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Abstract

This paper presents afinite element modelling methodol ogy to predict the initiation and damage
progression in notched composite laminated plates subjected to increasing in-plane tension load. An
important feature of the methodology is it does not rely on customized user-subroutines but solely
on the analysis capabilities of the general purpose software Abaqus; thus ensuring that the
numerical results can be universally reproduced. The methodology presented copes with
intralaminar failure modes and uses the Hashin failure criterion to predict the onset of failure
(cracking). To account for damage progression after crack initiation there is a fracture energy
calculated for each of four failure modes. Four open-hole laminated plates taken from the literature
are used for benchmark examples. The predicted ultimate strength based on the anal ytically-
obtained stress-displacement curve was found to be within 10% of the experimental observations.
To study the influence of the interaction of having two or three holes across the mid-plane of a
pultruded open-hole tension specimen, a parametric study was carried out. The paper ends giving

guidelines for the generalized modelling methodol ogy using Abaqus without user-subroutines.

Keywor ds. Damage mechanics; Fibre-tension failure; Finite element modelling; Open-hole
tension; Pultruded material.
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1. Introduction

Composite structures of fibre reinforced laminae that are commonly found in aerospace,
automotive and civil engineering applications exhibit a distinctively nonlinear behaviour when
deformed to ultimate failure. This nonlinearity arisesin various ways. The heterogeneous nature of
the laminag, which consists of fibres of one material (usually carbon or glass) in amatrix of another
(typically a polymer resin), makes the mechanical behaviour complex. The constitutive stress-strain
response has directionally dependent properties and the failure behaviour istypically brittlein
nature. In addition, since many composite structures consist of flat or curved thin plate elements,
they are likely to undergo large deflections.

The description of real composite behaviour is achalenge, either using experimental
procedures, or numerical methods. In this respect, virtual tests of composite materials carried out by
means of numerical modelling are increasingly replacing some mechanical and physical tests to
predict and substantiate structural performance and integrity. Computational advancesin fracture
modelling, especially the improvement of cohesive models of fracture and the formulation of hybrid
stress-strain and traction-displacement models that combine continuum and discrete material
damage representations in asingle calculation, for example, make such avirtual approach realistic.

Finite element simulations can be performed at any scale level of the structural composite. Fig.
1 illustrates the cross-section of alaminate having unidirectional laminae (or plies, or layers)
modelled at three different scales: (i) microscale (constitutive modelling of fibre and matrix), (ii)
mesoscale (laminalevel as a multiphase material), (iii) macroscale (laminate modelled as a series of
stacked unidirectional laminae). In this paper, modelling is performed at the mesoscale at which the
laminais considered to be a homogeneous continuum. In other words, the material is homogenized
by smearing the behaviour of the fibres and the matrix over asingle lamina.

In order to obtain meaningful and reliable finite element simulations, analyses must account for
different failure (or damage) processes and their progression and interaction. Cracking of the matrix
paralle to the fibres may occur, as well as fracture of the fibres in tension and kinking or buckling
of the fibres in compression, possibly accompanied by debonding at the fibre-matrix interface.
Matrix failure can be classified as delamination failure when it occurs between adjacent laminae.
Early matrix cracks and delamination at free edges are mainly caused by the low transverse
stiffness, and the mismatch of the Poisson’s ratios between layers with different fibre orientations.
Matrix-dominated processes correspond to the onset of damage in most composite designs, but do
necessarily lead to loss of structural integrity. Further load can be accommodated due to stress
redistribution within the fibres. This introduces the concept of progressive failure (or damage) of

the composite material. In this framework, the numerical models presented here are based on
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critical stress and/or strain combinations that trigger failure initiation, critical energy release rates or
damage mechanics considerations that describe failure propagation. Asthis process progresses from
meso- and macroscal e to alarge composite structure, the result is a continued weakening of the
entire structure, up to the point where the structure can no longer carry additional load. This process
is highly nonlinear as it degrades the ply and the laminate stiffness and extends beyond failure
initiation.

Current state-of-the-art for computational modelling of progressive failure of compositesis
based almost exclusively on composite architectures found in aerospace and automotive
applications (so-called advanced composites). This research work quantifies the state-of-the-art for
materials produced by the pultrusion method, which are generally used in civil and infrastructural
applications. The intent is therefore to enable and support the development of structural design
guidelines. Pultruded shapes are different to thin-walled advanced composite structuresis as far as
they aretypically prismatic, have relatively thicker component plates, and typically have lengthsin
the direction of pultrusion at least an order of magnitude greater than the section dimension. Indeed,
Turvey and Wang [1] reported that methods of analysis appropriate for aerospace composites are
“not suitable” for pultruded plates typical of infrastructure applications. They appear to attribute the
inappropriateness of the methods to the more variable nature of infrastructure materials.

In civil applications, the matrix typically consists of athermoset resin (e.g. polyester or
vinylester) and additives (e.g., for colour, fire resistance, etc.). E-glass unidirectional rovings and
continuous filament mats are used for the reinforcement, with an overall volume fraction typically
between 30 and 50%. The fibres in the continuous filament mats are long, swirl and are randomly
oriented in the plane. It is assumed the mats represent a layer with isotropic in-plane mechanical
properties.

As the motivation increases to use pultruded shapes in construction, researchers are urged to
investigate the sensitivity of these materials to damage, and to characterize the various mechanisms
that govern the onset and progression of damage, leading to ultimate failure. There are a number of
sources of initial damage, the most relevant being delamination and notches. Through-thickness
holes — effectively notches — are drilled to mechanically fasten partsin the structure. The
introduction of notches leads to stress concentrations in the composite material that cannot be
redistributed by plastic flow, as would be the case if the materia possessed inherent ductility.
Designers need to know whether damage will develop and propagate under loading in the presence
of the stress-raiser in order to assess structural integrity. There are avariety of theories and
numerical implementations with respect to the modelling of progressive damage and failurein
advanced composites. In the present research, the smeared crack approach will be adopted which,

when properly implemented, ensures a large degree of objectivity with respect to finite element
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discretization and requires little or no modification to standard commercial finite element codes,
such as Abaqus [2]. Thislatter aspect is particularly relevant to practising engineers concerned with
virtual testing related to structural integrity and damage tolerance of fibre reinforced polymers for
safety-critical structures.

2. Failureanalysisin the context of the finite element method

The numerical modelling of composite structuresin the elastic range is quite straightforward.
However, the nature of failure initiation and progression to rupture, involving matrix, fibre and/or
interface damage and fracture, makes full behaviour analysis rather complex. External loads are
predominantly carried by axial forcesin the fibres, and the failure processis driven by the energy
released as these are unloaded after fracture. Matrix-dominated failure mechanisms, in the form of
cracks and delaminations joining-up to produce a fracture surface, occur without necessarily having
to break fibres.

