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Numerical and experimental research programs have been carried out to investigate the effect of scaling on the tensile strength of notched composites. This paper presents a computational study of scaled openhole tensile tests using the Discrete Ply Modeling (DPM) method. This finite element model is discrete, and only a small number of parameters are required from experimental characterization tests. Experimental and numerical strength values are compared here, and reveal that DPM simulations tend to slightly overestimate strength values, with an average discrepancy of 9.7%. However, DPM Results show that such modeling simulates both the reduction in strength when specimen size is increased for sublaminate level scaled specimens, where failure is fiber dominated, and the increase in strength when specimen size is increased for ply level scaled specimens, where failure is delamination dominated. In all cases, increasing the total thickness of the specimen leads to a decrease in strength and this effect is dominant over the effect of increasing hole diameter. As well as the variation in strength, three distinct failure mechanisms are observed: fiber failure with extensive matrix damage (pull-out failure), fiber failure with little or no matrix damage (brittle failure) and delamination failure. Comparisons with experiments demonstrate that tensile strengths, damage propagation scenarios and failure patterns are predicted with acceptable accuracy.

Aircraft that use composite structures have many parts containing holes or different cut-outs that induce stress concentrations and reduce the strength of the part. When they are subjected to tensile loading, damage and failure mechanisms around these holes/cut-outs are magnified because of stress concentrations. Notched strength is therefore one of the most important design drivers for composite structures [START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF].The mechanical performance of open-hole composite laminates depends on many factors, such as the size and thickness of the laminate; the hole size and its location; the plies orientations and the machining quality. Before real composite structures are tested, the effects of holes are studied on coupons 10-100 times smaller. Understanding the associated scaling effects is therefore of the utmost importance. Since the discovery of these scaling phenomena by Leonardo da Vinci in the early 1500s [START_REF] Bazant | Scaling of Structural Strength[END_REF], substantial amounts of research have been devoted to them but deep understanding is still lacking.

To explore the physical causes of scaling effect, numerous experiments have been conducted [START_REF] Bazant | Size Effect and Fracture Characteristics of Composite Laminates[END_REF]- [START_REF] Xu | An experimental investigation into size effects in quasi-isotropic carbon/epoxy laminates with sharp and blunt notches[END_REF]. Size effect can occur at different levels [START_REF] Camanho | Prediction of size effects in notched laminates using continuum damage mechanics[END_REF]. At the structural level, when thin plies are used, it has been proven that the strength of notched composite laminates decreases when the notch size increases. At the material level, the "in situ" effect has been detected and is influenced by the ply thickness. Wisnom et al. [START_REF] Wisnom | Scaling Effects in Notched Composites[END_REF] have analyzed this phenomenon on quasi-isotropic specimens .

The "hole size effect" has been studied at the structural level. In this configuration, increasing hole diameter leads to a decrease in the strength of a laminate. The presence of non-critical ply-level damage, such as matrix failure, delamination, fiber splitting and fiber fracture in the vicinity of the hole blunts the stress concentration [START_REF] Hallett | An experimental and numerical investigation into the damage mechanisms in notched composites[END_REF]. The strength difference between small and large specimens [START_REF] Lin | Fracture of filamentary composite materials[END_REF] is explained by the extent of the "fracture process zone", which is relatively independent of the size of the specimen.

Using a sublaminate level scaling method, Harris and Morris [START_REF] Harris | Role of Delamination and Damage Development on the Strength of Thick Notched Laminates[END_REF] investigated the effect of an increase in the total thickness of a laminate with a constant ply thickness. They observed that increasing thickness in quasi-isotropic laminates led to a decrease in strength because the damage prior to failure was confined to a boundary close to the surface, so thicker laminate experienced less stress redistribution throughout the laminate .

Using a ply-level scaling method, Vaidya et al. [START_REF] Vaidya | Effect of Ply Thickness on Fracture of Notched Composite Laminates[END_REF] increased the thickness of their laminates.

