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Abstract

The applicability of Mohr-Coulomb (M-C) failure hypothesis for anisotropic composite materials is re-
examined in this paper. Mohr-Coulomb failure theory has been widely referred to in the literature to
study the failure of unidirectional (UD) fibre reinforced composites under transverse loading including
the renowned Puck’s criteria. This has been partially validated based on the experimental correlations
with the predictions made by the M-C criterion for a few set of test cases, which remains a debatable
way of formulating composites failure criterion. It is brought to attention that Mohr utilised the concept
of principal stresses in constructing principal circles and assumed that the outermost circle represents
the critical state of failure. This hypothesis and its derivative “failure is dictated by the stresses acting
on the fracture surface” have thus been used for formulating the criterion for isotropic materials that
exhibit brittle fracture characteristics. However, the concept of principal stresses is not employable in
the analysis of composites. Hence, the same hypothesis may not be applicable in studying composite
materials. Also, the micromechanical aspects that lead to failure have not been taken into consideration
in this hypothesis which can lead to incorrect predictions in the case of composite materials.

The capability of an appropriately representative unit cell model in better understanding the
micromechanical aspects and the implications of the hypothesis is studied by attempting
micromechanical analysis of UD composites through UnitCells© tool. It is utilised to locate stress
concentrations within the unit cell from which the likely angle of the fracture surface can be identified.
It has also been shown that the stress concentrations could help locate the fracture angle for UD
composite materials as a sufficient but not a necessary requirement due to the presence of non-linear
behaviour before fracture. If one wishes to employ M-C failure hypothesis to formulate a failure
criterion, the assumption that the failure is determined by the stresses exposed on fracture surface has
to be made with caution.

Keywords: Mohr-Coulomb criterion, Failure criterion, Fracture surface, UD composites, Puck
criterion, Mohr’s circle, Principal stresses, Micromechanics, RVE, UnitCells.

1. Introduction

Since the first commercial use of aircraft on January 1st, 1914, the aviation sector has grown strongly
over the past century and is of great economic and social importance. Aircraft of today use hydrocarbon
based fossil fuels and thus add to anthropogenic CO- emissions resulting in climate change. The current
contribution of aviation sector to the global CO, emissions is approximately 2% which has been
estimated to grow to around 3-4% per year in line with the projected increase in passenger numbers [1].
Recognising this challenge to mitigate the emissions, global aviation organisations have called for steep
reductions in CO, emissions [1][2]. Given the long development cycle and lifetime of aircraft, it is
imperative that even those under design today need to undergo dramatic weight reductions in order to
reach these targets. Due to high specific properties and also the ability to tailor the required properties
optimally for the specific application, fibre reinforced composite laminate materials have gradually
replaced conventional materials like aluminium in the design of aerospace structures. The directional
nature of stiffness and strength in fibres provides a greater motivation for fabricating them into such
laminates consisting of thin unidirectional (UD) laminae with different reinforcement orientations.
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Owing to their greater adoption over the recent years, weight savings of up to 20% have been reported
in the aircraft designs [3]. However, there is still significant conservatism surrounding their use caused
by the difficulty in predicting their failure. Unlike isotropic materials whose failure modes have been
understood to a greater extent through empirical studies, the failure response of the composites is not
predicted completely yet. The tendency of laminates to fail progressively from initial cracking to final
fracture means that a cascading of damage modes is encountered during a typical loading scenario. Only
by achieving better understanding of the damage mechanisms involved, comprehensive failure criteria
can be established to aid in the optimal design of a composite component or structure.

Thanks to the surge in research efforts in this area, a number of failure theories and their variations [4]
are being proposed since 1950’s for composite materials in an attempt to predict their failure and hence
aid in structural design. In order to establish their level of maturity in predicting failure, a series of
benchmarking exercises under the name World-Wide Failure Exercise [5][6] is being conducted in the
composites community. The findings of the study have established so far that there is neither a
comprehensive theory addressing the entire range of design combinations possible (choice of fibres and
matrix, volume fractions, layer dimensions, fibre orientation, layup configurations and practical
loadings scenarios) nor a consensus among the theories in predicting a particular failure event. This
uncertainty surrounding failure prediction in composites is bound to have a cascading effect on the cost
to design, build and run the aircraft. Besides conservatism, weakness in predictive modelling also
dramatically increases the length and expense of design iteration and certification. This has resulted in
an undeniable need to improve failure models for composites and this will only come through an
improved understanding of the fundamental damage mechanisms and making hypothesis that better
reflect these damage mechanisms in composite structures.

