The higher load level was set to Pp.x equal to 75% of Pyy; the core maximum shear stress
Tmax pertained to the non-linear regime of the material response. For this load level, the load
deflection curve was linear at cycle number 1, apart from a moderate hysteresis effects. The
curved moved to higher deflections and more pronounced hysteresis, maintained its linear
character with increasing cycle number - between cycle number 1000 and 3000. Slope,
though, decreased significantly. A marked hysteresis occurred just prior to final failure at
cycle number 3250. Deflections in the last few cycles did not get recorded but the

significance on tests results were negligible.
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Figure 40: Deflection vs. number of cycles for 75% Py, — Failure at N=3273
For the second load level, i.e. 62.5% of Py and Tmax linear, the load deflection curve was
linear for the entire specimen life, accompanied with very moderate hysteresis effects and a
moderately decreasing slope. The curve moved to higher deflections with increasing cycle
number over the specimen life. Moderate hysteresis effects were present. Here also,

deflections in the last few cycles did not get recorded.
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Figure 41: Deflection vs. number of cycles for 62.5% Py — Failure at N=296869

For the final load level equivalent to 50% of Py, the load deflection curve was linear for

the entire specimen life, accompanied with a minor hysteresis effect and a moderately

decreasing slope. The curve moved to higher deflections with increasing cycle number over

the specimen life. No pronounced hysteresis effect was present. Deflections in the last few

cycles did not get recorded.

Load (kN)

w

-N=1160000
N=1161375

|
|
I
1
|
!

Deflection (mm)

6 7 8 9

Figure 42: Deflection vs. number of cycles for 50% P — Failure at N=1161375
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6.3.2.1.2 Load vs. strain
The load-microstrain curves for the 3 loading levels under considerations are shown in
Figure 43, Figure 44 and Figure 45.

For Prmax=75%Py1, the tensile strain increased significantly during the entire fatigue life,
whereas stiffness decreased moderately, characteristic of cyclic softening. Further, a
pronounced hysteresis occurred just prior to failure. The sandwich structure behaved in a
linear fashion for all its lifetime.

Shear deformation in the core did not get properly recorded in the last cycles because of
the crack opening located between the extensometer’s arms, see Figure 47. The significance

of the discrepancies on this part of the tests results was, however, negligible.

Load (kN)

—»— N=2500
—¥—N=3000 |~

950 1000

Micro-strain (um)

Figure 43: Load vs. microstrain for 75% P, — Failure at N=3273

For Puax=62.5%Py, the strain increased significantly during the entire fatigue life,
whereas stiffness decreased just before failure. Further, no pronounced hysteresis of the

specimen occurred. The sandwich structure behaved in a linear fashion until shortly before

failure.
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Figure 44: Load vs. microstrain for 62.5% Py, — Failure at N=296869

For Ppnax=50%P,y, the strain increased significantly during the entire fatigue life, whereas
stiffness decreased just before failure, characteristic of cyclic softening. Further, a moderate
hysteresis of the specimen occurred. Just prior to failure, a marked hysteresis took place.
The sandwich structure behaved in a linear fashion until shortly before failure.

Load-deformation history for both strain and cross-head displacement appeared to be

related and shows identical trends irrespective of stress level.
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Figure 45: Load vs. microstrain for 50% P, — Failure at N=1161375
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6.3.2.2 Deflection history
Fatigue deflection behaviour of a specimen can be characterised as the variation of
specimen deflection during the fatigue life. Maximum deflection vs. a function of cycle
number plots are used to represent the fatigue deflection behaviour. Maximum and
minimum displacement history were identical until shortly before failure. The change of
maximum deflection with number of cycles at 3 loading levels is illustrated in Figure 46.
Test results showed that the increase in deflection over fatigue life was stress-dependent:
the higher the stress, the higher the deflection at a given cycle number. Deflection increased
moderately as cycle number increases over almost the entire fatigue life. Close to the point
of failure, deflection then increased very rapidly. For the higher load level, i.e. 75%, the
increase in deflection was significantly higher than that of the 2 other load levels over a

given cycle range. All equivalent specimens showed a similar behaviour.
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Figure 46: Max. deflection vs. number of cycles

6.3.2.3 Crack growth rates

Crack length was measured for visible cracks just before final failure. Experimental
results for crack length, number of load cycles and crack growth rates are presented in Table
19 and Table 20 for single-shear-cracked specimens. No crack length measurements were
recorded for tests carried at 50% Py and for multiple cracks.

At the end of the fatigue test, the crack growth rate values were of the same order life,
independent of the load level. The crack growth rates significantly increased over the end of

the fatigue life until final failure occurred.

Table 19: Crack growth rates for test no.3 - for 75% Py,
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N dN Aa da/dN

() (3 (mm) (mm/cycle)
2205 120 1 0.00833
2325 120 1.1 0.00917
2505 120 1.2 0.01000
2745 180 1.9 0.01056
3005 240 2.7 0.01125
3273 260 3.2 0.01231

Table 20: Crack growth rates for test no.1 - for 62.5% Py,

N dN Aa da/dN

¢) () (mm) (mm/cycle)
296009 120 0.7284  0.00607
206129 120 0.8748 0.00729
296249 120 1.0788  0.00899
296369 120 1.1388  0.00949
206489 120 1.2492  0.01041
296609 120 1.4 0.0118

6.3.3 Observations of the damage process zone

6.3.3.1 Full scale observations

All specimens failed by core shearing in the zone of highest stresses situated between the
support and load application point, see Figure 47. No changes could be observed on the
specimens sides for most of the fatigue life, but just before ultimate failure. Crack initiation
could only be observed visually at the end of the fatigue life. Table 21 shows the earliest
possible time of visual detection of cracks from the time of ultimate failure (expressed as a

percentage of the specimen life).