They observed similar fracture toughness values and similar amounts of sub-critical damage during loading for quasi-isotropic [ / / / ] s laminates with n = 1 and n = 2. However, with 0 90 45 45 n = 4, the failure mechanism changed from fiber failure to delamination failure along the 0/90 interface, resulting in the increase of sub-critical damage, accompanied by a marked decrease in fracture toughness. The influence of stacking sequence and hole diameter on the notched strength of a laminate was also investigated by Lagace [START_REF] Lagace | Notch Sensitivity and Stacking Sequence of Laminated Composites[END_REF]. He used a constant specimen width that gave varying stress concentration across the width. He found that increasing hole diameter led to a change in fracture mechanism, from a matrix-dominated to a fiber-dominated failure, for [ ] s laminates.This was 0/90 2 caused by the fact that increasing the hole-radius-to-laminate-thickness ratio led to a decrease in interlaminar stresses in the region around the hole boundary. Laminates with little or no delamination showed linear stress-strain curves up to failure whereas those with large amounts of delamination prior to failure exhibited large non-linearities. Chang et al. [START_REF] Chang | Damage Tolerance of Laminated Composites Containing an Open Hole and Subjected to Tensile Loadings[END_REF] found that damage propagates from a circular hole via matrix failure in the off-axis plies.

Preliminary sizing solutions for notched composites are mainly based on semi-empirical analytical models for predicting notched strength, such as the point stress or the average stress models [START_REF] Whitney | Stress Fracture Criteria for Laminated Composites Containing Stress Concentrations[END_REF], [START_REF] Wang | Experimental and numerical investigation of the tension and compression strength of un-notched and notched quasi-isotropic laminates[END_REF]. An extensive review of these technics has been provided by Awerbuch and Madhukar [START_REF] Awerbuch | Notched Strength of Composite Laminates: Predictions and Experiments-A Review[END_REF].Whitney and Nuismer [START_REF] Whitney | Stress Fracture Criteria for Laminated Composites Containing Stress Concentrations[END_REF] developed two related criteria based on normal stress distribution to predict the residual strength of laminated composites containing a through-thethickness discontinuity. They presented specific examples for a circular hole in quasi-isotropic material and for a notch in [ ] s glass/epoxy laminated plates. In both cases, comparison of 0/ ± 45 2 experimental data and theory showed good correlation. Various researchers have developed stressbased models, with varying levels of complexity and of success [START_REF] Lin | Fracture of filamentary composite materials[END_REF], [START_REF] Mar | Fracture mechanics correlation for tensile failure of filamentary composites with holes[END_REF]- [START_REF] Camanho | A finite fracture mechanics model for the prediction of the open-hole strength of composite laminates[END_REF]. Fast semi-analytical and numerical methods [START_REF] Leguillon | Prediction of crack initiation at blunt notches and cavities -size effects[END_REF]- [START_REF] Barenblatt | The Mathematical Theory of Equilibrium Cracks in Brittle Fracture[END_REF] have given good agreement between experimental data and numerical predictions for quasi isotropic laminates. However, they do not take the influence of the stacking sequence into account since they consider that strain is constant within the laminate thickness [START_REF] Camanho | Numerical Modelling of Failure in Advanced Composite Materials[END_REF]. A more complete numerical model is therefore needed to predict the physics associated with failure phenomena (delamination and transverse cracks).

Many models have been proposed to fit experimental data [START_REF] Wisnom | Scaling Effects in Notched Composites[END_REF], [START_REF] Chen | Numerical analysis of size effects on open-hole tensile composite laminates[END_REF]- [START_REF] Wisnom | Modelling discrete failures in composites with interface elements[END_REF]. They can be classified according to their level of discretization [START_REF] Hongkarnjanakul | Modélisation numérique pour la tolérance aux dommages[END_REF], from the whole continuum model without any interfaces to the most discretized type of model, where the three most important types of damage (fiber failure, matrix cracking and delamination) are all represented through interfaces. To correctly model matrix cracks and their interaction with delamination, discrete elements seem necessary [START_REF] Wisnom | Modelling discrete failures in composites with interface elements[END_REF].