Many composite failure criteria in practice including Tsai-Wu [7] are based on the yield criteria of von
Mises or Hill which hold good only for ductile isotropic materials. The composite materials, on the
other hand, fail in a brittle manner and this encouraged Puck [8] to use the failure hypothesis of Mohr
[9] as a guideline in formulating a failure criterion. Although it was earlier acknowledged by Hashin
[10], it was not accomplished in a fully functioning failure criterion and instead he resorted to the stress
invariant based approach. For the purpose of distinguishing between failure modes in the fibre and
matrix and the contributing stress components, Hashin [10] assumed that “the failure is dictated by the
stresses exposed on the fracture surface”. This hypothesis has been carried forward in the Puck’s criteria
citing the availability of enormously increased computer capacities making it desirable to develop and
apply these ideas further to study the Inter-Fibre Failure (IFF) or matrix failure [11]. The distinctive
feature of Puck’s criterion is that it identified the different modes of failure in composites and used the
information in formulating distinct failure criterion for each mode. Further, it involved the calculation
of fracture plane angle of IFF under the transverse loading conditions. Apparently, it was one of the
best failure theories found through World-Wide Failure Exercise-1 [5] as the predicted failure envelopes
correlated comparatively well with the test results than the other participants. Even, at a more recent
World-Wide Failure Exercise-1l [12], a theory by the codename LaRCO05 [13] which adopted Mohr’s
hypothesis for matrix failure “was able to capture almost all the features exhibited in the test results”
[6]. Although the adoption of Mohr’s hypothesis seems to have improved the predictions made by these
theories [8][13], there is still a great scope for improvement that requires further explanation on the
differences observed. Hence, a fresh look at the fundamental hypothesis of Mohr-Coulomb theory of
failure and its applicability to composites is desired. This would greatly help develop more
comprehensive failure criteria that better capture the various damage mechanisms.

Traditionally, effective material properties such as strength and stiffness used in designing composite
materials and structures are obtained by experimentally testing the material and any design
improvement has been achieved empirically and by qualitative judgement. However, the mechanical
behaviour of composite materials is different from that of the conventional engineering materials
because of their inherent heterogeneity. Following a typical design sequence of composite structure
(fibres and matrix — unidirectional lamina — laminate — laminated structure), it can be seen that the
composite materials are of such immense variety and hence proper analysis, rather than experimentation
and empiricism, would be the practical procedure to obtain their effective properties. The viewpoint of
micromechanics [14] enables studying the mechanical behaviour of composite materials much more

Royal Aeronautical Society 2



5™ Aircraft Structural Design Conference, 4" — 6™ October 2016, Manchester UK

conveniently under the action of loads. Micromechanics approach allows predicting the properties of
such heterogeneous composite materials on the basis of the geometries and properties of the individual
constituent materials by approximately homogenising the material. As an added advantage,
understanding the micromechanics of materials allows evaluating the local stress and local strain fields
in the constituents for given macroscopic load states, constituent properties and geometries. Such
knowledge is especially important in understanding and describing the material damage and failure.
These two aspects of micromechanics are of interest in meeting the objectives of the paper.

In micromechanics approach, a common way of homogenising the composite material while retaining
the heterogeneity present between fibres and matrix has been done by representing the composite
material through representative volume elements (RVEs) or unit cells (UCs). An RVE is the smallest
volume of a heterogeneous composite material that is of sufficient size for representing the effective
properties of the constituents in a statistical sense necessary for obtaining the homogenised material
behaviour. When such a volume or the microstructure under consideration show up in a periodic manner
in the material, UCs can be a more convenient form of RVE as demonstrated in [15]. One can imagine
that a three-dimensional repetition of UCs would yield the whole material and by establishing
appropriate boundary conditions for each UC, the micromechanical analysis of the whole material can
be performed. Figure 1 below illustrates the concept of unit cell using a square periodic element.
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Figure 1. Square Unit Cell

The UCs can be used to study the material properties by a range of methods [16] viz. analytical methods,
numerical methods such as finite element (FE) and finite difference (FD), boundary element methods,
variational principle models, elasticity approach and also semi-empirical methods such as Halphin-Tsai
model. This research work, in fact, attempts at revisiting the fundamental hypothesis of Mohr-Coulomb
theory of failure and understand its extend of applicability to composite materials by conducting finite
element based micromechanical analysis using UnitCells© as a vehicle. Chapter 1 has introduced the
background information on the Mohr’s hypothesis and the micromechanical modelling approach used
to clearly lay down the motive of this research. Chapter 2 focuses on the history of research works in
formulating failure criteria for fibre reinforced composite laminate materials providing a critical
understanding of the Mohr-Coulomb failure hypothesis. Chapter 3 provides an overview of the
micromechanical modelling tool UnitCells®© utilised in this work and the FE analysis methodology has
been elaborated in chapter 4. The simulation results obtained using the FE method are presented and
further discussed in chapter 5. Finally, the conclusions are drawn out in chapter 6.

