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The purpose of this work is to develop a constitutive model integrating anisotropic behaviour and ductile damage for a X100 pipeline steel. The model is based on a set of experiments on various smooth, notched and cracked specimens and on a careful fractographic examination of the damage mechanisms. The model is based on an extension of the Gurson-Tvergaard-Needleman model which includes plastic anisotropy. Provided brittle delamination is not triggered, the developed model can accurately describe the plastic and damage behaviour of the material. The model is then used as a numerical tool to investigated the effect of plastic anisotropy and delamination on ductile crack extension. It is shown in particular that it is not possible to obtain a unified description of rupture properties for notched and cracked specimens tested along different directions without accounting for plastic anisotropy.

Introduction

Economic studies have shown that development of oil and gas transportation over long distances requires the use of high grade steels whose mechanical properties allow to substantially increase the internal pressure for a given pipe thickness. Research projects have then been focused on the development of API grades X80 and X100 [START_REF] Hillenbrand | Development of high strength pipelines strength material and pipe production technology for grade X120 line pipe[END_REF][START_REF] Okatsu | Metallurgical and mechanical features of X100 linepipe steel[END_REF] and more recently to grades X120 [START_REF] Hillenbrand | Development of high strength pipelines strength material and pipe production technology for grade X120 line pipe[END_REF]. These new grades are still under development. Their mechanical behaviour needs to be characterized both in terms of plastic behaviour and crack growth resistance. In particular resistance to ductile crack initiation and longitudinal propagation needs to be evaluated to assess the high-grade pipelines structural integrity. In practice, standards recommend the use of Charpy-V or drop weight tear tests in relation with semi-empirical correlations to predict the outcome of full-scale burst tests of pipelines [START_REF] Civallero | Fracture mechanics in pipeline technology[END_REF][START_REF] Maxey | Dynamic crack propagation in line pipe[END_REF][START_REF] Wiedenhoff | Toughness requirements of largediameter line pipe in gas transmission pipelines[END_REF]. These correlations have been established on lower grade steels. Results of recent full-scale testing campaigns [START_REF] Vogt | EPRG recommendation for crack arrest toughness for high strength line pipe steels[END_REF][START_REF] Demofonti | Suitability evaluation of X100 steel pipes for high pressure gas transportation pipelines by full scale tests[END_REF] have shown that these correlations no longer hold for the new grades. This requires further studies on ductile damage of these new high-grade steels.

In these studies coupling gas decompression and material cracking resistance, the problem of the material fracture criteria remains a critical issue in particular in order to ensure the transferability between small scale tests and burst tests. Several methodologies have been proposed for that purpose (see e.g. [START_REF] Pavankumar | Transferability of fracture parameters from specimens to component level[END_REF]). It has been proposed to use one single global parameter such as the Jintegral [START_REF] Rice | A path independent integral and the approximate analysis of strain concentration by notched and cracks[END_REF][START_REF] Drubay | A16: guide for defect assessment at elevated temperature[END_REF] or the dissipated energy [START_REF] Priest | A multi-test piece approach to the fracture characterisation of linepipe steels[END_REF][START_REF] Turner | A re-assessment of ductile tearing resistance. Part I: The geometry dependence of J-R curves in fully plastic bending. Part II: Energy dissipation rate and associated R-curves in fully plastic bending[END_REF][START_REF] Turner | A micro and macro approach to the energy dissipation rate model of stable ductile crack growth[END_REF]. However, as a fully three dimension (3D) stress field develops ahead of the crack tip, transferability between specimens having different thicknesses cannot be ensured. This has lead to the use of a two parameters J-Q global approach [? ? ]. On the other hand, descriptions at the local scale have been developed using a critical crack tip opening angle (CTOA) or cohesive zone models (CZM). These approaches have been applied successfully to predict crack growth in aluminum sheet specimens [START_REF] Gullerud | Three dimensional modeling of ductile crack growth in thin sheet metals: computational aspects and validation[END_REF][START_REF] Shterenlikht | A specimen for studying the resistance to ductile crack propagation in pipes[END_REF][START_REF] Roychowdhury | Ductile tearing in thin aluminum panels: experiments and analyses using large-displacement, 3-D surface cohesive elements[END_REF][START_REF] Brocks | Simulation of crack extension in shell structures and prediction of residual strength[END_REF]. However using CTOA and CZM, transferability between specimens of different thicknesses or geometries cannot be performed as both models sensitivity on stress triaxiality does not correspond to physical processes of void growth [START_REF] Siegmund | Prediction of the work of separation and implications to modelling[END_REF]. Both models are nevertheless useful to perform structural computations involving crack growth provided that the stress state in the structure corresponds to that of the specimens used to tune the model.

