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ABSTRACT 

A simple finite element homogenization procedure is developed for application to fiber composites 

with complex woven reinforcement architectures, typically 3D textiles. The purpose of the method is 

to accurately evaluate properties of the composite using finite element methods, with limited modeling 

effort. The open-source software TexGen is used to model simplified versions of complex textiles, 

while keeping their main characteristics intact. This leads to high penetrations, which prevent 

conventional meshing. A non-conformal meshing procedure is adopted, where the mesh is refined at 

material interfaces. Penetrations are mitigated by correcting locally the material properties of the yarns 

to account for their correct fiber content. The method is also compared to more sophisticated textile 

modeling approaches.  

 

1 INTRODUCTION 

Homogenization of fiber reinforced polymers, and more specifically of textile composites, has 

received considerable attention in the last decades. It consists in modeling a representative volume 

element (RVE) of the presumably periodic textile architecture, and in using a homogenization scheme 

to determine the thermo-mechanical behavior of the RVE. Textile modeling and homogenization 

schemes constitute two separate lines of research, of which a brief and non-exhaustive review is 

presented here. 

Analytical or semi-analytical schemes rely on the complementary variational principle, like the 

approach proposed by Vandeurzen et al. [1,2] or the generalized method of cells [3]. Mean-field 

techniques such as the Mori-Tanaka method are very efficient in predicting homogenized 
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properties [4] but give access only to the mean stress and strain values within the RVE and not to their 

detailed distribution across the microstructure. 

A more detailed description of the microstructure of the RVE can be generated through finite 

element (FE) based approaches. The present study focuses on such techniques. Classical approaches 

can either use explicit meshes of yarns and of the resin rich domains, or non-conformal meshes that do 

not align element edges with yarn boundaries (of which a typical example is voxel meshing). Although 

explicit meshes are the most reliable method for modeling detailed microscopic stress states inside the 

RVE, a recognized limitation of this approach is the need to introduce an artificial resin layer between 

the yarns [5,6]. This artificial layer can lead to an overestimation of the total thickness of the laminate 

[7]. Voxel approaches [8-15] describe the textile as a grid of uniformly-sized hexahedra. By essence, 

the irregularity of the yarn boundaries description leads to spurious stress concentrations but they are 

still widely used in linear elastic homogenization and in failure analysis [10,15] contexts, especially 

when conformal meshing becomes too complicated. 

Textile modeling is the step preceding homogenization and is of equal importance. To this day, the 

WiseTex software package [5,16-18] and the Digimat tool suite [19,20] are probably the most 

complete homogenization solutions. WiseTex provides a framework to model a wide range of textiles 

with analytical [18] or FE tools [5] for permeability [17] or mechanical analysis. Digimat offers a 

range of capabilities to model not only textile composites but also short-fiber reinforced plastics and 

discontinuous fiber composites both with FE-based and semi-analytical methods. The TexGen 

software package [21] provides an efficient open-source alternative, but its capabilities are more 

limited. On the contrary, very fine modeling techniques were developed. One of the main purposes of 

refined textile modeling is to avoid penetrations, either during [6,9,22-24] or a posteriori [5,16,25,26] 

to the textile generation. 

 

The present work investigates an alternative approach, where the main idea is not to avoid or 

suppress penetrations, but to ally simple geometrical modeling with the power and universality of 

classical FE analysis. To this end, textiles are modeled in the open-source software TexGen by 

keeping a few key parameters comparable to the real textile, such as fiber content, crimp or yarn paths. 

This approach leads to large penetrations for highly-compacted textiles. They prevent conventional 

meshing, and therefore a non-conformal mesh is used. In the intent of rationalizing the mesh size 

compared to classical hexahedral voxels, the mesh is unstructured and refined at the yarn/matrix 

interface. Penetrations are compensated by adapting locally the fiber volume fraction inside the yarns. 

