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Abstract

This paper presents an enriched finite element method tdatienihe growth of cracks.in linear elastic, aerospace caitgo
materials. The model and its discretisation are also viitithrough a complete experimental test series. Stremssity factors
are calculated by means of an interaction integral. To enidid, we propose application of (1) a modified approachdastan-
dard interaction integral for heterogeneous orthotropatarals where material interfaces are present; (2) a neoldifiaximum
hoop stress criterion is proposed for obtaining the cracipagation direction at each step, and we show that the “atdhd
maximum hoop stress criterion which had been frequentlg tseate in literature, is unable to reproduce experimengallts.
The influence of crack description, material orientatioongl with the presence of holes and multi-material strustare in-
vestigated. It is found, for aerospace composite matewéls % ratios of approximately 10, that the material orientatien i
the driving factor in crack propagation. This is found evendpecimens with a material orientation of‘9Q@vhich were previ-
ously found to cause fliculty in both damage mechanics and discrete crack modelbg e extended finite element method
(XFEM). The results also show the crack will predominanttggagate along the fibre direction, regardless of the spatim
geometry, loading conditions or presence of voids.

Keywords: 1, Composites; 2, Fracture Mechanics; 3, Crack Growth; #ertded Finite Element Method; 5, Material
Interfaces;

1. Introduction

Composite materials are already widely used in engineesingctures, especially in the aeronautical, and, inddeasl, t
aerospace industries where their high specific strengthstfiidess make them ideally suited to reduce weight. However, a
major weakness of these laminated materials is that thgyrare to delamination at both the interface, between thes inter-
laminar) and within plies (intralaminar). This hindersaele prediction of their durability in service. It is théoee of primary
importance to devise reliable experimental and numerggdiriiques to study and predict the behaviour of existingnas, as
well as engineer new damage tolerant composites capahlstafising the increasingly demanding conditions in whigkytare
used. Composites are, by definition, made up of several plh@seh, together, provide the resulting material with tbebined
strengths of its individual components. Advanced compgsite composed of fitelastic fibres bonded together by a toughened
epoxy matrix, to form a lamina; numerous lamina are then bdndgether to form a laminate. At the first level of simplifioa,
each layer (i.e. lamina) can be considered as a linearjglaghotropic material. In order to predict the intralauai failure in
such a lamina, it is important to be able to accurately siteutsack performance and propagation under loading. Tqaksi
extensively used to predict the behaviour and growth ofksacclude continuum damage mechanics [1], [2] or progvessi
damage analysis [3], [4], [5]. In these approaches, thekavacracks are not modelled explicitly, but theifext is accounted
for by locally modifying the elastic moduli of material pegthat have been determined to be damaged. While thesezaheo
are relatively computationallyfiégcient and accurate, theyfSer from a number of drawbacks, such as mesh sensitivity and an
inability to capture ply splitting, which is a major contuitor to the size #ect experienced in open-hole composites testing [6].
To alleviate these diculties, discrete crack approaches such as those relyitigegrartition of unity methods (PUM) [7] can be
used instead. In the PU framework, arbitrary functions drked to the standard polynomial finite element (FE) spacederdo
improve the approximation power of the resulting numenmathod. In particular, the extended finite element methdeHM)
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[8], which belongs to the class of partition of unity methpatows simulation of crack propagation without remestigdntro-
ducing two classes of enrichment functions: discontinlughment to capture the displacement jump through thekdeaces
and near-tip asymptotic enrichment to capture the stregsikirity at the crack tip in linear elastic fracture medoafLEFM).
Although a vast body of literature has examined crackingirous types of composite materials usinffetient techniques, for
example, Rebiéret al., [9] employed a combined analytical and a three-dimensifinié element study to study transverse
and longitudinal cracks in laminates, Ramanujgral., [10] studied fatigue crack growth using a combined expenitaleand
computational investigation and meshfree method and trggarticle methods were employed in [11, 12, 13, 14, 15judy
arbitrary evolving cracks in reinforced concrete strueturYet, to date, there is only a limited amount of work in fkerture
which involves XFEM for crack propagation simulation intwstropic materials. This is despite the fact that such a atgth
which has been shown to perfortiieiently for damage tolerance assessment of complex stascf6], [17], [18] and also
holds promise for the analysis of the durability of compesitaterials by virtue of its ability to describe arbitrarack growth
without remeshing and with relatively coarse meshes. Thstsignificant contributions in the area of orthotropic miais
have come from [19], [20], [21] who developed new crack tipgment functions to ffectively capture the crack tip displace-
ment fields within linear elastic orthotropic materials.rther developments in dynamics allowed the study of profiagan
orthotropic materials using XFEM [22]. Other topical worsifocussed on interlaminar delamination [23] and craclsrin-
tionally graded composites [24], [25].