Typical constitutive behaviour is characterized by an initial linear response followed by a
second nonlinear response having reduced stiffness that results from the formation of micro-cracks
in the vicinity of the crack tip. The strain energy accumulated in the material isreleased at the peak-
load and a stable crack propagates progressively with areduction in strength and stiffness until
eventual failure. Thisisatypical quasi-brittle behaviour, although most polymer-based matrices can
deform plastically before damage when subjected to shear loading. This progressive damage
modelling is carried out in three steps [3]:

1. Stressanalysis by finite element modelling and simulations: the geometry of the structure, load
history and initial boundary conditions being known, the fields of stress and strain are
calculated by means of strain constitutive equations and a numerical procedure.

2. Failure criterion or criteria: the most critical location(s) with regard to fracture is (are)
determined and, the load corresponding to this macro-crack initiation is cal culated by
integration of damage constitutive equations for the history of local stress or strain.

3. Degradation of material/laminate properties based on damage progression models to calculate

the evolution of the critical macro-crack(s) up to final rupture of the whole structure.

This section reviews the main features for the finite element modelling of intralaminar failure
in alaminated plate. Some of the key concepts are considered first, including the element types and
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the material parameters. The mechanisms by which laminates may fail are then discussed. The
different approaches for the modelling of such mechanisms are considered. Numerical aspectsto the
effective application of the progressive damage modelling are finally discussed.

2.1. Key concepts

2.1.1. Element types

An efficient geometric modelling must account for the non-homogeneous and layered nature of
the laminate. The finite element model must firstly represent the lamina orientation, stacking
sequence and thickness variation, and secondly provide an adequate representation of the global
stress field, the through-thickness stress variations, local stress concentrations and failure modes.
The analysis must therefore be treated as being three-dimensional. Solid (brick) elements with one
layer of bricks representing each lamina can be used although this approach is not practical because
the analysis is computationally expensive if the layup has more than just afew laminae.
Additionally, conventional solid elements show an overly stiff behaviour and effects of locking,
especially the Poisson thickness locking effect, when used in very thin applications [4]. In practice,
itisusual to employ shell elements, particularly in the form of continuum shells, which are elements
that have the geometry of bricks but their kinematic and constitutive behaviour are similar to those
of conventional shell elements. Continuum shell elements are able to reliably reproduce resultsin
simulations of thin-walled structures by means of only one element over the thickness when higher-
order displacement fields are used. First approaches of this kind assumed a constant strain field
through the thickness [5,6,7] and were later extended by considering an additional set of internal
degrees of freedom to add a quadratic term to the displacement field that allowed for alinear
variation of the strain field through the thickness [8].

2.1.2. Material parameters

A unidirectiona laminais an orthotropic material whose planes of symmetry are parallel and
transverse to the fibre direction. The material coordinate axes are conventionally designated by the
principal axes 1, 2 and 3, representing parallel- and transverse-to-fibre directions and the through-
thickness direction, respectively.

The mechanical behaviour of alaminain a continuum modelling approach is characterized by
means of a constitutive law that includes, for damage-based material models, the following three

sets of materials properties:
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1. A law for the eastic behaviour of the lamina, which isidealized as a homogeneous materia by
smearing the discrete properties of the fibre and matrix, based on the transversely isotropic
version of Hooke's law [9]. The relevant engineering constants for the unidirectional
reinforcement are the moduli of elasticity in the fibre and transverse directions, E; and E,, the
longitudinal (major) and transverse (minor) Poisson’sratios, v,; and v,3, and the longitudinal
(in-plane) and transverse shear moduli, G2 and Gys.

2. Laminalongitudinal, transverse and shear strengths comprise [10]:

fy: axial strength in tension; f, c: transverse strength in compression;
f1c: axial strength in compression; f1 s shear strength in the axial direction;
f,1: transverse strength in tension; f, s shear strength in the transverse direction.

3. Fracture energy (or fracture toughness), G. in the above directions [11,12]. G, governs crack
growth and is defined as the work needed to create aunit area of afully developed crack.

2.2. Intralaminar failure modelling

The intralaminar failure mechanism is characterized by matrix cracks that run parallel to the
fibres and propagate through the thickness of the laminate (rather than the laminae), shear in the
transverse or longitudinal directions, and fibre breaking cracks, as can be seenin Figs. 2a-c [13]. In
these figures, mode 1 represents a failure mechanism in the longitudinal direction and mode 2 in the
transverse direction. T, C and S stand for tension, compression and shear, respectively. Matrix
failure mechanisms are usually the first form of damage observed with fibre fracture marking the
ultimate failure in awell-designed laminate. In fact, fibre fracture can be seen as the only desirable
fracture mechanism, since the reinforcement is the principal load carrying constituent. In Figs. 2a
and 2b the fracture surfaces caused by transverse compression and transverse shear are illustrated
too. The fracture angle of £35° to £40° in aunidirectional laminaistypical for pure compression
[14]. The fracture angle for pure transverse shear is approximately 45°. This fracture behaviour is
well-known for brittle materials.

Continuum damage mechanics models for the prediction of intralaminar failure are used in this
work with arange of examples on different applications. The damage mechanics of compositesis
the modelling of the initiation and degradation phenomena at a structural analysis scale. At this
scale, the laminate is modelled as a stacking of homogeneous layers that may be connected by
interfaces. Relative variations of stiffness are the damage indicators. The progressive transverse

matrix cracking and the brittle fracture of fibres are included at the single laminalevel. The damage
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state at every (1,2) point in the plane of the plate is assumed to be uniform within the layer
thickness.

2.2.1. Damageinitiation theories of a lamina

Literature presents phenomenological and physically-based failure initiation criteriafor a
lamina. Phenomenological criteria have been proposed by extending and adapting failure theories to
account for the anisotropy in stiffness and strength, but they do not reflect the level of complexity
that isinherent to this type of structural material. Underlying such complexity isthe fact alamina
consists of mechanically dissimilar constituent phases: stiff elastic brittle fibres and a compliant
yielding matrix. Physically-based criteria distinguish between states of stress not leading to fracture
and those implying fracture.

The Tsai-Wu interactive (phenomenological) criterion [15] is the most commonly adopted in
research methodologies, and essentially consists of a single relation for the interaction of the
different internal stress components, a;, in the three-dimensional material frame. For a general

anisotropic material the failure surface in the stress-space has the following scalar form:

Fo,+Foo =1 and FF.-F 2>0 (@H)]

=] = ij =

inwhich F;, Fjj are strength tensors of the second and fourth rank, respectively. The following
contracted notation is used in the above equation: i, j =1, 2, ... 6.