The proposed methodology can be applied to any textile but is more relevant for the ones that are 

complex to represent geometrically, namely 3D woven textiles. While the framework is, in principle, 

not limited to linear elasticity, other considerations such as failure mechanisms are out of the scope of 

this paper, focusing on the method more than on its applications. 

 

2 NON-CONFORMAL MESHING 

The starting point of the present work is to perform homogenization FE analysis on penetrating 

textile models. The presented methodology is applied on 3D models (i.e. volume meshes), but it is 

explained in two dimensions for better clarity. Let us consider a penetrating textile such as in Figure 1, 

where two yarns are modeled by ellipses within a box representing the RVE. Due to the penetration, 

this RVE cannot be meshed by a conventional method, where the mesh would match the boundaries of 

the yarns. Therefore, a non-conformal meshing methodology is used. The most classical approach 

would be to use a uniformly-sized voxel mesh as in Figure 2a. This mesh has the disadvantages of 

being both over-refined in the resin region and not refined enough around the yarn boundaries. A 

technique to produce  a voxel mesh refined at the yarn boundaries has been developed by Kim and 

Swan [14]. This method has an additional constraint in the sense that it provides a disconnected mesh. 

Therefore, cumbersome post-treatment needs to be applied in order to create suitable multi-point 

constraints (MPCs). Another approach is adopted here to rationalize the mesh size while keeping a 

normal connected mesh. An accurate non-conformal representation of the yarn boundaries is ensured 

through a mesh adaptation procedure. To this end, a signed distance field is computed as proposed by 
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Sonon and Massart [24]. As can be seen in Figure 3, this algorithm captures, in a very generic manner, 

the yarn boundaries as well as the separation between the two yarns when contouring the iso-zero of 

the distance field. The algorithm does not provide the Euclidian distance in penetration zones, but this 

has no impact on the proposed methodology. Then, MeshSim libraries from Simmetrix Inc. [27] are 

used for the mesh adaptation procedure which uses the distance field as an input to dictate the mesh 

size. The mesh size is defined as a piecewise-linear function of the distance to those boundaries, i.e., 

 (     )      (     (      |  (     )|)), (1) 

where x, y, z are the space coordinates, s is the mesh size field, d is the signed distance field, and m and 

M are the user-defined minimum and maximum mesh sizes, respectively. The 0.8 factor comes from 

the fact that the code Simmetrix cannot increase the mesh size s as fast as the distance d increases. The 

mesh shown in Figure 2b is periodic on opposite faces, as necessary for homogenization purposes. 

This is ensured by mesh copying from one face to its opposite face, and by the fact that the distance 

field is made periodic by duplicating the textile geometry in all directions of periodicity. As illustrated 

in Figure 2, the signed distance field also leads to a classification of each element in the relevant entity 

(resin, yarn n°1 or yarn n°2) based on the position of its centroid, for the subsequent homogenization 

analysis. Both 2D meshes in Figure 2 are quadratic and have the same number of nodes, around 

14,000. However, one can see that the yarn boundaries are much more accurately represented with the 

unstructured approach, compared to the voxel approach. In that sense, the number of degrees of 

freedom is rationalized by the present meshing procedure because the mesh is refined only where it 

needs to be. This fact is emphasized by the mesh sensitivity study performed on this example textile 

and presented in Figure 4. This graph shows the irregularity of the non-conformal yarn boundaries as a 

function of mesh refinement for both unstructured and structured (voxel) approaches. The interface 

irregularity Iavg is computed as the positive distance |d(x,y,z)| averaged over all interface nodes, divided 

by the smallest dimension of the RVE. A node is an interface node if it belongs to an element crossed 

by the iso-zero of the distance field. Therefore, Iavg is an indicator of the smoothness of the separation 

between the yarns and the resin, and  between the yarns themselves. The unstructured mesh has a clear 

advantage, with an average irregularity Iavg less than half that of the structured mesh when there are 

more than 10,000 nodes. Similar tendencies are observed if the maximum, standard deviation or 

percentiles of the irregularity distribution are compared, instead of the average. By improving the yarn 

boundaries representation, it is expected that the error induced in the homogenization analysis by the 

non-conformal approach will be mitigated, as will be confirmed in the subsequent section. 