In this paper, a new tool based on the extended finite elemettitad (XFEM) which allows to simulate the growth of arbifrar
cracks in orthotropic materials is devised, analysed afidatad experimentally. The technique builds on recentkvafrAsad-
poure and Mohammadi [19], which concentrates on the caloulaf stress intensity factors (SIFs) and extends it tovatihe
accurate simulation of crack growth through an orthotropiterial. The model is thoroughly validated by a bespokesterses
and further applied to more complex problems to study thardgifactors for crack propagation in orthotropic laminae.

This work relies on the key postulate that an orthotropicaral definition is suitable for simulation of a uni-diremtial com-
posite lamina and validates this postulate experimentlig present paper employs a modified maximum hoop stréesiani
to calculate the direction of crack propagation as well asva domain integral method for heterogeneous materials.pfie
posed model is capable of dealing with multi-material dtreess under complex loading conditions. The outline of thpgy
is as follows; Section 2 briefly outlines the stress and disginent theory for an orthotropic body. In Section 3, thermoéd
finite element method is presented for modelling of strordjweaak discontinuities in orthotropic materials. Sectiqgoées the
fracture criteria of the model, while Section 5 introdudes &xperimental test series. Section 6 - Section 9 presédatian
and further numerical examples using the model developled nfajor conclusions are drawn in Section 10.

2. Stresses and displacements at the crack tip of an orthotpic body

Assume an anisotropic body with a crack subjected to arifiarces with general boundary conditions. According to
Lekhnitskii [26] by using the equilibrium and compatibjlitonditions, a fourth-order partialfiérential ‘characteristic’ equation
can be obtained;

A — 2a161° + (2212 + Ase)u? — 286 + paz2 = 0 1)

whereays, a2, ais, a12, @26, 86 € R and are the elastic compliances. The roots of Equation 1hame/s complex or purely
imaginary fu = i +iuy, K= 1,2) and occur in conjugate pairs@s 1 anduy, uo [26]. From these, Sikt al. [27] derived the
two-dimensional displacement and stress fields in the iycaf the crack-tip using analytical functions and complexiables.

These stress components and displacements are later esdjiais work for calculation of SIFs using an interactintegral.

Full details of these fields may be found in [27], or indeed eracently in [19].

3. Enriched finite element approximations for linear elastt orthotropic fracture mechanics

The principle of the extended finite element method is tollpanrich the standard FEM basis through a local partition
of unity, enabling the exact reproduction of these enriahinfenctions by the enriched approximation. These enriaitme
functions are chosen so as to best replicate known featbims ¢he exact problem. In particular, for crack probleneated
by the extended finite element method (XFEM), the displac#tfield is augmented by a discontinuous function, allowing t
describe the displacement jump across the crack facesutitbguiring the mesh to conform to those, and asymptoticlement
functions enabling the approximation to reproduce, withree meshes, the large gradients near the crack tips.

3.1. Enrichment functions

The enriched approximation is thus designed to take acadfamy discontinuities, known behaviour or aawpriori knowl-
edge about the solution sought. It was recently demonsttayeMenk and Bordas [28], [29] that numerically determined



enrichment functions can be used to simulate arbitraryksrand wedges in composite or anisotropic matefialor crack
modelling, two classes of analytical enrichment functiaressused. The Heaviside, step function or split enrichmeamttfon,

- {2 55

confers the approximation the power to reproduce any dismeous function, and thus the jump in displacement throtigh
crack faces. In order to model the crack tip singularity, lbeles about the crack tip(s) are enriched with-crack tip andin
functions, first proposed in [8]. These branch functionsidpe first order terms of the Williams’ expansion [34] of trey@p-
totic displacement field around a crack tip in a linear etastaterial. For orthotropic materials, attempts have beadeno
derive the crack tip enrichment functions by [19] (See alsnkland Bordas [28] where those are computed numericalhg. T
asymptotic fields for orthotropic materials are given in][48,

{Fot1<a<a(r, 0) = {cos— 01(0), cos \/92(9 sm \/gl(e sin= \/gz(e} 3)

wherefs, 62, g1(6) andgz() are functions of, the angle about the crack tip, and are given as,

G(6) = +/(COSH + i SING)? + (1 Sin6)? @)
sing
O = arctar(#ky—.) %)
COSH + fiky SING

andux = ukx + ipy are the roots of the characteristic equation, (Equatiofii¢se functions are used as orthotropic enrichment
for the remainder of this work.

