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Abstract

This thesis investigates the failure behaviour of the matrix constituent found in composite
materials. The investigation involves performing several experiments under both biaxial
and uniaxial loading and subsequent finite element analyses of the experiment results. The
results were used to establish a suitable matrix failure criterion. The need to understand
matrix failure in advanced composites is of particular importance to the aerospace industry,
where these materials are used in structural components which are optimised to be light
weight yet strong.
Experiments under biaxial tension required the designing of a suitable biaxial test fixture
and a specimen design which is able to successfully demonstrate failure free of stress
concentrators. In order to prevent any premature failure due to load interactions between
two loading axes, removal of the cut-out corners found in cruciform specimens was very
important. Reducing the central gauge region of the specimen was found to be the best
way to induce a higher stress state within a predefined region of the specimen. The
specimen design proposed focussed on testing material systems which are anisotropic in
behaviour yet fail in the transverse direction.
The biaxial tension experiments on a carbon-epoxy composite (EP 280 Prepreg) was
accompanied with biaxial tension experiments on a neat resin epoxy material (EP 280 neat
resin) and uniaxial off-axis tension experiments on the same material. Despite the
differences in the experiments, the failure observed across them was predominantly the
same where matrix tensile failure occurred. A fourth set of experiments were performed on
uniaxial off-axis compression specimens to induce a compressive matrix failure mode. Over
these four sets of experiments, the matrix failure envelope was able to be fully defined.
Continuum modelling techniques were implemented through the use of representative
volume elements to separately analyse the stress-strain states on the fibre and the matrix.
The separation technique allowed the failure stress-strain states on the matrix to be
examined in detail from which a failure criterion was established. Matrix failure was found
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to exhibit two modes of failure induced by the type of deformation (dilatational and
distortional). The established failure criterion was similar to that proposed by Onset theory
where a truncated region defined by the First Stress/Strain Invariant best captured matrix
tensile failure (dilatational), whilst the Drucker-Prager failure criterion best described
compressive and shear modes of failure (distortional). The study was concluded through a
set of experiments performed under four-point bending which validated the hybrid failure
criterion to accurately predict matrix failure in composites.
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Nomenclature

Symbol

Description
Longitudinal thermal expansion coefficient
Transverse thermal expansion coefficient
Longitudinal moisture expansion coefficient

𝛾

∆𝐿

Transverse moisture expansion coefficient
Engineering Shear strain
Change in length
Strain

𝑎

𝜎

𝜎𝑎

Strain along the ‘a’ axis
Principal strain, where subscript ‘i’ is directions: 1, 2, or 3.
Stress
Stress along the ‘a’ axis
Principal stress, where subscript ‘i’ is directions: 1, 2, or 3.

𝜏

CNC
𝐶

𝐸

𝐸𝑎
𝐹

𝐹𝑠

FE
FEA

von Mises stress
Shear stress
Computer Numerical Control
Stiffness matrix
Young’s Modulus
Young’s Modulus along the ‘a’ direction
Force (N)
Shear force
Finite element
Finite element analysis
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Symbol

Description

FLIR

Forward-looking infrared imaging

FRPC

Fibre reinforced polymer composites

𝐺

𝐺𝑎

𝐺𝑚

IROM

Shear Modulus
Shear Modulus along the ‘a’ direction
Shear modulus of the matrix
Inverse Rule of Mixtures
The First Stress Invariant

𝐿

The Second Stress Invariant
Length

MCT

Multicontinuum theory

MMF

Micro-mechanical of failure

ROM

Rule of Mixtures

RSS

Residual sum of squares

RVE

Representative Volume Element
In-plane shear strength
Out-of-plane shear strength

SIFT

Strain Invariant Failure Theory
Glass transition temperature

UD

Unidirectional
Poisson’s ratio
Longitudinal compressive strength
Longitudinal tensile strength
Transverse compressive strength
Transverse tensile strength
Out-of-plane compressive strength
Out-of-plane tensile strength
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Introduction

Metals, ceramics and polymers are the three typical classes of monolithic materials.
Composites are referred to as materials that are made up of more than one of these
underlying materials. Examples of this date back to the Assyrians who used mud bricks
that were reinforced using straw. The industrial revolution in the nineteenth century saw
the creation of steel reinforced concrete. Today this concept has largely evolved to the use
of carbon or glass fibres which are embedded within thermoset or thermoplastic resins.
They are referred to as Advanced Composites and are used within industries ranging from
the biomedical sector to the aerospace sector.
Advanced composites have seen their use grow since the 1970s especially in the aerospace
industries. They were initially introduced to aircraft as secondary structural components
which have now expanded to aircraft primary structures. The Airbus A380 which entered
service in 2008 had about 20% of its structure made up of composites. In 2011, the Boeing
787 entered service where 50% of its body was made up of composites. This proportion has
been increase to 53% in the Airbus A350XWB, which saw its first commercial flight in
2015. Considering that in the 1990s a typical aircraft had 80% of the structure made from
aluminium [1], these recent numbers show the substantial increases in the use of composites
over the past two decades.
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The reasons why composites have become an important part of the aerospace industry is
due to the materials behaviour matching its application quite well. Some of these
advantages are discussed below:
•

The strength and stiffness to weight ratios for composites is about ten times larger
than an aluminium alloy.

•

Very good fatigue and corrosion resistance.

•

Ability to manufacture complex geometries.

•

Ability to tailor directional strengths and stiffness.

However there are drawbacks that have currently limited the use of advanced composites
from being used further. Some of these limitations are discussed below.
•

The material behaviour is complicated and still not fully understood.

•

The cost of composites per kilogram is about 13 times that of an average aluminium
alloy [2].

•

Their out-of-plane properties are generally a lot weaker than their in-plane
properties.

•

It can be difficult to detect internal material damage.

•

They are prone to damage from moisture experienced at high altitudes.

With increasing use of composites in the aerospace industry it is important that their
failure behaviour is well understood. Failure of monolithic materials has been quite widely
examined since the 18th century when Coulomb proposed material failure once a critical
value had been exceeded [3]. These concepts have been modified over the years for different
materials including composites. However the complication of using composites is that they
are composed of two constituents; the fibre and the matrix. This greatly complicates their
material behaviour and failure predictions. As to now, there is still no widely accepted
method to predict failure of composites. Due to this reason; structural components made
from composites have usually been overdesigned. Implying that the composite structures
are often heavier and cost more than they should.
When it comes to failure prediction; understanding composite material properties is very
important. However this is often difficult as composites require a number of material
properties to accurately predict their behaviour. Some of these properties are quite easily
measured whilst others are not. This is due to two main reasons; the first is where some
material parameters are not considered important relative to others, thus they are
overlooked. The second is due to some material properties being too difficult to measure.
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The matrix is one of the constituents of a composite material which has often been
overlooked due to attention being directed at the fibre. This is due to the fibre
predominantly being responsible for the ultimate strength of composites, hence the strength
of the aircraft structure. However, it is important to note that without the matrix, there
is no medium to protect and hold the fibres together which would substantially weaken
the composite. The matrix is known to fail a lot earlier than the fibres which implies that
the properties of the composite start degrading from this point. Due to this reason, it is
very important that the behaviour of the matrix is equally understood.

1.1 Research Aims
The overall aim of this study is to establish a failure criterion for the matrix found in fibre
reinforced polymer composites. In order to do this a several objectives need to be met:
•

Testing methods need to be developed to exert a multiaxial stress state on a
composite material.

•

An extensive parametric study needs to be performed to design a biaxial specimen
suitable to perform such tests.

•

Experiments need to be designed that are able to accurately capture the point of
matrix failure and corresponding loads at failure.

•

A method to separately analyse the stress-strain state on the matrix needs to be
identified.

•

The proposed matrix failure criterion needs to be validated.

1.2 Thesis outline
A detailed description of the work conducted to achieve these aims is presented in this
thesis. The thesis is comprised of the following chapters:

1.2.1 Chapter 2 - A Review of Literature
A comprehensive review of literature that is relevant to this research topic is made. The
first section discusses general information about composites to put the remainder research
discussed into context. Next, material behaviour and damage in composite materials is
made. A subsection examining composite damage discusses: common modes of failure
observed in composites that have been presented in literature. Following this, a review of
common failure criteria that are used for composites is made and advantages and
limitations of each are discussed. The failure criteria presented are split into three main
categories: isotropic failure criteria, lamina level (macro-mechanical) failure criteria, and
those that are applied at the constituent level (micro-mechanical). The literature findings
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are then narrowed down with a review of multiaxial testing performed on composites and
the various specimen designs that have been published in literature.

1.2.2 Chapter 3 - Design of Experiments for Testing Matrix Failure
An extensive parametric study to establish a biaxial specimen design for isotropic materials
is presented in this chapter. The basis for the chosen specimen design and its advantages
over previously presented specimen designs in literature are made. Preliminary results from
experimental testing of each iteration of the biaxial specimen design is discussed.
Preliminary tests were performed on an aerospace adhesive called FM 355 [4] supplied by
Cytec Industries.
The results from another parametric study for a specimen design proposed for use in
anisotropic materials such as fibre reinforced polymer composites is presented. This biaxial
specimen uses the same design as that used for isotropic materials, however slight changes
are made to account for the lamina thickness. The optimum stacking sequence achieved
from the study is presented. The chapter also discusses the biaxial tensile machine designed
and built for performing the experiments.

1.2.3 Chapter 4 - Biaxial Tensile Failure in Isotropic Materials
The specimen designs discussed in chapter 3 are used to perform the experiments discussed
in this chapter. The biaxial tension tests are performed on three materials. The first biaxial
tensile tests are performed on an isotropic film adhesive used within the aerospace industry
called FM 355 [4]. The second set of biaxial tension tests are performed on a neat resin
(matrix) material called EP 280 [5] supplied by GMS Composites. All of the tension
experiment results are used for comparison purposes discussed in Chapter 6 to establish a
failure criterion for the tensile quadrant of the materials failure envelope.

1.2.4 Chapter 5 - Matrix Failure in FRPC at a Macro-mechanical Level
Three types of tests performed on fibre reinforced polymer composite materials (EP 280
Prepreg) are discussed. The first is biaxial tension tests on the FRPC material. Then an
off-axis specimen design is used to perform the experiments. The final tests involve
compression tests on a fibre reinforced specimen (EP 280 Prepreg). The test specimens
have varying fibre orientations ranging from 10 ° to 90 °. This type of experiment induces
matrix shear failure which is used to obtain a failure criterion for the compressive and shear
quadrants of the materials failure envelope. An assessment of existing failure criteria to
predict matrix failure at the macro-mechanical level is made.
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1.2.5 Chapter 6 - Matrix Failure in FRPC at a Micro-mechanical Level
The chapter starts by introducing the micro-mechanical approach to analyse the
experiment results. The micro-mechanical approach is an additional step that is performed
after the lamina level stress-strain states are obtained. This step uses Representative
Volume Elements (RVEs) sometimes referred to as ‘unit cells’ to extract the stress-strain
states in the individual constituents that form the lamina.
The chapter is then split into two sections, the first analyses the tension experiment results,
whilst the later examines the compression results. At the end of the chapter the results
from the two sets of experiments are combined to form a hybrid failure criterion for the
matrix.

1.2.6 Chapter 7 - Proposed Matrix Failure Criterion
The hybrid matrix failure criterion is validated through a series of tests performed on
composite laminates made from the same material (EP 280 Prepreg). The first set of tests
are performed on a [45/0/-45/90]2S laminate. The ASTM D7264 [6] standard is followed to
perform a series of four-point bending tests. An experimental technique was developed in
order to detect matrix failure throughout the tests.

1.2.7 Chapter 8 - Conclusions
A summary of all the research outcomes is made. These include remarks on the success of
the biaxial specimen design, the experimental and modelling approaches used and the
validation of the proposed matrix failure criterion.
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A Review of Literature

A comprehensive literature review is made in this chapter so that the aspects of research
discussed in this thesis are put in context. There are seven main topics discussed starting
with (Section 2.1), which gives an overview of composites and common terminology used
in the field. A discussion of common and underlying characteristics and governing rules are
made in Section 2.2. The literature review then starts examining damage and failure criteria
that exist for composites (Section 2.3 and Section 2.4). Followed by review of multiaxial
specimen designs (Section 2.5). Section 2.6, discusses the various finite element modelling
techniques that exist in literature with focus made on micro-mechanical analysis. The
chapter then concludes with a summary of the literature findings and scope for research
(Section 2.7).

2.1 Background on composites
‘Composites’ is a general term that is given to a material that is made up of more than
one type of material such as straw embedded in clay, steel embedded in concrete, or more
recently; carbon or glass fibres embedded in a polymer resin. For the latter case where an
engineered fibre is embedded in an engineered resin, this type of composite material is
given the term: ‘Advanced Composites’. The composite material is created so that it has
superior material properties and behaviour characteristics than its individual constituents.
For this to be achieved, it is important that the individual constituents remain visible at
a macroscopic level once combined, i.e., they do not dissolve in one another.
There are two main constituents that form the composite; the ‘fibres’ are used for their
high tensile strength properties, whilst the ‘matrix’ is usually a lot weaker but responsible
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for protecting and holding the fibres together. Depending on the processing/manufacturing
technique and type of material used for the fibre and the matrix, sometimes an additional
phase called the ‘interface’ exists between them [7]. Advanced composites are mainly used
in the aerospace industry and is of interest in this research. This thesis is solely concerned
with Advanced Composites, thus they will be simply be referred to as ‘composites’ from
this point forward.

2.1.1 Types of composites
Composites generally fall into three main categories; particulate, fibrous, and laminar
composites. These are shown in Figure 2-1. An example of a particulate composite can be
found in concrete which is often a mixture of gravel and sand bonded together in cement
and water [7].
Fibrous composites have stiff, strong discontinuous fibres embedded in a matrix. The fibres
are substantially stronger than the matrix medium holding them together. The fibres are
strongest along their length, thus it is important to maximise the strength of the composite
by ensuring that the fibres are straight and aligned parallel to each other. The matrix plays
an important role in ensuring that the fibres are protected and that the load from one fibre
is transferred to adjacent fibres. The issue with such composites is that they are
substantially weaker in any direction other than along the length of the fibre [7, 8].
Laminar composites are the most common form of composites used to make structures.
They can be categorised into two main types; laminates and; sandwiches. Laminates have
two or more materials adhered together, whilst sandwiches have a lower density material
placed between two higher strength materials. The simplest example of a laminate is found
in plywood, which has different layers of wood bonded together. Early examples of
sandwich structures can be found in the aerospace industry where end grain balsa wood
cores where placed between aluminium skins [9].

(a)

(b)

(c)

Figure 2-1: Basic types of composites; (a) particulate; (b) fibrous; and (c) laminar.
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Composites may equally be a combination of these three categories. The primary interest
in this research is examining laminar composites where the lamina takes the form of fibrous
composites. This is discussed further in the next section.

2.1.2 Physical scales and definitions
Limitations imposed by computing time have significantly affected the way in which
composites are analysed. As a result many researchers have adopted their own scales at
which to examine the material [7, 10-16]. The various levels are summarised in Figure 2-2.
In a fibrous composite the fibre and the matrix are combined to form a lamina or ply. The
lamina has the characteristic of all the fibres being oriented in the same direction. As
discussed earlier, the lamina is strongest along its fibre direction and substantially weaker
in the transverse (perpendicular to the fibre direction) and out-of-plane directions. To
improve the weakness in the transverse directions, different orientations of the lamina are
stacked on top of one another to form what is called a ‘laminate’. A lot of research has
been made in establishing suitable stacking sequences for various loading arrangements [1722]. The laminate is the basic building block used to form composite structures.

Figure 2-2: Scales at which composites are analysed.

Each of these levels has its own term given; the level which still models the fibre and the
matrix is referred to as the micro-mechanical level, the lamina is referred to as the macromechanical level, followed by the laminate and structural level. It is important to note that
when a structural level analysis is performed, the properties of the material are obtained
by starting at the micro-mechanical level and working upwards to the structural level.
However, once loads are subjected to the structure most analysis works back down to the
macro-mechanical level to determine stress and strain states. This is somewhat inconsistent
as the material originated at its fibre and matrix constituent, thus it would be reasonable
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to end the analysis at this micro-mechanical level. This concept has been looked at by a
few researchers [23-25]. The main reason why this extra step has only recently started to
gain interest is due to advances in computational power over the past decade. The
significance of performing micro-mechanical analysis is examined in this piece of research.
At a micro-mechanical level, the matrix is considered to have the same material properties
(i.e., stiffness, strength, thermal expansion, thermal conductivity, and permeability) in all
its material directions [7, 10]. This type of material is referred to as an ‘isotropic’ material.
The fibre is considered to be ‘anisotropic’ (opposite of isotropic) [26-28]. However obtaining
properties in these additional material directions is quite difficult [27, 29] and thus the fibre
is often assumed to be isotropic [7, 30-36].
‘Homogeneity’ is another term often used when dealing with composites it refers to a
material where the properties are the same at every point. Thus a matrix and fibre is often
assumed to be homogeneous. ‘Heterogeneity’ or ‘non-homogeneity’ refer to a material where
the properties are not the same from one point to another.
So when the homogeneous isotropic fibres and matrix are combined together in a structural
analysis to form a lamina we end up with an anisotropic material that is assumed to still
be homogeneous at the macro-mechanical level. When the lamina are stacked in different
orientations to form a laminate, the material is considered to be anisotropic and
heterogeneous. Thus it can be seen that the properties of the composite become quite
complicated. Although anisotropy does complicate the problem, it is the non-homogeneity
of these materials which is one of the fundamental reasons why there is a lot of research
still being performed on these materials.

2.2 Composite theory - Material behaviour
In this section some of the governing equations used to analyse composites are discussed
along with composite material property definitions.

2.2.1 Isotropic material properties
The elastic modulus is a term used to indicate a material’s stiffness. This term can be made
more specific by referring to a materials Young’s modulus or shear modulus. The Young’s
modulus is also sometimes referred to as the ‘modulus of elasticity’ and is a term that
indicates the material’s stiffness when a load is applied perpendicular to its surface. Shear
modulus indicates the materials stiffness when a load is applied parallel to its surface. The
case in which the loads are applied perpendicular to the material’s surface is also referred
to as ‘normal’ loads and when applied parallel to their surface, it is termed ‘shear’ loads.
Figure 2-3 highlights this difference.
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Figure 2-3: Difference between normal stress and shear stress.

For linearly elastic materials, Hooke’s Law can be used to find the Young’s modulus [37]
given by Eqn. 2-1, which states that the Young’s modulus is the ratio of stress and strain
observed in the material. A similar relationship can be obtained for the shear modulus
which is given by Eqn. 2-2.

𝐸 = 𝜎⁄𝜀
Where:
E=
𝜎=
𝜀=

2-1

Young’s modulus
Stress
Strain
𝐺 = 𝜏⁄𝛾

2-2

Where:
G= Shear modulus
τ= Shear stress
γ = Shear strain
For an isotropic material, the Young’s modulus and the shear modulus can be combined
using the relationship given by Eqn. 2-3.

𝐺=

Where:
𝑣= Poisson’s ratio

𝐸
2(1 + 𝑣)

2-3
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The simple formula for calculating stress and strain is given by Eqn. 2-4 and Eqn. 2-5. The
SI units of measure for stress is Pascals (Pa) or Newtons per meters squared (N/m2). There
are no units for strain although it can be commonly presented as a percentage or in terms
of micro-strain (×10-6) due to the low order of magnitude associated with their values. This
implies that the units for Young’s modulus and shear modulus are also Pascals (Pa) or
Newtons per meters squared (N/m2).
𝜎=

𝐹
𝐴

Where:
𝐹 = Force applied
𝐴= Cross-sectional area of the material on which
force is acting
𝜀=

Where:
𝐿= Original length
∆𝐿= Change in length

2-4

the

∆𝐿
𝐿

2-5

The units for shear stress and strain is the same as that used for the normal stress and
strains. Their formula are given by Eqn. 2-6 to Eqn. 2-8. Where the only difference is the
way in which the loads are applied to the material. When it comes to shear strain, there is
two forms given by Eqn. 2-7 and Eqn. 2-8 which must be noted. This difference is shown
in Figure 2-4. The first is a tensor form of shear strain which is an indication of the average
shear strain on the x face along the y-direction, and on the y face along the x-direction.
Whilst the second equation is called the engineering shear strain which is a measure of the
total shear strain in the x-y plane. Throughout this research; engineering shear strain will
often be used.

𝜏=

𝐹𝑠
𝐴

Where:
𝐹𝑠 = Shear force applied
𝐴= Cross-sectional area of the material on which
force is acting

𝜀𝑥𝑦

( 𝛿𝑣 + 𝛿𝑢)
= 𝛿𝑥 𝛿𝑦 ⁄2

Where:
𝜀𝑥𝑦 = Tensor shear strain
𝛿𝑣
= Shown in Figure 2-4
𝛿𝑥
𝛿𝑢
= Shown in Figure 2-4
𝛿𝑦

2-6

the

2-7
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𝛾𝑥𝑦 = 2 × 𝜀𝑥𝑦 = (

12

𝛿𝑣 𝛿𝑢
+ )
𝛿𝑥 𝛿𝑦
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Where:
𝛾𝑥𝑦 = Engineering shear strain
𝛿𝑣
= Shown in Figure 2-4
𝛿𝑥
𝛿𝑣
= Shown in Figure 2-4
𝛿𝑥

Figure 2-4: Difference between tensor shear strain and engineering shear strain.

2.2.2 Composite properties
In this section a discussion on the properties of the fibre and the matrix are made. This
level of a composite analysis is referred to as the micro-mechanical level (Section 2.2.2.1).
The next level up sees the properties of the fibre and matrix combined to form lamina.
This level of the analysis is referred to as the macro-mechanical level (Section 2.2.2.2).
2.2.2.1

Properties at the micro-mechanical level

The fibre and the matrix are often treated as isotropic materials [7, 30-36]. This assumption
is reasonable to make for the matrix. However, some researchers have started to introduce
anisotropy associated with the fibre [26-28], where it is found to be substantially weaker in
its radial direction compared to along its length. This behaviour is often ignored as it is
difficult to measure. For the purposes of this thesis; the fibre and matrix will be considered
to be isotropic.
Assuming isotropic properties for the constituents implies that the equations discussed in
Section 2.2.1 are applicable. However, implementing this method directly to a composite
structure requires modelling each strand of fibre within the matrix. This is still very
prohibitive [38, 39] as a huge amount of computing power and time is required. Thus
theories exist in literature that attempt to simplify the matter [40-47]. These models can
be separated into four main categories: phenomenological models, semi-empirical models,
elasticity approach models, and homogenization models [48]. In essence the methods use
an averaging approach to combine the properties of the fibre and the matrix to form what
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is referred to as a new homogeneous material called a lamina. Although this method
simplifies the analysis, as composites have material directions associated with them; it
implies that they still require several elastic moduli values depending on the materials’
fibre direction. Thus these averaging models must be able to still give relations for each of
these properties.
The Rule of Mixtures (ROM) proposed by Voigt [40] is one of the most commonly used
phenomenological model. Reuss [41] uses a similar approach to specify transverse material
properties. Reuss’s model is also referred to as the Inverse Rule of Mixtures (IROM). These
semi-empirical models simply attempt to correct the material properties given by the
phenomenological models by introducing correction factors. Some of the commonly known
models include the Halpin-Tsai, and Chamis models [48]. These two approaches are
commonly used at the micro-mechanical level and is thus discussed in more detail later in
this thesis. Using these models, the properties for the lamina can be obtained. From this
stage the laminate properties for the composite can be calculated.
2.2.2.2

Properties at the macromechanical/lamina level

The lamina properties obtained in Section 2.2.2.1; are used as the foundations to form the
properties of a laminate. Where several layers of the lamina are stacked on top of one
another in different orientations. Figure 2-5 shows the two main coordinate systems that
will be used within this research. Table 2-1 shows the notation for the elastic moduli
depending on the materials coordinate system, whilst Table 2-2 shows the notation
associated with stresses and strains for a composite. Through the remainder of this thesis
the notations shown in Table 2-1 and Table 2-2 will be used. For cases where engineering
shear strain values are used; the symbol ‘𝜀’ will be replaced with ‘γ’ or the abbreviation:
‘ENG’.

Figure 2-5: Local (1,2,3) and global (x,y,z) coordinate system used.
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Table 2-1:Elastic moduli notation for a lamina and a laminate.

Lamina

Laminate

𝐸11

𝐸𝑥𝑥

𝐸33

𝐸𝑧𝑧

𝐸22

𝐸𝑦𝑦

𝐺12

𝐺𝑥𝑦

𝐺23

𝐺𝑦𝑧

𝐺13

𝐺𝑥𝑧

Table 2-2: Stress and strain notation for a lamina and a laminate.

Lamina

Laminate

Stresses

Strains

Stresses

Strains

𝜎22

𝜀22

𝜎𝑦𝑦

𝜀𝑦𝑦

𝜎11
𝜎33
𝜏12
𝜏13
𝜏23

𝜀11
𝜀33
𝜀12
𝜀13
𝜀23

𝜎𝑥𝑥
𝜎𝑧𝑧

𝜀𝑥𝑥
𝜀𝑧𝑧

𝜏𝑥𝑦

𝜀𝑥𝑦

𝜏𝑦𝑧

𝜀𝑦𝑧

𝜏𝑥𝑧

𝜀𝑥𝑧

If the composite is considered to behave linear elastically then Hooke’s law can be used to
relate stresses and strain. This relationship is shown in Eqn. 2-9.
𝜎𝑖𝑗 = 𝐶 × 𝜀𝑖𝑗
Where:
𝜎=
𝜀=
𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝑖𝑗=
𝐶=

Stress
Strain
The material direction
Stiffness matrix

2-9
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Further discussion on the stiffness matrix will be made later on in the thesis when it is first
used. At the structural level, the composite is often cured into a complex geometry
comprised of varying lamina lay-up sequences. At this level; understanding the properties
associated with the material becomes very complex and Finite Element Analysis (FEA)
greatly assists with performing these calculations. Discussion of FEA is quite lengthy and
will be made in its own section (Section 2.6) later in this chapter. The main objective of
analysing at the structural level is to observe the stress and strains states and determine
whether failure has taken place. This failure can be characterised through various modes
which is discussed in the next section (Section 2.3).

2.3 Damage and failure in composites
Damage in composites is defined as a change in the materials behaviour that is irreversible.
Once damage occurs in composite structures the component does not continue to behave
in the same way [39, 49].
Failure is a broad term used in the field of composites. As to now there is still no widely
accepted definition of composite failure [50]. Thus the term is quite commonly broken down
into more specific modes. In general terms the definition of composite failure can be stated
as; when the structure is no longer able to uphold its function. Failure does not always
take place once damage occurs. The process from initial failure/damage to final failure is a
gradual process which is important to consider. The speed at which this damage progression
takes place is very important to understand and has started to gain a lot of interest in the
field of composites [51-57]. Failure in a unidirectional composite can be distinguished into
six failure modes [7, 49]:
•

Longitudinal failure in tension, strength Xt

•

Transverse failure in tension, strength Yt (in-plane) or Zt (out-of-plane)

•

Longitudinal failure in compression, strength Xc

•

Transverse failure in compression, strength Yc (in-plane) or Zc (out-of-plane)

•

Failure through in-plane shear, strength S12 or Sy

•

Failure through transverse shear, strength S23 or Sy.

The damage and failure of laminated composites is dependent on the damage and failure
of its constituent, including their interface and between the layers of the composite
laminate [49]. In this section these types of failure are looked at. They include: fibre failure
(Section 2.3.1), matrix failure (Section 2.3.2) and interface failure (Section 2.3.3).
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2.3.1 Fibre failure
Fibre failure is quite often the focus for a lot of research in composites [58, 59] as they are
able to carry a lot more load than the matrix. If a stress verse strain curve for the fibre
was observed, it would be seen that the curve is quite linear up to the point of abrupt
failure [49]. Thus its failure is quite commonly considered to take place when the laminate
strain exceeds the fibre failure strain [60].
The fibre can fail under tension or compression. Tensile failure takes place when Xt is
reached and can be characterised by fibre fracture. Compression failure takes place when
Xc is exceeded and is characterised by microbuckling or kinking shown in Figure 2-6. For
cases where the fibres are very thick, their mode of failure is through crushing [49].

Figure 2-6: Examples of fibre failure.

2.3.2 Matrix failure
The matrix phase of a composite material is generally continuous and isotropic in nature.
Matrix failure is often the first constituent to fail in a composite lamina [61-63]. Its presence
is commonly observed in unidirectional laminates that are loaded in the transverse direction
(i.e., perpendicular to the fibre direction).
Transverse tensile failure can take place as a result of the matrix strength being exceed or
as a result of the fibre-matrix interface strength being exceeded. Failure of the lamina in
the transverse direction takes place when Yt is exceeded (Figure 2-7). The transverse
compression strength Yc is often a lot higher than the transverse tension strength Yt. Its
behaviour is characterised by crushing of the matrix. The matrix can also commonly fail
in transverse shear where the strength parameter S13 is exceeded for the matrix material.
It has been found in the past that the compressive strength of a composite resin is about
eight times larger than its tensile strength [64].
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Figure 2-7: Examples of matrix failure.

As the matrix is responsible for holding and protecting the fibres in a composite, its failure
is often the start of progressive damage in the laminate. The fibres become vulnerable to
the environment and load paths through the material are changed resulting in the fibres
carrying more load. Fibre kinking is also a behaviour that is a consequent of the supporting
matrix material failing [65-67].

2.3.3 Interface failure
Interface failure can be examined in two main parts of the composite. The first is between
the fibre and matrix, and failure is often termed interfacial failure which is a form of
intralaminar failure. The second is between adjacent plies and the term delamination or
interlaminar failure is often used.
There has been quite a lot of research examining interfacial failure [49, 68-72]. It can take
place when a unidirectional laminate is loaded in its transverse direction. It can also occur
in the form of shear failure at the interface when the strength S12 is exceeded (Figure 2-8).
Once the fibre becomes debonded from the matrix, it becomes much weaker and vulnerable
to fibre pull-out in cases of longitudinal tension or kinking in longitudinal compression.

Figure 2-8: Examples of interface failure.
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Delamination is a form of matrix failure which takes place at the interface between two
plies [23, 24, 73]. In a perfect composite it is commonly believed that the contact surface
between adjacent plies becomes seamless and thus behaves like the matrix. On the other
side, some argue that the manufacturing process introduces impurities to contact surfaces
which result in an interfacial failure strength which is weaker than the matrix. In this thesis
the interface between adjacent plies is assumed to be perfect, thus this form of failure will
be characterised as matrix failure. This mode of failure commonly takes place when a
composite laminate is loaded in compression. As there are no fibres to assist in reinforcing
the out-of-plane direction, the significantly weaker matrix constituent is left to carry the
load. Similar to matrix failure, this mode is the start of other failure modes and plays a
very important role in the structural integrity of composites [74].
By being able to identify key modes of failure in composites, research is able to be directed
and focussed at certain modes. This is very useful when failure criteria for composites are
investigated.

2.4 Review of failure criteria for composites
The growing use of composites in various applications highlights the importance of being
able to predict the materials behaviour so that assessments about structural integrity for
the components can be made. As discussed so far throughout this thesis, this is not a simple
task. The greatest complication comes from the ability to relate the materials microstructural changes to changes that are observed by the structure [75]. Although there have
been numerous advances in the field of solid mechanics of materials [3], there is still no
single theory that is able to accurately predict failure at all levels of analysis, for all loading
conditions, and for all types of fibre reinforced polymer composites (FRPC) [75].
Recently the largest investigation into failure criteria for composites was undertaken in a
study called the World Wide Failure Exercise (WWFE) [50]. The objective was to assess
the predictive capabilities of over 20 well known failure criteria with experimental results.
It was found that even at the simple lamina level most of the failure criteria predictions
differed significantly from the experimental observations [50, 75].
This section of the thesis presents some of the most commonly used failure criteria that
are used to analyse composites. The section is broken down into three section: Section 2.4.1,
looks at failure criteria applicable to isotropic materials, Section 2.4.2 looks at failure
criteria that are applied at the lamina (macro-level), whilst Section 2.4.3 discusses failure
criteria that can be applied at the micro-mechanical level.
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2.4.1 Failure criteria for isotropic materials
Failure criteria for isotropic materials have been in use for almost a century. They simply
determine failure when a material parameter exceeds its critical value. Some are discussed
below.
2.4.1.1

Maximum Shear Stress criterion (Tresca)

Maximum Shear Stress criterion also referred to as Tresca’s yield criterion [76] states that
yielding will occur in a material when the maximum shear stress equals the yield shear
strength (𝑆𝑠𝑦 ) of the material. Its relationship in terms of principal stresses is given by
Eqn. 2-10 and shown in 2D and 3D stress space in Figure 2-9. The main limitation of
Tresca’s failure criterions is that it does a poor job in predicting dilatational failure.
1
1
max(|𝜎1 − 𝜎2 |, |𝜎2 − 𝜎3 |, |𝜎3 − 𝜎1 |) = 𝑆𝑠𝑦 = 𝑆𝑦
2
2

2-10

Where:
𝜎𝑖 = Principal stress, where subscript ‘i’ is directions: 1,
2, or 3 (max, mid, and min respectively)
𝑆𝑠𝑦 = Yield strength in shear
𝑆𝑦 = Tensile yield strength

(a)

(b)

Figure 2-9: Tresca’s failure criterion plotted in: (a) 2D, (b) 3D stress space.

2.4.1.2

Mohr-Coulomb failure criterion

The Mohr-Coulomb failure criterion [77] is similar to the Tresca’s yield criterion except
that it takes into account a materials ability to carry higher load in compression than in
tension. Its formula is given in three dimensions in Eqns. 2-11 to 2-13, where compressive
stress is assumed to be negative. Its failure envelope in 2D and 3D space is shown in
Figure 2-10.
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𝜎1 − 𝜎2
𝜎 − 𝜎2
=[ 1
] sin(∅) + 𝑐 × cos(∅)
2
2

2-11

𝜎2 − 𝜎3
𝜎 − 𝜎3
=[ 2
] sin(∅) + 𝑐 × cos(∅)
2
2

2-12

𝜎3 − 𝜎1
𝜎 − 𝜎1
=[ 3
] sin(∅) + 𝑐 × cos(∅)
2
2

2-13

Where:
𝜎𝑖 = Principal stress, where subscript ‘i’ is directions: 1, 2,
or 3 (max, mid, and min respectively)
∅= Angle of internal friction
𝑐= Cohesion

(a)

(b)

Figure 2-10: Mohr-Coulomb failure criterion plotted in: (a) 2D, (b) 3D stress space.

2.4.1.3

von Mises failure criterion

von Mises failure criterion [78] is similar to Tresca’s yield criterion and commonly found in
most finite element analysis (FEA) packages. The theory divides the stress or strain energy
of the material into distortional and dilatational components and suggests that failure will
occur when the distortional energy is greater than the failure distortion energy of the
material [7]. Failure is predicted when the square root of the second invariant (Eqn. 2-14
to 2-15) of the deviatoric stress tensor reaches a critical value. This is shown in Eqn. 2-14.
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𝜎𝑣𝑚 = √3𝐽2 = 𝐴

1
𝐽2 = [(𝜎1 − 𝜎2 )2 + (𝜎2 − 𝜎3 )2 + (𝜎3 − 𝜎1 )2 ]
6
Where:
𝜎𝑣𝑚 = The von Mises stress.
𝐴= Curve fitting parameter representing the critical
stress.
𝐽2 = The second stress invariant.
𝜎𝑖 = Principal stress, where subscript ‘i’ is directions: 1, 2,
or 3.

2-14
2-15

As von Mises can be fully specified in stress or strain domain. It can be plotted in 3D stress
space as shown in Figure 2-11. If a plane stress assumption is used (i.e., σ3 = 0), then a 2D
plot can be drawn. If an experimental point falls outside the failure envelope then failure
is predicted to occur.

(a)
(b)
Figure 2-11: von Mises failure criterion plotted in: (a) 2D, (b) 3D stress space.

2.4.1.4

Drucker-Prager failure criterion

The Drucker-Prager failure criterion [79] (often referred to as the modified von Mises
criterion) is very similar to von Mises, except that it introduces an extra J1 term which is
the first invariant of the stress tensor (Eqn. 2-17). This term represents the dilation energy
and takes into account hydrostatic stress. The criterion is given by Eqn. 2-16.
√𝐽2 = 𝐴 + 𝐵𝐽1
𝐽1 = 𝜎1 + 𝜎2 + 𝜎3

Where:
𝐽2 = The second invariant given by Eqn. 2-15
𝐽1 = The first stress invariant
𝜎𝑖 = Principal stress, where subscript ‘i’ is directions: 1,
2, or 3 (max, mid, and min respectively)

2-16
2-17
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It is known that the Drucker-Prager yield criterion gives more accurate results where it is
found that failure occurs due to positive changes in volume [38]. Figure 2-12 shows a plot
of the failure surface in 2D and 3D.

(a)

(b)

Figure 2-12: Drucker-Prager failure criterion plotted in: (a) 2D, (b) 3D stress space.

2.4.2 Failure criteria at the macro-mechanical level
These failure criteria use a combination of material stress parameters. Their basis of
predicting failure is once their value exceeds a critical value the material is considered to
have failed. Most of these failure criteria do not have a dehomogenisation process, where
the failure prediction stops at the lamina level and cannot be related back down to its
constituents. Thus the lamina level stress-strains are used to predict failure of the: lamina,
fibre, matrix or a combination.
2.4.2.1

Maximum Stress failure criterion

In Maximum Stress failure criterion [7], the stresses acting on the lamina are resolved into
their normal and shear stresses in the local coordinate system [10]. If any of the shear or
normal stresses are predicted to exceed the corresponding ultimate strengths of the lamina,
then failure is predicted (shown in Eqn. 2-18 to Eqn. 2-20).
𝑋𝑐 < 𝜎11 < 𝑋𝑡
𝑌𝑐 < 𝜎22 < 𝑌𝑡
|𝑆12 | < 𝜏12

Where:
𝜎11 = Stress in the fibre direction.
𝜎22 = Stress in the transverse direction.
𝜏12 = In-plane shear stress

2-18
2-19
2-20
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(a)

(b)

Figure 2-13: Maximum Stress failure criterion plotted in: (a) 2D, (b) 3D stress space.

One of the main limitations with the maximum stress failure criterion is that it does not
consider the stress interaction, nor does the criterion have any coupling among the five
possible modes of failure [10]. The theory also does a poor job in predicting failure in the
second and fourth quadrants (Figure 2-13). A plot of the failure envelope in 2D and 3D
stress space is shown in Figure 2-13.
2.4.2.2

Maximum Strain failure criterion

Similar to Maximum Stress failure criterion, Maximum Strain failure criterion is also based
on the theory that is applied to isotropic materials. The strains are resolved to the local
axis, and failure is predicted if any of the normal or shearing strains exceeds their
corresponding ultimate strains of the unidirectional lamina (Eqns. 2-21 to 2-23). A plot of
the failure envelope in 2D and 3D stress space is shown in Figure 2-14.
𝑋𝑐 < 𝜀11 < 𝑋𝑡
𝑌𝑐 < 𝜀22 < 𝑌𝑡
|𝑆12 | < 𝜀12

Where:
𝜀11 =
𝜀22 =
𝜀12 =
𝑋𝑐 , 𝑋𝑡 =

Strain in the fibre direction
Strain in the transverse direction
In-plane shear strain
Longitudinal compressive and tensile strains
respectively
𝑌𝑐 , 𝑌𝑡 = Transverse compressive and tensile strains
respectively

2-21
2-22
2-23
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(a)

(b)

Figure 2-14: Maximum Strain failure criterion plotted in: (a) 2D, (b) 3D strain space.

2.4.2.3

Tsai-Hill failure criterion

Tsai-Hill’s failure criterion [80] is based on von Mises’ failure criterion, where Hill applied
it to anisotropic materials. Tsai then modified Hills’ findings and applied it to unidirectional
laminae. Initially the theory did not distinguish between compressive or tensile strengths.
However this theory was later modified to account for this (presented as Eqn. 2-24).
Figure 2-15 shows the failure surface in 2D stress space.
2
2
2
2
2
2
𝜎11
− 𝜎11 𝜎22 − 𝜎11 𝜎33 𝜎22
− 𝜎33
− 𝜎22 𝜎33 𝜏23
𝜏13
− 𝜏12
+
+
+
≥1
𝐹12
𝐹22
𝐹62
𝐹42

Where:
𝜎11 , 𝜎22 , 𝜎33 = The three normal stress components
𝜏12 , 𝜏13 , 𝜏23 = The three shear stress components
𝑋
𝐹1 = { 𝑋𝑡
𝑐
𝐹2 = {𝑌𝑡
𝑌𝑐

𝐹4 = |𝑆12 |
𝐹6 = |𝑆23 |

𝑖𝑓 𝜎 > 0
𝑖𝑓 𝜎 < 0

𝑖𝑓 𝜎 > 0
𝑖𝑓 𝜎 < 0

2-24
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Figure 2-15: Tsai-Hill failure criterion plotted in 2D stress space.