In order to get the proper dependency on the stress state it is necessary to use physically motivated models which describe in a realistic manner the different stages of ductile rupture. These models make use of the early description of void growth by Rice and Tracey [START_REF] Rice | On the ductile enlargement of voids in triaxial stress fields[END_REF]. They are based on continuum damage mechanics and account for the softening effect induced by cavity growth (ductile fracture) using yield potentials integrating damage such as those proposed by Gurson [START_REF] Gurson | Continuum theory of ductile rupture by void nucleation and growth: Part I-Yield criteria and flow rules for porous ductile media[END_REF], Tvergaard [START_REF] Tvergaard | Material failure by void growth to coalescence[END_REF] or Rousselier [START_REF] Rousselier | Ductile fracture models and their potential in local approach of fracture[END_REF]. As long as ductile damage mechanisms remain identical, transferability between laboratory test samples and structures is reasonably ensured. These local approach to fracture models have been successfully applied to model crack growth in structures (see e.g. [START_REF] Gullerud | Simulation of ductile crack growth using computational cells: numerical aspects[END_REF]). They have been recently applied to model rupture of thin structures [START_REF] Rivalin | Ductile tearing of pipelinesteel wide plates -II.: Modeling of in-plane crack propagation[END_REF][START_REF] Dotta | Structural integrity assessments of high pressure pipelines with axial flaws using a micromechanics model[END_REF][START_REF] Bron | Simulation of the ductile tearing for two grades of 2024 aluminum alloy thin sheets[END_REF][START_REF] Brunet | Failure analysis of anisotropic sheet-metals using a non-local plastic damage model[END_REF]. The latter studies have used extensions of the Gurson or Rousselier models that account for plastic anisotropy [START_REF] Rivalin | Ductile tearing of pipelinesteel wide plates -II.: Modeling of in-plane crack propagation[END_REF][START_REF] Bron | Simulation of the ductile tearing for two grades of 2024 aluminum alloy thin sheets[END_REF][START_REF] Brunet | Experimental and analytical necking studies of anisotropic sheet metals[END_REF] which is of particular interest for pipeline steels.

The aim of this paper is to characterize and model the plastic and damage behaviour of a X100 pipeline steel which was supplied as a plate from which tubes are produced. For this purpose, a micromechanical Gurson-type model is used as transferability between laboratory specimens and structures is of primary importance. Simulations are based on experimental results obtained on a large set of mechanical tests. The investigated material and the experimental techniques are first presented. Results of the mechanical tests together with detailed fractographic examinations are then given. The model used to describe the material includes two ingredients: a specific yield surface accounting for plastic anisotropy, a model coupling plasticity and ductile damage. The different tests are then simulated. Finally the model is used to discuss the effect of plastic anisotropy on rupture. Delamination, which as observed during the study, was also commented based on the model.

Material and experimental procedures

Material

The material of this study is a high strength steel that is used to manufacture X100 pipelines. It was supplied as a 18.4 mm thick plate. The nominal chemical composition is given on Table 1. The plate was elaborated using thermo-mechanical controlled rolling and accelerated cooling (TMCP process). The resulting microstructure is mainly ferritic-bainitic with a clear band-like structure (fig. 1-a).

As second phase particles are well known to be at the origin of cavity nucleation, a particular attention was paid to their characterisation. X-ray analysis carried out on polished surfaces reveals that most observed inclusions are composed of calcium sulfide (CaS), titanium nitride (TiN), aluminium or magnesium oxides (Al 2 O 3 , MgO). An inclusion volume fraction equal to 1. 35 10 -4 was evaluated using quantitative image analysis. High magnification scanning electron microscope (SEM) observation of etched (Nital) surfaces reveals the presence of martensite-austenite (M-A) islands as shown on fig. 1-b. Despite processing, particle remains mainly isotropic: spherical CaS, cubic TiN, equiaxed M-A. In addition, the material also contains small carbides (Fe 3 C cementite).

Due to material processing, the plate has an anisotropic plastic behaviour (see sec. 3.1) so that it is important to keep track of the material principal axes. In the following the longitudinal direction corresponding to the rolling direction is referred to as L; the transverse direction is referred to as T and the short transverse (thickness) direction is referred to as S. Table 1 Nominal chemical composition (weight %).

Experimental procedures

A comprehensive characterisation of the mechanical properties of the material was carried out along the different material directions using several specimen geometries which are displayed on fig. 2 and3. All tests were performed at room temperature on a servo-hydraulic testing machine.

Smooth tensile bars (ST) are used to determine the hardening behaviour along the principal directions. A shorter specimen (ST r ) is used for tests carried out in the S direction due to the limited thickness of the plate. Strain rate equal to 5. 10 -4 s -1 is kept constant during the test. Diameter reduction across two perpendicular directions is measured to obtain the Lankford coefficients.

The Lankford coefficients for a test carried out in the L direction (resp. T or S direction) is defined as

R L = ε T /ε S (resp. R T = ε L /ε S , R S = ε T /ε L )
where ε X is the true deformation in the X (= L, T or S) direction.

Axisymmetric notched tensile bars (NT χ , fig. 2) are used to characterize both plastic behaviour and damage growth. Tests are performed for L and T directions. Different notch radii are used to modify the stress triaxiality ratio inside the specimens [? ]. Radii equal to 0.6, 1.2 and 2.4 mm are used corresponding to specimens NT 1 , NT 2 and NT 4 respectively. The axial elongation as well as the minimum diameter variation along the S direction (∆Φ S ) are continuously measured. The mean strain rate computed from the diameter variation is controlled and fixed to 5. 10 -4 s -1 .

Wide and relatively thin specimens are used to generate plane strain (PE) conditions. Finite element calculations were used to check that the plane strain conditions prevail in the specimens. The plane strain direction corresponds to the width of the specimen (see arrow in fig. 2) as deformation along this direction is constrained by the thicker lower and upper parts. Tests were carried out in the L and T directions with an imposed displacement rate corresponding to a mean strain rate of 5. 10 -4 s -1 at the centre of the specimen. Ductile crack initiation and propagation were studied using Charpy notched bars (KCV) and compact tension (C(T)) specimens (fig. 3). LT (resp. TL) configurations were investigated in which L (resp. T) corresponds to the loading direction and T (resp. L) to the crack propagation direction.

