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A two dimensional particle model based on the discrete element method (DEM) is developed for
micromechanical modelling of fibre reinforced polymer (FRP) composite laminae under biaxial trans-
verse loads. Random fibre distribution within a representative volume element (RVE) is considered for
the micromechanical DEM simulations. In addition to predicting the stress-strain curves of the RVEs
subjected to transverse compression and transverse shear stresses against the experimental testing re-
sults and other numerical modelling results, the DEM model is also able to capture the initiation and
propagation of all micro damage events. Fibre distribution is found to more significantly influence the
ultimate failure of composite laminae under transverse shear, while it has much less effect on the failure
under transverse compression. The failure envelope of composite laminae under biaxial transverse
compression and transverse shear is predicted and compared with Hashin and Puck failure criteria,
showing a reasonable agreement. The predicted failure envelope is correlated with the damage evolution
and the quantitative analysis of failure events, which improves the understanding of the failure

mechanisms.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Fibre reinforced polymer (FRP) composite laminates have been
widely used over the past thirty years in aerospace industries
mainly due to their high stiffness-weight and strength-weight ra-
tios. However, there is yet a universal model or approach to accu-
rately predict the failure strength of FRP composite laminates under
biaxial or triaxial loads in real applications [1]. A large amount of
experimental tests need to be carried out to obtain the failure
strength of FRP composite laminates which is usually designed to
be much larger than the required strength under real loading
conditions. This means that in many cases the FRP composites are
over safely designed and their advantages of light weight and
design flexibility have not been maximised. In addition, the
experimental tests are affected by the testing environment and the
results are very diverse, especially when materials are subjected to
a system of loads including transverse load that is very difficult to
carry out. Therefore, an accurate and universal approach for
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predicting the strength of FRP composite laminates is always highly
demanded.

Generally, five different failure mechanisms could occur in
composite laminates and they depend mainly on the loading con-
ditions and directions [2]. Fibre fracture and localised fibre buckling
occur when tension and compression are, respectively, applied
along the fibre direction. Tensile load applied in the direction
perpendicular to the fibres results in either fibre/matrix debonding
or matrix cracking. Delamination takes place between plies and has
to be considered in order to predict the laminate behaviour pre-
cisely. There are a few theoretical failure criteria available for pre-
dicting failure modes separately as well as the failure envelope of
composite lamina/laminates under different loading conditions.
Among them, there are several well-known physically-based
phenomenological failure criteria [3—6] that have the capability to
predict the failure envelope and also provide information on failure
modes of composite lamina/laminates under certain loading con-
ditions [1]. In particular, Puck’s failure criterion is one of the better
criteria adopted in the World Wide Failure Exercise (WWEFE) for
predicting composite laminate failure. However, these criteria
contain several non-physical parameters that need to be obtained
from specific and challenging experimental tests. It has been shown
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in WWEFE that the predictions of failure strength under some
loading conditions (in particular biaxial and triaxial loads) by
existing failure criteria are not accurate enough. One of the main
reasons is that these criteria have not considered the effects of
heterogeneous material microstructure and the interaction as well
as progression between different failure modes. Theoretically it is
not straightforward to dynamically correlate different failure
modes during the failure process as the random and heterogeneous
microstructure of composite lamina/laminates are hardly to be
considered. Micromechanics analysis is very useful for studying the
mechanical behaviour of FRP composite laminates and under-
standing their damage process and failure strength. Within the
framework of micromechanical modelling, the macroscopic prop-
erties are obtained through a representative volume element (RVE)
of the material microstructure. Unlike the conventional homoge-
nisation techniques, micromechanical modelling can take into ac-
count the details of geometry and fibre distribution to compute the
stresses and strains in each material constituents, which leads to
more accurate predictions of damage initiation and propagation
and failure strength [7].

