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Abstract

The fracture toughnesses associated with fibre tensile failure and compressive fibre kinking in a T300/913 carbon-epoxy laminated
composite are measured using compact tension and ‘compact compression’ tests respectively. The specimen strain fields were monitored
using a digital speckle photogrammetry system during the tests. The damage present in the specimens after the tests was investigated
using C-scan and optical and scanning electron microscopy. The initiation and propagation values of the tensile fibre failure critical
energy release rate were determined as 91.6 kJ/m2 and 133 kJ/m2 respectively. For fibre compressive kinking, an initiation value of
79.9 kJ/m2 was obtained, but no meaningful propagation values could be determined. In both cases, the test results showed low scatter.
! 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Fibre breaking can take place during longitudinal ten-
sion or compression and, for carbon/epoxy systems, the
energy consumed by these failure processes is much larger
than for failures involving any matrix or matrix–fibre bond
failure. In compression, fibre breaking usually occurs as a
result of the kinking process. Experimental determination
of the fracture toughness associated with both these fibre
failure modes (tensile failure and compressive kinking) is
important for material characterization and for numerical
modelling. Currently, there are no standards to determine
these properties.

Leach and Seferis [1] used three-point bend specimens
with a (0)40 layup to measure the fracture toughness of
the tensile fibre failure mode of a carbon/PEEK compos-
ite, and reported a mode I critical energy release rate of
26 kJ/m2. The technique used to introduce a pre-crack in

the specimen was not discussed by the authors. Jose
et al. [2] used Compact Tension (CT) specimens (see
Fig. 1(a)) made of M55J/M18 carbon/epoxy with layup
(0,90)15, to determine the fracture toughness associated
with tensile failure of the (0,90)15 laminate. They created
the pre-crack in two steps: a notch was cut with a disc cut-
ter and a razor blade was then used to give a sharp starter,
but the authors did not specify whether the blade was
tapped or used in a sawing motion. The mode I critical
energy release rate reported by Jose et al. for the laminate
is 15.94 kJ/m2. This value corresponds to the mode I
critical energy release rate for fibre fracture in the 0" layers
combined with matrix crack propagation in the 90" layers.
Assuming that those energies are additive (which is to say,
neglecting the interactions between the different layers that
are failing in different failure modes), and that the matrix
tensile toughness is similar in magnitude to the (interlam-
inar) mode I critical energy release rate (!0.2 kJ/m2), the
critical energy release rate for the fibre tensile failure mode
of M55J/M18 carbon/epoxy is about 31.7 kJ/m2.

Soutis et al. [3,4] carried out a kink-band propagation
test using a centre-notched compression specimen. Differ-
ent lengths for the notch were used but similar values of
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Abstract

Three dimensional failure criteria for laminated fibre-reinforced composites, based on a physical model for each failure mode and

considering non-linear matrix shear behaviour are implemented in an explicit Finite Element code. All the properties used by the model have

a clear physical meaning. A smeared formulation is used to avoid mesh dependency during damage propagation. The model is shown to

reproduce key aspects observable during failure, such as the inclined fracture plane in matrix compression, the G458 failure pattern of a (G
458)ns tension specimen, and kink-band formation (including its orientation and broadening). The model is also applied to the crushing of a

composite column, where the deformation mode, peak load and mean post-crushing load were all reasonably predicted.
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Keywords: A. Carbon fibre; B. Fracture; C. Finite element analysis (FEA); Failure

1. Introduction

Successfully modelling failure initiation and propagation
in composite components is often only possible through the
use of numerical methods, such as Finite Elements (FE).
One of the most widely used FE codes, LS-Dyna [1], has
composite material models with failure already available
and applies the Chang and Chang [2,3] or Tsai and Wu [4]
failure criteria. Once failure is detected, the relevant elastic
properties are reduced to zero over a fixed number of time
steps. This approach is unrealistic as the post-failure
behaviour is completely disregarded.

In order to model damage propagation, continuum
constitutive models can feature internal variables represent-
ing, directly or indirectly, the density and/or distribution of
the microscopic defects that characterize damage. These are
called Continuum Damage Mechanics (CDM) models.
Ladeveze’s CDMmodel [5], in which the behaviour offibres

(unidimensional phase) and matrix (orthotropic phase) are
considered separately, is the basis for a large number of CDM
models for composites in the literature, such as that of
Coutellier andRozycki [6] formulti-layered combinations of
metallic and composite plies and Johnson’s [7] damage
model for fabric reinforced composites. Another model, by
Matzenmiller et al. [8], is notable for using a damage growth
law, which is based on a Weibull distribution of strengths.
Williams and Vaziri [9] implemented Matzenmiller et al.’s
model in LS-Dyna. In their model, the volumetric energy
associated with a failure mode (area under the stress–strain
curve) is function of a parameter (m). For a constant value of
m, they found that their results were mesh-sensitive;
however, they argued that in contrast to the models imple-
mented in LS-Dyna, their model could make use of the
parameterm to account for different mesh sizes (m becoming
a material property for a specific mesh density). A detailed
review of implementation of CDM models is also given by
Williams and Vaziri [9]. More recently, Williams et al. [10]
developed their model further, addressing in particular the
physical significance of the choice of damage parameter, the
ease of material characterization and the effect of stacking
sequence, and identified rate dependence and mesh size
dependence as key areas needing development in the future.