Table 21: Earliest possible time of visual detection of crack

Prax Earliest Possible Time

75% >10%
62.5% >5%
50% >3%

6.3.3.1.1 Fracture process zone

The final fracture took place at the end of the fatigue life as a result of repeated large shear
deformations due to shear yielding. The fractures were either a single shear crack or
multiple shear cracks; about half of the fractures were single shear crack, and half were
multiple shear cracks, irrespective of the load level, see Figure 48. Examination of the core
on multiple-cracked specimens indicated a “plastic” or permanent deformation near the

centreline.
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6.3.3.1.2 Damage formation and growth
Observations indicated two steps: a first step where microshearing occurred; and a second
step where macroscopic shearing took place.

Soon before failure, signs of shear deformations became visible along the centreline of
the fracture process zone. The deformation magnitude increased rapidly, and preceded the
initiation of one or several shear microcracks aligned horizontally along the centreline, see
Figure 49. A single cracks then formed before any sign of gross cyclic damage. Or
alternatively, multiple cracks grew from a population of micro-defects after flagrant
yielding along the centreline of the fracture process zone.

For both single and multiple cracks, cracks continuously grew away from the centreline
towards the faces. The crack growth direction was measured to be on average about 60
degrees from the centreline, irrespective of the load level. As crack tips got closer to the
faces with cycles numbers, the large plastic shear deformations occurring along the
centreline deformed the middle part of the crack. This resulted in a Z- or S-shaped crack.

The damage formation and growth was very short with respect to fatigue life.

Figure 47: Single shear crack growth
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Figure 48: Multiple shear crack growth and microcracks
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Figure 49: (a-c) single microcrack growing to a single final crack. (d-f) multiple microcracks growing and
leading to a single final crack — (c&f) damage process zone exhibiting large core shear yielding and S-shaped
crack(s)

H

6.3.3.2 Microscopic observations on fatigue specimen

Small samples of core material were cut from a few specimens, belonging or adjacent to the
damage process zone. The cuts were made in the longitudinal-vertical plane, i.e. the plane
showed in Figure 47. These were examined under an optical microscope under various
magnifications. The failed specimens were compared against the virgin foam material.
Other samples, cut from specimens stopped shortly before any visible crack became
apparent - or before any pronounced shear deformation had set in - were also examined.

Samples cut from single-shear-fractured specimens showed no noticeable difference to
virgin specimens, see Figure 50 and Figure 51.

Samples cut from multiple-shear-fractured specimens showed a marked difference. In
Figure 52, Figure 53 and Figure 54, the fracture process zone exhibited clear shear yielding.
The cell walls had re-aligned themselves along the principal tensile stress direction.

Samples cut from stopped specimens showed no noticeable cell structure difference. In
Figure 54, the material from the fracture process zone showed already cell wall re-
alignment and decohesion (plastic collapse) of the cells with each other. For the C70.130
foam, the typical cell size ranges from 0.2 mm to 0.4 mm.
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Figure 52: Multiple shear cracks, fracture process zone and core shear yielding
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Figure 54: Material from the fracture process zone — cell wall re-alignment and decohesion of the cells
6.4 Discussion

6.4.1 Fatigue life
An S-N curve is presented in the Appendix, Figure 78. For maximum shear stresses beyond

the linear limit, fatigue lives of a few thousand cycles were reached, whereas, for maximum
shear stresses below the linear limit, fatigue lives lasted for much longer. The results are in
accordance with the findings presented by Clark®. Fatigue life values are moderately higher
but fatigue life threshold appear to tend to the same limit. The source of discrepancies is
possibly due to test set-up differences, i.e. 4PTB vs. 10-point bending, and variations in

shear strength between the batches.

6.4.2 Creep effects and stiffness degradation

Experimental results show that the cyclic fatigue life of the specimen have two different
regimes: a first regime where residual shear distortion dominates; and a second regime,
much sorter, where fast and significant shear stiffness degradation takes place.

The variation of stiffness with respect to fatigue life is important over most of the fatigue
life for low cycle fatigue - with maximum stress level pertaining to the non-linear range. In
contrast, for high cycle fatigue, the stiffness remains quasi constant over most of the fatigue

life. Stiffness only begins to degrade just before final failure, see Figure 55. This results are
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consistent with the observations of the large core shear deformations made on the side of
the specimens; they are also consistent with the increase in hysteresis. Large core shear
yielding induced the accumulation of damage in the damage process zone, causing

subsequently the stiffness to decrease and the hysteresis to increase. This is in agreement

with stiffness degradation for medium and high cycle fatigue presented in earlier work** .
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Figure 55: Variation of stiffness vs. number of cycles

The variation of deflection is continuous over the almost entire fatigue life. Both
maximum and minimum deflections increase in a similar fashion until large shear crack(s)
have formed in the damage process zone, see Figure 56. The behaviour is in agreement with
earlier work”>*. The deflection increase is believed to be due to creep effects. Results
showing constant stiffness and hysteresis during most of the fatigue life are in agreement
with the observations made on the specimen sides during testing. To further correlate the
creep effects occurring under static and cyclic loading conditions, additional analyses and

tests are necessary.

73



10 T T T T T
l | I | I
| | l 1 I
I |L ---------- : ---------- : ----------- : """"""""" ;-—*'M *****
N . s ee e & ¢ 7
i | 1 I
L I ! I I I
N I 1 | | 1
Tl s s Fommmmm === 2= e o Im———— == == — I e e — = — - —— === = ]
L 1 I I | !
’é\ [ I | I 1 I
R by e e e sy er
c f ! | | } ¢ Maximum
g 5 o G T T L N T T B Minimum R
3] r | I I l
(5} F | | [ | 1
B B o (IR —— e e e S (S £ SRS
O r | | 1 1 1
L | | I I I
] T JE— R —— S— S ——
F ] I I I _——— B Ly
Y S— T— T LR S
F l | : : :
T e s e e
r I l 1 1 1
ot ey ey ] b s g o] £ s sy i v oa el T | PO
1 10 100 1000 10000 100000 1000000
Micro-strain (mm)

Figure 56: Variation of maximum and minimum deflections with number of cycles

6.4.3 Damage formation, crack initiation and growth

At the end of the fatigue life, core shear yielding sets in the core and increases with cycle
numbers; deformations in the damage process zone then become more intense. Larger
strains induce plastic bending, yielding and crack-nucleation at weak cell walls, or at pre-
existing flaws. The decohesion between the cells then intensifies. This results in rotating the
cell walls towards the direction of maximum principal stress, tensile stress in this context.
This is in clear agreement with the behaviour presented in Gibson and Ashby?'.