Thefirst failure theory that makes a clear distinction between the different laminafailure
modes was developed by Hashin and Rottem [16], and later modified by Hashin [17] to predict the

onset of damage. Thistheory consists of the following expressions:

Fibrein tension —1 =1

Fibre in compression ?—1 =1

Matrix in tension

2 2 2,2 |2 2
(02+03) 723_020_3+T31+712:| -1 @

2 2
. . f o,+0, (o,+0 2. —0.,0. T2+712
Matrix in compression H 2C | _1|=2 3+( 2+ 03) poB 273 78 12
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whereby o; and 7; (i, ] = 1,2,3) are the principal stresses for the lamina. The failure criterion used to
predict matrix tensile and compressive cracking includes the shear stresses that may lead to matrix
shear failure, as can be seen in Egs. (2c-d). The Hashin criterion is employed herein to predict
damage onset and the governing failure mode within alamina. This criterion has been shown by
many researchers to be easily implemented in finite el ement analyses and requires lamina properties
that can befairly easily determined on an experimental basis. Furthermore, it has provided
numerically reliable results when applied to predict thefirst ply failure load in both carbon fibre and
glass composites. In most cases, the laminate can carry a greater |oad because it possesses damage
tolerance prior to complete rupture. It is often the case that a sequence of laminafailures occurs

under increasing stress before rupture of the entire laminate at the last ply failure load.

2.2.2. Damage progression models

For composite structures that can accumulate damage, the use of failure initiation criteriais not
sufficient. The rate and direction of damage propagation defines the damage tolerance of the
structure and its final damage state. Consequently, once afailure initiation criterion is satisfied, the
associated damage variable is different from zero and further loading will cause degradation of the
materia stiffness coefficients. The challenge isto choose appropriate combinations of failure

criteria and degradation models. These models can be divided into two main groups:

1. Heuristic models based on a ply-discounting material degradation approach [18,19].
2. Progressive failure models based on continuum damage mechanics [12,20-25].

The classical ply discount method assumes that afailed ply cannot take any further load. In
reality, afractured ply can exhibit significant residual |oad-carrying capacity. The approach of
progressive failure analysisis to assume that all material nonlinearity is due to damage in the form
of reduced stiffness. Accordingly, the majority of existing models for progressive intralaminar
failure analyses are based on softening constitutive models that use scalar damage variables or
mode-specific strain energy release rates (fracture toughness) and total dissipated strain energy
[22,26-28]. Displacements due to crack opening are smeared over a characteristic element, as
described in Section 2.3. The shape of the softening law is often assumed to be inconsequential for
the prediction of fracture, provided that it is defined as a function of the fracture toughness [29].

The approach used in this research work is based on the energy requirement for the
deterioration of stiffness within a characteristic or unit volume per unit time. It also assumes that the
strain energy dissipates gradually as damage devel ops. Damage evolution laws are defined for the

various possible failure modes (Fig. 2). Each damage evolution law includes the corresponding
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fracture toughness, representing the energy dissipated by inelastic processes in the fracture process

zone. Guidelines for the computation of these values are summarized in [12] and [24].

2.2.3. Smulation of progressive damage in Abaqus

The continuum damage model implemented in Abaqus [2] predicts the onset and accumulation
of intralaminar damage mechanisms, as well as final structural collapse by the propagation of a
macro-crack. For this modelling, the Hashin criterion, given in Eg. (2) and defined in Abagqus as
parameters HSNFTCRT, HSNFCCRT, HSNMTCRT and HSNMTCRT, respectively, is used for
damage initiation. A specific mode of failure is predicted when the corresponding parameter
reaches a unit value. The damage progression is tracked, from 0 to 1, using the Abaqus options
DAMAGEFT, DAMAGEFC, DAMAGEMT, and DAMAGEMC, respectively.

The influence of damage on the constitutive model is based on the work of Matzenmiller et al.
[21]. A drawback of this damage progression model isthat it does not reproduce localization of the
tensile fracture properly. This aspect is resolved by means of the crack band approach [30]. The
crack band model uses a modification of the post-peak part of the constitutive law (damage
progression) to enforce the energy dissipation as determined by experiments by alocalized crack
band.

2.3. Regularization in quasi-static regime

The underlying mathematica problem of damage-induced deformation localization is that of an
ill-posed boundary-value problem; that is, a system of ordinary differential equations with solution
and derivative values specified at different points. In general, numerical methods for analysing and
solving ill-posed problems include a so-called regularization parameter, which controls the degree
of smoothing (or regularization) applied to the problem. The technique involves a mathematical
scheme called localization limiter, in order to avoid size effects and numerical instability.

Failure occurs by progressive damage that involves strain localization processes that result in a
sharp decrease of the load-carrying capacity. Strain localization is a concept that describes a
deformation mode, in which the deformation of a structure occursin one or more narrow bands,
referred to as the fracture process zones. The formation of these bands is accompanied by a
softening response, usually leading to complete collapse. The width and direction of localization
bands depend on the material parameters, geometry, boundary conditions, internal stresseg/strains,
loading distributions and loading rate. As a consequence, numerical predictions using continuum
damage mechanics are found to be strongly dependent on the size of the finite element mesh used.
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This problem is known as spurious mesh sensitivity: the energy that is released by cracking damage
depends on the mesh size and tends to zero in the limit of an infinitesimally refined mesh. To
overcome this difficulty, the material constitutive model must be supplemented with some
mathematical condition that prevents localization of smeared cracking into arbitrarily small regions
[31]. Nonlocal damage theories have emerged as an effective means for capturing size effects.
These theories relate the stress at any point to the state of deformation within afinite volume about
that point [32-34]. The simplest, and computationally most effective nonloca approach isthe crack
band model [30]. The model ensures the correct energy dissipation in alocalized damage band by
rescaling the energy of the post-localization part of the stress-strain relationship by taking the size
of the finite el ements into account [32]. The crack band model provides only apartial
regularization of the problem; it is not atrue localization limiter, asit alows the global response
characteristics to be truly captured, but the width of the numerically resolved fracture process zone
is still dependent on the mesh density [35]. In this context, Bazant and Oh [30] derived the critical
sizel” (element characteristic length or length of the fracture process zone) by adjusting the energy
dissipated by each failure mechanism M:

< 2EMGM,C

|*
- 2
fM

3)

where Ey, Gu ¢ and fy are the relevant modulus of elasticity, fracture energy and strength,
respectively. Bazant and Oh [30] suggest a practical critical size of about half of that determined
from Eq. (3).