For material interface modelling, an enrichment functioithva kink (i.e. a discontinuous first derivative) is necegsa
represent arbitrary material interfaces independenttii@imesh. The absolute value function

AR = lz $1OINI(%) (6)
|

(whereg, is the level set function) remains-continuous in the disptaent space but confers a jump in the strain field (weak
discontinuity) across the material interfaces. For furttetails see [35], [36], [37], implementation aspects aowided in [38].

4. Fracture criteria and stress intensity factor evaluation

The problem at hand-is the quasi-static propagation of sratlan orthotropic linear elastic material. To simulatein
elastic fracture, it is assumed that a pre-crack is presethiei materiaf. The stress intensity factor or ‘K’ fracture criterion is
chosen due to recent advances in experimental validatitreafalculation of stress intensity factors by digital irmagrrelation,
as in [40], as well as its relative ease of implementation.

4.1. Theinteraction integral for SF evaluation

In orthotropic materials cracks are generally subjecteniteed mode loading. Hence, two SIFs are required, one fdr eac
mode (mode 1 and mode 2). In order to evaluate these, theatin integral of [41] is utilised. The interaction integis an
extension to the widely acceptdelntegral of Rice [42]. This path independent integral vwhicay be interpreted as the energy
flowing through a contour encompassing the crack tip, perarack advance is defined in [42] as,

au;
J= f(wal, Tij=— )n dr @
r Ox

wherel is an arbitrary contour surrounding the crack-tip whichleses no other cracks or discontinuities, weak or stradds
the strain energy density for a linear-elastic materiagis the j th component of the outward unit normalliq § is the Kronecker
delta second order tensor and the co-ordinates are takerthelbocal crack-tip co-ordinates with the x-axis pardtiedhe crack

2This idea is similar to spider XFEM [30] and parametric ennient [31]. Ultimately, a posteriori error estimators ebié used to help derive the enrichment
functions ([32] and [33]).

SNote that the variational theory of fracture proposed byiEfert and Marigo [39] allows a prediction of both the nudiea and propagation of linear elastic
cracks within a single framework and thereby provides a ggisation of Gritith’s theory of fracture.
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face. For the sake of implementation simplicity and accoutesing XFEM, the contour integral is transformed into anieajent
domain integral (EDI), which is written as,

J=f(0’ijui,1—W(51]‘)q,jdA (8)
A

whereA is an area surrounding the crack-tip and would be the inteeigion ofI" andq is a function smoothly varying from
g=1 at the crack-tip to g0 at the exterior boundarly, Therefore, the derivative is constant. By relating theagyeclease rates
Gi (i=1,2) toJ, J can be shown to be related to the SIFs of a crack in a homoge@isotropic plate by,

J = c11K?Z + oK Ky + oK ©)
where
a,
o= 22y [Hthe 10
2 Map2
a:
Co2 = —%3 (1 + p2) (11)
a 1 a
Ci2 = -2y — |+ 29 (uapt2) (12)
2 H1p2 2

However, this is not dticient for evaluating the SIFs independently in the case ofiednmode problem. Therefore, in
accordance with Wang [41], if Equation 9 is used in conjwnttvith the conservation law for two independent equilibriu
states of the linearly elastic solid, both SIFs can be coethuBy defining two equilibrium states, and in accordancé wie
Principle of Superposition, th&integral for the superimposed (combined) state is shovirefo

IS =3+ M (13)
where, in domain form,
M = f (o + o™ Ui, — W251)q jdA (14)
A
andW, the strain energy density is defined as,
1
W2 = > (O'ijsiajUX + O'?juxsij) (15)

where superscript ‘aux’ stands for the auxiliary statee&tes and strains for the auxiliary state should be chosesassfy both
the equilibrium equation andtraction-free boundary ctiadion the crack surface in the ar@aThe choice of the displacement
and stress fields in the vicinity of the crack-tip for this Wwas provided by Sih [27]. After some manipulation, the foling
equation is obtained to evaluate M,

