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Summary: 

This paper should clarify some details related to finite element (FE) analysis of the single edge notch bend (SENB) specimen with X-shaped welded joint as an example. The specimen consists in a complex geometry as well as material mismatch, what makes the FE modelling more difficult. The main advantage of 2-D calculations is the short time needed for the computation of any fracture parameter, but it involves assuming the state of stress. This depends on the thickness of the specimen, plane section position and loading level. Plane strain state (PE) is very conservative approach valid for thick structures only, while plane stress state (PS) is appropriate in the case of thin specimens. The use of 3-D finite elements is necessary for the specimens with medium thickness or in the case when the symmetry of the specimen according to the thickness is not present. 

1. Introduction
Integrity assessment of structures where cracks may appear during production or exploitation (f. i. welded structures) presents imperative importance today. Fracture behaviour is usually characterised by stress intensity factor K under linear-elastic conditions or by crack opening displacement (COD) for elastic-plastic materials. Also, J-integral as a most applied parameter could be used for linear-elastic as well as elasto-plastic material behaviour. The value of these parameters may be determined analytically for very simple problems, experimentally during relatively complex and expensive testing and numerically by finite element packages, which is mainly most practical. 

A lot of conventional FE packages (f.e. ABAQUS, ADINA, ANSYS etc.) have developed code for two-dimensional and/or three-dimensional K and/or J-integral calculation. However, 2-D finite element models demand assumption about the state-of-stress that governs in the specimen. This is not questionable by very thin structures where plane stress (PS) state prevails or by very thick structures with plane strain (PE) state. But, which state of stress is more appropriate for the structures with medium thickness? Three-dimensional effects near a crack tip in a ductile three-point bend specimen were investigated recently [6, 8, 9]. To reveal the effects of stress states on crack-tip constraints many numerical analyses have been produced and summarised in the works [1, 2, 3]. In a general three-dimensional configuration it is needed to distinguish between [7]:

- the in-plane constraint, which is directly influenced by the specimen dimensions in the direction of the growing crack, i.e. the length of the uncracked ligament for straight through cracks, and additionally by the global load configuration (bending or tension), and

- the out-of-plane constraint, which is affected by the specimen dimension parallel to the crack front, i.e. the specimen thickness for straight through cracks. 

In most cases the in-plane and out-of-plane constraint are mixed in such a way that their effects cannot be separated, but the conceptual difference should be kept in mind, at least, to understand that the common characterisation as plane strain condition is insufficient to describe three-dimensional stress uniquely. However, it is fairly difficult to bring one unique and precise conclusion. In any case, the decisions to do a plane stress or plane strain analysis should not be subjective. It has to be somehow quantified. An  additional problem is the fact that level of loading plays also the role by 2-D state-of-stress assignment. The situation becomes more complex in the case of irregular shaped weld joint with present different strength of base material related to cap or root metal. One useful approach is so-called mixed state-of-stress modelling proposed by Newman et al [7]. 

On the other hand, solid finite element modelling demands much more CPU time and analyst experience, because 3-D modelling of cracked structures is always connected to specific problems (e.g. crack faces modelling, boundary conditions setting, etc.). Processor working time is significant longer than in 2-D calculations, but the obtained results are much closer to reality. 

This paper analyses the differences in the crack tip opening displacement CTOD (5) numerical calculation, if pure PS, pure PE and mixed state-of-stress approach is applied on the SENB fracture toughness specimen with medium value of thickness (in this case 36 mm). Value of CTOD (5) is also compared with that obtained by experiment.