As Tsai-Hill criterion has the normal and shear stress components coupled it is referred to
as an interactive theory. This interaction implies that the materials behaviour under
uniaxial loading will be quite different to when it is under multiaxial loading which is a
major contribution that had not previously been introduced in failure criteria for
composites. The failure criterion is does not separately specify the mode of failure.
2.4.2.4

Tsai-Wu failure criterion

Tsai-Wu criterion [81] is another quite well know and used failure criterion which is simple
to use and amendable to computational procedures [50, 82]. Unlike the unmodified TsaiHill criterion; the Tsai-Wu failure criterion distinguishes between the compressive and
tensile strengths of the lamina. A lamina is considered failed when Eqn. 2-25 is satisfied.
Figure 2-16 shows representations of the failure criterion when plotted in 2D and 3D stress
space.
2
2
2
𝐻1 𝜎11 + 𝐻2 𝜎22 + 𝐻4 𝜏12 + 𝐻11 𝜎11
+ 𝐻22 𝜎22
+ 𝐻44 𝜏12
+ 2𝐻12 𝜎11 𝜎22 ≥ 1

Where:
𝜎11 , 𝜎22 , 𝜎33 = The three normal stress components
𝜏12 , 𝜏13 , 𝜏23 = The three shear stress components
1
1
𝐻1 = 𝑋𝑡 − 𝑋𝑐
𝐻11 =
𝐻22 =

1
𝑋𝑡 𝑋𝑐
1
− 𝑌1
𝑌𝑡
𝑐
1
𝑌𝑡 𝑌𝑐

𝐻12 =

1
1
(𝐻11 𝐻22 ) ⁄2
2

𝐻2 =

𝐻4 = 0
1
𝐻44 = 𝑆12
2

2-25
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(a)
(b)
Figure 2-16: Tsai-Wu failure criterion plotted in: (a) 2D, (b) 3D stress space.

From studies conducted for the WWFE [82]; Tsai-Wu’s criterion was found to predict
failure for unidirectional laminae better than any other theory conducted in the study, and
the predicted shapes of the final failure envelopes for multi-directional laminates agreed
well with the experimental data. However, the study did raise the potential for
improvements to be made for predicting initial failure in multi-directional laminates. Some
limitations reported include: large predicted enhancement in the compression-compression
region of the failure curve; the criterion cannot predict the large non-linear strains observed
where high lamina shear is involved; and the failure criterion is not able to specify the
mode of failure. Despite these limitations, this criterion has contributed significantly to
failure analysis of composite materials through the use of Classical Laminate Theory.
2.4.2.5

Hashin-Rotem failure criterion

Hashin and Rotem [83] presented a failure criterion that presents fibre failure (Eqn. 2-26)
and matrix dominant failure (Eqn. 2-27 and Eqn. 2-28). The criterion is presented as a
failure index (FI) where a value of greater than one indicates failure.
|𝜎11 |
=1
𝐹1

(
(

2
2
𝜎22 2
𝜏
𝜏
) + ( 12 ) + ( 23 ) = 1
𝐹2
𝑆12
𝑆23
2
2
𝜎33 2
𝜏
𝜏
) + ( 12 ) + ( 13 ) = 1
𝐹3
𝑆12
𝑆13

Where:
𝑖𝑓 𝜎 > 0
𝐹1 = {𝑋𝑡
𝑋𝑐
𝑖𝑓 𝜎 < 0
𝑖𝑓 𝜎 > 0
𝐹2 = {𝑌𝑡
𝑌𝑐
𝑖𝑓 𝜎 < 0
𝑍
𝑖𝑓 𝜎 > 0
𝐹3 = { 𝑡
𝑍𝑐
𝑖𝑓 𝜎 < 0
𝜎11 , 𝜎22 , 𝜎33 = The three normal stress components
𝜏12 , 𝜏13 , 𝜏23 = The three shear stress components
𝑆12 , 𝑆13 , 𝑆23 = Shear strengths

2-26

2-27

2-28
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Puck’s failure criterion

The concept of Hashin-Rotem failure criterion was modified by Puck et al [84, 85], where
nonlinear stress-strain relationships where introduced. Puck’s theory uses Mohr’s
hypothesis that fracture is produced only by the stresses acting on the fracture plane [7].
The criterion also uses additional terms such as a macroscopic strength parameter and an
inclination for the fracture plane. The fibre failure criteria is given by Eqns. 2-29 and 2-30,
while Eqns. 2-31 and 2-32 shows the relationship for matrix failure. The additional
parameters that are introduced in Puck’s failure criterion is its main limitation as there is
limited proven advantage shown in literature [7] over the simpler Hashin-Rotem failure
criterion [83].
(

2
𝜎11 2
𝜏
) + ( 12 ) = 1
𝑋𝑡
𝑆12

(
(

𝜎11 2
) =1
𝑋𝑐

2
𝜎22 2
𝜏
) + ( 12 ) = 1
𝑌𝑡
𝑆12

2
𝜎22 2
𝑌𝑐 2
𝜎
𝜏
(
) + [(
) − 1] 22 ( 12 ) = 1
2𝑆23
2𝑆23
𝑌𝑐 𝑆12

2-29

2-30

2-31

2-32

Where:
𝜎11 , 𝜎22 , 𝜎33 = The three normal stress components
𝜏12 = Shear stress

2.4.3 Failure criteria at the micro-mechanical level
This section discusses several failure criteria that can be applied to the matrix and fibre
constituents separately, i.e., at the micro-mechanical level. Micro-mechanical analysis can
be used to separate the stress and strain in the matrix and fibre using a Representative
Volume Element (RVE) [86]. These can then be used to predict matrix or fibre failure in
a structural analysis. Three failure criteria are discussed: Multicontinuum theory
(Section 2.4.3.1), Onset theory (Section 2.4.3.2) and micro-mechanics of failure
(Section 2.4.3.3).
2.4.3.1

Multicontinuum theory (MCT)

MCT predicts failure at the fibre and matrix level by obtaining the volume averaged stress
states in the fibre and the matrix. Here, matrix failure is assumed to be influenced by all
six of the matrix average stress components in a 3D analysis, whilst a quadratic function
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is used to find the average stress of the fibre [87]. These are shown in Eqn. 2-33 and
Eqn. 2-34, for fibre and matrix failure respectively.
2
𝐴±
1𝑓 𝐼1𝑓 + 𝐴4𝑓 𝐼4𝑓 = 1

±
±
2
2
𝐴±
1𝑚 𝐼1𝑚 − 𝐴2𝑚 𝐼2𝑚 + 𝐴3𝑚 𝐼3𝑚 + 𝐴4𝑚 𝐼4𝑚 − 𝐴5𝑚 𝐼1𝑚 𝐼2𝑚 = 1

Where:
𝐼1 =
𝐼2 =
𝐼3 =
𝐼4 =
𝐴=
𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡: 𝑓, 𝑚=
𝑠𝑢𝑝𝑒𝑟𝑠𝑐𝑟𝑖𝑝𝑡: ±=

2-33
2-34

𝜎11
𝜎22 + 𝜎33
2
2
2
𝜎22
+ 𝜎33
+ 𝜎23
2
2
𝜎12
+ 𝜎13

Experiment failure parameters
Fibre and matrix respectively
Indicates tensile (+) or compressive (-)

MCT greatly assists with understanding matrix failure and fibre failure in a composite,
especially when it comes to progressive damage models [51-54]. However, the assumption
of averaging the overall stresses in the individual constituents can be improved on which
is discussed in the later sections [10].
2.4.3.2

Onset theory

Onset theory, also known as the Strain Invariant Failure Theory (SIFT) was proposed by
Gosse, Christensen [24] and Hart-Smith [73] in 2001. Unlike MCT, where the stresses in
each constituent are averaged, Onset theory uses an amplification technique that calculates
the principal stresses and strains at several locations to identify a critical location. Using
this separation technique allows the fibre and matrix failure to be examined in detail.
Onset theory separates failure of fibre reinforced polymers (FRP) into two categories:
dilatational (change in volume given by Eqn. 2-35) and distortional (change in shape) given
by Eqn. 2-36). Failure takes place when either of the equations exceeds its critical value.
A plot of the failure criterion in 2D and 3D strain space is shown in Figure 2-17.
𝐽1 = 𝜀1 + 𝜀𝟐 + 𝜀𝟑

1
𝜀𝑣𝑚 = √ [(𝜀1 − 𝜀2 )2 + (𝜀1 − 𝜀3 )2 + (𝜀2 − 𝜀3 )2 ]
2

Where:
𝐽1 = The first strain invariant
𝜀𝑣𝑚 = The von Mises strain
𝜀𝒊 = Principal strains, subscript ‘i’ is directions: 1, 2, or 3

2-35
2-36
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This failure criterion also adds thermal and hygroscopic strains onto the mechanical strains
shown in Eqn. 2-35 through the relationship given by Eqn. 2-37 [23].
𝐽1𝑚 = ∆𝑉𝑚𝑒𝑐ℎ + ∆𝑉𝑡ℎ𝑒𝑟𝑚 − ∆𝑉ℎ𝑦𝑔𝑟𝑜

2-37

∆𝑉 = 𝜀11 + 𝜀22 + 𝜀33

Where:
𝐽1𝑚 =
∆𝑉 =
𝜀11 , 𝜀22 , 𝜀33 =
𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡: 𝑚𝑒𝑐ℎ=
𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡: 𝑡ℎ𝑒𝑟𝑚=
𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡: ℎ𝑦𝑔𝑟𝑜=

2-38

The first stress invariant for the matrix
Change in material volume given by Eqn. 2-38
The three normal strain components
Mechanical
Thermal
Hygroscopic

Onset theory has had limited experimental results to validate its predictive capabilities due
to difficulty associated with these tests and it being relatively quiet new. However, there
have been some application to off-axis FRP composites [39, 86]. There is still a lot more
research yet to be performed in order to validate it. The multiscale analysis method used
by Onset theory will be discussed in greater detail in Section 2.6.

(a)

(b)

Figure 2-17: Onset theory plotted in: (a) 2D, (b) 3D stress space.

2.4.3.3

Micro-mechanics of failure (MMF)

The micro-mechanics of failure criterion proposed by Ha et al [25], has a similar process of
using micromechanical amplification factors suggested in Onset theory however they are
expressed in stress domain. In addition to proposing a failure criterion for the matrix and
fibre, MMF criterion includes interfacial effects between the fibre and the matrix.
Eqns. 2-39 , 2-40 and 2-41 shows the failure criteria for the fibre, matrix and interface
respectively. For full definition of variables used in Eqn. 2-39 to Eqn. 2-41 please refer to
reference [25].
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6

6

∑ ∑ 𝐹𝑖𝑗 𝜎𝑖 𝜎𝑗 + ∑ 𝐹𝑖 𝜎𝑖 = 1
𝑗=1 𝑖=1

(

𝑖=1

𝜎𝑣𝑚 𝑛𝑝
𝐼1
) + ( 𝑐𝑟
)=1
𝑐𝑟
𝜎𝑣𝑚
𝐼1

(

2-39

〈𝑡𝑛 〉
𝑡 2
) +( 𝑡) = 1
𝑌𝑛
𝑌𝑡
2

2-40

2-41

Where:
𝐹𝑖𝑗 , 𝐹𝑖 = Fibre strength parameters
𝜎𝑣𝑚 = The von Mises stress
𝐼1 = The First Stress Invariant
𝑠𝑢𝑝𝑒𝑟𝑠𝑐𝑟𝑖𝑝𝑡: 𝑐𝑟= Critical value
𝑛𝑝 = Power index
𝑡𝑛 = Normal traction on the interface
𝑡𝑡 = Tangential traction on the interface
𝑌𝑛 = Normal interfacial strength
𝑌𝑡 = Tangential interfacial strength
〈… 〉= Macaulay bracket (no failure under pure compressive
normal traction)
Limitations of the MMF criterion is that there are a lot more parameters that must be
calculated, and the stress amplification method requires additional steps compared to the
strain amplification method [88].

2.4.4 Summary of failure criteria
In this section three main types of failure criteria have been looked at. The first set were
failure criteria for isotropic materials (Section 2.4.1), the second discussed failure criteria
that are applied at the lamina level (Section 2.4.2), whilst the third category discussed
failure criteria applicable at the micro-level (Section 2.4.3).
In total there were six lamina level failure criteria discussed. Note that some of these
criteria can be simplified and applied to isotropic materials [89]. This implies that their
underlying theory can be applied to assess failure in the fibre and matrix constituents
individually once the micro stress-strain states are known. On the other hand: Tsai-Hill
(Section 2.4.2.3), Tsai-Wu (Section 2.4.2.4), Hashin-Rotem (Section 2.4.2.5) and Puck
failure criterion (Section 2.4.2.6) have been specifically created to be applied at the lamina
level and thus cannot be applied at the micro level. The issue with this is that although
they do simplify the analysis procedure, being formulated at the macromechanical level
means that the distinction between fibre and matrix constituents is ignored [39].
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Three micromechanical level failure criteria have been discussed (MCT, Onset theory and
MMF criterion). In order to relate the lamina level stresses-strains down to the individual
constituents at the micro level, they all use an amplification technique. In MCT, the stressstrain state is averaged across each constituent, whilst both Onset theory and MMF
criterion look at a specific critical location which is an improvement on accuracy but
requires additional work. All three theories are physics based and thus should be able to
be applied generally to any structural failure analysis [39]. This is a step forward compared
to lamina level failure criteria, thus in this thesis a micro-mechanical level approach will
be considered in detail.

2.5 Review of multiaxial tests and specimen designs
Most of the failure criteria discussed in the Section 2.4 attempt to formulate the entire
failure envelope for a material based on simple experimental tests. These are often in the
form of uniaxial tests [90, 91] or shear tests [92]. Depending on the type of failure criteria
being applied, a curve is fitted through the obtained experimental data. A plot of several
of the failure criteria previously discussed is shown in Figure 2-18. The limitation of using
relatively simple experiments to obtain simple stress-strain states is that in reality
composite structures are subjected to multiaxial stress-strain states. Thus it would only be
appropriate to formulate failure criteria based on multiaxial stress-stain states.
Unfortunately these types of tests have had limited attention in literature [93-96] and are
often difficult to perform [93, 97, 98].

Figure 2-18: Comparison of several failure envelopes.

Three main areas need to be addressed before performing any multiaxial test:
1. An apparatus that is capable of applying multiaxial loads must be used.
2. A specimen design needs to be established that is able to generate a homogeneous
stress and strain field in a predefined location.
3. A means of measuring the strain state at the centre needs to be considered.
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In this section some of the most common forms of multiaxial tests and their specimen
designs are discussed.

2.5.1 Off-axis uniaxial tests
Off-axis uniaxial tests involve specimens where the fibres are oriented at an angle relative
to the loading direction. An example of an off-axis specimen is shown in Figure 2-19. This
type of test is commonly presented in literature [39, 86, 99-102] and the ASTM D 3039 [90]
standard outlines procedures to prepare a 0° and 90° specimen.

Figure 2-19: Example of an off-axis specimen.

Onset theory in particular proposes the use of off-axis tension tests to obtain failure data.
Off-axis tests ranging from 10° to 90° are said to result in matrix dominant failure
characterised by either dilatational or distortional failure [39]. The 10° off-axis tension test
in particular is commonly used to obtain the shear modulus of the composite lamina and
is extensively presented in literature [99, 100].
The main disadvantage associated with these tests is that they often suffer from premature
failure at the clamps due to the shearing nature of such tests, in which the use of oblique
tabs is proposed [39, 103]. Misalignments in the fiber direction can also introduce errors in
an analysis.

2.5.2 Tubular specimens
Tubular specimens are cylindrical in shape and often tested under a variety of loading
conditions. These include: torsional tests, tensile tests, compression tests, pressurised tests,
or a combination of the previous tests [104-107]. Thin-walled tubes have been commonly
used for biaxial tests [108, 109] where they were subjected to hydrostatic, axial and/or
torsional loads. Figure 2-20 shows a picture of a typical tubular specimen. Tubular
specimens allow the measurement of: tensile loads, compressive loads, tangential, and shear
loads [110].
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Figure 2-20: Example of a tubular specimen design [111].

A disadvantage of these specimens is that energy propagation through the wall thickness
and other significant features are misrepresented in non-tubular components [112, 113].
The onset of matrix cracking also results in a loss of pressure, although internal bladders
are stated to successfully alleviate this issue. Clamping issues and the stress gradients
across the wall of the specimen makes them less accurate than having flat specimens [98,
110].

2.5.3 Thin plate specimens
Thin plate specimens are the simplest to manufacture. They are typically tested by
ramming of the specimen [114, 115]. A hydraulic bulge test [115, 116] can be used to subject
pressure on a round or elliptical flat sheet. An example of a thin plate specimen is shown
in Figure 2-21. Issues posed by such tests include: non-homogeneous stress distributions
introduced by the grips and a limited range for testing load ratios due to dependence on
the shape of the edge grips [98].

Figure 2-21: Example of a thin plate specimen [111].
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2.5.4 Cruciform specimens
Cruciform specimens are considered to be the most reliable method to produce biaxial
stress states by changing loads on two axis [117]. The reasoning behind the crucifix design
for composites is that when [±45°] plies are used, the cut-out regions help prevent the
sharing of loads between the two loading directions thus preventing the direct transfer of
loads from the horizontal arms to the vertical arms [118]. In order for a cruciform specimen
to be successfully tested, the following conditions need to be considered [110]:
•

It should be capable of generating a sufficiently wide and homogenous biaxial stressstrain field in the gauge area.

•

Failure must occur in the predefined gauge region.

•

The cruciform should accept arbitrary biaxial load ratios for generating a complete
failure envelope (within a desired range).

•

Both the tested and the reinforcement layers should be of the same material.

•

The transition between the gauge region and the reinforced regions should be
gradual enough to avoid undesirable high stress concentrations.

•

The cruciform fillet radius should be as small as possible in order to reduce stress
coupling effects.

•

Stress measurements in the test area should be comparable to nominal values
obtained by dividing each applied load by its corresponding cross-sectional area.

Despite the numerous testing of cruciform specimens there has been no standard design as
to the geometry of the specimens [119, 120]. This has limited a lot of research in the field
of biaxial testing. Ohtake et al [121], proposed that three main design features need to be
considered in cruciform specimens: i) to use a large radii at the corner of the specimens to
increase the deformation in the centre section, ii) introduce strip and slots, and iii) reduce
the cross sectional area in the centre of the specimen.
The use of large radii at the corner of specimens has been proposed by several authors [122124]. Figure 2-22, shows an example of this type of specimen. The main objective of using
large radii cut outs is to reduce the strains in the arms in comparison to the centre gauge
region of the specimen. The main advantage of such specimens is that they are easy to
manufacture and have been used successfully for metals examining initial yielding [122].
However, their use for composites testing is quite limited as premature failure originating
at the radii is found to commonly take place [96, 111].
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Figure 2-22: Example of a cruciform specimen with large radii.

As the biaxial failure envelope obtained by most traditional laws suggests that most
laminates will exhibit a higher failure strength under biaxial loading than under uniaxial
loading; the highest load occurs along the 45° line to the axis in the first and third quadrant
(Figure 2-18). Some authors believe that this is the reason why most previous researchers
have not had much success in obtaining failure in the centre of the specimen [94]. They
suggest to use a cross ply laminates in order to avoid premature failure in the arms of the
specimen, due to their low in-plane Poisson’s response.
Slits in the arms of the specimen was found to be very effective in creating uniform strain
distributions within the gauge region, allowing the biaxial stress components to be
identified without having to assume an effective cross-sectional area. The slits also allowed
more flexibility for the specimens to deform in the two directions of loading [125-127]. An
example of a cruciform specimen with slots incorporated in the design is shown in
Figure 2-23.

Figure 2-23: Example of a cruciform specimen with slots [121].

Another way to minimise premature failure or the stress concentration that is found at the
radii of the cruciform specimen is to reduce the thickness of the gauge region of the
specimen [117, 128]. This is one of the most popular design features incorporated into
cruciform specimens. An example of this design feature is shown in Figure 2-24. This feature
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is often coupled with large radii and the use of slits [108, 129-138] (shown in Figure 2-25).
In some cases, stress concentrators are intentionally introduced (e.g., holes) to examine
their effect under biaxial loads [124, 139, 140]. The centre gauge region is often milled down
to the desired thickness depending on the material [118, 129, 132-136]. The specimens can
also be moulded to overcome any stress concentrations introduced by the machining process
[89, 111, 141].

Figure 2-24: Example of a cruciform specimen with reduced gauge region.

Figure 2-25: Example of a cruciform specimen using large radii, slits, and reduced gauge
region.

Finite element analysis is commonly used to perform parametric studies on the optimum
specimen design configuration depending on the material being tested [89, 96, 117, 141143]. Despite this aid, the stress concentration that results from the radii of the cruciform
specimens is largely unavoidable and still the result of a lot of premature failure in
cruciform specimens [96, 110, 129, 131]. Thus, there has been no single specimen design
that has been shown to work successfully for various materials. In this thesis a suitable
specimen design will need to be established before any test data for matrix failure can be
collected. Once achieved, the micro-mechanical level analysis discussed in Section 2.4.3 can
be used. In Section 2.6, some of the multiscale modelling approaches used for composites
are discussed.
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2.6 Micro-mechanical modelling of composites
For analysis purposes, failure criteria must be applicable at the structural, laminate and
lamina level. However as failure at these levels is an accumulation of micro-mechanical
failure events, it is important that an understanding of micro-level failure mechanisms are
used in the development of failure theories [75]. With current advances in computing power,
this importance has recently started gaining popularity and has been adopted by several
researchers [13, 25, 39, 59, 141, 144-148] to assess damage and failure in composites at a
micro-mechanical level. It is considered to be one of the most promising modelling
approaches [39, 149].
With today’s computing power, modelling every strand of fibre within a composite
structure is computationally inefficient. Thus, a compromise is needed in which the failure
of a composite at its micro-mechanical level can be tied to behaviour of the composite at
its structural level. This is where the micro-mechanics approach to modelling composites
comes into place. In Section 2.2.2.1 some of the fundamental governing rules to assess the
properties of the fiber and matrix have been discussed. In this section, a discussion on how
the stress-strain states can be extracted within the fibre and matrix constituent is discussed.

2.6.1 Representative Volume Elements (RVEs)
Representative Volume Elements (RVEs) or sometimes referred to as unit cells, are the
basic building blocks used in an analysis consisting of the fibre and matrix. Due to the
random nature in which the fibers arrange themselves in a lamina (Figure 2-26), some
researchers [14, 23, 39, 141, 145] have suggested the use of several RVEs to provide an
overall understanding of this random configuration. There are four typical fiber
configurations that are used for an analysis, they include a: square fiber configuration,
diamond fiber configuration, vertical hexagonal fiber configuration, and a horizontal fiber
configuration [23]. These are shown in Figure 2-27. Other researchers [30, 150, 151] propose
the use of an algorithm to randomly generate the distribution of fibers within a unit cell
(an example is shown in Figure 2-28). Both methods are quite commonly presented in
literature and have been shown not to differ significantly in their results [152].
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Figure 2-26: Random fiber distribution within a composite laminae.

(a)
(b)
(c)
(d)
Figure 2-27: Representative Volume Elements with different fibre configurations: a) square,
b) diamond, c) vertical hexagonal, d) horizontal hexagonal.

Figure 2-28: Random distribution of fibres within a unit cell.

A structural level (macro-mechanical level) analysis is still required to identify a critical
failure point (or a point of interest). The stress-strain state is then recorded at this point
and applied onto the RVE. After performing the RVE analysis the stress and strain states
on the fiber and matrix can be extracted. This constituent level of modelling has allowed
additional factors previously ignored to be introduced into an analysis such as hygrothermal
effects discussed in the next section (Section 2.6.2).
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2.6.2 Hygrothermal effects
Hygrothermal effects considers the thermal and residual stresses or strains that are
experienced by the fibre and the matrix. Residual stresses are formed within composite
laminates due to the chemical shrinkage of the resin during the curing process and due to
the thermal shrinkage of the resin as it cools down after curing to the room temperature
[153]. One key advantage of a micro-mechanical level model, is that residual stresses can
be examined in detail. This has not been previously possible with macro-mechanical models
where the lamina is considered to be homogeneous. Several researchers have presented the
significance of considering these effects [7, 13, 150, 154], where some have proposed that
the residual strains that are introduced due to cooling from the cure cycle, result in cases
where the matrix fails before entering service [150].
Although hygrothermal effects are known to exist within composites and the use of RVEs
has aided in their modelling; implementation has been quite rare. The main reason is due
to the additional work required to correctly model their effects [155]. Some researchers have
stated that in the long run swelling of composites due to absorption of moisture can offset
the thermal residual stresses, implying that they could be ignored from any analysis [155,
156]. It should be noted that some of the previously mentioned failure criteria such as
Onset theory and MMF criteria do accommodate these parameters although they are
sometimes ignored by the user [23]. The significance of these effects will be considered in
this thesis.

2.6.3 Amplification approach
When fibres are embedded within a matrix they act as stress concentrators. Thus when a
lamina is placed under load, the matrix sees an amplified stress-strain state due to the
fibres presence. One modelling technique that attempts to relate the amplified stress-strain
state experienced by the matrix at the micro-level to the lamina (macro-level) is the
amplification approach. This technique is used to visualise regions of matrix failure and
fiber failure at the macro-level and has been incorporated in some FE models [87].
The amplification factors are obtained by applying a unit of stress or strain onto a RVE
for different load cases. The stresses or strains are then extracted at critical locations of
the fibre and the matrix. These critical stress-strain values form the amplification factors.
Gosse et al, [23, 24, 99, 148] proposes this approach when using Onset theory. The process
scales the strains determined from a finite element analysis at the laminate level by
amplification factors which are then used to determine failure using Onset theory [39].
Wang [56, 157] and Ha et al [25, 152], use a similar approach however their amplification
factors are expressed in terms of stresses rather than strains.
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The stress or strain amplification approach is quite new and although it simplifies the
means of relating the micro-mechanical level stress-strain states back to the macromechanical level and thus the structural level, it is not compulsory to use in order to
implement any micro-mechanical level failure criterion. In this thesis the amplification
approach will not be used extensively as only critical locations in the composites tested
will be examined as opposed to the entire composite specimen for which the amplification
approach is targeted at. Despite this, it is important to understand the significance of this
approach.

2.7 Summary
In this chapter, a comprehensive review of literature discussing the behaviour of composite
materials has been made. The review of literature revealed that further studies examining
failure of composites is required. This chapter discussed some of the governing rules that
are used to establish the properties of a composite both at the micro-mechanical and macromechanical level. The shortfalls of combining the fibre and matrix constituents to form a
new homogeneous material were identified and recommendations from literature to improve
these modelling techniques have been presented. The additional analysis step of performing
micro-mechanical analysis through the use of Representative Volume Elements (RVEs) or
unit cells has been identified to show the greatest amount of potential when it comes to
analysing failure of composites back down to their constituent level. This approach will be
adopted in any failure analysis performed in this thesis.
A review of existing failure criteria for composite materials identified that there is still no
widely accepted criterion that is able to predict composite failure. Newly presented failure
theories which utilise a micro-mechanical approach as opposed to conventional lamina level
approaches, have been discussed. These physics-based models propose the ability to predict
failure in composites for all lamina stacking sequences and loading arrangements. This
highlights the importance that newly proposed composite failure criteria be based on a
micro-mechanical approach, where damage of the composite structure can be linked to
damage of the fibre and the matrix.
The review of literature had identified that existing failure criteria that are applied at both
the lamina and micro-mechanical level, predict failure for multiaxial stress-strain states,
however most of these criteria a based off of uniaxial test data. This limitation is brought
about due to the difficulty associated with performing multiaxial tests and the fact that
there is no standard specimen design for performing tension-tension tests. Several specimen
designs ranging from tubular to cruciform specimens are discussed. With cruciform
specimens being presented as most suitable for performing tension-tension tests.
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Design of Experiments for
Testing Matrix Failure

This chapter presents the work and the findings of a parametric study on a suitable biaxial
specimen design to perform tension-tension tests on an isotropic material and fibre
reinforced polymer composite (FRPC). The specimen design is vital in order to obtain
biaxial test data to establish a failure criterion for the matrix which is discussed in the
later chapters of this thesis.
Three main specimen designs are experimentally tested in a preliminary study to validate
the success of their design (Section 3.2). In order to perform these tests, a biaxial test
machine was designed and built (Section 3.1). Section 3.3, discusses the modifications made
to the biaxial specimen design so that tests could be performed on a FRPC material.

3.1 Biaxial test machine
As discussed in Section 2.5 of the literature review, one of the conditions to perform a
multiaxial test is to have access to a suitable test machine. The Instron 8800, and MTS
planar biaxial test systems shown in Figure 3-1, are examples of commercially available
rigs. Unfortunately, when it comes to performing biaxial tests, these rigs are often difficult
to access and very expensive to purchase. This has hindered a lot of research in the field
of multiaxial testing [111, 158-160].
A biaxial test rig is quite simple in the way it works. There are two axes of loading: referred
to as the horizontal and vertical loading directions (x, and y respectively). Actuators are
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used to apply loads to the specimen along these directions. The simplest examples use an
actuator for the horizontal axis and another for the vertical axis. However, care needs to
be taken to ensure that the specimen deforms uniformly throughout the loading regime as
shown by Figure 3-2. Thus, most commercially available rigs utilise four actuators at the
ends of each arm which simultaneously apply the desired load onto the specimens. The
actuators are monitored by a control system that adjusts their displacements and corrects
any synchronisation issues.

Figure 3-1: MTS Planar biaxial test system.

Figure 3-2: Example of uniform and non-uniform deformation of biaxial specimens [124].

Depending on the material and type of test being performed access to high load carrying
machines is not always required. Some researchers have performed tests using modified
uniaxial test rigs [159] or created their own machines [132, 159, 161, 162]. Some examples
taken from literature are shown in Figure 3-3.
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Figure 3-3: Examples of biaxial test rig designs [132, 159, 162].

A similar approach is adopted in this research. Two biaxial test rigs were designed and
built. The first was a simple manually operated preload test fixture, whilst the second was
a computer controlled biaxial test rig. Both are briefly discussed in the following
subsections.

3.1.1 Preload fixture
The preload test fixture is a hand operated rig that could be attached onto a biaxial
specimen and loaded in any one of its loading directions. The adjacent sides could then be
attached to an existing uniaxial testing machine. A picture of the fixture is shown in
Figure 3-4.

Figure 3-4: Preload test fixture.
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The fixture was very simple in its design and used a spanner to crank on a threaded shaft
that exerted a tensile load on the specimen. A load cell attached to the fixture allowed the
forces at failure to be measured. Downfalls of the fixture include; inconsistent load ratios,
and a slightly constrained deformation during loading resulting in shearing. However,
despite these shortfalls the use of the preload fixture enabled preliminary tests to be
conducted, while a computer controlled biaxial test rig was designed and manufactured.

3.1.2 Computer controlled biaxial rig
Access to a computer controlled biaxial test rig is a necessity in order to test a range of
loading ratios accurately and consistently. In this thesis, an existing benchtop uniaxial test
machine (Monsanto Tensometer) was incorporated in the design, where the existing setup
controlled the horizontal loading axis. For the vertical loading direction, three types of
actuators were considered: i) pneumatic actuators, ii) hydraulic actuators, and iii) stepper
motors. The use of pneumatic actuators was found not to be suitable as the control systems
were not able to maintain a slow extension rate of less than 1 mm/min. Most available
speed control valves for these actuators were only able to maintain a minimum speed of 10
mm/min which exceeds the requirements of this application. Hydraulic actuators and
stepper motors overcome this issue as they can be controlled to very low speeds. Hydraulic
actuators are quite commonly used in commercially available test rigs as they are able to
be used in high load applications, however they are bulky and require constant maintenance.
Stepper motors on the other hand are electronically powered, compact, and available in a
variety of torque ratings. Thus, this was selected as the actuator to control loading in the
vertical axis.
The next major design consideration for a biaxial test rig is whether to use four independent
actuators which are monitored by a control system, or whether to use only two actuators.
As the proposed test rig is a modified uniaxial test rig, the latter was chosen as it was the
easiest solution. However, care had to be taken in the design of the actuator setup, where
clamping the specimen could over constrain the setup, introducing shear into the system
(Figure 3-2). This was overcome by setting all of the loading arms on a set of linear bearings
so that movement of one axis caused the perpendicular axis to shift accordingly. Figure 3-5
demonstrates the way in which the biaxial specimen deforms uniformly. The linear bearings
allow for a ‘floating’ setup, where the loading arms shift with the deformation of the
specimen. This mechanical system overcomes the need of incorporating a feedback control
system to ensure synchronisation is maintained throughout the load regime.
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The biaxial test rig was controlled through a labJack U3-HV. The rig is rated to carry a
maximum load of 12 kN in both x and y directions. The loading rate can be controlled to
within 0.1mm/min in the vertical and horizontal axis with a maximum speed of 1 mm/min
in the horizontal axis and 10mm/min in the vertical axis. The final biaxial test rig is shown
in Figure 3-6 and Figure 3-7.

Figure 3-5: Example of 'floating' loading axis setup incorporated in the biaxial test rig.

Figure 3-6: Designed computer controlled biaxial test rig.
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Figure 3-7: Manufactured computer controlled biaxial test rig.

3.2 Biaxial specimen design for isotropic materials
A parametric study was performed based on the requirements of the project and existing
knowledge in the research field. The study was initially based on an isotropic material, to
avoid introducing any complications due to material behaviour. This allowed geometry
based design features to be the main focus.
The biaxial specimen design must be able to fail successfully under different load ratios,
where failure must originate within a predefined region (called the gauge region) and free
of any geometry induced stress concentrators. This in itself is a difficult task, as through
the past decades of materials research there is still no widely accepted design.
From the start of this analysis several design constraints were set:
•

The biaxial specimen should have dimensions of 90 mm × 90 mm.

•

Bolt holes are required for clamping.

•

No radii cut outs in the specimen.

•

The specimen must be easily manufactured.

The size restriction arose from limitations of the maximum size the biaxial test rig/ preload
fixture could accommodate, which was 90 mm. The specimen on the other hand cannot be
too small, as this would cause edge effects [111, 163-165] from the clamps interfering with
the gauge region. Thus the larger the specimen the better. For this reason the biaxial
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specimen design was given its maximum allowable dimension of 90 mm × 90 mm, which
is within the scale of specimen designs presented in literature.
Bolt holes were a necessary feature of the specimen so that the clamps from the biaxial
test rig could attach to the specimen. The intention of the holes were to allow the clamps
to be tightly pressed against the surface of the specimen. This assisted in transferring loads
away from the holes and onto the surface of the specimen. Ideally, clamps which do not
require the use of bolt holes would be preferable, however this is a limitation imposed by
the test machine.
From the review of literature (Section 2.5), it was found that the main downfall of cruciform
specimens is that the cut out at the radius causes a large stress concentration when under
load. Although slits have been shown to minimise the magnitude of the stress
concentrations; the slits themselves introduce stress concentrations which are often placed
closer to the gauge region introducing edge effects. Thin plate specimens discussed in
Section 2.5.3, were found not to suffer from this issue mainly due to the absence of any cut
outs. However, varying load ratios in this type of specimen was a limitation. Thus, the
chosen shape for the biaxial specimen was a flat plate specimen that is loaded perpendicular
to its sides similar to how a cruciform specimen would be loaded. An example of the
directions the stress fields act in a cruciform specimen compared with an identical specimen
with no cut outs is shown in Figure 3-8.

Figure 3-8: Example of stress fields within a cruciform specimen and a flat plate biaxial
specimen (both with reduced thickness at the gauge region).

It was found (Figure 3-8) that the direction in which the maximum principle stresses
interacts from one side of the specimen to the other is quite similar with and without the
cut out at the corner. The largest advantage was that the peak stress observed at the cut
out radius was removed. The disadvantage of removing the cut out is that the magnitude
of stress observed in the centre gauge region decreases, whilst a slight increase in stress
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concentration at the bolt holes was observed. However, this was not a major concern as
other geometric features could later be investigated to optimise their effects.
The ease of manufacturing was the last design constraint considered. A specimen design
that cannot be easily manufactured will most likely be a barrier to other researchers wishing
to use the specimen design. For this reason, it is important that the advantages associated
with the design of the specimen are not outweighed by difficulty of manufacturing it. By
considering all the initial design constraints discussed so far, further detailed investigations
through the aid of finite element analysis (FEA) was made. Three main design iterations
were made: Specimen A (Section 3.2.1.1), Specimen B (Section 3.2.1.2), and Specimen C
(Section 3.2.1.3).

3.2.1 Refining specimen design using FEA
Major advances in computing power and finite element analysis packages over the past
decade have enabled the optimisation of various structures. This same analysis tool can be
used to refine the design of a biaxial specimen. Three major designs following the flat plate
specimen design were examined. The first considers the shape of the specimen gauge area
and is referred to as specimen A. Specimen B, discusses the importance of design
considerations for the transition into the gauge region. Whilst thickness of the gauge region
was the last major design feature examined (Specimen C).
3.2.1.1

Specimen A - Shape of gauge region

The inspiration for Specimen A was taken from existing uniaxial dogbone specimens.
Uniaxial dogbone specimens are the standard specimen design specified in the ASTM D
638 [166] for polymer materials. When a dogbone specimen is placed under load, the load
path goes through the specimen to the other end of the grips as shown in Figure 3-9. Using
Eqn. 2-4, by reducing the width of the specimen towards the centre, the cross-sectional
area is decreased, hence the stress observed is increased. This design feature prevents
premature failure at the clamping locations.

Figure 3-9: Load path through a uniaxial dogbone specimen.
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Figure 3-10, shows the first design iteration made using a dogbone cross-section through
the centre of the specimen. This feature followed the idea of a reduced gauge region
thickness discussed in the literature review (section 2.5.4).

Figure 3-10: Design of Specimen A, iteration 1 [mm].

The finite element analysis package: ABAQUS CAE 6.13 was used to analyse the stresses
around the specimen. The boundary conditions and the stress contours for the maximum
principal stress are shown in Figure 3-11. Due to the isotropic nature of the material,
symmetry was considered and only one eighth of the specimen was modelled to be
computationally efficient. The material properties for an aerospace film adhesive called FM
355 [4] was assigned. The properties are given in Table 3-1. The bottom and left sides had
symmetric constraints applied, which allowed the specimens to move parallel to the sides
whilst restricting movement perpendicular to them. The same was applied to the model
for the back cut face of the specimen. Loads were applied as surface traction forces onto
the tabbed regions (representing the clamps) shown in Figure 3-11. The specimen was
meshed using 10-node quadratic tetrahedron elements (C3D10) [167].
Table 3-1: Manufacturer properties for FM 355 [5].

Property:
Young’s modulus (E):
Poisson’s ratio (v):

2.36 GPa
0.3
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(a)
(b)
Figure 3-11: Finite element analysis of Specimen A (iteration 1); (a) boundary conditions,
(b) stress contours.

Preliminary FEA results indicated the highest stress concentration to take place at the
corner of the gauge region followed by at the holes. The gauge region was also found not
to display a homogeneous stress distribution, thus Specimen A (iteration 1) was refined to
incorporate a circular gauge region (Specimen A, iteration 2) shown in Figure 3-12. The
boundary conditions and preliminary FEA results are shown in Figure 3-13.

Figure 3-12: Quarter design of Specimen A, iteration 2 [mm].
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(a)
(b)
Figure 3-13: Finite element analysis of Specimen A (iteration 2); (a) boundary conditions,
(b) stress contours.

In the second design iteration, the success of turning the square shaped gauge region into
a circular shape was apparent as the previous peak stress concentration had been removed.
Based on those findings, it was decided that the significant feature observed in Specimen
A is that the gauge region must be shaped to remove any geometry induced stress
concentrators and the best way to do this is to use a circular shaped gauge region. Although
there were stress concentrators on the bolt holes and around the circumference of the gauge
region (Figure 3-13b), a significant improvement in the uniformity of stress distribution
within the gauge region was observed. The stress concentration around the bolt holes
cannot be removed and is a limitation that was acknowledged, however the stress
concentration around the gauge region was an area of potential improvement which was
examined in the next major design iteration (Specimen B).
3.2.1.2

Specimen B - Gauge region transition

As identified in Specimen A, the transition of the specimen from the clamps to the gauge
region is very important as this geometric feature can be the cause of stress concentrations
if not designed properly. One key design feature is to smooth out any corners or edges.
This was performed by adding a radius of 20 mm to the transition that attaches to the
gauge region in Specimen A (iteration 2). This is shown in Figure 3-14.
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(a)
(b)
Figure 3-14: Specimen B, iteration 1: (a) quarter of the specimen design [mm], (b) stress
contour plot.

Although the prominent stress concentration around the perimeter of the gauge region
shown in Figure 3-13 had been removed; Specimen B (iteration 1) still demonstrated the
issue of the gauge region exhibiting a lower stress compared to the transition region. Thus
the transition was not considered successful.
In the next design iteration, the idea of increasing the transition length was considered by
incorporating two ‘steps’ down to a smaller diameter gauge region (Figure 3-15). The
transition was also started closer to the clamps. To accommodate the two step transition,
the gauge region thickness was decreased to 0.5 mm. Each step was equal in height with a
step down of 0.875 mm per step. A 20 mm radius was incorporated at the end of each step.

(a)
(b)
Figure 3-15: Specimen B, iteration 2: (a) quarter of the specimen design [mm], (b) stress
contour plot.

It was found that the newly designed transition (and thinning) greatly increased the
amount of load that passed into the gauge region, however a peak stress still occurred at
the perimeter of the transition and was thus deemed unsuitable.
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In the third design iteration, the two step transition was removed and replaced with one
overall conical transition from the clamps down to the centre gauge region which was
reduced in diameter to increase the transition region. This design is shown in Figure 3-16.

(a)
(b)
Figure 3-16: Specimen B, iteration 3: (a) quarter of the specimen design [mm], (b) stress
contour plot.