M = 2011K| + K|aux + C]_z(K| Kﬁux + K|auxK||) + C22K|| + K|a|ux (16)

By calculatingM from both Equation 14 and Equation 16 and solving a systermeét algebraic equations the actual mixed
mode SIFs are obtained,

MY = 2¢15K; + c12K) (17)
M? = 12K + 2c2K, (18)

In the case of multi-material models or models involving enil interfaces, should the J-domain cross the matetteifarce,
the path independence will be lost and the resulting valuedid. The interested reader is referred to the review papstress
intensity factor calculations within an XFE framework [43]n important adaptation to the interaction integral wasoiduced

in [44] for non-homogeneous, isotropic materials with adyily continuous properties. This approach takes actotithe
difference in material properties between the crack tip and thes&points contained within the J-domain. The modified M
integral is now given by:

M = fA (o U + o1 = WE251)q dA + fA (o7i[Sify — SipalofiadA) (19)

Where,Si“jEI andS;jq refer to the compliance tensor at the crack tip, and The iadditterms will disappear naturally where no
material interfaces exist.
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4.2. Crack propagation direction criterion

In order to accurately predict crack growth in an orthotcomiaterial a meaningful crack propagation direction at each
increment is requiredl . The crack propagation direction for this work will be caktgld based on the maximum circumferential
stress criterion. The criterion was originally developgd4b] for isotropic materials and extended to orthotropiaterials by
[46] and is commonly used in XFE analysis due to iiscé&ency and ease of implementation. The basis of the critésidhat
the crack will propagate in the direction where the hoop mrurnferential stressr) is maximum. However, when the criterion
is applied to orthotropic materials, it must be reformutteaccount for angular variation of fracture toughnest@raterial.
Saouma [46] proposed that the spatial variation of the fir@dioughness may be given by,

K{ = K. cog 6 + K% sir? 6 (20)

WhereKllC and K|2C refer to the fracture toughness of the material along thentl-2x directions respectively. However, this
required two separate fracture toughness test on the ramlallmzrtbbtainK,lC and Klzc. Saouma suggested that a remedy to this
requirement may be to consider the ratio of the fracturelioegs in both directions as equal to the ratio of the elasiduin

As such, the material $lhess ratio may be used in place of the fracture toughnesswahi
E, K
—2__lc (1)
ST S

Hence it is suggested that the maximum hoop stress shouldrbealised by the angular variation of fracture toughnegmgi

the criterion as:
(o]

£ cog 0 + it
where the numerator refers to the hoop stress at a point éieatack tip.

In this work, the denominator is shifted to account for thiatree angle of the crack to the material orientation at iaflets
throughout propagation. This allows an accurate increal@mialysis. The new criterion then becomes:

(22)

09
£ co2((0 — Oraterial + @) + SIM’(0 — Orraterial + )

(23)

whereq is the crack angle an@hqeria the material orientation. This criterion will be used in@limerical experiments carried
out for the remainder of this paper.

5. Experimental Study

The material used in this work is unidirectional carbonAfiteinforced epoxy HTA376 manufactured by Hexcel. The
elastic properties, measured in a previous investigagfrafe shown in Table 1E; is the longitudinal Young’s modulug;
the transverse Young’'s modulu3;, refers to the shear modulus angd is the major Poisson’s ratio. The pre-impregnated plies
were laid up into an 8-ply (1 mm thick) unidirectional configtion for a range of material orientations?,0°,45°,60°, and
90° and cured according to Hexel’s specifications. The specmemne single edge notched (SEN) specimen and one centre
notch tension (CNT) specimen were machined to their finahgaoy, shown in Figure 1, with the narrow cracks applied by a
tungsten carbide end mill.
The specimens were tested using a Zyiaell 100kN universal straining frame equipped with hydiagrips. A controlled
loading rate (machine crosshead displacement rate) ofri/4ee and a 100kN load cell were used for all tests carried che. T
specimens were gripped with 50mx50mm grips designed for composite materials. Each test a@sded using a Photron
SA1.1 ultra high speed camera system with 182vD24 pixel resolution, capturing upwards of 125 frames peosd (fps) and
up to'a maximum of 100,000 fps.