2.  Mohr-Coulomb Failure Hypothesis

Dating back to the classic literature, Coulomb (1773) [17] and Mohr (1900) [9] separately proposed
hypotheses on the fracture of brittle materials. Timoshenko [18] and Nadai [19] has provided a detailed
account on the evolution of these hypotheses. However, to the knowledge of the authors, it was Paul
[20] in 1961 who referred to them together as “Coulomb-Mohr theory of fracture” and modified the
failure criterion to better explain the experimental observations on compression, tension and shear tests
of brittle material such as cast iron. Since then, the hypothesis and the associated failure criterion have
been widely referred to in the literature as Mohr-Coulomb or Coulomb-Mobhr failure theory. In order to
better understand the intricacies and the basis of the hypothesis and avoid any potential
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misinterpretation by the subsequent researchers, back-to-source reading has been attempted to the
possible extent.

Coulomb [17] in his experimental work on establishing the compressive strength of sandstone observed
that the test specimens fractured at an angle to the plane of applied longitudinal force. He assumed that
the fracture is due to sliding/shearing in that plane when the component of the applied stress (o) along
this plane exceeds the cohesive resistance in shear (t). However, to achieve better alignment with the
experimental results, he proposed that this sliding/shearing action is impeded by friction along the plane
and introduced the parameter, coefficient of friction (1). Also, Coulomb believed that the strength of
the material under shear is equal to that of tension. Accordingly, he proposed that failure depends only
upon the tractions acting on the failure surface and postulated the failure function for ultimate shear
strength (t*) or ultimate tensile strength as

T+uo <71* 1)

where the two parameters * and p are material specific and can be determined by the intercepts and
slope of the Coulomb failure envelope as shown in figure 2 below.

T

/

Figure 2. Coulomb failure envelope.

In order to study Mohr’s failure theory [9] which is based on Mohr’s earlier work [21] on graphical
representation of stress at a body point (what is now referred to as Mohr’s Circle), the concept of
principal stress introduced by Cauchy [22] has to be understood. Cauchy showed that principal stresses
can be used to characteristically represent the stresses acting on a body point and it is invariant to the
plane of action. One can readily understand that finding the maximum and minimum values and the
corresponding planes of the stress state is an important aspect from the design considerations and the
concept of principal stress and principal plane is a useful ‘reference’ tool to find such information. Thus
the principal planes and principal stresses can be solely relied upon to understand the failure in isotropic
materials. However, as widely known, the concept of principal stresses is not useful in composite
materials which have another ‘reference’ axis inherent to the material itself. Also, the principal stresses
computed in composite materials in the similar way to isotropic materials may not be the maximum and
minimum values which instead depend on the fibre orientations in the UD composite laminates. Hence,
any method or hypothesis that was based on the information of principal stresses is expected to be made
with caution in studying composite materials that doesn’t behave the same way.

At a time when there weren’t any computational tools to perform numerical calculations (like the
computers and calculators of today), graphically depicting the stress states was of interest to Culmann
[23] in order to perform calculations using the drafting tools available. Culmann’s circle was in fact the
precursor to “Mohr’s circle”, the concept of using circles to analyse the stress state of a body point.
Further coverage about this is available in Timoshenko’s book, p. 195 [18]. Mohr extended Culmann’s
circle concept to three-dimensional case and used principal stresses to plot “Mohr’s circles” as shown
in figure 3 below. One can find detailed procedure of constructing Mohr’s circle in many standard
textbooks on strength of materials and solid mechanics. Hence, focus is resorted to aspects that are
important to the case made here.
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Figure 3. Depiction of 3D stress state indicating principal stresses and directions and the
corresponding 3D Mohr circle.

Some of the major assumptions made by Mohr in his further extension of Mohr circle to his failure
theory and their implications when considered for composite materials are as follows:

1. The outermost circle on the stress plane is the most critical one (shown in red in figure 3) and
failure happens beyond this stress state. This assumption has also been verified based on the
experimental results of uniaxial testing of commonly used (isotropic) materials at that time viz.
iron and steel.