Observations show that the damage process zone is located along the middle plane of the
core. The damage process zone is expected to be located at the centre as the maximum shear
stress is suppose to occur at the centre. This is supported by previous FE analyses** showing
maximum shear stresses occurring near the centreline. A second reason for the location of
the damage process zone is the variation of the core density. The density varies moderately
across the thickness with a minimum value in the middle plane - this is believed to be due to
the manufacturing process.

As microcracks density increases and the cell lattice breaks down, flaw lengths become
critical. A few of the larger cracks become prevalent and start propagating. Finally, one will
grow to the facings faster than the others and will induce the ultimate failure. The cracks
become visible just before the end of the fatigue life. In a multiple crack case, no single
larger flaw is present and no crack is initiated. The damage process zone undergoes the
same deformation for a little longer period; crack onset is delayed. Finally, the multiple

cracks initiate in the larger flaws along the centreline and begin to propagate. The fracture
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process can be described as ductile. The damage formation and growth of single crack,
though, are different. Here, the fracture is more brittle. In the single crack case, a single
larger flaw becomes dominant and starts growing. This occurs before any important core
shear yielding sets in. The crack deforms, absorbs most of the energy, and thereby reduces
the stresses in the rest of the damage process zone. The crack becomes visible a little earlier

than in the case of the multiple cracks.

6.4.4 Crack growth rates correlation

For 4PTB single-shear-cracked specimens, crack growth rates da/dNgprp are presented in
Table 19 and Table 20. The values range from 0.006 to 0.012 mm/cycle near the end of the
fatigue life, constantly increasing until final failure.

Crack growth rates under mode-I, mode-II and mixed-mode loading conditions were
determined using the CTS specimen, see Chapter 5. da/dN¢rs were found to vary from
0.00025 mm/cycle to 0.12 mm/cycle. Under mode-II loading, mode-II da/dN¢rs were found
to be of the order of 10™ mmy/cycle, whereas mode-I da/dNc¢1s were higher: up to about 10
mmy/cycle before final fracture. This was due to crack growth in the k; direction with a low
accompanying ki.

The mode-I crack propagation rates, obtained for both CTS and 4PTB specimen under
mode-II loading, are of the same order towards the end of the fatigue life. The final crack
propagation rates are of the order of 10 mm/cycle. Fatigue crack growth in a 4PTB foam
cored sandwich beams can be considered to be Kj-controlled. Further observation on initial

crack propagation angle supports this explanation.

6.4.5 Fatigue crack propagation angle

For both single and multiple cracks, the fatigue crack propagation angle is measured to run
at about 63° relative to the neutral axis of the beam. The value differs from the static
propagation angle, i.e. 45°. The fatigue crack propagation angle is correlated by the findings
presented in Chapter 5 for cracked CTS foam specimen. Under pure mode-II fatigue

loading, initial crack propagation angle was found to be equal to approximately 65°.

6.5 Conclusions

From the results and the discussion, one can draw several conclusions. The 4PTB specimen
is an appropriate apparatus for experimental flexural fatigue characterisation.
Experimentally obtained S-N curves have shown good accuracy and compare well with
independent results. The flexural fatigue is characterised by 2 regimes: a creep regime
inducing small permanent deformation followed by fatigue and fracture regime, typically

much shorter, responsible for a catastrophic shear stiffness degradation. For medium and
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high cycle fatigue, the dominant phenomenon is creep until just prior to failure. For low
cycle fatigue, crack initiation and growth are the dominant phenomenons. It is during the
creep regime that damage formation first occurs along the core centreline. After a phase of
intensification of shear deformations and cell decohesion, crack initiation sets in causing
one of several microcracks to appear. Finally, crack grows to the facings inducing the
ultimate failure. The damage formation and growth of multiple cracks appears more ductile
as cracks propagate in more damaged material than that of single shear crack. Correlation
for between structure and material response over the fatigue life have been established.
Mode-I crack propagation rates, da/dNuprs, are of the magnitude, 10 mm/cycle, towards
the end of the fatigue life. Crack growth rates obtained for CTS and 4PTB specimens
support each other. Fatigue crack growth in a 4PTB foam cored sandwich beam can be
~considered to be Kj-controlled. The failure process model is supported by the fatigue crack
propagation angle, i.e. 63°, characteristic of mode-I propagation under mode-II loading

conditions; this is correlated by results from Chapter 5.
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7 NUMERICAL ANALYSIS OF SHEAR CRACK IN FOAM CORE
SANDWICH BEAMS

7.1 Purpose and objectives

Chapter 6 discussed the flexural fatigue in FRP sandwich beams through experimental
investigations using the 4PTB test specimen. The investigation presented in this chapter
seeks to extend the understanding of the fracture behaviour and to map the fracture
parameters for shear cracks in foam core sandwich beams through numerical studies of the
same 4PTB test specimen .

The main objectives of the study are to determine strain energy release rate G and stress
intensity factors Ky and Ky for a range of physical and mechanical properties that are
characteristic of a typical sandwich beam. The second goal is to study the relationship
between the stress intensity factors. A practical objective is to predict the failure load of a
cracked sandwich beam by correlating results from experimentally-determined fracture
envelop and stress intensity factors calculated numerically. A final objective is to establish a
correlation between stress intensity factors calculated numerically and stress intensity

factors at fracture under mixed-mode conditions derived from experiments.

