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Introduction

Different ways to reduce environmental impact of aviation are currently considered by aeronautical industry. One possible path consists in reducing aircraft mass. Since years, composite materials have progressively been used to manufacture structural components. They are indeed good candidates in order to reduce aircraft mass thanks to their interesting specific properties. Nonetheless accurate and fast strength prediction of composite components is still a relevant challenge, especially in stress gradient zones.

In the industry, advanced structure failure criteria are designed using several kinds of small scale coupons, including open-hole specimens, as they are representative of stress gradient zones occurring in assembly or open cuts-out. These criteria are often built upon extensive test campaigns and their ranges of validity remain close to the configuration tested. The role of modelling would be to improve the experimental test campaign set up with the aim of limiting the number of configurations and extending the validity of failure criteria to wider range of configurations. This work takes part in a project named MARCOS, led by ONERA and DASSAULT AVIATION and supported by the French DGAC. It aims at numerically predicting open-hole damage and strength on a new generation carbon/epoxy unidirectional material and performing an advanced damage model validation on industrial test cases. This paper will be focused on the evaluation of the proposed approach, it will be organised as follow: part I will present the experimental test campaign of open-hole specimens subjected to a tensile load up to failure. This test campaign was performed in two laboratories, at ONERA and DASSAULT AVIATION. Part II will present the validation of a continuum damage model thanks to the multi-instrumentation used on the previous test. Prevision of final failure generally presents good agreements with the experimental data based on the amount of tested configurations. Comparisons between experimental and numerical data exhibit differences in the behaviour close to failure, showing that an improvement in damage modelling could increase the approach predictive capabilities.  Digital image correlation (DIC) was used to measure the in plane and out of plane displacement fields.  A camera oriented toward the hole inspected delamination.  Acoustic emission consists in using microphone to record damage induced acoustic events. It is then an efficient way to determine the damage threshold  Infrared thermography, due to its high acquisition frequency, gives information about crack nucleation and growth.  Some specimens were unloaded prior to failure and subjected to X-ray tomography in order to observe damage mechanism occurring inside the specimen. It is interesting to note that an antagonistic evolution for both the hole size effect and the width effect is observed on all tested configurations. It means that the greater the hole size effect, the smaller the width effect. Inversely, the greater is the width effect, the smaller is the hole size effect, for a given configuration. We can analyse the fracture pattern to evaluate the final mechanism leading to failure. 

Part I: Experimental open-hole tensile test

Part II: Evaluation of a damage model though a comparison with experimental data

A continuum damage model that relies on observable parameters has been proposed. This model is based on [START_REF] Laurin | A multiscale hybrid approach for damage and final failure predictions of composite structures[END_REF] and is formulated at the ply scale. Emphasis has been put to voluntarily limit the complexity of the approach in order to propose an identification procedure, and limit the computational cost.

Details regarding its formulation can be found in [START_REF] Germain | Évaluation des capacités prédictives d'un modèle avancé pour la prévision de la tenue de plaques stratifiées perforées[END_REF], we will just briefly recall the different non-linearities described in the approach:  The thermal residual strains that induced thermal residual stresses in a laminate.  The non-linear elastic behaviour in the fibre direction, in order to accurately describe the reinforcement experimentally observed when subjecting a 0° laminate to a tensile stress.  The non-linear viscoelastic behaviour, related to the matrix, in order to describe non-linearity prior to damage, this non-linearity is mainly exhibited when a ply is subjected to shear  Damage, in order to describe matrix cracking and its effect on the ply properties. In the proposed approach, damage is described with two observable variables: the crack density and the microdelamination at the crack tip. These two variables represent a physical measure of damage in composites.

A multi-instrumented tests campaign was performed at ONERA on the last generation material studied, using plain coupon specimens, in order to identify its specificities, behaviour, damage mechanisms, associated damage thresholds and damage evolution laws. These experimental data are used to identify parameters of the proposed approach. Once the approach is identified, its implementation was performed in ZSet, a finite element code developed by ONERA and MINES PARISTECH, there is no difficulty to program it in other finite element code. The damage model requires a regularization method due to the softening character of the proposed approach, we chose a delay effect [START_REF] Deü | Rupture des composites stratifiés sous chargement dynamique : apport des mésomodèles avec endommagement retardé[END_REF], it only requires few changes in the material behaviour law and avoids mesh dependency without being intrusive in a finite element code.

Different comparisons were performed: The displacement field from the digital correlation and the finite element field of the outer ply were projected in the same axis in order to be compared. A good agreement is generally found regarding the amount of configurations, thanks to the non-linearities used in the proposed approach. But, when the loading is close to failure, divergence between experimental and numerical points can be observed. This divergence may be related to damage, detected by acoustic emission (cumulated acoustic energy is represented). Indeed, damage in the proposed approach leads to an overestimation of the laminate stiffness. This is mainly the case for configurations where an important number of disoriented plies are present (Layup1, 67.5°, Layup1, 90°, Layup3, 45°). In other cases, the divergence is related to instable matrix crack, mainly driven by shear, and not reproduced by the approach (Layup1 0°, Layup 2 0°). One outlook for these comparisons consists in using the DIC displacement fields as a boundary condition of the finite element computation in order to have a global validation of the behaviour, and error maps.