6. Static Verification

The model developed is used to generate load-displaceratmfat the composite specimens tested experimentallyp up t
the point of failure. The model predicts accurately the ldi&placement behaviour for all material orientationsr material
orientations from O - 60° the crosshead displacement compares well to the predicdpthdement of the model as shown in
Figure 2 (a) for a sample 45specimen. The results for the 90rientations require an extensometer to accurately capier
displacement (which was due to theffstess of the material in the loading direction). The displaeet over the gauge length
(50mm) of the extensometer was captured well by the modél@srsin Figure 2 (b). Whilst confirming the model, these resul
also highlight that no other damage mechanisms occur prioratrix cracking.

“4For the purpose of this work the growth is assurmgeasi-static crack growth, where inertia forces are neglected and thg Iscassumed in equilibrium at
all times.
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7. Benchmark SIF problems

The stress intensity factor predicted by the XFEM are comgbéw previously published results. Three sample specimens
with geometries detailed in Figure 3 and material propemigen in Table 1 are examined assuming plane stress camsliti
The first problem of an edge crack (SEN) in an orthotropic nities deemed to converge with a mesh of 2,576 dofs (based on a
fully uniform square mesh). The SIF (where Nokn= %) results for varying (material orientation) are shownin Figures 4
(a) and (b) and are in good correlation with those of Asadpamd Mohammadi [19]. The second benchmark problem, shown
in Figure 3 (b) is that of a centre crack (CNT) with variablack orientation ¢) and fixed material orientation. Again good
agreement is found to the reference result of [19] (Figurés) 4and (d)). The final specimen examined is a finite sized edge
crack specimen, loaded in shear (Figure 3 (c)). KhandK,, values for a large range of material orientatiofis-(—90° to
90°) are shown to reflect well the results of [47] as detailed guFes 4 (e) and (f) respectively.

8. Crack Propagation

Itis observed experimentally that the SEN specimens, dtleiogeometry tend to bear lower loads before failure camgha
to the CNT specimens. In this section the model is used to rinally predict the direction in which the crack will propatg
upon failure and the results compared to our experimental ddsing the criterion detailed in Section 4.2, the di@ttof
propagation is calculated at each increment and the cracknadd a fixed amount in that direction for thirteen increteeA
further study concluded that, in the present examplespitreinent size, which is the only arbitrary parameter inghisly, had
no significant impact on the crack trajectory.

The experimental results of the SEN specimen are also showigure 5 (a)(ii)-(e)(ii), the crack is shown to always pagate

in the fibre direction (1-direction). This was shown to ocictgspectively of the initial fibre angle. A high speed vidsmera,
with a frame recording rate of 250 frames per second, was tgsétin the growth of the crack, and it was found that the
crack propagated in less tha%ﬁ of a second, quick enough to be considered instantaneous. eXerimental results for
propagation angle compare very well with the current XFEdfmtéons (Table 2), but contrast with previous XFE predins
(on a similar carbon fibre epoxy material) of [22hnd other dual boundary element analysis predictions dfjdfich were
based on the standard maximum hoop stress criterion whielshow in this paper is inadequate for the materials coresider
here. Initial propagation angles are presented due to gtaritaneous nature of the crack propagation uncoveredimgrgally.
The numerical predictions for the orthotropic specimerhvetpredefined edge crack (SEN), for the same range of material
orientations are shown in Figures 5 (a)(i)-(e)(i). Thei@ipre-crack is highlighted by the thick grey line and thepgagation
pattern is shown thereafter. The crack is predicted by theentimodel to grow in a direction very close to that of thedibwor
1-direction in agreement with the experimental findings.

The propagation direction of the experimental CNT specinefiects that of the SEN specimens and remained along ffes sti
fibre direction at all times (Figure 6 (a)(ii)-(e)(ii)). Thamerical predictions of the XFEM, for the same range of miate
orientations are shown in Figures 6 (a)(i)-(e)(i). Agahe track is found to grow in the direction of the fibre (or ledtion)
with initial propagation angles identical to the SEN speminfshown as experimental in Table 2).

8.1. Crack splitting at 90°

In studying the experimental propagation results it is oleethat splitting of the crack in two directions occurs ataterial
angle of 9@ (Figure 5 (e)(ii)). On more detailed investigation, whafiiand when individual frames of the high speed recording
are examined, is that the crack initially splits either updgsor downwards (at 90to the original crack), with &90° propagation
direction found to be equally as likely a®0° propagation direction (Figure 8). The current XFEM resalts also shown to
predict two similar valued peaks (as maximum peaks of thenatised circumferential stress) for the propagation dioec as
can be seen in Figure 7 (a). The model hence predicts wellteegmena observed experimentally. In this work, this isiébu
only to occur for the 90 specimen and does not occur numerically even at a mategé ah80°, as shown in Figure 7 (b).