The best way to represent strong discontinuities, i.e. matrix cracking, should be the discrete crack methods. Numerical studies on open-hole laminate composites, conducted by Hallett et al. [START_REF] Wisnom | Scaling Effects in Notched Composites[END_REF] and Jiang et al. [START_REF] Jiang | A concise interface constitutive law for analysis of delamination and splitting in composite materials and its application to scaled notched tensile specimens[END_REF] using a simplified mesh coupled with a strong simplification of the hole geometry, confirm these assumptions. Swindeman et al. [START_REF] Swindeman | Strength Prediction in Open Hole Composite Laminates by Using Discrete Damage Modeling[END_REF] established a regularized X-FEM (Extended Finite Element Model) with a predefined minimum crack spacing. However, as the maximum number of representable cracks per ply is in strong correlation with the number of degrees of freedom, its use is limited. The model did not include fiber failure, but was able to capture matrix cracks and two load drops due to excessive delamination, captured by the cohesive zone method. Chen et al. [START_REF] Chen | Modelling the tensile failure of composites with the floating node method[END_REF] applied the floating node method and enriched 3D cohesive element to improve the connectivity between the plies and interlayer. Bao and Liu [START_REF] Bao | Progressive failure analysis on scaled open-hole tensile composite laminates[END_REF] used surface-based cohesive contact for major split cracks tangential to the hole as well as delamination. The distributed matrix cracks appeared to be captured by continuum damage mechanics. Higuchi et al. [START_REF] Higuchi | Numerical simulation of progressive damage and failure in composite laminates using XFEM/CZM coupled approach[END_REF] presented a coupled X-FEM/CZM (Cohesive Zone Model) approach where fiber failure was not modeled. A predefined crack spacing was used to model all potential matrix cracks, and delamination by interface elements. Joosten et al. [START_REF] Joosten | A cohesive network approach for modelling fibre and matrix damage in composite laminates[END_REF] developed a model in which cohesive elements are used for all failure modes, i.e. fiber, matrix and interface failure. Lu et al. [START_REF] Lu | Adaptive Discrete-Smeared Crack (A-DiSC) Model for Multi-Scale Progressive Damage in Composites[END_REF] used an adaptive discrete-smeared crack model, where the critical discrete matrix cracks were captured by the floating node method with a crack alignement algorithm.

To capture the interaction between splitting and delamination, delamination was modeled with separable cohesive elements. The model was able to predict major and minor distributed cracks and delamination migration.

Numerous models have been created to simulate open-hole laminate composite behavior but few have been used to model size effects. The Discrete Ply Model (DPM) used in this paper employs cohesive interfaces to model matrix failure and delamination, and 3D volume elements to predict fiber failure. It was initiated by Bouvet et al. for modeling low velocity impacts in composite panels [START_REF] Bouvet | Low velocity impact modelling in laminate composite panels with discrete interface elements[END_REF], and afterwards enhanced to capture permanent indentation [START_REF] Bouvet | Low velocity impact modeling in composite laminates capturing permanent indentation[END_REF] and to simulate compression after impact [START_REF] Rivallant | Failure analysis of CFRP laminates subjected to compression after impact: FE simulation using discrete interface elements[END_REF]. The use of interfaces connected by a specific mesh makes the coupling between the intra-and inter-laminar damage natural. The DPM has also been used to represent pull-through cases [START_REF] Adam | Discrete ply model of circular pullthrough test of fasteners in laminates[END_REF] where the effects of splitting on the load redistribution were correctly predicted. In addition, after a modification of the hole contour mesh, the DPM has also been able to predict notched strength, failure scenarios and failure patterns on different stacking sequences [START_REF] Achard | Discrete ply modelling of open hole tensile tests[END_REF] and a first study of the scaling effect in notched composites has been performed [START_REF] Serra | Scaling effect in notched composites: The Discrete Ply Model approach[END_REF].