2. Plane stress and plane strain conditions

The stress or strain state is always in three dimension. But in most cases, they can be simplified to either plane strain or plane stress by ignoring either the out of plane strain or plane stress. In a thin body generally, the stress through the thickness (z) cannot vary appreciably due to the thin section. Because there can be no stresses normal to a free surface, z = 0 throughout the section and a biaxial state of stress results [5]. This is termed a plane stress condition (see Fig. 1a). The material fractures in a characteristic ductile manner, with a 45o shear lip being formed at each free surface. 
In a thick body, the material is constrained in the z direction due to the thickness of the cross section and z = 0, resulting in a plane strain condition (Fig. 1b). Due to Poisson's effect, a stress, z, is developed in the z direction. Maximum constraint conditions exist in the plane strain condition, and consequently the plastic zone size is smaller than that developed under plane stress conditions. The material from the centre of the component however, is not free to deform laterally as it is constrained by the surrounding material. Thus, the stress state tends to plane strain (triaxiality) and fracture in this region is brittle. Therefore, shear failure tendency in ductiles is negligible under triaxial hydrostatic loading. The plane stress condition will results in a higher out of plane shear stress than the plane strain condition for a given maximum stress. Again, the shear stress would promote yielding, not fracture. According to theory of elasticity, the component of stress z in the thickness direction is defined as:
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In the same time, the component of strain z could be determined from:
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Fig. 1a) Three-dimensional stress state at the crack-tip
Fig. 1b) Biaxial stress state 

2.1 Plasticity zone
The plastic zone size rp by two-dimensional finite element calculation is conditioned by assumed state of stress and hence they are in very close interaction. Typical qualitative shape of plastic zone for fracture toughness specimen with straight crack front according to the thickness is presented on the Fig. 2a). The crack tip material in the mid-plane of the specimen tries to contract in the z direction, but is prevented from doing so by the surrounding material. This is the reason why there the radius of plastic zone is  the smallest. On the Fig 2b) state-of-stress variation depending on both thicknss of the structure and plane section position is depicted. 
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Fig. 2a) Characteristic plastic zone shape

       Fig. 2b) State-of-stress variation with thickness

Plane stress assumption is valid for very thin-walled structures, while plane strain is predominant condition in structures with large thickness. Plastic zone boundary as a function of the angle  in polar coordinate system with origin in the crack-tip may be estimated as:
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where KI is stress intensity factor for the mode I of crack opening, YS is often taken as the average of the yield and ultimate strengths, which  is referred to as the flow stress afterwards and constant k = 0 (plane stress) or k = 2 (plane strain). This could be illustrated graphically for =0,3 (Fig. 3).
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Fig. 3 Plastic zone boundary under PS and PE condition ahead the crack-tip


In most of real fracture problems with structures of medium thickness, the state of stress is in transition between two aforementioned states and it depends on the plastic zone size. Plane strain conditions exist at the boundary if the plastic zone is small compared to the thickness, but the stress state is predominantly plane stress if the plastic zone is greater than half the specimen thickness. One can conclude that state-of-stress is mixed where it changes from plane strain at the tip to plane stress state at a critical distance rc from the tip. Thus, the critical distance from the crack tip at which conditions of plane stress dominate depends on the specimen thickness. 

2.2 Mixed state-of-stress


The idea of modelling state-of-stress as a combination of PE in the core around the crack-tip and PS out of that core was proposed by Newman et al [7] using standard compact tension (CT) specimen. However, the criteria to define the size and position of the rectangular region where the PE governs were unclear. This approach was more inaccurate in the case of stable crack growth, because the dimensions of fixed PE core were constant. Obtained results were better than earlier, but with lack of mathematical and physical explanation. It was interesting that very small PE region about the crack-tip influenced very hard the results. Namely, the area of this region was only 1% and 2,5% for CT and SENB specimen, respectively related to whole area of the specimen plane. The position and size of the plane strain core on example of CT specimen is presented on the Fig. 4.
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Fig. 4 Plane strain (PE) core around the crack-tip [7]

Newman's approach was extended by Kozak et al [4] defining PE region shaped and sized as a plastic zone around the crack-tip. Both, PE region size and PE region shape should be modified during successive increasing of the loading level. Namely, material in plastic zones hardened with the factor of approximately 
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2.3 In-plane and out-of-plane constraints

