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Abstract

The academic software MUL2 (finite element code based on advanced kinematic theories) has been interfaced with the commercial software MSC.Patran/Nastran in order to perform the global/local analysis of a pressurized tank. This is made of composite material and presents damaged zones in which the failure analysis is accomplished. To this aim, the boundary conditions of the local panel extrapolated from the tank have been defined in order to take in account the global structure, that is: fictitious springs are placed on the nodes of the edges and their stiffness is calculated in Patran by means of the Guyan reduction method. Then, the equivalent static load of the impact load applied to the tank has been defined and the local panel has been analyzed in MUL2 using layer-wise advanced theories; these last permit the stresses at the interface between layers of the composite to be calculated very accurately in respect to commercial codes. The 3D failure criteria, previously implemented in MUL2, have been employed for the calculation of the Failure Index (FI) in the matrix, fibers and interlaminar zones of the composite. Finally, the maximum pressure load before the failure of the tank has been calculated in MUL2, with and without considering the delamination produced by the impact test. The number of load cycles before the fatigue failure has been evaluated at this pressure and it is infinite because of the high resistance of the composite.

5. WPD2.3.1 – Utilizzo di codici di calcolo per analisi con elementi finiti di fenomeni di rottura in materiali compositi.  
Definition of the interface between MUL2 and MSC.Patran/Nastran: boundary conditions and loads

The activity of this package dealt with the finite element analysis of possible failure modes of a composite tank, obtained by filament winding processes. The tank, subjected to a pressure load, has been examined assuming that damaged zones are preexisting. The identification of these failure modes has been performed by means of the MUL2 code. The MUL2 is based on advanced shell finite elements that are locking-free (thanks to the MITC (Mixed Interpolation of Tensorial Components) and have double-curvature geometry, suitable to the structure of the tank.

In order to reduce the computational cost of the analysis, only the zone of tank with interlaminar stresses that are critical for the failure of the composite has been analyzed in MUL2. To identify this zone, the tank has been firstly analyzed in MSC.Patran/Nastran and the panel shown in Fig. 1 has been extrapolated.
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Fig. 1 Global/local analysis of the pressurized tank

To simulate in realistic way the belonging of the panel to the tank, the Guyan reduction method in Patran has been employed to account for the global structure in the boundary conditions of the local panel. This method consists in placing fictitious springs on the nodes of the edges that simulate the remaining part of the structure. Subsequently, an impact load has been applied to the tank. Taking into account the history of the contact forces obtained with LS-Dyna, the equivalent static load to be applied in MUL2 has been taken equal to the half of the maximum peak reached, that is 7764.39 N. 
Analysis of the stress state and comparison with MSC.Patran/Nastran results

The analyses have been performed with the FSDT theory, on which commercial codes (Patran/Nastran and LS-Dyna) are based, and the equivalent-sigle-layer (ESL) and layer-wise (LW) theories with higher-order kinematic contained in MUL2: ESL-1, ESL-2, ESL-3, ESL-4, LW-1, LW-2, LW-3 and LW-4. The distribution along the thickness of different quantities has been evaluated: transversal displacement, in-plane normal stress and transverse shear stress. The following conclusions have been drawn:

- The higher-order theories such as ESL-2, ESL-3, ESL-4 e LW-2, LW-3, LW-4 reveal that the quantities examined are non-linear along the thickness, therefore the use of commercial codes based on the FSDT model is not appropriate.

- The in plane stresses (σxx σyy σxy) are correctly described by both ESL and LW theories. The transverse stresses (σxz σyz σzz), instead, must be continuous at the interface between layers, if delamination is not present. Fig. 2 shows that ESL models don’t correctly represent this continuity condition, therefore the use of LW models become mandatory in order to strongly reduce the interface gap.
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Fig. 2 Distribution of transverse stress σxz along the thickness of the plate 

Failure Index FI in the matrix, fibers and interlaminar zones; comparison with Patran/Nastran

The Failure Index in the matrix, fibers and interlaminar zones has been calculated by means of the failure criteria of LS-Dyna and MUL2. Looking at the Figures 3.1, 3.2 and 3.3, the conclusions drawn about this activity are:
- using the FSDT model and the failure criterion MAT54 of LS-Dyna, the matrix and the fibers of the composite don’t present damages;

- if the LW4 model is employed with the MAT54 criterion, a failure is registered in the first four layers for the matrix, while the fibers are not damaged; 

- applying the Hashin 3D criterion of MUL2 with LW4 model, the results show that the matrix fails through all the layers of the composite (see Fig. 3), while the fibers are still intact;

- finally, considering the interlaminar failure criterion of Patran/Nastran with the transverse shear stresses calculated by the LW4 model, one verifies that delamination is not present.