Conventional Charpy V-notched specimens were either tested on a 3 points bending setup at a low imposed displacement rate of 10 µm.s -1 (quasi-static test) or in a standard instrumented Charpy testing device with a striker impact velocity equal to 5.2 m.s -1 (impact test). The 3 point bending setup geometry corresponds to the geometry of the Charpy device [START_REF] Afnor | Essai de flexion par choc sur éprouvette Charpy. Partie 1 : méthode d'essai[END_REF].

Crack growth resistance was investigated using C(T) specimens with a total thickness B = 12.5 mm. Specimens with and without side grooves were both used. The side grooves have each a depth of 0.1B; they are used to delay the development of crack tunneling and to maintain a straight crack front. C(T) specimens were fatigue-precracked in order to obtain an initial crack length a 0 equal to 0.57W (see fig. 3). The J-∆a resistance curve was determined using both single specimen (i.e. using the unloading compliance) and multispecimen technique in accordance with ASTM-1820. The single specimen technique was applied to side-grooved specimens only. In the case of non sidegrooved specimens, the ductile crack extension was determined from direct measurements of crack advance of specimens which were broken at liquid nitrogen temperature after unloading. 3 Experimental results 

Anisotropic plastic behaviour

Fractographic examination

Fracture surfaces were systematically examined to determine damage triggering sites. At macroscopic scale (see e.g. fig. 4-b) flat fracture regions (i.e. the normal to the fracture surface is parallel to the loading direction) and slant fracture regions (i.e. so called "cup and cone" or "shear lips" fracture) are observed. Fig. 5 shows detailed views of the flat fracture zones of different notched bars. Photographs were taken at the centre of the fracture surface.

In the case of ST and NT 4 specimens, two populations of dimples can be evidenced: (i) large dimples (about 20 µm) initiated at TiN, oxides or CaS particles, (ii) small dimples (about 1 µm) probably initiated at carbides or M-A constituents. Large (resp. small) dimples will be referred to as primary (resp. secondary) dimples. On NT 2 specimens, the amount of primary dimples is increased and they are the only dimples seen in NT 1 specimens. This indicates that particles at the origin of primary dimples nucleate first. A high level of plastic strain is needed to nucleate secondary dimples which are observed at locations where stress triaxiality is not high enough to promote rapid failure by internal necking between primary dimples. This conclusion is well corroborated by observations on KCV (fig. 6) and C(T) samples: (i) in slant fracture/shear lips regions (i.e. zones corresponding to low stress triaxiality levels) growth of primary voids is limited, (ii) at the centre of the specimen (i.e. zones corresponding to high stress triaxiality levels) in the flat fracture zone, only primary dimples are observed. Fracture surfaces of plane strain specimens are close to those of ST specimens: i.e. dominated by secondary dimples. This is again consistent with previous observations as stress triaxiality is low in that kind of specimen. 

Ductility and crack growth

The area reduction at fracture Z is defined as Z = (A 0 -A R )/A 0 where A 0 is the initial cross section and A R the cross section at fracture. It is plotted on fig. 8 for different specimen geometries tested in the L and T directions.

As expected ductility decreases with specimen severity as the area reduction is maximum for tensile specimen and minimum for the most severely notched axisymmetric bars (NT 1 ). Ductility obtained on plane strain specimens is close to that of tensile bars. Note that due to necking stress triaxiality increases rapidly in tensile bars [START_REF] Besson | Mécanique et Ingénierie des Matériaux -Essais mécaniques -Éprouvettes axisymétriques entaillées[END_REF]. The ductility in the L direction appears to be slightly but consistently higher than in the T direction. Each test was repeated 2 or 3 times and very little scatter was found both for the overall plastic behaviour and for the ductility. Impact Charpy fracture energies (USE) are listed on Table 2 for L-T and T-L configurations showing little dependence on the orientation (2%). Ductile behaviour in presence of a crack is examined using the J-∆a curves which are plotted on fig. 9. J 0.2 values, which represent the dissipated energy at crack initiation, are significantly higher for the L-T configuration ; tearing moduli (dJ/da), which are more representative of crack propagation, remain close for both configurations(Table 2). These results have to be carefully interpreted because of delamination which is observed in the case of the T-L configuration for relatively small amount of ductile tearing (less than 2 mm) in particular for side grooved specimens. Data reported on fig. 9 correspond to results obtained before macroscopic delamination which causes a sharp load drop.

T L specimen Z = A 0 -A R A 0 ST PE NT 4 NT 2 NT 1
4 Model for the anisotropic plastic behaviour

Model

The material under study presents a complex anisotropic behaviour which cannot be represented by a simple quadratic yield surface such as the one proposed by Hill [START_REF] Hill | The mathematical theory of plasticity[END_REF]. This yield condition was previously used to describe the plastic behaviour of pipeline steels (see e.g. [START_REF] Rivalin | Ductile tearing of pipelinesteel wide plates -II.: Modeling of in-plane crack propagation[END_REF]) but was unable to satisfactorily describe simultaneously yield anisotropy and Lankford coefficients in all directions. To overcome this difficulty, the yield condition proposed by Bron and Besson [START_REF] Bron | A yield function for anisotropic materials. Application to aluminium alloys[END_REF] is used in this work. This phenomenological yield function is proposed to represent plastic anisotropy of aluminum sheets. It is an extension of the functions given by Barlat et al. [START_REF] Barlat | A six-component yield function for anisotropic materials[END_REF] and Karafillis and Boyce [START_REF] Karafillis | A general anisotropic yield criterion using bounds and a transformation weighting tensor[END_REF]. Plastic anisotropy is represented by 12 parameters in the form of two fourth order symmetric tensors. Four other parameters influence the shape of the yield surface uniformly. The model is based on the definition of an equivalent stress σ:

σ = (α 1 σ a 1 + α 2 σ a 2 ) 1/a (1) 
with α 1 = α and α 2 = 1 -α. The equivalent stresses σ 1 and σ 2 are defined as:

σ k = Ψ 1/b k k (2) 
with:

Ψ 1 = 1 2 S 2 1 -S 3 1 b 1 + S 3 1 -S 1 1 b 1 + S 1 1 -S 2 1 b 1 (3) 
Ψ 2 = 3 b 2 2 b 2 + 2 S 1 2 b 2 + S 2 2 b 2 + S 3 2 b 2 (4) 
where

S 1 1 ≥ S 2 1 ≥ S 3 1 (resp. S 1 2 ≥ S 2 2 ≥ S 3 
2 ) are the eigenvalues of a modified stress deviator s 1 (resp. s 2 ) defined as:

s 1 = L 1 : σ and s 2 = L 2 : σ ( 5 
)
where σ is the stress tensor. L 1 and L 2 are fourth order tensors expressed as in Voigt representation:

L k =                  1 3 (c 2 k + c 3 k ) -1 3 c 3 k -1 3 c 2 k 0 0 0 -1 3 c 3 k 1 3 (c 3 k + c 1 k ) -1 3 c 1 k 0 0 0 -1 3 c 2 k -1 3 c 1 k 1 3 (c 1 k + c 2 k ) 0 0 0 0 0 0 c 4 k 0 0 0 0 0 0 c 5 k 0 0 0 0 0 0 c 6 k                  (6) 
Finally the yield surface is expressed as:

φ = σ -R(p) (7) 
where R(p) is the flow stress (assuming isotropic hardening only). The effective plastic strain, p, is defined, for the undamaged material, by the condition: σ ṗ = σ : εp where εp is the plastic strain rate tensor defined by the normality rule, i.e.:

εp = ṗ ∂φ ∂σ (8) 

Parameter adjustment

The previous plasticity model is complex and has several material parameters to be adjusted: a, b 1 , b 2 , α, c 1...6 1 and c 1...6 2 as well as the hardening function R(p). In the following the model will be simplified assuming a = b 1 = b 2 . The flow stress is expressed as:

R(p) = R 0 (1 + Q 1 (1 -exp(-k 1 p) + Q 2 (1 -exp(-k 2 p)) (9) 
where R 0 can be fixed arbitrarily so that 4 additional fitting parameters

(Q 1 , k 1 , Q 2 , k 2 )
are used in the model. The fitting strategy proposed in [START_REF] Bron | A yield function for anisotropic materials. Application to aluminium alloys[END_REF] is used in this study. Two nonlinear terms are used in the expression of the flow stress to obtain a good fit over the whole plastic strain range (up to 0.8). The first one (Q 1 (1 -exp(-k 1 p)) quickly reaches a plateau as k 1 is much larger than k 2 . It is used to fit the early stages of work hardening. The second one (Q 2 (1 -exp(-k 2 p)) allows to fit hardening for high value of plastic strain.

Tensile tests along L, T and S directions are used as well as tests on all different notched bars. In the case of tensile bars, force-axial displacement curves are used together with measurements of Lankford coefficients. In the case of notched bars, force-diameter reduction curves are used; diameter reduction along the S direction is used as this direction tends to deform the most.

All tests were carried out at low strain rate so that the material may be assumed to be rate independent. However, in order to model the impact Charpy tests it is necessary to account for rate dependence as experimental results evidence an increase of the maximum load when compared to quasistatic 3-point bending tests (+15%, see also [START_REF] Tanguy | Ductile-brittle transition of a A508 steel characterized by the Charpy impact test. Part-II: modelling of the Charpy transition curve[END_REF]). In that case the plastic multiplier ṗ is computed using a Norton flow rule which introduces two additional material parameters (K and n):

ṗ = φ K n = σ -R K n ( 10 
)
K and n were fitted to represent the maximum load obtained from impact Charpy tests. Finally it is worth noting that as the initial porosity is very small fitting of parameters describing plastic behaviour can be performed neglecting damage evolution. Adjusted material model parameters are gathered in Table 3.

5 Model for ductile damage

Model

Ductile tearing is modeled using the Gurson-Tvergaard-Needleman (GTN) model [START_REF] Tvergaard | Material failure by void growth to coalescence[END_REF] adapted to account for plastic anisotropy and strain rate dependence. Damage is represented by a single scalar variable f representing void volume fraction. Damage is consequently assumed to be isotropic. The model relies on the definition of an effective scalar stress σ ⋆ which depends on the applied stress tensor and on damage. The effective stress is given by the following implicit equation [START_REF] Besson | Modeling of crack growth in round bars and plane strain specimens[END_REF]:

σ 2 σ 2 ⋆ + 2q 1 f ⋆ cosh q 2 2 σ kk σ ⋆ -1 -q 2 1 f 2 ⋆ = 0 ( 11 
)
where σ kk is the trace of the stress tensor σ while q 1 and q 2 are material parameters. The equivalent stress defined in sec. 4 for the anisotropic plasticity is used in lieu of the von Mises stress for an isotropic material. This technique to account for anisotropic plasticity coupled with isotropic damage was previously used in [START_REF] Rivalin | Ductile tearing of pipelinesteel wide plates -II.: Modeling of in-plane crack propagation[END_REF][START_REF] Brunet | Experimental and analytical necking studies of anisotropic sheet metals[END_REF][START_REF] Bron | Simulation of the ductile tearing for two grades of 2024 aluminum alloy thin sheets[END_REF]. f ⋆ is a function of the porosity f introduced to represent final failure by void coalescence. Using the definition of the effective stress, the yield surface is now expressed as:

ν 0.3 Plastic hardening R 0 , Q 1 ,
φ = σ ⋆ -R(p) (12) 
The flow stress R corresponds to that of the undamaged material and is therefore given by eq. 9. The plastic strain rate tensor is given by the normality rule as:

εp = (1 -f ) ṗ ∂φ ∂σ (13) 
so that σ : εp = (1 -f )σ ⋆ ṗ which expresses the equality between the plastic dissipation at the macroscopic level (left handside) and the microscopic level (right handside) [START_REF] Gurson | Continuum theory of ductile rupture by void nucleation and growth: Part I-Yield criteria and flow rules for porous ductile media[END_REF]. The evolution of the porosity is controlled by void growth and nucleation of new voids:

ḟ = (1 -f )trace( εp ) + A n ṗ ( 14 
)
where the first term on the right handside corresponds to void growth (and mass conservation) and the second term corresponds to void nucleation. Material parameter A n controls nucleation rate.

Models including damage lead to material softening and mesh size dependence when standard finite element techniques are used. In that case, it is necessary to fix the mesh size in order to obtain results transferable from one sample to another. This technique is often used in the case of ductile rupture [22? , 23, 26] although improved so called "non-local" models can be used to obtain mesh independent results [37? ]. Consequently, the mesh size and in particular the mesh height in the direction perpendicular to the crack plane, h ⊥ [START_REF] Siegmund | Prediction of the work of separation and implications to modelling[END_REF] should be considered as an adjustable material parameter.

Parameters adjustment

Several material parameters relative to ductile damage need to be determined: the initial void volume fraction f 0 ; the GTN model parameters q 1 , q 2 , f ⋆ and A n ; the mesh size h ⊥ .

The initial porosity is chosen equal to the inclusion (CaS+TiN+oxides) volume fraction as these particles are found inside the largest dimples. It is consequently assumed that matrix/inclusion debonding occurs very rapidly (i.e. instantaneous nucleation).

Nucleation corresponds to void formation around Fe 3 C carbides and M-A constituents (i.e. secondary particles). This process corresponds to the formation of small secondary dimples observed on the fracture surfaces. When the stress triaxiality ratio is high enough (i.e. NT 1 or C(T) specimens), growth of cavities initiated at primary inclusions is fast enough to induce failure by internal necking [START_REF] Thomason | A theory for ductile fracture by internal necking of cavities[END_REF] before the onset of nucleation at secondary particles. This indicates that a certain level of plastic deformation is required to nucleate secondary voids. To represent this threshold effect A n is expressed as:

A n =    A 0 n if p s ≤ p ≤ p e 0 otherwise ( 15 
)
where A 0 n is assumed to be constant. Nucleation starts when p reaches p s which was determined based on the fractographic observations of notched tensile bars: p s = 0.5. p e (end of nucleation) is chosen equal to 1.0 but this level of deformation is hardly reached.

The usual expression for f ⋆ was chosen in this work [START_REF] Tvergaard | Material failure by void growth to coalescence[END_REF]:

f ⋆ =    f if f ≤ f c f c + δ(f -f c ) otherwise ( 16 
)
where f c represents the critical porosity for which coalescence starts. δ is an "accelerating" factor which represents the increased softening effect of pores once coalescence has started. Mesh size h ⊥ needs to be adjusted on specimens containing cracks. In this study quasi-static Charpy specimens (T-L) were used. q 2 was chosen equal to 1.0 as in many other studies and q 1 was adjusted.

Finally the parameters that need to be numerically adjusted are q 1 , A 0 n , f c , δ and h ⊥ . This was performed by trial and error using notched bars and Charpy specimens with loading along the T-direction. C(T) specimens and tests along the L-direction were used to validate the identification. Adjusted material parameters are also shown in Table 3.

