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Abstract

Modelling the initiation and propagation of cracks in composites using the Finite Element
Method (FEM) has always been problematic. However the so-called XFEM (eXtended Finite
Element Method), first introduced by Belytschko and Black (1999), has overcome the
principal difficulties for modelling discontinuities in FEM: it reduces the necessity of
remeshing during the crack progress and it can be used without including in the initial
geometry a pre-crack. This new technique provides an effective engineering approach which
here will be applied to simulate the initiation and growth of cracks in a chopped glass-
reinforced composite submitted to biaxial loading. The test consists on applying quasistatic
in-plane loads in the arms of a cruciform specimen, in which the biaxial stress state will
occur initscentral part.

1. Introduction

In any sector of the industry it is crucial to study the ultimate limit state of the resistant
structures. For example, it becomes particularly important in wind power generators (Figure
1), in which one of the critical points of their structure are the blades. These are mostly made
of materials composed by polymeric resin and reinforced with glass fibres, which are usually
subjected to complex loading conditions. This makes fundamental for their correct use to
determine the processes that lead to the failure of these materials under loading cases different
from the uniaxial.
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Figure 1. Source: http://www.theguardian.com/technology/2008/sep/04/energy.engineering. (The Guardian,
"Spinning to destruction", 4 September 2008.

Multiaxial loading conditions are usually difficult to implement and successfully reproduce in
the laboratory. In previous works [1,2] biaxial stress states have been achieved in the central
area of cruciform specimens submitted to tensile loading on their arms (Figure 2). From the
experimental results it has been obtained the fracture curve of a material composed by 80 %
of polyester resin and 20% of glass-fibres randomly distributed, when it is subjected to tensile
loads applied simultaneously in two perpendicular directions. This work pursues to test
whether these experimental results agree with the failure predictions obtained by means of
XFEM (eXtended Finite Element Method) [3,4].

Figure 2. Experimental set-up [2]: the cruciform specimen, the application of the biaxial loading by means of
electromechanical actuators and the strain measurement with strain gages.

From the numerical point of view, it has been always problematic to model the processes of
damage initiation and evolution in different materials. However, the XFEM has managed to
overcome the main problems that arise in the classical form of modelling. With XFEM it is
not necessary to include a pre-crack in the initial geometry and it alleviates the necessity of
performing an adaptive remeshing to conform the crack during the simulation.

Although the XFEM is a relatively new method of analysis (1999), it has been already
implemented in several commercial software of finite elements. This work aims to evaluate
whether the XFEM of ABAQUS [5] is suitable for modelling the process of crack initiation
and progression under biaxial loading states and to understand the possibilities that it offers
for a general analysis [6-12]. Therefore, we have tried to analyze numerically the onset and
the evolution of cracks that lead to the fracture of the cruciform specimens tested
experimentally [1,2]. The intention is to compare the results generated using the ABAQUS
XFEM with those obtained experimentally.

2. Numerical framework

In the Finite Element Method (FEM) the displacements produced in the domain of an element
are approximated from the nodal values using the element shape functions. The method is
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based on the concept denominated "partition of unity", which means that the sum of the
values that the shape functions take in a certain degree of freedom has to be equal to one. The
XFEM is also based on the notion of "partition of unity" to define the approximation of the
displacements produced on an element. In this case the approximation must include the
displacement discontinuity due to the presence of the crack and the asymptotic behaviour of
the displacement in the area near the crack tip (due to the stress and strain concentrations). In
crack propagation problems as the one which competes us, the displacement approximation
performed on an element containing the crack, called enriched element, must include a term
that includes the so-called "enrichment function" or "jump function". This term forces that the
displacement discontinuity occurs in the elements containing the crack, maintaining the
classical approach of the displacements (FEM) in the other elements of the mesh.

For simplicity reasons related with the geometry and the runtime, in this study we have
chosen to work with plane models. In XFEM it is only possible to work on the plane with
continuous solid elements with reduced integration, so that, it has been chosen to use the
element CPS4R. This is a continuous solid element of four nodes, working on plane stress,
which considers a single integration point located in the centre of the element for the
numerical integration of the stiffness matrix and the load vector. The geometry and
dimensions of the three specimens studied (geometries A, B and C) are defined in [1]. But in
this work, the different thicknesses of each region are specified giving the element
perpendicular dimension to the working plane.

It has been considered a linear elastic behaviour of the material followed by a process of
damage initiation and evolution. The material is quasi-isotropic and its linear elastic
behaviour is defined by the elastic modulus E = 6.5 GPa and the Poisson coefficient v = 0.37.
The damage initiation criterion is given in terms of the stresses. Then, the damage occurs on
an element when the maximum principal stress reaches a critical value (within a tolerance
defined by the user), that in this study it has been chosen equal to the yielding strength of the
material oy = 90 MPa. The criterion considers that those enriched elements that are subjected
to a state of pure compression in the first principal direction will not suffer damage. After the
damage initiation it is defined a linear softening behaviour of the material, which means that
the damage evolution follows a law that decreases linearly until the fracture. The program
requests to specify the effective displacement which is produced at the moment of the
fracture, measured from the moment at which the damage begins.

To perform the numerical integration of the equations of equilibrium an implicit scheme
(ABAQUS/Standard) has been used, in which an iterative method is utilised to find the
solution. Then, a time step too large may prevent us from reaching the solution if the initial
state is too far from the equilibrium state and, so that, convergence problems may appear. In
this work we approximate the characteristic time of the system from the propagation velocity
of the stress waves in a material and the smallest dimension of the elements in the model.

3. Results

Non-linear static analyses have been developed and a total time equal to 1 is assigned to each
analysis. In this case the time scale is not real, it is a measure used to indicate the total
application of the load, describing then the time increments the loading history. The analyses
have been performed under the assumption of large displacements, considering an applied
stress on the arms of the cruciform specimen equal to 100 MPa in a total time equal to 1. It is
worth to highline that, among the three geometries studied (A, B and C), in geometry A there
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have been convergence problems. These convergence problems appeared at the same level of
load that is applied in the experimental tests when the crack propagates almost
instantaneously till the total fracture. The convergence problems were solved by reducing the
time step, using a time step closer to the real time of the crack propagation in this last phase of
growth.

All the analyses have reproduced the location of the crack initiation, the direction of the crack
evolution and the load which provokes the total failure of the specimen. For example, in
geometry A submitted to the same level of load on both arms of the specimens, the crack
emerges in the external edge of the intersection between the two arms of the specimen. Then
the crack growths with an angle approximately equal to 45° till a torn rupture is produced
almost instantaneously at a time step equal to 0.56, which is equivalent to an applied stress of
56 MPa. This applied stress is approximately equal to the real level of the imposed load which
produces the total fracture of the specimen.

4. Conclusions

The numerical analyses by means of XFEM have reproduced the experimental results without
defining a pre-crack in the initial geometry or remeshing during the analysis. Therefore, the
XFEM is able to predict the crack initiation and evolution, as well as the level of load that
produces the total failure of the cruciform specimen under biaxial loading. So, the XFEM
provides an effective and attractive engineering approach to simulate the initiation and growth
of multiple cracks in solids under general loading conditions.

It is relevant to mentioned that this work has involved a deep study of the XFEM numerical
model. It has been necessary to identify and determine the significant parameters from the
experimental tests in order to implement them in the numerical code and to solve several
convergence problems during the simulations.
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