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Abstract
Analysis of large complex composite structures with state of the art failure initiation criteria is difficult and simplifications are therefore needed. This is often done using shell models as these are computationally efficient. However, by this approach, potential failure modes are disregarded as out-of-plane stresses cannot be accounted for.

In this paper, a methodology for verification of large models accounting for full 3D stress states is presented. This is done by identification of critical hot spots in global Finite Element (FE) models. The identified hot spots are further resolved and analysed with detailed FE models. To make this efficient, the different steps needed are combined into a chain of standardized processes. 


1.	Introduction

As composite structures often are integrated and subjected to multiple complex loads it is necessary to accurately predict failure initiation based on all possible failure modes. In automotive industry it is common practice to use large global assemblies to load all components in a correct way. As a consequence, the simulation models become large and are mainly built from shell elements. With current design tools, this makes it practically impossible to capture failure modes driven by out-of-plane stresses in these models.

In this work we present a methodology to automate the analysis of critical locations found in a complex composite structure. The approach uses a global / local approach similar to the whishbone analysis framework [1] used within aerospace. Here, the main framework for the presented methodology originally developed for isotropic materials [2] is adapted for layered composite materials.

The proposed methodology is based on identification of critical elements, based on a State of the Art (SotA) failure initiation criterion, in a global shell model. These hot spots are then modelled in more detail at a lower level in the Building Block pyramid [3], see Figure 1. Here, refined modelling techniques are used to improve the details captured in the model while the loading is applied using a submodelling technique, with the displacement field recovered from the global solution. 
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[bookmark: _Ref509318341]Figure 1. Building Block pyramid with physical testing and CAE driven development. As full scale car models are too coarse to be used for sign off of composite components, an automated process of finding critical hot spots and building intermediate models is developed.


2.	Methodology 

The idea is to find critical locations at the top of the pyramid, in large models, using a modelling strategy that allows for efficient analysis. For this reason all potential failure modes must be possible to capture using the developed modelling approach. 

Locations found in the global model are analysed further using a refined modelling approach from a lower level in the building block pyramid. These intermediete models are used for evaluation of components, resulting in a decision if the design is OK or not. 

The detailed analysis of the critical locations is divided into four main consecutive steps.
1. Identification and export of critical location.
2. Import and creation of detailed model of the critical location.
3. Set-up of load case and solve the local problem.
4. Post-process the local analysis. 

The process and steps are generic but are in this work outlined for the Beta CAE softwares Ansa [4] and Metapost [5] together with Abaqus [6] as the solver. These steps are described in more detail in the following sections.

In this article it is assumed that the global model is built using a modern CAE pre-processor, where it is possible to use a ply based modelling [7] approach compared to more traditional zone based modelling [7] techniques. By this, the composite data defined and used for the global model can be reused in the local model to save modelling preparation time.


2.1. 	Global model to allow for efficient hot spot identification 

The global model is built in Ansa [4] where the composite parts are modelled as midsurface geometries. In this model, a resin rich regions exist between the composite sections and are modelled as a solid part. The generated database is intended to be used both for the global and local model generations. Therefore, composite information and contacts are defined on the geometries rather than on the meshed parts. 

In this work, the global modelling is done using second order shell elements to allow for post processing with the extended 2D FEM approach [8]. The stress recovery and the failure initiation analysis, according to LaRC05 [9], are performed outside of commercial tools following the procedure in [10] and exported as ASCII-data, readable for commercial post-processors.


2.2. Identification of hot spots

Critical hot spots are identified in the global shell model, based on the externally calculated failure initiation results. For the failure calculations, appropriate failure initiation models, based on the material, are used. For example for transversely isotropic materials, LaRC05 [9] is used and for orthotropic materials the LaRC05NCF [11] is used. 

These results are stored in an ASCII-file that is read together with the model information into the post processor. These results are loaded together with deformation results (odb-file).

In the post processor, elements with a failure index higher than a threshold value, typically 1.0, are indicated. A volume around each critical element is also marked to give an idea of the size and contents inside the submodel, see Figure 2. This volume is by default a sphere with a radius of 20 mm. This can easily be changed to avoid inclusions, exclusions or subvolume edges in unwanted areas. The information on location and submodel size, for each identified hot spot, is exported to a text file together with information of which simulation file that have been used. 
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[bookmark: _Ref513498601]Figure 2. Identified hot spot in global model with submodel volume. The legend is based on fail / no fail at the threshold value.


2.3. Creation of local submodels

The local submodels are built from the same database as the global model. This as all the composite definitions already have been made once in the global model together with models of other features, material deifnitions, contacts, etc. To this database, information regarding location of hot spots and sizes of submodels are imported. Around each hot spot, a sphere with the prescribed dimension is created. This spherical surface is then used to cut the submodel geometry.

The extracted composite parts are as a first step meshed with shell elements according to a mesh criteria file for the local model. The main difference is the elements size, which is 10 times the ply thickness and that first order elements are used. The shells are then volumized according to the laminate definition with one solid element over the thickness for each ply. The orientation from the shell elements are mapped onto the solid elements.