The results obtained by MUL2 are in good agreement with experimental results regarding the delamination of the composite. About the failure of the matrix, one should perform Non Destructive Testing (NDT) in order to verify this accordance.
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Fig. 3.1 FI of the MATRIX in the plane at the top surface of the panel for different models and criterion
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Fig. 3.2 FI of the FIBERS in the plane at the top surface of the panel for different models and criterion
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Fig. 3.3 INTERLAMINAR FI in the plane at the top surface of the panel for different models and criterion

Model Updating

Notice that the model has been updated in order to create a mesh on the panel as in Figure 4. Before the updating, the numerical results regarding the interlaminar FI didn’t find correlation with experimental testing because a failure was erroneously registered (see Fig. 5 - left). The load equivalent to the impact was applied as concentrated force on a single node but it was necessary to be distributed on a zone with diameter  of 1 cm. So, the mesh in Fig. 4 was created that permits the load to be distributed on the nodes closer to the center of the panel and the interlaminar FI obtained is shown in Fig. 5 – right: no interlaminar failure is registered.
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Fig. 4: Mesh refinement
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Fig. 5: Interlaminar FI, LW4 model, Nastran criterion: -left: before updating; -right: after updating

6. WPD2.3.2 – Sviluppo di capacità di predizione dei fenomeni di rottura in materiali compositi e previsione della vita residua della tanica pressurizzata mediante l’uso di codici di calcolo con elementi finiti.  
This activity was addressed to the development of prognosis capabilities for composite structural parts of the pressurized tank. The final scope was the analysis of the progression of the failure modes and the prediction of the resistance and/or the residual life when the composite components are subjected to static and dynamic (e.g. fatigue cycles) environments assuming pre-existing defects. The prediction of the residual life of the composite components has been obtained by using an iterative process analysis able to follow the re-distribution of stress components after the local degradation of the mechanical properties of the laminate. The re-distribution of the 3D stress state highly affect, in fact, the behaviour and the placement of the final failure. The prediction of the load paths up to the catastrophic failure has allowed an optimization of the project through a growth of the admissible load cycles.

Since the modelling of the initial failure mechanisms and their progression required a classification of the gravity levels of the structural health state, a bibliographic research has been performed. The following references have been studied:

· ‘Fracture mechanics of metals, composites, welds, and bolted joints’. Capitolo: ‘Durability and damage tolerance of composites’, Kluwer Academic Publisher, 2000.

· ‘Engineering Design Reliability, Handbook’

· ‘Progressive fracture of stitched stiffened composite shear panels in the postbuckling range’, Journal of Reinforced Plastics and Composites, Vol. 20, no. 18, pp. 1617-1632, 2001.

· ‘Mechanical Response of Composites’, Computational Methods in Applied Sciences, Springer, 2008.

Results

The maximum pressure load before the failure of the matrix or fibers or delamination of the composite, has been evaluated in MUL2, in presence or not of the delamination previously produced by the impact testing. The value obtained before the propagation of delamination is 7.5 [bar]. The number of load cycles that leads to the fatigue failure of the tank has been calculated referring to the Wohler graph in Fig. 5. The CFRP (Carbon Fiber Reinforced Polymer) curve has been taken into account, assuming that the composite of the tank behaves like the CFRP. Employing the stress field obtained in MUL2 with the pressure previously obtained and considering that the Ultimate Strength of the CFRP is 1600 [MPa], the number of load cycles in this case is infinite because the stresses are very low. The graph reported below is obtained for a sample and the real curve of the tank could be lower but, in any case, it seems that the tank withstands static failure before fatigue failure. This point could be subject of future more detailed studies.
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Fig. 4 Wohler graph for CFRP and other materials

Conclusioni

MUL2 code provides very accurate results in terms of stresses thanks to the implementation of advanced models such as LW higher-order models. Therefore, it has allowed a very realistic analysis of the failure modes in the composite of the tank and a good prediction of the resistance and the residual life when the structure was subjected to static and dynamic (e.g. fatigue cycles) environments assuming pre-existing defects. Indeed, the results obtained were in good agreement with experimental ones regarding the prediction of both delamination due to the impact and the propagation due to the pressure load. However, it has not been possible to check the damage of the matrix because Non Destructive Testing should be performed. From the calculation of the number of load cycles before fatigue failure, one can conclude that the tank withstands static failure before fatigue failure.
Future outlooks

A future outlook about this activity could be the prediction of failure modes in multilayered composites by means of advanced models that permit delaminated zones to be accurately described as in Fig. 5. 
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Fig. 5 Advanced modelling of delamination in composites

Moreover, more attention could be paid to the definition of Wohler graph for the composite of the tank. 
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