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Abstract 

Structural simulations close the gap between CT imaging and material behavior, giving a prediction on the mechanical characteristics 

of an investigated material specimen. When dealing with data originating from CT measurements, depending on the final use of the 

simulated results, two distinct approaches can be identified: the first approach focuses on modeling the most dominant structures 

identified in the scan and uses homogenization in order to model the smaller structures, while the second approach focuses on 

accurately modeling the whole scanned microstructure. 

Current research is aimed at identifying the advantages and disadvantages of applying the aforementioned methods in terms of 

accuracy of predicted results, as well as identifying a reasonable mesh size for future Finite Element Analyses.  
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1 Introduction 

Carbon fiber-reinforced polymers (CFRPs) are materials that already meet the demanding lightweight and strength standards imposed 

by the aeronautic, automotive, and civil industries. For instance, the large scale implementation of composites in the aeronautic 

industry is basically due to the demand for weight reduction and fuel-efficiency. However, there are still several impediments when 

considering large scale use of composite materials in structural engineering applications, such as cost of materials, fabrication 

procedures, and repair difficulties [1-3]. In addition, inspection and testing of CFRP structures are more challenging than the 

traditional techniques used in non-destructive testing (NDT), mainly due to the complexity of the structures being investigated. 

Used primarily as an NDT method, for inspecting composites against defects like porosity, delamination, or voids, X-ray computed 

tomography might be the most convenient way of extracting real defect geometries along with carbon fiber structures for Finite 

Element (FE) modelling. The models obtained using this approach are strictly valid for the investigated structure, but offer insight 

on the elastic and damage behavior of other components presenting similar defects. 

When performing FE mechanical simulations, the accuracy of the results is determined by the finite element size. Smaller element 

size is generally preferred while paying the cost of increased computational time, in order to ensure accurate results [4, 5]. Thus one 

aspect of interest for the current work is to determine an optimal element size for the typical micro-volumes being investigated. It is 

a known fact that beyond a certain amount of mesh refinement, the benefits of reduced computational time trump the increase in 

accuracy requirements [6]. In order to achieve that goal, a series of static analyses were performed on a given micro-structure model 

made up of CFRP and including localized defects.  

When trying to predict the strength of a given material region, the size distribution and the position of existing defects play a critical 

role [7, 8]. One can differentiate between defects that are critical to the composite strength, and defects that are not determinant for 

the overall strength of the composite. By focusing only on the critical defects, the computational model size can be drastically 

reduced. The second part of the current research shows a comparison between FE results obtained when using a real CT scanned 

micro-structure versus a simplified model that takes into account global porosity and main pore orientations. 

2 Mesh density sensitivity analysis 

In order to perform the mesh sensitivity analysis the same microstructure was meshed with different element sizes. The models were 

loaded in tension and shear along their main axes, resulting in six loading cases per model. The comparison was performed with 

respect to the global stiffness of the analysed model and to the relevant stress based failure criteria, Mises plasticity for the matrix 

phase and Hashin 3D for the fiber phase. Without having access to an analytical solution for the problem, the results obtained by the 

most refined mesh were considered as reference results. 
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The analysed models consisted of hexahedral elements, containing already mapped material properties. The mapping of the material 

properties is done in the post-processing step of the CT scanning, and it includes details about the local material, and in the case of 

the carbon fiber phase, the fiber orientation. The mechanical properties used are presented in Table 1, where K11 – K23 represent 

the components of the orthotropic material stiffness matrix, E is the elastic modulus of an isotropic material, and nu is the 

corresponding Poisson’s ratio. 

Table 1 Material properties used for the FE simulations 

Fiber phase Matrix phase Void phase 

K11 [GPa] 140.3 E [GPa] 3 E [GPa] 0.05 

K22 [GPa] 8.1 nu [-] 0.4 nu [-] 0.3 

K33 [GPa] 8.1 

K12 [GPa] 4 

K13 [GPa] 4 

K23 [GPa] 3.5 

 

In order to vary the FE mesh density, the original voxel model is being modified using different interpolation volumes ranging 

between 3x3x3 voxels to a maximum of 15x15x15 voxels. By using this method, mesh sizes ranging between 2.2 million elements 

and 16 thousand elements are created (Table 2).  

Table 2 Mesh density for the analysed microstructure 

Name (interpolation volume) Total mesh size 

H3 (3x3x3 voxels) 2.22 MElements 

H4 (4x4x4 voxels) 936 kElements 

H5 (5x5x5 voxels) 460 kElements 

H6 (6x6x6 voxels) 275 kElements 

H10 (10x10x10 voxels) 59.8 kElements 

H15 (15x15x15 voxels) 16.3 kElements 

 

In the following section, the processing of the results obtained from one microcell model is presented, as an example of how our data 

processing has been performed. Following the FE simulation, the stress distribution within the investigated microcell is computed. 