The bounding faces of the detailed model are extracted as surfaces, which are needed to apply the submodel boundary conditions. The top and bottom surfaces of the parts are extracted to be able to create contact constraints to each other.

Any additional parts (non-layered composites) are modelled according to standard mesh guidelines, e.g. noodle regions where appropriate surfaces are defined for connecting to composite sections.

Finally, the boundary conditions are applied on the bounding surfaces as driven nodes, see Figure 3. Together with the information on which global model that was used for the hot spot detection, each local submodel is solved using Abaqus submodelling procedure.
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[bookmark: _Ref513498708]Figure 3. Submodel with boundary conditions defined on the cut-out surfaces.


2.4. Analysis of detailed models

Submodels can be hard to interpret as the cut out volume often is small and that it may be difficult understand exactly where it is located and how the overall structure behaves in its vincinity. To overcome this, a simple post processing scheme is applied where the submodels are loaded into the same post processing session as the global model, with both deformation results (odb-file) and composite failure results (ASCII-file).

[bookmark: _GoBack]The parts of the global model that are within each submodel are masked to only visualize the submodel and the surrounding parts of the structure, as shown in Figure 4.

 


[bookmark: _Ref513498847][image: ]

[bookmark: _Ref515017214]Figure 4. Submodel together with global model for post processing. 


The design is then evaluated based on the results from the local submodels to determine if the design complies with the design allowables.


3.	Case study on stiffened panel

The proposed methodology is applied to a stiffened composite panel with integrated stringers. The example is a numerical example, with loads intended to create an unknown hot spot using common structural elements. The skins in the model are made from a 24 layer uni-directional AS4/3501-6 [12] composite material. The noodle regions are modelled with an isotropic material with the transverse properties for the composite material

[bookmark: _Ref506449537]Table 1. Elastic properties of the AS4/3506-1 composite at the homogenised ply level [12].
	[bookmark: _Ref419161952]Exx 
(GPa)
	Eyy 
(GPa)
	Ezz 
(GPa)
	νxy

	νxz

	νyz

	Gxy
(GPa)
	Gxz
 GPa)
	Gyz
(GPa)

	140.0
	11.0
	11.0 a)
	0.3
	0.3
	0.4
	5.8
	5.8
	5.8


a) Assumed transversely isotropic. 
[bookmark: _Ref506449578]Table 2. Strength properties of the AS4/3506-1 composite at the homogenised ply level [13].
	XT 
(MPa)
	XC
(MPa)
	YT 
(MPa)
	YC
(MPa)
	ZT 
(MPa)
	ZC
(MPa)
	SL
(MPa)
	0
(deg)
	ILSS
(MPa)

	1950
	1400
	48
	200
	48 b)
	200 b)
	78
	53
	78


[bookmark: _Ref420680041]b) Assumed transversely isotropic. 

The assembly together with the boundary conditions are shown in Figure 5. The top edge of the stringers are fixed and the motion of the boundaries are constrained. The outer surface of the skin is subjected to a varying pressure given by Equation (1), with p0 = 0.25 MPa and p = 1.0 MPa, with the origin of the coordinate system at the centre of the structure: 

	
	[bookmark: _Ref509413281](1)
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[bookmark: _Ref511137605]Figure 5. Assembly of skin and stringers together with the applied load and boundary conditions.


The results from three different models are compared. One model using 3D solid elements with one element over the thickness for each ply (9.9 million elements, one shell model using the extended 2D FEM approach (56 thousand elements) and model that uses the shell elements as global model together with a detailed local model, with solid 3D elements (19 thousand elements). The global models are built as in [10].

As the composite is made from a material that is assumed to be transversely isotropic, LaRC05 [9] is to be used for failure initiation predictions.


[image: ]

Figure 6. Result for the different models, (a) Extended 2D shell model (global model), (b) detailed 3D solid submodel and (c) 3D solid model (reference) of critical location driven by the global model.


4.	Summary and future outlook

With the proposed methodology it is possible to analyse complex composite structures inside large assemblies, subjected to complex loads, wihout neglecting possible failure modes. The key feature of setting up a process is to make it automated. By doing this, it will be possible to allow for large number of hot spots to be analysed in a similar and automated way, independent of the analyst.

Each individual submodel is solved in parallel, which allows for fast analyses even if a large number of hot spots are identified. 

The use of both shell and solid elements in the global model may create a problem, when applying the boundary condition. This as one must choose to map from either shell or solid elements. In the presented case the failure occurs at a location where both shell and solid elements are present. Since the most critical location is identified in the laminate, modelled with shells in the global model, mapping of the boundary displacements from shells to solids are used. This results in that the boundary on the noodle also will be mapped from the shell elements, something that is not correct. How this affects the accuracy are to be studied. This to understand how the boundary conditions shall be applied or if the problem can be mitigated with larger submodel volume.  

The proposed methodology is developed with the intent to be an automated and integrated part of the development process for composite structures at Volvo Cars. This by combining existing bricks, aligning them and connect them with appropriate mortar. The idea is then that different bricks could be exchange to suit other material systems, modelling strategies etc, while the procedure still can be followed. 
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