Implication: It is obvious that the largest and outermost circle has diameter equal to the difference
between largest (a;) and smallest (o3) principal stresses. In isotropic materials, these principal planes
are the only planes that possess maximum and minimum stress values and hence it could be acceptable
to assume that they contribute to the failure. However, in anisotropic composite laminate materials, it
is not applicable similar to the concept of principal stress as discussed earlier. Also, testing the material
under uniaxial stress states might have satisfied the assumption and its consequence that the
intermediate principal stress (o) doesn’t contribute to failure. However, under a multi-axial stress state
involving stresses in the intermediate principal direction (2-2”), the same cannot be true and this has not
been attempted by Mohr to be verified experimentally.

2. Failure is dictated by the stresses acting on the fracture surface/plane.

Implication: This assumption is basically a derivative of the above assumption and as such the fracture
plane determined by this method may not be a true and accurate reflection of the reality.

These aspects could potentially be overlooked when composites are treated from macro-mechanics or
strength of materials point of view. However, when looked from micromechanics view of composite
materials, they often contain microscopic defects in the form of voids, micro-cracks which arise during
material processing and could have a potential impact on the predictions. Also, Inter-Fibre fracture
(IFF) as defined by Puck [8] is a macroscopic crack which runs parallel to the fibres and separates an
isolated UD layer into two pieces. Such a macroscopic separation is often preceded by micro-
mechanical damage of the matrix or the fibre-matrix interface. Considering these factors and their
implications, applying Mohr’s hypothesis to composites as done by Puck is likely to produce the
predictions that could be different from the true failure event.

For instance, in predicting the fracture plane out of all possible fracture planes under Mode-C of Inter-
Fibre Failure (IFF), Puck used stress exposure factor (fz) to find the stress action plane with the highest
risk of fracture. This means that there are number of potential failure planes and any material anomaly
would affect the predictions made. In fact, the implications of Assumption-1 and the above
micromechanical aspects have been acknowledged in [24]. When subjected to 3D stress states as
required by World-Wide Failure Exercise—ll, it has been observed that the predictions made using Mohr
approach tend to be on “the non-conservative side”. In order to take these into account, Puck [25]
resorted to using “weakening factor”, an arbitrary parameter to consider the strength weakening caused
by these factors. Such an approach is not physically based and finding its appropriate value to effectively
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predict failure is not justifiable. To further understand the implications of the Mohr’s hypothesis and
the micromechanical aspects discussed above, micromechanics based characterisation of UD
composites is thus desired.

3. Micromechanical Modelling Approach

In order to perform micromechanical characterisation of composite materials using unit cells approach,
a finite element tool named UnitCells© has been made use of in this work. Based on the systematic
consideration of symmetries present in idealised fibre-matrix composites, a comprehensive framework
of micromechanical analysis using unit cells to predict the effective properties of the composites has
been developed over the years [26][27][28][29]. For accurate predictions of effective properties of the
composites, it is necessary to apply appropriate boundary conditions to a unit cell model. Since most of
the UD composite laminate materials have regular periodic microstructures, the stress and strain
distributions in the regular microstructure are also periodic. Therefore, the smallest periodic volume of
a regular microstructure can be regarded as a unit cell. The unit cell model with periodic boundary
condition represents a large regular microstructure. Considering the periodic geometry and continuous
displacement field, periodic boundary conditions for cubic unit cells are defined as follows [28]:

(u|x=b - u|x=—b)|y,z = stg (u|y=b - u|y=—b)|x,z = Zbygy (u|z=b - u|z=—b)|x,y = Zngz
(Vlx=p — v|x=—b)|y,z =0 (Vlyzb - Uly:—b)lx,z = stg Wlz=p — vlz:—b)lx,y = Zngz 2
Wlx=p — W|x=—b)|y,z =0 (lezb - le:—b)lx,z =0 Wlz=p — le:—b)lx,y = stg

where u, v and w are displacements in the unit cell, 2b is the dimension of the unit cell and &2, sg, g,
y?cy, ygz, v2, are the average strains in the material represented by the unit cell. Unit cells of hexagonal
shape are obtained using different translational symmetries, however, their boundary conditions are
derived based on the same principle, namely, the displacements on one part of the boundary of the unit
cell are related to those on another part, while involving the macroscopic strains in an appropriate
manner. With periodic boundary conditions, a model consisting of a number of unit cells should produce
identical results as a single unit cell. The periodic boundary conditions for a unit cell require the
coordinates of nodes on any pair of opposite faces to be precisely related [27]. For that, the surface
mesh of the unit cell has to be created accordingly to satisfy those boundary conditions. Generating a
suitable mesh and imposing appropriate boundary conditions within a single piece of software can be
an extremely challenging task for composite models. In order to automatise the extremely demanding
task of using such a framework in commercial finite element software such as Abaqus, UnitCells© has
been developed in the University of Nottingham in order to perform an automated micromechanical
analysis of composite materials.

