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APRESENTAÇÃO
A Engenharia de Computação é a área que estuda as técnicas, métodos e ferramentas 

matemáticas, físicas e computacionais para o desenvolvimento de circuitos, dispositivos e 
sistemas. Esta área tem a matemática e a computação como seus principais pilares. O 
foco está no desenvolvimento de soluções que envolvam tanto aspectos relacionados ao 
software, quanto à elétrica/eletrônica. Os profissionais desta área são capazes de atuar 
principalmente na integração entre software e hardware, tais como: automação industrial 
e residencial, sistemas embarcados, sistemas paralelos e distribuídos, arquitetura de 
computadores, robótica, comunicação de dados e processamento digital de sinais.

Dentro deste contexto, esta obra aborda diversos aspectos tecnológicos 
computacionais, tais como: implementação e modificações numéricas a serem feitas no 
algorítmo de Anderson (2010) para simular o escoamento sobre uma asa finita submetida 
a ângulos de ataque próximos ao estol; modelo distribuído para analisar a influência da 
formação e do adensamento de geada sobre o desempenho de evaporadores do tipo 
tubo-aletado, comumente usados em refrigeradores frost-free; um algoritmo de Redes 
Neurais Convolucionais(CNN) que identifica se a pessoa está ou não utilizando a máscara; 
potencialidades do M-Learning e Virtual Reality no curso técnico em Agropecuária; avaliação 
da qualidade da energia elétrica em um sistema de geração de energia fotovoltaica; uma 
abordagem para a segmentação de imagens cerebrais, utilizando o método baseado em 
algoritmos genéticos pelo método de múltiplos limiares; estudo numérico de uma âncora 
torpedo sem aletas cravada em solo isotrópico puramente coesivo, utilizando um modelo 
axissimétrico não-linear em elementos finitos; estudo acerca da análise numérica de placas 
retangulares por meio do método das diferenças finitas, obtendo soluções aproximadas 
para o campo de deslocamentos transversais bem como os correspondentes momentos 
fletores, para problemas envolvendo uma série de condições de contorno, utilizando-se 
o software Matlab® para simulação; desenvolvimento e aplicação da Realidade Virtual 
(RV) como Tecnologia de Informação e Comunicação (TIC) para auxiliar no processo de 
ensino-aprendizado de disciplinas do Ensino Médio; avaliação dos resultados obtidos em 
campanhas de medição de qualidade da energia elétrica (QEE) na rede básica em 500 
kV; examinar o comportamento mecânico-estático de uma longarina compósita projetada 
para uma aeronave esportiva leve através de investigações numéricas, empreendidas em 
software (ANSYS Release 19.2) comercial de elementos finitos; construção de um sistema 
para monitoramento de ativos públicos; a relação da Sociedade 5.0 envolvida no contexto 
da Indústria 4.0 e a Transformação Digital; algoritmos de seleção e de classificação 
de atributos, identificando as vinte principais características que contribuem para o 
desempenho alto ou baixo dos estudantes; a Mask R-CNN, utilizada para a segmentação 
de produtos automotivos (parabrisas, faróis, lanternas, parachoques e retrovisores) em uma 
empresa do ramo de reposição automotiva; o nível de usabilidade do aplicativo protótipo 



para dispositivo móvel na área da saúde voltado ao auxílio do monitoramento móvel no uso 
de medicamentos em seres humanos. 

Sendo assim, está obra é significativa por ser composta por uma gama de trabalhos 
pertinentes, que permitem aos seus leitores, analisar e discutir diversos assuntos importantes 
desta área. Por fim, desejamos aos autores, nossos mais sinceros agradecimentos pelas 
significativas contribuições, e aos nossos leitores, desejamos uma proveitosa leitura, 
repleta de boas reflexões.

Ernane Rosa Martins
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ABSTRACT: A meso-scaled finite element model 
is developed aiming at the study the mechanical 
properties of woven- fibre composites regarding 
different weave pattern. A Representative Volume 
Element (RVE) is constructed and the Uniform 
Displacement Boundary Conditions (UDBC) are 
applied in order to obtain the stiffness tensor of 
such composites. Two different types of woven-
fibre composites are evaluated by the introduced 
model - E- glass/Vinylester plain-weave and 
2/2 Twill E-glass/Epoxy. The results from 
computational homogenization are compared 
to both experimental and numerical works from 

literature, showing good agreement. It is verified 
that the boundary conditions applied to the RVE 
play a significant role in the homogenization 
results.
KEYWORDS: Woven composites, Computational 
homogenization, Finite Element Method, 
Heterogeneous structures.