9. Further Numerical Examples

Having rigourously verified the load-displacement behari8IF predictions and crack propagation criterion, th&xkodel
developed is applied to a variety of more complex composéelcproblems in 2D plane stress.

5These are approximate initial propagation angles, see [22]



9.1. Crack Geometry: effect on propagation

Section 7 examined theffect onK; and K, of the crack orientation with respect to the loading dim@tti In order to
investigate the impact of the initial crack angle on the ktaajectory, propagation for a non-zero initial crack aniglconsidered.
The crack trajectory is numerically predicted to be alorgyfibre direction at all times, as shown for the°4&ack with fibre
angle of 3¢ and 60 off-axis in Figure 9 (a) and (b) respectively. It may be conctuthet, in the absence of inclusions, other
cracks or voids, the crack trajectory in a similar aerospendirectional composite material will at all times remaiclusively
along the fibre direction. These findings highlight the digance of the material orientation in determining the amlerack
propagation. In this type of aerospace composite, wherg&tlstiffness is far greater than tf® stiffthess the propagation path
is controlled by the fibre direction regardless of the cragrgetry.

9.2. Bonded Orthotropic Plates. effect on SFs

The XFE model is applied to bonded strips of carbon epoxy 8B&6 assuming a plane stress condition. All strips are
composed of HTA6376, however, the material orientatiodg @re allowed to vary from strip to strip. Various locatiorfdre
terfaces|(;) are also examined Figure (Figure 10). A crack is locatedratiyin the first material, the second material remains
crack free. A uniform load is applied. Théect of varying material orientation of the second stdg) (s initially examined.
Figure 11 (a) illustrates the impact of varying the matesi&ntation of the non-cracked side from-090° whilst the material
containing the crack remains at a fixed orientation ©ffor 2a=4). A square specimen is examined of side length KPis
normalised a%/e_‘. Model 1 refers to results whem2= 2h, = 20. The study ascertained that tievalue is inversely related
to 6. The maximum value oK, is found when both strips are at.OThe observed decrease is found despite the location of the
material interface, as is shown in Figure 11 (a) for model 2rnvkh; =-30; and for model 3 wheng = 10. The severity of
the decrease iK; is controlled by the size of the second material strip. A oarstrip, as found in model 2 causes much more
gradual decrease. A wider second strip has a much largeciropahekK; of material 1.

It should be noted that the decreas&inwhen the second material varies from-®0° is based upon perfectly bonded struc-
tures.K, refers solely to the stress intensity factor at the crack\While material 2 at 90would see the dfier fibres bear the
load, and hence reduce the stress induced on the crack tigterial 1, the dference in the dfiness of the two strips may have a
significant éfect on the interface of the two strips. Thigfdrence in deformation caused would most likely create langsses
at the interface of these two materials in a practical stmectHowever, this is beyond the scope of this work.

Examining this &ect for a range of material 1 (cracked material) orientatiowlicates a general decreaseinas the second
material moves from0- 90°. In this work the interface is locatech? = 20. The decrease is significantly more pronounced
for lower material 1 orientations (G 45°)-as.shown in Figure 11 (b). As the cracked material becomes fitre dominated
with respect to the loading direction the influence of theoselcmaterials orientation reduces. An unusual pattern seied
when the material 1 orientation is 9@s the material orientation of material two increasesthealue is also found to increase
slightly. This may indicate that the 9@ly benefits from co-existing with a lower material oriematply (strip) such as a 45
This may be attributed to the fact the deformation of mat&iss much greater than that of material 1 at lowwgmaterial
orientations, due to the lower fitiess. This high deformation may close in upon or shield thekad side.

9.3. Plates containing open holes: effect on propagation

The presence of holes in plates has been shown to disturlbréiss and strain fields and influence the propagation of srack
within these plates. An interesting complex example for PMias examined by [49] which found that the crack trajectany f
an isotopic material was heavily dependant upon the initiatk geometry relative to the holes within the plate. Thabfams
examined by [49] are here examined for a unidirectional aositp material with properties of HJ8376. The model and crack
geometries are shown in Figure 12 and details of dimensamthé 2 examples studied are given in Table 3.