The UnitCells© framework is a highly automated code developed in Python which has been integrated
in the Abaqus/CAE platform with a graphical user interface (GUI) similar to that of Abaqus/CAE as
shown in figure 4. When using the tool, users can choose their unit cells from the available library of
types of unit cells. Abaqus/CAE or its inherent FE pre-processor, Hypermesh, can then be called within
the code to generate high-quality meshes and subsequent processing can be done using Abaqus Solver.
By using UnitCells©, users have been relieved of the challenging aspects of micromechanical analysis
such as generating suitable meshes, imposing appropriate boundary conditions, applying loads,
choosing the type of finite elements, submitting the analysis to the Solver and post-processing for the
results as they are automated [15].

4. UnitCells FE Analysis Methodology

This section will briefly describe the methodology of using UnitCells© tool to perform finite element
micromechanical analysis of composites and hence determine the extent of applying the Mohr
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hypothesis to UD composites. The unit cell formulation is the result of an idealisation process and hence
it is subjected to the following assumptions or conditions:

(1) There exist regular irregularities throughout the material: The formulation is capable of
accommodating irregular fibre shapes, imperfections such as local debonding, microcracks and
voids as long as all these arbitrary irregularities within a unit cell extend throughout the length
and the cross-section of the fibres showing a regular pattern. Although such a case may not
exist in reality, it provides a useful understanding of the stress distribution within the unit cell.

(2) The material behaviour is linear elastic: The unit cell formulation has been derived for only
linear material behaviour. However, it is capable of being extended to non-linear problems of
any material, geometry [27].

The FE method of micromechanical analysis used in this work is relatively straightforward and can be
broken down into the following steps. All these steps can be dealt with using appropriate GUIs in a
user-friendly, interactive manner.

% Abaqus/CAE 6.14-1 [Viewport: 1] EEA
(8 Fle Modd Viewpon Ve

w Dt Shipe Festwe Tooks Plogins Hep Sl X
LESEwdg +c LB EA R i @ E00 5@ 0 eweK B DR B lrmeenas  H@- I CeGPlategl A 123 4 4

Model | Results

Figure 4. UnitCells© GUI in Abaqus/CAE.
4.1. Selection of an appropriate UC shape

In general, the shape of the unit cell appropriate for an analysis depends on the micro-structure of the
composite material studied and the one which can ideally reflect the material structure on a macroscale.
For unidirectional fibre-reinforced composites in which fibres are distributed at random over the
transverse cross sections, hexagonal packing can be a good reflection of reality and much idealistic than
square packing. The reason being, unidirectional (UD) composites are usually transversely isotropic
due to the random distribution of fibres over cross sections and hexagonal packing/unit cell is able to
preserve this feature of the UD composites.

4.2. Dimensioning of the unit cell

Ideally, the dimensions of the unit cell should be defined as they are in reality. In that case, unit cells
are usually at microscopic length scales and the actual numbers used to define the dimensions of the
unit cell are often in the scale of microns. A practical issue with Abaqus/CAE is that the numbers used
to define the dimensions should fall within a range of 10~ to 10*°[15]. However, users can define the
unit system employed in Abaqus like most commercial codes as long as it is consistent. For instance,
when using standard ISO units, the dimensions would be in metres, while the input material elastic
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moduli and output stresses would be in pascals. Poisson’s ratios and strains are dimensionless and hence
they cause no problems. For simplicity and easier recognition, millimetres for dimensions and
megapascals for stresses and elastic moduli are followed in this work. The specific dimensions of the
hexagon unit cell can be the height (h) of the unit cell (in fibre direction) and the length of the side of
the hexagon (a) as shown in figure 5.

Figure 5. A hexagonal unit cell model

4.3.Choosing the FE element type

The choice of finite element has been 3D brick elements in UnitCells© as they are suitable for much
smaller geometry as in this case. Also they support translational degrees of freedom employed in
formulating the periodic boundary conditions and automatic mesh generation using Hypermesh. Since
there is no gradient of the microscopic stress/strain field in the direction along the fibres in a UD
composite, when subjected to uniform macroscopic stresses, a single layer of brick elements in this
direction is sufficient to capture the behaviour completely. Further use of layers of elements in this
direction is unnecessary as long as the boundary conditions have been imposed correctly.