From the stress contour plot shown in Figure 3-16b it was observed that the conical
transition was the best means of transitioning down to a thinner gauge region. A few
iterations were performed between iteration 2 and iteration 3 which examined the effect of
increasing the length of the conical transition in relation to the maximum stress observed
in the gauge region and the average stress observed in the transition region. This is plotted
in Figure 3-17 where a description of the gauge region length is given in Figure 3-16a.

Figure 3-17: Relationship between length of transition region and average stress observed
in gauge region compared to the average stress observed in the transition region.
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The study revealed that the longer the distance from the clamps to the gauge region the
higher the stress observed in the gauge region. For this reason, the length of the gauge
region was chosen to be the longest allowable for the specimen which was 45 mm in length.
3.2.1.3

Specimen C - thickness of gauge region

The design features identified through Specimen A and B were used in the design of
specimen C. Specimen C investigated the optimal gauge region thickness for a biaxial
specimen used to test isotropic materials. It was decided that the diameter of the gauge
region used for specimen B may be too small for strain measurements using strain gauges.
Thus, a gauge region diameter of 20 mm was chosen. The gauge region transition diameter
was maintained at its maximum allowable value of 45 mm.

Figure 3-18: Quarter design of Specimen C [mm].

The FEA model was setup in the same manner as described for Specimen A and B. The
loads that were applied to the various iterations of Specimen C were all kept consistent.
The results are summarised in Table 3-2 and Figure 3-19, where the investigation focussed
on the average stress that was observed within the gauge region and the peak stress that
was seen at the bolt holes.
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Table 3-2: Stress levels within Specimen C with different gauge region thicknesses.

Gauge
region
thickness
[mm]

Average stress
within gauge region
[MPa]

Peak stress at
clamp region
[MPa]

Maximum principal
stress within gauge
region [MPa]

1.0

29.39

26.8

30.63

0.7

35.11

28

36.47

0.5

40.76

28.3

42.28

0.3

46.51

29.4

48.16

0.2

56.14

29.5

58.38

0.1

66.51

31.5

69.66

0.05

74.98

32.6

78.89

Figure 3-19: Plot of stress ratios with respect to centre gauge thinesses for Specimen C
[111].

From the seven thicknesses analysed for Specimen C, the specimen with a centre gauge
thickness of 0.3 mm was chosen as the most suitable. This specimen had a more uniform
distribution of stress within the region as suggested by the solid red line in Figure 3-19,
where the ratio of the average gauge stress with respect to the maximum principal stress;
was the closest to a value of one (indicating uniform stress distribution) [111]. The ratio of
stress experienced at the bolt holes to the stress attained in the gauge region was also found
to be reasonably low [111]. This reduced the chance of premature failure originating at the
bolt-holes.
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The final design for Specimen C was investigated in more detail by examining the stress
distribution within the gauge region. The FEA stress contour plot is shown in Figure 3-20.
An investigation into the distribution of the normal stresses within the gauge region was
performed. Ideally if the stresses were fairly constant, this would indicate a homogeneous
stress-strain field within the gauge region [110] which would deem the specimen design to
be successful. A plot of the normal stresses along path OA shown in Figure 3-20 is shown
in Figure 3-21.

Figure 3-20: FEA stress contour plot for Specimen C.

Figure 3-21: Specimen C, stress distribution within the gauge region under biaxial loading
(loading ratio: 1/1).

The values of σx and σy were found to remain fairly constant with a variation of less than
7 % [111]. The out-of-plane stress (σz) was assumed to be zero due to the thin gauge region
[111]. This was desirable in order to test in-plane failure characteristics of the material.
Majority of the gauge region was also found to have a shear stress close to zero which is a
key characteristic stated by other researchers [110, 111] for a specimen design to be able
to generate a homogeneous stress-strain field. Thus, Specimen C satisfied all the conditions
of a successful biaxial specimen design mentioned in Section 2.5.4 and was used in the next
phase of the study which was to validate the FEA results through preliminary experiments.
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3.2.2 Preliminary tests performed on the specimen designs
The final iterations of each of the three specimen designs (A, B and C) were manufactured
and tested to observed consistency between the FEA analysis and the experiment results.
The manufacturing process is discussed in Section 3.2.2.1 and preliminary results in
Section 3.2.2.2.
3.2.2.1

Specimen preparation

Preliminary experiments were performed on FM 355 [4] which was supplied from the
manufacturer as a film. The film had a scrim cloth embedded within the material which is
designed not to carry any load except to control the thickness of the adhesive as it cures.
At elevated temperatures, the material starts to flow and eventually cures. The
manufacturer specifications for the material are shown in Table 3-3.

Table 3-3: FM 355 cure regeme [4].

Description:
Cure temperature: 177 °C
Cure pressure: 0.28 ± 0.03 MPa
Cure ramp up rate: 3 °C/min
Cure time: 60 min

Due to the nature of the material, a manufacturing process which utilized a mould for each
geometry was used. This allowed all the specimen designs (A, B and C) to be manufactured
using the same technique but with different moulds. The process is shown in Figure 3-22.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)
(j)
Figure 3-22: Manufacture process for Specimen C: (a) moulds, (b) cut FM 355,
(c) layup on mould, (d) seal with high temp tape, (e) release film, (f) breather,
(g) vacuum bag, (h) autoclave, (i) cured specimen, (j) final specimens.
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The method is summarised in the following steps:
1. A mould must be created that follows the contours of the specimen. In this research,
the moulds were machined on a CNC lathe. The sides were squared off in post
through the use of a CNC milling machine. It is important that concentricity was
maintained during the squaring off process.
2. The moulds are cleaned using acetone to ensure the surfaces were free of
contaminants. The contact surfaces of the moulds were then coated in a release
agent. This ensures that the film adhesive does not bond itself to the moulds during
the cure process. Initially each mould was coated in 3 layers of release agent. Each
application was applied after the previous had completely dried.
3. Nine layers of the film adhesive are required to build up the 3 mm thickness of the
specimens. The films were cut into 90 mm × 90 mm squares to fit the moulds. Due
to the presence of the scrim cloth inside the film adhesive; five of the nine films
had a 20 mm diameter hole punched out (for Specimen C). Three of the films had
holes punched out for Specimen B, whilst the thicker gauge region for Specimen A
did not require any of the layers to be punched out.
4. The nine layers of the FM 355 film was then laid up on the bottom mould. Any
punched out layers were placed in the centre of the layup. After the final layer, the
top mould was placed on top.
5. As the material flows during the cure process, high temperature tape (flash tape)
was used to seal the gap between the moulds. This prevented any adhesive seeping
out. In order for any air to escape from within the moulds, two small punctures
were made on opposing sides of the tape to provide a small gap sufficient to allow
any air to escape.
6. The moulds were wrapped in a layer of perforated release film, followed by a layer
of breather, and then placed in a vacuum bag.
7. The vacuum bag was then placed in an autoclave to cure according to the
manufacturer guidelines shown in Table 3-3.
8. Upon completion of the curing process, the specimens were allows to cool down
gradually to room temperature. The specimens were removed from the vacuum bag
and the flash tape was removed from around the moulds. The specimens then gently
slide off their moulds.
9. The final process involved drilling the bolt holes for the clamps. Grit paper was
glued to the specimens to increase the friction between the clamps and the
specimens.
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An example of the cured specimens are shown in Figure 3-23.

(a)
(b)
(c)
Figure 3-23: Final specimens made from FM 355, (a) Specimen A, (b) Specimen B,
(c) Specimen C [111].

3.2.2.2

Preliminary experiment results

The three specimen designs were tested under both uniaxial and biaxial tension. One of
the conditions for a biaxial specimen design is that it must be able to show successful
failure under arbitrary loading ratios. This implies that, uniaxial tension tests (where the
load ratio is 1:0) is a good test case. The other extreme test case would involve a load ratio
of 1:1.
At the time of performing these preliminary tests, the computer controlled biaxial test
machine was not made, thus the preload fixture was used. Figure 3-24, Figure 3-25, and
Figure 3-26 shows the failed specimens under different tensile load ratios.

Figure 3-24: Failure of Specimen A under tension.

Chapter 3: Design of Experiments for Testing Matrix Failure

61

Figure 3-25: Failure of Specimen B under uniaxial tension [111].

Figure 3-26: Failure of Specimen C under tension [111].

Specimen A was the first to be tested. The results under a uniaxial tension revealed failure
to take place either at the gauge region or at the bolt holes for the clamps [111]. This
behaviour was consistent with the FEA results presented in Section 3.2.1.1. Although the
specimen was deemed unsuitable at the design phase, the verification of this through
experiments confirmed consistency between the modelling process and the experiments.
Testing of Specimen B, revealed successful failure originating inside of the gauge region
under both uniaxial and biaxial tension. This was consistent with the analysis performed
using FEA. Despite its success, the design was not adopted as the gauge region was
considered to be quite small which would lead to difficulties in strain measurements.
The final design (Specimen C), was selected as the best design from the FEA. This was
reflected in the preliminary experiments, where the specimens showed successful failure
originating within the gauge region of the specimen under both uniaxial and biaxial tensile
loading. One crucial feature of a successful biaxial specimen is that failure must originate
from within the gauge region. This is quite difficult to assess during the experiments as
failure occurred quite quickly and its origination could not be easily determined. This was
overcome by using a high speed camera which was able to capture the crack initiation
(Figure 3-27).

Chapter 3: Design of Experiments for Testing Matrix Failure

62

Figure 3-27: Failure originating within the centre of Specimen C [111].

3.2.3 Summary of specimen designs
In summary, from the study performed to find a suitable biaxial specimen design, it was
found that: using a thin gauge region greatly assists with achieving a high stress-strain
state in the centre of the specimen. A circular gauge region was found to be the best shape
when using a thin gauge region. Using a long transition from the clamps to the gauge region
was also found to assist more of the load to pass into the gauge region. From the overall
investigation: Eqn. 3-1 and Eqn. 3-2 were suggested for future researchers to consider when
establishing their own specimen designs [111].
𝐺𝑎𝑢𝑔𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
≤ 0.1
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑎𝑡 𝑐𝑙𝑎𝑚𝑝𝑠
𝑇𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑑𝑖𝑢𝑠
≥1
𝑔𝑎𝑢𝑔𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

3-1

3-2

From the preliminary experiments examining Specimen A, B and C; it was decided that
Specimen C satisfied all the traits of a successful specimen design and was adopted for the
remainder of this research study when testing isotropic materials.

3.3 Biaxial specimen design for FRPC
Fibre reinforced polymer composites (FRPC) are a lot stiffer than the isotropic resins and
film adhesives considered in the previous section. In this section, the suitability of using
the same biaxial specimen design (Specimen C) for testing of FRPC is made. Before doing
so, a suitable material needed to be selected and is discussed in Section 3.3.1.

3.3.1 Material selection
FRPC are available in different specifications such as: thickness, and weaving of fibres.
Unidirectional (UD) FRPC have all their fibres aligned in the same direction as shown in
Figure 3-28 and essentially take on the characteristics of the lamina discussed in Section 2.2.

Chapter 3: Design of Experiments for Testing Matrix Failure

63

However, FRPC can also be supplied in the form of bi-directional weaves, where the fibers
are weaved together in different orientation (usually perpendicular to each other). This is
to overcome the strength related issues in the laminas transverse direction. Examples of
different weave patterns are shown in Figure 3-29.

Figure 3-28: Example of a unidirection FRPC material.

Figure 3-29: Example of different weave patterns for bi-directional FRPC materials.

The use of bi-directional FRPC complicates the modelling procedure of the material at the
lamina level. This is because, in reality these fibers are now not only facing one direction
but are also moving in the out-of-plane direction. Quite a few researchers have started
examining this behaviour at the appropriate scale [168, 169]. This scale is referred to as
the meso-scale and falls in between the micro and macro levels discussed previously (shown
in Figure 3-30).

Figure 3-30: Example of a meso-level model [168].

Despite this complication, most research involving bi-directional FRPC ignores the mesolevel effects and simplifies the material properties by assuming the transverse properties
take on the longitudinal properties whilst the out-of-plane properties remain unchanged.
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For this thesis, unidirectional materials were preferred over woven fabrics as the weakness
associated with their transverse direction is a desirable feature to establish a matrix failure
criterion. The UD material also allowed the layup sequence for the biaxial FRPC specimen
to be optimised in more detail. A material called EP 280 Prepreg was selected to perform
this investigation. The material was supplied GMS Composites [5]. The material had a
fibre volume fraction of 50%, where the fibres were made from carbon (Grafil 15K) and
produced by Mitsubishi, and the resin called EP 280 was an un-toughened thermoset
polymer produced by the suppliers of the material. A picture of the product is shown in
Figure 3-31. The material properties and the material’s cure regime specified by the
manufacturer are shown in Table 3-4 and Table 3-5 respectively.

Figure 3-31: EP 280 Prepreg supplied by GMS composites [5].

Table 3-4: Manufacturer supplied material properties for EP 280 Prepreg.

Property
E1

131 GPa

E2

6.20 GPa

E3

6.20 GPa

v12

0.28

v23

0.40

v13

0.28

G12

Not provided

G23

Not provided

G13

Not provided
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Table 3-5: EP 280 Prepreg cure regime [5].

Description:
Cure temperature: 120 °C
Cure pressure: 0.1 MPa
Cure ramp up rate: 2 °C/min
Cure time: 60 min
For finite element modelling purposes and ensuring that an accurate failure criterion is
established for the matrix constituent, it was important to verify the materials properties
experimentally. The shear modulus properties were also needed to be verified (which were
not provided by the material supplier).
3.3.1.1

Young’s modulus

The Young’s modulus for composites can be obtained by following the ASTM D 3039
standard. A uniaxial strain gauge was used to measure the strain at the centre of the
specimen, whilst the 100 kN load cell on an Instron tensile machine was used to measure
the force exerted on the specimen. The specimens are shown in Figure 3-32, and the stressstrain curves are shown in Figure 3-33. Table 3-6 shows the comparison of the manufacturer
supplied material properties with the experimental values.

(a)

(b)

Figure 3-32: Specimens used to obtain the Young's modulus for EP 280 Prepreg in the:
(a) longitudinal direction, (b) transverse direction.
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Figure 3-33: Stress-strain curves obtained for EP 280 Prepreg under longitudinal and
transverse tensile loading [170].

Table 3-6: Comparison of Young's modulus from experiments with manufacturer supplied
values.

Young’s
modulus

Manufacturer
properties

Experiment
properties

Difference

E1

131 GPa

123 GPa

6.9 %

E2

6.2 GPa

6.4 GPa

3.9 %

The experiment values for the Young’s modulus differed by less than 10 % from the
manufacturer supplied values, thus the manufacturer values were adopted as the materials
properties. Note that the value of E3 was assumed to be the same as E2.
3.3.1.2

Shear modulus

The in-plane and out-of-plane shear modulus for the material were obtained by following
the ASTM D 5379 [92] standard. Several specimens for each layup sequence were
manufactured at the Mechanical Engineering workshop (Figure 3-34). A Wyoming
iosupescu test fixture was used for the tests. A biaxial strain gauge was used to measure
the strains in the x and y direction. A picture of the setup is shown in Figure 3-35.
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(a)
(b)
Figure 3-34: Iosupescu notch specimens: (a) in-plane specimen, (b) out-of-plane specimen.

Figure 3-35: Iosupescu test fixture and specimen.

The linear portion of the stress-strain curves were plotted in Figure 3-36 and Figure 3-37
up to 3000 micro- strain as stated in the ASTM D 5379 standard. Three repeats of the
same experiments were performed for both in-plane and out-of-plane tests. Their average
was taken in order to obtain a single shear modulus value. The final table of results for EP
280 Prepreg is shown in Table 3-7. Note that the values of G12 and G13 were assumed to
be the same.

Figure 3-36: In-plane shear stress-strain curve obtained through experiments (ASTM D
5379) on EP 280 Prepreg.
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Figure 3-37: Out-of-plane shear stress-strain curve obtained through experiments (ASTM D
5379) on EP 280 Prepreg.

Table 3-7: Final properties for EP 280 Prepreg.

Property
E1

131 GPa

E2

6.20 GPa

E3

6.20 GPa

v12

0.28

v23

0.40

v13

0.28

G12

4.73 GPa

G23

1.44 GPa

G13

4.73 GPa

These final set of material properties were used in the FE model to establish a biaxial
specimen design suitable for testing matrix tensile failure in FRPC. This is discussed in
the next section (Section 3.3.2).
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3.3.2 Specimen design
From the stress fields shown in Figure 3-38, it was found that the corners of the specimens
add unnecessary material that should be removed. Thus, from the start it was decided that
the corners for the FRPC specimen should be removed.

(a)
(b)
Figure 3-38: Stress fields for an isotropic specimen: (a) with corner, (b) with corner
removed.

Other constraints applied to the specimen design include:
•

Specimen layup must be balanced and symmetric.

•

Initial specimen design should adopt the design of Specimen C (unless deemed
unsuitable).

•

Fibres within the gauge region should be aligned in the same direction, and their
angles relative to the Y-axis should be adjustable.

•

The reinforcing layers should have no fibres aligned along the loading axis.

•

The specimen must be easy to manufacture.

In a typical composite structure, two main design considerations are usually maintained
when possible: material symmetry and balance. A laminate is considered to be symmetric
when the layers above and below the mid-plane are a mirror image of on another as shown
in Figure 3-39. A laminate is balanced when it has an equal number of + and - angled
plies. If the laminate is not balanced and/or unsymmetrical: macro-warpage will occur
during the cool-down process [171].

Figure 3-39: Warping during cure as a result of an unsummetric layup.
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The intention with the fibre reinforced specimen was to create a high enough stress-strain
field in the centre of the specimen, so the failure would be characterised by a crack initiating
from the centre of the gauge region. This implied that all the design features examined for
an isotropic specimen should be applicable to the fibre reinforced specimen. Thus, Specimen
C was used as the basis for this materials specimen design. Limitations associated with the
use of composite laminae is that their thickness cannot be customised to any value as each
lamina has a thickness associated with it. For EP 280 Prepreg, each ply had a thickness of
0.25 mm, which implied that twelve layers would be required to build an overall specimen
thickness of 3 mm. However, this implied that the thickness of the gauge region could not
be maintained at the 0.3 mm thickness. If one ply was used in the centre gauge region then
the layup would not be balanced or symmetric, so a minimum of 2 plies was required for
the centre gauge region. This was also beneficial from a material defect point of view, as
the more layers within the gauge region the less likely the specimen would fail due to
defects such as voids between fibres, wrinkled fibres, or misaligned fibres.
The third design consideration, required that the fibres in the gauge region be aligned in
the same direction. This is specific for this investigation, as the intention is to test matrix
failure, hence transverse failure. If the fibres within the gauge region were aligned in
different orientations, other modes of failure (e.g. fibre failure) would become more
dominant. Making it difficult to observe matrix failure. The fibre orientation within the
gauge region must also be able to be varied from 0° to a maximum of 45°. This would allow
different stress-strain states at failure to be observed allowing data in different locations of
the material failure envelope to be obtained. Any preliminary designs examined through
FEA were tested with the gauge regions oriented at 45° clockwise (CW) from the Y-axis.
The fourth design consideration was to ensure that in the reinforcing layers, none of the
fibres should be aligned with the x and y loading axis. Thus, the use of 0° and 90° fibres
could not be used. This constraint was put in place to prevent the specimen’s deformation
under biaxial tensile loading being restricted by the fibres.
The last design consideration was that the specimen must be easily manufactured. It was
decided that the same method used to manufacture the FM 355 film adhesive would be
used for the fibre reinforced specimens. Based on these design constraints, the main feature
to consider with the design of the FRPC specimen, is the layup sequence. All the layers
that surround the gauge region (the reinforcing layers) were not crucial for the study of
failure, however it was important that none of these reinforcing layers exhibited a higher
stress-strain state compared to the gauge region.
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FEA on Specimen F

Considering all the constraints discussed, the chosen layup for the FRPC specimen was as
follows:
[∓455 /+𝜃]𝑆
The layup sequence starts with an orientation of -45°, then +45°, and alternates until it
reaches the centre two plies which had a fibre orientation ranging between 0° and 45°
(given by 𝜃). The specimen design and layup is shown in Figure 3-40.

Figure 3-40: Specimen design (top view) with lamina orientation and ply drop offs
(0.25mm ply thickness) [141].

The specimen design was analysed in the finite element analysis software called: FEMAP
v10.0.2. Due to symmetry of the model, only the first 6 layers of the specimen were
modelled to be computationally efficient. The full width and height of the specimen were
modelled due to anisotropy associated with the layup. Each ply was modelled as a separate
section using 3D solid hexahedral elements. One element is used through the thickness of
each ply. The coincident nodes between layers were tied together assuming a perfectly
bonded surface. Each ply was assigned a separate material property depending on its fibre
orientation. Using the properties listed in Table 3-7, the stiffness matrix for the material
was determined and rotated about the z-axis using the bond transformation matrix [172].
This allowed all the stresses for each ply to be observed relative to the global (x, y, z) axis
instead of their local axis (1, 2, 3), where 1, 2 and 3 directions represent the fibre, transverse
and out-of-plane directions respectively. Loads (3000 N) were applied as surface traction
forces on tabbed surfaces which were perfectly bonded to the surface of the specimen
(Figure 3-41). A plot of the maximum principal stress contours is shown in Figure 3-42.
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Figure 3-41: Boundary conditions applied to the FEM of the FRPC biaxial specimen.
layup: [∓455 /+𝜃]𝑆

Figure 3-42: Stress contour plot of the FRPC specimen under biaxial tensile loading.

The stress contour for each ply under equal biaxial tensile loading is shown in Figure 3-43.
It was found that all the reinforcing layers experience a lower stress-strain state than the
centre gauge regions. This was desired, however the specimen design still needed to
demonstrate this peak stress for different loading ratios. The specimen was analysed with
a uniaxial load of 3000 N applied to each of the tabbed surfaces in the y-direction. The
results are shown in Figure 3-44, which demonstrated the same desired peak stress within
the centre gauge region.
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Figure 3-43: Stress contour plot for layers 1-6 for under a biaxial load (load ratio: 1:1).
Specimen gauge region orientation of 45° [141].

Figure 3-44: Stress contour plot for layers 1-6 for under a uniaxial load (load ratio: 1:0).
Specimen gauge region orientation of 45°.

The final check, involved examining the stress-strain distribution for the specimen with
different fibre orientations in its gauge region. Fibres oriented at 0°, 10°, 20°, and 30° were
examined. The results are shown in Figure 3-45 to Figure 3-48.
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(a)
(b)
Figure 3-45: Stress contour plot for FRPC specimen with 0° fibre orientation in the gauge
region: (a) under biaxial loading (load ratio: 1:1), (b) under uniaxial loading (load ratio: 1:0).

(a)
(b)
Figure 3-46: Stress contour plot for FRPC specimen with 10° fibre orientation in the gauge
region: (a) under biaxial loading (load ratio: 1:1), (b) under uniaxial loading (load ratio: 1:0).

(a)
(b)
Figure 3-47: Stress contour plot for FRPC specimen with 20° fibre orientation in the gauge
region: (a) under biaxial loading (load ratio: 1:1), (b) under uniaxial loading (load ratio: 1:0).
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(a)
(b)
Figure 3-48: Stress contour plot for FRPC specimen with 30° fibre orientation in the gauge
region: (a) under biaxial loading (load ratio: 1:1), (b) under uniaxial loading (load ratio: 1:0).

The results indicated that under biaxial loading (load ratio: 1:1), Specimen F experiences
its highest stress-strain concentration within the gauge region for different fibre orientations.
Under uniaxial loading, the peak stress was observed in the ply above the gauge region.
This was investigated further and it was found that in order to remove this effect the ply
orientation of the previous reinforcing layer would have to be changed. However, it should
be noted that this effect was only observed under a load ratio of 1:0, and other loading
ratios saw an improvement in the peak stress being reached in the gauge region. For this
reason, and for the purpose of maintaining simplicity in the specimen design and layup
sequence, it was decided that the current design was satisfactory.
Thus, Specimen F was adopted through the remainder of this thesis as the specimen design
suitable for examining matrix failure under biaxial tensile tests on FRPC materials.
3.3.2.2

Manufacture of Specimen F

Specimen F was made from EP 280 Prepreg which is very similar to FM 355 film adhesive
used in the manufacture of the isotropic biaxial specimen. A similar manufacturing process
was adopted. The main difference in the manufacturing process is the need to punch out
several holes for each layer of prepreg as shown in Figure 3-40. This was necessary in order
for the cured specimen to maintain the conical transition to the gauge region. Another
reason was due to the significant out-of-plane stress that would be encountered during the
biaxial tensile loading regime if the transition region did not incorporate ply drop offs.
From Figure 3-40, it can be seen that the ply drop offs were cut at uneven intervals. This
was to enable the use of imperial/ or metric sized punches. The main consideration when
choosing the diameters of the punches is to ensure that they are slightly larger than the
diameter at the corresponding transition region. If they are too small, the plies cannot fit
the moulds and the user would possibly end up with a different shaped specimen. An
alternative would be to carefully cut the holes out by hand using a sharp knife or through
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the use of a CNC drag knife. Key steps of the manufacturing process are shown in
Figure 3-49.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 3-49: Manufacturing process of Specimen F. (a) bottom mould, (b) punched out
holes, (c) Cutting template for perimeter, (d) layup, (e) high temp tape sealing mould, (f)
perforated release film, (g) breather, (h) vacuum bag, (i) cured specimen, (j) machined
specimen.
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The method is summarised in the following steps:
1. A mould must be created that follows the contours of the specimen. In this research,
the moulds were machined on a CNC lathe. The sides were squared off in post
through the use of a CNC milling machine. It is important that concentricity was
maintained during the squaring off process.
2. The moulds were cleaned using acetone to ensure the surfaces were free of
contaminants. The contact surfaces of the moulds were then coated in a release
agent. This ensures that the film adhesive does not bond itself to the moulds during
the cure process. Initially each mould is coated in 3 layers of release agent. Each
application was applied after the previous had completely dried.
3. The EP 280 Prepreg was cut into twelve squares of dimensions: 110 mm × 110 mm.
Note that the squares were oversized at this stage.
4. Ten out of the twelve layers requires different sized holes to be cut out. This was
done using imperial sized punches. The alternative was to cut the holes out using
a sharp knife or where possible (a CNC drag knife).
5. A cutting template was used to trim the prepreg with the punched out holes to 95
mm × 95 mm squares. The template ensured concentricity of the holes.
6. The plies were then laid up on one another ensuring the correct fibre orientation
was maintained.
7. As the material flows during the cure process, high temperature tape (flash tape)
was used to seal the gap between the moulds. This prevented any adhesive seeping
out. In order for any air to escape from within the moulds, to small punctures were
made on opposing sides of the tape to provide a small gap sufficient to allow any
air to escape.
8. The moulds were wrapped in a layer of perforated release film, followed by a layer
of breather, and then placed in a vacuum bag.
9. The vacuum bag was then placed in an autoclave to cure according to the
manufacturer guidelines shown in Table 3-5.
10. Upon completion of the curing process, the specimens were allowed to cool down
gradually to room temperature. The specimens were removed from the vacuum bag
and the high temp tape was removed from around the moulds. The specimens are
then gently removed from their moulds.
11. The final process involved drilling the bolt holes for the clamps and machining the
outer profile of the specimen. These were performed on a CNC router.
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3.4 Summary
In summary, a computer controlled biaxial test machine was designed and manufactured.
The test machine was capable of accommodating specimens with a maximum dimension of
90 mm by 90 mm, whilst exerting a maximum tensile load of 12 kN in each loading direction.
The test machine was a modification made to an existing uniaxial bench top machine. In
order to prevent non-uniform deformation of the specimens, the entire loading system was
placed on a set of bearings, which was shown to provide the desired uniform deformation.
A thin plate specimen design with a reduced gauge region was found to successfully fail
under biaxial and uniaxial tension. The specimen design overcame the main shortfall of
cruciform specimens where a peak stress occurred at the corners. Observation of the stress
fields through the specimen revealed sufficient load reaching the gauge region. Preliminary
experiments through the use of a preload test fixture, proved Specimen B and C to fail
successfully and were deemed suitable for performing the biaxial tension experiments.
Specimen C was chosen over Specimen B due to its large gauge region allowing for strain
gauges to be bonded to observe its stress-strain state.
Specimen F was chosen to perform biaxial tests examining matrix failure in fibre reinforced
polymer composite materials. The specimen design was based on Specimen C, however
examination into a suitable layup orientation was made which revealed alternating layers
of ±45° fibres gave a peak stress within the gauge region.
Access to a suitable test fixture and the design of a biaxial specimen are the two major
limitations that were identified in the review of literature when it comes to understanding
material failure under multiaxial stress states. These have been addressed within this
chapter. The next phase of research involves performing experiments using these specimen
designs. They are discussed in Chapter 4.
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Biaxial Tensile Failure in
Isotropic Materials

With a suitable biaxial specimen design and a computer controlled biaxial test machine,
experiments were undertaken to examine matrix tensile failure. Two isotropic materials
were tested. The first was FM 355 which was the film adhesive used in the preliminary
testing of the specimen design. The second is an isotropic neat resin called EP 280 [5]. This
neat resin is the same resin that was supplied as the matrix material in the FRPC (EP 280
Prepreg). The experiment and processed results for the two materials are discussed in
Section 4.1 and Section 4.2, respectively.

4.1 Biaxial tension - FM 355 film adhesive
FM 355 film adhesive supplied by Cytec Industries, is the same material used in the
preliminary tests discussed in Section 3.2.2. Although FM 355 is not a typical matrix
material, it is an aerospace adhesive, which have seen a surge in their use since the
introduction of composites. Whilst the matrix material holds and protects the fibers within
a composite together, adhesives bond the components together and their consideration in
a structural analysis is equally as important.
There has been research published in literature looking at various failure modes for
adhesives. These include; adhesive failure under: unidirectional tension [110, 117, 121],
unidirectional compression [121], shear, torsion [82, 173], and a few combinations of loading
[173]. However, the presence of biaxial tension related tests is quite difficult to find, despite
being an important stress state which is experienced in most structure [98]. The difficulties
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in obtaining experimental data under biaxial tension can be examined through the use of
the established biaxial specimen design. For this reason, FM 355 film adhesive was selected
as one of the isotropic materials to be tested under biaxial tension. Essentially, these tests
are an extension of the preliminary tests conducted in Section 3.2.2.

4.1.1 Experiments on FM 355
FM 355 film adhesive was used to manufacture biaxial tensile specimens to perform these
tests (Figure 4-1). For biaxial tests, the strength values of the material cannot be calculated
in the same way as obtained for uniaxial tests [111]. In uniaxial tension tests the load and
displacement data allows for the ultimate failure stress and strains to be obtained. However
in biaxial tension, the strain fields are not necessarily homogeneous along the specimen,
thus a method of measuring the full strain fields in the biaxial loaded zone needed to be
determined [111]. This was done by measuring the strain and the displacement field from
which the stress field was calculated [110]. A total of 25 tests were performed, 21 of these
tests were found to show failure originating within the gauge region. The other 4 specimens
failed elsewhere and have been omitted from the remainder of the study. Note that the
specimen gauge thicknesses for all the specimens were measured to within 0.01mm and
their corresponding FEA models were adjusted.

Figure 4-1: FM 355 biaxial specimen.

The preload test fixture was used to perform these tests. As a result, each specimen was
preloaded at the start, or during the loading regime. In cases where the preload was applied
prior to biaxial loading, the preload was sufficient to exert a reasonable load in the ydirection without causing failure. The magnitude of the preloads applied to the specimens
are recorded in Table 4-1.
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Table 4-1: Forces applied to the biaxial specimens for FM 355 film adhesive.

Failure force
x-direction [N]

y-direction [N]

Load ratio
(x:y)

1

4090

1557

8:3

2

3220

772

4:1

3

3089

1271

5:2

4

2949

2358

5:4

5

2259

2852

4:5

6

4055

1370

3:1

7

3391

Fixed

1:C

8

2852

2654

1:1

9

2252

1678

4:3

10

2229

1334

5:3

11

1641

14

1:0

12

1626

1514

1:1

13

1979

993

2:1

14

1596

29

1:0

15

1956

0

1:0

16

2763

1053

8:3

17

1230

74

1:0

18

2772

608

9:2

19

1725

1181

3:2

20

1656

1119

3:2

21

1485

1557

1:1

Specimen No

Pictures of several failed specimens are shown in Figure 4-2. Producing a stress-strain curve
for biaxial tests are difficult to do from experiments. This is due to the ambiguous nature
of the effective cross-sectional area of the specimen from which the stresses can be
calculated using the loads applied. For this, FEA is a very important analysis tool. Due to
the way in which the load was applied through the preload test fixture, the strain-time
curves for the specimens were not continuous in behaviour. This was not of much concern,
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as the study was investigating ultimate failure and the loading regime was not too
important. Some of the loading regimes can be observed through the strain-time curves
shown in Figure 4-3 to Figure 4-5. The points at which the preloads were applied can be
identified by the changes in gradient of the curves.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4-2: FM 355 failed specimen No: (a) 7, (b) 8,
(c) 9, (d) 10, (e) 11, (f) 12, (g) 13, (h) 14.
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Figure 4-3: Variation in strain within the gauge region of Specimen No 5.

Figure 4-4: Variation in strain within the gauge region of Specimen No 6.

Figure 4-5: Variation in strain within the gauge region of Specimen No 7.
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4.1.2 Processing results - FM 355
An experimental procedure had to be determined so that the failure of the material under
biaxial stress states could be obtained. The process is summarized in the flow chart given
by Figure 4-6.

Figure 4-6: Processing of results and experimental plan [111].

The first stage required the experiment results to be replicated in FEA. In order to do this,
the material model in FEA had to be calibrated against the experiment results. This step
is necessary, as the properties supplied by the manufacturer of the material in some cases
may not be reflective of experimental values. This may be due to the different conditioning
of the material, age of the material, and environment in which the tests were performed.
For this reason, modelling the specimen using the properties of FM 355 in FEA may give
quite different values compared to the strains obtained in the experiments. Thus, the
properties of FM 355 were iteratively changed in FEA until a match to within 10% was
obtained. Before this step, an intermediate process of ensuring that the FEA model was
correctly setup needed to be checked. This is described in the next section (Section 4.1.2.1).
4.1.2.1

Mesh convergence plot

The use of finite element analysis requires the user to appropriately model the specimen
using a sufficient number of elements. In general, the more elements used the more accurate
the calculation and distribution of stress-strain states within the model. However,
computation times increase significantly as more elements are introduced. Thus, there is a
balance between computation time and the number of elements used in the model. The
procedure discussed in this section is presented for completeness, for any new FEA models
discussed in this thesis, the mesh convergence plot will not be shown but it should be noted
that the chosen meshes have been verified to have converged. The mesh convergence plot
is shown in Figure 4-7 and Figure 4-8.
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Figure 4-7: Example of refining mesh density in the biaxial specimen.

Figure 4-8: Mesh convergence plot for an isotropic biaxial specimen (centre node).

It can be seen from Figure 4-8, that after ~40,000 elements, the stress state observed in
the centre gauge region approaches an asymptotic value to within 10%. Thus, mesh 5
shown in Figure 4-7 was chosen as a suitable mesh for the FEA.
4.1.2.2

Model calibration

The calibration of the Young’s modulus for FM 355 with the experiment was performed
by testing two dogbone specimens manufactured in accordance with ASTM D 638 [166].
The dimensions of the specimen and an example of one of the tested specimen is shown in
Figure 4-9 and Figure 4-10, respectively. The dogbone specimens were manufactured from
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a cured sheet of FM 355 film adhesive which was cured to a thickness of 3 mm by using
nine layers of film adhesive. The specimens were then machined from the sheet using a
CNC router. The comparison between the stress-strain curves obtained in the two dogbone
experiments and a model of the dogbone specimen using ABAQUS CAE is shown in
Figure 4-11.

Figure 4-9: Dimensions [mm] of dogbone specimen in accordance to ASTM D 638 specimen
type I [166].

Figure 4-10: Example of a dogbone specimen manufactured.

Figure 4-11: Model of dogbone specimen using ABAQUS 6.14.

Strain gauges are typically used in engineering applications to monitor the strain state
within a structure. The most common type of strain gauge uses a metallic foil pattern that
is bonded to the surface of the test object using an adhesive. As the test object deforms,
the foil changes shape which causes a change in resistance which can be measured using a
Wheatstone bridge. An excitation voltage is used to indicate the change in resistance. The
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difference in voltage outputted is used to calculate the strain using the relationship shown
in Eqn. 4-1.
4∗
∗

Where:
=
=
=
=
=

4-1

∗

Strain.
Voltage reading.
Gauge resistance.
Equipment gain.
Excitation voltage.

In this experiment; a uniaxial 10 volt, 350 ohm strain gauge [174] was bonded onto the
centre of the specimens by prepping the surface using acetone, then cyanoacrylate was used
to bond them. The equipment setup is show in Figure 4-12.

Figure 4-12: Equipment setup for testing specimens.
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The results were plotted up to a value of 5000 µε (micro strain). A plot of the stress-strain
curve from the experiments is shown in Figure 4-13.

Figure 4-13: Comparison of stress-strain curves obtained from experiments and used in
FEA.

Based on the stress-strain curves obtained in Figure 4-13, it was found that the Young’s
modulus given by the slope of the curves was well within 10% of the experimental values.
This can be seen in Table 4-2.
Table 4-2: Comparison of Young's modulus obtained from experiments.

Young’s modulus (E)

Percentage difference from
manufacturer’s value

Manufacturer

2360 MPa

-

Specimen 1

2367 MPa

0.31 %

Specimen 2

2386 MPa

1.09 %

A similar experiment using a 350 Ohm triaxial rosette bonded to specimen 7 in Table 4-1
was performed. For the FEA model, it was decided to use the load and strain values at 50
seconds from the start of the loading regime. The strain-time curve and load-time curve
for specimen 7 up to 50 seconds is shown in Figure 4-14. Note that no preload was applied
in the y-direction of specimen 7. However, the specimen was constrained by the clamps.
This was reflected in the FEA model of the specimen. Figure 4-15, shows an example of
the specimen used in the experiment and modelled in FEA. The comparison of FEA and
experiment strain values for the biaxial specimen is shown in Table 4-3.
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Figure 4-14: Strain-time curve for biaxial Specimen No 7.

(a)

(b)

Figure 4-15: Specimen No 5: (a) used in the experiments, (b) modelled in FEA (ABAQUS
CAE 6.14).
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Table 4-3: Comparison of experimental and FEA strains using specimen 7 results at 50
seconds.

Property

Strain x-direction (µ)

E
[GPa]

v

x-load
[N]

Experiment

FEA

%
Error

2.36

0.30

1191

1.669

1.521

2.36

0.25

1191

1.669

2.36

0.20

1191

2.36

0.15

1191

Strain y-direction (µ)
Experiment

FEA

%
Error

9%

-0.312

0.556

278%

1.537

8%

-0.312

0.131

142%

1.669

1.549

7%

-0.312

-0.298

4%

1.669

1.556

7%

-0.312

-0.728

133%

From Table 4-3, it was found that a Young’s modulus (E) of 2360 MPa and a Poisson’s
ratio (v) of 0.20 gave the closes match to the experiment results. Thus, these values were
selected as the final properties of FM 355. The final properties are listed in Table 4-4.
Table 4-4: Calibrated properties of FM 355 used in FEA.

Property:
Young’s modulus (E):
Poisson’s ratio (v):

2.36 GPa
0.20

4.1.3 Processed results -FM 355
Using the calibrated properties of FM 355, all 21 experimental results were analysed in
FEA (FEMAP v10.0.2). The model was setup in the same way as described in
Section 3.2.1.3. The loads listed in Table 4-1 were the only inputs applied to the specimen
models from the experiments.
A question that arises when assessing failure of materials is whether to use a stress based
or strain based criterion. For linearly elastic materials, either form is easily interchangeable
through means of the Young’s modulus for isotropic materials or the stiffness matrix or
anisotropic materials. There is no clear right or wrong answer, however, literature has
suggested that stress is the preferred form [7, 10, 38, 175]. This is because it is often easier
to use and has a clearer physical meaning such as in the incorporation of hydrostatic
stresses in the Drucker-Prager and Mohr-Coulomb failure criteria. When it comes to yield
and failure theories for composites, it was also concluded by Christensen [175] that stress
based criteria are better suited for polymer composites rather than strain based criteria
[175, 176]. A dividing view can be considered when an incompressible isotropic material is
considered. As the material cannot undergo any volume changes, a failure criterion
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expressed in terms of strain would not indicate failure when under equi-normal compressive
strain, whilst a stress based criterion would remain useful [175]. For these reasons a stress
based approach was adopted to assess matrix failure in this thesis. It should be noted that
transfer to a strain based model can be made as long as care is taken.
As failure in the biaxial specimens took place from within the gauge region, all the stresses
in the x, y and z directions were extracted from the centre node of the all the models. The
results are listed in Table 4-5. Note that the out-of-plane shear stress values have been
omitted from the table as their magnitudes were considered insignificant.
Table 4-5: Failure stresses in the x, y and z directions for FM 355 under biaxial tension.