Figure 1 shows the stress distribution obtained for the 2.2 million elements model loaded in uniaxial tension along the first main axis 

of the microcell, at a nominal strain of 1%. 

 

 

Figure 1 Stress distribution within the: a) Whole microcell, b) Matrix phase, c) Fiber phase, d) Void phase 

For the current loading configuration, namely tension along the first axis of the microcell, a nominal reaction force of 394 N was 

computed, resulting in a nominal stress of 504 MPa, and a stiffness along the X axis of the microcell of 32.8 kN/mm. 
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Further on with the analysis, the question whether the damage will initiate within the fiber phase or in the matrix phase, the allowable 

stress values have to be taken into account. Damage initiation values within the phase can be computed using in the case of the fiber 

phase the Hashin 3D failure theory (eqs. 1-4), while for the matrix phase the Mises plasticity was used [9]. 
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where FFT – Failure fiber tensile; FFC – Failure fiber compression; FMT – Failure matrix tension; FMC – Failure matrix 

compression; X – Maximum stress; 11 –  fiber direction; 22 – perpendicular to fiber direction; 12 and 13 – longitudinal shear 

direction, 23 – transverse shear direction, α – coefficient for shear induced tensile failure (α= 1). 

 

Table 3 Maximum stresses used for equivalent stress calculation 

Fiber phase, maximum stresses Matrix phase, maximum Mises stress 

X11T [MPa] 1810  σmax [MPa] 60 

X11
 [MPa] 669 

X22T
 [MPa] 64 

X22C
 [MPa] 174 

X12 = X13
 [MPa] 105 

X23
 [MPa] 105 

 

Table 4 Stress values and their corresponding damage initiation factors 

Stresses in fiber phase Hashin 3D damage initiation  Stresses in matrix phase Mises initiation 

σ11 [MPa] 1350 FFT [-] 4.45 σMises [MPa] 312 Mises [-] 5.2 

σ22 [MPa] 21 FMT [-] 0.76 

σ33 [MPa] 30 

τ12 [MPa] -24 

τ13 [MPa] 460 

τ23 [MPa] 5.72 

 

The results presented in Table 4 show that at the given loading (1% nominal tensile strain), the studied microcell would have damage 

developing both in the matrix phase and in the fiber phase. Also, the initial damage would occur at first within the matrix phase, as 

localized yielding of the matrix, followed by damage in the fiber phase, as shear induced tensile failure. 

In order to obtain a general overview of the quality of the predictions, the errors computed for the stiffness predictions were 

compounded with the errors computed for the damage initiation predictions. It is to be noted that the response computed for tensile 

loading along the Z axis (3rd main axis) of the microcell produced overall poor results (Figure 2). The direction coincides with the 

yarn stacking direction. There is a significant increase in the error for a model size of less than 90 000 elements, indicating that an 

optimal mesh density for the considered microstructure is achieved in the range of 100 000 – 120 000 elements. That translates into 

an optimal characteristic element size of ~7.5 µm. 
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Figure 2 Compounded error of the simulation results with respect to the mesh size 

3 Microstructures with idealized pores 

Conventional micromechanical packages offer the possibility of modelling porosity within a volume by taking into account statistical 

values for pore shape and distribution. Advantages of using such a software suit consist in short processing times, guarantee of the 

periodicity within the processed volume, and ability of processing CT-scan data without needing a secondary processing software 

(like an STL generator program). The Digimat micromechanical analysis platform offers the possibility of creating a hexahedral 

Representative Volume Element (RVE) consisting of matrix and voids, allowing the user to control the position and aspect ratio of 

the pores, based on a statistical size distribution and on the void’s centroid coordinates (X, Y, Z). 

A Python script using image recognition was developed and ran on the raw output of the CT scan data. The image recognition 

algorithm is analyzing each slice of the CT data and computes the centroids and volumes of the detected porosity. A second image 

recognition is ran on a plane perpendicular to the first plane in order to correlate the centroids’ coordinates. As outputs, the user 

receives the centroids’ coordinates and the statistical distribution of the porosity volumes (Figure 3). 

 

 
Figure 3 – Centroid coordinates list (left) and pore size distribution (right) for the analysed volume 

Based on the obtained results, global volumetric porosity (in percent), as well as the statistical distribution of the pore size are being 

specified. The tool is designed to deal with pores having either uniform size variation along all axes (spherical-like objects in which 

the size controls the radius of the circumscribed sphere – Figure 4 left) or having their shapes varying only along the main axis 

(cylinder-like objects in which the variation of the size controls the length of the object (Figure 4 right). 

 

  
Figure 4 - Effects statistical variation of pore size in icosahedrons (left) and sphero-cylinders (right) 
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Following the data processing the RVE was generated, taking into consideration the position of the most important detected pores, 

and requesting Digimat to generate further voids within the volume until the desired volume porosity content was obtained (Figure 

5 left). 