Figure 8 Virtual extensometer position on digital image correlation and finite element In the end, a criterion is required in order to predict the final failure, which is mainly associated to fibre failure based on experimental observations. Because of the stress gradient associated to the presence of the hole, a maximum stress based criterion is not well suited to accurately predict final failure [START_REF] Whitney | Stress fracture criteria for laminated composites containing stress concentrations[END_REF]. Here, a FCV (Failure Characteristic Volume) criterion [START_REF] Miot | A non-local criterion for modelling unbalanced woven ply laminates with stress concentrations[END_REF] is employed to predict this critical failure mechanism. It consists in computing the mean value of the fibre strain in a cylinder of a given radius for each ply and comparing it to the critical fibre strain. Failure is then assumed when the first ply reaching this critical fibre strain is obtained. Open-hole strength prediction is compared to experimental ones as shown in Fig 10, these predictions are in good agreements with the amount and diversity of tested configurations. Nonetheless, the width effect is not represented enough with the approach. These configurations correspond to the ones where divergences between experimental and numerical points were observed in Fig 9, the explanation relies on damage description in the approach. Coupling between the transverse cracking and delamination are also likely to occur prior and close to failure, this is not taken into account in the present simulations. Moreover, failure modes of few configurations remain difficult to classify, but they represent interesting test cases to discriminate the final failure mechanism. Further investigations from an experimental and numerical point of view are necessary to assess the final failure mechanism. Data from this multi-instrumented test campaign were used to evaluate an advanced damage model to predict strength. This model relies on different non-linearities, attention was given to limit this approach complexity in order to have a reasonable computational time.

The behaviour and the strength predictions obtained with numerical simulations are in good agreements with experimental data. Nonetheless, the tendency to obtain a width effect by the approach is limited. Regarding comparisons between experimental data and numerical simulations, damage is suspected to be the cause. In particular, the spatially averaged quantity describing damage (i.e the crack density) may become criticisable in stress gradient zone, where damage is sometimes discrete. Configuration that do not possess plies oriented in the loading direction (22.5° or 67.5°) require further analysis of experimental data in order to assess the damage scenarios and coupling of damage mechanism in order to assess their final failure mode.

Establishing the quantitative validation of damage through a testing/simulation dialog could be an opportunity to improve these aspects.

A

  large open-hole tensile tests campaign with a new generation material has been performed at ONERA and DASSAULT AVIATION. In these tests, three different laminates were chosen. Two hole diameters (D), and two plate width divided by the hole diameter ratios (W/D) have been studied, open-hole geometry is depicted in Fig 1. Moreover, the influence of the stacking sequence upon failure was also investigated by performing an oriented cut-out of specimen in the manufactured composite plate, as shown in Fig 2. Three specimens per configuration were tested to evaluate the scatter.

Figure 1

 1 Figure 1 Open-hole plate dimensions Figure 2 Specimen extraction to evaluate the influence of the stacking sequence upon failure This test campaign was multi-instrumented in order to determine the damage scenarios occurring prior to failure, as shown in Fig 3:  Digital image correlation (DIC) was used to measure the in plane and out of plane displacement fields.  A camera oriented toward the hole inspected delamination. Acoustic emission consists in using microphone to record damage induced acoustic events. It is then an efficient way to determine the damage threshold  Infrared thermography, due to its high acquisition frequency, gives information about crack nucleation and growth.  Some specimens were unloaded prior to failure and subjected to X-ray tomography in order to observe damage mechanism occurring inside the specimen.

Figure 3

 3 Figure 3 Instrumentation used during the test

Fig 4 Fig 5

 45 Fig 4 Open hole strength for all tested configurations, denoted DX-YD, where X represents the hole diameter and Y the W/D ratio

  Fig 6 illustrates the identification of the approach performed prior to comparison with open-hole tensile tests.

Figure 6 a

 6 Figure 6 a) Non-linear elastic behaviour in the fibre direction, b) non-linear viscous behaviour in the transverse direction c) non-linear viscous behaviour on creep test of [45/-45] 2s laminates, d) Crack density evolution as a function of the macroscopic stress

  Fig 7 illustrates the comparison for different specimens, from a qualitative point of view a good agreement is found under loading close to failure.

Figure 7

 7 Figure 7 Comparison of longitudinal displacement field close to failure between digital image correlation (CIN) and finite elements (FEM)

Figure 9

 9 Figure 9 Comparison between extensometer from digital image correlation (CIN) and finite element ones (FEM) for different configurations of open-hole with D=5mm and W/D=5

Figure 10

 10 Figure 10 Open-hole strength predictions for D=5mm
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