7.2 Finite element model

Model description

A 4PTB test specimen was chosen to be modelled, illustrated in Figure 57. The model had
the dimensions of 550 x 35 x 34 mm, see Figure 58. The specimen was modelled using
about 2000 eight node quadratic collapsed rectangular and triangular elements under plane
strain conditions. The mesh was refined around the two crack tips; 200 collapsed triangular
elements of edge length down to 0.1 mm were used, see Figure 59. The mesh was refined
several times until convergence of the fracture parameters. Results were also compared with
independent results?®. Around the crack tip 16 quadratic elements with quarter point
location, displaying a 1/1% stress field singularity, were used, see Figure 60 and Figure 61.
A half model was used due to the symmetry of the four-point-bending configuration. The
crack length ratio, a/w, was varied between 0.45 and 0.55. The method used to calculate the
stress intensity factors was a simple displacement extrapolation method; this was performed
automatically in ANSYS postprocessor using the LPATH and KCALC commands. The
calculations were performed with a multi-purpose FE program, ANSYS 5.3, 5.4 and 5.5,

running on SUN station.
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Singular element

Crack tip

Figure 60: 16 triangular singular elements centred on the crack tip

9

Figure 61: A quadratic collapsed triangular element

Stress intensity factor computation
The calculation method used is based on displacement extrapolation technique. It involves

correlation of the elements displacements and tractions with the theoretical values.

The displacement fields on the crack surface can be written as:

u,(@=7)—u, (@ =—7:)=5—i-1-.1<,.\/-2-7; (30)

U
w0 =7)—u(0=-r)= ﬂ—l-.KII.JL 31)
y7i 2z

and the tractions ahead of the crack along 6=0 as:

4= (O‘“.n1 + 0,1, ) = (KI n+Ky .nz) (32)

t, = (0'12.1'11 +0,,.1, ) = .(KH.n1 +K,.n, ) (33)

1
N2me
1
N2
If considering 2 points, B and C with 1=1/2, see Figure 62,the stress intensity factor can be

found from:;
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= L (34)

I

1N
2 T
K5 =2 2 f ) (35)

Similarly for points D and E withr =1,

27
KP® =7ﬁ—1., /—Z-.(uf —uf) (36)

2
Ky ="K—%’1'- T-(%D‘“”f) (37)

Now K; and Ky are obtained by linear extrapolation of K;®¢, K{*F and K, Ki™F to the tip

at A; then
K, =2K/° - K" (3%)
K, =2K ¢ -K* (39)

Figure 62: Node in the vicinity of the crack tip

In addition, the stress intensity factor can also be obtained from the extrapolation of the
traction ahead of the crack to the tip.
The extrapolation is usually performed automatically in many FE packages. In ANSYS,
it is done in the general postprocessor by means of the LPATH and KCALC commands.
The strain energy release rate G is calculated from the following equation:

G=(K}+K,2,)(1r+l) (40)
2G,

where G, is the core shear modulus.

7.3 Results of parametric study

The ratio a/L* is defined as the ratio between the actual crack length and the maximum
length the crack can run at 45° to the interface, or V2 t.. The distance d" is the distance
between the crack tip on upper interface and the beam end — indicating the offset from the

crack.
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7.3.1 @G sensitivity to a/L*

Sensitivity of strain energy release rate G to relative crack length a/L* is presented in Figure
63. G is plotted against a/L*. G value converge towards zero as a/L* tends towards zero. G

increases as a/L* increases. G reaches values close to unity for a/L* values close to 1.
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Figure 63: G vs. a/L* - G sensitivity to core elastic moduli E, (and G), i.e. for E.=115 MPa, G.=50 MPa

according to the material properties of each foam density.

7.3.2 G sensitivity to E; and G,

Strain energy release rate G sensitivity to the core Young’s modulus E; and shear modulus
G, is presented in Figure 63. G is plotted against a/L* for 5 different E. and G pair of
values (corresponding to foam core of density varying from 50 to 200 kg.m™). Figure 63
shows that, for a given crack length, G increases with decreasing E.. For short crack length,

the effect of E. on G is smaller compared to the effect for larger crack length.

7.3.3 G sensitivity to t,

Strain energy release rate G sensitivity to the core thickness t, is presented in Figure 64. G is
plotted against a/L* for 6 different t. values. G values for t. = 10 mm and short crack
lengths are not presented because, for this case, the numerical investigation did provide any
good results; a slightly modified mesh would have been necessary to obtain the fracture
parameters values. However, the G values can be extrapolated from the graph. Figure 64
shows that, for a given crack length, G increases with decreasing t.. For short crack lengths,

the effect of t; on G is smaller compared to the effect for larger crack length.
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Figure 64: G vs. a/L* - G sensitivity to core thickness t.

7.3.4 G sensitivity to longitudinal crack position

Sensitivity of strain energy release rate G to longitudinal crack position d* is presented in
Figure 65. G is plotted against d* for a/L*=0.5. Figure 65 shows that G values are fairly
constant - although slowly decreasing with increasing d* - when the crack is not situated
near from the support (d* = 100 mm) or close to the load application point (d* = 350 mm).

If the crack is near these two positions, G decreases as the crack gets closer to the critical

location.
Figure 65 presents G sensitivity to d, but G vs. a/L* for 6 different d* values. G values for

the offset value of 130 do not seem to be as consistent as for the other offset values. Figure
66 shows that G varies very little with d. For a/L*= 1 G is almost constant whatever d* is.
For a/L*< 0.7, G slowly decreases with increasing d. For a/L*> (.7, G moderately increases

with increasing d.
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Figure 66: G vs. a/L* - G sensitivity to longitudinal crack position d*

7.3.5 Ky /K sensitivity to a/L*

Sensitivity of stress intensity factor Ky/K; to relative crack length a/L* is presented in
Figure 67. Ratio Ky/K; is plotted against a/L*. For small E.<100 MPa, Ky/K| increases as
a/L* increases. For E;>100 MPa, Ki/K; decreases with increasing a/L* down to a minimum

value and then increases.

Sensitivity of stress intensity factors Ky and Ky to relative crack length a/L* is presented

in Figure 80 and Figure 81. K is plotted against a/L* for various E..
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Figure 67: Ki/K; vs. a/L* - Ky/K| sensitivity to core elastic moduli E; and G,

7.3.6 Kp /K sensitivity to E._and G,

Sensitivity of stress intensity factor Ky/K; to the core Young’s modulus E, is presented in
Figure 67. Ratio Ky/K| is plotted against a/L* for 5 different E; values. Figure 67 shows
that, for a given crack length, Ky/K; increases with increasing E.. As a/L* increases up to
0.75, all Ky/K| ratios converge - some increasing and some decreasing with increasing a/L*
- towards Ky/K; = 0.125. For a/L* > 0.75 the trend inverts itself; Ky/K; increases with

decreasing E.. Minimum Ky/K; ratio value only exist for Ec > 100 MPa. Minimum Ky/K;

increases with increasing E.