PREDIÇÃO DAS  PROPRIEDADES 
ELÁSTICAS EFETIVAS PARA MATÉRIAS 

DE FIBRA TECIDA
RESUMO:  Um modelo de elementos finitos 
em mesoescala é desenvolvido com o objetivo 
investigar as propriedades mecânicas de 
compósitos de fibra tecida em relação a diferentes 
padrões de trama. Constrói-se um Elemento de 
Volume Representativo (RVE) e as Condições 
de Contorno de Deslocamento Uniforme (UDBC) 
são aplicadas, obtendo-se o tensor de rigidez dos 
compósitos estudados. Dois tipos diferentes de 
compósitos de fibra tecida serão avaliados pelo 
modelo introduzido: E-glass / Vinylester padrão 
simples, e E-glass / Epoxy padrão sarja. Os 
resultados da homogeneização computacional 
serão comparados com trabalhos experimentais 
e numéricos da literatura, em que se notará 
congruência nos valores obtidos. Verificar-se-á 
a influência das condições de contorno nos 
resultados de homogeneização.
PALAVRAS - CHAVE: Compósitos tecidos, 
Homogeneização computacional, Método dos 
Elementos Finitos, Estruturas heterogêneas.
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1 | 	INTRODUCTION
The woven-fibre modelling, aiming at mechanical properties, can be divided in two 

main approaches: numerical methods and analytical solutions. Regarding to analytical 
solutions, Ishikawa (1981)  and Ishikawa and Chou (1982a) proposed the one-dimensional 
Mosaic Model, the first well-known solution for woven-fiber composites, primarily for satin 
weaves and hybrid composites. The Mosaic Model treats the woven either as a parallel or 
serial asymmetric cross-ply laminates assemblage. It leads to upper and lower bounds of 
stiffness matrix. This first approach has the disadvantage of neglecting interweaving effects, 
as the undulation of warp and fill strands is not modelled. With Fiber Undulation Model, 
Ishikawa e Chou (1982b) overcame this Mosaic Model disadvantage. This last model was 
idealized to predict plain-weave composites, being an extension of Mosaic Model.

Further developments were made by Sankar and Marrey (1997) who presented 
the Selective Averaging Method (SAM), which dealt with three-dimensional and two-
dimensional textile composites and proposed a formulation to estimate stiffness and 
thermal expansion coefficients. Three-dimensional composites were divided into three 
microstructure levels: unit cell, slice and element, which correspond, respectively, to macro, 
meso and micro stiffness. In order to obtain the coefficients of the stiffness tensor, it is 
assumed macro uniform strain states in the entire domain - six states in total, encompassing 
each strain alone. This macro strain state is assumed to be approximately equal in meso 
and micro scales, permitting an easy integration of the stiffness between micro and meso-
scales. Later, the meso scale slices are averaged assuming an isotress condition. Finally, 
the macrostresses are averaged in the volume, what lets to express each column of the 
stiffness matrix in terms of meso and micro strains. In case of two-dimensional composites, 
the textile composite is divided into repeating cells in in-plane directions, being modelled 
as an homogeneous Kirchoff’s plate in macro-scale. The procedure to estimate the plate 
stiffness coefficients is analogous to the three-dimensional case.

Scida et al. (1998) presented a model based in Classical Laminate Theory to predict 
mechanical properties of woven- fibre composites (hybrid and non-hybrid). This model, 
called MESOTEX (Mechanical Simulation of Textile), treats the woven composite as a 
combination of two homogeneous phases: orthotropic strands and isotropic matrix. The 
undulation of strands are geometrically described by sinusoidal functions, while in other 
parts the path are considered straight. Similar approach was done by ming Huang (2000), 
who proposed a method to estimate mechanical properties for woven and braid composites. 
In it, the composite was divided into subelements and it was applied an isostrain condition in 
each division so as to obtain their stiffness. The subelements corresponded to four layered 
unidirectional composites, with two inner layers being the homogenized strands, and the 
two outer layers matrix. Later, in order to assemble the subelements, isotress condition is 
applied.



 
Coleção Desafios das Engenharias: Engenharia de Computação 2 Capítulo 15 200

The analytical models are really useful for a fast estimation of the (homogenised) 
mechanical properties. However, numerical models can evaluate stresses distributions along 
the geometry, therefore giving insights about the mechanical performance of the composite. 
One of the most important aspects of this approach is the correct modeling of the composite 
geometry. Barbero et al. (2006)  used photomicrograph measurements to model geometry 
correctly. The photomicrograph data was fitted with sinudoisal functions, and finally the 
geometry was totally built in a commercial CAD. Although such type of approach is valid, 
some composite-specialized software were developed in the recent years. Verpoest and 
Lomov (2005) developed WiseTex, an software able to calculate 2D and 3D composites, 
which composite geometry is described by analytical models. Furthermore, Lin et al. (2011) 
presented TexGen, and open-source composite modelling software. TexGen can model 2D 
and 3D woven fabrics, as well any user-defined geometry, as the software accepts Python 
scripts to define the geometry paths.