6 Finite element simulation of rupture

Simulation technique

The modified GTN model was implemented in the FE software Zebulon, developed at Ecole des Mines de Paris [START_REF] Besson | Large scale object-oriented finite element code design[END_REF][START_REF] Besson | Modeling of crack growth in round bars and plane strain specimens[END_REF]. An implicit scheme is used to integrate the constitutive equations. The consistent tangent matrix is computed using the method proposed in [START_REF] Simo | Consistent tangent operators for rate-independent elastoplasticity[END_REF]. The material is considered as broken when f ⋆ reaches 1/q 1 -ǫ with ǫ = 10 -3 . In that case, the material behaviour is replaced by an elastic behaviour with a very low stiffness (Young modulus: E b = 1 MPa). A similar technique was used in [START_REF] Liu | Mesh-dependence and stress singularity in finite element analysis of creep crack growth by continuum damage mechanics approach[END_REF] showing convergence of the results for sufficiently low values of the Young modulus E b . Gauss points where these conditions are met are referred to as "broken Gauss points". An updated Lagrangian formulation was used in which Jauman stress rates are used [START_REF] Ladevèze | Sur la théorie de la plasticité en grandes déformations[END_REF]. Calculations were done using quadratic elements with reduced integration. Plane strain (PE) and 3D elements were used. Due to the anisotropic behaviour, notched bars must be meshed using 3D elements. In regions where the crack propagates, eight nodes (PE) and 20 nodes (3D) elements were used. Meshes are shown on fig. 10. Convergence in terms of macroscopic load and local damage growth was checked as proposed in [START_REF] Bron | Simulation of the ductile tearing for two grades of 2024 aluminum alloy thin sheets[END_REF]. Usual symmetry conditions are accounted for in order to reduce the size of the calculations. the L direction. This tends to indicate a slight anisotropic rupture behaviour which is not accounted for in this study. Models including void shape and void spacing could be used for that purpose [43? , 44]. On the other hand, anisotropic plastic behaviour is very well represented by the model. of the overall behaviour and of ductility is obtained. Examination (see fig. 11) of the fracture surface shows a crack path in the plane normal to the plane strain direction which forms either a V or an inclined plane. Both cases correspond to slant fracture as described in [START_REF] Besson | Modeling of plane strain ductile rupture[END_REF]. The fracture surface exhibits small secondary dimples. The model developed in this study predicts a flat surface plane; this is related to the coarse mesh needed to model crack growth. Using a finer mesh can allow to reproduce slant fracture [START_REF] Besson | Modeling of plane strain ductile rupture[END_REF]. In all cases the simulated ductility corresponds to the actual one as it is little affected by the mesh size. The photograph shows a cross-section of the specimen indicating a V-shaped slanted fracture surface. It corresponds to a specimen tested in the T direction so that plane strain conditions prevail in the L direction.

Notched tensile bars

Plane strain specimens

Charpy specimens

Charpy test is a complex test which involves many effects. This complexity makes the Charpy test difficult to simulate and difficult to interpret as a fracture test as most of the effects are not related to damage processes leading to rupture [START_REF] Tanguy | Ductile-brittle transition of a A508 steel characterized by the Charpy impact test. Part-II: modelling of the Charpy transition curve[END_REF]. As far as the determination of the the USE is concerned, inertia effects can be neglected [START_REF] Tvergaard | An analysis of the temperature and rate dependence of Charpy V-Notch energies for a high nitrogen steel[END_REF][START_REF] Rossoll | Mechanical aspects of the Charpy impact test[END_REF] and 3D calculations must be carried out as plane strain state overestimates stresses [START_REF] Tanguy | Ductile-brittle transition of a A508 steel characterized by the Charpy impact test. Part-II: modelling of the Charpy transition curve[END_REF]. Contact has to be accounted for, in particular sliding between the specimen and the anvils must be allowed [START_REF] Tanguy | Ductile-brittle transition of a A508 steel characterized by the Charpy impact test. Part-II: modelling of the Charpy transition curve[END_REF].

A friction coefficient equal to 0.1 was used in this study. Strain rate dependence must also be accounted for is order to represent both dynamic loading (5 m/s) and quasi-static loading (10 µm/s as in this study). As mechanical properties of the investigated steel are expected to be weakly dependant on temperature above room temperature, it was decided to neglect adiabatic heating due to rapid plastic deformation. The FE mesh is shown on fig. 13 together with comparisons of the simulated and experimental load-displacement curves for both configurations; i.e. T-L (used for fitting) and L-T (used for validation).

A very good agreement is found even for deflection up to 20 mm. In actual tests, shear lips are created on both free sides of the notch (see fig. 6) with a corresponding area of about 20% of the total fracture surface. Again, to correctly model this phenomenon a very large number of elements would be required [START_REF] Besson | Modeling of crack growth in round bars and plane strain specimens[END_REF]. The question of the importance of the shear lip formation on rupture energy dissipated during Charpy test still remains an open question.

In the model the shear lip zone corresponds to locations where nucleation of secondary dimples occurred (as observed on the specimens). Using the proposed void nucleation law it is however possible to model the correct mean crack advance in Charpy specimens despite the fact that slant fracture is not reproduced [START_REF] Tanguy | Ductile-brittle transition of a A508 steel characterized by the Charpy impact test. Part-II: modelling of the Charpy transition curve[END_REF]. This result is in agreement with results obtained on plane strain specimens.

C(T) specimens

Load-load line displacement curves obtained from C(T) specimens are shown on fig. 14-a for L-T and T-L configurations. A very close agreement is obtained for the L-T configuration for both the load and the maximum crack advance. As shown on fig. 14-b, agreement is less satisfactory for the T-L case ; this is attributed to delamination which causes a load drop and leads to a faster crack advance. In that case, bounds for the maximum crack advance have been estimated from the fractographic examination as shown on fig. 7. Predicted crack advance lies between the bounds. The load simulated assuming that the material is not damaged is also shown on the graphs (thin solid line), showing that crack advance has, in that case, a significant effect on the overall behaviour of the specimen.

Values of the J integral have also been calculated from the simulation by applying the ASTM procedure to the output of the simulation. As expected from fig. 14, agreement with experiments is very good in the L-T case whereas the J integral is overestimated for the T-L case due to delamination.

Effect of plastic anisotropy on crack growth

The numerical tool presented in this study can also be used to make parametric studies on the model parameters, e.g. in relation with the development of new microstructures. Whereas the effect of changing model parameters relative to damage growth or plastic hardening is obvious, the effect of plastic anisotropy on the overall behaviour of structures cannot be straightforwardly deduced.