To the knowledge of the authors, the only numerical work on a wide range of laminate thicknesses, hole diameters and stacking sequences on an open hole tension configuration has been performed by Hallet et al. [START_REF] Hallett | An experimental and numerical investigation into the damage mechanisms in notched composites[END_REF]. There are three main differences between the approach developed by Hallet and that of the work presented here (DPM). First, in Hallet et al.'s approach, the fiber failure is simulated using a stress criterion based on Weibull statistics.

Calibration is therefore needed to extract the two parameters of the Weibull law. In the DPM approach, the fiber failure is only determined by "physical parameters": the failure strain and the critical energy release rate. Second, the locations of the matrix cracks are explicitly determined from experimental observations in [START_REF] Hallett | An experimental and numerical investigation into the damage mechanisms in notched composites[END_REF], whereas the DPM meshing strategy situates cohesive interfaces everywhere in order to have a "blind approach" and to develop a more generic model. Third, the numerical predictions [START_REF] Hallett | An experimental and numerical investigation into the damage mechanisms in notched composites[END_REF] are not able to distinguish pull-out failure from brittle failure, whereas the DPM results predict them satisfactorily.

In this paper, the DPM is used to simulate 18 configurations tested experimentally by Green et al. [START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF]. The experimental strength results are compared to numerical ones. A thorough investigation on the origin of scaling effects on the strength of notched composites is performed. The Increasing m increases the effective ply thickness, i.e. it increases the number of plies of the same orientation that are blocked together. From here on, this is referred to as ply-level scaling, and noted PLS. Increasing n increases the laminate thickness by increasing the number of sublaminates but keeps the ply thickness constant. From here on, this is refered to as sublaminate-level scaling, and noted SLS. Three different scaling routines were used: one dimensional (1D), two-dimensional (2D) and three-dimensional scaling (3D), as presented on the testing program matrix of Table 1.

t(mm)

Sublaminate-level Scaling

Hole diameter (mm)

Ply-level Scaling

Hole diameter (mm) One-dimensional scaling consists in keeping the hole diameter constant and increasing only the thickness of the laminate. In the case of two-dimensional scaling, the thickness remains constant and the in-plane dimensions (hole diameter, and hence width and length) are increased. Threedimensional scaling consists in increasing the hole diameter while increasing the thickness of the laminate. As described by Green et al. [START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF], failure was taken as the first significant load drop on the load-displacement curve (greater than 5%). Table 2 and Table 3 t (mm)

Sublaminate-level Scaling

Hole diameter (mm)

Ply-level Scaling

Hole diameter (mm) The variation of displacement, named C between point A and B is also noted and allows the average strain, , to be calculated as:

(2) = = with ( the displacement of the point A (B) and AB the initial distance between A and B. The ) initial distance between the points A and B was chosen equal to 5D in order to evaluate the effect of the hole.

The numerical displacement speed was selected so as to ensure that the corresponding additional energy was negligible, while keeping a reasonable calculation time by using multiple CPUs in parallel. A total calculation time of 5 ms was used for the ''Small" specimens and of 10 ms for the larger sizes. To ensure that changes in the calculation time and consequent increases in the inertial forces do not alter the solution significantly, a calculation was performed with a numerical displacement speed 4 times less than the initial one and showed similar results. Computation time varied between 30 min (36 CPUs) for the ''Small" specimens with about 100,000 elements and 60 h (72 CPUs) for the largest specimens with about 5,000,000 elements. The DPM uses a small number of parameters that are all provided by experimental tests [START_REF] Bouvet | Low velocity impact modelling in laminate composite panels with discrete interface elements[END_REF][START_REF] Bouvet | Low velocity impact modeling in composite laminates capturing permanent indentation[END_REF][START_REF] Rivallant | Failure analysis of CFRP laminates subjected to compression after impact: FE simulation using discrete interface elements[END_REF][START_REF] Adam | Discrete ply model of circular pullthrough test of fasteners in laminates[END_REF][START_REF] Achard | Discrete ply modelling of open hole tensile tests[END_REF][START_REF] Serra | Scaling effect in notched composites: The Discrete Ply Model approach[END_REF]; no coupling parameter is required. 