In order to investigate the initial impact of the additiontbfee holes to a composite plate, the SIF for each examplewas
pared to the sample when no holes were present. The addittbe boles, which are reasonably remote from the initiatkra
was found to have very little impact on the initi§) andK,, values.

The propagation behaviour for the two crack locations EXarhiand Example 2 (Table 3) are then examined. The crack loca-
tion and geometry in the PMMA samples Bittencoetral [49] examined were found to have a significant impact on thelcr
trajectory. However, the results from the orthotropic nm@ae found to be less dramatic due to the dominance (detaddibr)

of the fibre orientation in dictating the crack trajectorys shown in Figure 13 for example 1 the crack propagation nesnai
along the fibre direction at all times and is not influencedigygresence of holes in the specimen. The results for exdérgrke
very similar with the crack choosing to propagate along thefdirection at all times.



10. Conclusions

This paper presented and rigourously validated a complétetoopic material model for failure of fibre-reinforcedro-
posite laminae. The model was discretised by an extendéd-lement method enabling the capture of propagatingsrac
independently of background mesh. It was shown that thelatdnrmaximum hoop stress criterion, used throughout nueri
fracture mechanics is unsuitable to study fracture in drtpic materials and another, modified criterion, was aupliThe
influence of crack geometry, material orientation and rpldtmaterials were investigated. It was found that, for afles exam-
ined, the crack trajectory follows the fibre- or 1-directi@f particular interest is the model’'s capability to captthre splitting
(along the fibre direction) in the 9®ff-axis specimen. Such capability, not seen in continuum derapproaches, may be very
useful to capture the hole sizéect, observed in the testing of open-hole composites [6&revmatrix splitting is a key damage
mechanism. The modified maximum hoop stress criterion wawisto perform much better than the standard maximum hoop
stress criterion used in [22] and [48]. The predicted craathp correlate almost exactly with-experimental findingbese
experiments also revealed that the crack propagation mrtmstantaneouslyt(z—tl.)o of a second).

Bonded orthotropic (uni-directional composite) stripgevalso examined and it was found that varying the non-cahsiaerial
orientation from 0 - 90° results in a gradual decrease in the mode | stress intersityrK,; of the cracked specimen. As the
cracked strips orientation is varied, it is found that intfa®0 cracked strip may in fact benefit from pairing with a lower eat
rial orientation. Such a model could be very useful to optray-ups in composite laminates. A composite structunéaioing
holes was also examined. It was found that in contrast toedpat materials, in a thin uni-directional composite miktthe
crack trajectory is unféected by proximity to open holes (voids). The crack growsgline fibre direction at all times regardless
of the presence of open holes.
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Figure 1: Geometry of (a) single edge notch specimen (byeemich tension specimen where all dimensions are in mm
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Table 1: Model Properties

Model E; (GPa) E, (GPa) G2 (GPa) V21
Experimental 139 10 5.2 0.3
Edge (Tension and Shear) 114.8 11.7 9.66 0.21
Centre 3.5 12 3 0.7

Table 2: Initial Propagation Angles

Fibre Orientation 0 30 45 6090
Oinc Experimental 0 30 45 60 - 90
Binc Current XFEM 0 29 43 57 83
Binc Dynamic XFEM [22] 0 55731 -38 O

0inc Dual Boundary Element [48] -17 -26 -36 -49 O

Table 3: Three Hole Structure Model Dimensions

Example a b P
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Figure 2: Sample Experimental and Numerical load - displeere behaviour of (a) 45 degreé-axis CNT specimen and (b) 90 degre@axis CNT specimen
up to the point of fracture
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Figure 3: Problem descriptions for (a) edge crack (b) cesrek and (c) edge crack in shear
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Figure 5: Numerical (i) and Experimental (ii) Propagati@sults for (a) 0, (b) 30, (c) 45, (d) 60 and (e) 90 degrffearis SEN specimens of Carbon Fibre

HTA-6376
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Figure 8: Propagation results for 2 Single Edge Notchedismets for 90 off axis, the crack trajectory for each highlighted
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Figure 9: Angled 45 centre cracks for (a) 30 and (b) 60 degréeaxis specimen

Figure 10: Bonded Orthotropic Structure of H'B876 where); refers to the material orientation in the left hand side @nith the right hand side
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Figure 13: Propagation results for Example 1 for (a) 0, ()(@P45, (d) 60 and (e) 90 degreé-@xis specimens
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