The crack band model performs best if the path of the fracture process zone is known in
advance (e.g., tension failure of notched laminates), and if the mesh is designed to coincide with
this zone.

Strain-softening constitutive models cause additional convergence problems when using global
solution methods because the tangential matrix of the softening material ceases to be positive
definite. Thisleadsto lack of robustness in the equilibrium iterations. Such numerical instabilities
can be prevented by adding viscosity to the constitutive model (i.e., rate-dependent behaviour). The
artificial viscosity regularization leads to corresponding stiffness matrices that have stable
equilibrium iterations. This approach was first proposed to overcome this type of problem when
analysing fracture processes in metals [36] demonstrating how introducing viscous terms in damage
laws could be a convenient way to regularize the ill-posed problems of rate-independent laws.

In this contribution, the general framework of viscous regularization is adopted, as

recommended by Abagus with its composite damage model. Because this involves a nonphysical
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rate dependence, additional effort in model calibration and validation is necessary. Vaues for this
parameter are generally determined by using inverse modelling techniques since it cannot be
explicitly related to any physical quantity. Successful implementation of artificial viscosity in
continuum material models to improve the convergence of the numerical algorithm has been
demonstrated [23,37].

2.4. Nonlinear solution process

The nature of a progressive failure methodol ogy requires a nonlinear implicit or explicit solver
to establish equilibrium. In implicit formulations, the current stress state and a consistent local
tangent material stiffness matrix are needed to form the internal force vector for the residual force
vector computation, to generate the Jacobian matrix, and to solve the set of algebraic equations at
every time step using a Newton-Raphson-like method. In explicit formulations, only the current
stress state is needed to evaluate the current internal force vector in order to advance the transient
solution forward in time. Explicit solvers do not need to form a global stiffness matrix because the
linear equations are not solved simultaneously for the entire system (like in implicit methods), but
the stress wave propagates from el ement-to-element.

Abaqus implements both implicit (Abaqus/Standard) and explicit (Abaqus/Explicit) solvers.
The implicit solution strategy is suitable for problems involving smooth geometric and material
nonlinear analyses. The geometric nonlinearity is due to large strain and large rotation kinematics.
The nonlinear material behaviour is due to the degradation of the mechanical properties of the
laminae and the matrix-rich layer between laminae to simulate intralaminar and interlaminar
damage mechanisms. A load stepping routine is used in Abaqus/Standard. There is no restriction on
the magnitude of the load step as the procedure is unconditionally stable. The increment size
follows from numerical accuracy and convergence criteria. Within each increment, the equilibrium
eguations are solved by means of the Newton-Raphson method, which is stable and converges
quadratically. In this method, for each load step, the residuals are eliminated by an iterative scheme
in which the load level remains constant and the structure is analysed with a redefined tangent
stiffness matrix. The accuracy of the numerical solution is measured by means of appropriate
convergence criteria. Their selection is of the utmost importance. Too tight convergence criteria
may lead to an unnecessary number of iterations and consequent higher computational cost, while
too loose atolerance may result in incorrect or inaccurate solutions. Generally speaking, in
nonlinear geometric analyses, relatively tight tolerances specific to the problem are required, while
in nonlinear material problems looser tolerances are admitted, since high local residuals are not easy
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to eliminate. Abaqus/Standard additionally provides the option of including aline search algorithm
[38] to improve the robustness of the Newton-Raphson method.

With respect to the incremental method, aload curve is defined. Loads should be applied to the
specimen in a displacement-control fashion thus enforcing a better conditioning of the tangent
stiffness matrix when compared to the classical load-control procedure.

Explicit schemes offer a more robust alternative for convergence of quasi-static load cases but
may come at an even higher computational cost as smaller solution time steps are required.
Additionally, to mitigate unwanted inertial effects, the time step must be less than a critical value
based on the highest eigenvalue in the model. The stable time increment Atgaye IS the minimum time

that a dilatational wave takes to move across any element in the model, and is given by:

Atsable = I* p/El (4)

where p isthe material density. The stable time steps for quasi-static explicit analyses are very
small, on the order of 10" seconds or less, and the entire cal culation process requires hundreds of
thousands of increments. Mass scaling and damping are common approaches to assist in artificially
reducing the computational cost. Quality checks, such asthe ratio of kinetic energy to internal
energy must be carried out to ensure that the problem remains essentially quasi-static. An

acceptable rule of thumb is to set acceptance of thisratio to 0.01~0.05.

3. Benchmark applications

The numerical studies presented in this section include a continuum damage approach to
modelling advanced composites. Continuum damage models address the failure mechanisms from a
global view, where individual damage mechanisms are homogenized and constructed around a
failure criterion. This approach is the least complex and uses the composite layup modeller tool
within the Abagus pre-processor to define the individual plies through the laminate thickness.
However, this method does not allow delamination between plies to be modelled; only intralaminar
damage modes for cal culating the progression of the damage path are considered. Experimental and
numerical results available from literature on carbon/epoxy composites are used for calibration and
validation of the proposed models.
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Open-hole tension (OHT) laminates under in-plane tensile loading are considered. The OHT
for composite materials is a challenging problem because failure involves complex mechanisms
such as fibre breakage, matrix cracking and delamination (the latter is not modelled in the current
work). In addition, the OHT strength and dominant failure modes can depend on geometric

parameters, such as hole diameter, stacking sequence and ply thickness, and material properties

3.1. Examples

Rectangular plates with a centrally placed, circular hole subjected to in-plane tensile loading,
known as OHT specimens, are considered as examples of intralaminar failure. OHT quasi-isotropic
laminates are analysed, of which only one half the specimen is modelled due to symmetry about the
longitudinal axis. The geometric datafor the OHT test specimensis taken from Chang and Chang
[39], and is shown in Fig. 3. Four different stacking sequences are considered, corresponding to
three quasi-isotropic layups of [0/£45/90;]s, [0/(£45)./90s]s, [0/(£45)3/903]s, and an angle-ply layup
[(x45)6]s. Reported material properties are givenin Table 1 [37,39]. Viscous regularization was
added to the constitutive model with a viscosity coefficient of 1x10°°, which was found to be
sufficiently small for accurate modelling.