Modeling of matrix cracking

As presented in Figure 4, the matrix cracking is taken into account using vertical zero-thickness interface elements between 2 consecutive volume elements. The failure criterion is calculated in the volume elements neighboring the interface elements, to avoid stress concentration. The stiffness of the interface (initially 10 6 MPa/mm) is set to zero if the Hashin criterion (1) is reached in either of the neighboring volume elements:

(3)
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where is the transverse stress, and are the shear stresses in the (lt) and (tz) planes, is > ? > @ < the transverse failure stress and is the shear failure stress of the ply. > < ?

When interface elements are used to simulate matrix cracking, as only through-the-ply cracks are taken into account in this method, diffuse damage is not modeled. The supporting hypothesis is that in a thin ply, a matrix crack propagates fast and therefore diffuse damage should not be represented.

Modeling of delamination

Delamination is modeled using cohesive interfaces like matrix cracking (Figure 4). Unlike for the matrix cracking, in the case of delamination, energy is dissipated, since, if we were to use an energy based criterion for matrix cracking, the energy dissipated would be dependent on mesh density. However, energy spent in matrix cracking is still taken into account: when the critical energy release rate for delamination is measured, it encompasses delamination energy and most of the energy dissipated through matrix cracking as the classical tests used to evaluate the fracture toughness (Double Cantilever Beam or End Notched Flexure tests) include several types of damage.

The energy dissipated through matrix cracking is therefore not taken into account in the matrix crack behavior law but rather in the delamination one.

For the present discrete modelling, even if there is no parameter coupling delamination and matrix cracking, the discontinuity still allows this interaction to take place. Delamination normally occurs between differently oriented plies. It was therefore simulated in interface elements, and joining nodes of lower and upper volume ply elements (Figure 5). Mode I was in the thickness direction normal to the delamination plane, while mode II and mode III were in the in-plane direction. A mode I delamination is initiated when the distance between nodes reaches a critical distance , then degradation of the stiffness in mode I is established, and ends when the 

Modeling of fiber failure

Fiber failure was modeled continuously as described in Figure 9: failure is initiated when the fiber strain reaches the failure strain and is propagated using the critical energy release rate . The 

(FGD < C )
affected volume elements is gradually reduced until fiber strain reaches :

E 1 (4) H I ( H E 1 0 ? J K ?) J KI = FGD < C
where is the longitudinal stress (strain), V(S) is the volume (section) of the element, is the

? ( ? ) E 1
strain of total degradation of the fiber stiffness (Figure 9), and is the critical energy release rate in D < C opening mode in the fiber direction. First order volume elements (C3D8) were chosen, as two nodes along the thickness direction of the ply are sufficient to describe linear strain variation within the element.

In order to be able to dissipate the critical energy released due to fiber failure fracture per unit area of crack, a communication law between the 8 integration points was used within each element to determine the average energy release restitution rate (over 8 integration points) and the different (with i the integration point number). The black line in Figure 9 represents the / # 1 stress/strain curve evolution of the first integration point that reaches . The 7 grey lines / # 0 display the stress/strain curve evolution of the other 7 integration points. Independently of the The images presented in Figure 18 were taken at structural failure for each of the three configurations (represented by red triangles in Figure 17).

The stress at which delamination occurred increased from 300 MPa for a 4 mm thick laminate with a 3.175 mm hole diameter, to 425 MPa for a 4 mm thick laminate with a 25.4 mm hole diameter.