To illustrate this point, it was consequently assumed that the material plastic behaviour is isotropic and follows von Mises yield criterion1 . The hardening behaviour is assumed to correspond to that obtained in the T direction. The "virtual" isotropic material was used to simulate C(T) and impact Charpy specimens. Results are compared on fig. 15 with simulation for the actual material in the T-L configuration.

It is observed that the maximum load is increased in the case of the isotropic material for both investigated geometries despite the fact the the tensile behaviour coincides along the loading direction (T). Deformations of the samples ahead of the crack (or notch) tip differ depending on the yield criterion and different stress states are generated in the ligament. It is shown that the ratio σ kk /σ ⋆ is higher in the isotropic case so that the maximum load is increased ; however this also leads to a higher void growth rate, as this factor governs damage growth, so that load drop and crack advance are faster2 .

These results clearly indicate that assuming plastic isotropy would not allow to describe with the same set of model parameters tests carried out using different specimen types (tensile bars, NT bars, Charpy bars and C(T)) along different directions. A preliminary study [? ] has also shown that Hill's quadratic yield criterion [START_REF] Hill | The mathematical theory of plasticity[END_REF] was also not sufficient (see also [START_REF] Rivalin | Ductile tearing of pipelinesteel wide plates -II.: Modeling of in-plane crack propagation[END_REF]). A purely isotropic model can be used to fit a reduced set of experiments corresponding to a single testing direction (e.g. smooth and notched bars tested along the L direction and C(T) specimens in the L-T configuration). Values of the Lankford coefficient must indeed not be considered. The GTN model must also be fitted for the selected direction as local values of the stress triaxiality ratio depend on the yield criterion. If the fit has to be carried out for a different direction, different values for the hardening rule and the GTN parameters will be obtained.

Delamination

Although brittle delamination was not modelled in this work, it can be inferred from the FE simulations of C(T) specimens that it reduces crack growth resistance as simulations overestimate the load compared to actual tests. It is believed that delamination is related to the band like structure observed on fig. 1 and that it is controlled by the value of the stresses in the short transverse direction σ SS . This hypothesis is supported by the fact that delamination is easier to trigger in side grooved C(T) specimens for which σ SS is higher than for ungrooved C(T) specimens. The reason why delamination is more easily triggered in the T-L configuration than in the L-T configuration is however not clear as simulations show that the stresses in the short transverse direction reach similar values in both cases. One possibility to model delamination would be to use cohesive zone elements between solid elements to allow brittle opening in the S direction. show that the material behaviour can be described using an anisotropic model for plastic flow but an isotropic model for damage growth. This is essentially due to the fact that inclusions at the origin of ductile damage (CaS, TiN, iron carbides, M-A islands) have isotropic shapes and are isotropically distributed. This is clearly not the case for "older" pipeline steels containing elongated MnS inclusions [? 48? ]. A better description could therefore be obtained taking into account void shape change. Depending on the stress triaxiality ratio voids tends to become prolate or oblate [? 44]. This effect could be enhanced in the case of a plastically anisotropic material as spherical voids subjected to an hydrostatic stress do not remain spherical in that case. To the authors' knowledge this problem has not been addressed in the literature.

Ongoing work focuses on modeling of slant fracture observed on plane strain tests which the model cannot represent although correct mean failure strains are predicted for these tests. Note that similar fracture path are observed on large scale burst tests, which makes the understanding and modelling of rupture processes important. Experimental results on C(T) specimens have indicated that delamination reduces resistance to ductile tearing. Coupling of ductile tearing and brittle delamination in the L-T plane could also be of some importance as this fracture mode was observed on dynamic ductile tearing tests [49? ] which are representative of pipeline fracture. Solid lines correspond to load and dashed lines to maximum crack advance. In the case of the "virtual" isotropic material the hardening behaviour corresponds to the tensile behaviour in the T direction.

Fig. 1 .

 1 Fig. 1. (a) Plate microstructure consisting of ferrite grains and bainite bands. (b) SEM micrograph obtained after etching. An M-A island is shown by the white arrow.

Fig. 2 .

 2 Fig. 2. Samples for mechanical testing: Smooth tensile bars (ST), smooth reduced tensile bars (ST r ) for testing along the S-direction, notched tensile bars with different notch radii (NT 1 , NT 2 , NT 4 ), plane strain specimens (PE). The large arrow indicates the plane strain direction. PE conditions are met at the centre of the specimen (dimensions in mm).

Fig. 3 .

 3 Fig. 3. Samples for mechanical testing: (a) Charpy V-notched bars (KCV), (b) compact tension specimens (C(T)) (dimensions in mm).

Fig. 4 .

 4 Fig. 4. Fracture surfaces: (a) smooth tensile specimen (loading along the L direction), (b) NT 4 specimen (loading along the T direction).
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 1567 Fig. 5. Fracture surfaces of ST, NT 4 , NT 2 and NT 1 specimens (tested along the T direction) showing the increasing proportion of primary cavities with increasing notch severity (i.e. increasing stress triaxiality).Delamination was observed in some of the specimens. The normal to the delamination crack always corresponds to the S direction. An example of

Fig. 8 .

 8 Fig. 8. Reduction area ratio Z for different specimen geometries

Fig. 9 .