Specimen No

Failure stress

τxy [MPa]

σxx [MPa]

σyy [MPa]

σzz [MPa]

1

76.76

8.54

0.000134

2

67.98

-2.80

-0.000029

-0.000122

3

57.40

8.44

-0.000019

-0.000047

4

43.64

29.12

0.000002

0.000105

5

42.36

27.74

0.000019

0.000218

6

67.32

3.92

-0.00003

-0.000101

7

58.00

15.20

-0.000014

-0.000223

8

44.24

38.92

-0.000135

0.000151

9

48.12

28.76

-0.000001

0.000064

10

49.92

19.78

-0.000006

0.000021

11

48.90

-11.84

-0.000006

-0.000114

12

33.72

29.82

0.000005

0.000086

13

53.94

15.88

-0.000009

-0.000007

14

47.44

-11.08

-0.00002

-0.000107

15

48.16

-12.84

-0.000038

0.000910

16

61.64

7.50

-0.000019

-0.000053

17

66.80

6.12

-0.000024

-0.000075

18

57.80

-4.02

0.000016

0.000594

19

44.64

23.62

0.000162

-0.000877

20

42.94

22.26

-0.000151

0.000608

21

30.94

28.52

-0.000093

-0.000030

0.000661
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The normal stress values shown in Table 4-5 were converted to their principal values using
Eqn. 4-2 to Eqn. 4-4. Note that since FM 355 is an isotropic material; the normal stress

values: 𝜎𝑥𝑥 , 𝜎𝑦𝑦 , 𝜎𝑧𝑧 are equivalent to 𝜎11 , 𝜎22 and 𝜎33 respectively. Similarly the shear
stress values: 𝜏𝑥𝑦 , 𝜏𝑦𝑧 , 𝜏𝑥𝑧 are equivalent to 𝜏12 , 𝜏23 and 𝜏13 respectively.
𝐼1 2
+ (√𝐼12 − 3𝐼2 ) cos ∅
3 3

4-2

𝜎2 =

𝐼1 2
2𝜋
+ (√𝐼12 − 3𝐼2 ) cos (∅ + )
3 3
3

4-3

𝜎3 =

𝐼1 2
4𝜋
+ (√𝐼12 − 3𝐼2 ) cos (∅ + )
3 3
3

𝜎1 =

Where:
∅=

4-4

1
2𝐼 3 − 9𝐼1 𝐼2 + 27𝐼3
cos−1 ( 1
)
3
3
2(𝐼 2 − 3𝐼 ) ⁄2
1

𝐼1 = 𝜎11 + 𝜎22 + 𝜎33

2

2
2
2
− 𝜏23
− 𝜏13
𝐼2 = 𝜎11 𝜎22 + 𝜎22 𝜎33 + 𝜎33 𝜎11 − 𝜏12

2
2
2
− 𝜎22 𝜏13
− 𝜎33 𝜏12
+ 2𝜏12 𝜏23 𝜏13
𝐼3 = 𝜎11 𝜎22 𝜎33 − 𝜎11 𝜏23

𝐼1 , 𝐼2 , 𝐼3 = The stress invariants

𝜎1 , 𝜎2 , 𝜎3 = The three principal stresses

𝜎11 , 𝜎22 , 𝜎33 = The three normal stresses
𝜏12 , 𝜏23 , 𝜏13 = The three shear stresses

For FM 355, the shear stresses were found to be close to zero (from Table 4-5). Using
Eqn. 4-2 to Eqn. 4-4, the principal stresses (𝜎1 , 𝜎2 , and 𝜎3 ) were found to be almost the

same as 𝜎𝑥𝑥 , 𝜎𝑦𝑦 , and 𝜎𝑧𝑧 respectively. Thus, the values shown in Figure 4-5 were used for

the principal stresses. Note that from Table 4-5, the values of 𝜎3 were on average five order

of magnitude smaller than 𝜎1 and 𝜎2 , thus they were considered to be equal to zero. This

allowed the results to be plotted in the 2D stress plot shown in Figure 4-16 and Figure 4-17.
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Figure 4-16: Biaxial failure envelope for FM 355 with a linear regression [111].

Figure 4-17: Biaxial failure envelope for FM 355 with a linear and piecewise regression
[111].
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In order to remove the singularity point that occurred at the axis of the linear regression
fit shown in Figure 4-16, a piecewise function was adopted for the corner region [111]. This
allowed for a quadratic function to be fitted at the end of the two linear regression lines.
Although the overall function was still not continuous in nature; it did overcome the issues
encountered by a sharp point. The extreme corner point in Figure 4-16 was considered to
be an outlier. Its removal in Figure 4-17 had made the linear region more convex in shape.
The equation for the regression in Figure 4-17 is given by Eqn. 4-5 and Eqn. 4-6 [111].
34.06 – 0.90𝜎1
𝑓𝑜𝑟 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 − 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 (𝑅2 = 0.86)
𝜎2 = {
32.98 − 0.18𝜎1 − 0.12𝜎1 2
𝑓𝑖𝑡𝑡𝑒𝑑 𝑐𝑢𝑟𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛

4-5

For the mirror side (flip down about 𝜎1 =𝜎2 axis):

𝜎2 = {

37.68 + 1.11𝜎1 𝑓𝑜𝑟 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 − 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 (𝑅2 = 0.86)
−0.75 ± 4.17√15.86 − 0.48𝜎1 𝑓𝑖𝑡𝑡𝑒𝑑 𝑐𝑢𝑟𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛

4-6

Where:
σ1 = Maximum principal stress
σ2 = Minimum principal stress
The results indicate that upon tension-tension testing of FM 355, a linear fit was the
simplest model that gave an acceptable fit to the experiment data. This linear trend is in
line with the proposal given by Onset Theory [23, 24, 99]. This theory, states that there is
a truncation in the first quadrant of the failure envelope due to the presence of microcavities in the material which results in failure taking place much earlier on compared to
other failure criteria discussed in Section 2.4.
4.1.3.1

Buckling from biaxial tension tests

Three points in Figure 4-16 had been omitted in the regression. These specimens
corresponded to No: 11, 14 and 15. All three of these tests were tested with a load ratio of
1:0. Further analysis of the specimens using FEA indicated that they failed prematurely
due to buckling with Euler buckling constants of less than 1 (~0.75) [111]. This indicates
that buckling took place at about 75 % of the final failure load recorded. An example of
the out-of-plane displacement contour plot using a buckling analysis for specimen 11 is
shown in Figure 4-18.
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Figure 4-18: Out-of-plane displacement for Specimen No 11 using a buckling analysis. (1%
exageration)

Buckling is a phenomenon that occurs when a material is under compression [7]. In these
specimens, although no compressive loads were directly applied to the specimens, due to
the Poisson’s effect and the unconstrained y-loading direction, the specimens were able to
contract in the y-direction introducing a compressive stress state within the gauge region.
This eventually led to premature failure due to buckling.

4.2 Biaxial tension - EP 280 neat resin
The primary material of interest within this thesis is a fibre reinforced polymer composite
(FRPC). EP 280 Prepreg was identified in Section 3.3.1 to perform these experiments.
However before introducing the effects of the fibre reinforcement, the material: EP 280
neat resin was investigated. EP 280 neat resin is the same material that forms the matrix
constituent in Prepreg. The material was also supplied by GMS Composites [5] and comes
in three parts: The resin, the hardener and an accelerator (these are shown in Figure 4-19).

Figure 4-19: EP280 neat resin comprised of resin, hardener, and accelerator.

Chapter 4: Biaxial Tensile Failure in Isotropic Materials

96

4.2.1 Experiments on EP 280 neat resin
Testing of EP 280 neat resin was a vital part of this thesis, as the failure envelope for the
neat resin and fibre reinforced resin can be compared. For this reason: EP 280 neat resin
was tested under biaxial tension. Note that the material is isotropic in nature, hence the
same methodology used for FM 355 was used in the testing of this material.
4.2.1.1

Specimen manufacture

EP 280 neat resin was supplied in the form of a liquid, thus the normal way in which films
had been used to manufacture FM 355 specimens had to be modified. There are two
methods to manufacture the specimen. The first is to cast a pool of resin then machine the
profile of the biaxial specimen. However the difficulty of using this procedure is that the
specimen has a very thin gauge region (0.3 mm) thus machining may cause micro cracks
within this region leading to premature failure [89]. The second option which was adopted
involved casting the wet resin in a five piece mould which after cure could be disassembled,
leaving the cured specimen behind. Material information is given in Table 4-6. Figure 4-20,
shows key steps in the manufacture process.

Table 4-6: Material information for EP 280 neat resin [5].

Description:
Cure temperature: 120 °C
Cure time: 60 min
Glass transition temperature (Tg): 143.6 °C
Mixing ratio:

Resin: hardener: accelerator
100 : 23 : 10
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
Figure 4-20: Key stages in the manufacturing of EP 280 neat resin specimens:
(a) 5 piece mould, (b) assembled mould, (c) mixing resins, (d) degassing chamber, (e)
curing in oven, (f) released specimen, (g) machined specimens.
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The method is summarised in the following steps:
1. All the pieces of the five piece mould were cleaned in acetone, then coated in several
layers of release agent so that they would not bond to the specimen.
2. A thick bead of high temperature silicone (Permatex Ultra Blue RTV silicone
gasket maker) was run along each side of the mould walls. This was to prevent any
resin from seeping out during the curing process. This is an important step, as most
thermoset resins pass through a stage of low viscosity during their curing cycle that
makes it possible for resin to escape from the smallest of gaps in the mould.
3. The mould walls were then screwed onto the top and bottom moulds, sealing the
sides.
4. The resin is prepared according to the mixing ratio specified in Table 4-6. Care was
taken to ensure that no bubbles are introduced during the mixing stage. This was
done by slowly combining the different liquids and mixing in a figure of eight
pattern.
5. The mixed resin was then placed in a degassing chamber for up to 30 seconds. This
allows any air bubbles trapped within the mixture to rise to the surface and pop.
On some occasions it may be necessary to repeat the degassing process until no
more bubbles are seen to rise to the surface. Note that EP 280 neat resin is a solid
white colour in its uncured form. This makes it hard to inspect for any bubbles still
left within the mixtures. Thus, the degassing processes is a crucial step.
6. The resin was placed in an oven temporarily at 120 °C for 5 minutes. This was to
allow the viscosity of the resin to drop, easing the pouring of the resin into the
moulds and prevents air pockets from forming.
7. The resin must slowly be poured into the moulds from one side. If this step is
rushed, then there is a risk that air pockets will form (especially around the
contracting gauge region). Pouring from one side allows trapped air to escape
through the other side of the mould.
8. The specimen was then placed in a preheated oven for 60 minutes at 120 °C. Once
curing had finished, the temperature was turned off, and the specimen was allowed
to slowly cool down to room temperature.
9. The mould walls were then unscrewed and the specimen was gently pried off the
top and bottom moulds. Note that the probability of success was about 50% using
this procedure. The main problem occurs with bubbles forming in the gauge region.
10. The final step involved machining the bolt holes and perimeter of the specimen
using a CNC router. Grit paper was then bonded to the tabbed surfaces of the
specimens using Loctite.
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Experiment results

In total there were ten specimens successfully tested, of which three were uniaxial dogbone
tests. Their results are recorded in Table 4-7. Pictures of some of the failed specimens are
shown in Figure 4-21.
Table 4-7: Failure forces applied to the biaxial specimens for EP 280 neat resin.

Failure force
x-direction [N]

y-direction [N]

Load ratio
(x:y)

1

6053

0

1:0

2

4730

6245

3:4

3

6366

4852

4:3

4

5756

5110

9:8

5

5607

4516

5:4

6

6232

3019

2:1

7

5548

0

1:0

8

1752

-

NA

9

1860

-

NA

10

1788

-

NA

Specimen No

(a)

(b)

(c)

(d)

Figure 4-21: Examples of failed specimens made from EP 280 neat resin:
(a) Specimen No 1, (b) Specimen No 2, (c) Specimen No 4, (d) Specimen No 5.
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4.2.2 Processed results - EP 280 resin
As EP 280 neat resin is an isotropic material, the process for analysing the results was the
same as previously stated for FM 355 film adhesive (Figure 4-6). The calibrated material
properties used in the FEA is shown in Table 4-8. The designed computer controlled biaxial
test rig was used to perform these tests.
Table 4-8: Calibrated material properties for EP 280 neat resin [5, 111, 141].

Property:
Young’s modulus (E):
Poisson’s ratio (v):

3.15 GPa
0.30

All the experimental results were analysed in FEA (FEMAP v10.0.2). The model was setup
in the same way as described in Section 3.2.1.3. The loads listed in Table 4-1 were the only
inputs applied to the specimen models from the experiments. An example of the model
setup and boundary conditions are shown in Figure 4-22.

Figure 4-22: Example of model setup with boundary conditions applied.

As failure in the biaxial specimens took place from within the gauge region, all the stresses
in the x, y and z directions were extracted from the centre node of all the models. The
results are listed in Table 4-9.
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Table 4-9: Failure stresses in the x, y and z directions for EP 280 neat resin under biaxial and
uniaxial tension.

Specimen No

Failure stress
σxx [MPa]

σyy [MPa]

σzz [MPa]

σxy [MPa]

1

133.14

-43.55

-0.000014

-0.002709

2

59.07

103.32

0.000599

-0.000491

3

105.08

60.90

0.000459

-0.001586

4

89.81

70.96

0.000485

-0.001246

5

90.82

58.98

0.000428

-0.001335

6

115.33

21.57

0.000281

-0.002003

7

122.02

-39.94

0.000078

-0.001359

8

146.01

-

0

0

9

155.56

-

0

0

10

149.69

-

0

0

From Table 4-9, it was observed that the out-of-plane stress (σzz) and the in-plane shear
(σxy) values were at least four order of magnitude smaller than the in-plane stresses (σxx
and σyy), thus the calculation of the principal stresses (σ1, σ2, and σ3) using Eqn. 4-2 to
Eqn. 4-4 were found to take the same value as σxx, σyy, and σzz respectively. Note that the
values of σzz (hence σ3) were close to zero, thus the experimental data was plotted in 2D
stress space shown in Figure 4-23.

Figure 4-23: Plot of experiment results for EP 280 neat resin in 2D stress space [111].
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When a single regression was fitted through the data shown in Figure 4-23; Eqn. 4-7 was
obtained [111]. Eqn. 4-7 was simplified to a general form given by Eqn. 4-8. This was found
to be the same as that proposed by Onset theory [23, 24, 99] which was also found to be
the case for the FM 355 film adhesive results discussed in Section 4.1. A comparison of the
experiment results with other well-known failure criteria previously discussed in the review
of literature (Section 2.4) was made and is shown in Figure 4-24. The main results are
summarised in Table 4-10.
153.2 = 𝜎2 + 0.995𝜎1
𝜎𝑡 = 𝜎1 + 𝜎2 + 𝜎3

Where:
𝜎1 = Maximum principal stress.
𝜎2 = Minimum principal stress.
𝜎𝑡 = Uniaxial tensile failure stress.

Figure 4-24: Plot of experiment results against different failure criteria [89].

4-7
4-8
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Table 4-10: Comparison of failure criteria against experimental results [89].

Failure criterion

D [MPa]

Percentage deviation from
experimental fit

Ranking of
failure criteria

Experimental fit

109

0%

-

Maximum Stress

213

95%

3

Maximum Strain

304

178%

4

Tresca

213

95%

3

von Mises

213

95%

3

Onset theory (SIFT)

107

3%

1

Modified First Invariant

150

38%

2

The failure criteria compared in Table 4-10 were formulated based on uniaxial failure
stresses. Thus the average failure stress obtained using the uniaxial dogbone specimens
(specimens 8-10) was used as the basis for plotting their failure envelopes in the tensile
quadrant given in Figure 4-24. In Table 4-10: ‘D’ represents the distance from the origin
to the point on the failure envelope that intersects with the distortional axis. From the
comparisons, it was found that almost all the failure criteria examined; over predicted
failure of EP 280 neat resin when under biaxial tension. Onset theory was the best in
predicting failure where its prediction differed by only 3% from the regression of the
experiment results. The next best prediction (38%) was given by the Modified First
invariant proposed by Wang et al [38]. Maximum stress, Tresca and von Mises failure
criterion all over predicted failure by 95% when comparing perfectly biaxial failure stresses.
The experiment results obtained demonstrated the importance of performing biaxial tensile
tests to characterise their failure behaviour.
This study brings the investigation of biaxial tensile failure in isotropic materials to an end.
For the remainder of the thesis, investigation into the main aim of establishing a failure
criterion for matrix dominant failure in fibre reinforced polymer composite materials is
examined.
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4.3 Summary
In summary, the tests on FM 355 film adhesive and EP 280 neat resin were successful, and
they were proof that the biaxial specimen design is suitable for performing biaxial tension
tests on isotropic materials. Testing of the specimen under compression or shear, did not
show favourable results. However, compression and shear was not the main intent in this
investigation. If others wishing to adopt this specimen design would like to perform tests
under compression or shear, then the specimen may need to be made thicker or the use of
incorporating antibuckling guides would need to be investigated.
An experimental procedure to test for failure was established. The procedure involved using
finite element analysis to obtain the stress state within the gauge region. Calibration of the
model and material properties was performed against the experiment results to ensure
appropriate failure stresses were obtained. The in-plane and out-of-plane shear stress
components were found to be negligible along with the out-of-plane principal stresses. The
results were then plotted in 2D stress space.
The failure results for EP 280 neat resin where compared to several failure criteria. It was
found that Onset theory was able to predict failure to within 3% of the experiment data.
All other failure criteria severely over predicted failure within the tensile quadrant. In the
next phase of this investigation; matrix failure in anisotropic materials is discussed.
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Matrix Failure in FRPC at
a Macro-mechanical Level

The main set of experiments for this thesis are presented in this chapter. Note that all the
work presented up to this stage has focussed on the groundwork leading to these
experiments, which themselves have contributed to the body of knowledge presented in
literature [89, 111].
The main difference in the experiments presented in this chapter compared to the previous
is that the observation of matrix failure in an anisotropic material (EP 280 Prepreg) is
presented. The main difficulty arises from the introduction of the fibre. The fibre is a much
stiffer and stronger material which can often dictate how the lamina behaves. Although
this may be advantageous when designing composite structures, it is problematic to observe
and understand the behaviour of the matrix. For this reason, experiment tests and
procedure for detecting matrix (or initial) failure in composites needed to be established.
These findings are presented within this chapter.
This chapter is divided into three main parts. The first discusses biaxial tension tests on
EP 280 Prepreg (Section 5.1). Section 5.2 discusses the results of off-axis uniaxial tension
tests on EP 280 Prepreg. Whilst the last section discusses off-axis compression results on
EP 280 Prepreg (Section 5.3). Each set of experiment results are analysed at the macromechanical level (i.e. lamina level) using different lamina level failure criteria to assess their
ability to predict matrix failure.
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5.1 Biaxial tension - EP 280 Prepreg
EP 280 Prepreg was previously stated to be the primary material used to test for matrix
failure in this investigation. The aim was to obtain failure points for the material under
biaxial tension. In order to do this, an experiment methodology had to be determined which
was able to successfully test for this case. This involved using the established biaxial
specimen design for FRPC discussed previously in Section 3.3. A means for detecting
matrix failure had to also be established. The experiment setup, and results are discussed
in this section. Throughout the chapter some of the lamina level failure criteria (macromechanical failure criteria) discussed in Chapter 2 are used to assess their predictive ability
to determine matrix failure.

5.1.1 Experiments on EP 280 Prepreg
Matrix failure under tensile loading has received limited attention in literature, where some
have performed a range of off-axis tests on uniaxial composites [99]. However improvements
to this method can be made. For example testing a 45 degree off-axis specimen can only
give the user one data point for failure, in order to obtain several failure points, the fibre
angle can be varied. However, as more angles are tested, the difference between subsequent
angles becomes minimal and subject to alignment errors. Along with this, it is stated in
literature that off-axis tensile tests suffer from premature failure as a result of the way in
which the specimens are constrained when loaded [101, 103, 177]. This raises the question
of whether the measured data from off-axis tests are accurate [141]. One method in which
these tests can be improved is through performing biaxial tension-tension tests. This would
mean that for a given fibre orientation, the load ratios can be varied to obtain more than
one data point for failure. Some test results and specimen designs have been presented in
literature [132, 133, 178]. Based on the findings it was a necessary step to establish a
specimen that can successfully test for matrix biaxial tensile failure. The groundwork for
this FRPC specimen was discussed in Section 3.3 of this thesis. An example of several
manufactured biaxial specimens is shown in Figure 5-1.

Figure 5-1: Example of manufactured EP 280 Prepreg specimens.
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The centre two plies of this specimen were the most important to consider. This was due
to the two plies forming the gauge region of the specimen, where failure is expected to take
place. In order to promote matrix failure, the central two plies were oriented in the same
direction at an angle relative to the loading directions. This included angles between 0
degrees to 45 degrees. Symmetry of the model and the way in which loads were applied,
implied that angles greater than 45 degrees were not necessary to test. By avoiding any
fibre dominant loading arrangements, it was safe to assume that matrix failure could be
tested using this specimen design.
This specimen design did not suffer from the premature failure issues commonly
encountered in off-axis tension tests. However, the design made it difficult to detect matrix
failure due to the stiffer surrounding reinforcement region. This posed an issue for being
able to capture the failure loads at the point of matrix failure. Some techniques used to
detect matrix failure are discussed in the next subsection (Section 5.1.1.1).
5.1.1.1

Methods to detect matrix failure

Several methods to detect matrix failure in our specimens were considered:
1. Visual inspection.
2. Use of dust/powder particles.
3. Using the force displacement curve.
4. Using a strain gauge.
5. Using a thermal imaging camera.
Visual inspection of failure within FRPC is commonly used. However depending on the
specimen design, visual inspection may not always be appropriate. For example in fibre
failure experiments, the mode of failure is usually catastrophic and the point of failure can
be visually observed [7, 10]. In cases of uniaxial transverse tensile tests of a FRPC, matrix
failure can be observed by the physical separation of two halves of the specimen. In shear
tests of FRPC, the point at which shear takes place can be identified by events such as
crazing, or warping/kinking of fibres [7, 10]. However, these events are not always
identifiable depending on the specimen. In the designed biaxial specimen, although the
centre gauge region is designed to fail under transverse loading, failure does not result in
any distinctive event. This is due to the surrounding reinforcing region preventing any
separation. For this reason, visual techniques were not sufficient in detecting matrix failure.
Visual aids are often used in experiments to assist in failure detection. One detection
technique considered was the use of small particles such as powders. The powder was
brushed onto the surface of a specimen where failure is anticipated to take place. Upon
initial failure, the momentary shock in the localised position causes a ‘poof’ of dust/ powder
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to disperse. This technique was trialled in several preliminary tests. Figure 5-2 shows a
progression of the event over time.

Figure 5-2: Initial failure detection using a brushed on powder (video capture rate: 60
frames/second).

Although the visual aid technique of using the powder did assist on occasions to identify
the point of matrix failure, it was found that determining when a ‘poof’ signalling indicates
matrix failure as opposed to shifting, slipping or other phenomena which also result in
‘poofs’ being detected requires the user to exert discretion which may not always be correct.
Thus, failure detection through the use of powders was deemed inappropriate.
The third method considered involved the use of the force-displacement curves. The force
displacement or where appropriate, the stress-strain curves are used to observe key material
failure characteristics such as the plastic yield point, and ultimate failure point. Some
researchers [179] have also used this curve to estimate a point at which initial failure can
be identified. An example of this point taken from literature [179] is shown in Figure 5-3.
However, depending on the type of test being performed and the specimen design being
tested, the visibility of this drop in the load-displacement curve is difficult to identify and
physically justify. In the case of the designed biaxial specimen, the area surrounding the
gauge region is stiffer. Although this prevents premature failure at the clamping locations,
it also significantly stiffens the overall specimen. This means that once the specimen is
loaded and matrix failure takes place. The specimen continues to carry load due to the
surrounding region. For this reason, it was decided that relying on matrix failure detection
based on the force displacement curve should not be the only detection technique used in
this investigation.
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Figure 5-3: Example of a load-displacement curve demonstrating damage initiation point
[179]. Where: FE is the experiment force, FA,cr is the critical analytical force, and UE is the
experiment displacement.

The fourth method considered to detect matrix failure was to use a strain gauge. A strain
gauge bonded to the centre of the gauge region allows the strains throughout loading to be
obtained, and it was expected that once matrix failure occurs, the strain gauge would fail.
This was successfully observed from preliminary tests. Upon further testing under varying
loading ratios, it was quickly found that the strain states encountered in the gauge region
started exceeding the recommended 5000 µε limit of the gauges. This limitation resulted
in alternative means to be sought.
The final technique considered to detect matrix failure, incorporated a thermal imaging
camera. Thermal imaging cameras are used in a range of applications [180] and have been
gaining popularity in engineering applications for stress and strain field measurements [181,
182]. When a specimen is under stress, it is known to undergo a temperature change.
Commercial packages are available [183] where a material is calibrated against its thermal
behaviour. Using these calibrated tests, a specimen can be tested and then its thermal
response can be directly presented as a stress-field. In the case of these experiments, the
stress fields around the specimen were not of primary interest, instead the intention was
to use the temperature spike emitted by the specimen when failure occurs. Preliminary test
results showed very successful results with a very clear indication of transverse matrix
failure. Figure 5-4, shows the detection of matrix failure over time for a specimen. The
forward-looking infrared imaging (FLIR) camera was selected as the most appropriate
means of detecting the time at which matrix failure occurred in the biaxial test specimens.
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Figure 5-4: Example of matrix failure detected using a FLIR camera.

5.1.2 Hygrothermal effects
The term ‘hygrothermal’ refers to the combined effect of both thermal and moisture
conditions. Hygrothermal effects are not very often included in simple analysis of
composites, this is because it is an added analysis procedure that is time consuming and in
some applications; not a significant parameter. In this thesis, as the main objective is to
examine failure of composite materials, consideration of hygrothermal effects is important.
For aircraft structures made of composite materials, there are two main stages at which
hygrothermal effects take place:
1. Hygrothermal effects during life in service.
2. Hygrothermal effects before life in service.
The first is applicable to aircraft made from composites, where environmental conditions
when flying at different altitudes exposes the material to different moisture levels and
temperature conditions. These particular effects were not important to consider in this
investigation, as the basis is to formulate a failure criterion using EP 280 Prepreg. As this
material was being manufactured and tested at laboratory conditions, the specimens tested
were not exposed to such altitudes, hence hygrothermal effects from life in service were not
relevant.
Instead, hygrothermal effect introduced to the material before life in service was important.
As composites are often cured at high temperatures and pressures then allowed to cool
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down to room temperature, there are residual contraction and expansion effects that must
be examined.
In this chapter the results at the macro-mechanical level are presented, whilst in Chapter 6
the micro-mechanical results will be discussed. At the macro-mechanical level, the lamina
is assumed to expand or contract uniformly as shown in Figure 5-5. As discussed previously,
at the macro-mechanical level, the lamina is considered to be homogeneous. This implies
that individual properties of the fibre and matrix are not directly considered. Despite this,
it is widely known that the behaviour of this homogeneous material can be vastly different
in its three planes (namely, the longitudinal, transverse and out-of-plane directions). As a
result, when a homogeneous lamina material is exposed to different thermal and moisture
conditions, the behaviour along the fibre directions is different from the transverse and
out-of-plane directions. These effects are discussed within this section.

Figure 5-5: Example of expansion and contraction of a homogeneous material.

A general material can be considered to be able to withstand a certain amount of stress or
strain referred to as its ultimate failure stress or strain [7]. The ultimate failure stress/strain
can be reached by two main contributors:
1. Mechanical stresses or strains and,
2. Residual stresses or strains.
An example of this can be seen in Figure 5-6.

Figure 5-6: Example of proportion of material strength consumed by residual strains [23].
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Composites can be supplied with a range of curing temperatures. Some can be cured at
room temperature and are often wet layups, whilst in most aerospace applications,
composites come in the form of prepregs, where a high cure temperature is often required.
Once the material has cured, the specimen starts to contract until it reaches room
temperature. The rate of expansion or contraction is given by a term referred to as the
‘thermal expansion coefficient’. Examples of thermal expansion coefficients for typical
unidirectional composites are given in Table 5-1.
Table 5-1: Thermal expansion coefficients for typical unidirectional composites [7].

Longitudinal thermal
expansion coefficient
α1, 10-6/°C

Transverse thermal
expansion coefficient
α2, 10-6/°C

E-Glass/Epoxy

7.0

26

S-Glass/Epoxy

7.1

30

Kevlar/Epoxy

-2.0

60

-0.9

27

-0.9

25

-0.9

22

-0.2

24

0

25

-0.1

26

6.1

30

Carbon/Epoxy
(AS4/3501-6)
Carbon/Epoxy
(IM6G/3501-6)
Carbon/Epoxy
(IM7/977-3)
Carbon/PEEK
(AS4/APC2)
Carbon/Polyimide
(Mod I/WRD9371)
Graphite/Epoxy
(GY-70/934)
Boron/Epoxy
(B5.6/5505)

Moisture effects are also introduced to a composite material before life in service. Once a
composite specimen is removed from its vacuum bag and oven/autoclave and allowed to
rest at room temperature until it is tested, it starts absorbing moisture from the lab
environment. These moisture residual stresses or strains are tensile in nature and thus act
in the opposite direction to the thermal residual stresses or strains. What this implies is
that some of residual stresses or strains introduced by thermal effects is relieved by
moisture absorption as shown in Figure 5-7. Typical moisture expansion coefficients for
unidirectional composites is shown in Table 5-2.
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Figure 5-7: Example of proportion of thermal residual strains relieved by moisture
absorption [23].

Table 5-2: Moisture expansion coefficients for typical unidirectional composites [7].

Longitudinal moisture
expansion coefficient
β1

Transverse moisture
expansion coefficient
β2

E-Glass/Epoxy

0

0.2

S-Glass/Epoxy

0

0.2

Kevlar/Epoxy

0

0.3

0.01

0.2

0

-

0

-

0

0.4

0

0.3

0

0.4

0

0.2

Carbon/Epoxy
(AS4/3501-6)
Carbon/Epoxy
(IM6G/3501-6)
Carbon/Epoxy
(IM7/977-3)
Carbon/PEEK
(AS4/APC2)
Carbon/Polyimide
(Mod I/WRD9371)
Graphite/Epoxy
(GY-70/934)
Boron/Epoxy
(B5.6/5505)

The higher the proportion of thermal residual stresses or strains that are relieved by
moisture absorption depends on the material. If it can be found that there is almost a one
to one relationship between the two, then it would be appropriate to ignore any
hygrothermal effects from the remainder of the investigation. Implying that, mechanical
stresses or strains would be the only contributors to failure of the lamina. This is the aim
of this experiment for the material being tested: EP 280 Prepreg.
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Methodology

The aim of the investigation was to firstly observe the thermal residual strains that are
introduced to a composite laminate after it has cured and while it cools down to room
temperature. Secondly to see how these compressive strains are offset by the composite
laminate swelling as the laminate sits at room temperature ready for being tested in the
lab experiments. Two main experiments were setup:
1)

Expose a composite specimen to different temperatures.

2)

Expose a composite specimen to different moisture (humidity) levels.

Four specimens for each of the above two experiments were used in order to get an averaged
result. The specimen design is shown in Figure 5-8. The specimens were prepared by laying
up several layers of unidirectional EP 280 Prepreg on an aluminium plate which had its
contact surface lined with a Teflon sheet to assist in the release of the cured carbon plate
[155]. A similar plate was placed on the top of the layup to provide a flat surface to both
the top and bottom surfaces. Care was taken to ensure that the fibres were all aligned in
the same direction. The gap between the edges of the two plates was sealed using high
temperature scotch tape to prevent any resin seeping out during the cure. A small hole
was punctured in the tape to allow air to escape during the vacuuming process. Once the
layup was complete, it is wrapped in one layer of release film followed by a layer of breather
and placed in a vacuum bag. All the specimens were cured according to the manufacturer’s
guidelines [5]. This involved curing in an autoclave at 100 kPa and 120 °C for 60 minutes
with a ramp up rate of 2 °C/min.

Figure 5-8: Specimen design used in hygrothermal experiments [mm] [155].
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Once curing had completed the coupon specimens were machined using a CNC router to
the dimensions shown in Figure 5-8. In this Figure, the positions: AA, BB and CC were
used for all strain measurements. The three different positions correspond to the three
material orientations; the longitudinal, transverse and out-of-plane direction respectively.
Through thickness effects were not investigated as the specimen was primarily designed for
measuring in-plane effects. Hence, the in-plane dimensions (60 mm) was twenty times larger
than the thickness (3 mm). Thus the scatter associated with measuring through thickness
effects would be quite high and hence ignored. ASTM D 5229 [184] specifies dimensions
that should be considered when testing for through thickness effects. Typically the out-ofplane behaviour for a unidirectional laminate is assumed to follow the transverse behaviour
and was adopted in this investigation.
Each specimen was conditioned for a certain number of days depending on how long it
took to reach equilibrium. The equilibrium value was determined by the specimens’
moisture content. i.e., when the moisture content of the specimen changed by less than
0.02 % [184]. In experiment 1 (humidity), the coupons were placed in a Thermoline
temperature and humidity chamber at a fixed temperature of 80 °C. The humidity levels
tested were 40 % and 80 %. Note that after each set of moisture experiments, the specimens
were dried in an oven (similar to performing the thermal experiments). This was to ensure
that the moisture contents were close to zero before starting. The drying process took up
to five days in some cases when exposed to 80 °C. In experiment 2, the specimen dimensions
and weights were recorded at: room temperature (23 °C), 50 °C, and 120 °C (note: glass
transition temperature, Tg=143.6 °C). The longitudinal and transverse lengths were
measured using a TESA 25-50 mm micrometer. The weight was measured on a Sartorius
1601 weighing scale to a precision of 0.0001 g.
5.1.2.2

Results

On average each moisture experiment was run for one and a half months. According to
ASTM D 5229 [184], it can sometimes be misleading to assume equilibrium has been
reached by measuring a change in weight of less than 0.02%. The standard suggests that a
moisture content vs. root of time plot should be made in order to observe an asymptotic
behaviour. This is shown in Figure 5-9 for the various humidity levels tested.
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Figure 5-9: Change in moisture content over time for specimens exposed to different
humidity levels [155].

The dimensions were measured for each specimen when equilibrium was reached. The
dimensions of the specimens were converted to strains using Eqn. 2-5 which is a ratio of
change in length. The results for the moisture effects are shown in Figure 5-10.

(a)

(b)

Figure 5-10: Effect of strain with respect to moisture along the: (a) fibre direction, (b)
transverse direction [155].

The same process was repeated for the thermal experiments, where the change in weight
was recorded for each specimen up to the point of equilibrium. The three temperatures
tested were: 23 °C (room temperature), 50 °C, and 120 °C (curing temperature). The
moisture content over time is shown in Figure 5-11.
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Figure 5-11: Change in moisture content over time for specimens exposed to different
temperature levels.

In the thermal experiments, the specimens reached equilibrium quicker than the moisture
experiments. On average, the specimens took less than a week. Once an asymptotic value
had been reached, the experiments were stopped to prevent burning of the specimen from
prolonged exposure to high temperatures. Note that the room temperature equilibrium
level was measured after two months of a specimen sitting at laboratory conditions. This
was to ensure that the specimen had reached equilibrium and is important to correctly
measure, as all the tensile experiments are based on laboratory conditions. The changes in
the specimen’s dimensions were then converted to strain and plotted against their
temperatures in order to find a trend. A plot of the results are shown in Figure 5-12.

(a)

(b)

Figure 5-12: Effect of strain with respect to temperature along the: (a) fibre direction, (b)
transverse direction [155].

A final plot showing the percentage change in specimen weight at different humidity levels
is shown in Figure 5-13.
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Figure 5-13: Changes in weight when specimen is exposed to varying humidity levels [155].

5.1.2.3

Discussion

From Figure 5-10(a) and Figure 5-12(a), the strain results in the longitudinal direction
showed a high amount of scatter and a regression analysis revealed no correlation in results.
It is generally well known that the expansion along the fiber direction is quite small and
difficult to measure without very precise equipment [154]. This can also be seen by the first
columns in Table 5-1 and Table 5-2 where there is a large scatter in values for different
composite laminates. For these set of experiments the expansion and contraction in the
fiber direction was considered to be close to zero and was ignored in the analysis.
The transverse strains introduced by the cooling and absorption of moisture by the
specimens shown in Figure 5-12(b) showed a clear trend. A linear regression was fitted to
all the results. EP280 Prepreg has a cure temperature of 120 °C and since the room
temperature was 23 °C, a compressive strain of -0.0023 was obtained (using Figure 5-12(b)).
The average atmospheric humidity in the laboratory where the specimens were stored was
55 %. Using Figure 5-10(b), it was found that the specimen expands to experience a tensile
strain of +0.0020. The results are plotted in Figure 5-14. The contraction and expansion
were found to almost entirely offset each other and thus the transverse residual strains
were ignored for the composite material (EP 280 Prepreg) used in this investigation.

Figure 5-14: Relief in thermal residual strains in EP 280 Prepreg due to moisture
absorption.
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Using Figure 5-12, the thermal coefficient of expansion for EP 280 Prepreg in the transverse
direction was found to be equal to 23.8×10-6/°C.
The offset of thermal expansion due to moisture absorption has been looked at by Tsai W
et al. [156]. Their findings state that if a composite has a moisture content close to 0.5%,
then the thermal residual stress can be largely ignored. From Figure 5-13 it was found that
from the time the specimen was cooled down and taken out of the oven and allowed to
settle to room temperature, it was exposed to an initial humidity of 30% which slowly
increased to 55% atmospheric humidity. The weight of the specimen increased by 0.68%
due to moisture absorption. Thus the findings were also consistent with literature [156]. In
conclusion it was found that it is appropriate to ignore hygrothermal effects introduced by
the cure cycle for EP 280 Prepreg used in this investigation.

5.1.3 Methodology - Biaxial tests
In this section, the modified biaxial specimen for testing matrix failure in fibre reinforced
polymer composites was used to perform biaxial tensile experiments. Design of the specimen
was previously presented in Section 3.3. A script in MATLAB R2012b was written to
record the loads exerted on the two axis of the specimen for each frame captured by the
FLIR camera. The FLIR thermal camera was set to record six frames per second. This was
found to be sufficient to capture the instance of matrix failure. The advantage of using
thermal cameras to detect initial failure or matrix failure in composites is that although
the failure is quite sudden and can occur within a single frame, the thermal signature given
off by the specimen takes a longer time to dissipate, thus the event is captured over several
frames [111].
The methodology to perform these experiments was similar to that used in the biaxial
experiments on isotropic materials. Once the specimens were manufactured, they were
loaded under varying load ratios as shown in Table 5-3. In total 26 specimens were tested
successfully. Varying fibre orientations where used within the gauge region: 6 specimens
with a fibre orientation of 45° in its gauge region, 2 specimens at 40°, 2 specimens at 30°,
7 specimens at 20°, 4 specimens at 10° and 5 specimens at 0°.

Chapter 5: Matrix Failure in FRPC at a Macro-mechanical Level

120

Table 5-3: Load ratios applied to EP 280 Prepreg biaxial specimens.

Specimen No

Fibre
orientation

Load ratio

Specimen No

Fibre
orientation

Load ratio

1

45°

7:4

14

20°

1:1

2

45°

1:1

15

20°

2:1

3

45°

7:2

16

20°

2:1

4

45°

5:1

17

20°

4:3

5

45°

1:1

18

10°

1:1

6

45°

9:7

19

10°

7:8

7

40°

5:4

20

10°

8:9

8

40°

6:7

21

10°

5:6

9

30°

1:1

22

0°

6:5

10

30°

4:3

23

0°

8:3

11

20°

7:6

24

0°

1:1

12

20°

1:1

25

0°

5:2

13

20°

9:4

26

0°

4:1

The main difference with the testing of this anisotropic specimen was the failure detection
which used a FLIR thermal imaging camera. A flow chart of the methodology is shown in
Figure 5-15.

Figure 5-15: Methodology used in the testing of EP 280 Prepreg at the macro-mechanical
level.
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Model setup

The stresses at failure within the gauge region are obtained through Finite Element
Analysis (FEA). The software: FEMAP v10.0.2 was used to model the specimens. Due to
the anisotropy associated with the material, the entire specimen was modelled. Each ply
was modelled as a separate part and assigned its own material properties. The properties
for EP 280 Prepreg were experimentally determined or verified in Section 3.3.1, the
properties are presented again in Table 5-4.
Depending on the FEA software used, the way in which composites are modelled differs.
In this thesis, the interface between each lamina was assumed to be perfectly bonded, thus
a tie constraint between each adjacent lamina was used. Each lamina was modelled with
one element through its thickness. Material properties were assigned in the software by
providing the material properties in the form of a stiffness matrix.
Table 5-4: EP 280 Prepreg properties.