As specimens fail by delamination, there is a discontinuity on stress-strain curves, and it can be seen in Figure 17 that load drops depend on the size of the hole. The smaller the hole is, the earlier the load drops take place. Load drops correspond to massive delaminations before 0° fiber failure but the stress value in the first load drop is always taken as failure even if it is not the maximum value of stress on the curve, as the specimen has delaminated extensively.

PLS [45m/90m/-45m/0m]S

[454/904/-454/04]S 

mm in PLS configuration

Figure 18 shows the difference between delaminated elements according to the size of the hole.

For a large hole, delamination is small, there is just initiation of splitting on the 0° ply, and matrix cracking just occurs around the hole boundary and free edges. For a smaller hole, delaminations are larger and accompanied by splitting, forming the extensive delamination. The extensive delamination on a smaller hole propagates quickly from the hole to the specimen edge and quickly reaches failure 

Sublaminate level scaling

In specimens with thickness increased by the sublaminate-level scaling method, fiber failure occurs first, with extensive pull-out on smaller specimens, as for the 2 mm thick laminate with For pull-out type failure, the laminate failure is sudden and dominated by fiber failure, which triggers delamination while propagating. Figure 20 represents a typical stress-strain curve for a 2 mm thick sublaminate-level scaled specimen with a 3.175 mm diameter hole. It is seen that the stressstrain curve increases linearly and ends suddenly when the fiber failure occurs. In the pull-out failure mechanism, fiber failure within the 0° plies is accompanied by delamination between some of the off-axis plies. Depending on the thickness of the laminate, this delamination occurs on plies close to the surface or across the entire thickness of the specimen (Figure 20-a). Matrix cracking is observed in several plies, essentially on 90° plies, crossing from the hole edge to free edges (Figure 20-b).

Matrix cracking on off-axis plies is just located around the hole, in the initiation phase.

Brittle failure has a mechanism similar to that of pull-out type failure; it is fiber-dominated.

Figure 21 represents a typical stress-strain curve for a 4 mm thick sublaminate-level scaled specimen with a 12.7 mm diameter hole. The stress-strain curve is seen to increase linearly and ends when the fiber failure occurs. The failure begins from matrix cracking with delamination in all plies and then fiber failure in the 0° ply appears as shown in Figure 21. For fiber failure and delamination between -45°/0° ply, failure occurs on the edge of the hole, and then propagates adjacent to the hole, creating a clean fracture surface across the width of the specimen, at the mid-plane of the laminate. The fracture plane is the same in every ply of the laminate. Matrix cracking begins around the hole and then extends only on the free edges, due to the 90° plies (Figure 22). The failure scenario is similar to that of pull-out failure but with less damage (matrix cracks and delamination) extension before total failure. The brittle type of failure is correctly accounted for by the model since numerical failure patterns correlate well with exprimental ones (Figure 3

-Top right).

Increasing the laminate thickness by using extra sublaminates, from 4 mm to 8 mm, does not change the failure stress value significantly, as seen the 1D scaling results (Figure 16). This means that strength is globally independent of thickness. Increasing the thickness of the specimens by increasing the number of sublaminates results in distribution of 0° plies throughout the thickness. The curves obtained experimentally and numerically are plotted in Figure 12, Figure 16, and Figure 19, respectively, for 1D, 2D and 3D scaling. Good experiment-model correlation can be observed. However, the numerical results exhibit slightly higher failure stresses than the associated experimental results. The 1D scaling curve represents the variation of the strength as a function of the thickness. It can be seen that, when the total thickness of the laminate increases, the failure stress is much higher for SLS configurations than for PLS ones. The effect of ply thickness is much stronger in PLS than in SLS because the failure mechanism of laminates in PLS is delamination, while SLS laminates fail by pull-out or by brittle-type failure. Increasing the ply thickness in PLS laminates leads to fast delamination and this phenomenon affects the strength of the structure negatively. The 2D scaling curve is less straightforward. The reader will recognize a classical sizeeffect curve for the SLS configurations whereas the PLS ones exhibit a counter-intuitive increase of the failure stress when the hole diameter increases. This is due to the grouping of plies, which favors delamination. Indeed, delamination saves the specimen by delaying fiber failure. In 3D scaling, both configurations show a decrease in failure strength when the hole diameter increases. Thus, for PLS, the effect of increasing total thickness is dominant over the effect of increasing hole diameter. There is no significant difference between PLS and SLS, so, in the end, the classical size effect is seen: increasing the diameter of the hole leads to a decrease in the strength.