4.4. Defining mesh density

FE analyses often require reasonable mesh sizes for the numerical convergence considerations. Besides,
some extra restrictions apply for hexagonal unit cells. To impose periodic boundary conditions, the
corresponding paired faces of the periodic boundary conditions in the hexagon must be related
identically [15]. This is usually achieved by copying one tile to another before generating the mesh
inside the unit cell between such paired faces. Since this function is not available in Abaqus/CAE,
UnitCells© calls Hypermesh as required for mesh generation. The Python script programming facility
enables this feature and it can be called within UnitCells© through Abaqus/CAE without user
involvement. Although the convergence of effective properties is usually obtained sooner, a higher
mesh density is still desired to achieve convergence in the microscopic stress field. For this work, a
mesh density of 20 element nodes per side of the hexagon has been used to ensure finer stress
distribution.

4.5. Definition of constituent materials
Transversely isotropic glass fibre reinforced epoxy composite material is considered as an example for
this analysis. The material properties of the matrix and fibre can be defined in a local coordinate system

to account for the material orientations. The specific material properties used for this work are in terms
of elastic engineering constants i.e. Young’s modulus, Poisson’s ratio and shear modulus. A graphical
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user interface allows for the definition of each phase of the composite reinforcement and matrix as
shown in figure 6. Further the volume fraction of the material can also be entered.

{# Parameters of the model @

Model Name: EGlass

Height of the UC (in fibre direction): 0.01

Length of the side of hexagon: 0.03

Volurne fraction: 0.6

Stress in X-direction: 0.0

Stress in Y-direction: 0.0

Stress in Z-direction: 0.0

Shear stress ¥Z: 0.0

Shear stress XZ: 0.0

Shear stress XY: 61.2

Elastic modulus of the matrix: 3350.0

Poisson ratio of the matrix 0.35

Longitudinal stiffness of the fibre: 800000

Transverse stiffness of the fibre: §0000.0

Poisson ratio nul2 for the fibre 0.2

Poisson ratio nu23 for the fibre 0.2

In-plane shear modulus for the fibre, G12 333300

Transverse shear modulus for the fibre, G23 | 333300
Cancel

Figure 6. A unified GUI window for inputting the parameters of the model
4.6. Applying the boundary conditions

Automatically prescribing the periodic displacement boundary conditions has been one of the
highlighting features of using the UnitCells© tool. Defining the boundary conditions of unit cells in a
micromechanical analysis can be tedious and challenging process even for advanced FE user. This
process has been automated in UnitCells© and the appropriate boundary conditions are applied
intrinsically for the unit cell geometry considered. Further information on the implementation process
can be found in [15].

4.7. Applying the loading

The unit cell formulation enables applying the loading in terms of the six macroscopic stresses oy}, o),
07, Tiy: Tyz: Txz IN any way the user requires either individually or in any combination. The six
macroscopic stresses are prescribed individually as six load cases within a single step of analysis using
graphical user interface shown in figure 6.

Following the user required inputs such as unit cell dimensions, volume fraction, material properties
and loading conditions, the user can simply submit the analysis and the UnitCells© tool automatically
invokes other modules including Hypermesh and Abaqus Solver. After post-processing, the output is
produced in the form of geometry model which can then be accessed by the user for contour plots of
stress field distribution using Visualisation module in Abaqus/CAE.
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5. Results and Discussion

In order to ensure obtaining accurate results, sanity check is performed initially by homogenising the
unit cell. Although the implementation has been extensively verified for the unit cell used, sanity check
will provide confidence over the stress contours obtained at a much later part of the analysis. A simple
‘sanity check’ can be performed by entering the known data values of an isotropic material for both
fibre and matrix such that the whole unit cell becomes isotropic. Upon applying the loads, obtaining a
uniform stress field throughout the unit cell will qualify the sanity check. One can be assured of a
potential error in the code if a colourful contour plot with largely varying values is obtained. Table 1
below lists the constituent material properties of the E-glass/epoxy composite laminate (Fibre: E-glass
21xK43 Gevetex, Matrix: LY556/HT907/DY063 epoxy). By using the resin properties of table 1 for
both matrix and fibre in the hexagonal unit cell and applying an arbitrary longitudinal tensile loading
of 10 MPa, the input data has been reproduced as the effective properties of the material albeit some
numerical noise due to rounding off errors as shown in figure 7. This verified the completeness of the
unit cell model and the code used.