In this article, TexGen will be used to model the geometry of woven-fibre composites, 
with data available in Scida et al. (1999).Two woven-fibre classes will be treated - E-glass/
vynilester plain-weave and E-glass/Epoxy 2/2 Twill- weave. The homogenization is 
performed by choosing a set of boundary conditions that respect the Hill’s Energy Condition. 
Hence, Uniform Displacement Boundary Conditions (UDBC) are applied, which leads to a 
linear system that allows the complete determination of the homogenized stiffness matrix of 
the woven-fibre composite.

2 | 	3D FINITE ELEMENT MODELING OF RVE

2.1	 Geometric Modelling
Woven-fibre composites geometry exhibits periodicity, which allows the designer to 

analyse only a representative element volume (RVE) in order to obtain the mechanical 
behaviour of the entire component/domain. The Repetitions Unity Cell (RUC) can then be 
used to construct such RVE. Fig. 1 presents two examples of RUCs that are also studied in 
the present work.
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(a)Plain-Weave (b)Twill weave 2/2

Figure 1. Weave pattern draft and RUC adopted (dashed red square)

The RVE geometry is built in Texgen (see Lin et al. (2011); Long e Brown (2011))  
using composite data from Scida et al. (1999) (see Table 1). In the model, there are three 
volume fractions to be considered, as showed in Fig. 3. The first one, V0, refers to dry 
volume fraction. This is the volume occupied by fibers inside the whole composite volume. 
The second volume fraction, Vm, meso-scale volume fraction, is the portion occupied by 
strands (fills and warps with impregnated resin). By last, the strand volume fraction, Vs, is 
the volume occupied by fibers in strands. Figure 2 shows the geometry created in TexGen.

(a)Plain-Weave (a)Twill weave 2/2
Figure 2. Weave-fibre composite models created in TexGen.

Figure 3. Composite Volume fractions
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*This parameter does not appear in Scida et al. (1999). However, it is a mandatory parameter for 
TexGen. Therefore, the values used in this work were selected to reproduce experimental Vm closest as 

possible.

**Calculated by  , as stated in Barbero et al. (2006).

Table 1. Weave geometry parameters, Scida et al. (1999)

The correct Vm representation of the composite might be a difficult task in woven-
fibre analysis. In TexGen, if one performs the model creation, a default increase of 10% of 
matrix in height is applied to the composite, creating a shallow film of matrix in lower and 
upper faces of the composite. Such additional matrix volume incurs that Vm decreases in 
the model. If one constricts such resin surplus, the thickness of matrix above (and below) 
strands would become excessively thin, requiring a finer mesh to avoid errors in modeling. As 
a consequence, the Vm considered in the presented model does not agree with experimental 
values. Following Barbero et al. [2006] methodology, one needs to carry out a meso scale 
volume fraction correction. Namely, the Compliance Matrix is corrected trough eq. (1).

where Vm and Vm
a correspond to experimental and model meso scale volume 

fractions, respectively, and [S]a defines the compliance matrix [S] prior eq. (1) application. 
The table 2 shows the Vm obtained in this work and the correction factor applied.

Table 2. Vm in Texgen and Vm correction
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2.2	 Boundary Conditions
The Average Strain Theorem establishes an equivalence between a boundary 

condition as showed in eq. (2) and strain average in the volume, as showed in Zohdi (2002). 
Such condition is known as uniform displacement boundary conditions (UDBC), in which  εA

ij 
denotes an strain state applied, and xj an position vector. If the coordinate system is in the 
geometrical center of the body with dimensions (2a1, 2a2, 2a3), the Fig. 4 is a representation 
of a uniform strain in pure extension. This type of boundary condition satisfies the Hill’s 
Energy Condition, as stated in Zohdi (2002), which means that the model presents an 
equivalence between macro and micro energy measurements, being a necessary condition 
for a heteronegenous composite homogenization.