To model failure, the approaches outlined above suffer
from a severe mesh dependency problem related to strain
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Measurement of the in situ ply fracture toughness associated with mode I
fibre tensile failure in FRP. Part II: Size and lay-up effects
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a b s t r a c t

The in-plane size, thickness and lay-up effects on the measured fracture toughness associated with fibre
tensile failure were investigated for a T300/920 laminated carbon/epoxy material system. Compact ten-
sion specimens were tested with scaled in-plane size, increased thickness, and having various propor-
tions of plies orientated at 0! and 90! to the loading direction. No in-plane size effects were
discovered; however, testing revealed a thickness dependence. It was found that the ply toughness is sig-
nificantly dependent on the thickness of the 0! layers. Propagation values of toughness were measured to
be 132 kJ/m2 for specimens made up of [90/02] sub-laminates and between 57 and 69 kJ/m2 for all other
configurations. Investigation of the fracture surfaces using SEM revealed that the increase in measured
toughness for specimens with thicker 0! plies was due to an increase in the amount of pulled-out 0!
fibres.

" 2009 Elsevier Ltd. All rights reserved.

1. Introduction

To characterise fracture toughness in composites, there is a
need for reliable experimental procedures; results need to be
reproducible and the test method itself should not contribute sig-
nificantly to the scatter. Much work has been performed in mea-
suring the fracture toughness of composite laminates using the
compact tension (CT) specimen [1–4], though very little has been
done to investigate specimen size or lay-up effects.

Harris and Morris [4] used the centre-crack tension specimen
with a [0/90]ns configuration to investigate the effects of thickness
on the measured laminate critical stress intensity factor, KIc, for
fracture initiation. In their test, and all others discussed in this pa-
per, the 0! direction was in the direction of the applied tensile
loading. Tested specimens were between 8 and 120 plies thick; it
was found that initially the measured KIc decreased with increasing
thickness, reaching a plateau value at thicknesses above 64 plies.
The higher apparent toughness at lower laminate thicknesses
was attributed to longitudinal splitting, observed to occur in the
outer 0! plies, affecting the intensity of the singularity at the crack
tip and effectively increasing the resistance to extension of the cen-
tral crack. Interior 0! plies, being constrained by a 90! ply on either
side, were not observed to split extensively; thus the effect of lon-
gitudinal splitting was deemed to be a surface phenomenon,
becoming less influential as the laminate thickness increased.

Prewo [5] investigated the effect of ply lay-up sequence on the
measured toughness for various cross-ply Boron–Aluminium CT
specimens. By measuring KIc for fracture initiation, it was found
that the blocking together of plies, i.e. for a [906/06] laminate,
resulted in a 20% increase in toughness over the alternating
cross-ply ([90/0]ns) sequence. Study of the failed specimen fracture
surfaces using scanning electron microscopy (SEM) revealed signif-
icantly more fibre pull-out in the specimens with blocked plies. It
was thought that increasing the thickness of the 0! layer reduces
the ability of the 90! plies to constrain the crack to a single plane.

The work presented in this study aims to investigate factors affect-
ing the accurate measurement of the fracture toughness associated
with mode I fibre tensile failure in fibre reinforced polymers (FRP),
and is divided into two sections. Part I [6] investigated various meth-
ods of data reduction, and proposed the most appropriate scheme.
Part II uses the proposed data reduction scheme to investigate speci-
men size and lay-up effects on the measured initiation and propaga-
tion values of fracture toughness associated with mode I fibre failure.

2. Materials and manufacture

The material system used in this study was a T300/920 unidi-
rectional carbon/epoxy prepreg. The material properties used for
the data reduction were obtained using standard tests and are pre-
sented in Table 1 in the principal material axes.

The methods of specimen preparation are outlined in [6]; and
the geometry of the baseline specimen, CT-base, is shown in
Fig. 1. The lay-ups and geometries of the tested CT specimens are
outlined in Table 2.
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a b s t r a c t

The translaminar fracture toughness of fibre-reinforced composites is a size-dependent
property which governs the damage tolerance and failure of these materials. This paper
presents the development, implementation and validation of an original analytical model
to predict the tensile translaminar (fibre-dominated) toughness of composite plies and
bundles, as well as the associated size effect. The model considers, as energy dissipation
mechanisms, debonding and pull-out of bundles from quasi-fractal fracture surfaces; the
corresponding lengths are stochastic variables predicted by the model, based on the
respective bundle strength distributions and fracture mechanics. Parametric studies show
that composites are toughened by stronger fibres with large strength variability, and
intermediate values of interfacial toughness and friction. Predictions are validated against
four different composite ply systems tested in the literature, proving the models ability to
capture not only size effects, but also the influence of different fibres and resins.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The translaminar fracture toughness (G) of unidirectional (UD) fibre reinforced polymers (FRPs) is the energy required to
fracture the material perpendicular to the fibre direction (per unit nominal area). This property governs the damage
tolerance of structures with load-aligned fibres, as well as the strength of components with geometric discontinuities; it is
also dramatically affected by size effects (Laffan et al., 2012), which raises a challenge for the simulation of damage tolerant
structures. This paper presents a model for the translaminar tensile toughness of FRPs, based on fibre and interfacial
properties and assuming the formation of stochastic quasi-fractal fracture surfaces.

The translaminar toughening mechanisms of FRPs have been extensively investigated (Kim and Mai, 1991), and methods
to measure the corresponding fracture toughness have been developed (Laffan et al., 2012). Composites are orders of
magnitude tougher than their constituents, due to the formation of intricate 3D fracture surfaces with large interfacial
debonds and pulled-out fibres and bundles (Figs. 1 and 2).

Laffan et al. (2010) recently reported size effects on the translaminar toughness of FRPs, by testing cross-ply Compact
Tension (CT) specimens with 0.125 or 0.250 mm thick 01 layers. The measured translaminar toughness of the thicker layers
was nearly twice the value for the thinner ones, reportedly due to much larger pull-out features (Fig. 1). Subsequent finite
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