Table 1. Material property of the matrix and fibre (taken from [30])

Matrix: LY556/HT907/DY063 epoxy Fibre: E-glass 21xK43 Gevetex
E,, (GPa) U (&) E; (GPa) vr (—) G (GPa)
3.35 0.35 80 0.2 33.33

With the confidence in unit cell code established through sanity check, the step-by-step FE methodology
described in section 4 has been followed. Using the constituent material properties listed in table 1 and
a fibre volume fraction of 62%, hexagonal unit cell was used to calculate the effective properties of the
unidirectional lamina of interest. The values computed have been provided in table 2 and it can be seen
that there exists a good correlation between both the model predictions and the experimental results.

Table 2. Effective material properties of the unidirectional composite lamina.

E;, (GPa) E, (GPa) V12 () Gy2 (GPa) Va3 (5)
UnitCells© 50.87 12.65 0.249 4.63 0.396
Experimental [30] 53.48 17.7 0.278 5.83 0.4

Following a double validation using sanity check and further experimental validation of the effective
property values computed using simulations, further analyses have been performed for varying load
ratios listed in table 3 for the same input material parameters. In order to understand the stress
distribution in the composite unit cell and the corresponding stress values in the matrix, two sets of
stress plots for each loading case are presented (see figure 8). First parts denoted (a) correspond to the
composite unit cell and (b) to the isolated matrix.

Having performed the sanity checks and experimental validation of effective properties predicted using
the unit cell model, the results of the unit cell analysis are expected to ideally reflect the stress
distribution within the composite lamina in the macro scale. For the uniaxial and biaxial transverse
loading cases considered in table 3, it can be seen that the stress concentration is present in the fibre
region (see figure 8: la, lla, Illa, 1Va, Va). This might indicate the crushing failure of fibres. However,
experimental evidence shows that the composite lamina will be subjected to matrix failure since the
matrix is much softer than the fibres. Hence, the stress concentrations in the matrix alone have been
focussed for understanding the possibility of failure as shown in parts 1b, 11b, Il1b, 1Vb, Vb of the figure
8. Having only implemented linear elastic analysis in this model, these stress concentrations could be
indicative of the first failure locations. However, the composites might undergo marginal non-linear
behaviour immediately preceding the final fracture and hence these stress concentrations may not truly
reflect the actual failure surface. Hence further understanding of the non-linear behaviour may be
required to fully comment on the applicability of Mohr’s hypothesis.
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S, Mises

(Avg: 75%)
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00
10.000E+00

Max: 10.000E+00
Elem: UNIT-CELL.192
Node: 424

Min: 10.000E+00
Elem: UNIT-CELL.142
Node: 10

2

3 1 Min: 10.000E+00
Figure 7. Stress distribution in a homogenised unit cell for Sanity Check

Table 3. Data for biaxial failure stresses of 0° unidirectional lamina under combined transverse and
shear loading (o, Versus ). (selected from [30])

Load case Transverse stress - o, (MPa) Shear stress - 7,,, (MPa)
I 40 0
I 18 51.3
" -132.3 0
vV -122 54.6
\% 0 61.2

In a similar way to the effective stiffness calculations performed, the model can be used to perform
strength analysis by subjecting the model to increasing values of stress. The corresponding stress
components obtained in the local material coordinates of the model can then be used in an appropriate
failure criterion to predict the strength. This approach may be applicable until the occurrence of
localisation in the complete failure mechanism. Post the onset of such localised deformation, non-
linearity has to be considered and this makes the model no longer periodic. As a result, the periodic
boundary conditions used in this model need to be redefined. This will be considered as a future course
of action, nevertheless it is challenging. UnitCells© tool can also be extended for the non-linear and
strength analysis by incorporating a UMAT subroutine.

S, Mises

(Avg: 75%)
65.959E+00 Ty Max: 47.0126+00.
60.713E+00 : P .
55.466E+00 47.012E+00 | &\:b\
50.220E+00 43.344E+00
22°973E+00 39.677E+00 B
39.726E+00 36.009E+00 >
34.480E+00 32.341E+00
29.233E4+00 - 2B.674E+00
1 538895400 25.006E+00
- 21.33BE+00
18.740E+00 21.338E+00
18425500 14.003E+00
eI a0 10.336E+00
3.000E+00 6.668E.+00
3.000E+00
Max: 65.959E+00
Elem: UNIT-CELL.921 Max: 47.012E+00
Node: 3095 Elem: UNIT-CELL.24
Min: 3.000E+00 Nodie: 200
Elem: UNIT-CELL.122 Min: 3.000E+00
Node: 357 Elem: UNIT-CELL.122
Node: 357
i s
3 1 3 ft‘ 1
(12) (1b)
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S, Mises

(Avg: 75%)
127.077E+00
116.901E+00
106.725E+00
96.549E+00
86.373E+00
76.197E+00
66.021E+00