Property
E1

131 GPa

E2

6.20 GPa

E3

6.20 GPa

v12

0.28

v23

0.40

v13

0.28

G12

4.73 GPa

G23

1.44 GPa

G13

4.73 GPa

In most cases the user is able to input just the engineering constants shown in Table 5-4
into the software, and the software handles the rest in terms of accounting for fibre
orientation. However, for the case of ensuring that the FEA software was correctly
modelling the material, a more theoretical approach was taken initially. Here, the stiffness
matrix for each ply was calculated and then transposed into its corresponding fibre
orientation relative to the x-y Cartesian axis (horizontal and vertical respectively). Similar
to how the Young’s Modulus defines stiffness for an isotropic material, the stiffness for
anisotropic materials is presented as a 6×6 symmetric matrix and is referred to as the
stiffness matrix (presented in Eqn. 5-1).
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𝐶11
𝜎11
⎡
⎡𝜎22 ⎤ ⎢𝐶21
⎢𝜎33 ⎥ ⎢𝐶31
⎢ 𝜏12 ⎥ = ⎢𝐶
41
⎢𝜏 ⎥
⎢𝐶51
13
⎣ 𝜏23 ⎦
⎣𝐶61

[𝜎] = [𝐶][𝜀]

𝐶12
𝐶22
𝐶32
𝐶42
𝐶52
𝐶62

𝐶13
𝐶23
𝐶33
𝐶43
𝐶53
𝐶63
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𝐶14
𝐶24
𝐶34
𝐶44
𝐶54
𝐶64

𝐶15
𝐶25
𝐶35
𝐶45
𝐶55
𝐶65

𝐶16
𝜀11
𝐶26 ⎤ ⎡𝜀22 ⎤
𝐶36 ⎥
⎥ ⎢𝜀33 ⎥
𝛾 ⎥
𝐶46 ⎥ ⎢
⎢𝛾12 ⎥
𝐶56 ⎥ 13
𝛾
𝐶66 ⎦ ⎣ 23 ⎦

Where:
[𝜎]= The stress matrix.
[𝜀]= The strain matrix.
[𝐶]= The stiffness matrix.
Each lamina used was considered to be orthotropic, as it had three mutually perpendicular
planes of material symmetry. Thus the stiffness matrix can be simplified to Eqn. 5-2. Where
‘S’ is the compliance matrix. The stiffness matrix ‘C’ is the inverse of the compliance matrix
‘S’. Note that the equations are much easier to read when presented in terms of ‘S’, thus
Eqn. 5-2, is presented in terms of S.

[𝐶] = [𝑆]−1
Where:
𝑆11 =
𝑆13 =
𝑆22 =
𝑆31 =
𝑆33 =
𝑆55 =
𝑣21 =
𝑣32 =

1
𝐸1
𝑣
− 31
𝐸3
1
𝐸2
𝑣
− 13
𝐸1
1
𝐸3
1
2𝐺13
𝐸2
𝑣
𝐸1 12
𝐸3
𝑣
𝐸2 23

𝑆11
⎡𝑆21
⎢𝑆
= ⎢ 31
⎢ 0
⎢ 0
⎣ 0

𝑆12
𝑆22
𝑆32
0
0
0

𝑆13
𝑆23
𝑆33
0
0
0

0
0
0
𝑆44
0
0

𝑆12 =
𝑆21 =
𝑆23 =
𝑆32 =
𝑆44 =
𝑆66 =
𝑣31 =

0
0
0
0
𝑆55
0
𝑣21
𝐸2
𝑣
− 12
𝐸1
𝑣
− 32
𝐸3
𝑣
− 23
𝐸22
1
2𝐺12
1
2𝐺23
𝐸3
𝑣
𝐸1 13
−

0
0 ⎤
0 ⎥
⎥
0 ⎥
0 ⎥
𝑆66 ⎦
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The next step involves transforming the stiffness matrix about the z-axis so that the fibres
are oriented correctly relative to the x-y Cartesian axis. Eqn. 5-3 shows the equation that
was used.
[𝐶 𝑇 ] = [𝑀][𝐶][𝑀]𝑇
Where:
[𝐶 𝑇 ]=
[𝐶]=
[𝑀]=
[𝑀]𝑇 =

The
The
The
The

5-3

transformed Stiffness matrix.
original Stiffness matrix.
transformation matrix.
transposed transformation matrix.

The calculation of the transformation matrix ‘M’ is quite lengthy and is given by Eqn. 5-4.
𝑎211
⎡ 𝑎2
⎢ 21
2
[𝑀 ] = ⎢ 𝑎31
⎢𝑎21 𝑎31
⎢𝑎 𝑎
31 11
⎣𝑎11 𝑎21

𝑎212
𝑎222
𝑎232
𝑎22 𝑎32
𝑎32 𝑎12
𝑎12 𝑎22

𝑎213
𝑎223
𝑎233
𝑎23 𝑎33
𝑎33 𝑎13
𝑎13 𝑎23

2𝑎12 𝑎13
2𝑎22 𝑎23
2𝑎32 𝑎33
𝑎22 𝑎33 + 𝑎23 𝑎32
𝑎12 𝑎33 + 𝑎13 𝑎32
𝑎12 𝑎23 + 𝑎13 𝑎22

2𝑎13 𝑎11
2𝑎23 𝑎21
2𝑎33 𝑎31
𝑎21 𝑎33 + 𝑎23 𝑎31
𝑎13 𝑎31 + 𝑎11 𝑎33
𝑎13 𝑎21 + 𝑎11 𝑎23

2𝑎11 𝑎12
⎤
2𝑎21 𝑎22
⎥
2𝑎31 𝑎32
⎥
𝑎22 𝑎31 + 𝑎21 𝑎32 ⎥
𝑎11 𝑎32 + 𝑎12 𝑎31 ⎥
𝑎11 𝑎22 + 𝑎12 𝑎21 ⎦
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Where:
[𝑀]= The transformation matrix.
cos 𝜃𝑥′𝑥
⎡cos 𝜃
[a]= ⎢
𝑦′𝑥
⎣cos 𝜃𝑧′𝑥

Subscript e.g. (x’x)=

cos 𝜃𝑥′𝑦
cos 𝜃𝑦′𝑦
cos 𝜃𝑧′𝑦

cos 𝜃𝑥′𝑧
cos 𝜃𝑦′𝑧 ⎤
⎥
cos 𝜃𝑧′𝑧 ⎦

Angle between the rotated x’ axis and the
original x axis.

All 12 layers of the specimen were modelled in order to capture any geometric nonlinearity
in the out of plane direction. Linear solid Hex elements where used to model the specimen
with one element through the thickness of each ply. In total 76672 elements and 94527
nodes were used. The boundary conditions used to model that specimen is shown in
Figure 5-16.
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Figure 5-16: Boundary conditions applied to the model of the FRPC biaxial specimen.

5.1.3.2

Model calibration

Strain gauges arranged in a triaxial rosette was used for calibration (Figure 5-17), where
the FEA model was verified against experimental strain values within the gauge region.
The experiment strain-time curve obtained along the x and y-directions for Specimen 6 is
shown in Figure 5-18.

Figure 5-17: Specimen No 6 with strain gauge bonded to gauge region.

Figure 5-18: Strain-time curve for FRPC biaxial Specimen No 6.

The strains at the centre node of the FEA model where extracted and compared with the
experiment values. The results are shown in Table 5-5.
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Table 5-5: Comparison of experiment and FEA strain values for the FRPC biaxial specimen
(Specimen No 6).

Experiment strain
(µ-strain)

FEA strain
(µ-strain)

Percentage
difference

x-direction

5126

5469

6.70%

y-direction

2883

2672

7.33%

The strains in the x and y-directions differed by less than a maximum error of 10% thus,
the FEA model was considered appropriate for analysis purposes.

5.1.4 Results - Biaxial tests
All the specimens were tested under varying loading ratios. The time at failure was
successfully captured using a FLIR thermal imaging camera, and the corresponding loads
at failure were recorded. The final loads obtained at failure are shown in Table 5-6.
Examples of the moment at matrix failure (captured by the FLIR camera) are shown in
Figure 5-19. The loads at failure were inputted in FEA to obtain the strain states at failure
within the gauge region of each specimen. The results are presented as strain and is shown
in Table 5-7. The stresses results are presented in Table 5-8.
Table 5-6: Loads at failure for EP 280 Prepreg under biaxial loading.

Matrix failure load

Specimen
No:

x-direction

1

Matrix failure load

y-direction

Specimen
No:

x-direction

y-direction

10218

5932

14

10223

10087

2

8716

7882

15

5270

2626

3

10844

3087

16

5937

2906

4

11631

2249

17

7906

5840

5

6694

7041

18

5498

5714

6

8999

7017

19

6724

7656

7

7118

5726

20

8526

9584

8

7285

8410

21

9602

11511

9

7451

6985

22

7209

6021

10

8617

6622

23

5255

1914

11

9072

7753

24

8390

9318

12

10980

10589

25

6755

2710

13

6830

3004

26

4680

1160
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(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)
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Figure 5-19: Examples of the moment of matrix failure captured by the FLIR thermal imaging
camera [111]. Specimen No: (a) 1,(b) 2, (c) 5, (d) 8, (e) 9, (f) 10, (g) 11, (h) 14, (i) 20, (j) 24.
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Due to the way in which the material properties were defined in FEMAP v10.0.2 using
transposed stiffness matrices for each ply, the values that are extracted from the model
would be presented relative to the x-y Cartesian axis. Thus, the results were transformed
back to their local coordinate system so that the stresses or strains, along the fibre direction,
transverse direction, and out-of-plane directions could be used. Figure 5-20 shows the
relevant coordinate system being referred to. For notation purposes, the x-y Cartesian axis
will be referred to as the global axis, whilst the 1-2 Cartesian axis will be referred to as the
local axis. The equations to transpose the stresses and strains by the fibre angle is given
by Eqn. 5-5 and Eqn. 5-6 respectively. Note that the values 𝜀13 and 𝜀23 were three orders

of magnitude smaller than the normal stresses, thus they were assumed to be equal to zero.

Figure 5-20: Rotation of axis in two dimension.

𝜎11
𝑐2
𝜎
[ 22 ] = [ 𝑠2
𝜎12
−𝑠𝑐
Where:
𝜎11 =
𝜎22 =
𝜎33 =
𝜎𝑥𝑥 =
𝜎𝑦𝑦 =
𝜎𝑥𝑦 =

𝑠2
𝑐2
𝑠𝑐

𝜎𝑥𝑥
2𝑠𝑐
−2𝑠𝑐 ] [ 𝜎𝑦𝑦 ]
𝜎𝑥𝑦
𝑐2 − 𝑠2

Longitudinal stress
Transverse stress.
In-plane shear stress.
Stress in the x-direction.
Stress in the y-direction.
In-plane shear stress.
𝑐= cos 𝜃
𝑠= sin 𝜃
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𝜀11
𝑐2
[𝜀22 ] = [ 𝑠2
𝜀12
−𝑠𝑐

𝑠2
𝑐2
𝑠𝑐
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𝜀𝑥𝑥
2𝑠𝑐
𝜀𝑦𝑦 ]
]
[
−2𝑠𝑐
𝜀
2
2
𝑥𝑦
𝑐 −𝑠

5-6

Where:
𝜀11 =
𝜀22 =
𝜀33 =
𝜀𝑥𝑥 =
𝜀𝑦𝑦 =
𝜀𝑥𝑦 =

Longitudinal stress
Transverse stress.
In-plane shear stress.
Stress in the x-direction.
Stress in the y-direction.
In-plane shear stress.
𝑐= cos 𝜃
𝑠= sin 𝜃

Table 5-7: Lamina failure strains in the gauge region for EP 280 Prepreg under biaxial
tension.

Lamina failure strains:
Fibre
angle:

45°

40°

30°
20°
(Avg.)
10°
(Avg.)
0° (Avg.)

(µ-strain)

γ12

(µ-strain)

γ13

(µ-strain)

(µ-strain)

5404

-3164

-6636

0

0

5551

5551

-3249

-1299

0

0

3

4667

4666

-2732

-11999

0

0

4

4652

4650

-2723

-14512

0

0

5

4593

4593

-2688

528

0

0

6

5358

5358

-3136

-3073

0

0

7

4102

4603

-2547

-2844

0

0

8

5274

5134

-3055

790

0

0

9

4079

5696

-2874

-2805

0

0

10

4079

5696

-2874

-2805

0

0

11-17

2368

7549

-2908

-4350

0

0

18-21

1893

7610

-2899

-2083

0

0

22-26

317

7330

-2251

-2

0

0

Specimen
No:

ε11

ε22

ε33

(µ-strain)

(µ-strain)

1

5405

2

γ23
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Table 5-8: Lamina failure stresses in the gauge region for EP 280 Prepreg under biaxial
tension.

Lamina failure stresses:
Specimen
No:

σ11
[MPa]

σ22
[MPa]

σ33
[MPa]

τ12
[MPa]

τ13
[MPa]

τ23
[MPa]

1

65.066

65.064

0.000

-62.770

0.000

0.000

2

66.820

66.820

0.000

-12.300

0.000

0.000

3

56.177

56.173

0.000

-113.510

0.000

0.000

4

55.997

55.993

0.000

-137.290

0.000

0.000

5

55.285

55.285

0.000

4.990

0.000

0.000

6

64.496

64.494

0.000

-29.070

0.000

0.000

7

51.150

53.650

0.000

-14.181

0.000

0.000

8

68.065

63.885

0.000

23.704

0.000

0.000

9

66.899

59.231

0.000

13.276

0.000

0.000

10

61.497

65.163

0.000

-6.358

0.000

0.000

20° (avg.)

11-17

65.032

60.132

0.000

4.107

0.000

0.000

10° (avg.)

18-21

137.699

54.973

0.000

30.106

0.000

0.000

0° (avg.)

22-26

54.450

46.154

0.000

-0.003

0.000

0.000

Fibre angle:

45°

40°

30°

5.1.4.1

Testing for geometric nonlinearity and buckling

All the experiment results were tested for geometric nonlinear effects and buckling, which
can take place under high load ratios or steeper fibre angles (e.g. 0°-20°). It was found that
none of the specimens suffered from these effects, thus the results presented in Table 5-7
and Table 5-8 remain unchanged. With the proposed biaxial FRPC specimen design, it is
suggested that both geometric nonlinearity and buckling are tested for by users of this
specimen design in FEA.

5.1.5 Discussion - Biaxial tests
The results obtained in the previous section were compared against several of the
anisotropic failure criteria discussed in Section 2.4.2 applicable at the macro-mechanical
level. Before comparisons could be made, failure strengths for the material (EP 280 Prepreg)
were obtained [170]. The experiments involved: longitudinal tensile tests, transverse tensile
tests and transverse compressive tests which were performed in accordance to ASTM D
3039 [90], and ASTM D 695 [91] standards respectively. In-plane and out-of-plane shear
strengths were obtained using ASTM D 5379 [92]. The strength values are listed in
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Table 5-9. X, Y and Z denote the strengths in the longitudinal, transverse and through
thickness directions. The subscripts: ‘t’ and ‘c’ imply tensile or compressive values. Sab
represents the shear strengths with subscript ‘ab’ specifying its direction.
Table 5-9: Strength values for EP 280 Prepreg.

Failure
stresses
[MPa]

Method
obtained

Xt

1200

Experiments

Xc

610

Manufacturer

Yt

25

Experiments

Yc

125

Experiments

Zt

25

Experiments

Zc

125

Experiments

Sxy

60

Experiments

Sxz

60

Experiments

Syz

20

Experiments

Six isotropic and macro-mechanical failure criteria from Section 2.4.2 were compared
against the experiment results. These include:
1. Maximum Stress failure criterion.
2. Maximum Strain failure criterion.
3. Tsai-Hill’s failure criterion.
4. Tsai-Wu’s failure criterion.
5. Hashin-Rotem failure criterion.
6. Puck’s failure criterion.
As Maximum Stress and Maximum Strain failure criteria are general failure theories that
can be applied to anisotropic materials, the transverse failure criteria examining σ22 was
used, as this is indicative of matrix failure. Tsai-Hill’s and Tsai-Wu’s failure criteria do not
explicitly test for matrix failure but provide a theorem to predict lamina failure. HashinRotem and Puck’s failure criteria uses the lamina level stress states to predict individual
failure modes. In their failure criteria, the mode examining matrix failure was evaluated.
Note that Puck’s failure criterion provides two criteria for matrix failure. Both were tested
and the results which gave the lowest error are presented. These results along with the
other failure criteria discussed are presented in Table 5-10.
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Table 5-10: Comparison of matrix failure prediction at the macro-mechanical level using
biaxial tensile experiments.

Percentage error in failure prediction using:
Fibre
angle

Maximum
Stress

Maximum
Strain

TsaiHill

Tsai-Wu

HashinRotem

Puck’s

45° (avg.)

-59%

-58%

80%

76%

85%

84%

40° (avg.)

-57%

-57%

82%

67%

82%

54%

30° (avg.)

-60%

-59%

84%

69%

84%

59%

20° (avg.)

-58%

-58%

83%

68%

83%

56%

10° (avg.)

-55%

-53%

78%

67%

80%

65%

0° (avg.)

-46%

-45%

71%

54%

71%

25%

From the results shown in Table 5-10, none of the failure criteria examined were able to
predict matrix failure or initial failure to within 10%. This was the concern put forward by
the reviewers participating in the World Wide Failure Exercise (WWFE), where they
stated that no single failure criterion was able to accurately match experimental results for
initial failure [50, 95]. Out of the six failure criteria investigated, Puck’s failure criterion
gave the best matrix failure predictions, with its best prediction differing by 25% for the
0° specimen. The results discussed here demonstrated the need for a more suitable means
of assessing and predicting matrix failure in FRPC. At the macro-mechanical level, it was
evident matrix failure under biaxial tension was not successfully predicted.

5.2 Off-axis uniaxial tension - EP 280 Prepreg
Uniaxial off-axis tension tests have been presented in literature [99, 101, 103]. In this thesis
a similar test methodology was adopted to examine the failure envelope for EP 280 Prepreg
[141]. Off-axis uniaxial tension tests have been used in the past to obtain biaxial tension
failure data. The off-axis fibre orientation results in a biaxial stress state on the matrix,
which can be obtained by resolving the force applied on the specimen along the fibre and
transverse directions. The use of this specimen has been quite popular as an alternative to
biaxial tension tests due to the limitations in specimen design discussed in the review of
literature.
Although this type of specimen design has aided understanding in materials, there are
downfalls associated with their use. The major disadvantage is the occurrence of failure
originating at the clamping locations. There have been suggestions to overcome this [102,
103]. The most promising is the use of oblique tabs which was reported by some to elevate
the large shear stresses at the corner of the clamps. This is investigated in the next section.
The uniaxial off-axis specimens were made of the same material used in the biaxial test.
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Comparison of these results with the biaxial tests would highlight the advantage of
performing actual biaxial tests as opposed to off-axis tests to observe matrix failure.

5.2.1 Specimen design
Two types of specimens were considered, the first incorporated oblique tabs, while the
second used flat tabs as specified in the ASTM D 3039 standards.
5.2.1.1

Oblique tabs - Uniaxial off-axis specimen

Uniaxial off-axis specimens tend to deform in an ‘S’ shaped manner. This results due to
the high in-plane shear stresses associated with the specimen design as shown in Figure 5-21.
The high in-plane shear stresses peak at the clamping locations due to being constrained
at the clamps (as shown in Figure 5-21). The proposal in the use of oblique tabs was made
in an attempt to alleviate the peak shear stresses.

Figure 5-21: Deformation and peak shear stress location in uniaxial off-axis tension tests.

The calculation of the oblique tab angle is a function of the fibre orientation and the
laminas material properties. The function is given by Eqn. 5-7 and the specimen design is
shown in Figure 5-22. The oblique angles for the different fibre orientations tested in this
thesis are shown in Figure 5-23.
cot ∅ =
Where:

𝑆16
𝑆11

𝑆16 = [2(1 + 𝑣12 ) − 1 ] sin 𝜃 cos3 𝜃 − [ 2 + 2𝑣12 − 1 ] sin3 𝜃 cos 𝜃
𝐸1
𝐺12
𝐸2
𝐸1
𝐺12
1
2𝑣
sin4 𝜃
𝑆11 = cos4 𝜃
+[
− 12 ] sin2 𝜃 cos2 𝜃 +
𝐸1
𝐺12
𝐸1
𝐸2

𝑆𝑖𝑗 = The compliance coefficients with respect to the x-y coordinate
system.
∅= The oblique tab angle.
𝜃= Fibre orientation angle with respect to loading axis.
𝐸1 = Longitudinal Young’s Modulus.
𝐸2 = Transverse Young’s Modulus.
𝐺12 = In-plane shear modulus.
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Figure 5-22: Uniaxial off-axis specimen design with oblique tabs [mm], where: ‘h’ is the
gauge length [103].

Figure 5-23: Oblique tab angles for the different fibre orientations in the uniaxial off-axis
tension specimens.

Pictures of the manufactured specimens are shown in Figure 5-24.

Figure 5-24: Manufactured oblique tabbed uniaxial off-axis specimens.
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ASTM D 3039 - Uniaxial off-axis specimen

The second design considered was that specified in the ASTM D 3039 standard. The
specimens were machined using a CNC from a flat plate which was made up of eight plies.
Care was taken to ensure that the fibre orientations were correctly placed and in line with
all previous layers to form a unidirectional laminate. The overall design of the specimen
was the same as that used in the oblique tabbed specimens, except that the tabs in these
specimens were flat. Final grinding of the specimen sides was performed on a diamond
wheel in order to minimize any machining induced defects. The specimen design and
manufactured specimens are shown in Figure 5-25 and Figure 5-26 respectively.

Figure 5-25: ASTM D 3039 uniaxial off-axis specimen design [mm] [90, 141].

Figure 5-26: Manufactured ASTM D 3039 uniaxial off-axis specimens.
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5.2.2 Experiment results
Due to the design of uniaxial off-axis specimens, once matrix failure occurs, the specimen
is no longer able to carry any load (i.e. separates into two pieces). Thus, visual techniques
are sufficient to determine matrix failure. Testing of the oblique tabbed specimens did not
show the favourable results that other researchers had experienced in literature [102, 103].
Preliminary testing of these specimens indicated failure to take place at the tabs (shown
in Figure 5-27), which defied the reason to use the oblique tabs. Possible reasoning behind
premature failure at the clamps may be due to issues during machining of the specimens,
or incorrect clamping angle/pressure in the tensile machines. It may be possible that
unsuccessful testing using oblique tabs has been experienced by others in practice, which
have not been presented in literature. This may be a possible reason as to why the current
standards specifying testing of uniaxial off-axis specimens do not mention any reference to
oblique angled tabs. It was found that failure in the flat tabbed specimens manufactured
in accordance to the ASTM D 3039 standard demonstrated failure taking place away from
the clamping locations which is considered to be a successful test. Occasional specimens
did fail at the clamps, but the majority of the specimens failed in the testable section.
Pictures of failed specimens are shown in Figure 5-28.

Figure 5-27: Example of unsuccessful failure in oblique tabbed uniaxial off-axis specimens.
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Figure 5-28: Failure in flat tabbed uniaxial off-axis specimens. From top to bottom: 90°
specimen, 60° specimen, 50° specimen, 45° specimen, 30° specimen, 20° specimen.

The forces at failure for the specimens successfully tested are shown in Table 5-11.

Failure
force [N]

Specimen
No:

Fibre
angle

Failure
force [N]

1

90°

2380

8

45°

3615

2

90°

2441

9

45°

3689

3

90°

2113

10

45°

3349

4

90°

2408

11

45°

3157

5

60°

2558

12

40°

3662

6

60°

2513

13

30°

5977

7

50°

2427

14

30°

5518

15

20°

9295

5.2.2.1

...

Fibre
angle

...

Specimen
No:

...

Table 5-11: Forces at failure for the uniaxial off-axis tension tests on EP 280 Prepreg.

Processed results - FEA

Due to the success in the use of the flat tabbed specimens, only their experiment results
were processed in more detail through FEA. Specimens that were found to fail at the
clamps were omitted from the analysis. The specimens were modelled in ABAQUS 6.14
using 8-node linear brick elements with reduced integration and hourglass control. In total,
8750 elements and 13728 nodes were used. The bottom tabbed surface had a fixed
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constraint applied, with a force applied to the top tab of the specimens. Figure 5-29, shows
the boundary conditions that were applied.

Figure 5-29: Example of boundary conditions applied to in FEA to the uniaxial off-axis
tension specimens (90° fibre angle).

Due to the uniform cross sectional area, the stress states in the centre of the specimen
which was away from any free-edge effects was probed. The results are summarised in
Table 5-12 and Table 5-13 as strains and stresses respectively. Note that the out-of-plane
normal stresses and shear stresses were very small, thus they are assumed to be equal to
zero. It can also be seen that the in-plane shear strains and stresses are quite high which
was expected due to the off-axis orientation of the fibres.
Table 5-12: Lamina failure strains in the gauge region for uniaxial off-axis tension tests on EP
280 Prepreg.

Lamina failure strains:
Fibre
angle:

90°

60°
50°

45°

40°
30°
20°

(µ-strain)

γ12

(µ-strain)

γ13

(µ-strain)

(µ-strain)

7677

-3071

0

0

0

-104

7874

-3150

0

0

0

3

-90

682

-2726

0

0

0

4

-103

7768

-3107

0

0

0

5

21

6089

-2476

4759

0

0

6

20

5982

-2432

4675

0

0

7

102

4435

-1837

5119

0

0

8

217

5543

-2331

7719

0

0

9

221

5656

-2379

7877

0

0

10

201

5135

-2160

7151

0

0

11

189

4841

-2036

6741

0

0

12

283

4490

-1931

7581

0

0

13

677

4138

-1943

10799

0

0

14

625

3820

-1794

9970

0

0

15

1321

2426

-1503

11941

0

0

Specimen
No:

ε11

ε22

ε33

(µ-strain)

(µ-strain)

1

-102

2

γ23
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Table 5-13: Lamina failure stresses in the gauge region for uniaxial off-axis tension tests on
EP 280 Prepreg.

Fibre
angle:

Lamina failure stresses:
τ12
σ22
σ33
[MPa]
[MPa]
[MPa]

τ13
[MPa]

τ23
[MPa]

0

0

0

0

0

0

0

42.26

0

0

0

0

0

48.16

0

0

0

0

5

13.35

37.93

0

22.51

0

0

6

13.11

37.26

0

22.11

0

0

7

21.08

27.78

0

24.21

0

0

8

38.16

34.87

0

36.51

0

0

9

38.94

35.59

0

37.26

0

0

10

35.35

32.31

0

33.83

0

0

11

33.32

30.45

0

31.89

0

0

12

45.09

28.44

0

35.86

0

0

13

96.25

26.93

0

51.08

0

0

14

88.86

24.86

0

47.16

0

0

15

177.98

17.40

0

56.48

0

0

Specimen
No:

σ11
[MPa]

1

0

47.60

0

2

0

48.82

3

0

4

90°

60°
50°

45°

40°
30°
20°

5.2.3 Discussion
The failure of the matrix within the uniaxial off-axis tension tests were examined using the
isotropic and macro-mechanical failure criteria used in the discussion of the FRPC biaxial
tensile experiments. The failure predictions are summarised in Table 5-14.
Table 5-14: Comparison of matrix failure prediction at the macro-mechanical level using
uniaxial off-axis tensile experiments.

% error in failure prediction using:
Maximum
TsaiHashinTsai-Wu
Strain
Hill
Rotem

Fibre
angle

Maximum
Stress

90° (avg.)

-46%

-46%

71%

54%

71%

27%

60° (avg.)

-34%

-33%

53%

44%

58%

20%

50°

-10%

-9%

7%

23%

28%

-25%

45° (avg.)

-25%

-24%

30%

43%

53%

33%

40°

-12%

-10%

-7%

34%

39%

18%

30° (avg.)

-3%

1%

-146%

41%

43%

39%

20°

44%

66%

362%

34%

27%

21%

Puck’s
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The matrix failure predictions obtained using the discussed failure criteria were at large
unacceptable. Puck’s failure criterion gave the best overall predictions with results differing
by 26% on average compared to the experiment results. Puck’s failure criterion gave the
best prediction for specimens with fibres orientated at 90°, 60°, and 20° with errors of 27%,
20%, and 21% respectively. Whilst, the two simplest theories: Maximum Stress and
Maximum Strain failure criteria gave the best matrix failure predictions for fibre
orientations between 50° to 30°. From these results it was observed that no single theory
was able to provide an overall matrix failure prediction to within 20% for tensile loading
conditions. Puck’s failure criterion was found to give the lowest scatter in its failure
predictions across all the specimens examined, where its percentage error ranged from 39%
for the 30° off-axis specimen to its best prediction of 18 % for the 40° off-axis test. A reason
for the improvement in matrix failure prediction using the uniaxial off-axis specimens as
opposed to the biaxial tension results is due to the nature of failure. Majority of the offaxis specimens did not fail under a triaxial tensile stress state but rather in shear, whilst
the opposite case was obtained for the biaxial tension tests.
The results obtained in this section highlight the importance for better methods to predict
matrix failure, as the macro-mechanical level failure criteria examined were not able to
provide an acceptable level of prediction.

5.3 Off-axis uniaxial compression - EP 280 Prepreg
A failure envelope for a material must be able to predict failure of a material under any
arbitrary combination of stress-strain states. Up to this point, the main investigation of
this thesis has been looking at tension dominant matrix failure which was identified in the
review of literature to be a gap in research. This gap in research was identified to be mainly
due to the absence of biaxial tensile test data which required a suitable biaxial specimen
design. Both these gaps have been addressed in Chapter 3 and the start of this chapter
(Chapter 5).
In order to provide a more complete picture of the full failure envelope for the matrix found
in FRPC materials; failure under compressive stress states was investigated. It is commonly
understood in literature that under ideal conditions a material should not fail under a
triaxial compressive state [7]. The concept can be understood by an example where a small
cube is sent into the depths of the ocean where the pressure exerted on the cube increases
with depth. Assuming the material is properly constrained, the material should not fail.
This concept is also reflected in the various failure criteria discussed in Section 2.4.
Figure 5-30, shows some of the failure envelopes previously plotted in 3D stress space.
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(c)

Figure 5-30: Examples of material failure envelopes plotted in 3D stress space: (a) Maximum
Stress failure criterion, (b) von Mises failure criterion, (c) Drucker-Prager failure criterion.
Where: red outline indicates the compressive and shear octants.

It can be seen from Figure 5-30(b) and Figure 5-30(c) that the envelopes continue forever
into the compression quadrant. This would imply that performing a perfectly compressive
experiment would be impossible to perform. The next best alternative is to perform biaxial
compressive experiments, where the out-of-plane direction would naturally experience a
tensile stress state. Thus data close to the compression quadrant would be able to be
obtained. These regions of a 2D material failure envelope (shown in Figure 5-31) are called
the shear quadrants (or shear octants for the case of a 3D plot).

Figure 5-31: Description of failure modes and failure quadrants in 2D stress space.
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In literature [99, 148, 185], some have suggested that material failure can be characterised
into two main modes:
1. Dilatational failure.
2. Distortional failure.
Dilatational failure describes the failure of a material due to an increase in volume which
predominantly occurs under tension dominant load cases, whilst distortional failure is said
to take place due to the change in a materials shape. This mode can be said to take place
under shear or compressive load cases. Thus, the focus in this section is to obtain enough
compressive experimental data to describe the distortional failure envelope for the matrix.
The section starts by presenting different experiments that can be used to perform these
tests. Once a suitable method was established, the results from the experiments were
analysed.

5.3.1 Matrix failure under compression
Composites are typically composed of varying lamina orientations. In order for analysis
techniques to accurately predict failure characteristics of composite structures, it is
important to investigate and incorporate such behaviours into analytical models. There are
various failure modes depending on the fibre orientation. It is known that the dominant
compressive failure mode in unidirectional FRPC laminates is localized compressive
microbuckling (kinking) and fiber crushing [186]. Along with this, matrix cracking, and
inter-ply delamination may also take place. Some of these failure modes are shown in
Figure 5-32.

Figure 5-32: Examples of failure in FRPC under compression [187].
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5.3.2 Experiments for matrix failure under compression
Performing pure biaxial compression tests on a FRPC specimen has had little attention in
literature, where some have performed biaxial compression tests on cube shaped specimens
[188]. Although there is no standard biaxial compression test presented in literature to date,
there have been other means in which these tests have been performed. The main specimen
design feature uses the principals discussed in the previous section which looked at
obtaining biaxial tensile stress states using uniaxial off-axis tension tests. Hence, the
compression tests commonly use uniaxial off-axis compression tests which utilise an antibuckling rig to prevent out-of-plane deformations.
Important factors that influence the results of a compression test include; the alignment,
specimen geometry, stress concentration, specimen end-crushing, and timing of end-loading
engagement [189]. Hsiao et al. mentioned that alignment was the most critical problem in
compression testing. As slight misalignments cause eccentricities of the loading path giving
rise to premature failure by buckling instability. These eccentricities can cause dramatic
reductions in measured compressive strength, thus a suitable specimen that does not suffer
from misalignments needed to be used.
Clamping of the specimens is a very important consideration when testing off-axis FRPCs,
especially in the testing of steep fibre angles where the fibres are closely aligned with the
axis of loading. There has been numerous findings that suggest that the occurrence of a
particular failure mode is highly dependent on the type of tabbing material used, the tab
geometry, and subtle changes in the compression fixture gripping conditions [190]. The use
of different tabs to test clamping has been investigated by others [190]. The tests included:
steel, tapered steel, untapered steel, untapered glass/epoxy tabs, tapered glass/epoxy tabs,
and no tabs. It was found that for tapered tabbed specimens, the failure plane was not
parallel to the specimen thickness, and for an untapered tabbed specimens, the failure plane
was parallel to the specimen thickness [190]. These test results were mainly applicable to
specimens where the fibres were aligned with the loading axis. Parallelism of the tabs was
another important parameter stated in literature to result in higher compressive strengths
[191]. These clamping effects and considerations need to be considered for the specimen
design chosen in this investigation.
Off-axis block specimens have been used extensively in literature to produce shear
deformations and stresses in FRPC [192]. Compressive testing of off-axis block specimens
were found to induce failure through microbuckling in off-axis carbon/epoxy and S2
glass/epoxy composite specimens at much lower compressive stresses due to the presence
of in-plane shear stresses. Micro-buckling is a matrix failure induced event [86], thus these
findings suggest that the use of off-axis specimens will be suitable for testing of matrix
compressive failure in FRPC.
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When it comes to the consideration of the specimen geometry, the thickness and width
considerations play an important role [189, 192, 193]. It is stated that the compressive
strength of a specimen under compression decreases with increasing thickness [189, 193].
However decreasing thickness of the specimen can also make the specimen susceptible to
other failure modes such as global buckling in its out-of-plane direction. Anti-buckling rigs
are commonly used to prevent this mode of failure [91, 187, 194]. Other researchers [192]
have found fairly significant width effects on off-axis compressive strength in lapped
carbon/epoxy specimens. This effect is stated to be partially attributed to the contact
friction between the stiff carbon fibre ends and the loading surfaces [192]. Reducing the
friction between the contact surfaces was found to minimise these effects.
Three ASTM standards were considered to perform these experiments:
1. ASTM D 695 - Standard test method for compressive properties of rigid plastics
[91].
2. ASTM D 3410 - Standard test method for compressive properties of polymer matrix
composite materials with unsupported gage section by shear loading [194].
3. ASTM D 6641 - Standard test method for compressive properties of polymer matrix
composite materials using a combined loading compression (CLC) test fixture [187].
5.3.2.1

ASTM D 695

Although the name suggests the standard to be suitable for testing of rigid plastics, it also
mentions that it can be used to determine the mechanical properties of high-modulus
composites which is that case for EP 280 Prepreg. This standard is suitable for compression
tests that are performed at relatively low uniform rates of loading. The use of a supporting
jig is recommended for specimens that are less than 3.2 mm thick. In the case of these
experiments, the specimen thickness will be kept to a minimum thus the use of a supporting
jig is necessary. The test fixture is very simple in its design, where two plates are lightly
bolted onto either side of the specimen shown in Figure 5-33. The test fixture is shown in
Figure 5-34.

Figure 5-33: ASTM D 695 Compression test specimen (<3.2 mm thick) [91].
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Figure 5-34: ASTM D 695 supporting jig fixture.

As the test fixture supports the entire length of the specimen it prevents any form of outof-plane buckling, however by doing so a strain gauge cannot be mounted using the current
specimen design. When using this fixture it is important the bolts holding the two sides of
the supporting jig together are finger tightened so that out-of-plane support is provided
without causing the fixture to start changing the load path going through the specimen. A
potential problem with the standard is that loading is applied through the end of the
specimen. This increases the likelihood of end crushing. From Figure 5-33, it can be seen
that the ends of the specimen are made wider to prevent this. Preliminary experiments
would be able to tell whether end crushing is a significant issue in the tests being performed.
If not, then this standard would provide a simple means of performing the off-axis
compression tests examining matrix failure.
5.3.2.2

ASTM D 3410

ASTM D 3410 introduces compression through shear at wedge grip interfaces which differs
from ASTM D 695 where compressive forces were transmitted onto the specimen by its
end. The standard states that poor material fabrication practices, damage induced by
improper specimen machining and lack of control of fiber alignment can greatly affect the
compressive modulus, and ultimate compressive stress results. Another important aspect
to consider is the flatness and parallelism of the tabs as this is shown to be a sensitive
factor. It is suggested that the steel or E-glass tabs be untapered and have a thickness of
1.5 mm. Precision grinding of the tab surfaces is suggested to be performed after bonding
them to the specimen. Specimen alignment is also a very sensitive factor and control
through the use of an alignment jig is recommended.
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The centre of the specimen is unsupported to allow for the jig to compress and to allow
bonding or mounting of strain monitoring equipment. The test fixture is shown in
Figure 5-35. The main advantage of this test fixture is that, end-crushing can be prevented
more easily.

Figure 5-35: ASTM D 3410 schematic of compression test fixture.

Two types of specimens are recommended: un-tabbed and tabbed. The tabs are not
compulsory but recommended so that the wedge grips evenly load the specimen without
damaging the surface of the FRPC specimen. As the gauge region in this test fixture is
unsupported, the standard suggests that the thickness of the specimen be calculated
according to Eqn. 5-8, which calculates the minimum thickness of the specimen to prevent
Euler (column) buckling.

𝑇 ≥
Where:
𝑇=
𝐺𝑎=
𝐹 𝑐𝑢 =
𝐸𝑓 =
𝐺𝑥𝑧 =

𝐺𝑎

0.9069√(1 −

1.2𝐹 𝑐𝑢
𝐺𝑥𝑧

𝑓
) (𝐹𝐸𝑐𝑢 )

5-8

Specimen thickness [mm].
Length of gauge section [mm].
Expected ultimate compressive strength [MPa].
Expected flexural modulus [MPa].
Through thickness shear modulus [MPa].

Sizing of the specimens used in this investigation according to Eqn. 5-8 is a useful feature,
as the gauge section of the off-axis specimens will change depending on the fibre orientation.
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ASTM D 6641

This standard has characteristics of both ASTM D 695 and ASTM D 3410 where a
compressive force is introduced to the specimen by combined end- and shear-loading. This
standard is meant for the testing of balanced and symmetric FRPC. Although the uniaxial
off-axis specimens used in this study are not balanced, the important features of this
standard are discussed for completeness of information. The standard uses a compression
fixture that prevents global out-of-plane buckling as shown in Figure 5-36, but largely
prevents end crushing of the specimens by effectively fixing the top half of the CLC fixture
to the top half of the specimen.

Figure 5-36: Dimensioned sketch of a typical combined loading compression (CLC) test
fixture [187].

Similar to the ASTM D 3410 fixture, the CLC test fixture prevents global buckling of the
specimen, while the centre of the specimen remains unsupported to allow for compression
of the specimen along with provisions to install strain measuring equipment. The thickness
of the specimen is calculated to prevent Euler buckling using Eqn. 5-8. The specimen design
comes in both an un-tabbed and tabbed geometry, where the use of tabbed specimens is
recommended for specimens where a testing of laminates containing more than 50% of its
fibres oriented along the loading axis. The tabbed specimen geometry is shown in
Figure 5-37.
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Figure 5-37: ASTM D 6641 tabbed specimen geometry [mm], Where: t=thickness of FRPC
specimen

5.3.2.4

Final specimen design - uniaxial off-axis compression

It should be noted that none of the ASTM standards discussed are explicitly designed for
the testing of off-axis specimens. Hence, parts of each are considered in the final design of
the specimen used in this investigation. It should be reminded that matrix failure is of
interest in these experiments. This mode of failure occurs at much lower loads compared
to layups examining fibre failure. Thus, the use of more complicated test fixtures specified
in ASTM D 3410 and ASTM D 6641 were not necessary to use as end crushing is not as
prominent in these sets of experiments. The modified ASTM D 695 test fixture was selected
as a suitable supporting jig. Limitations imposed by the specimen design when using this
test fixture is that the specimen cannot be shorter than 73 mm. A specimen cannot be too
long as lengths greater than 73 mm would be unsupported at the top of the jig. For this
reason an overall length of 81 mm was chosen for the specimen [86].The geometry of the
specimen is shown in Figure 5-38 and Table 5-15. ‘W’ is the width of the specimen, ‘T’ is

the minimum thickness of the specimen, ′𝜃′ is the angle between the fibre and loading axis,
‘G’ is the length of the gauge section and ‘L’ is the length of the tabs.

Figure 5-38: Dimensions of final specimen design for uniaxial off-axis compression [86].
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Table 5-15: Dimensions of final specimen design for uniaxial off-axis compression [86].