Two different approaches have been widely employed for nu-
merical micromechanical modelling. The first approach assumes
that the fibres are periodically distributed and uses a unit cell
consisting of one or two fibres for the modelling. For example, Paris
et al. [8], used a single fibre unit cell to study the fibre/matrix
debonding of a glass-epoxy composite. Ha et al. [9], determined the
failure envelope of a composite lamina under biaxial loads by
modelling a unit cells of square and hexagonal fibre arrangements.
The second approach uses a RVE in which several dozens of fibres
are distributed randomly. Intensive studies have been carried out
using this method to understand the effects of RVE size, position of
fibres and internal distance between fibres on the elastic properties
as well as the strength of FRP composite laminae. For instance, Trias
et al. [10], concluded that the minimum size of carbon fibre rein-
forced polymer with a volume fraction of 50% is 6 = L/ry= 50, where
Lis the side of the RVE and ris the fibre radius. Yang [ 11] found that
inter-fibre spacing has a significant impact on the transverse tensile
and compressive strength of composites, especially when thermal
residual stress is taken into account.

Apart from FEM modelling, discrete element method (DEM) has
been recently introduced to model the damage evolution in com-
posites. For instance, the crack propagation and stress-strain curves
of composite materials under transverse tensile loading was
simulated by DEM in Refs. [12,13]. It was concluded that DEM has
advantages of tracing the crack path within the microstructures in
addition to predicting the final failure strength. Yang et al. [14,15],
also investigated the transverse cracks and delamination in cross-
ply laminates and predicted the crack density using two dimen-
sional DEM. With the increasing of computer power and the
lowering of the cost, DEM has become more beneficial than tradi-
tional numerical approaches in studying damage initiation and
crack propagation at microscopic scale. For instance, Maheo et al.
[16], used three dimensional DEM to model the damage of a com-
posite material under uniaxial tension. Although the model
assumed a periodic distribution of fibres and used only one fibre, it
has demonstrated the potential of DEM for modelling the failure
process as well as failure strength under real uniaxial loads in three
dimensions.

Despite of the massive research efforts recently devoted to
investigating the failure behaviour of composite laminates under
shear loading [17—22], the damage mechanisms and failure theory
are still not fully understood. Therefore this paper aims to extend
our previous work on DEM modelling of composite materials from
uniaxial loading to biaxial loading. Two dimensional DEM is used to
visualise the damage mechanisms and to predict the stress-strain

curves as well failure strength of composite lamina under three
different types of loads, i.e., transverse compression, transverse
shear and biaxial loads. The stress-strain curves obtained in this
paper have advantages over those from traditional numerical
models as the microscopic damage at different loading levels can be
clearly visualised. The failure envelope of MY750 matrix reinforced
by E-glass fibres under both transverse normal and shear loads is
also predicted by DEM and compared with Puck [5] and Hashin [3]
failure criteria.

2. The discrete element method (DEM) and its contact models

In two dimensional DEM, circular elements (or particles) are
used to discretise the material domain, as shown in Fig. 1. Each
particle in DEM has mass and its motion is governed by the New-
ton’s Second Law. The particles can be rigid or deformable, and
interact with each other through contacts. To represent the me-
chanical behaviour of a bulk material, a bonding model is usually
employed to bond two rigid particles at the contact. A few bonding
models have been reported in literatures to numerically achieve the
desired material properties. For instance, André et al. [23], devel-
oped a cohesive beam model which later was used by Ref. [16] to
predict the damage of a composite material. In this study, however,
the parallel bond model developed in Ref. [24] is adopted. The
parallel bond can be described as a finite-sized piece of cementi-
tious material deposited between two contacting particles, and can
be envisioned as a set of elastic springs uniformly distributed over
its cross-section. When two particles are bonded by a parallel bond
the overall behaviour the contact is a result of particle-particle
overlap (grain-based part) and parallel bond (cement-based part),
as shown in Fig. 1.

The grain-based part is represented by a linear contact model
that can be described as a pair of springs at the contact (one in the
normal direction and the other one in the shear direction). The
inter-particle force, F, acting at the contact point represents the
action between elements A and B and may be decomposed into a
normal force F" and a shear force F. These forces are related to the
relative displacements through normal and shear stiffness k™ and k*
as follows:

F" = kK'u™ (1)
AFS = —ISAU® (2)
where u" and Au® are the overlap and incremental tangential

displacement, respectively; k is the resultant contact stiffness
calculated by:

KD 5
kY kP
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o= Kk (4)

I<§A) + I<§B )

where kﬁ{” and k,(fn are the normal stiffness, and I<§A> and k§B ) are the
shear stiffness of particles A and B, respectively.

The force F and moment M associated with cement-based part
are calculated by:

AF" = K"AAu™ (5)
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