 

Figure 1: Example of penetrating textiles. 
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Figure 2: (a) Voxel mesh representation of the penetrated textile, (b) Unstructured mesh refined at 

boundaries. Both meshes are quadratic and contain the same number of nodes. 

 

 

Figure 3: Computed distance field, used for mesh refinement. 

 

 

Figure 4: Interface irregularity as a function of mesh refinement. 
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3   FINITE ELEMENT HOMOGENIZATION 

After mesh generation, the finite element method is used to determine the homogenized thermo-

elastic properties of the composite, by averaging the thermo-mechanical behavior of the RVE. This 

approach is straightforward and has been widely used in the literature, see [6,14,28,29] for instance. 

A simple plain weave textile is used to compare the unstructured meshing approach to conformal 

meshing and voxel meshing approaches in terms of homogenization accuracy. In order to allow for 

conformal meshing, a small gap is introduced between the yarns at tangency points. This gap is 0.1 % 

of the textile thickness and is kept the same for all meshing techniques, for the sake of consistency. A 

convergence study is conducted in Figure 5 to assess the accuracy of the unstructured non-conformal 

approach, compared to the reference conformal meshing and to voxel meshing. On these graphs, all 

properties are normalized by the converged value obtained with the conformal approach. The latter is 

very stable and does not require a very fine mesh to generate converged values, while the voxel shows 

very low convergence rates and low accuracy. The unstructured approach, while not perfect, provides 

faster convergence and a better or equal accuracy than the voxel approach for most properties. The 

error with respect to the conformal homogenization is less than 1 % for all properties, except for the 

in-plane CTE (6.2 %), with an overall average of 1.4 %. The voxel approach reached the limits of the 

High Performance Computing infrastructure used for the study (192 Gb of RAM) before the results 

could converge. This huge memory requirement for voxel meshes may be due to bad conditioning of 

the stiffness matrix and non-optimal settings of the FE solver. This problem is under investigation. 

The finest voxel mesh provided an average error of 3 %, at a much higher cost than for converged 

results of the unstructured approach. 

 

 

Figure 5: Convergence study with the different meshing techniques 
 

4  COMPENSATION OF TEXTILE PENETRATIONS 

The objective of the presented methodology is to produce a good approximation of the 

homogenized thermo-mechanical properties and microscopic stress state of complex textiles with 

minimum effort put into textile modeling. The resulting textile penetrations cannot be ignored in the 

homogenization process, mainly because they induce an artificial decrease in the yarn volume fraction, 

which in turn leads to a reduced fiber volume fraction. 
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The method is applied as follows for each yarn independently. Let us consider a given yarn. First, 

the yarn is cut into sections as shown in Figure 6. For each section i, the total volume of the elements 

which are considered to solely belong to that yarn in the FE analysis,    
  (non-conformal volume), is 

computed, as well as the volume of elements which are shared with other yarns in the FE analysis   
  

(penetration volume). The total volume of the section is hence   
     

    
     

 . This relationship 

implies that the meshed volume of the section is smaller than the original cross-section in the 

geometrical representation. This can be seen as a sort of local compaction of the fibers inside the yarn, 

which is taken into account by increasing locally the intra-yarn fiber volume fraction      
  to 

      
   

  
 

   
  

  

     
   , 

(2) 

where    is the nominal fiber volume fraction inside the yarn, Vy is the geometrical volume of the yarn 

(e.g. in TexGen) and Vy,nc is the total volume of the yarn in the non-conformal mesh, including 

penetrations (i.e.       ∑   
 

 ). Then, the total effective fiber volume inside the yarn in the FE 

analysis is equal to the specification of the user in the geometrical modeler. This method emulates 

changes in cross-section shapes and yarn compaction in the FE representation, while keeping idealized 

and simple geometric modeling. After computing the local fiber volume fraction with Eq. (2), in each 

section of the yarn, the material properties must be determined. Considering impregnated yarns as 

unidirectional composites allows the use of micromechanics-based equations proposed by Chamis [30] 

to compute yarn material properties with fiber volume fraction      
 . For the CTE of the yarns, 

micromechanics equations by Schapery [31] and Hyer [32] for the longitudinal and transverse 

directions, respectively, are used. 