The laminates were modelled with reduced integration continuum shell elements (SC8R in
Abaqus) that offer a computationally efficient method to simulate systems that are globally three-
dimensional, yet locally planar, asis the case with multi-layered composite structures. One
integration point per ply was used in the laminate mesh specification, which was divided into a
coarse mesh area away from the hole and a refined mesh around the hole and in the direction of
loading. A mesh refinement study was carried out to confirm that the model results converge to the
experimental [39] and to previously reported numerical predictions[37] at the selected mesh
density. The study was conducted for the four different layups with respect to two parameters. the
degree of mesh discretization, in order to represent the tensile-dominated problem, and the number
of elements through-the-thickness. It was found that a single element through the thicknesst was
sufficient to capture the through-the-thickness deformation. This strategy is appropriate for
continuum modelling of the OHT specimen that is assumed to behave in a plane stress condition,
because the formation and propagation of delamination zones between the laminae, which include
out-of-plane stress states, are not permitted. In this case, continuum shell elements can have large
aspect ratios (on the order of hundreds-to-one).

Boundary conditions consistent with the actual plate restraints are applied (Fig. 3).
Displacement boundary conditions restraining movement in the thickness direction at the edges of
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both ends were also added. Displacements in the transverse direction were restrained along all
surfaces on the centre line of the model to comply with geometric symmetry. The load was applied
monotonically by imposing incremental axial displacements at the unrestrained end during the
analysisto achieve the required range of laminate stresses. The analysis was performed using a

global stahilization factor of 2x10*, which corresponds to the code defauilt.

3.2. Quasi-isotropic layups

Thefirst validation exampleis the [0/(£45)./90s)s |laminate for which collapse is governed by a
tension-failure mode. A first analysisis run using the default implicit Abaqus solver. The obtained
tensile stress (i.e. the applied load averaged over the nominal gross cross-section) versus end
displacement curveis plotted in Fig. 4 as asolid line and compared with the maximum
experimental stress (horizontal dashed line) obtained by Chang and Chang [39] and the finite
element results (light solid line) of Maimi et al. [37], who implemented a specific damage model in
Abaqus/Standard using a user-subroutine UMAT [2,37]. In thiswork, we choose not to develop our
own subroutines and rely solely on the analysis capabilities of Abaqus so that the results reported
can be reproduced by any analyst. Stresses are computed based on the nominal width and thickness.
For the model developed in this work, the corresponding fibre-tension damage plots, measured by
the parameter DAMAGEFT [1] at specific stress levels on the loading history, indicated by A and B
on the curvein ~Fig. 4, areillustrated in Fig. 5. Complete fibre-tension damage is predicted when
DAMAGEFT = 1. Severa remarks can be made. Firstly, the predicted tensile strength does not
correlate well with the experimentally determined strength [39] by 76%. Secondly, the nonlinear
numerical response is characterized by an initial elastic phase, followed by aloss of stiffness
(segment AB) until rupture allows rapid stress relief. This curveis not characteristic of the brittle
failure anticipated for this particular OHT specimen. Thirdly, Fig. 6 highlights a mesh instability
phenomenon, known as hourglassing, which is a spurious (singular) deformation mode
characteristic of reduced integration elements, and is a mathematical artefact sinceit isfor zero
energy deformation. Finally, it can be concluded from the simulation results that the Abagus model
is not simulating the damage initiation and propagation reliably. Owing to the stress concentration,
damage initiates at the hole edge with two different crack fronts, as can be seenin Fig. 5a. The
cracks then propagate at angles of about 45° to the principal fibre direction (Fig. 5b), and thus
follows the matrix damage developing in the adjacent 45° plies. A crack front does not localizein a
plane perpendicular to the fibresin the 0° ply as observed in experiments with this type of OHT
specimen. This shows that the damage model implemented in the code is not forcing the necessary
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localization. In order to resolve this modelling challenge, a simple engineering procedure, based on
the crack band model [30] is adopted, as explained next.

The region of potential damage in quasi-isotropic OHT specimens under static loading isthe
net-tension plane. Crack initiation and propagation is expected to occur along the centre of the
notched cross-section. In order to initiate this so-called localization band, a 0.40 mm wide
imperfection zone is considered. The choice of this width follows from a series of numerical
parametric studies carried out with respect to this key modelling parameter and accounting for the
limitation of Eq. (3). Thisintroduces alength scale that can be easily adjustable compared to other
techniques and is easily implemented in any finite element code. The constitutive behaviour of the
localization band is characterized by fracture energy rescaling. It was found that a 90% reduction in
the critical strain energy with respect to the base value G; 1 ensured the expected fracture
dissipation in the localization band. The imperfection therefore triggers damage development in a
central zone such that the specimen enters a softening damage mode leading to a primitive
localization band. Upon further loading, the strain localization band expands. For this example, the
fracture process zone elongates to 1.71% at peak stress and further to 2.26% at tensile failure.

In combination with the above energy-based regularization, the artificial viscosity
regularization already mentioned ensures the mesh objectivity of the results. In addition to these
refinements, the mesh was also stabilized by selecting stiffness hourglass control parametersin
order to solve the problem of singularities highlighted in Fig. 6 [40].

Finally, amesh sensitivity study with respect to the degree of laminate discretization in the
region surrounding the hole was carried out to determine the influence of element size on the
strength prediction. In order to capture the tensile dominated problem, it was found that elements of
0.15%0.15 mm complied with the requirements for areliable simulation and satisfied convergence
regquirements. This dimension, in the transverse direction of the specimen, also ensures that the
aspect ratio of the elementsin the localization band (0.40/0.15 = 2.67) is kept within reasonable
[imits. A total of 43556 continuum shell elements are then used in the models.

Comparison between finite el ement predictions resulting from the improved model and
experimental data[39] and previously reported predictions [37] are shown in Fig. 7. The agreement
with the experimentally observed strength is significantly improved to adifference of 12%. The
overall agreement between the current results and those of [37] are very good, with the latter curve
marginally softer than the new predictions. This agreement provides validation for the formulation
used in the present work. The difference in maximum strength prediction is 4.5%, although no
particular importance is given to this, since the two continuum damage approaches are slightly

different.
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Fig. 8 shows plots of the damage parameters for the longitudinally-oriented fibre failure and
matrix cracking at the stresslevels A and B defined in Fig. 7. Tensilefailure initiates at the hole
edge (Fig. 8a) and propagates throughout the cross-section along the localization band (Fig. 8b).
Eventually, the tensile failure band deviates from the plane of symmetry, after which the
assumption of symmetric response is no longer valid. Matrix cracking initiates on the hole boundary
in the plies oriented at 90° (Fig. 8c). Asfibre-tension damage propagates, matrix cracking quickly
extends to the outer-edge, as shown in Fig. 8d. Note that matrix cracking development extends well
beyond the narrow localization band.