 9 Fig. 9. J-∆a curves for L-T and T-L configurations. Small (resp. large) dots correspond to specimens with (resp. without) side grooves. Stars qualitatively indicate the level of delamination (from low * (< 0.5 mm) to high * * * (> 2. mm).The average crack growth ∆a is computed according to ASTM-1820 standard.
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 1112410 Fig.11compares the experimental and simulated force-diameter reduction curves for notched bars tested in T and L directions. Experiments and simulations both present a sharp load drop which corresponds to the initiation of a macroscopic crack at the centre of the specimens. A good fit is obtained for the T direction. Simulations tend to slightly underestimate ductility in

Fig. 11 comparesFig. 11 .

 1111 Fig. 11 compares the experimental and simulated force-displacement curves for plane strain specimens tested in the T and L directions. A good description

Fig. 12 .

 12 Fig.12. Comparison of experimental (symbols) and simulated (lines) force-displacement curves for plane strain specimens tested in T and L directions (∆L: displacement measured with gauge length equal to 10 mm , L 0 : initial height of the reduced thickness zone (gray on fig.2), L 0 = 4 mm). The photograph shows a cross-section of the specimen indicating a V-shaped slanted fracture surface. It corresponds to a specimen tested in the T direction so that plane strain conditions prevail in the L direction.

7

 7 Concluding remarksThis study presents a material model describing plastic anisotropy and ductile damage including void nucleation, growth and final coalescence of a high strength steel used to manufacture X100 grade pipelines. Determination of material parameters and validation of the model rely on a set of mechanical tests and fractographic examinations. Laboratory tests were performed on smooth and notched tensile bars, plane strain, Charpy and C(T) specimens. Emphasis was put on characterisation of plastic anisotropy by testing tensile bars along the three main directions of the plate. L-T and T-L configurations were tested in the case of Charpy and C(T) specimens. This set of experiments was used to calibrate and validate a material model describing plastic anisotropy and ductile damage including void nucleation, growth and final coalescence. Finite element simulations were used to model experiments ; due to anisotropy, full 3D calculations were required. The material model provides an accurate description of plastic flow and crack growth as long as experiments do not exhibit brittle delamination which is observed for C(T) specimens in the T-L configuration. Results

Fig. 13 .

 13 Fig. 13. Simulation of the static and impact Charpy tests: (a) FE mesh, (b) Load-displacement curves for the T-L configuration, (c) Load-displacement curves for the L-T configuration (lines: simulations, symbols: experiments).

Fig. 14 .

 14 Fig. 14. Load and maximum crack advance vs load line displacement for C(T) specimens in the L-T (a) and T-L (b) configuration. Thick solid line: simulated load accounting for crack growth; Thin solid line: simulated load not accounting for damage growth; Dashed line: simulated maximum crack advance. Each symbol type represents an experimental load-displacement curve; the size of the symbols is reduced after delamination (T-L case only). The experimental range for the maximum crack advance is indicated by bars.

Fig. 15 .

 15 Fig.[START_REF] Shterenlikht | A specimen for studying the resistance to ductile crack propagation in pipes[END_REF]. Comparison of simulation for anisotropic material (thin lines) and "virtual" isotropic material (thick lines) for C(T) (a) and dynamic Charpy specimens (b). Solid lines correspond to load and dashed lines to maximum crack advance. In the case of the "virtual" isotropic material the hardening behaviour corresponds to the tensile behaviour in the T direction.

  

Table 2

 2 gathers standard tensile properties obtained along L, T and S directions. Anisotropy in terms of yield stress and ultimate tensile stress (UTS) exists but is limited (±3%); on the other hand deformation anisotropy is marked as Lankford coefficients strongly differ from 1. Initially circular crosssections of tensile specimens become elliptic upon deformation due to plastic anisotropy as evidenced on fig.4. Values of the Lankford coefficients for tensile test in L direction and T direction smaller than 1 reflect a high deformability of the material along the short transverse direction. The uniform elongation (UE) is less than 8% evidencing the poor work hardening capacity of the material.

	Loading	R p0.2	UTS	UE	Lankford	Charpy	J 0.2	dJ/da
	direction (MPa) (MPa) (%)	coefficient	USE (J)	kJ/m 2	MPa
	L	574	770	7.8 ε T /ε S = 0.53 296 (LT) 830 (LT)	375
	T	614	797	6.6 ε				

L /ε S = 0.79 309 (TL) 510 (TL) 390 S 606 759 6.1 ε T /ε L = 0.69

Table 2

 2 Tensile (R p0.

  k 1 580 MPa, 0.367,46.84 

		Q 2 , k 2	1.119, 0.741
	Anisotropic model a, α	9.25, 0.7
		c 1 1 , c 2 1 , c 3 1	1.022, 1.009, 0.961
		c 4 1 , c 5 1 , c 6 1	1.140, 1.116, 1.118
		c 1 2 , c 2 2 , c 3 2	1.572, 0.442, 0.536
		c 4 2 , c 5 2 , c 6 2	1.	, 0.924, 1.183
	Strain rate effect	K, n	55 MPa s 1/n , 5
	GTN model	f 0	1.35 10 -4
		q 1 , q 2	1.6, 1.
		f c , δ	0.02, 4.5
		A n	0.02 for 0.5 < p < 1.
		h ⊥	200 µm
	Table 3		
	Material model parameters.		

The yield condition proposed in the study can be used to describe isotropic yield surfaces which differ from the von Mises criterion (e.g. Tresca) with c i k = 1, ∀ i, j.

Note that using the stress triaxiality ratio defined as the ratio of the pressure over the von Mises stress is improper for an anisotropic material.
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