The final fitting curves for the SLS and PLS configurations are presented in Figure 23. The black curve represents the baseline, which is both PLS and SLS. The blue and black curves represent the SLS specimens, in which the main failure mechanisms are pull-out failure or brittle type failure. The effect of the hole diameter on the strength is quite logical: increasing hole diameter leads to a decrease in strength. Whatever the thickness of the laminate or the diameter of the hole, the strength decreases with the thickness and the size of the hole. On the other hand, the PLS variation of strength is less straightfroward. This is due to the fact that failure is predominantly influenced by delamination. It is also seen that PLS specimens have a different behavior below and above a thickness of 2 mm. The PLS effect follows the same logic as the SLS for thicknesses from 1 mm to 2 mm. Then, when the thickness increases from 2 mm onwards, the PLS effect is positive: increasing hole diameter leads to an increase of strength. This is due to the grouping of plies, which favors delamination, then delamination saves the specimen and delays the fiber failure. This thickness effect is beneficial at the beginning for large diameters but becomes catastrophic, with a very large drop of strength, when too many plies are grouped. This can be explained by the beneficial effect of grouping some plies together to promote delamination. However, the use of this effect should not be exaggerated: if the laminate is too thick, early delamination occurs and this is detrimental. 

  Composite materials have become indispensable in the aerospace and astronautics sectors.

  details of the experimental procedure. Then, the DPM modeling strategy is detailed and the results are compared with experimental data. The DPM has been used as a prospective tool to establish charts for engineers to help select the best stacking sequence to use for a given laminate thickness/ hole diameter combination. a numerical investigation of the experimental data from research carried out by Green et al.[START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF]. They performed open hole tensile tests on IM7/8552 carbon fiber/epoxy quasi-isotropic laminates manufactured from prepegs supplied by Hexcel. The nominal ply thickness was 0.125 mm. Laminates were autoclave cured according to Hexcel's recommended cure cycle[START_REF]Epoxy Matrix Product Datasheet[END_REF], and specimens were cut from these using a water-cooled diamond saw. The holes were drilled with tungsten carbide drill bits, with the drill speed scaled according to the hole diameter so that a constant cutting speed was used. Specimens with a central circular hole were tested in quasi-static tension. Constant length to hole diameter (L/D) and width to hole diameter (W/D) ratios were used, as shown in Figure1. Six specimens for each condition were loaded to failure. A nominal strain rate of 0.78%/ min was used, which equates to using constant displacement rates of 0.5, 1, 2 and 4 mm/min for hole diameters of 3.175, 6.35, 12.7 and 25.4 mm, respectively. Many of the tests were recorded with a video camera using a high magnification lens, so that the ply-level damage during the test could be determined.

Figure 1 .Figure 2 .

 12 Figure1. Specimen geometry[START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF] 

  summarize the values of failure stresses obtained by numerical simulation by DPM (presented in the next section) and experimental results from Green et al. [1], covering both laminates with all plies blocked together and multiple sublaminates of single plies. Only the failure stresses are given, without the experimental stress/strain curves. Examination of the specimens post failure showed three distinct types of failure mechanisms [1]. These have been termed pull out (fiber-dominated failure with extensive sub-critical damage -Figure 3/top left), brittle (fiber-dominated failure with little subcritical damage -Figure 3/top right) and delamination (matrix-dominated -Figure 3/bottom) type failures. The configurations for which they occurred are shown in

Figure 3 .