Similarly obtained numerical results for the [0/£45/90;]s and [0/(x45)3/90s] s layups are shown
in Fig. 9. As expected, both quasi-isotropic materials experience failure along the net-section plane
within the localization band of the model. The results show asimilar form of tensile stress-end
displacement plot to that presented in Fig. 7. The difference in strength prediction to the
experiments is now —8.3% and 15% for the [0/£45/90;]s and [0/(£45)3/90s] s layups, respectively.
Comparisons with previously reported numerical predictions [37] show differences of —0.9% and

—3.2%. This provides confidence in the finite element modelling methodology being employed.

3.3. Angle-ply layup

Failure of angle-ply layup compositesis significantly different from the previously analysed
guasi-isotropic layups since nonlinear shear behaviour becomes very important to the strength
prediction. The predicted tensile stress-end displacement response is presented and compared to the
experimental data[39] in Fig. 10 and is observed to not be as sudden as that seenin Figs. 7 and 9.
Fig. 10 represents a typically matrix-dominated failure (in shear, predominantly). The strength
prediction difference in terms of numerical (115 MPa) and experimental (126 MPa) resultsis —9%,
which is consistent with the values established with the quasi-isotropic layups.

Fig. 11 shows the predicted damage propagation in this laminate for the two representative
plies oriented at 45° and —45°. It can be seen that damage propagates in the fibre direction without
fibre breakage. Initialy, matrix damage is confined to the vicinity of the hole. Asthe tensile load
increases, matrix damage extends to the free edge at an angle of 45°, as can be seenin Figs. 11a-Db,
resulting in total failure as shown in Figs. 11c-d.
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4. Application to pultruded composite material

In this section, a similar modelling approach as demonstrated previously for advanced
composites is adopted in the context of pultruded composite plates [41]. Pultrusion is the most
extensively used processing method for composite shapes and systems in construction, asitisa
cost-effective manufacturing method for high production. This process feeds fibre reinforcement
and a polymer resin matrix continuoudly through a heated die to form the required shape at rates of
up to about one meter per minute. The fibre architecture is often symmetric for a balanced laminate,
and involves a combination of alternating layers of unidirectional rovings (provided as continuous
parale fibre bundles) and continuous filament mats (or occasionally, awoven fabric). The rovings
run along the pultrusion length and serve to impart the required higher stiffness and strengths in that
direction. The principal function of the continuous filament mats is to provide continuity to the thin-
walled shape through stiffness and strength in the transverse direction. The most commonly used
fibres are E-glass because they have good mechanical properties and are economical. The matrix is
often polyester or vinylester resin and often contains additives [42].

Ideally, when all-composite structural systems are manufactured, the components are modular
to provide rapid and simple assembly. Mechanical fastening is the typical connection method,
because: it issimple and flexible, isfamiliar to practitioners, and allows frames to be demountable
for reuse and recycling. Thus pultruded components require holes (notches) to accept the fasteners.
It has been shown in Section 3 that the introduction of structural discontinuities create stress
concentrations that give riseto initiation and growth of material damage when stress redistribution
by material plasticity islimited or non-existent. This clearly reduces the efficiency of notched cross-
sections and increases the compl exity of behaviour, compared to that of the structural members
without connections (notches).

Previous research pertaining to the behaviour of notched composites and the assessment of
thelir structural integrity has mainly focused on investigations with advanced composite laminates
for aerospace applications. Understanding cannot necessarily be extrapolated to pultruded
composites since typically very thin (usually less than 2 mm) carbon fibre and high-quality glass
composites dominate the aerospace industry, whereas lower-quality (and larger roving) E-glass
fibres are conventionally used in pultruded members which comprise plate thicknesses up to 25 mm
[43] and often utilise matrix filler to reduce cost.

In this paper, pultruded rectangular plates subject to tension with open holes are considered.
The OHT strength is one limit state for the design of pultruded composite structures. Although
mechanical fasteners are not present in the finite element analyses, the strength results for different

OHT configurations can inform designers on, for example, the minimum hole centre-to-centre
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spacing (gauge distance), as afunction of bolt diameter, which is needed for a structural design
standard [44].

Experimental results [45] from open-hole tests of pultruded glass fibre plates having thickness
of 6.4 mm were selected for modelling. Figs. 12a-c show three configurations for a rectangular
specimen having awidth of 100 mm and free gauge length of 200 mm. One, two or three holes of
diameter dy = 13.1 mm are located symmetrically aong the central transverse plane at a gage of 25
mm (Fig. 12). All specimens failed by fibre breakage and carried a tension stress well below that of
the unnotched cross-section area [45].

Finite element ssimulations of the OHT tests have been performed based on the modelling
methodology developed in Section 3.2. The continuum shell element had five integration points
through their thickness and the materia is modelled using the smeared propertieslisted in Table 2.
Using smeared properties the modelling does not distinguish between the unidirectional and mat
alternating layers. Unnotched material was characterized for the properties of E;, Ep, firand for
reported in Table 2 [45]. The other properties with a grey-coloured background were not
experimentally determined but estimated based on research expertise and values available in
literature.

The finite element approach described is used to anal yse the fibre breakage dominated
progressive failure process. The quantitative and qualitative accuracy of the numerical predictions
are assessed by comparing these with experimental test results [45], in terms of stress-strain
responses and ultimate failure modes. The specimens for the three configuration illustrated in Figs
12a-c are labelled according to the system t-n-d-p,, in which t is the nominal thickness of the plate
given in 100" of aninch, i.e. 25 isfor 0.25in. or 6.4mm, n is the number of holes, d is the nominal
bolt diameter, given in 100" of an inch, to be used in 1/64 in. or 0.4 mm clearance holes, and p; is
the bolt gauge, again given in 100™ of an inch [45]. Each configuration had a batch of five or more
specimens (labelled A, B and so forth).

4.1. Principal results with pultruded material

Experimental behaviour from [45] for the three configurations is presented in comparison with
finite element predictionsin Table 3 and Fig. 13. In Table 3, the notch strength reduction factor k is
given astheratio of the maximum predicted stress to the unnotched strength. Fig. 13 shows the
stress-strain relationships of the three plate specimens. (The stress results correspond to the applied
load averaged over the gross cross-section and the strain is the relative change in length of the plate

due to the applied end displacements, i.e. 26/L.) Results from one or two of the specimens from a
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batch of five are shown. The figures give k and Ao for the difference in stress between notched
failure and the unnotched material strength of 425 N/mm?.