7.3.7 Kp /K sensitivity to t.

Ki/K| ratio sensitivity to the core thickness t. is presented in Figure 68. Ki/K; is plotted
against a/L* for 6 different t. values. For t. = 10 or 20 mm and for a/L* < 0.3, and 0.5
respectively, Ky/Kj values are not presented for the same reasons as those explained
hereinbefore. For a given t., Ky/Kj is almost constant for a/L* lying between 0.25 and 0.75.
For a given a/L*, Ky/K| increases with increasing t..

Stress intensity factors Kj and Ky versus relative crack length a/L* is presented in Figure 82

and Figure 83.
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Figure 68: Ki/K; vs. a/L* - K;/K| sensitivity to core thickness t,

7.3.8 Ky /K sensitivity to longitudinal crack position

Kw/K; ratio sensitivity to longitudinal crack position is presented in Figure 69. Ky/K; is
plotted against a/L* for 6 different d* values. For d* = 130 and 170 mm, K/K; increases
very dramatically with decreasing a/L*. For larger d* values, Ki/K; lies mainly between 5
and 11. At a given a/L* inferior to 0.5, Ky/K; increases with increasing t.. The trend
reverses itself for a/L* > 0.5.

Figure 84 and Figure 85, representing respectively K; and Ky vs. a/L* and found in the

Appendix, show that K; values are more stable than Ky ones.
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Figure 69: Ki/K; vs. a/L* - Ky/K| sensitivity to longitudinal crack position d*

7.4 Discussion

7.4.1 Fracture load prediction — Correlation with static CTS testing

Although computational methods are very useful in fracture mechanics, they cannot replace
experiments - fracture toughness Kj. and Ky can only be experimentally determined. A
numerical fracture simulation of a cracked body can compute crack tip parameters, but such
an analysis alone cannot predict when fracture will occur. To do so, experimental fracture

boundary curve or accurate fracture criteria are also required.

7.4.1.1 Experiment on foam core under static mixed-mode loading

The aim of the experiment presented in Chapter 4 was to determine the stress intensity
factors K; and Ky under in plane loading mode-I, mode-II, and mixed-mode. Kq is

computed from
F,- NT-a
K, =22 1ler) Q)

Results for the foam C70.130 are presented in Table 22 and plotted in Figure 70.
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Table 22: Mean stress intensity factors K for C70.130 foam

mode-I mixed-mode mixed-mode mode-II
o 0° 30° 60° 90°
KI KI KH KI I(II I<II
K 0.283 0.220 0.061 0.106 0.089 0.148

7.4.1.2 Comparison of numerical K;y/K; values vs. experimental K;y/K;

Numerical results show that the mean value of Ky/K; ratio is about 1/10. The results
compare well with independent investigation®’. Although the beam is loaded in quasi-pure
shear, fracture propagation mainly due to direct stresses, i.e. opening mode. Though mode-I
dominates, mode-II is always present. This is in agreement with the findings of Chapter 4
and 5. Ky, should be considered as a main design parameter. Experimental values of kinking
angle for mode-I is approximately equal to 0 degree. Crack path remains at 45° to the faces

and does not kink, or does so very moderately.

7.4.1.3 Fracture envelope and crack propagation

Numerically-determined crack tip parameters can be used in conjunction with an
experimental data to predict fracture load for a given damaged sandwich beam or
conversely critical crack length for an applied load on a structure.

A given beam configuration was selected; mechanical and physical properties are shown

in Table 23.
Table 23: Mechanical and physical properties of a selected beam
te te width a/L* E; G¢ V¢ E. G, Ve
(mm)  (mm)  (mm) ) (MPa)  (MPa) ) (MPa)  (MPa) )
2 30 35 0.5 22000 2500 0.28 109 50 0.32

Stress intensity factors K; and Ky are determined numerically for a range of loads. Results
are shown on Figure 70; Ki/Kic is plotted against Ky/Kjc, together with experimentally
determined K values.

Figure 70 shows that numerically-determined stress intensity factor values K; and Ky
increase with increasing load. There is a critical load value, P.;, at which the fracture locus
lays on the fracture boundary curve. At P, - approximately equal to 1575 N - the crack is
expected to propagate. For points lying within the boundary - bottom left part of the graph -
fracture conditions are such that no crack extension is expected to occur. Stresses at the
crack tip are lower than the fracture stress. The damaged beam can withstand the applied

load. For the fracture loci situated outside this region, crack is expected to propagate.
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Table 24: Numerically obtained fracture parameters for the damaged beam

P KI KH KI KH KI/ KIC KH / KIC G

N)  (MPamm’’) (MPamm’’) (MPamm’’) (MPamm®) ) ) (N/mm)
1225 6.7415 0.7149 0.2132 0.0226 0.7528  0.0798  0.0266
1400 7.7045 0.8170 0.2437 0.0258 0.8604  0.0912  0.4548
1435 7.8971 0.8374 0.2498 0.0265 0.8819  0.0935  0.4778
1470 8.0898 0.8579 0.2558 0.0271 0.9034  0.0958  0.5014
1505 8.2840 0.8783 0.2620 0.0278 0.9251  0.0981  0.5255
1540 8.4750 0.8987 0.2680 0.0284 0.9464  0.1004  0.5502
1575 8.7676 0.9191 0.2773 0.0291 0.9791  0.1026  0.5756
1610 8.8602 0.9396 0.2802 0.0297 0.9894  0.1049  0.6015
1645 9.0528 0.9600 0.2863 0.0304 1.0109 01072  0.6278
1680 9.2454 0.9804 0.2924 0.0310 1.0325  0.1095  0.6548
1715 9.4380 1.0008 0.2985 0.0317 1.0540  0.1118  0.6824
1750 9.6307 1.0213 0.3046 0.0323 1.0755  0.1141  0.7105
1925 10.5937 1.1234 0.3350 0.0355 1.1830  0.1255  0.8598

However, it is not known whether the crack propagation is stable. To be able to assess the

stability of the crack propagation in the core material, an R-curve determined for the
structure would be necessary; G' and R would have to be plotted against crack length. Only
G values have been determined numerically in this investigation but R-curve could be
determined numerically using an accurate fracture criterion. It would be, however, a long
process, and experimentation would be more accurate and quicker.