 3 Figure 3. Top -Photographs of pull-out failure (left) and brittle failure (right)Bottom -Schematic diagram of delamination failure[START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF] 

0 CFigure 8 Figure 8 .

 088 Figure 8. DPM delamination behavior law [33] Left -Pure Mode I, Right -Mixed mode

  lengthen until consistent energy has been dissipated. The stiffness of the

  constant energy is released per unit area. The characteristic length used in the model, which is the volume element length, ensures the mesh independency[START_REF] Bazant | Scaling of Structural Strength[END_REF],[START_REF] Bazant | Size Effect and Fracture Characteristics of Composite Laminates[END_REF].

Figure 9 .Figure 13 .Figure 14 -

 91314 Figure9. Discrete Ply Modeling of fiber failure[START_REF] Hongkarnjanakul | Modélisation numérique pour la tolérance aux dommages[END_REF] 

Figure 18 .

 18 Figure 18. Delaminated elements, splitting on 0° ply and matrix cracked elements for t = 4 mm, (a) d = 3.175 mm, (b) d = 6.35 mm and (c) d = 25.4 mm in PLS configuration

3 .

 3 175 mm hole diameter shown in Figure 20, and more brittle failure occurs on larger specimens like the 4 mm thick laminate with 25.4 mm hole diameter, as shown in Figure 22 and Figure 21.

  Therefore, the 0° plies have the capacity to arrest propagation of the sub-critical damage, and confine it to the two outermost sublaminates.

  framework has been presented whereby user-defined volume and cohesive element formulations have been developed to simulate the scaling effects acting on open hole tension tests. This has been achieved by taking the three main failure modes in laminated composites into account: matrix cracking, delamination and fiber failure. A specific meshing methodology has been used to allow for natural coupling between matrix cracks and delamination openings. The Discrete Ply Model needs a small number of parameters, all of which come from material tests. No numerical tuning parameter has been used. The numerical framework has been validated against a large set of experimental data. Three types of scaling (1D, 2D and 3D) have been studied on two types of stacking sequences (Sublaminate-level and Ply-level scaling). The 3 types of failure (brittle, pull-out and delamination) observed experimentally have been correctly simulated. Consistent average failure stress values and evolutions have been observed according to various scaling methodologies. Since the numerical results correlate well with the experimental observations, it can be considered that the DPM has been validated for evaluation of the failure of open hole tensile tests. This model has therefore been used to open up the field of investigations and simulate configurations not previously tested experimentally. Numerical simulations have been performed for all laminate thicknesses, from 1 mm to 8 mm, and for all hole diameters, from 3.175 mm to 25.4 mm. The idea is to provide charts to help engineers choose the best stacking sequence configuration bewteen PLS and SLS for a given laminate thickness/hole diameter combination.Globally, the thicker the laminate is, the more suitable the SLS confiuguration seems to be. However, in some specific combinations (small thickness/small diameter hole), PLS can be a smarter choice.It should be noted that the research presented in this article draws this conclusion for a specific type of material, stacking sequence and loading. Other combinations could lead to different behaviors and conclusions. It would be interesting to use the Discrete Ply Model to simulate a large number of cases, with different stacking sequences and compare the influence of stacking sequence with the hole and thickness effects. Moreover, the laminate has been studied in pure tension and it would be of interest to see whether the conclusions hold under multiaxial loadings.

Table 1 .

 1 Testing program matrix[START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF] 
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. Numerical vs experimental average failure stress (in MPa) of sublaminate-level scaled specimens (exp. results from

[START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF]

)

Table 3 .

 3 Numerical

vs experimental average failure stress (in MPa) of ply-level scaled specimens (exp. results from

[START_REF] Green | An experimental investigation into the tensile strength scaling of notched composites[END_REF]

)

Table 4 . Failure mechanisms in testing program [1]
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