In Figs. 13a-c the genera response of the tensile stress-strain curve agrees well with the
experimental data over the entire loading range for the selected case studies illustrated in Figs. 12a-
c. Thisbehaviour is generally characterized by a stiff elastic phase up to failure. The numerical
curves exhibit dlight nonlinearity from the very beginning, and show a clear reduction in stiffness at
about '3 of the maximum tensile load. The graphs reveal a significant effect of the interaction when
there is more than one hole. The tensile strength is highest for the single hole specimen (Fig. 13a
and Table 3) compared to the multiple holes plates (Figs. 13b-c and Table 3). For the latter cases,
the tensile strengths are close and about 30% lower, which suggests that the drop in strength is
particularly severe when there are two or more holes at the same centre-to-centre spacing (p2) and
yet it may be independent of the number of holes. From Table 3, the notch strength reduction
factors (k) of 0.72, 0.52 and 0.48 further support the observation on trend.

The fibre-tension damage contour plots for the various plate configurations are shown in Figs.
14 through 20. Note that the computational models for those plates with multiple holes did not use
symmetry boundary conditions. The DAMAGEFT distributions at collapse are seen to be larger at
the centre of the notched cross-section (also see Cunningham et al. [45] for visual inspection of the
fracture surfaces in specimens), as can be seen in Figs. 14, 16 and 18. For multiple hole specimens,
complete fibre-tension damage first occurs between holes, at about 70% of the maximum load (see
Figs. 15 and 17) and then propagates to the plate edges (see Figs. 16 and 18). These results again
demonstrate that the effect of the holes interaction is quite relevant when p; is about 2d, (dp is 13.1
mm). Note that p, of 2d, is half the minimum gauge distance of 4d (d is 12.7 mm) specified as
mandatory in an American pre-standard [46], which isin the Standards Committee stage of

preparation.

4.2. Parametric study of the plate geometry: effect of the gauge distance

The results described in Section 4.1 demonstrate the general performance of the Abagus model
in predicting the response of a pultruded plate of 6.4 mm thickness with one of more holes of 13.1
mm diameter across the section. Using this capability to predict tensile stress-strain responses
reliably, the numerical study is extended to investigate different values for transverse hole spacing
not covered in the experimental programme [45].

Specimen 25-2-50-100 is the baseline configuration (see Fig. 12b) selected for a parametric
study. In order to quantify the effect of different edge distances, four models are built from the
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original, by varying the ratio p,/d, (see Table 4). Thisratio is varied from 1.9, corresponding to the
baseline configuration tested, to amaximum of 3.5 (Test 4). Three intermediate values between these
two limitsof po/dg =2.4 (Test 1), =2.75 (Test 2) and = 3.0 (Test 3) are considered. Ratio 2.4
corresponds to the minimum design vaue for the design of metallic structures [47]. The other p./dy
ratios are chosen for a parametric study to find out when the spacing is large enough for there to be no
load path interaction between a pair of equa diameter holes.

The edge distance e, for the bolting is kept constant at 2.86d; thus the width of the plateis
increased for each virtua test (Table 4). The finite element anal yses are conducted using the
mechanical propertieslisted in Table 2. Models were assigned with symmetric boundary conditions
in the thickness direction and at the centre plane in order to reduce the model size. For the OHT
parameters in the models for Tests 1 to 4 the mode of failure will be due to initiation and progressive
growth of fibre-tension damage.

It can be seen from Table 4 that when bolt spacing is 1.9 and 2.4dy, k is about 0.52 and that for
the three higher spacing k is about 0.62. To explain the sudden 20% increase in strength Figs. 19 and
20 arefor fibre-tension damage plots at ultimate failure, with part afor compl ete damage between
through-thickness holes (tensile strength) and part b for propagation of damage between holes. Figs.
19a-b arefor Test 1, having po/dy = 2.4, and Figs. 20a-b are for Test 3 with p,/dy = 3.0. For these four
damage plotsit is clear that the efficiency gain is from a change in failure mechanism with increasing
p2/dy ratio. For p./dy < 2.75 damage initiates and propagates across the material between the pair of
holes (see Fig. 19). In Fig. 20 with p,/dy = 3.0, theinitiation location is seen to change to the outside
of the hole and propagates towards the free edge. For the higher hole spacing it isfound that thereis
virtually no damage occurring between the holes.

This preliminary finding it is noteworthy, indicating that, providing p./dyis greater than 3.0 is
sufficient to mitigate load path interaction between holes used for mechanical fastenings. This
computationally-derived limit on spacing for a pultruded flat sheet material does not conflict with the
existing mandatory requirement for bolted connections that the minimum p,/dy is 4.0 [48].

5. Summary of modelling guidance for laminated composite materials

In this study, a progressive damage approach for composite materials has been adopted using
only the predictive capabilities of the general purpose software Abagus. This results from a

combination of the prediction of damage initiation by means of the Hashin failure theory and a
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material damage model to simulate loss in the load-carrying capability of the part and advances the
progression of damage based on mode-specific strain energy release rates. The following guidelines
are provided to address common problems faced by analysts:

1. Boundary conditions consistent with the geometric symmetry of the plates can and should be
employed but not on the longitudinal direction as the conditions restraining movement may
change the stress field.

2. Loads should be applied by imposing incremental displacements, as opposed to the classical
load control method.

3. Global stabilization and artificial viscosity prevent numerical instabilities. The values proposed
in this study are 2x10™ and 1x10°°, for the two coefficients (respectively).

4. By using implicit methods, the mesh density that ensured convergence to the “actual” results
implies a minimum of 120 elements around the hole, corresponding to the element sizes
adopted in our models (see Sections 3 and 4).

5. Thecrack band width should be at least 1.25 times wider than the surrounding elementsin the
mesh.

6. Conclusions

Computational structural simulation has been used to analyse fibre-tension dominated failures
in composite materials that was observed in physical and numerical tests of OHT tests of
carbon/epoxy laminates for aerospace composites [37,39], and pultruded glass fibre plates intended
for civil infrastructure [45]. In this study, a progressive damage approach for composite materials
has been adopted using only the predictive capabilities of the genera purpose software Abagus.
This results from a combination of the prediction of damage initiation by means of the Hashin
failure theory and a material damage model to simulate loss in the load-carrying capability of the
part and advances the progression of damage based on mode-specific strain energy release rates.

It is shown that the proposed finite element approach is able to represent all the main features
of the structural behaviour of carbon/epoxy and pultruded glass fibre plates with open holes. In
particular, it offers areliable alternative to physical testing and to complex modelling that often
relies on proprietary user-subroutines to define the material mechanical behaviour. Additionally, the
model can be used to fill gapsin the available data pertaining to the ultimate behaviour of these

plate types and eventually assist in the implementation and application of a comprehensive set of
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parametric studies of plate geometry that will provide information for derivation of appropriate
design requirements, say for bolt spacing in connections between pultruded plates.