 

 

Figure 6: Yarn division and definition of penetration volumes 

 

5  TEST CASE 

A typical application of the proposed methodology is the modeling of complex, highly-compacted 

textiles. Stig and Hallström [6] developed a modeling framework suited to such textiles. Yarns are 

modeled as shells and are inflated with contact conditions in a first explicit FE analysis until a desired 

yarn volume fraction is reached. For the cases presented in [6], the geometrical fidelity with respect to 

the manufactured textile is remarkable. The yarns occupy up to 85 % of the volume of the RVE. Such 

compaction without yarn penetrations is out of reach with built-in functionalities of TexGen since the 

yarn cross-section area varies significantly both in size and shape. The simplified modeling strategy of 
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these textiles consists in being as representative as possible as the reference textile, within the 

capabilities of TexGen. For instance, the simplified model is representative of the dimensions of the 

RVE, yarn interlacing, total yarn volume, average yarn crimp, etc. Yarn cross sections are constant, 

yet determined in order to reduce overall yarn penetrations. 

 Three textiles are reproduced from [6], referenced as S, B and D. The result of the simplified 

modeling for textile B is shown in Figure 7. The penetration volume, i.e. the volume that is occupied 

by more than one yarn, is 9.7 % of the volume of the RVE. All homogenization results are presented 

in Table 1. The comparison with respect to the reference finite element predictions demonstrates an 

average difference of 10 % for Young’s moduli (6 % if the worst of the six predictions is discarded) 

and 10 % as well for shear moduli. However, the Poisson ratios are systematically underestimated, by 

15 to 35 %. The poor correlation for the Poisson’s ratios is however not that surprising since the 

transverse contraction is very sensitive to other model parameters. The present methodology complies 

very well with the experimental data presented in [6], equally well or better than the reference FE 

results. However, limitations were identified by the authors [6], from both experimental and modeling 

perspectives. The claim of the present paper is not that the new methodology is more accurate than the 

one developed by Stig and Hallström, but that a simplified representation of a complex textile can also 

provide good predictions. 

 

 

Figure 7: Simplified representation of textile B 
 

  Textile S Textile B Textile D 

  FE FE 

[6] 

Exp. [6] FE FE 

[6] 

Exp. [6] FE FE 

[6] 

Exp. [6] 

Ex [GPa] 74.7 83.2 74.6 ± 0.3 59.0 65.8 58.8 ± 3.7 36.2 36.2 31.9 ± 2.1 

Ey [GPa] 11.7 12.0 – 13.3 12.5 – 15.0 11.5 – 

υxy – 0.26 0.31 – 0.27 0.36 – 0.26 0.41 – 

υyz – 0.27 0.31 – 0.23 0.28 – 0.18 0.27 – 

Gxy [GPa] 3.26 3.76 – 3.35 3.94 – 3.08 3.84 – 

Gyz [GPa] 1.93 1.93 – 1.94 1.99 – 1.95 2.19 – 

Table 1: Comparison of the results from the presented method and [6].  

 

6 CONCLUSIONS 

A novel method for performing homogenization FE analysis of woven textiles regardless of yarn 

penetrations has been developed. It makes the best of simple textile generation features in TexGen 

while being as representative as possible of reference textiles modeled with more sophisticated 

methods. In parallel, a mesh adaptation procedure has been added to the framework for a better 
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representation of material interfaces, and hence providing a better description of the local stress state. 

The overall methodology has no restrictions - from a numerical point of view - with respect to the type 

of textile or the amount of penetrations.  
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