Fibre angle

W [mm]

G [mm]

T [mm]

L [mm]

10°

6.0

41

4.75

20

20°

12.7

37

4.75

22

30°

12.7

23

3

29

40°

12.7

17

3

32

45°

12.7

17

2

32

50°

12.7

81 (no tabs)

2

0 (no tabs)

60°

12.7

81 (no tabs)

2

0 (no tabs)

70°

12.7

81 (no tabs)

1.5

0 (no tabs)

80°

12.7

81 (no tabs)

1.5

0 (no tabs)

90°

12.7

81 (no tabs)

1.5

0 (no tabs)

It was important to oversize the gauge region when testing for matrix failure, as this
prevents the fibres extending from one tabbed region to the other. Tabs were introduced
to specimens which had fibres oriented at angles of less than 45°, as these specimens were
susceptible to end crushing due to the higher laminate strength associated with these test
angles. For tabbed specimens, this implied that the gauge region were no longer supported
by the supporting jig, thus they were more susceptible to buckling. In order to prevent this,
the thickness of the specimens were calculated according to Eqn. 5-8 [194]. The material
being used (EP 280 Prepreg), was laid up and cured into several plates of varying thickness
(made according to Table 5-15) using aluminium plates placed on the top and bottom to
maintain a flat geometry during the cure. Care was taken to ensure that the fibres were
aligned in the same directions. The gap between the two plates was sealed using high
temperature scotch tape to prevent any resin escaping during the cure. The specimens were
then cured according to the manufacturer recommendations [5] in an autoclave. A CNC
was used to cut out the specimens at the desired angles. Final grinding of the sides was
performed on a diamond wheel to minimise any machining defects.
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5.3.3 Experiment results & discussion
In total 28 specimens were tested. The forces at failure are shown in Table 5-16.

Table 5-16: Force at failure for the off-axis compression tests [86].

Specimen
No:

Fibre
angle

Force at failure
[N]

Specimen
No:

Fibre
angle

Force at failure
[N]

1

90°

-2495.8

15

45°

-4078.78

2

90°

-2778.59

16

45°

-3732.22

3

90°

-2047.98

17

45°

-3957.02

4

80°

-2740.98

18

40°

-6729.77

5

80°

-2216.83

19

40°

-6558.68

6

80°

-2413.19

20

30°

-8581.61

7

70°

-2431.35

21

30°

-8622.96

8

70°

-2639.2

22

30°

-8238.75

9

70°

-2415.68

23

20°

-13465.36

10

60°

-3545.64

24

20°

-12832.83

11

60°

-3489.23

25

20°

-12277.63

12

50°

-3216.16

26

10°

-8470.27

13

50°

-2713.63

27

10°

-7789.31

14

50°

-3452.73

28

10°

-8398.7

Acceptable modes of failure under compression were stated previously as including: a) axial
splitting, b) fibre kinking, and c) shear failure. Global buckling is the fourth failure mode
which is considered to be an unsuccessful test. It is known that axial splitting and fibre
kinking are typical fibre modes of failure [195]. As matrix failure is the main purpose of
this study; shear failure was considered to be the only acceptable behaviour. Pictures of
the failed specimens are shown in Figure 5-39.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)
Figure 5-39: Failed off-axis compression specimens. Left: Top view of specimen.
Right: cross section of the specimen. Fibre angle: (a) 90 degrees, (b) 80 degrees,
(c) 70 degrees, (d) 60 degrees, (e) 50 degrees, (f) 45 degrees, (g) 40 degrees,
(h) 30 degrees, (i) 20 degrees, (j) 10 degrees [86].
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It was observed that the specimens with angles between 90-45 degrees failed suddenly with
a shear mode of failure, whilst specimens with fibre angles between 30-10 degrees tended
to slowly stop carrying load as shown in Figure 5-40. These specimens had their fibres
aligned close to the loading direction, which from Figure 5-39(h) to Figure 5-39(j) indicated
that failure had taken place due to fibre kinking. This characteristic is presented in
literature to commonly take place in composites with a high fraction of fibres oriented at
0 degrees relative to the loading directions. This occurs due to local instability at the fibre
level where the elastic deformation of the fibres progresses to actual fibre fractures [195].
Given the two distinct observations, the specimens with fibres orientated between 90 to 45
degrees were considered successful, whilst the other angles were ignored from the remainder
of the analysis.

Figure 5-40: Force-displacement curves for different modes of failure.

5.3.3.1

Finite element analysis

Similar to how all the previous experiment results were analysed, FEA was used to obtain
the lamina level stresses and strains. A model of the specimen with applied boundary
conditions is shown in Figure 5-41. The specimens were modelled according to their
dimensions in ABAQUS v6.13 using linear 8-node brick elements with reduced integration
and hourglass control. Classical laminate theory was used to model the specimens. As the
fibres were all arranged in the same direction, each specimen was modelled as a single
lamina with material properties listed in Table 5-4 for EP 280 Prepreg. An example of the
stress contours for tabbed and un-tabbed specimens is shown in Figure 5-42. The FEA
model was found to match the experiment strain gauge results to within 10%. Thus, the
material properties in the FE model were kept the same as those presented in Table 5-4.
An example of the match is shown in Figure 5-43. From Figure 5-39, it can be seen that
all the specimens failed in the central gauge region of the specimen, thus this region was
probed in each of the models. In some tabbed specimens, the corner of the gauge region
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showed a peak, this was considered to be due to edge effects in the FEA model which were
ignored due to no failure being observed in these regions from the experiments. The
extracted lamina (macro-mechanical) strains and stresses are shown in Table 5-17 and
Table 5-18 respectively.

(a)

(b)

Figure 5-41: FEA model of specimen: (a) without tabs, (b) with tabs.

Figure 5-42: Example of Min Principal stress contours in various compression specimens.
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Table 5-17: Lamina failure strains in the gauge region for uniaxial off-axis compression tests
on EP 280 Prepreg.

Lamina failure strains:
Fibre
angle:
90°

80°

70°

60°

50°

45°

40°

(µ-strain)

γ12

(µ-strain)

γ13

(µ-strain)

(µ-strain)

-19018

0

0

0

0

468

-21173

0

0

0

0

3

345

-15605

0

0

0

0

4

350

-17175

0

-4729

0

0

5

283

-13891

0

-3825

0

0

6

308

-15122

0

-4164

0

0

7

203

-13841

0

-7884

0

0

8

221

-15024

0

-8558

0

0

9

202

-13751

0

-7833

0

0

10

38

-11265

0

-10221

0

0

11

38

-11086

0

-10059

0

0

12

-171

-9676

0

-12854

0

0

13

-144

-8164

0

-10846

0

0

14

-184

-10388

0

-13800

0

0

15

-908

-8199

3675

-18970

-10

6

16

-830

-7502

3363

-17358

-9

6

17

-881

-7954

3565

-18404

6

-10

18

-1190

-6223

2993

-17965

1

11

19

-1160

-6065

2917

-17508

1

10

Specimen
No:

ε11

ε22

ε33

(µ-strain)

(µ-strain)

1

420

2

γ23
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Table 5-18: Lamina failure stresses in the gauge region for uniaxial off-axis compression tests
on EP 280 Prepreg.

Lamina failure stresses:
Fibre
angle:
90°

80°

70°

60°

50°

45°

40°

Specimen
No:

σ11
[MPa]

σ22
[MPa]

σ33
[MPa]

τ12
[MPa]

τ13
[MPa]

τ23
[MPa]

1

0.00

-140.37

-56.15

0.00

0.00

0.00

2

0.00

-156.28

-62.51

0.00

0.00

0.00

3

0.00

-115.18

-46.07

0.00

0.00

0.00

4

-15.30

-115.50

-46.40

-42.04

0.00

0.00

5

-31.90

-102.60

-41.08

-18.09

0.00

0.00

6

-34.73

-111.69

-44.72

-19.69

0.00

0.00

7

-13.57

-102.46

-41.20

-37.29

0.00

0.00

8

-14.73

-111.22

-44.68

-40.48

0.00

0.00

9

-13.49

-101.80

-40.90

-37.05

0.00

0.00

10

-27.92

-83.76

-33.88

-48.35

0.00

0.00

11

-27.48

-82.44

-33.34

-47.58

0.00

0.00

12

-51.03

-72.54

-29.69

-60.80

0.00

0.00

13

-43.06

-61.21

-25.05

-51.30

0.00

0.00

14

-54.79

-77.88

-31.88

-65.27

0.00

0.00

15

-133.64

-52.62

-0.03

-89.73

0.00

0.00

16

-122.29

-48.15

-0.03

-82.10

0.00

0.00

17

-129.65

-51.05

-0.03

-87.05

0.00

0.00

18

-167.35

-40.79

0.02

-84.97

0.00

0.00

19

-163.10

-39.76

0.02

-82.81

0.00

0.00
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Figure 5-43: Comparison of experiment and analytical stress-strain plot for specimen 9
along the loading direction.

Due to the different modes of matrix failure that can take place in off-axis compression
experiments, the results presented in this section will be analysed from a micro-mechanical
point of view. This will be discussed in the next chapter (Chapter 6).

5.4 Summary
Hygrothermal effects were investigated for the FRPC material used in this thesis (EP 280
Prepreg). It was found that the thermal residual strains that are introduced to the material
from its cure regime were almost entirely offset by the absorption of moisture. For this
reason hygrothermal effects were ignored.
Three different tests were performed on EP 280 prepreg: biaxial tension tests, uniaxial offaxis tension tests, and uniaxial off-axis compression tests. The time at which matrix failure
occurred and the corresponding loads were successfully recorded. Off-axis compression test
results were also performed to examine matrix failure under compressive/shear modes of
failure. These results will be examined further in the next chapter (Chapter 6). Comparison
of matrix failure criteria under tension given by various lamina level failure criteria
discussed in Chapter 2 revealed poor predictions. The macro-mechanical failure criteria
demonstrated large errors for the biaxial tension test results in particular where the matrix
was found to be under almost perfect biaxial tension. Predictions for matrix failure in the
off-axis tension tests were found to be better due to the predominantly tensile failure results
also displaying a significant in-plane shear component. Despite this, none of the tensile
failure results were able to be predicted to within 10% at the macro-mechanical level.
In the next chapter a different means of analysing of the matrix failure results will be
examined to see if better failure predictions for the matrix can be obtained.
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Matrix Failure in FRPC at
a Micro-mechanical Level

As stated in the World-Wide Failure Exercise (WWFE); some of the most popular failure
models such as the Maximum Strain, Maximum Stress, Tsai-Hill and Tsai-Wu are
commonly used to analyses unidirectional composites. However, it is important to note
that the complicated inhomogeneous nature of composites means that there is still a large
scope of research to build onto these existing theories. Through this understanding, current
analysis techniques which are often accompanied with large safety factors can be reduced.
The inability to obtain sufficient experimental data to validate or reject the available failure
theories is an obstacle that is hindering the efficient and optimised use of such materials.
These conflicting results were picked up by the participants of the WWFE; who stated
that more experimental data, better testing methods and properly designed specimens are
needed to generate reliable biaxial strength models [110].
Specimen design, test methods and experimental data have been investigated in detail in
the previous chapters of this thesis (Chapter 5 in particular). When the results were
examined at the macro-mechanical level, the same conclusion as the participants in the
WWFE [50, 95] was obtained, where conflicting or poor matrix failure predictions were
observed. In this chapter, the method in which failure results are analysed is investigated.
More specifically, failure is investigated at the micro-mechanical level where the
homogeneous lamina is broken back down to its fibre and matrix constituents.
This chapter is broken up into several sections. The first section (Section 6.1) presents
background information on micro-mechanical analysis which uses Representative Volume
Elements (RVEs) or unit cells as the basic building block. The next three sections re-
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examine the matrix failure results discussed in Chapter 5, but at a micro-mechanical level.
The biaxial tension results are discussed in Section 6.2, off-axis uniaxial tension results in
Section 6.3, and the off-axis uniaxial compression results in Section 6.4. The chapter is
concluded with Section 6.5 which provides a summary of the findings.

6.1 Background on Representative Volume Elements (RVEs)
In an ideal situation, a composite would be modelled with each strand of fibre surrounded
by a polymeric matrix. This would allow for the stress and strain states of the fibre, matrix
and interface to be extracted separately. However, this is computationally prohibitive due
to the large computing power and time required. One method that has greatly assisted in
simplifying this analysis is Classical Laminate Theory (or CLT) [196], which had been used
extensively in the analysis of the results in Chapter 5. Conventional failure models such as
the ones discussed in Chapter 5 are phenomenological and rely on curve fitting parameters
whose physical meanings are not always well established [88]. They determine failure at
the ply level, and this prevents identification of failure in the fibre, matrix or interface
although some efforts have been made [88]. One improvement that can be made to these
theories would be the ability to separately examine the fibre and the matrix after a
lamina/macro-mechanical analysis. This can be done using micro-mechanical analysis.
In a micro-mechanical analysis, the basic building block used to model the composite is
referred to as a Representative Volume Element (RVE) or in some cases is sometimes
referred to as a unit cells. However, the term unit cell is more suited to cases where an
exact replication of a unit of the material is examined, whilst the term RVE is a
representation of a unit of material. Technically the term RVE used in this thesis may be
corrected to ‘virtual’ RVEs as a larger length scale is used in the FE modelling process.
However for simplicity the term RVE will be used throughout this thesis.

6.1.1 Fibre configurations in RVEs
Due to the random nature in which the fibres arrange themselves in a lamina, some
researchers [14, 23, 39, 141, 145] have suggested the use of several RVEs to provide an
overall understanding of this random configuration. There are four typical fiber
configurations that are used for an analysis, they include a: square fiber configuration,
diamond fiber configuration, vertical hexagonal fiber configuration and a horizontal fiber
configuration [23]. These were shown in Chapter 2, but have been presented again in this
section as Figure 6-1. Other researchers [30, 150, 151] have proposed the use of an algorithm
to randomly generate the distribution of fibers within a unit cell (an example is shown in
Figure 6-2). Both methods are quite commonly presented in literature and have been shown
to not differ significantly in their results [152].
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Figure 6-1: Example of square, diamond, horizontal and vertical hex fibre configurations at
a micro-mechanical level.

Figure 6-2: Example of a periodic random fibre configuration at a micro-mechanical level.

In this thesis the first option is adopted, where the square, diamond, horizontal and vertical
hex fibre configurations are used for the RVE models.

6.1.2 Periodic boundary conditions
One of the most important considerations to maintain when performing a micro-mechanical
analysis using RVEs it to ensure periodic boundary conditions are satisfied. This means
that the sides or faces of the RVE must deform in a manner that allows a deformed RVE
to be stacked side by side in an array without any regions of overlap or voids. This does
not necessarily mean the sides of the specimen must remain flat, although in most cases
this is what happens.
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The simplest means of ensuring boundary conditions will be maintained is to apply any
loads on the model as displacement loads. This ensures that deformation of corresponding
faces remain flat despite the stiffness of the medium. If the loads can only be applied as
forces, then further consideration for the RVE model setup needs to be made otherwise
uneven deformation of the faces takes place indicating incorrect boundary conditions. An
example is shown in Figure 6-3. A means of overcoming issues regarding periodic boundary
conditions when loads can only be applied as forces onto the faces of an RVE is to use an
array of RVEs with an inner cell being of interest. An example of this type of model is
shown in Figure 6-4.

(a)
(b)
Figure 6-3: Example of deformation of a square fibre configuration RVE with (a)
displacement loads, (b) force loads applied to its corresponding faces.

In this thesis the former case of applying displacement loads and using appropriate
boundary conditions was adopted, where loads from the global model (the lamina) are
extracted as strains and then converted to displacements which are applied on the
corresponding sides of the RVE.

Figure 6-4: Example of maintaining periodic boundary conditions using an array of square
fibre configuration RVEs with loads applied as forces.
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The final condition to uphold in a micro-mechanical analysis involving RVEs is to ensure
that contraction or expansion effects due to Poisson’s ratio effects can take place.
Depending on the type of load being experienced by the RVE and the FEA package being
used, this can be easy or difficult to implement. Examples of cases in which this may arise
will be discussed in the later sections of this chapter. An example of appropriate boundary
conditions on a RVE under triaxial tension is shown in Figure 6-5. Due to the deformation
being symmetric about its 3 material planes, only one eight of the RVE needs to be
modelled. For the case when loads are applied due to shear, the full unit cell needs to be
modelled due to asymmetry associated with its deformation as shown in Figure 6-6.

uz (x,y,0) = 0
uz (x,y,c) = L3
ux (0,y,z) = 0
ux (a,y,z) = L1
uy (x,0,z) = 0
uy (x,b,z) = L2

Figure 6-5: Boundary conditions applied to a square fibre configuration RVE under triaxial
tension. Where ‘u’ is displacement, ‘a, b, c’ are the end locations of the RVE in the x, y, and
z planes respectively, ‘L1, L2, and L3’ are the displacements loads in the x, y, and z directions
respectively.

uz (x,y,0) = 0
uz (x,y,c) = 0
ux (0,y,z) = L2
ux (a,y,z) = L2
uy (x,0,z) = L1
uy (x,b,z) = L1

Figure 6-6: Boundary conditions applied to a square fibre configuration RVE under xy shear
loading. Where ‘u’ is displacement, ‘a, b, c’ are the end locations of the RVE in the x, y, and
z planes respectively, ‘L1, and L2,’ are the shear displacements loads in the x and y directions
respectively.

Chapter 6: Matrix Failure in FRPC at a Micro-mechanical Level

161

6.1.3 Micro-mechanical properties - EP 280 Prepreg
In order for a micro-mechanical analysis to be performed, the user requires the properties
of the fibres and the matrix. In this investigation the supplier of the material provided
properties for the lamina (EP 280 Prepreg) some of which were experimentally obtained
throughout the previous chapters of this thesis, the supplier also provided properties for
the neat resin (EP 280 neat resin). The properties for the lamina and neat resin (i.e. the
matrix) is shown in Table 6-1 and Table 6-2 respectively.

Table 6-1: EP 280 Prepreg properties (i.e. the lamina).

Property
E1

131 GPa

E2

6.20 GPa

E3

6.20 GPa

v12

0.28

v23

0.40

v13

0.28

G12

4.73 GPa

G23

1.44 GPa

G13

4.73 GPa

Table 6-2: EP 280 neat resin properties (i.e. the matrix).

Property:
E (at 23°C)
v

3.15-3.40 GPa
0.3

In this thesis the fibre and the matrix are considered to be perfectly bonded to each other,
and unless otherwise stated: they are assumed to behave in an isotropic manner. The
properties of the fibre were analytically determined using the inverse Rule of Mixtures
(ROM) approach. The equation for the Rule of Mixtures is shown as Eqn. 6-1 and Eqn. 6-2
for the fibre and transverse directions respectively.
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𝐸1 = 𝐸𝑓 𝑉 𝑓 + 𝐸𝑚 𝑉 𝑚

6-1

Where:
𝐸1 = Young’s Modulus in the fibre direction.
𝐸𝑓 = Fibre Young’s modulus.
𝐸𝑚 = Matrix Young’s modulus.
𝑉𝑓 = Fibre volume fraction.
𝑉𝑚 = Matrix volume fraction.
𝑉𝑓 𝑉𝑚
1
=
+
𝐸2 𝐸𝑓 𝐸𝑚

6-2

Where:
𝐸2 = Young’s Modulus in the transverse direction.
𝐸𝑓 = Fibre Young’s modulus.
𝐸𝑚 = Matrix Young’s modulus.
𝑉𝑓 = Fibre volume fraction.
𝑉𝑚 = Matrix volume fraction.

Eqns. 6-1 and Eqn. 6-2 were solved simultaneously for !" and !

ignoring the value in

Table 6-2. The fibre volume fraction for EP 280 Prepreg was 50%. The values for !" and
!

are given in Table 6-3.
Table 6-3: Fibre and matrix properties (EP 280 Prepreg).

6.1.3.1

Property

Fibre

Matrix

E

259 GPa

3.15 GPa

v

0.3

0.3

Verification of fibre and matrix properties

From the properties calculated in Table 6-3, the Young’s modulus for the matrix was found
to be 3.15 GPa, this was within the range given by the suppliers of the material and
demonstrated the success of the method used to calculate it. Despite this success, the
properties for the matrix and fibre were verified again through an RVE analysis.
The fibre and matrix properties shown in Table 6-3 were applied to a FEA model of a
square fibre configuration RVE. A displacement load of 1 µm along the fibre direction was
applied. The remainder of the boundary conditions specified in Figure 6-5 was implemented.
The reaction forces acting on the face of the RVE was extracted and the stress acting on
the RVE along the fibre direction was calculated. Similarly the displacement load applied
to the RVE face was converted to strain using the RVE’s unit length of 500 µm. Using
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Hook’s law, the ratio of stress over strain gave the Young’s modulus for the lamina in the
fibre direction. An example of the RVE method is shown in Figure 6-7. The results are
summarised in Table 6-4 and an example of reaction forces for four different fibre
configurations is shown in Figure 6-8. Note that in this particular loading case, there was
one face which had a displacement load applied, three other faces had symmetric
constraints applied, leaving two other faces unconstrained. It is important that these
unconstrained faces deform in a flat manner to uphold the periodic boundary conditions,
thus an iterative process was performed. The process involved applying small displacement
loads on the unconstrained faces. The displacement load ensures that the faces deform in
a flat manner, whilst the magnitude was varied until the reaction force acting on the
corresponding face was close to zero.

Figure 6-7: Process used to obtain E1 using a micro-mechanical approach involving an RVE.
Where: L1, L2, L3 and RF1, RF2, and RF3 are the loads or reaction forces in the x, y and
z directions respectively.

Table 6-4: Numerical results of E1 using fibre and matrix properties. Where: D is the
displacement load applied to the RVE, RF is the reaction force, and E1 is the Young’s modulus
for the lamina in the fibre direction.

Configuration

D11
[µm]

D22
[µm]

D33
[µm]

RF11
[N]

RF22
[N]

RF33
[N]

E1
[GPa]

Square

1.00

-0.30

-0.30

58.28

0.00

0.00

116.56

Diamond

1.00

-0.30

-0.30

58.27

0.00

0.00

116.54

Vertical Hex

1.00

-0.60

-0.30

75.57

-0.24

-0.16

151.15

Horizontal Hex

1.00

-0.30

-0.60

75.57

-0.16

-0.24

151.15

Average:

133.85
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Figure 6-8: Contour plot of the reaction forces acting on the RVEs.

As can be seen from Table 6-4, the calculation of E1 using the numerical method gave an
average value of 133.85 GPa. When compared to the known lamina Young’s Modulus in
the fibre direction shown in Table 6-1, this differed by ~2% which was considered sufficient
to validate that the individual properties of the fibre and the matrix presented in Table 6-3.
Examples of typical fibre and matrix properties used in different types of composites is
shown in Table 6-5 and Table 6-6.
Table 6-5: Material properties of typical fibres [7].

Longitudinal modulus
[GPa]

Transverse
modulus [GPa]

Poisson’s ratio

E-Glass

73

73

0.23

S-Glass

86

86

0.23

AS-4 Carbon

235

15

0.2

T-300 Carbon

230

15

0.2

IM7 Carbon

290

21

0.2

Boron

395

395

0.13

Kevler 49 Aramid

131

7

0.33

Silicon Carbide

172

172

0.2
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Table 6-6: Material properties of typical matrix materials [7].

Young’s modulus
[GPa]

Poisson’s ratio

Epoxy (3501-6)

4.3

0.35

Epoxy (977-3)

3.7

0.35

Epoxy
(HY6010/HT917/DY070)

3.4

0.36

Polyesters

3.2-3.5

0.35

Vinylester (Derakane)

3-4

0.35

Polyimides

3.1-4.9

-

Poly-ether-ether-ketone
(PEEK)

3.7

-

Using the values shown in Table 6-5 and Table 6-6 it can be seen that the material property
obtained for EP 280 fibre, lies in between the T-300 Carbon and IM7 Carbon properties.
It can also be seen that from Table 6-5 some of the fibres are stated to have the same
transverse modulus compared to its longitudinal modulus. The matrix material for EP 280
neat resin was provided by the materials supplier and falls close to the Epoxy values shown
in Table 6-6. Based on these findings the properties for the fibre and matrix found in EP
280 Prepreg and shown in Table 6-3 was considered appropriate.

6.1.4 Hygrothermal effects at the micro-mechanical level
Hygrothermal effects for the material used in this thesis (EP280 Prepreg) was investigated
in detail in Section 5.1.2. In that section it was found that thermal residual strains that
are introduced to the material at the lamina level were fully relieved by moisture absorption.
Hence, consideration of these effects did not affect the micro-mechanical analysis results.

6.2 Biaxial tension - EP 280 Prepreg
The biaxial tension experiment results that were discussed in Section 5.1 are investigated
in this section using a micro-mechanical approach.

6.2.1 Methodology - Biaxial tension
In order to perform a micro-mechanical analysis of the result, a macro-mechanical analysis
still needs to be performed. Thus, the results presented in Chapter 5 are used within this
chapter. The procedure is summarised in Figure 6-9. In this chapter the term: ‘global’ is
used to refer to the FEA model of specimen at the macro-scale, whilst the term: ‘local’
refers to the FEA model of the RVE at the micro-scale.
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Figure 6-9: Methodology used to post-process experimental results [141].

The critical stresses and strains in the global model were identified and recorded in
Table 5-7 and Table 5-8 of Section 5.1.4. To assist in the flow of this thesis, the critical
failure strains from the global model have been presented again as Table 6-7.

Table 6-7: Lamina failure strains in the gauge region for EP 280 Prepreg under biaxial
tension.

Lamina failure strains:
Fibre
angle:

Specimen
ε11
o
(µ-strain)
N:

ε22

ε33

γ12

(µ-strain)

γ13

(µ-strain)

(µ-strain)

(µ-strain)

(µ-strain)

γ23

1

5405

5404

-3164

-6636

0

0

2

5551

5551

-3249

-1299

0

0

3

4667

4666

-2732

-11999

0

0

4

4652

4650

-2723

-14512

0

0

5

4593

4593

-2688

528

0

0

6

5358

5358

-3136

-3073

0

0

7

4102

4603

-2547

-2844

0

0

8

5274

5134

-3055

790

0

0

9

4079

5696

-2874

-2805

0

0

10

4079

5696

-2874

-2805

0

0

20° (avg.)

11-17

2368

7549

-2908

-4350

0

0

10° (avg.)

18-21

1893

7610

-2899

-2083

0

0

0° (avg.)

22-26

317

7330

-2251

-2

0

0

45°

40°

30°
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In order to apply these strains onto an RVE, they need to be converted to displacements.
The formula to do this is simply the ratio of change in length over the original length of
the RVE or as shown previously in Eqn. 2-5. In order to calculate the dimensions of the
RVE, consideration of the fibre configuration needs to be made. Equations to calculate the
appropriate dimensions of the RVE, are given by Eqn. 6-3 and Eqn. 6-4. Eqn. 6-3 can be
used for a square array whilst Eqn. 6-4 can be used for a hexagonal and diamond (b=c)
fibre configuration. The definition of ‘a’, ‘b’ and ‘c’ is shown in Figure 6-10, whilst a 50%
fibre volume fraction was used for EP 280 prepreg.

(a)
(b)
(c)
Figure 6-10: Descrition of dimensions for a: (a) square, (b) diamond, (c) hexagonal fibre
configuration [14].

𝑣𝑓 =
𝑣𝑓 =

𝜋𝑟𝑓2
𝑏𝑐

2𝜋𝑟𝑓2
𝑏𝑐

6-3

6-4

Where:
𝑣𝑓 = Fibre volume fraction.
𝑟𝑓 = Fibre radius.
𝑏= Width of RVE (refer to Figure 6-10).
𝑐= Height of RVE (refer to Figure 6-10).

The overall scale/ dimension of the RVE is not important as all loads applied to the models
were based on strains. However, care had to be taken to ensure that the RVEs were not
drawn excessively small due to potential issues arising depending on the FEA package used.
In this thesis ABAQUS CAE v6.13 was used for all the analysis and the dimensions of the
RVEs chosen are summarised in Table 6-8.
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Table 6-8: Dimension of virtual RVE configurations used in this thesis.

Dimensions [mm]:
‘a’

‘b’

‘c’

‘rf’

Square

1.000

1.000

1.000

0.399

Diamond

1.000

1.000

1.000

0.282

Vertical Hex

1.000

1.000

1.732

0.371

Horizontal Hex

1.000

1.732

1.000

0.371

6.2.1.1

Superposition technique

As there are three normal and three shear directions in an RVE, there are issues related to
maintaining periodic boundary conditions when attempting to apply all six loading cases
to a single RVE [86, 141, 170]. Thus the rule of superposition was utilised in this thesis
according to Eqn. 6-5. As loads in the normal directions can all be applied on a single RVE
while maintaining periodic boundary conditions, Eqn. 6-5 was simplified to Eqn. 6-6 and
is shown in Figure 6-11.
𝑅𝑉𝐸11
𝑠
⎫ ⎧𝑆11 𝑅𝑉𝐸22 ⎫ ⎧𝑆11 𝑅𝑉𝐸33 ⎫ ⎧𝑆11 𝑅𝑉𝐸12 ⎫ ⎧𝑆11 𝑅𝑉𝐸13 ⎫ ⎧𝑆11 𝑅𝑉𝐸23 ⎫
11
⎧𝑆11 ⎫ ⎧𝑆
{
} {
} {
} {
} {
}
𝑅𝑉𝐸11 }
{𝑆 𝑠 } {
{
} {𝑆22 𝑅𝑉𝐸22 } {𝑆22 𝑅𝑉𝐸33 } {𝑆22 𝑅𝑉𝐸12 } {𝑆22 𝑅𝑉𝐸13 } {𝑆22 𝑅𝑉𝐸23 }
𝑆
{ 22 } { 22
} {
} {
} {
} {
} {
}
{𝑆 𝑠 } {𝑆 𝑅𝑉𝐸11 } {𝑆 𝑅𝑉𝐸22 } {𝑆 𝑅𝑉𝐸33 } {𝑆 𝑅𝑉𝐸12 } {𝑆 𝑅𝑉𝐸13 } {𝑆 𝑅𝑉𝐸23 }
33
33
33
33
33
33
33
=
+
+
+
+
+
⎨𝑆12 𝑠 ⎬ ⎨𝑆 𝑅𝑉𝐸11 ⎬ ⎨𝑆 𝑅𝑉𝐸22 ⎬ ⎨𝑆 𝑅𝑉𝐸33 ⎬ ⎨𝑆 𝑅𝑉𝐸12 ⎬ ⎨𝑆 𝑅𝑉𝐸13 ⎬ ⎨𝑆 𝑅𝑉𝐸23 ⎬
{ 𝑠 } { 12
} { 12
} { 12
} { 12
} { 12
} { 12
}
{𝑆23 } {𝑆 𝑅𝑉𝐸11 } {𝑆 𝑅𝑉𝐸22 } {𝑆 𝑅𝑉𝐸33 } {𝑆 𝑅𝑉𝐸12 } {𝑆 𝑅𝑉𝐸13 } {𝑆 𝑅𝑉𝐸23 }
} { 23
} { 23
} { 23
} { 23
} { 23
}
{ 𝑠 } { 23
{
}
{
}
{
}
{
}
{
}
{
}
⎩𝑆13 ⎭
⎩𝑆13 𝑅𝑉𝐸11 ⎭ ⎩𝑆13 𝑅𝑉𝐸22 ⎭ ⎩𝑆13 𝑅𝑉𝐸33 ⎭ ⎩𝑆13 𝑅𝑉𝐸12 ⎭ ⎩𝑆13 𝑅𝑉𝐸13 ⎭ ⎩𝑆13 𝑅𝑉𝐸23 ⎭

6-5

𝑅𝑉𝐸1
𝑠
⎫ ⎧𝑆11 𝑅𝑉𝐸2 ⎫ ⎧𝑆11 𝑅𝑉𝐸3 ⎫ ⎧𝑆11 𝑅𝑉𝐸4 ⎫
11
⎧𝑆11 ⎫ ⎧𝑆
{
} {
} {
}
𝑅𝑉𝐸1 }
{𝑆 𝑠 } {
{
} { 𝑅𝑉𝐸2 } { 𝑅𝑉𝐸3 } { 𝑅𝑉𝐸4 }
{ 22 𝑠 } {𝑆22 𝑅𝑉𝐸1 } {𝑆22 𝑅𝑉𝐸2 } {𝑆22 𝑅𝑉𝐸3 } {𝑆22 𝑅𝑉𝐸4 }
} {𝑆
} {𝑆
} {𝑆
}
{𝑆 } {𝑆
33
33
33
33
33
=
+
+
+
⎨𝑆12 𝑠 ⎬ ⎨𝑆 𝑅𝑉𝐸1 ⎬ ⎨𝑆 𝑅𝑉𝐸2 ⎬ ⎨𝑆 𝑅𝑉𝐸3 ⎬ ⎨𝑆 𝑅𝑉𝐸4 ⎬
{ 𝑠 } { 12 𝑅𝑉𝐸1 } { 12 𝑅𝑉𝐸2 } { 12 𝑅𝑉𝐸3 } { 12 𝑅𝑉𝐸4 }
} {𝑆
} {𝑆
} {𝑆
}
{𝑆23 } {𝑆
} { 23
} {
} {
}
{ 𝑠} {
23
{ 𝑅𝑉𝐸2 } { 23 𝑅𝑉𝐸3 } { 23 𝑅𝑉𝐸4 }
𝑅𝑉𝐸1 }
⎩𝑆13 ⎭ {
⎩𝑆13
⎭ ⎩𝑆13
⎭ ⎩𝑆13
⎭ ⎩𝑆13
⎭

6-6

Where:
𝑆𝑎𝑏 =
subscript: ‘ab’=
superscript: ‘s’=
superscript: ‘RVEab’=
superscript: ‘RVE1’=
superscript: ‘RVE2’=
superscript: ‘RVE3’=
superscript: ‘RVE4’=

Stress component from RVE.
Material direction.
Stands for ‘superimposed values’.
RVE results with load applied in ‘ab’ direction.
RVE results with all normal loads applied.
RVE results from shear loads applied in the ‘12’ direction.
RVE results from shear loads applied in the ‘13’ direction.
RVE results from shear loads applied in the ‘23’ direction.
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Figure 6-11: Superimpose technique applied to RVEs (square fiber configuration) according
to Eqn. 6-6.

From Table 6-7, it was seen that the out-of-plane shear strains (i.e. 𝜀13 and 𝜀23 ) were found

to be insignificant thus their values were recorded to be zero. This left four material
directions to be considered, namely the: 11, 22, 33, and 12 directions. Three of these
directions correspond to the materials principal directions which implied that a single RVE
could be used to examine them, whilst another RVE would be required to model the shear
in the ‘12’ direction. Thus, in total there were two sets of RVEs required to model each
specimens’ results. Considering that there were 26 experiment results, four RVE fibre
configurations and two sets of RVEs required to model the normal and shear loading
situations, in total there were 208 simulations run to fully analyse the matrix failure stresses
using this micro-mechanical approach.
This significant increase in the number of numerical simulations needed to be run after a
macro-mechanical level analysis, may pose as a hurdle for users to adopt in a composite
structural analysis. However, it should be noted that there are existing methods such as
the ‘Amplification technique’ [39] and the ‘Multicontinuum theory (MCT) [87] that greatly
simplifies the number of RVEs required. The method establishes a relationship between
the stress or strain state before the introduction of a fibre within a matrix and after the
introduction of a fibre. The difference between the two results is called the amplification
factor. The method requires the user to setup an initial set of RVE’s to calculate the
amplification factors which are then used to form an amplification matrix that can be used
to multiply all the lamina level stresses and strains to obtain an approximation for the
stress/strains on the individual fibre and matrix constituents [23]. A similar technique
could be used in the implementation of the matrix failure criterion that is being investigated
in this thesis. As this thesis is primarily concerned with establishing a micro-mechanical
failure criterion for the matrix, the method of individually analysing each experiment result
was considered more appropriate and thus; adopted throughout this thesis.
Another area of concern regarding the superimpose technique is what location on the RVE
should be considered critical when the critical location for different stress components
occurs at different locations as demonstrated in Figure 6-12 [141, 170].

Chapter 6: Matrix Failure in FRPC at a Micro-mechanical Level

170

Figure 6-12: Principal stress plot demonstrating conflicting critical stress locations on the
matrix [141, 170]. (Specimen No 2)

As can be seen from Figure 6-12, the critical location on the matrix constituent of the
RVEs changes location depending on which principal stress is looked at. In order to
overcome this issue, a subroutine was written in ABAQUS CAE v6.13 to plot the First
Stress Invariant for reasons that will be discussed in detail at the end of this section (in
Section 6.2.3). As the First Stress Invariant is the summation of all the principal stresses,
it is a function of all the stress components. Thus, a single critical point for each fibre
configuration was obtained. This process was considered for each of the 26 biaxial tensile
experiment results. It was found that the critical location depending on the fibre
configuration did not change. The critical location is shown in Figure 6-13.
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Figure 6-13: Plot of the First Stress Invariant on the matrix under normal loading for a:
(a) square configuration, (b) diamond configuration, (c) vertical hexagonal configuration,
(d) horizontal hexagonal configuration. (Specimen No 2).

Similarly, the location of the shear RVE being superimposed onto the normal RVE results
had to be investigated and their location had to be consistent. This was found to be the
case by examining the First Stress Invariant contour plot as shown in Figure 6-14, where
it was found that the value remained fairly constant throughout the RVE apart from the
edges which were ignored. Thus the critical locations on the RVEs shown in Figure 6-13
remained unchanged.

Figure 6-14: Plot of the First Stress Invariant on the matrix under in-plane (i.e. xy) shear
loading for a: a) square configuration, b) diamond configuration, c) vertical hexagonal
configuration, d) horizontal hexagonal configuration. (Specimen No 2)

6.2.2 Results
Using the modelling techniques described in the previous sections, all 208 simulations at a
micro-mechanical level were performed. The principal stress values were extracted from
the critical locations of the matrix as shown previously in Figure 6-13 and Figure 6-14. The
average of all four fibre configurations was taken to be the final failure stresses in the
matrix under biaxial tensile loading. The results are summarised in Table 6-9.
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Table 6-9: Principal stresses obtained from experiments for biaxial FR tests and their standard
deviation based on four fiber configurations (square, diamond, vertical hex and horizontal hex)
[141].

Specimen
No

Fibre
angle

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

Standard
deviation
σ1 [MPa]

Standard
deviation
σ2 [MPa]

Standard
deviation
σ3 [MPa]

1

45°

137.65

32.61

4.60

29.92

13.72

9.20

2

45°

95.58

50.92

33.62

25.68

12.00

14.08

3

45°

178.02

28.10

-55.32

35.45

11.87

10.98

4

45°

76.54

44.67

27.80

21.36

9.84

11.64

5

45°

105.26

37.03

31.22

25.55

9.88

14.17

6

45°

70.08

40.51

25.35

19.43

9.09

10.68

7

40°

89.96

29.43

24.34

21.64

8.42

11.47

8

40°

86.80

49.77

31.23

23.97

11.12

13.14

9

30°

101.25

35.61

30.37

25.46

9.91

14.55

10

30°

112.09

41.38

35.04

28.89

11.92

16.46

11

20°

138.47

43.92

31.65

35.05

16.05

16.74

12

20°

162.05

54.18

43.34

41.58

17.72

22.07

13

20°

118.44

31.91

10.68

28.92

15.23

10.28

14

20°

149.68

50.57

41.22

38.49

16.17

20.91

15

20°

89.79

25.78

9.90

22.03

13.39

8.00

16

20°

104.41

44.69

10.80

22.04

19.26

9.07

17

20°

124.87

37.53

23.61

30.84

15.42

13.27

18

10°

79.57

29.42

25.48

21.98

9.31

13.16

19

10°

96.02

36.51

31.16

26.68

11.63

15.92

20

10°

121.95

46.16

39.50

33.86

14.69

20.19

21

10°

137.82

54.91

46.36

36.37

14.76

20.14

22

0°

107.53

55.18

40.24

26.71

16.07

12.25

23

0°

76.43

30.93

27.04

22.58

10.47

13.27

24

0°

115.96

50.59

40.71

34.55

16.11

20.62

25

0°

98.08

39.94

34.69

28.93

13.43

17.06

26

0°

68.60

27.53

24.21

20.28

9.34

11.91
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The results presented in Table 6-9 were plotted in 3D principal stress space (Figure 6-15
to Figure 6-18) to obtain a visual understanding of the failure envelope for the matrix
under biaxial tensile loading.

Figure 6-15: Plot of processed matrix failure results under biaxial tension plotted in 3D
stress space. (Units in [MPa]).

Figure 6-16: View A of the 3D failure envelope shown in Figure 6-15. (Units in [MPa]).
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Figure 6-17: View B of the 3D failure envelope shown in Figure 6-15. (Units in [MPa]).

Figure 6-18: View C of the 3D failure envelope shown in Figure 6-15. (Units in [MPa]).

6.2.3 Discussion
As the micro-mechanical approach allows for the separation between the fibre and matrix
constituents, it allows for each constituent to be analysed using failure criteria that are
applicable to isotropic materials.
The results presented in the previous section were compared against two failure criteria as
listed below:
1. Compare the matrix failure results for the fibre reinforced biaxial specimen with
von Mises failure criterion.
2. Compare the matrix failure results for the fibre reinforced biaxial specimen with
the First Stress Invariant.
3. Compare the matrix failure results for the fibre reinforced biaxial specimen with a
von Mises failure criterion using uniaxial failure strengths obtained in Comparison
2.
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A representation of these two failure envelopes was shown in Chapter 2 and is shown in
Figure 6-19 below for ease of viewing.

(a)
(b)
Figure 6-19: Onset theory plotted in: (a) 2D, (b) 3D stress space.