Figure 70 shows that scatter is present in the experimental results. This should be taken
into account when trying to estimate the load at which the crack propagates; lower bound
values should be used for safe design approach.

Sandwich panels can fail in different ways; faces and core can yield plastically or
fracture depending on the nature of the materials from which they are made. According to
Triantafillou®®, 3 modes of failure appear to be relevant for sandwich beams made from face
or core that yield plastically: face wrinkling, face yield and core shear. Critical failure mode,
which occurs at the lowest load, may not be necessarily core shear depending on the

properties and the design of the beam.
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Figure 70: Foam core shear fracture boundary for a given cracked sandwich beam

7.4.2 Stress intensity factor — correlation with fatigue 4PTB testing
Using the mapping of K; for various beam geometry and material configuration presented in
the previous chapters and in the Appendix, stress intensity factor variation can be extracted.

Correlation between crack growth rates and stress intensity factor variation was
established between the CTS and 4PTB test specimen in Chapter 6. These were found to be
of the order of 10 mm/cycle and about 8.0 MPa.mm®” respectively at the end of the fatigue
life, see Figure 29.

Assuming a crack length of about 30 mm (or a/L*=0.42) at the end of the fatigue life,
material properties pertaining to the C70.130 variety, and identical beam and crack
topology, numerical Kj value can be extracted from Figure 80. The figure indicates K; being
equal to about 5 MPa.mm®’. This result can be compared the experimental Ky.x value, i.e.
8.0 MPa.mm®’, determined at the end of the fatigue life of 4PTB specimens. The
comparison shows that they are not in accordance but of same order of magnitude.
Considering all the approximations on load level, crack fracture length and topology, this
result can be estimated as qualitatively satisfactory. Further modelling work and testing

should lead to more accurate results.

7.5 Conclusions

Numerical results show logical trends and compare well with independent investigations.
The strain energy release rate G decreases as crack length increases; it decreases with
decreasing E; and G, i.e. density; it decreases with decreasing t.; it is constant over the part

of the beam subject to pure shear loading. Under pure shear loading, fracture propagation is
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mainly due to opening stresses, mode-II is always present though. Fracture toughness K¢
can be used as a design parameter for engineering purposes. Fracture boundary curve may
successfully be used in conjunction with FE analysis to determine a range of critical load or
critical crack length. Qualitative correlation between stress intensity factors variations
extracted from FE analysis and derived from experimental results has been successfully

established.
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8 DISCUSSION
The fatigue and fracture behaviour of PVC foam core in sandwich structures has been

investigated.

Existing numerical models for calculating mode-I and mode-II stress intensity factors, or
strain energy release rates for cracks have been extended. Previous knowledge on fatigue
and fracture of polymeric foam has been broadened by applying for the first time
experimental techniques to determine fracture and fatigue crack behaviour under a variety
of loading conditions. Further, former damage and crack growth process at both macro- and

microstructural level have been refined and extended to the variety of cross-linked PVC

foam.

8.1 Correlation between numerical and experimental

8.1.1 Numerical crack tip parameters and experimental fracture envelope

Numerically-determined crack tip parameters have been obtained from FEA for a CTS
specimen. Fracture boundary curve have been derived from set of experimetally-determined
fracture loci, and from a semi-empirical criterion based on experimentally-determined
fracture toughness value Kjc. A correlation between the results have enabled prediction of
the fracture load for a given damaged sandwich beam, or conversely critical crack length for

an applied load on a structure.

8.1.2 Damage process zone — FE models

FE analysis has shown that, for a 4PTB sandwich test, the zone of highest stresses, is
typically located at the centre of the area situated between the support and load point —
although the state of shear stress between the support and load point is not absolutely
constant®’.

Final fracture in 4PTB specimen takes place at the end of the fatigue life as a result of
repeated large shear deformations occurring in the zone situated between the support and

load application point. Experimental evidence supports the FE analysis findings.

8.1.3 Numerical crack tip parameters and crack propagation under mode-II loadings
Owing to the large number of possible sandwich configuration, it has been important to
determine strain energy release rate G and stress intensity factors K; and Ky for a range of
physical and mechanical properties that are characteristic of a typical sandwich beam.
It has been found for this material that, under pure shear loading, fracture propagation is
mainly due to opening stresses, mode-II is always present though. This is supported by the

crack growth rates measured on 4PTB sandwich specimens. Under mode-II loading, the
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shear crack tip grows according to mode-I propagation, but with a low accompanying

mode-I1.

8.1.4 Measured crack growth rate on the 4PTB specimen and the numerical K; value

Using the mapping of K for various beam geometry and material, stress intensity factors
K; have been extracted. The numerical results have indicated K; being equal to about 5
MPa.mm®>. This result is not in accordance with the derived K., value of 8.0 MPa.mm®’ —
originally for the 4PTB specimen. Considering the numerous simplifications and
assumptions (crack length at fracture of 30 mm), this results can be estimated as

qualitatively satisfactory. Further tests and analyses are needed to lead to more accurate

results.

8.2 Correlation between material and structure

8.2.1 Crack growth rates

Crack growth rates have been determined for 4PTB single-shear-cracked specimens. The
values range from 0.006 to 0.012 mm/cycle near the end of the fatigue life, constantly
increasing until final failure. Crack growth rates under mode-I, mode-II and mixed-mode
loading conditions have also been determined using the CTS specimen. For this specimen,
the crack growth rates have been found 0.00025 mm/cycle to 0.12 mm/cycle. Under mode-
II loading, mode-II da/dNcrs are of the order of 10 mm/cycle, whereas mode-I da/dN¢rs
are up to about 10? mm/cycle before final fracture. This was due to crack growth in the K;
direction with a low accompanying Ky;.