This paper expands previous research by using state-of-the-art solution techniques and
composite modelling provided by Abaqus. It aso provides guidelines and addresses common

problems faced by analysts.
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response

Crack propagation (label B, Fig. 7), at maximum load

Deformed configuration at tensile strength level (label B in Fig. 7)

Tensile stress-end displacement plots resulting from implementing the improved
(final) finite element model and comparison with existing data

Fibre damagein plies 1 and 20 (0°) and matrix cracking in the middle laminae
(90°), at tensile strength level and subsequent collapse

Fibre crack initiation (label A in Fig. 11)

Fibre crack propagation to the free edge (label B in Fig. 11)

Matrix cracking at peak load (label A in Fig. 11)

Matrix cracking at collapse (label B in Fig. 11)

Tensile stress-end displacement plots resulting from implementing the validated
finite element model and comparison with existing data: [0/£45/90;]s and
[0/(x£45)3/905] s layups

Tensile stress-end displacement plots resulting from the validated finite element
model and comparison with existing datafor the case of angle-ply laminate
Matrix shear damage in plies 1 (+45°) and 2 (-45°) at tensile strength level and
subsequent collapse

Matrix shear damage at peak load (label B in Fig. 14), ply 1 (+45°)

Matrix shear damage at peak load (label B in Fig. 14), ply 2 (—45°)

Matrix shear damage propagation to the free edge (label C in Fig. 14), ply 1 (+45°)
Matrix shear damage propagation to the free edge (label C in Fig. 14), ply 2 (-45°)
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Fig. 12 Specimens geometry (nominal dimensions)
12a) Specimen 25-1-50-0
12b) Specimen 25-2-50-100
12c) Specimen 25-3-50-100
Fig. 13 Tensile stress-strain plot resulting from implementing the finite element model
with smeared material properties; comparison with existing experimenta data
13a) Specimen 25-1-50-0
13b) Specimen 25-2-50-100
13c) Specimen 25-3-50-100

Fig. 14 Specimen 25-1-50-0: fibre-tension damage plot of ultimate failure mechanisms
(tensile strength 306 MPa)

Fig. 15 Specimen 25-2-50-100: plot of fibre-tension damage at 69% of maximum load
(tensile strength 152 MPa, point A in Fig. 13b)

Fig. 16 Specimen 25-2-50-100: fibre-tension damage plot of ultimate failure mechanisms
(tensile strength 221 MPa, point B in Fig. 13b)

Fig. 17 Specimen 25-3-50-100: plot of fibre-tension damage at 70% of maximum load
(tensile strength 142 MPa, point A in Fig. 13c)

Fig. 18 Specimen 25-3-50-100: fibre-tension damage plot of ultimate failure mechanisms

(tensile strength 203 MPa, point B in Fig. 13c)
Fig. 19 Test 1: fibre-tension damage plot of ultimate failure mechanism
19a) Complete damage between through-thickness holes (tensile strength)
19b) Propagation of damage between holes
Fig. 20 Test 3: fibre-tension damage plot of ultimate failure mechanism
20a) Complete damage between through-thickness holes (tensile strength)
20b) Propagation of damage to the edge
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Table captionslist

Tablel Material properties for the OHT specimens of aerospace laminates [37,39]

Table 2 Material properties of the pultruded specimens of thickness t = 6.4 mm
(shaded values are properties assumed based on typical values for this
type of laminate)

Table 3 Comparison of modelling results to Cunningham et al. [45]

Table4 Modelling results
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Fig. 1

Constituents Lamina Laminate
(matrix and fibres) Mesoscale Macroscale
Microscale
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Fig. 3
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Fig. 4
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Fig. 5

Completely damaged D Partially damaged . Undamaged
(0.7t0 1.0) (0.3t00.7) less than 0.3
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Fig. 6
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Fig. 11
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Fig. 12

Completely damaged D Partially damaged . Undamaged
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Fig. 13
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Fig. 14
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Fig. 15

Completely damaged D Partially damaged . Undamaged
(0.7t01.0) (0.3t00.7) less than 0.3
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Fig. 17
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Fig. 18
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Fig. 18 (cont’d)
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Fig. 19

Completely damaged D Partialy damaged - Undamaged
(0.7t0 1.0) (0.3t00.7) less than 0.3
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Fig. 20

Completely damaged D Partially damaged . Undamaged
(0.7t01.0) (0.3t00.7) less than 0.3
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Fig. 21

Completely damaged D Partially damaged - Undamaged
(0.7t01.0) (0.3t00.7) less than 0.3
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Fig. 22

Completely damaged D Partially damaged . Undamaged
(0.7t01.0) (0.3t00.7) less than 0.3
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Fig. 23

Completely damaged D Partialy damaged - Undamaged
(0.7t0 1.0) (0.3t00.7) less than 0.3
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Fig. 24
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Fig. 25
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Tablel

Lamina elastic constants

Lamina strengths

Fracture energies

E; (N/mm?) 146800
E»=E3 (N/mm?) 11380
Gr=Gy3 (N'mm?) 6100
Gas (N/mm?) 5500
Vi 0.30

f1 1 (N/mm?) 1730
f1.c (N/mm?) 1379
for (N/mm?) 67
foc (N/mm?) 268

f]_,s: fz,s(N/mmZ) 59

Gi1c (N/mm) 89.8
Gicc (N/mm) 783
Got1c (N/mm) 0.23
Gocc (N/mm) 0.76
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Table?2

Elastic lamina properties Lamina strength properties  Fracture energy
E; (N/mm?) 19843  fy1 (N/mm?) 425  Gi1e(N/mm) 100
E»=E3 (N/mm?) 6435  fic (N/mmP) 450  Gicc(N/mm) 100
G12=Gs (N/mm?) 4000  fo1 (N/mm?) 945 Gy (N/mm) 1.2
Gas (N/mm) 3500  foc (N/mm?) 250 Gucc(N/mm) 5
Vi 026  fis(N/mm?) 50

fo s (N/mm?) 80
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Table3

Test Strength (N/mm?®)
Finite element results Experiments (mean) Ratio to
Unnotched strength Max. stress k Max. stress experiments
25-1-50-0 425 306 0.72 2901 1.05
25-2-50-100 425 221 0.52 226 0.98
25-3-50-100 425 203 0.48 178 1.14
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Table4

Test Parameter variation  Strength (N/mm®)
Finite element results
p2/do W (mm) Unnotched strength  Max. stress  k

25-2-50-100 1.9 100.0 425 221 0.52
Test 1 2.4 107.8 425 224 0.53
Test 2 2.75 111.0 425 270 0.64
Test 3 3.0 114.3 425 262 0.62
Test 4 35 120.8 425 277 0.65
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