In comparison 1: the matrix failure results were compared with von Mises failure criterion
[141]. A least squares linear regression using Eqn. 6-7 was performed. The values of 𝜎1 , 𝜎2

and 𝜎3 were known from Table 6-9, this implied that 𝜎𝑣𝑚 was the only unknown in the

von Mises failure criterion given by Eqn. 2-14. Thus various values of 𝜎𝑣𝑚 were estimated
and the residual sum of squared errors (RSS) were recorded. These values are shown in
Table 6-10. For discussion purposes, Specimens: 11-17, 18-21 and 22-26 representing the
20°, 10° and 0° biaxial FRPC tests respectively are shown as their averages in order to
overcome the scatter experienced under those particular fiber angles tested. The reader can
refer to Table 6-9 for the full set of data.
𝑛

𝑅𝑆𝑆 = ∑(𝑦𝑖 − 𝑓(𝑥𝑖 ))2
𝑖=1

Where:
𝑅𝑆𝑆=
𝑛=
𝑦𝑖 =
𝑓(𝑥𝑖 )=

The
The
The
The

residual sum of squared errors.
number of data points.
experimental value.
predicted value.

6-7
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Table 6-10: Comparison of biaxial tension experiment results with von Mises failure criterion
and the First Stress Invariant [141].

Specimen No:

Percentage error using comparison:
1

2

3

1

-35.39%

4.39%

13.13%

2

41.77%

7.53%

110.32%

3

83.09%

-9.97%

33.30%

4

10.08%

-11.03%

131.53%

5

99.24%

3.59%

99.21%

6

-61.67%

-18.84%

139.75%

7

24.16%

-14.19%

97.48%

8

60.18%

0.18%

130.93%

9

14.76%

-0.16%

85.42%

10

5.97%

12.55%

73.51%

11-17 (avg.)

-17.45%

14.92%

39.13%

18-21 (avg.)

11.58%

11.17%

80.84%

22-26 (avg.)

38.73%

0.02%

113.98%

Residual sum of squared
errors (RSS):

23230

3848

127716

The value of 𝜎𝑣𝑚 which gave the lowest RSS was chosen as giving the best fit to the matrix
failure results. The obtained von Mises failure criterion using this approach is given by
Eqn. 6-8 and plotted in Figure 6-20.
{0.5[(𝜎1 − 𝜎2 )2 + (𝜎1 − 𝜎3 )2 +(𝜎2 − 𝜎3 )2 ]}0.5 = 78.5
Where:
𝜎1 = Max principal stress.
𝜎2 = Mid principal stress.
𝜎3 = Min principal stress.

6-8
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Figure 6-20: 3D plot of biaxial FRPC results with von Mises failure surface obtained using
Eqn. 6-8. (Units in [MPa]).

In comparison 2, the matrix failure results were compared against the First Stress Invariant
which is proposed in Onset theory [23, 24] to predict dilatational (tensile) failure of the
matrix. The relationship for the First Stress Invariant was obtained using the same
approach discussed for the von Mises failure criterion. Here, J1 was the one unknown
parameter and thus different values of J1 were estimated and the value that gave the lowest
RSS value was chosen. This value was 167.5 MPa given by Eqn. 6-9 and plotted in
Figure 6-21.
𝜎1 + 𝜎𝟐 + 𝜎𝟑 = 167.5
Where:
𝜎1 = Max principal stress.
𝜎2 = Mid principal stress.
𝜎3 = Min principal stress.

6-9
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Figure 6-21: 3D plot of biaxial FRPC results with the First Stress Invariant failure surface
obtained using Eqn. 6-9. (Units in [MPa]).

Due to the nature of the biaxial specimen design presented it is difficult to obtain a pure
uniaxial matrix failure point, especially since the results are processed using
micromechanical analysis involving RVEs. In Comparison 3, von Mises which is typically

based on uniaxial test data; the value of 𝜎𝑣𝑚 [141], was given the value of 167.5 MPa
obtained from Eqn. 6-9 to come up with the relationship given by Eqn. 6-10 and plotted
in Figure 6-22.
{0.5[(𝜎1 − 𝜎2 )2 + (𝜎1 − 𝜎3 )2 +(𝜎2 − 𝜎3 )2 ]}0.5 = 167.5
Where:
𝜎1 = Max principal stress.
𝜎2 = Mid principal stress.
𝜎3 = Min principal stress.

6-10
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Figure 6-22: 3D plot of biaxial FRPC results with von Mises failure surface obtained using
Eqn. 6-10. (Units in [MPa]).

From Table 6-10, it was seen that the errors predicted by the First Stress Invariant failure
criterion were fairly low, with an average error of 8%. Whilst for the von Mises failure
criterion given by Eqn. 6-8 the difference between the model prediction and matrix failure
results were very high, with an average error of 40% which worsened in Comparison 3 to
160%. The poor fit was also reflected in the residual sum of squared error (RSS) which was
6 and 33 times greater than that obtained using the First Stress Invariant comparing:
Comparison 1 and 3 respectively [141]. This significant display of the experiment biaxial
tensile failure results for the matrix following the First Stress Invariant failure surface was
one of the first to show this trend [141]. It was due to this good match that the contour
plot of the First Stress invariant was used to establish the critical location of the RVEs in
Section 6.2.1.1.
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6.3 Off-axis uniaxial tension - EP 280 Prepreg
Off-axis uniaxial tension tests which has been discussed previously in this thesis to have
been used by other researchers to obtain matrix failure data under tension were also
undertaken in this thesis in Section 5.2. The same micromechanical approach used to
process the biaxial tension results in the previous section is performed in this section, thus
the methodology is not discussed again.

6.3.1 Results
The macro-mechanical (lamina level) strains that were obtained in Chapter 5, were
converted to displacements and applied to the four different RVE fibre configurations.
Similar to the biaxial tensile test results, the off-axis tension tests had negligible shear
strains in their out-of-plane directions (i.e. 𝜀13 and 𝜀23 ), thus they were ignored.

The principal stresses at the critical locations of the matrix region of the RVE were
extracted and are shown in Table 6-12.
Table 6-11: Lamina failure strains in the gauge region for uniaxial off-axis tension tests on EP
280 Prepreg.

Lamina failure strains:
Fibre
angle:

90°

60°
50°

45°

40°
30°
20°

(µ-strain)

(µ-strain)

γ12

(µ-strain)

γ13

(µ-strain)

7677

-3071

0

0

0

-104

7874

-3150

0

0

0

3

-90

682

-2726

0

0

0

4

-103

7768

-3107

0

0

0

5

21

6089

-2476

4759

0

0

6

20

5982

-2432

4675

0

0

7

102

4435

-1837

5119

0

0

8

217

5543

-2331

7719

0

0

9

221

5656

-2379

7877

0

0

10

201

5135

-2160

7151

0

0

11

189

4841

-2036

6741

0

0

12

283

4490

-1931

7581

0

0

13

677

4138

-1943

10799

0

0

14

625

3820

-1794

9970

0

0

15

1321

2426

-1503

11941

0

0

Specimen
No:

(µ-strain)

(µ-strain)

1

-102

2

ε11

ε22

ε33

γ23
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Table 6-12: Critical principal stresses & forces at failure obtained in the matrix for uniaxial
tension tests. (Stresses have been averaged based on the four fibre configurations examined;
their standard deviations are shown) [86, 141].

Standard deviation
Specimen
No

Fibre
angle

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

1

90°

89.94

37.34

35.55

31.15

13.02

12.29

2

90°

92.35

38.34

36.43

31.94

13.35

12.57

3

90°

82.03

34.04

32.49

25.92

10.86

10.31

4

90°

90.95

37.76

35.96

31.42

13.14

12.40

5

60°

107.62

28.29

-6.03

28.03

9.77

8.71

6

60°

105.78

27.83

-5.87

27.56

9.62

8.59

7

50°

112.70

20.49

-38.81

47.52

7.36

22.05

8

45°

118.53

26.09

-24.25

29.49

8.99

14.17

9

45°

126.21

26.53

-30.30

30.01

9.16

7.66

10

45°

114.61

24.09

-27.53

27.24

8.31

6.95

11

45°

108.12

22.75

-25.92

25.78

7.86

6.55

12

40°

111.53

22.64

-29.13

21.93

6.13

9.08

13

30°

121.99

20.16

-47.56

26.87

6.92

7.56

14

30°

112.74

18.67

-43.84

24.87

6.42

7.03

15

20°

85.94

14.23

-35.69

48.42

4.68

31.41

6.3.2 Discussion
The off-axis uniaxial tension results were compared against the same two failure criteria
discussed for the biaxial tension results:
4. Compare the matrix failure results for the off-axis fibre reinforced uniaxial
specimen with von Mises failure criterion.
5. Compare the matrix failure results for the off-axis fibre reinforced uniaxial
specimen with the First Stress Invariant.
6. Compare the matrix failure results for the fibre reinforced uniaxial specimen with
a von Mises failure criterion using uniaxial failure strengths obtained in
Comparison 5.
A regression analysis was performed between the off-axis uniaxial tension results, and the
percentage error between the experimental data and the failure criteria examined is
shown in Table 6-13. Note that Specimen No 15 was excluded from this part of the
discussion, as the testing and analysis conducted by Byron et al. [99] indicated uniaxial
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off-axis tension tests on angles less than 20 degrees failed in a different mode (i.e.
distortion). Thus, that angles is not discussed in this section [86] but will be reintroduced
with the off-axis uniaxial compression results discussed in Section 6.4.

Table 6-13: Comparison of off-axis uniaxial tension experiment results with von Mises failure
criterion and the First Stress Invariant [141].

Specimen No

Percentage error using comparison:
4

5

6

1

94.32%

35.24%

78.01%

2

89.14%

38.80%

74.29%

3

113.19%

23.38%

91.53%

4

92.20%

36.76%

75.42%

5

3.01%

7.88%

1.80%

6

4.84%

6.10%

0.68%

7

-21.36%

-21.61%

21.85%

8

-17.09%

-0.03%

17.80%

9

-24.21%

1.70%

23.26%

10

-16.55%

-7.67%

17.63%

11

-11.51%

-12.83%

14.01%

12

-15.59%

-12.76%

17.14%

13

-29.65%

-21.44%

28.05%

14

-23.82%

-27.26%

23.82%

Residual sum of squared
errors (RSS):

16838

12990

20598

The equations for a von Mises regressions (Eqn. 6-11) and the First Stress Invariant
(Eqn. 6-12) were obtained using the same process discussed in section 5.1. A plot of their
regressions in 3D principal stress space is shown in Figure 6-23 and Figure 6-24 respectively.
Using the uniaxial intercept point for the First Stress Invariant (Eqn. 6-12), a new relation
for the failure criterion using von Mises was obtained and is shown by Eqn. 6-13 and
plotted in Figure 6-25.
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{0.5[(𝜎1 − 𝜎2 )2 + (𝜎1 − 𝜎3 )2 +(𝜎2 − 𝜎3 )2 ]}0.5 = 104.0

6-11

𝜎1 + 𝜎𝟐 + 𝜎𝟑 = 120.4

6-12

{0.5[(𝜎1 − 𝜎2 )2 + (𝜎1 − 𝜎3 )2 +(𝜎2 − 𝜎3 )2 ]}0.5 = 120.4

6-13

Where:
𝜎1 = Max principal stress.
𝜎2 = Mid principal stress.
𝜎3 = Min principal stress.

Figure 6-23: 3D plot of uniaxial off-axis FRPC tensile results with von Mises failure surface
obtained using Eqn. 6-11. (Units in [MPa]).
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Figure 6-24: 3D plot of uniaxial off-axis FRPC tensile results with the First Stress
Invariant failure surface obtained using Eqn. 6-12. (Units in [MPa]).
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Figure 6-25: 3D plot of uniaxial off-axis FRPC tensile results with von Mises failure surface
obtained using Eqn. 6-13. (Units in [MPa]).

From Table 6-13 it was found that von Mises failure criterion over predicted matrix failure
for all the experimental results, whilst the First Stress Invariant did a significantly better
job in explaining the materials failure. In the case of Eqn. 6-11 where von Mises was
regressed on all the test data, it was found from Figure 6-23 that the failure criterion did
a poor job in predicting material failure [141]. This was also confirmed by the RSS value
which was about 30% higher than that obtained for the First Stress Invariant failure
criterion. For the case of Comparison 6, the RSS value was almost double that obtained
for the First Stress Invariant which indicated an even worse fit.
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Note that although the First Stress Invariant did a much better job in capturing matrix
failure under tension compared to the von Mises failure criterion, the experiment results
were found to be over predicted for the 90 to 60 degree off-axis specimens (Specimen No 16), whilst under predict failure for the 50 to 30 degree specimens (Specimen No 7-14) [141].
A better fit to the data was obtained by introducing a second curve fitting parameter
termed ‘K’ to the σ3 variable. For these set of experiments, a much better fit was obtained
when K=0.15. This modified form of the First Stress Invariant is given by Eqn. 6-14. A
plot of the modified failure envelope is shown in Figure 6-26.
𝜎1 + 𝜎𝟐 + 𝐾𝜎𝟑 = 𝐽1
Where:
𝐽1 =
𝐾=
𝜎1 =
𝜎2 =
𝜎3 =

6-14

The First Stress Invariant.
Curve fitting parameter.
Max principal stress.
Mid principal stress.
Min principal stress.

Figure 6-26: 3D plot of uniaxial off-axis FRPC tensile results with a modified First Stress
Invariant failure surface obtained using Eqn. 6-14 [MPa]. Where K = 0.15 [141].
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For the purpose of this thesis, investigating further into providing an explanation as to
why the added parameter (K) gave a better fit to the uniaxial off-axis tension tests when
it was not needed for the biaxial tension tests, was considered outside the scope of this
investigation [141]. However, this difference does highlight the advantage of performing
biaxial tension tests over uniaxial off-axis tension tests due to the former not having the
need to introduce any curve fitting parameters and was able to be explained purely by
non-phenomenological models such as the First Stress Invariant. Further remarks
regarding this will be discussed in the next chapter (Chapter 7).

6.4 Off-axis uniaxial compression - EP 280 Prepreg
The off-axis uniaxial compression tests were largely processed the same way as the previous
two sets of experiment results. However, due to the nature of failure predominantly
resulting due to compression or shear as opposed to tension; the location of the critical
location on the RVEs changes. The mode of failure experienced by the matrix changes from
a case where the element sees an increase in volume (i.e. dilatation) to a case where the
element fails due to a change in shape. For this reason a contour plot of the First Stress
Invariant is no longer applicable. Instead a plot of a distortional based failure criterion
such as von Mises or Drucker-Prager is more appropriate [86]. The contour plot using von
Mises and Drucker-Prager are shown in Figure 6-27 and Figure 6-28 respectively. Note that
the stress contour plot using von Mises is an inbuilt capability within ABAQUS CAE v6.13,
however a user subroutine was written in order to plot the Drucker-Prager contour plot as
a state variable [167].

Figure 6-27: Critical location for the uniaxial off-axis compression results using a von Mises
stress based contour plot. (Specimen No: 15).
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Figure 6-28: Critical location for the uniaxial off-axis compression results using a DruckerPrager stress based contour plot. (Specimen No: 15).

6.4.1 RVE submodelling approach
Similar to the biaxial and uniaxial off-axis tension results, the off-axis compression
specimens also experience a significant in-plane shear stress due to the unbalanced specimen
layup [86]. These in-plane shear stresses need to be incorporated into the RVE analysis
along with the normal strains. An alternative approach to the superimpose technique
(discussed in Section 6.2.1.1) was through utilising the submodelling feature in ABAQUS
v6.13 for the RVE models [23, 24, 170]. This method passes on the strain states from the
global model as displacement boundary conditions which are applied on each node of the
corresponding sides of the RVE placed in the centre of the specimen. This procedure greatly
shortens the time required to setup a model to perform the analysis. The RVE modelled
was 0.1mm in unit length which allowed for several nodes between the global and submodel
to be tied. Figure 6-29 shows the unit cell model for a square fibre configuration RVE
before and after deformation [86]. Each RVE was positioned in the centre of the gauge
region for all the specimens as failure from the experiments was observed in these locations
(as shown in Figure 5-39).

Figure 6-29: Deformation of specimen and square RVE before and after the analysis
(Specimen No: 15).
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As can be seen from Figure 6-29, the submodelling process overcomes issues associated
with maintaining periodic boundary conditions. Where, compressive deformation of the
RVE in its three normal directions and in-plane shear deformations are found to have been
correctly handled.

6.4.2 Results
All the experiment results were processed using the submodelling procedure and the critical
principal failure stresses on the matrix were extracted according to the locations shown in
Figure 6-27 and Figure 6-28. As discussed previously, the uniaxial tension tests of off-axis
FRPC specimens by Byron et al. indicated that specimens with fibres oriented at less than
20 degrees failed due to distortion (i.e. an excessive change in shape). For this reason, the
20 degree uniaxial off-axis test results are discussed in conjunction with the uniaxial offaxis compression test results. Table 6-14, shows the critical principal failure stress in the
matrix for the 20 degree uniaxial off-axis tension test, whilst the critical principal stress
failure results for the matrix under compression is summarised in Table 6-15. A plot of the
results in 3D stress space is shown in Figure 6-30.

Table 6-14: Critical principal stresses obtained at failure in the matrix for an off-axis 20 degree
tension test. (Stresses have been averaged based on the four fibre configurations examined) [86].

Standard deviation
Specimen No

Fibre
angle

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

15

20°

85.94

14.23

-35.69

48.42

4.68

31.41
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Table 6-15: Critical principal stresses obtained in the matrix for: uniaxial off-axis compression
tests. (Stresses have been averaged based on the four fibre configurations examined) [86].

Standard deviation
Specimen No

Fibre
angle

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

1

90°

-77.18

-253.42

-95.60

47.27

79.26

34.96

2

90°

-86.29

-281.52

-106.37

52.41

88.41

38.91

3

90°

-63.60

-207.49

-78.39

38.63

65.16

28.68

4

80°

-66.01

-227.05

-84.19

45.06

76.27

34.37

5

80°

-55.62

-187.58

-69.57

33.86

57.41

26.06

6

80°

-57.23

-195.18

-72.30

40.50

71.94

32.05

7

70°

-53.06

-191.05

-67.15

31.49

58.89

27.57

8

70°

-57.59

-207.38

-72.89

34.18

63.92

29.93

9

70°

-52.71

-189.80

-66.72

31.29

58.51

27.40

10

60°

-49.27

-198.03

-64.17

27.29

60.53

29.31

11

60°

-48.49

-194.87

-63.15

26.85

59.57

28.84

12

50°

-29.40

-154.37

-45.24

15.98

43.73

21.47

13

50°

-24.03

-126.38

-37.12

13.57

37.92

18.49

14

50°

-30.58

-160.81

-47.23

17.27

48.25

23.53

15

45°

15.19

-137.00

-23.55

14.60

45.01

22.00

16

45°

13.90

-125.36

-21.55

13.36

41.18

20.13

17

45°

14.73

-132.91

-22.85

14.16

43.66

21.34

18

40°

22.37

-134.04

-22.73

15.09

34.79

19.16

19

40°

20.67

-126.11

-21.69

13.56

37.83

19.06
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Figure 6-30: Plot of processed matrix failure results under uniaxial off-axis compression
plotted in 3D stress space.

6.4.3 Discussion
In this section the main concern is with understanding the failure of the matrix under
compression. Although the uniaxial compression tests performed would possibly have
sufficed, the 20 degree off-axis tension result presented in the previous section allows for a
better overall understanding.
Numerous failure criteria have been proposed over the last few decades [3, 95], amongst
which von Mises failure criterion is one of the most widely used due to its simplicity and
ability to accurately follow experimental results. However this criterion is sometimes found
to underestimate compressive failure. Drucker-Prager failure criterion is often used as an
alternative. The criterion is the same as von Mises except that it introduces an additional
curve fitting parameter ‘B’ (given in Eqn. 2-16) to capture the hydrostatic stresses that
play an important role when a material is under compression [10]. Figure 6-31 shows a plot
of the two failure criteria in 2D stress space. Quadrants 2, 3 and 4 shown in Figure 6-31
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are of interest in this section. A material that fails in these three quadrants is believed to
fail due to distortion, which is characterised by an extensive change in the materials shape
[23, 197]. Quadrant 1 of the failure envelope is considered to exhibit a different behaviour
characterised by dilatation (i.e. an increase in volume of the material), which was examined
in the previous two tension experiments.

Figure 6-31: An example of von Mises and Drucker-Prager failure criteria plotted in 2D
stress space [86].

In order to assist in the selection of a suitable failure criterion to accurately model the
compressive and shear quadrants of the matrix failure envelope; six comparisons were made
[86]:
1. Compare compression test results against the von Mises failure criterion (fitted
using compression test results).
2. Compare compression results against the Drucker-Prager failure criterion (fitted
using compression test results).
3. Compare compression and tension results against the von Mises failure criterion
(fitted using compression and tension test results).
4. Compare compression and tension results against the Drucker-Prager failure
criterion (fitted using compression and tension test results).
5. Compare compression and tension results against the von Mises criterion (fitted
using only compression test results).
6. Compare compression and tension results against the Drucker-Prager criterion
(fitted using only compression test results).
Similar to how the experiment results were compared again regressed failure criterions for
the tension test results discussed in Section 6.2 and Section 6.3, the compression results
were also regressed using the residual sum of squared errors (RSS) to indicate the goodness
of fit. The results are summarised in Table 6-16.
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Table 6-16: Comparison of experimental results with the Drucker-Prager and von Mises
failure criteria [86].

Tension

Compression

Specimen N

o

Fibre
angle

% difference between experimental data and failure
prediction found in comparison:
1

2

3

4

5

6

1

90°

4%

7%

2%

7%

4%

7%

2

90°

-5%

1%

-6%

1%

-5%

1%

3

90°

4%

8%

3%

8%

4%

8%

4

80°

-11%

-3%

-12%

-3%

-11%

-3%

5

80°

9%

12%

7%

12%

9%

12%

6

80°

4%

9%

3%

8%

4%

9%

7

70°

-19%

-8%

-20%

-9%

-19%

-8%

8

70°

-27%

-14%

-28%

-15%

-27%

-14%

9

70°

-1%

6%

-2%

6%

-1%

6%

10

60°

16%

11%

14%

12%

16%

11%

11

60°

41%

31%

40%

32%

41%

31%

12

50°

11%

8%

10%

8%

11%

8%

13

50°

0%

-11%

-2%

-10%

0%

-11%

14

50°

9%

-4%

8%

-3%

9%

-4%

15

45°

3%

-9%

1%

-8%

3%

-9%

16

45°

-2%

-14%

-3%

-12%

-2%

-14%

17

45°

4%

-9%

3%

-7%

4%

-9%

18

40°

-4%

-1%

-5%

-1%

-4%

-1%

19

40°

-2%

1%

-3%

0%

-2%

1%

15

20°

-

-

27%

-5%

29%

-9%

2099

1197

2391

1213

2407

1225

Residual sum of squared
errors (RSS):
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Comparison 1

A regression analysis performed using only the compression results to establish the von
Mises failure criterion gave Eqn. 6-15. A plot of the points on the failure criterion given by
von Mises is shown in Figure 9.
√𝐽2 = 78.7

6-15

Where:
𝐽2 = The Second Stress Invariant

Figure 6-32: Plot of uniaxial compression tests on the von Mises failure envelope [86].

6.4.3.2

Comparison 2

The same method was used to compare the Drucker-Prager criterion with the experimental
results. Based on the RSS value shown in Table 6-16, there was an improvement in this
model’s ability to accurately predict the failure for the matrix material. Eqn. 6-16 presents
the final criterion obtained whilst Figure 6-33 shows the Drucker-Prager failure criterion
plotted in 3D stress space with the experimental compression results.
√𝐽2 = 60.2 − 0.068𝐽1
Where:
𝐽1 = The First Stress Invariant
𝐽2 = The Second Stress Invariant

6-16
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Figure 6-33: Plot of uniaxial compression tests on the Drucker-Prager failure envelope [86].

When compared to the von Mises fit shown in comparison 1, The Drucker-Prager fit to the
data showed visible improvement which was also reflected by the RSS value which
decreased by 43%.
6.4.3.3

Comparison 3

The uniaxial off-axis tension result for the 20 degree specimen was introduced into the
regression. Introducing this additional point does worsen the RSS, however its addition
does assists in examining the significance of hydrostatic stresses, allowing the selection of
either the von Mises or the Drucker-Prager failure criteria to become clearer. Eqn. 6-17
presents the criterion obtained, whilst Figure 11 shows the von Mises failure criterion
plotted in 3D stress space with the experimental compression results.
√𝐽2 = 77.8
Where:
𝐽2 = The Second Stress Invariant

6-17
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Figure 6-34: Plot of uniaxial compression and uniaxial tension tests on the von Mises
failure envelope [86].

6.4.3.4

Comparison 4

The fourth comparison used a newly regressed Drucker-Prager criterion to both uniaxial
off-axis compression and tension results. From Figure 6-35, it was visually evident that the
criterion appeared to fit the experimental results better than when in comparison 3. This
was also reflected by the RSS value which decreased by 50%. Eqn. 6-18 shows the
parameters for ‘A’ and ‘B’ obtained from the regression analysis.
√𝐽2 = 62.25 − 0.061𝐽1

6-18

Where:
𝐽1 = The First Stress Invariant
𝐽2 = The Second Stress Invariant

Figure 6-35: Plot of uniaxial compression and uniaxial tension tests on the Drucker-Prager
failure envelope [86].
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Comparison 5

In this comparison the von Mises criterion obtained in comparison 1 (given by Eqn. 6-15)
was used to assess the percentage error when the uniaxial tension results were incorporated.
A plot of the results in 3D stress space is shown in Figure 6-36 to aid in understanding the
predictive capability of the failure criterion when examining the compressive and shear
behaviours of the matrix material.

Figure 6-36: Plot of uniaxial compression and uniaxial tension tests on the von Mises
failure envelope fitted to only the uniaxial compression results [86].

6.4.3.6

Comparison 6

The final comparison uses the Drucker-Prager criterion obtained in comparison 2 (given
by Eqn. 6-16) to calculate the percentage error when the uniaxial tension result was
incorporated. A plot of the failure envelope with the addition of the uniaxial tension result
is shown in Figure 6-37. Similar to all previous comparisons, the Drucker-Prager criterion
showed an improvement over its von Mises counterpart.

Figure 6-37: Plot of uniaxial compression and uniaxial tension tests on the Drucker-Prager
failure envelope fitted to only the uniaxial compression results [86].
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6.4.4 Summary of off-axis uniaxial compression results
The Drucker-Prager criterion has been shown by others to give a better representation of
the failure surface for single-phased isotropic materials under compression when compared
to the von Mises criterion [38]. This is due to its introduction of involving hydrostatic
stresses, which are known to play an important role when a material is under compression.
The findings presented in this section were one of the first to experimentally show the
failure surface of the matrix when a composite lamina fails due to compression using a
micromechanical approach [86].
Using Table 6-16, The RSS values showed that the Drucker-Prager criterion did the best
job in explaining the compressive failure of the matrix in composites. This was highlighted
in comparisons: 2 and 4, where the RSS value was at least 40% lower than their
counterparts: comparison 1 and 3 respectively. The addition of the uniaxial off-axis 20
degree tension result in comparison 2 and 4 hardly changed the values of the curve fitting
parameters: ‘A’ and ‘B’, however they remained relatively similar in magnitude indicating
that the original Drucker-Prager criterion fitted in comparison 2 did a good job in
predicting failure.
The RSS values for comparison 4 and 6, which looked at the predictive ability of the
Drucker-Prager criterion established in comparison 2, against the addition of uniaxial
tension result, was found to increase marginally (1%). This small difference in error suggests
that the first fit using Drucker-Prager was sufficient to capture the failure surface of the
matrix, where the uniaxial tension experiments had not been incorporated. However, the
uniaxial tension test did assist in clarifying that the failure envelope given by DruckerPrager in the compression and shear quadrants of the failure envelope is conical in nature.
From these findings; Eqn. 6-18 was selected as best representing matrix failure under
compression in the composite material (EP 280 Prepreg) used in this thesis.

6.5 Summary
Micro-mechanical analysis was used to separate the fibre and matrix constituents from the
lamina. A suitable technique involving superposition was presented that was able to apply
normal and shear loads on a Representative Volume Element (RVE), whilst maintaining
periodic boundary conditions. The method was applied to four different fibre configurations,
namely: a square, diamond, vertical hexagonal and a horizontal hexagonal packing
arrangement. The critical location on the matrix constituent of the RVE was identified
through means of a contour stress plot.
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Overall it was found that analysing matrix failure in FRPC using a micro-mechanical
approach enabled the matrix constituent to be assessed in detail against suitable failure
criteria. This method significantly improved the large errors and conflicting results
obtained for the matrix when failure was assessed at the macro-scale (i.e. lamina level) in
Chapter 5. The biaxial tension and off-axis uniaxial tension results both indicated failure
to be following the First Stress Invariant over any other failure criteria. However, it should
be noted that a 1st order 3D regression performed on the off-axis uniaxial tension results
indicated that a modified form of the First Stress Invariant gave a better fit. This
phenomenon was considered to a downfall of the off-axis tension test which may have been
due to premature failure due to the high in-plane shear stresses associated with the
specimen design. Thus, use of the proposed biaxial specimen design presented in this thesis
was recommended. Micro-mechanical analysis of the off-axis compression tests, indicated
that failure was best predicted by Drucker-Prager failure criterion.
In the next chapter, both the dilatational and distortional failure characteristics of the
matrix discussed in this chapter will be assessed together to present a new failure criterion
to fully define matrix failure in FRPC using a micromechanical approach.
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Proposed Matrix Failure
Criterion

In this chapter a criterion to predict matrix failure in composites is presented. Throughout
the previous chapters of this thesis, the groundwork to reach this stage had been discussed,
in particular; Chapter 6, examined the failure behaviour of the matrix under tensile loading
and compression/shear loading. It was found that no single failure criterion was able to
fully predict matrix failure under different stress states. Instead a hybrid criterion similar
to that proposed by Onset Theory [170] demonstrated the most success. In Section 7.1, the
developed hybrid matrix failure criterion will be presented. This is one of the most
significant sections of this thesis as it summarises all the previous work. In Section 7.2, the
proposed criterion will be validated through a series of four-point bending tests on a typical
composite laminate stacking sequence used in various applications. In Section 7.3 a small
section discussing possible methods of implementing the proposed hybrid matrix failure
criterion is made, whilst in Section 7.4 the chapter is summarised.

7.1 Proposed matrix failure criterion for FRPC
In Chapter 6, it was found that the First Stress Invariant did the best job in predicting
matrix failure under tension dominant load cases. This finding is in line with that proposed
in Onset Theory and MMF, which are strain and stress based failure criteria. The reason
behind this truncated behaviour was attributed to premature failure in the matrix
constituent of a composite laminate due to the presence of voids resulting in
microcavitation [23, 39]. However, there had been no significant experimental results
presented in literature that was able to validate this hypothesis. Throughout this thesis,
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there had been four sets of tension experiments setup to examine failure. All these
experiments showed the same overall trend with a truncation in the tensile quadrant of a
materials failure envelope. This truncation followed the First Stress Invariant. Three of the
experiments: biaxial tension failure in EP 280 neat resin, biaxial tension failure in EP 280
Prepreg, and uniaxial tension failure in EP 280 Prepreg is shown in Figure 7-1. The
equations obtained for the failure criteria using biaxial tension test results on EP 280 neat
resin, biaxial tension test results on EP 280 Prepreg, and uniaxial off-axis tension test
results on EP 280 Prepreg are shown in Eqn. 7-1, Eqn. 7-2, and Eqn. 7-3 respectively. The
relation between each other is shown in Eqn. 7-4. The stresses are expressed in megapascal
(MPa).
𝜎1 + 𝜎2 + 𝜎3 = 153.2

𝜎1 + 𝜎2 + 𝜎3 = 167.5
𝜎1 + 𝜎2 + 𝜎3 = 120.4

7-1
7-2
7-3

Where:
𝜎1 = The maximum principal stress.
𝜎2 = The mid principal stress.
𝜎3 = The min principal stress.

Figure 7-1: Plot of matrix failure planes given by the First Stress Invariant for three
different tension experiments using EP 280 [141].

𝑋𝑡 𝐵𝐹𝑅 = 1.09𝑋𝑡 𝑁𝐸𝐴𝑇 = 1.39𝑋𝑡 𝑈𝐹𝑅

Where:
𝑋𝑡 𝐵𝐹𝑅 = The critical stress value given by the First Stress
Invariant for the biaxial fiber reinforced specimen.
The critical stress value given by the First Stress
𝑁𝐸𝐴𝑇
𝑋𝑡
= Invariant for the biaxial neat resin specimen.
The critical stress value given by the First Stress
𝑈𝐹𝑅
𝑋𝑡
= Invariant for the uniaxial fiber reinforced specimen.

7-4
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From the relation given by Eqn. 7-4, It can be seen that the biaxial tension results
performed on both the neat resin and fibre reinforced specimens gave similar critical failure
stresses, with only a 9% difference. Whilst the uniaxial off-axis tension tests performed on
the fibre reinforced specimen fell well below that of the biaxial tension tests performed on
the same material (by almost 40%). It was also identified in Section 6.4, that the
experiment results did not fully follow the First Stress Invariant as an added curve fitting
parameter: ‘K’ was needed to improve the fit in the σ3 direction. For these reasons, it was
decided that the uniaxial off-axis tension test results were the worst out of the three sets
of experiments used to establish a matrix failure criterion under tension dominant loading.
Comparing the remaining two biaxial tension experiments, in this thesis; the failure
criterion obtained using the fibre reinforced specimen was chosen to best describe matrix
failure for EP 280 Prepreg, given by Eqn. 7-2, where the critical First Stress Invariant was
equal to 167.5 MPa.
Similarly in Chapter 6, it was found that Drucker-Prager failure criterion showed the best
fit with the off-axis compression results, where this single failure criterion was able to
accurately predict matrix failure under compression and shear modes of failure. This failure
criterion is given by Eqn. 7-5 and shown in Figure 7-2.
√𝐽2 = 62.25 − 0.061𝐽1

7-5

Where:
𝐽1 = The First Stress Invariant
𝐽2 = The Second Stress Invariant

Figure 7-2: Plot of uniaxial compression and uniaxial tension tests on the Drucker-Prager
failure envelope.
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7.1.1 Final hybrid failure criterion
Combining the points discussed in the previous section, it was evident that a hybrid failure
criterion to describe matrix failure in fibre reinforced polymer composites was necessary.
The concept builds on the proposal made by Onset theory, where the First Stress Invariant
was used to describe dilatation failure, and von Mises was used to describe distortional
failure. Here, the proposed failure criterion uses the First Stress Invariant to describe
dilatational failure of the matrix, whilst the Drucker-Prager criterion was selected to
describe distortional failure of the matrix. The generalised failure criterion is presented in
Eqn. 7-6 and a plot of the failure envelope in 3D stress space is shown in Figure 7-3. Matrix
failure occurs if Eqn. 7-6 is satisfied.

⎧𝜎1 + 𝜎2 + 𝜎3 ≥ 𝑋𝑡 ,
{
{
{

:
𝑒𝑙𝑠𝑒:
:

𝑤ℎ𝑒𝑟𝑒

𝜎1 , 𝜎2 , & 𝜎3 ≥ 0

⎨
{
1
{
{ √ [(𝜎1 − 𝜎2 )2 + (𝜎2 − 𝜎3 )2 + (𝜎3 − 𝜎1 )2 ] ≥ 𝐴 − 𝐵(𝜎1 + 𝜎2 + 𝜎3 )
⎩
6
Where:
𝜎1 , 𝜎2 , 𝑎𝑛𝑑 𝜎3 = The principal stresses.
𝑋𝑡 = The uniaxial tensile strength of the matrix
material.
′𝐴′, 𝑎𝑛𝑑 ′𝐵′= Curve fitting parameters for Drucker-Prager
failure criterion using matrix data.

Figure 7-3: Proposed hybrid criterion for predicting matrix failure in FRPC using
micromechanical analysis.

7-6
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7.2 Four-point bending tests
In this section, several four point bend tests on a laminate with a typical stacking sequence
of [-45/0/45/90]2S is performed and discussed. The reasoning behind selecting a
standardised four-point bend test was to demonstrate the applicability of the proposed
hybrid failure criterion established in this thesis against an experimental test that was
quite different from the experiments that were used to establish the matrix failure criterion.
The experiment results are used to compare several well-known failure criteria [7] to predict
failure of the matrix at the lamina level using CLT. The analysis method was then extended
to perform micro-mechanical analysis where the hybrid failure criterion proposed in this
thesis is used for comparison purposes.
This section is broken into smaller subsections which start by presenting the experimental
setup and results (Section 7.2.1). Then a macro- and micro-mechanical analysis was
performed (Section 7.2.2 and Section 7.2.3 respectively). Followed by a final discussion
comparing the prediction of the two analysis methods (Section 7.2.4).

7.2.1 Experiments
7.2.1.1

Experiment setup

The experiments were performed using a four-point bend test fixture. The procedure
outlined in ASTM D 7264 was followed. The same FRPC material used throughout this
thesis (EP280 Prepreg) was used to create the specimens. The specimen layup consisted of
16 plies with a symmetric stacking sequence given by [-45/0/45/90]2S. The dimensions and
material coordinate system are shown in Figure 7-4. A plate made up of the prepreg
material was cured in an autoclave at 120 °C for 60 minutes with a ramp up rate of 2
°C/min. Care was taken to ensure that the fiber directions were aligned correctly. The
specimens were machined from the cured plate using a CNC milling machine. Final
machining of the specimen sides was performed on a diamond wheel to minimize damage
from the milling process.

Figure 7-4: Four-point bend specimen dimensions.
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In total eight specimens were tested on a 5 kN Instron test machine. The span between
the two bottom supports and the two top supports were 128 mm and 64 mm respectively.
A loading rate of 4 mm/min was used resulting in failure taking place at 3-5 minutes from
the start of loading.
Four of the eight specimens tested had strain measurements recorded. Instead of using a
conventional strain gauge, strain was measured along the length of the specimen by bonding
a fiber optic cable [198, 199] in the thickness of the specimen as shown in Figure 7-5 and
Figure 7-6. The advantage of using the fiber optic cable to measure the strain is that the
relative size (width) of the specimen to a strain gauge is smaller so a more localised strain
in our experiments could be compared against the FE model.

Figure 7-5: Experimental setup of the four-point bend test [170].

Figure 7-6: Picture of the fibre optic cable bonded to Specimen No 7.

In conjunction with the strain measurements, a FLIR thermal imaging camera was used to
capture any thermal spikes that result from initial failure in the specimen. However, this
technique was only able to observe failure on exposed faces of the specimen and could not
capture any internal damage or damage on surfaces that weren’t facing the direct view of
the camera.
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Experiment results

The time at failure picked up by the FLIR camera was used as the basis for analysing the
results. Figure 7-7, shows an example of the temperature spike picked up by the FLIR
camera for Specimen No 2. Table 7-1, records the displacements at failure for the eight
experiments performed.

Figure 7-7: Temperature spike picked up at failure in Specimen No 2 [170].

Table 7-1: Displacement at failure for the eight specimens tested [170].

Specimen
No:

Displacement at initial failure
[mm]

1

7.61

2

7.18

3

7.39

4

6.80

5

8.79

6

9.29

7

6.97

8

7.24

From Table 7-1, it was seen that the observed load at failure was consistent (with a
standard deviation of 0.90 mm and mean of 7.66 mm). The load displacement curves up
to ultimate failure for the eight experiments are shown in Figure 7-8.

Chapter 7: Proposed Matrix Failure Criterion

207

Figure 7-8: Load-displacement curve for the eight experiments performed.

7.2.2 Failure at the macro-level
7.2.2.1

Finite Element Analysis

Finite element analysis was used to process all the experimental results to establish which
ply had failed and to obtain the stress and strain states on the matrix. The finite element
package ABAQUS 6.13 was used. Each of the 16 plies were modelled with 4 elements
through their thickness. The top and bottom nodes of each ply were tied together, assuming
a perfect contact. 8-node linear brick elements with reduced integration and hourglass
control were used for the specimens (C3D8R). In total there were 39168 elements and 46865
nodes. The material properties for EP 280 Prepreg were assigned to each ply with an
orientation specified through ABAQUS GUI. A frictionless tangential constraint was
applied between the top loading pins and the specimen whilst a zero displacement
constraint along the x-direction was applied in the positions of the bottom supports.
Figure 7-9, shows the boundary conditions applied to the FE model. A plot of the von
Mises stress contour for Specimen No 1 is shown in Figure 7-10.

Figure 7-9: FEA model of the specimen along with boundary conditions. Where: displacement
in the x, y, z directions is denoted as U1, U2, U3 respectively. ‘disp’ is the displacement
values taken from Table 7-1.
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Figure 7-10: Plot of the maximum principal stress through the thickness of Specimen No 1.

The strain (𝜀𝑥 ) along path AA shown in Figure 7-9 was extracted and plotted in Figure 7-11.
These strains were extracted from four of the experiments (specimen No: 5-8) at 100 s from

the start of loading. The corresponding displacements at this time were used in the FEA
models to obtain a comparative strain state. The FEA model matched the experiment
results to within 10%, thus it was considered appropriate for the remainder of the analysis.

Figure 7-11: Comparison of the FEA and experiment strain values at a time of 100 sec [170].
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Results

The strain state (along path BB) of the specimen shown in Figure 7-9, was extracted for
each ply and is shown in Table 7-2 and Table 7-3. The inner plies were found to experience
lower order values and were not considered to fail before any of the four outer plies. Thus,
they were excluded from the analysis.
Table 7-2: Critical global strains in the four outer plies of the global model for Specimen No: 1
(laminate coordinate system) [170].