The relatively thin plates (25 mm thickness and less) used in ships and bridges do not develop significant constraint through the thickness and are therefore in a state of plane stress. The structure thickness larger than 25 mm may more influenced crack tip stress field. The constraint can be literally defined as a structural obstacle against plastic deformation which is induced mainly by the geometrical and physical boundary conditions but can also be due to mismatch of material properties in a heterogeneous joint [10]. The in-plane constraint is associated with the boundary conditions and in-plane geometry of the plane, while the out-of-plane constraint is mainly caused by the stress component z [1].
The overall structural conditions determine the local triaxility of stresses, commonly defined as the ratio of the hydrostatic mean stress to the von Mises equivalent stress in the specimen [2]:
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where xx, yy and zz are the stresses in the x, y and z directions, respectively. In this sense, stress triaxility magnitude may be understood as a local constraint. Very often in use is ratio z/(x+y), which implies whether the stress state is similar to the plane strain state or the plane stress state. This ratio is mainly uniform over most of the specimen thickness (along the crack front) and drops to zero very near the free surface. Its value should be about 0,28 in the interior of the specimen for the elastic case and approaches 0,47 with increasing plastic deformation. Both parameters show in the rule the same tendency of the material responses. The stress triaxility is a description of the 'easiness' of the plastic deformation. Greater value of stress triaxility parameter means greater constraint and the stress state closer to the plane strain. According to the references, for the parameter of stress triaxility greater than 2,5, it is reasonable to suppose significant out-of-constraint and plane strain stress state.
3. Numerical example

Fracture toughness specimen with homogeneous X - weld joint was notched in the middle. The cross section of the specimen is BxB(W)=36x36 mm. Base material (BM) of the specimen is high strength low alloy (HSLA) steel with yield strength (YS = 712 MPa) lower than weld metal (WM). Strength yield mismatch factor was about M=1,22. The ratio of the crack length and specimen width was a/W=0,27. 

Due to present symmetry only one half of the specimen was considered by finite element analysis. Five planes through the thickness have been modelled with different portion of the elements in plane strain state (Fig. 5). Pure PS was assumed only to specimen surface (plane A). As it is mentioned before, very small percent of PE elements is sufficiently to be assigned to make model more realistic. Here it amounts only 1% of PE elements in the middle of the specimen (plane E). The PE distribution in the interior of the specimen is unknown, so it were assumed 0,1% of PE (plane B), 0,25% of PE (plane C) and 0,4% of PE (plane D). 
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Fig. 5 Planes A-E with different portions of elements in PE stress state

The goal of such a modelling is to assess the influence of different plane strain portions on the calculation of crack-tip opening displacement CTOD (5). Measuring of the local CTOD (5) displacement is characteristic for the specimens with present materials dissimilarity. It is measured directly with the strain gauge displaced for 2,5 mm from the crack-tip parallel to the x-axis. 
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	The coarse finite element mesh consisting of 8-node isoparametric elements is depicted on the Fig. 6. Stress concentration was assigned to the crack-tip after that mesh was generated automatically. First row around the sharp crack were singular elements. Total force has been distributed on two nodes to reduce stress concentration on the place where the load acts. Analysed region is enlarged in the Fig. 7 with the aim to show whether elements were in PE conditions.
	



Fig. 6 Finite element mesh of the one half of the SENB specimen
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Fig. 7 Finite element models with different portions of the elements in the PE state

4. Results and discussion


CTOD (5) results with increasing loads for FE models with different portions of PE elements are presented in the Fig. 8. It is obviously that experimental value of CTOD (5) is closer to PS solution for low loading levels, but force increasing causes deviation experimental curve to PE solution. This is the evidence that PE region size should not be constant during test simulation. It is also very interesting that fracture toughness variation is lower comparing the FE models with 1% of PE (plane E) and 100% of PE, than FE models with 0,1% of PE (plane B) and 0,25% of PE (plane C). 
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Fig. 8 F-CTOD (5) curves for FE models with different portions of PE elements

Note that only 0,1% of elements with assumed PE stress state around the crack-tip is enough to model the problem more accurate than FE model with pure PS or pure PE. If we assume PS state for whole specimen, CTOD (5) displacement will be overestimated for more than 30% for maximum loading. On the other hand using rigid finite models with pure PE will underestimate the fracture toughness for almost 50%. 