The mode-I crack propagation rates, obtained for both CTS and 4PTB specimens under
mode-II loading, are of the same order towards the end of the fatigue life. The final crack
propagation rates are of the order of 10 mm/cycle. Fatigue crack growth in a 4PTB foam
cored sandwich beams can be considered to be Kj-controlled. Observation on crack

propagation angle in 4PTB specimens supports this explanation.

8.2.2 Crack propagation angles

In the 4PTB specimen, for both single and multiple cracks, the fatigue crack propagation
angle has been measured to run at about 63° relative to the neutral axis of the beam. The
value differs from the static propagation angle, i.e. 45°. The fatigue crack propagation
angles have been correlated by the findings presented in Chapter 5 for cracked CTS foam
specimen. Under pure mode-II fatigue loading, crack propagation angle was found to be
equal to approximately 60°. Further, crack propagation angles under mode-II loading, the
shear crack tip grows according to mode-I propagation, but with a low accompanying

mode-II.
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8.3 Correlation between static and fatigue

8.3.1 Fracture toughness Kjc_and Kyc and stress intensity variation AKjy

The experimental results on pure mode-I and mode-II fracture toughness of AIREX C70
foam have shown that fracture toughness Kic is equal to about 0.28 to 0.26 MPa.m®”.
Fatigue crack growth tests, using the same CTS test method, have shown that stress
intensity variation AK; equal to 9.7 MPa.mm®’ (or 0.31 MPa.m®%). This value corresponds
to a Knax value that is a few percent higher than the Kjc value obtained from static testing.
Further, fracture toughnesses have been found to differ according to the direction of the

material; the difference may reach 10%.

8.3.2 Kinking angle

Experimentally obtained deflection angles from static fracture tests compare well with
initial path behaviour for fatigue conditions. The hoop stress criterion is in better agreement
than the four other criteria. Here, if no experimental kinking angle value is available, the
maximum hoop stress criterion is the best predictive model, as previously established for
this material under static loading conditions. The theory however appears to be deficient in
predicting accurately both fracture locus and fracture angle. There are convincing
arguments and indications showing that the micromechanics of the cell is the key to the
formulation of better fracture criteria for mixed-mode and mode-II loadings; this will be

expended on later in this chapter.

8.4 Correlation between mode mixity

8.4.1 Fracture envelope and dominant mode-I
As suggested earlier, the hoop stress criterion is in better agreement than the four other
criteria. Further, Richard’s criterion, using experimentally obtained Kyc and Kjc, is the best
in predicting both fracture locus and fracture angle accurately.

Experimental investigations using the CTS test method have suggested that mode-I is
dominant and, if loaded in mode-II, the crack kinks in order to align itself in the direction of

least energy for further propagation. This has been observed in the 4PTB and CTS test

series under static and fatigue.

8.4.2 Co-planar growth under pure mode-II loading

The incidence of co-planar growth in the mode-II tests has clearly shown the existence of a
pure shear growth mode in cellular foam material. The early arrest of shear crack growth is
a well-established phenomenon in metallic systems, and is generally attributed to friction

force set up in the shear crack wake. The implications of crack wake friction in the present
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system are not known. However, the present results are consistent with this process being
significant. The existence of a pure shear growth mode in this material indicates that, under
different loading conditions, e.g. shear and compression, the Ky controlled co-planar crack

growth may be significant.

8.5 Creep, stiffness degradation, damage formation and growth

8.5.1 Creep and stiffness degradation

Previous studies on high cycle fatigue have shown that flexural fatigue could be
characterised by an increase in deflection and constant stiffness for most of the fatigue life.
Just before final failure, stiffness reduction occurs.

For medium and high cycle fatigue, the dominant phenomenon is creep until just prior to
failure. However, it has been found that, for low cycle fatigue, crack initiation and growth
are the dominant phenomenons. Large shear deformation occurs very early in the fatigue
life, inducing early damage formation and crack nucleation. The distinction of the transition
of the two fatigue regimes is not obvious as damage initiation and crack nucleation is only
visible afterwards.

Also, for most engineering structures, creep measurement is probably a good indicator of

the integrity of the sandwich structure.

8.5.2 Damage formation model

Large core shear yielding inducing damage and causing subsequently the stiffness
degradation has been described in earlier models for the linear variety of PVC foams and for
the cross-linked type mainly manufactured by DY VINICELL.

For cross-linked foam manufactured by AIREX, the damage formation has shown some
degree of difference. After a phase of intensification of shear deformations and cell
decohesion, crack initiation sets in by the nucleation of either one single shear crack or
several multiple cracks aligned horizontally along the centreline in the damage process
zone. Further, the damage formation and growth of multiple cracks appears more ductile as

cracks propagate in more damaged material than that of a single shear crack.

8.5.3 Crack propagation model and criteria

An early microstructural crack propagation model proposed a cell by cell crack advance for

polymeric cellular material — for a variety of foam different than the cross-linked PVC one.

A microstructural model for the fatigue crack propagation at low AK proposed a crack

extension by one cell diameter through cell wall after repeated flexion of the cell wall in

front of the crack tip.
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Observation supports this model for low AK. However, for a high AK, an improved
microstructural model taking into account the strong microstructural effects is proposed:
- the crack propagates through not necessarily one but possibly several cell
walls at a time
- the crack advances after a sufficient amount of damage has built up in the
zone ahead of the crack tip. A variable number of cycles is required to
produce the critical amount of damage
- the crack length increment and the number of cycle required for this
increment are dependent on the topology of the cell walls in the viscinity of

the crack tip for a given AK

Fatigue crack growth rates for other polymeric cellular materials have previously been
determined using different test methods. In this investigation, a novel Paris power law
relationship has been established for cross-linked PVC cellular foam showing a linear
variation of log da/dN with log AK .