Figure 4. Boundary conditions scheme for a pure-extension state

2.3	 Stiffness Tensor and Engineering Constants
Let the symbol ⟨·⟩ represent a quantity averaged in volume. The stress-strain 

relationship of averages is

In the current work, the Cij in eq. (3) is considered with 36 independents terms. 
Following Zohdi (2002) methodology, six independent εA

ij are applied in the model, as 
illustrated in Fig. 4, through eq. (2). Each εA

ij applied in model, used together with eq. (3), 
generates six linear set of equations. The six εA

ij cases, consequently, allow the complete 
computation of Cij terms. Finally, the engineering constants are obtained through the 
compliance matrix Sij.
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3 | 	RESULTS

3.1	 Mesh Influence in Stiffness Matrix
Firstly, one evaluates the effect of mesh size in mechanical properties. The finite 

element analysis was carried out in ANSYS APDL (2018), with a 3-D 10-Node Tetrahedral 
Structural Solid element. The mesh is generated by TexGen, through a general seed 
parameter, which corresponds to element edge size. The stiffness tensor Cij is obtained 
as explained in subsection 2.3. The Frobenius norm of Cij is evaluated in each mesh size, 
represented by ICI in Fig. 5. The ICI was normalized by ICIavg, which is the average of ICI in 
computed in reference of all meshes. The largest difference in Fig. 5 is lower than 2.80% 
among the evaluated meshes. Comparing to ICIavg, the largest deviation is 1.52%. Due the 
small advantage of using the finest meshes, the seed size applied in this study is 0.05.

Figure 5. Mesh size influence in stiffness matrix |C|

3.2	 Comparison With Results From Literature
The introduced methodology is then compared with Barbero et al. (2006) numerical 

results and Scida et al. (1999) experimental and analytical results.The boundaries conditions 
applied in this work, as discussed by Espadas-Escalante et al. (2017), overestimated E1 and 
E2 in general, as showed in table 3a and 3b.

Barbero et al. (2006) applied periodic boundary conditions (PBC), which is a distinct 
set of boundary conditions from those applied herein (explained in eq. (2)). PBC estimates 
the properties of an infinite periodic structure, assuming that both strain and stress are 
periodic. Such approach requires a full coupling between the degrees of freedom of nodes 
lying on boundaries, as proposed by Luciano et al. (1998). Another requirement of PBC is 
mesh periodicity. The main advantage of PBC approach is to simulate strain and stress fields 
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of an infinite body by just modeling one RUC. On other hand, the methodology applied here 
only imposes a set homogenized strains fields without any periodicity requirements. It has 
a great advantage of using a mesh-free approach in the model, but the results were slightly 
different from experimental data, as showed in table 3a. However, the model could not 
reproduce the geometry with precision. The table 2 shows that the current model reached 

 with 16.5% of difference from Vm, which influenced the results, as the eq. (1) is not exact.
In contrast, the results from this work showed good agreement with experimental 

data for 2/2 Twill E-glass twill weave, as can be see in table 3b. In this particular case, it was 
possible to reach a  closer to Vm from experimental data. The geometry, therefore, could 
be reproduced with quite good accordance with Scida et al. (1999) data, leading to a stress 
distribution that was closer to what is encountered in real woven-fibre.

3.3	 Resulting Stress Fields in Woven Composite
One of the main advantages of developing a numerical tool to generate the 

stiffness matrix of a RUC / RVE is the possibility of observing the stresses on the domain. 
However, rather than evaluating the absolute stress value, it is important to study the stress 
relationships between resin and strand regions. In both Fig. 6 and Fig. 7 the stress field  
in resin increases in regions where the distance between strands decreases. The stresses in 
this areas are 4 times greater to the center of resin elements group. It is clear that this stress 
jumps follow the weave pattern, as demonstrated in Fig. 6 and Fig. 7. Such stress increase 
does also appears in strands elements group. The stresses jumps, however, are less severe 
( 200% larger). The maximum stress, in other hand, is dominant in strand elements. In both 
cases, the stress peak is larger – about 200% – in comparison to the resin elements group.
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Table 3. Comparison with experimental and numerical studies

Figure 6. Stress  distributions of E-glass/vinylester plain-weave under  strain state
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Figure 7. Stress  distributions of 2/2 twill E-glass/epoxy plain-weave under  strain state

4 | 	CONCLUSIONS
In this article, Uniform Displacement Boundary Conditions (UDBC) were applied in 

order to obtain mechanical properties of two woven-fibre composites: E-glass/vinylester 
plain weave and 2/2 Twill E-glass epoxy weave. The properties obtained showed good 
agreement with results from literature. It was verified that both boundary conditions and 
geometry had influenced the results. Therefore, it must be further investigated how to 
overcome the difficulty of real woven-fibre geometry representation, as well how others 
boundaries conditions types can perform the same task. An important point highlighted by 
the present work is that the use of Classical Laminate Theory hides loss of information that 
happens due to the reduction of the constitutive tensor, and many analytical models are 
based on it. In the literature, these models showed good performance for in-plane mechanical 
properties, although they present inferior performance for out-of-plane properties. As a 
consequence, further investigation may be carried applying distinct plate theory in analytical 
models. Namely, first or higher-order shear deformation plate theories could possibly lead to 
good results in out-of-plane properties.
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