It is valuable to present these results as curves, where CTOD (5) is in function from the percent of PE elements, with F=const (Fig. 9). Thus, better inclination of the experimental line from PS to PE stress state with load increasing is visible. Hence, realistic stress-strain distribution at the moment of crack initiation or unstable fracture could be better presented. This is very useful in the case when the reasons of the failure should be investigated and explained, especially for the welded structures with yield strength mismatch effect, where the crack path deviation is possible. The yielding is usually directed from the material with higher yield strength (weld metal in our case) to soft material (base metal here), but highest maximum principal stress is mainly just under the crack tip. Higher stresses are located in the harder WM than in the softer BM. The stress will reach its peak value at a distance less than two times the local CTOD. 

Therefore, presences of the overmatched weld root pass effects to stress-strain distribution at the vicinity of a crack tip. It can be expected that an increasing of stresses in WM will prevent from the risk of brittle fracture. If brittle fracture in WM does not occurs, the initiation and growth of stable crack propagation are governed by local plasticity in the base metal. 
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Fig. 9 CTOD (5) results for FE models with different portions of PE elements by F = const

5. Conclusions

Details of state-of-stress assigning by two-dimensional finite element (FE) analysis of the single edge notch bend (SENB) specimen with X-shaped welded joint as an example were considered. Both, complex geometry and materials dissimilarity makes the FE modelling more difficult. An assumption of pure plane stress or pure plane strain state is valid for only very thin and very thick structures, respectively. In this paper fracture toughness specimen with medium thickness was analysed (B=36 mm). Therefore, mixed state-of-stress approach is necessary. To this purpose, new improved approach was proposed, which foreseen plane strain state in the region where von Mises equivalent stress overcomes yield strength of the material and plane stress state out of this region. This is proven comparing experimental measured CTOD (5) displacements with the same obtained by five FE models with different portion of elements in PE state around the crack-tip. Portion of PE elements depends on the position of the model through the thickness of the specimen. It is evident that significantly low part of elements with assumed PE state (lower than 0,1%) plays decisive role on the numerical results. Also, the state-of-stress in the vicinity of the crack-tip varied from PS to PE as the force increases. 
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		60.206		0.019400		0.026780		0.023660		0.022880		0.022620		0.02236		0.021000

		80.282		0.032900		0.038000		0.036000		0.033500		0.033300		0.033		0.030000

		100.490		0.051000		0.054600		0.045500		0.041600		0.040300		0.0403		0.037500

		119.960		0.074500		0.076000		0.065000		0.055000		0.054000		0.0535		0.049000

		135.440		0.100000		0.102700		0.084760		0.071760		0.067600		0.0663		0.059000

		149.990		0.135000		0.150000		0.115000		0.095000		0.092000		0.09		0.073000

		173.660		0.228500		0.322400		0.210600		0.146900		0.137800		0.1287		0.100000
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		Ravnina		60.000000		100.000000		135.000000		173.000000

		0.000		0.026780		0.054600		0.102700		0.322400

		1.000		0.023660		0.045500		0.084760		0.210600

		2.000		0.022880		0.041600		0.071760		0.146900

		3.000		0.022620		0.040300		0.067600		0.137800

		4.000		0.02236		0.0403		0.0663		0.1287





Sheet1

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0



&A

Page &P

F=173kN

F=60kN

F=135kN

F=100kN

CTOD (d5), mm

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Sheet2

		





Sheet3

		






_910108862.doc
[image: image1.png]