Ply No

Fiber
direction

(µ-strain)

εxx

(µ-strain)

εyy

(µ-strain)

εzz

(µ-strain)

γxy

(µ-strain)

γxz

(µ-strain)

γyz

1

-45°

-10100

4960

2010

-2485

3080

590

2

0°

-8700

4440

1420

-482

3710

-4200

3

45°

-7400

3110

1270

1122

5670

-6900

4

90°

-6000

1190

1230

-22

-3600

-100

13

90°

6120

-1200

-1200

17

-3900

-100

14

45°

7470

-3200

-1200

-1146

5560

-7000

15

0°

8860

-4500

-1400

490

3550

-4300

16

-45°

10430

-5100

-2100

2629

2580

350

Table 7-3: Critical local strains in the four outer plies of the global model for Specimen No: 1
(laminar material coordinate system) [170].

Ply No

Fiber
direction

(µ-strain)

ε11

(µ-strain)

ε22

(µ-strain)

ε33

(µ-strain)

γ12

(µ-strain)

γ13

(µ-strain)

γ23

1

-45°

-1304

-3789

2013

15018

-1763

2597

2

0°

-8708

4443

1422

482

-3711

-4157

3

45°

-1564

-2686

1274

-10460

903

-8923

4

90°

1195

-6012

1226

-21

-139

-3617

13

90°

-1217

6120

-1185

17

-141

-3916

14

45°

1584

2729

-1218

10635

998

-8862

15

0°

8857

-4520

-1360

-489

-3553

-4283

16

-45°

1353

3982

-2055

-15517

-1575

2074
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Discussion

Conventional analysis techniques have usually stopped at the laminae level (as discussed
in Chapter 5) [7]. To provide an idea of the predictive ability of some of these failure
criteria to examine matrix failure; the following five failure criteria were compared:
1. Maximum Stress failure criterion.
2. Maximum Strain failure criterion.
3. Tsai-Hill’s failure criterion.
4. Tsai-Wu’s failure criterion.
5. Hashin-Rotem failure criterion.
These lamina level failure criteria require information about the stresses at failure for the
lamina (EP280 Prepreg). These critical values were presented in Chapter 5, but have been
presented again in Table 7-4 for convenience. X, Y and Z denote the strengths in the fibre,
transverse and through thickness directions. The subscripts: ‘t’ and ‘c’ imply tensile or
compressive values. Sab represents the shear strengths with subscript ‘ab’ specifying their
directions.
The experiments involved: longitudinal tensile tests, transverse tensile tests and transverse
compressive tests performed in accordance with the ASTM D 3039 and ASTM D 695
standards, respectively. In-plane and out-of-plane shear tests were also performed in
accordance with ASTM D 5379. The stress/strain behaviours are shown in Figure 7-12 and
Figure 7-13.

Method
obtained

Method
obtained

Xt

1200

Experiments

Zt

25

Experiments

Xc

610

Manufacturer

Zc

125

Experiments

Yt

25

Experiments

Sxy

60

Experiments

Yc

125

Experiments

Sxz

60

Experiments

Syz

20

Experiments

…

Failure stresses
[MPa]

…

Failure stresses
[MPa]

…

Table 7-4: Strength values for EP 280 Prepreg.
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Figure 7-12: Stress-strain curves obtained for EP 280 Prepreg under longitudinal and
transverse tensile loading [170].

Figure 7-13: Stress-strain curves obtained for EP 280 Prepreg under in-plane and out-ofplane shear loading [170].

From Figure 7-12 and Figure 7-13, it was seen that the material demonstrated nonlinearity
in shear whilst behaving linearly under normal loading. In order to capture this nonlinear
behaviour in the analysis; the critical failure strains shown in Table 7-3, were converted to
stresses using the concept of a linear stress strain behaviour in the material normal
directions and nonlinear material behaviour in the shear directions. Note that shear in the
‘13’ direction was assumed to be the same as in the ‘12’ direction [200]. As matrix failure
is the primary interest of this Thesis; ply 2 and 15 were excluded from the remainder of
this investigation as their behaviour was predominantly influenced by the fiber. The stress
based failure results are presented in Table 7-5.
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Table 7-5: Critical local stresses in the outer plies of Specimen No: 1 [170].

Ply No

Fiber
direction

σ11
[MPa]

σ22
[MPa]

σ33
[MPa]

τ12
[MPa]

τ13
[MPa]

τ23
[MPa]

1

-45°

-170.82

-23.49

12.48

28.64

-4.31

2.75

3

45°

-204.88

-16.65

7.90

-25.03

2.21

-9.36

4

90°

156.55

-37.27

7.60

-0.05

-0.34

-3.83

13

90°

-159.43

37.94

-7.35

0.04

-0.35

-4.15

14

45°

207.50

16.92

-7.55

25.17

2.44

-9.30

16

-45°

177.24

24.69

-12.74

-29.04

-3.87

2.20

The equations for the five macro-mechanical failure criteria discussed in this section can
be found in Section 2.4 of Chapter 2. The relevant equations and the critical failure stresses
shown in Table 7-5. In order to aid in the discussion of the results for this chapter, all the
relevant failure criteria have been expressed in terms of a failure index (FI). A FI value of
one or greater indicates failure and values below one indicated no failure. The magnitude
of the FI values were used as a gauge to assess the failure criterions’ predictive ability. The
results are summarised in Table 7-6. Note that for the Maximum Stress and Strain failure
criteria, six forms of the criteria exist (one for each material direction). All six were

compared but it was found that the stress in the transverse direction (i.e. 𝜎22 ) gave the

matrix failure results of interest in this thesis. Thus, they are the only values shown in
Table 7-6 for the corresponding criteria. Similarly, Hashin-Rotem’s failure criterion uses
three conditions to assess failure, it was found that condition 2 (transverse matrix failure)
was the condition of interest, thus only those results have been presented in Table 7-6.

Table 7-6: Summary of matrix failure predictions expressed as failure indexes [170].

Ply N

o

Fiber

Max

Max

direction

Stress

Strain

(σ22)

(σ22)

Tsai-Hill

Tsai-Wu

Hashin-Rotem
(condition 2)

1

-45°

0.19

0.21

0.39

-0.25

0.28

3

45°

0.13

0.14

0.53

-0.12

0.41

4

90°

0.30

0.34

0.17

-0.72

0.13

13

90°

1.52

1.72

2.96

1.96

2.35

14

45°

0.68

0.69

1.18

0.63

0.85

16

-45°

0.99

1.10

2.01

1.03

1.22
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The results presented in Table 7-6 is discussed at the end of this chapter in Section 7.2.4.
In the next section (Section 7.2.3), the matrix failure predictions at a micro-mechanical
level using Representative Volume Elements (RVEs) is discussed.

7.2.3 Failure at the micro-level
The model of the laminate and the critical stress and strain states obtained in the previous
section was used in the micro-mechanical analysis. Discussed in this section. In order to
perform the analysis, Representative Volume Elements (RVEs) were utilised. The fiber and
the matrix were assumed to have isotropic properties previously obtained in Section 6.1.3.
For convenience their properties have been shown in Table 7-7. Where, ‘E’ is the Young’s
Modulus, ‘G’ is the Shear Modulus, and ‘v’ is the Poisson’s ratio.
Table 7-7: Fibre and matrix properties (EP 280 Prepreg).

7.2.3.1

Property

Fibre

Matrix

E

259 GPa

3.15 GPa

G

100 GPa

1.21 GPa

v

0.3

0.3

Finite Element Analysis

Micro-mechanical analysis is reliant on FEA to extract the individual stress/strain states
on the fiber and the matrix. The strain state within the centre of the specimen (along path
BB) shown in Figure 7-9 was extracted for each ply. The strain values shown in Table 7-3
were then applied as displacement boundary conditions onto a RVE with a square fibre
configuration. Note that the square fibre configuration was chosen to asses which of the
four outer plies should be assessed in further detail. Once identified; all four fibre
configurations (square, diamond and vertical/horizontal hexagonal) were examined.
In these particular experiments, all the normal and shear directions needed to be taken
into account in the RVE. This was handled by using the principal of superposition
previously discussed and given by Eqn. 6-5. Thus, one RVE for the three normal strains
and three separate RVEs for each shear strain component was modelled.
In the previous experiments discussed in this thesis; the matrix (EP 280) had been
predominantly tested under multiaxial tension or compression and a linearly elastic
material assumption was found to be appropriate [86, 141]. However, the lamina level shear
strains shown in Table 7-3 were found to be one of the dominant stress cases which also
demonstrated nonlinearity. Thus, it was important that the FEA model correctly
accounted for this case.
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It was important that the nonlinearity (shown in Figure 7-13) observed at the lamina level
was also reflected in its constituents (i.e. the fibre and the matrix). In order to do this,
three numerical micromechanical models were compared: Rule of Mixtures [7], HalpinTsai’s equation [7] and Chamis’s equation [48] (given by Eqns. 7-7 to Eqn. 7-9 respectively).
In this thesis the fibre was assumed to behave in a linear isotropic manner, whilst the
matrix was treated as an isotropic material which behaved linearly in the materials’ normal
directions, but nonlinearly in its shear directions. A plot of the matrix nonlinear
relationship using Eqns. 7-7 to Eqn. 7-9 is shown in Figure 7-14.
𝑣𝑓 (1 − 𝑣𝑓 )
1
=
+
𝐺12 𝐺𝑓
𝐺𝑚
𝐺12

𝐺𝑚 (1 + 𝜉𝜂𝑣𝑓 )
=
𝜂𝑣𝑓
𝐺12 =

Where:
𝜉=
𝐺12 =
𝐺𝑚 =
𝐺𝑓 =

7-7

𝐺𝑓
− 1)
𝐺𝑚
𝑤ℎ𝑒𝑟𝑒 𝜂 =
𝐺
( 𝑓 + 𝜉)
𝐺𝑚
(

𝐺𝑚

𝐺
1 − √𝑣𝑓 (1 − 𝑚⁄ )
𝐺𝑓

7-8

7-9

Calibration factor.
Shear modulus of the lamina.
Shear modulus of the matrix.
Shear modulus of the fibre.
𝑣𝑓 = Fibre volume fraction.

Figure 7-14: Nonlinear stress/strain relationship for the lamina and the matrix (EP 280)
[170].
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Table 7-8, shows the prediction of the laminas initial elastic shear modulus for the three
micro-mechanical models that were compared. It was seen that the Rule of mixtures over
predicted the shear modulus, whilst the Halpin-Tsai and Chamis models were able to
predict the shear modulus to within 10% accuracy. For the Halpin-Tsai model, this
accuracy was expected as the model has a calibration factor to improve its prediction. On
the other hand, the Chamis model had no calibration factors and was able to maintain a
good elastic shear modulus prediction of 9%. For this reason, the Chamis micromechanical
model was selected as the basis of modelling the shear nonlinearity of the matrix (EP280).
A user material subroutine (UMAT) was written for ABAQUS v6.13 to implement
anisotropic nonlinear material behaviour.
Table 7-8: Elastic shear modulus prediction given by three different micro-mechanical models
[170].

Gm [GPa]

Percentage difference from experiment
value

Experiment

1.21

NA

Rule of mixtures

2.27

88%

Halpin-Tsai

1.21

0%

Chamis

1.32

9%

There are two considerations that need to be taken into account when assessing the location
of matrix failure in the four-point bend specimens:
1. Intralaminar failure (matrix failure within a ply)
2. Interlaminar failure or delamination (matrix failure between plies)
Analysing these two locations differ slightly in their method. These differences are discussed
in the next two sections.

7.2.3.1.1 Intralaminar failure
Performing micro-mechanical analysis using RVEs to assess failure within a ply, uses the
same process as discussed previously in Section 6.1 of Chapter 6. Note that the critical
location of the RVEs at which the failure stresses on the matrix were extracted was
obtained by viewing the Drucker-Prager or First Stress invariant as a contour plot,
depending on the nature of failure experienced on the ply. An example of the critical
locations obtained for Specimen No 1, ply 3 and ply 13 can be seen in Figure 7-15 and
Figure 7-16 respectively.
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Figure 7-15: Example of the critical location selected for a square RVE (Specimen No: 1,
ply 3) using a Drucker-Prager stress contour plot.

Figure 7-16: Example of the critical location selected for a square RVE (Specimen No: 1,
ply 13) using a First Stress Invariant contour plot.

7.2.3.1.2 Interlaminar failure
Performing micro-mechanical analysis to examine matrix failure between adjacent plies
requires a slightly different method in which to setup the RVEs. This type of failure was
observed on some specimens as shown in Figure 7-17. However, it should be noted that the
time between an initial spike picked up by the FLIR camera and the time at which a clear
sign of delamination occurred was quite small. Thus FEA is a useful tool to help separate
the two events in order to pinpoint the most likely location of initial matrix failure.

Figure 7-17: Example of delamination picked up by the FLIR camera on Specimen
No: 8.
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When setting up a suitable RVE to perform this micro-mechanical analysis, there have
been some suggestions made in literature [23, 200]. Unlike the case where different fibre
stacking configurations were investigated to examine matrix failure within a ply, the use
of square, diamond, and hexagonal fibre configurations is not necessarily applicable to
RVEs when adjacent plies have different fibre configurations (as is the case with these
specimens). One type of RVE was analysed in this part of the study as shown in Figure 7-18.
Note that the RVEs shown are the small unit cells that would allow periodicity to be
maintained. Any smaller and the rule of being able to stack the RVEs side by side to form
an array of RVEs representative of the lamina would be violated.

Figure 7-18: Example of an RVE to model interlaminar failure (50% fibre volume fraction).

Applying boundary conditions to the RVE can be seen in Figure 7-19. Essentially the
displacement loads are applied to the exposed sides of the RVE with their magnitude and
directions taken from a critical location on the ply. The principal of super-positioning was
then used to obtain the final principal stress on the matrix. The rest of the model was then
setup in the same way as all previous micro-mechanical investigations involving RVEs.
Note that the material nonlinearity in the shear directions was also incorporated in these
models. The inbuilt submodelling feature in ABAQUS v6.13 (also used to process the offaxis compression results) was later used to process all the interlaminar matrix stresses, to
quicken the computational modelling and analysis stages.

(a)
(b)
Figure 7-19: Example of boundary conditions applied to an RVE examining interlaminar
failure: (a) normal loads, (b) in-plane shear loading (i.e. '12' direction).
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The critical location on the RVEs was identified in the same way as performed in previous
sections of the thesis, where a stress contour plot was made. An example of the critical
location for an interlaminar RVE is shown in Figure 7-20.

Figure 7-20: Example of critical location on an RVE examining interlaminar failure
between plies 3 and 4 (Specimen No: 1).

Six locations examining interlaminar failure were investigated, between: (a) ply 1 and 2,
(b) ply 2 and 3, (c) ply 3 and 4, (d) ply 13 and 14, (e) ply 14 and 15, and (f) ply 15 and
16. Of particular interest was case (b) due to the experiments showing delamination in this
region. All other locations were not considered significant as failure was not observed in
the experiments or the magnitude of their stresses/strains was not critical.
7.2.3.2

Results

1024 simulations would need to be run in total for the 8 specimens tested, where each of
the four outer plies (plies 1-4, 13-16) and the interlaminar models were analysed using
RVEs which included normal and shear loads and four different fiber configurations. To
reduce this number by a fifth, only one fiber configuration (square) was initially analysed
for all the plies in Specimen No 1. Then based on experimentally observed failure locations;
plies 3 and 13 were analysed in more detail for the remainder specimen tests.
The processed results for the square fiber configuration RVE using Specimen No 1
experimental results are recorded in Table 7-9. Where: σ1, σ2, and σ3 are the three principal
stresses. The principal stresses at the critical locations between plies is shown in Table 7-10.
All the results were plotted in 3D stress space (Figure 7-21) with the proposed matrix
failure envelope presented at the start of this chapter.
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Table 7-9: Principal stresses (at critical location) on the matrix for a square fiber
configuration RVE (Specimen No: 1).

Ply
No

Fiber direction

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

1

+45°

17.21

-125.52

-29.65

2

0°

50.88

-15.91

-5.33

3

-45°

20.01

-104.30

-23.17

4

90°

-31.47

-110.03

-38.67

13

90°

112.14

31.88

39.36

14

-45°

116.12

-32.05

25.24

15

0°

16.25

-51.69

5.62

16

+45°

128.33

-14.18

31.21

Table 7-10: Interlaminar principal stresses (at critical location) on the matrix
(Specimen No: 1).

Between
Ply No

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

1-2

54.38

-46.95

-35.33

2-3

52.12

-60.16

-24.53

3-4

119.93

-7.06

1.23

13-14

45.04

-8.23

8.11

14-15

60.37

-52.06

24.61

15-16

45.64

-55.63

37
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Figure 7-21: Plot of preliminary stress results for the matrix at different locations of
Specimen No 1 (using a square fibre configuration RVE).

Post inspection of the specimens revealed that Plies 1, 3, 13, and 16 had failed. Ply 3 failure
was picked up by the FLIR camera. However it should be noted that the FLIR camera was
only able to pick up failure on the specimen facing the camera directly and was not able
to indicate whether other plies had also failed (if located outside the view of the camera).
Failure of Plies 1 and 16 was visible from post inspection of all the specimens although
they were not observed to fail throughout the load regime indicating that failure had
occurred before Ply 3 but was undetected. Ply 1 failure demonstrated signs of fiber kinking,
which is a known characteristic resulting from matrix shear [200]. To inspect matrix failure
on the inner plies a diamond wheel was used to grind each ply off one at a time. On
Specimen No 1, 5, and 6; cracks were visible on ply 13 indicating matrix failure, whilst on
the other specimens, no clear matrix cracks were observed. This may have been indicative
that the other specimens were on the verge of failure [170]. Pictures of the specimens during
post-failure inspection are shown in Figure 7-22.

Chapter 7: Proposed Matrix Failure Criterion

221

Figure 7-22: Failure observed in specimens after post-failure inspection [170].

For these reason, the remainder of the investigation focussed on ply 13 and ply 3.
Table 7-11 and Table 7-12 summarises the intralaminar stress states at failure for the
matrix on all eight specimens. The principal stresses shown are the average of four fiber
configurations tested: square, diamond, horizontal hexagonal, and vertical hexagonal
configurations discussed earlier.
Table 7-11: Principal stresses on ply 3 for the matrix (average of four fiber configurations).

Ply
No

σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

1

3

33.53

-91.01

2

3

37.78

3

3

4

Specimen N

o

Standard deviation
σ1
[MPa]

σ2
[MPa]

σ3
[MPa]

-18.04

15.47

3.95

13.44

-91.88

-17.48

11.47

4.48

16.06

36.45

-91.88

-17.92

13.40

4.59

16.84

3

36.99

-88.15

-16.46

11.48

4.21

15.10

5

3

37.25

-103.77

-21.44

12.84

5.54

19.80

6

3

37.02

-107.33

-22.68

13.66

5.90

20.87

7

3

37.07

-89.44

-16.84

11.70

4.32

15.49

8

3

37.31

-91.76

-17.50

12.07

4.52

16.18

Average:

3

36.68

-94.40

-18.55
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Table 7-12: Principal stresses on ply 13 for the matrix (average of four fiber configurations).

Specimen No
1
2
3
4
5
6
7
8
Average:
7.2.3.3

Ply
No

13
13
13
13
13
13
13
13
13

σ1
[MPa]

σ2
[MPa]

86.28
81.27
83.77
76.68
100.35
106.16
78.68
81.81
86.88

12.56
11.77
12.20
11.16
14.58
15.62
11.39
11.86
12.64

σ3
[MPa]

25.81
24.32
25.07
22.95
30.01
31.81
23.49
24.45
25.99

Standard deviation
σ1
[MPa]

19.38
18.25
18.79
17.24
22.56
23.65
17.64
18.33

σ2
[MPa]

σ3
[MPa]

17.52
16.51
17.03
15.61
20.42
21.80
15.98
16.62

10.72
10.10
10.41
9.54
12.48
13.21
9.76
10.15

Discussion

At the start of this chapter and in previously published work [86, 111, 141], the material
being tested (EP 280) was designed so that failure points for the matrix could be obtained
from which a failure criterion for the matrix was recommended. In this part of the chapter,
the accuracy of the proposed failure criterion is verified by performing tests on a typical
laminate stacking sequence found in composite structures. It was found that the DruckerPrager failure criterion best predicted compressive and shear modes of failure in the matrix
material (EP 280) used in this study (Eqn. 7-6). It was also found from biaxial tensile tests
performed on EP 280 Prepreg specimens to fall on the First Stress Invariant given by
Eqn. 7-6. To aid in the discussion of the results and to be consistent with previous results
obtained using the various failure criteria discussed in Section 7.2.2.3, Eqn. 7-6 is presented
as a failure index given by Eqn. 7-10.
⎧𝜎1 + 𝜎2 + 𝜎3 ≥ 1,
𝑤ℎ𝑒𝑟𝑒
𝜎1 , 𝜎2 , & 𝜎3 ≥ 0
{
𝑋𝑡
{
:
{
{
𝑒𝑙𝑠𝑒:
⎨
:
{
1
2
{
√ [(𝜎1 − 𝜎2 ) + (𝜎2 − 𝜎3 )2 + (𝜎3 − 𝜎1 )2 ]
{
6
≥1
{
𝐴 − 𝐵(𝜎1 + 𝜎2 + 𝜎3 )
⎩
Where:
𝜎1 , 𝜎2 , 𝑎𝑛𝑑 𝜎3 = The principal stresses.
𝑋𝑡 = The uniaxial tensile strength of the matrix
material.
′𝐴′, 𝑎𝑛𝑑 ′𝐵′= Curve fitting parameters for Drucker-Prager
failure criterion using matrix data.

7-10
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The failure index values obtained using Eqn. 7-10 are shown in Table 7-13 and Table 7-14.
Matrix failure is predicted when Eqn. 7-10 is greater than or equal to one. The First Stress
Invariant was found by performing biaxial tensile tests on three different types of specimens;
(a) biaxial tensile tests on a neat resin specimen made of the same matrix material where
J1 was found to be equal to 153.2 MPa, (b) biaxial fiber reinforced specimens where J1 was
found to be equal to 167.5 MPa, (c) uniaxial off-axis tensile tests on fiber reinforced
specimens (J1=120.4 MPa). The Drucker-Prager curve fitting parameters were found earlier
to be: A = 62.25, and B = 0.061.

Table 7-13: Comparison of processed experiment results for ply 3 with the Drucker-Prager
failure criterion [170].

Specimen No

Ply No

Drucker-Prager failure
index

Outcome:

1

3

0.94

Close to failure

2

3

0.98

Close to failure

3

3

0.97

Close to failure

4

3

0.95

Close to failure

5

3

1.05

Failed

6

3

1.07

Failed

7

3

0.96

Close to failure

8

3

0.97

Close to failure

Table 7-14: Comparison of processed experimental results of ply 13 with the First Stress
Invariant [170].

Specimen No

Ply No

Failure index
when J1 =167.5

Failure index
when J1 =120.4

Failure index when
J1 =153.2

1

13

0.74

1.04

0.81

2

13

0.70

0.97

0.77

3

13

0.72

1.01

0.79

4

13

0.66

0.92

0.72

5

13

0.87

1.20

0.95

6

13

0.92

1.28

1.00

7

13

0.68

0.94

0.74

8

13

0.71

0.98

0.77
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The failure results from the four point bend tests were plotted on the previously obtained
Drucker-Prager failure surface and the First Stress Invariant. This is shown in Figure 7-23.

Figure 7-23: Plot of processed failure results on the previously obtained Drucker-Prager
and First Stress Invariant [170].
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7.2.4 Overall discussion
The results for matrix failure prediction at the macro (i.e. lamina) level were compared
against the matrix failure prediction obtained at a micro level. Table 7-15, summarises the
results for Specimen No 1 discussed using the method discussed in the previous two sections.
For completeness of data the readers may refer to the original data presented in Table 7-13
and Table 7-14.
Table 7-15: Summary of matrix failure predictions at the macro and micro level (using
Specimen No 1 results) [170].

Failure at the micro

Failure at the lamina level
Ply No

level
Hashin-

Drucker-Prager &

Rotem

First Stress Invariant

(Condition 2)

Hybrid (J1=120.4)

-0.25

0.28

1.03

0.53

-0.12

0.41

0.94

0.82 (σ33)

0.17

-0.72

0.13

0.59

1.52 (σ22)

1.72 (σ22)

2.96

1.96

2.35

1.04

14

0.68 (σ22)

0.69 (σ22)

1.18

0.63

0.85

1.34

16

0.99 (σ22)

1.10 (σ22)

2.01

1.03

1.22

1.36

Max

Max

Tsai-

Tsai-

Stress

Strain

Hill

Wu

1

0.5 (σ33)

0.97 (σ33)

0.39

3

-0.47 (σ23)

0.69 (σ33)

4

-0.30 (σ22)

13

The values in Table 7-15 are presented in failure index (FI) form where a value of one or
greater indicates failure to have taken place. As discussed in Section 7.2.3.2 and shown in
Figure 7-22, post inspection of the specimens revealed plies 1 and 16 (the two outer plies)
to have failed sometime early on in the loading regime. From Table 7-15, it can be seen
that the Maximum Strain failure theory predicts failure about to take place (FI=0.97)
whilst all the other lamina level failure criteria suggest that no failure has taken place, thus
over predicting failure. The hybrid criterion used for the micromechanical analysis was the
only failure criterion that correctly predicted failure to have taken place early on in the
loading regime (FI=1.03). Looking at the FI values for ply 16, it can generally be said that
all the lamina level failure criteria predicted failure to have taken place. However the spread
in their predictions is quite large with Tsai-Wu predicting failure (FI=1.03) taking place
slightly earlier than when the experiments were stopped, whilst Tsai-Hill failure criterion
predicted failure to take place (FI=2.01) at almost half way into the loading regime.
Micromechanical analysis using the proposed failure criterion also predicted appropriate
failure with an FI value of 1.36 which generally falls in the mean of the spread given using
the lamina level failure criteria. Validation of which criterion is most accurate for failure
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prediction of ply 16 cannot be made as the time at failure was not observed but overall it
can be said that all failure criteria did correctly predict failure to have occurred. Ply 3 was
the most important to consider from the experiments, as the time at failure was observed
using the FLIR thermal camera and post-inspection had also revealed matrix failure in this
ply. Using Table 7-15, all the lamina level failure criteria did not predict failure, with the
closest being predicted by Maximum Strain failure criterion which suggested that the
specimen was 69% of the way to failure (FI=0.69). On the other hand, the micromechanical
hybrid failure criterion proposed in this thesis gave the best prediction of FI=0.94. Thus
with a 6% error it can be said that this model was able to capture matrix failure in ply 3.
The final ply that was inspected for damage was ply 13. Ply 13 was of particular interest
due to two reasons: (a) due to the fact that in the macro-mechanical analyses; all the
failure criteria discussed predicted that ply 13 had failed (Table 7-15), (b) the second reason
is that ply 13 was found to experience a triaxial tensile stress state (although close to being
in shear) (Table 7-15). From Table 7-14 and Figure 7-23, it can be seen that the failure
observed in ply 13 (under triaxial tension) did cluster around the proposed failure surface.
With the best prediction given by the First Stress Invariant, when (J1) is equal to 120.4,
giving a difference of 4% (average) between the processed experimental results and the
proposed failure model.
The lamina level failure criteria all correctly predicted failure of ply 13 for Specimen No 1,
however their failure index values ranged from 1.53 to 2.96 given by Maximum Stress and
Tsai-Hill failure criteria respectively. This implies that all the lamina level failure criteria
predicted failure to have occurred earlier than the time at which the results had been
analysed, where a value of F1=2.96 suggests failure to have occurred very early in the
loading regime. Although no specific time at failure was observed for ply 13, a reasonable
assumption made is that it occurs around the time at which the loading regime was stopped,
as Specimen N0: 1, 5, and 6 shown in Table 7-14 were found to have failed whilst all the
other specimens tested had not [86]. Thus the micromechanical analysis using the First
Stress Invariant still gave the best failure prediction with an FI value of 1.04.
The results presented here demonstrate the success in using micro-mechanical analysis to
predict matrix failure in composite structures using the hybrid failure criterion given by
Eqn. 7-6.

7.3 Potential application
Throughout this study, a thorough investigation examining the failure behaviour of the
matrix found in FRPC has been made. Two analysis methods were investigated: the macromechanical and micro-mechanical methods. It was identified that capturing matrix failure
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using a micro-mechanical level of analysis significantly improved the match between
experiments and the prediction given using a micromechanical based failure criterion.
A detailed insight into analysing the experiment results using RVEs was made in this thesis.
This was important in order to correctly model the failure behaviour of the matrix. It is
understood, that in real life applications the time involved to perform this type of an
investigation may be a hurdle. However, there are methods currently in place that
significantly reduce the amount of time needed to analyse the dehomogenised failure
stresses-strains within a composite structure, although this comes at a cost to accuracy.
One such method is the amplification approach that has been briefly discussed throughout
this thesis. The method does not require the user to perform a micro-mechanical analysis
using RVEs directly. Instead an initial investigation using RVEs is performed to obtain
‘amplification factors’ [23, 39]. Once performed, the lamina level stresses or strains are
multiplied by ‘amplification factors’ to establish the stresses or strains on the fibre and the
matrix. The stresses or strains on the individual constituents can then be compared against
various failure criteria such as the hybrid matrix failure criterion proposed in this study to
assess which regions of a composite structure have failed. A flowchart showing the process
and where this study fits into the overall scheme is shown in Figure 7-24.

Figure 7-24: Flow chart showing procedure for failure analysis of composite structures.
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Implementation of the matrix failure criterion is outside of this study, however the process
for implementation has been largely explained and various progressive failure models do
exist in literature [51-56, 157, 201, 202]. The advantage of these models is that the
progression of matrix failure (and/or fibre failure) can be viewed graphically whether it be
in a static analysis up to ultimate failure or in a fatigue analysis where the material
properties are gradually degraded until sudden failure is triggered. An example of
progressive failure in a composite laminate with a stacking sequence of [0, +45, 90, -45]2S,
width of 38.1 mm and a 6.35 mm diameter hole at the centre subjected to a static tensile
load up to failure is shown in Figure 7-25.

Figure 7-25: Example of progressive matrix failure over time (using Hashin's 3D failure
criterion).

The example of progressive matrix failure in Figure 7-25, uses the matrix tension failure
condition in Hashin’s 3D failure criterion. Implementation of the hybrid matrix failure
criterion proposed in this study, could similarly be made.

7.4 Summary
A criterion to predict matrix failure in FRPC using a micro-mechanical approach was
presented. The failure criterion was built on the concept proposed by Gosse and
Christensen [24] where they presented the Strain Invariant Failure Theory (SIFT). The
proposed matrix failure criterion is a hybrid formulation which uses the Drucker-Prager
failure criterion to predict compressive and shear dominant failure, whilst the First Stress
Invariant was found to predict triaxial tensile failure the best.
The remainder of the chapter performed validation experiments which were then analysed
at a macro- and micro-mechanical level to assess the proposed hybrid failure criterion
against existing criteria presented in literature. It was found that matrix failure was best
observed through the use of a FLIR camera. Other detection methods such as the load-
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displacement curve and visual inspection throughout the tests were not as conclusive. The
limitation of failure detection using the FLIR thermal camera is that failure on the exposed
faces of the specimen can only be detected. Matrix failure in ply 3 was picked up clearly
by the thermal camera and its time at failure was used as the basis for analysing all the
experiments. Post inspection of the specimens revealed ply 13 to be on the verge of failure
as 3 out the 8 specimens tested had shown signs of matrix failure where the outer layers
were removed using a diamond wheel.
Failure predictions at the macro and micro level were performed which revealed micromechanical analysis to do a much better job in capturing matrix failure. At the lamina
level, none of the five failure criteria investigated were able to predict failure of ply 3.
Whilst all of them over predicted failure of ply 13 by at least 52% with the worst over
predicting by nearly 200%. Ply 3 and ply 13 failure were best captured at the
micromechanical level to within 6% and 4% respectively for Specimen No 1. Thus, the
validation experiments identified the proposed hybrid failure criterion to best predict
matrix failure in composite materials over all other failure criteria examined in this thesis.
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Summary and conclusions

The primary aim of this thesis was to develop a failure criterion for the matrix constituent
found in fibre reinforced polymer composites (FRPC). Over the past decades of materials
research there has been quite a lot contributed to the understanding of monolithic materials
such as metals. However, with the comparatively recent use of composite materials, a lot
of the failure criteria used to examine its behaviour have been based on previous findings.
A review of literature had revealed that no single failure criterion was able to accurately
capture all failure modes of composites. An investigation into assessing the suitability of
various failure criteria at the macro- and micro-level was a key part of this study.
Conventional modelling techniques such as classical laminate theory examine composites
as a simple homogenized material at the laminate level. Although this is a step forward,
the behaviour of composites is complex and quite different depending on the length scale
being examined, as homogenisation in composites is a very complicated problem. It is often
said that there is no such thing as a composite material, but instead: composites of
materials. Advances in experimental and numerical modelling techniques over the past two
decades have come a long way allowing further detail to be introduced into modelling
techniques. A detailed investigation into a suitable modelling technique to separately
investigate the failure of the matrix was a major part of this investigation.
Through performing multiaxial tests on a newly design specimen, failure of the matrix
under multiaxial stress states was examined in great detail. By identifying a suitable micromechanical modelling technique to separately examine the failure of the matrix from the
composite lamina, a suitable criterion to assess matrix failure was able to be made.
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8.1 Major contributions
In order to develop a suitable failure criterion for the matrix, several supplementary aspects
were investigated and presented in this thesis. The main conclusions obtained in this
investigation are discussed in the following section.

8.1.1 Biaxial test machine
Test machines to perform biaxial/multiaxial tests are quite scarce and expensive. This has
been one of the factors contributing to the limited results published for materials under
biaxial/multiaxial failure stresses. In this thesis, an easy and economical solution was
proposed, through the use of an attachment that can be made to existing uniaxial test
machines. The attachment is unique in that only one additional loading arm was needed.
In order to prevent non-uniform deformation of specimens, the added loading system was
placed entirely on a set of bearings to provide a uniform deformation. This overcame the
need of complex control systems and accompanying feedback. Instead only the loading rate
needed to be controlled by a simple computer software. The test machine was capable of
accommodating specimens with a maximum dimension of 90 mm by 90 mm, whilst exerting
a maximum tensile load of 12 kN on each loading axis.

8.1.2 Biaxial specimen design for tensile testing
A thin plate specimen design with a reduced gauge region was found to successfully fail
under biaxial and uniaxial tension. The specimen design overcame the main shortfall of
cruciform specimens where a peak stress occurred at the corners. Observation of the stress
fields through the specimen revealed sufficient load reaching the gauge region. Preliminary
experiments through the use of a preload test fixture proved the specimen to fail
successfully and were deemed suitable for performing the biaxial tension experiments. The
design was later modified to perform biaxial tests examining matrix failure in fibre
reinforced polymer composite materials. It was found that the overall specimen design used
for isotropic materials remained unchanged with care needed in the stacking sequence. A
detailed parametric study revealed alternating layers of ±45° fibres gave the desired peak
stress within the gauge region.
The specimen design for biaxial tensile testing isotropic and anisotropic materials was
published and the relevant journal papers are shown below:
•

Chowdhury, N.T., Chiu, W.K., and Wang, J. Biaxial Specimen Design for

Structures Subjected to Multi-axial Loads. Advanced Materials Research, 2014.
891-892: p. 1633-1638.
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Chowdhury, N.T., Wang, J., and Chiu, W.K., Design of a Flat Plate Specimen

Suitable for Biaxial Tensile Tests on Polymer Materials. Polymer and Polymer
Composites, 2015. 23(9): p. 627-638.

8.1.3 Modelling matrix failure
The FRPC: EP 280 Prepreg was selected in this study to perform all the experiments.
Three different tests were performed: biaxial tension tests, uniaxial off-axis tension tests,
and uniaxial off-axis compression tests. The time at which matrix failure occurred and the
corresponding loads were successfully recorded. Off-axis compression test results were also
performed to examine matrix failure under compressive/shear modes of failure. Comparison
of matrix failure criteria under tension given by various lamina level failure criteria revealed
poor predictions. The macro-mechanical failure criteria examined demonstrated large errors
for the biaxial tension test results in particular where the matrix was found to be under
almost perfect biaxial tension. Matrix failure prediction using the off-axis tension test
results were found to be better. This was attributed due to the stress state also displaying
a significant in-plane shear component. Despite this, none of the tensile failure results were
able to be predicted to within 10% at the macro-mechanical level.
Micro-mechanical analysis was then used to separate the fibre and matrix constituents
from the lamina. A suitable technique involving superposition was presented that was able
to apply normal and shear loads on a Representative Volume Element (RVE), whilst
maintaining periodic boundary conditions. The method was applied to four different fibre
configurations, namely: a square, diamond, vertical hexagonal and a horizontal hexagonal
packing arrangement. The critical locations on the matrix constituent of the RVEs were
identified through means of a contour stress plot.
Overall it was found that analysing matrix failure in FRPC using a micro-mechanical
approach enabled the matrix constituent to be assessed in detail against suitable failure
criteria. This method significantly improved the large errors and conflicting results
obtained for the matrix when failure was assessed at the macro-scale (i.e. lamina level).
The biaxial tension and off-axis uniaxial tension results both indicated failure to be
following the First Stress Invariant over any other failure criteria. However, it should be
noted that a 1st order 3D regression performed on the uniaxial off-axis tension results
indicated that a modified form of the First Stress Invariant gave a better fit. This
phenomenon was considered to a downfall of the off-axis tension test which may have been
due to premature failure due to the high in-plane shear stresses associated with the
specimen design. Thus, use of the proposed biaxial specimen design presented in this thesis
was recommended. Micro-mechanical analysis of the off-axis compression tests, indicated
that failure was best predicted by Drucker-Prager failure criterion.
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It should be noted that hygrothermal effects were investigated for the FRPC material used
in this thesis (EP 280 Prepreg). It was found that the thermal residual strains that are
introduced to the material from its cure regime were almost entirely offset by the
absorption of moisture. For this reason hygrothermal effects were ignored.
The experiment results were published and the relevant journal papers are shown below:
•

Chowdhury, N.T., Chiu, W.K., Wang, J., and Yan, W., Matrix failure in

composite laminates under tensile loading. Composite Structures, 2016. 135: p. 6173.
•

Chowdhury, N.T., Wang, J., Chiu, W.K., and Yan, W., Matrix failure in

composite laminates under compressive loading. Composites: Part A, 2016. 84: p.
103-113.

8.1.4 Matrix failure criterion
A criterion to predict matrix failure in FRPC using a micro-mechanical approach was
presented. The failure criterion was built on the concept proposed by Gosse and
Christensen [24] where they presented the Strain Invariant Failure Theory (SIFT). The
proposed matrix failure criterion is a hybrid formulation which uses the Drucker-Prager
failure criterion to predict compressive and shear dominant failure, whilst the First Stress
Invariant was found to predict triaxial tensile failure the best.
The proposed matrix failure criterion was published and the relevant journal paper is shown
below:
•

Chowdhury, N.T., Chiu, W.K., Wang, J., and Yan, W., Predicting matrix failure

in composite structures using a hybrid failure criterion. Composite Structures, 2016.
137: p. 148-158.

8.1.5 Validation
Validation experiments were performed which were then analysed at a macro- and micromechanical level to assess the proposed hybrid failure criterion against existing criteria
presented in literature. It was found that matrix failure was best observed through the use
of a FLIR camera. Other detection methods such as the load-displacement curve and visual
inspection throughout the tests were not as conclusive. The limitation of failure detection
using the FLIR thermal camera is that failure on the exposed faces of the specimen can
only be detected. Matrix failure in ply 3 was picked up clearly by the thermal camera and
its time at failure was used as the basis for analysing all the experiments. Post inspection
of the specimens revealed ply 13 to be on the verge of failure as 3 out the 8 specimens
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tested had shown signs of matrix failure where the outer layers were removed using a
diamond wheel.
Failure predictions at the macro and micro level were performed which revealed micromechanical analysis to do a much better job in capturing matrix failure. At the lamina
level, none of the five failure criteria investigated were able to predict failure of ply 3.
Whilst all of them over predicted failure of ply 13 by at least 52% with the worst over
predicting by nearly 200%. Ply 3 and ply 13 failure were best captured at the
micromechanical level to within 6% and 4% respectively for Specimen No 1. Thus, the
validation experiments identified the proposed hybrid failure criterion to best predict
matrix failure in composite materials over all other failure criteria examined in this thesis.

8.2 Recommendations for future work
A micro-mechanical based matrix failure criterion has been developed in this study. The
following recommendations for future work should be considered to further improve the
applicability of this criterion:

•

The set of experiments performed on the FRPC used in this study (EP 280 Prepreg)
could be repeated using a different FRPC material to demonstrate its applicability
to various composite materials

•

Further validation experiments could be performed on actual composite structures
as opposed to standard coupon specimens. In order to be meaningful, it would be
important that some means of identifying matrix failure in the experiments would
be needed (for example using a FLIR camera).

•

The current techniques used to identify matrix failure have been limited to
detecting failure on the surface of specimens. Identification of better experimental
techniques to detect matrix failure within the specimen’s in-situ would be highly
advantageous to validate the developed failure criterion.

•

An anisotropic uniaxial dogbone specimen was found not to exhibit a uniaxial
failure stress on the matrix. Thus there are further opportunities to development
of a specimen that is able to produce a purely uniaxial failure stress state when
analysed at a micro-mechanical level. This would assist in clarifying the transition
region between the triaxial tension quadrant and the remainder of the failure
envelope.
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