  
Figure 5 – Idealized pore geometry (left) vs real geometry (right) 

When analyzing the real microstructure (Figure 5 right), pores with elongated shapes, often coalesced, can be noticed. The Digimat 

software suite was unable to reproduce such complex porous geometry. Following this finding, it was concluded that the use of 

idealized pore geometries could provide good quality results if the scanned structure would show mainly regular shaped pores, and 

that the use of such a technique when dealing with elongated, coalesced pores will not yield a good enough CAD model for the future 

simulations. For further comparison, the stiffness response results provided by Digimat were taken into consideration, and no future 

FE simulation for stress response was performed on this geometry (Table 5). 

 

Table 5 Elastic properties of the idealized pores microcell 

Loading X tension Y tension Z tension XY shear YZ shear ZX shear 

Elastic constant [MPa] 2850 2770 2770 1020 990 990 

 

4 Microstructures with real pore geometry 

Simulation of real scanned geometry can be done either by using an STL mesh obtained by CT data post processing or by generating 

a CAD model which will have to be meshed afterwards. The STL mesh is aimed at a correct volumetric representation of the model 

geometry by means of tetrahedral mesh. It is primarily used in 3D rendering and 3D printing due to the speed of the mesh generation 

process. The tetrahedra are generated taking into account only boundary constraints, and without taking into account the Jacobian of 

the generated elements. 

The finite element method is sensitive to poor element quality meshes. In order to assess the deviation of a given element from an 

ideally shaped element a Jacobian ratio can be computed. Finite element meshers optimize the element generation in such a way that 

the obtained mesh is having as little deviation as possible from the ideal element shape, thus ensuring result accuracy. 

When preparing a geometry for finite element simulations it is preferable to use a mesh generated by a mesher that takes element 

shape criteria into account. The data processing software suite offered by Synopsys has a mesher that can perform finite element 

mesh optimization on the generated meshes. After the mesh generation, a 1.6 million elements mesh was exported to Abaqus for 

finite element simulation (Figure 6 left). 
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Figure 6 - Obtained mesh (left), and simulated stress - strain response (right) 

Periodic boundary conditions were applied on the generated model, and then the model was loaded in tension along the vertical axis. 

The material model used was a linear elastic – ideal plastic material model with E = 3000 MPa, and Poisson’s ratio = 0.4. The yield 

stress was set as 60 MPa.  

For a global volumetric porosity of 0.74% a drop of 1.2 % in the Young’s modulus was noticed, as well as a decrease of 8.3 % in the 

yield stress. 

 

  

Figure 7 - Mises stress distribution during elastic response (left) and yield (right) 

It has been noticed that stress concentration occurs around the pores, favoring an earlier yield onset. During yielding the voids keep 

growing with a clear tendency of merging with each other (Figure 7). 

Following the FE simulation, the global stiffness of the analysed microcell can be computed. Table 6 presents results obtained from 

a linear elastic simulation of a porous geometry, with a material having the Young’s modulus of 3000 MPa and the Poisson’s ratio 

of 0.4. The stress and strain concentration factors were computed with respect to the nominal applied load and strain respectively.  

 

 

Table 6 Elastic behavior of the analysed microstructure 

Loading X tension Y tension Z tension XY shear YZ shear ZX shear 

Elastic constant [MPa] 3020 2950 2950 1120 1046 1033 

Stress concentration factor [-] 5.81 5.11 3.35 8.1 5.0 4.27 

Strain concentration factor [-] 6.63 5.49 3.45    
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5 Conclusion 

The current research presents a set of Finite Element Analysis investigations performed on CT scanned components aimed at 

determining a correct procedure for future analyses that will be performed on similar materials.  

The mesh density sensitivity analysis reveals that a characteristic element length of 7.5 µm is sufficient in ensuring result accuracy 

in terms of global stiffness response and damage initiation prediction. However, given the broad range of mesh size distribution, the 

unexpected small error difference between the most and the least refined microstructure simulation (less than 5%) hints that care 

should be taken when extracting localized results from the model. The user has to make a clear decision whether the interest of the 

simulation lies in obtaining global information (for mapping on mesoscale models) or localized information (for example for 

predicting damage evolution) and chose the appropriate mesh density. 

For modelling of the porosity influence on the material’s behavior, another crucial decision has to be made, in order to ensure the 

accuracy of the analysis. If the pores are similar in shape, well structured, and not coalesced, then a simplification of the analysed 

geometry could be performed by using ideal pore geometry. This method requires processing of the pores’ geometry, identification 

of the pores’ volumes, centroids, and orientation within the processed micro-cell, followed by mapping of the idealized pores on the 

analysed model. On the contrary, when dealing with complex pore structures, this simplification will not yield accurate results at 

local level. It is possible though to use idealized pore geometry to obtain preliminary results in terms of stiffness of the analysed 

microcell, with differences of 10 – 15% when compared to a real pore structure, but such an analysis has to be followed by a real 

pore geometry analysis to ensure accuracy. 
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