Forceful findings related to crack growth (being governed by local plastic deformations
and local damage accumulation process) suggested that a strain-based model could be used
to model crack growth rate with, for example, volume average local strain, or plastic work
done over a given volume, instead of using the Paris law relation based on AK.

It is also reasonable to suggest strain-controlled criterion for fracture prediction. Fracture
criteria for metals based on stress (or K) parameters have been used to predict successfully
the fracture locus and fracture angle of PVC foam. These criteria have however been
deficient in predicting both fracture locus and fracture angle for mixed-mode and mode-II
load cases.

In fact, the fracture criteria and the damage growth model do not represent the material
behaviour at microscopic level. For foam core materials, crack growth appears to be
governed by local plastic deformations and local damage accumulation process. There are
convincing arguments and indications showing that the micromechanics of the cell is the
key to the formulation of better models for mixed-mode and mode-II loadings. However it

is beyond the scope of this work to formulate full micromechanical models.
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9 FUTURE WORK

The current work has highlighted some areas which require further investigations:

9.1 Fundamental studies
Micro-fatigue and micro-fracture mechanics of the closed-cell belonging to polymeric
cellular foam

Microstructural assessment of fracture criteria

Initiation and propagation of cracks in polymeric cellular foam monitoring using acoustic

emissions techniques
New monitoring method for detection of crack initiation

Fatigue finite element analysis of crack propagation in polymeric cellular foam core

sandwich structures

Interfacial fatigue crack initiation and growth in polymeric cellular foam core sandwich

structures

Elastic- plastic fracture mechanics of cellular materials single and multiple shear cracks

Evolution of micro-crack density as a function of stress and fatigue or creep parameters

9.2 Applied studies
Static and cyclic creep in polymeric cellular foam core sandwich structures

Fatigue threshold crack growth measurement AK

Prediction of constant amplitude fatigue crack growth in polymeric cellular foam core

sandwich structures

Comparison between current predictions methods for crack propagation in polymeric

cellular foam

Prediction of variable amplitude fatigue crack growth in polymeric cellular foam core

sandwich structures

Effects of loading history on crack initiation and propagation in sandwich structures

Probabilistic fatigue of polymeric cellular foam

Probabilistic fracture mechanics applied to polymeric cellular foam.
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10 CONCLUSIONS

The work has been concerned with the characterisation of foam core materials with repeats
to fatigue and fracture and the correlation of these results with sandwich structures
subjected to flexural loading conditions.

New experimental investigations on mixed-mode fracture and fatigue crack growth have
been carried out. Experimental and numerical studies related to practical applications in
marine operations, i.e. 4PTB testing, have also been carried out.

The ultimate aim of the research work presented in the thesis has been to broaden the
current understanding of the fatigue fracture behaviour and foam-cored sandwich structural

specimens under a variety of tensile, shear and mixed-mode static and cyclic fatigue load

cases.

The main conclusions from this work are as follows:

» linear elastic fracture mechanics can be applied to the PVC foam for both static and
cyclic loading

«  CTS specimen, in association with a special loading device, is an appropriate apparatus
for experimental mixed-mode fatigue and fracture analysis

«  mode-I and mode-II fracture toughness values have been determined for a range of
densities; values range from 0.01 to 0.5 MPa.m"’

+  Kjc fracture toughness is higher in either one of the x or y-direction with variations up
to 10%.

«  Richard’s criterion, using experimentally obtained Kpc and Kjc, seems to be the best in
predicting fracture locus and fracture angle accurately for static and cyclic loading

+  maximum hoop stress criterion also predicts the fracture angle well for static and cyclic
loading

- fracture criteria appear to be deficient in predicting accurately both fracture locus and
fracture angle

« under pure shear loading, fracture propagation is mainly due to opening stresses, mode-
11 is always present though.

+  micro-structural cell size effect can be a source of scatter in the experimental results

« a refined model for fatigue fracture crack advance is described and proposes
improvement for high stress intensity conditions at the crack tip

- crack growth regime is accurately modelled by the Paris law

« crack growth appears to be governed by local plastic deformations and local damage

accumulation process
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mode-II co-planar crack propagation can occur in this material

the flexural fatigue is characterised by 2 regimes: a creep regime inducing small
permanent deformation followed by fatigue fracture regime, typically much shorter,
responsible for a catastrophic shear stiffness degradation

for medium and high cycle fatigue, the dominant phenomenon is creep until just prior to
failure, whereas, for low cycle fatigue, crack initiation and growth are the dominant
phenomenons

a damage formation has been described; accounts have been made for single shear
crack. and multiple shear cracks

mode-I crack propagation rates, da/dNuprs, reaches a value of 10? mm/cycle, towards
the end of the fatigue life

fatigue crack growth in a 4PTB foam cored sandwich beams can be considered to be K;-
controlled.

fracture parameters, ¢ and K have been mapped as functions of material properties
and topology

fracture boundary curve may successfully be used in conjunction with FE analysis to
determine range of critical load or critical crack length

qualitative correlation between stress intensity factor variations extracted from FE

analysis and derived from experimental results has been successfully established
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11 APPENDICES

11.1 Introduction

Facing
Figure 71:Racing yacht hull made out of sandwich panels

11.2 Mode-I, mixed-mode, mode-II fracture of sharp crack in rigid cellular PVC

foam

S
Z-EUFFEE

EXFERIMENT

Figure 72: Deformed shape of CTS specimen at fracture load for C70.200 at o = 30° from FEA
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Figure 73: Close up view of deformed shape of CTS specimen at fracture load for C70.200 at o =30° from

FEA — identical to previous figure

100



HPERIMENT

Figure 74: Von Mises isostress lines at fracture load from FEA for C70.200 at o0 = 30°
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11.3 Crack growth in rigid PVC cellular foam under mode-I, mixed-mode, mode-

II cyclic loading

CTE LoaDING DEVICE IN MIXED MODE

Figure 75: Von Mises stress contours from a FEA of loading device for mixed mode loading case

11.4 Flexural fatigue and fracture in foam cored sandwich beams
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f shear crack in foam core sandwich beams
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11.5 Numerical analys
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Figure 79: Deformed shape of simulated crack in a 4PTB specimen from FEA
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