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ABSTRACT 

 

The use of composite materials in civil aeronautical applications has drastically increased over the last 

decades thanks to its interesting specific rigidity and strength but classical laminated solutions are very 

sensitive to delamination occurring after impact. Therefore, 3D woven composite materials have been 

developed to obtain higher out-of-plane mechanical properties (rigidity and strength) and interesting 

residual properties after impact. Safran Aircraft Engines has thus chosen such a material for the 

manufacturing of the fan blades of its new generation of civil engine. For these recently developed 

materials with a specific 3D woven architecture, it is an absolute necessity to understand the damage 

and failure mechanisms through the analysis of multi-instrumented tests performed at UTC [1] and 

Onera [2-4], using acoustic emission, digital images correlation and X-Ray tomography. These tests 

have been defined in order to study two major phenomena: (i) the damage mechanisms such as diffuse 

matrix cracking in the material due to the specific microstructure, and (ii) the yarn fibre failures which 

induce a violent degradation of the mechanical properties. The prediction of the strength of 3D woven 

composite structures is still a scientific challenge and is addressed in this work. 

 

Based on this experimental work, a damage and failure approach specifically developed for 3D woven 

composite materials with polymer matrix, named Onera Damage Model for Polymer Matrix 

Composites (ODM-PMC), has been proposed. In order to predict the behaviour and strength of 

composite structures representative of industrial problems, this model has been defined at the 

macroscopic scale and takes into account the different sources of non-linearity such as (i) the 

viscoelasticity of the matrix, ( ii) matrix meso-cracking and inter-yarn debounding and (iii) fibre yarn 

failure leading to the final rupture of the part.  

 

The ODM-PMC model is based on continuum damage model with scalar variables, the damage being 

oriented by the microstructure due to the contrast between the mechanical properties of the elementary 

constituents. Three matrix damage variables are defined in the 3 principal material axes to describe in-

plane matrix cracking (warp and weft directions) and inter-yarn debounding in the out-of-plane 

direction. The damage part of the model has been compared successfully with off-axis tensile and 

compressive tests, generating complex multiaxial states of stresses to validate the proposed approach. 

It is necessary to accurately predict the matrix damage to accurately estimate the failure of composite 

structures taking into account the load transfer from the cracked matrix to the fibres yarn.  
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Concerning the prediction of the onset of fibre yarn failure of unnotched specimens, a particular 

attention has been paid to the failure criteria for the yarn fibre failures by distinguishing the 

mechanisms in tension (i.e. instable fibres failure) and in compression (i.e. fibre kinking). In tension, a 

simple maximal strain criterion has been used and permits to describe accurately all the available off-

axis tensile tests [2] at 22,5°, 45° and 67.5° on different unbalanced 3D woven composites. In 

compression, the failure mode being due the kinking of fibre yarns, a more complex failure criterion 

taking into account the influence of out-of-plane shear and hydrostatic pressure has been proposed and 

validated through off-axis compression tests, bending tests and low velocity impacts [3]. 

 

However, the first fibre yarn failure within the 3D woven composite material induces a violent 

decrease of the mechanical properties but does not necessarily induce the failure of structures 

containing geometrical singularities. It is thus necessary to describe the softening behaviour after yarn 

failure and therefore to study the physical mechanisms inducing the propagation of these macro-cracks 

through a 3D woven composite material. A test campaign has been performed at Onera [4], 

considering Compact Tension (CT) tests with a scale effect (i.e. variation of the size of the specimens) 

and 3-point bending tests on notched specimens (SENB), in order to define the relevant physical 

quantities which should be included in a degradation model. Based on the nonlinear fracture 

mechanics, initially proposed for concrete [5], it has been observed that the introduction of two 

internal lengths (one in relation to the size of the crack process zone and another associated with the 

fibre yarn pull-out length) and of an asymptotic fracture toughness Gc allows describing accurately all 

the available tests. A simple identification protocol has therefore been proposed to determine these 

material parameters.  

 

Finally, to predict the strength of 3D woven composite structures, it is necessary to introduce such a 

softening behaviour into a finite element code managing the mesh dependence problems. Among all 

the available regularization methods found in the literature, the Phase-Field [6] method allows 

introducing the physical quantities measured experimentally while solving the mesh dependence 

problem. The available tests have been successfully simulated and reproduced the observed scale 

effects on CT specimens and predict the progressive failure of the SENB specimens, as reported in 

Figure 1. These results are promising for predicting the strength of 3D woven composite structures 

with polymer matrix even if the computational times associated with such a methodology are still high 

and require further numerical developments. 

 

  
Figure 1: Evolution of the apparent Gc predicted with Phase-Field method on different CT specimens. 

 

This study has been performed within the framework of the PRC MECACOMP, project co-financed 

by the DGAC and the Safran group, and involving Safran, ONERA and CNRS. 
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