- 55.845E+00

45.669E+00
35.493E+00
25.317E+00
15.141E+00
4.965E+00

Max: 127.077E+00
Elem: UNIT-CELL.1065
Node: 94

Min: 4.965E+00

Elem: UNIT-CELL.122
Node: 124

S, Mises
(Avg: 75%)
218.161E+00
200.808E+00
183.454E+00
166.101E+00
148.748E+00
131.395E+00
114.042E+00
96.689E+00
1 79.336E+00
61.983E+00
44 629E+00
27.276E+00
9.923E+00

Max: 218.161E+00
Elem: UNIT-CELL.921
Node: 3095

Min: 9.923E+00
Elem: UNIT-CELL.122
Node: 357

S, Mises

(Avg: 75%)
239.439E+00
220.358E+00
201.278E+00
182.197E+00
163.116E+00
144.035E+00
124.954E+00
105.873E+00
86.793E+00
67.712E+00
48.631E+00
29.550E+00
10.469E+00

Max: 239.439E+00
Elem: UNIT-CELL.921
Node: 3095

Min: 10.469E+00

Elem: UNIT-CELL.122
Node: 357

2

(la)

(Ia)

(Iva)
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S, Mises

(Avg: 75%)
123.742E+00
113.844E+00
103.946E+400
94.048E+00
84.150E+00
74.252E+00
64.354E+00
54.456E+00
44.558E+00
34.660E+00

14.863E+00
4.965E+00

Max: 123.742E+00
Elem: UNIT-CELL.249
Node: 34

Min: 4.965E+00
Elem: UNIT-CELL.122
Node: 124

2

S, Mises

(Avg: 75%)
155.492E+00
143.362E+00
131.231E+00
119.100E+00
106.969E+00
94.839E+00
82,708E+00
70.577E+00
58.446E+00
46.316E+00
34.185E+00
22.054E+00
9.923E+00

Max: 155.492E+00
Elem: UNIT-CELL.24
Node: 200

Min: 9.923E+00
Elem: UNIT-CELL.122
Node: 357

2

S, Mises
(Avg: 75%)

- 1B7.935E+00
173.146E+00
158.357E+00
143.568E+00
128.779E+00
113.991E+00
99.202E+00
84.413E+00
69.624E+00
54.836E+00
40.047E+00
25.258E+00
10.469E+00

Max: 187.935E+00
Elem: UNIT-CELL.24
Nede: 200

Min: 10.469E+00
Elem: UNIT-CELL.122
Node: 357

2

(I1b)

(IVb)

Max: 187.935E+00,
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S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
147.485E+00
135.669E+00
123.854E+00
|- 112.039E+00
100.223E+00
88.40B8E+00
76.592E+00
64.777E+00
52.962E+00
41.146E+00
29.331E+00
17.516E+00
5.700E+00

146.539E+00
134.803E+00
- 123.066E+00
111.330E+00
— 89.593E+00
— 87.856E+00
— 76.120E+00
- 64.383E+00
52.647E+00
40.910E+00
29.174E+00
17,437E+00
5.700E+00

Max: 146.539E+00
Elem: UNIT-CELL.249
Node: 267

Min: 5.700E+00
Elem: UNIT-CELL.122
Node: 124

Max: 147.485E+00
Elem: UNIT-CELL.1065
Node: 327

Min: 5.700E+00
Elem: UNIT-CELL.122
Node: 124

2 2

(Va) (Vb)

Figure 8. von Mises stress contour plots for five load cases in: (a) composite unit cell, (b) isolated
matrix.

6. Conclusion

The applicability of Mohr-Coulomb failure hypothesis for composite materials has been re-evaluated
in this work. Following the extensive review of evolution of the hypothesis and its current performance
in predicting the failure of composite laminates, it was understood that the concept of principal stresses
utilised in constructing 3D Mohr circle and the subsequent assumption that the outermost circle
represents the critical state of failure, led to overlooking certain micromechanical aspects of failure in
composites. Thus, it was found that the concept of principal stresses is not applicable in composites to
completely define failure as in isotropic materials. Further, the necessity to understand the
micromechanical viewpoint of failure is identified.

Micromechanical characterisation of UD composites using UnitCells was attempted and it was found
that it could be useful in predicting initial failure using stress concentrations observed in the matrix.
However, non-linear behaviour has to be considered in order to fully make use of the UnitCells
predictions to comment on the applicability of Mohr’s failure hypothesis. With the future areas of work
identified, this paper has provided a possible direction to improve the failure criterion of composites
based on Mohr’s hypothesis and hence effectively design composite structures.
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