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Abstract 

 
The mechanical behaviour and progressive damage of a plain woven carbon-epoxy fabric at different 

length scales is modelled, taking into account the weave's geometric, and consequently, material 

variability. Micromechanical simulations are performed with different fibre volume fractions using a 

fibre distribution algorithm in order to obtain the mechanical properties of the tows along their length. 

A Representative Unit Cell (RUC) is generated and a set of in-plane Periodic Boundary Conditions 

(PBCs) implemented in order to run non-homogenised mesomechanical analyses. The influence of 

material variability is captured through volumetric homogenisation to study damage evolution and 

corresponding stiffness degradation in a plain weave fibre architecture under different loading 

conditions. 

 

1. Introduction 
 

        Two-dimensional plain weave is one of the most widely used textiles in composites production, 

thus it is critical to be able to evaluate and predict damage initiation and propagation in this type of 

material. It is still not completely clear how damage evolves in this type of textile composite, since 

different internal geometries of the material may lead to different stress concentration areas, crack 

propagation patterns and final failure scenarios. The changes in geometrical parameters, such as the 

height and width of a tow along its length [1] cause intra-tow fibre volume fraction variability which 

may lead to different homogenised mechanical properties. Neglecting this variability may lead to a 

reduction in accuracy of numerical predictions. 

 

        The present multiscale model represents a link between the microscale, which is described by a 

Representative Volume Element (RVE), discretizing the constituents and their interface, and the non-

homogenised mesoscale, described by a Representative Unit Cell (RUC), emcompassing the epoxy 

matrix (same as the one used in the micromechanical model) and homogenised tows. Micromechanics 

has emerged as an accurate and reliable tool to study the mechanical response of laminated composites 

[2]–[6]. So, using appropriate constitutive material models, it is possible to evaluate the effect of the 

intra-tow fibre volume fraction variability on the mechanical response of a woven carbon-epoxy fabric. 
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2. Multiscale model 
 

2.1.  Material constitutive models 
 

        The epoxy matrix is modelled using the elastic-plastic constitutive damage model proposed by 

Melro et al. [7], implemented as a VUMAT user subroutine of the Finite Element (FE) commercial 

software Abaqus® [8]. The initial elastic behaviour is defined by a linear relation between the stress and 

elastic strain tensor. A paraboloidal yield criterion, originally proposed by Tschoegl [9], defined as a 

function of the stress tensor and of the compressive and tensile yield strengths, is used together with a 

non-associative flow rule. A thermodynamically consistent isotropic damage model, defined by a single 

damage variable is used, where damage onset is defined by a damage activation function similar to the 

paraboloidal yield criterion, but using the final compressive and tensile strengths of the epoxy matrix 

instead of yield strengths and the concept of effective stress tensor, i.e. the stress tensor calculated using 

the undamaged stiffness tensor. To avoid mesh size dependency, Bažant and Oh's crack band model 

[10], which uses the individual characteristic element length and the mode I fracture toughness of the 

epoxy to regularise the computed dissipated energy, is implemented along with the definition of a 

damage evolution law [7]. 

 
        The fibres are considered to be linear elastic up to failure and to have a transversely isotropic 

behaviour. The damage model is activated solely by the longitudinal stress component, thus, only one 

damage variable is used. 

 

        The fibre-matrix interface is modelled using cohesive elements of the FE commercial software 

Abaqus® [8]. Before damage initiation, a linear traction separation behaviour is assumed. The initiation 

of the softening process is predicted using a stress-based quadratic failure criterion. Damage evolution 

is based on the energy dissipated as a result of the damage process, adopting an exponential softening 

response under mode I, mode II or mixed-mode, according to BK law [11]. 

 

        The tows presented at the non-homogenised mesoscale framework are modelled using a transverse 

isotropic intralaminar damage model developed by the Advanced Composites Research Group (ACRG) 

at Queen's University Belfast [12]–[15]. Faggiani and Falzon [12] combined Continuous Damage 

Mechanics (CDM) with the appropriate damage initiation criteria to produce a response model that is 

suitable for simulating impact damage on unidirectional composite panels. For simulating the materials’ 

crush response, i.e. a complex loading state with several damage interactions, additional features and/or 

modifications to the initial model were made to account for load reversal, stiffness degradation, 

capturing the in-situ effect [16], element objectivity [14], element deletion criteria [13] and non-linear 

shear behaviour [15]. 

 

2.2.  Details of the FE models: geometry, boundary conditions and material properties 

 
        Both models are subjected to Periodic Boundary Conditions (PBCs). This type of boundary 

condition is used due to the fact that multiple authors have concluded that the overall properties of the 

lower scale models are better estimated using PBCs [17]–[19]. The micromechanical model, i.e. the 

RVE, is subjected to three-dimensional PBCs, however, the model at the non-homogenised mesoscale 

is subjected to bi-dimensional (in-plane) PBCs, which are achieved by eliminating equations that 

establish a kinematic link between opposite faces along the out-of-plane direction [20]. 

 

        The RVEs are generated using a modification of an algorithm developed by Catalanotti [21], which 

is able to create random distributions of uniform spherical or circular particles for any given fibre volume 

fraction. The mechanical properties of the constituents and of the fibre-matrix interface are represented 

in Tables 1 and 2, respectively. 
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            Table 1. Properties of constituents.                     Table 2. Properties of fibre-matrix interface. 

 

Mechanical 

property 

AS4 Fibres 

[22] 

Epoxy 

matrix [4] 

   

��� [MPa] 225000 3760 
�

 [MPa] 15000 3760 
��
 [MPa] 15000 1352 
�

 [MPa] 7000 1352 

��
 0.2 0.39 
�� [MPa] 3350 93 
�� [MPa] 2500 180 

��� [N/mm] 4 × 10�
 0.09 
 

        At the non-homogenised mesoscale, two different RUCs are generated: i) having a constant cross-

sectional area and consequently constant mechanical properties along the tow, and ii) a non-constant 

cross-sectional area (Figure 1), causing intra-tow fibre volume fraction variability [1], [23], leading to 

different mechanical properties along the length of the tows. 

 

 
 

Figure 1. Tow cross-sectional area and intra-tow fibre volume fraction variability along tow length. 

 

        Figure 2 provides a bidimensional representation of the RUC considering material variability, with 

average dimensions represented in Table 3. 

 

 
 

Figure 2. Bi-dimensional representation of the RUC considering cross-sectional area variability. 

 

 

Mechanical 

property 

Fibre-matrix 

interface [2], [4] 

  

� [N/mm3] 10� 

��� [MPa] 75 

�
� [MPa] 75 

�
� [MPa] 50 

��� [N/mm] 0.002 

����  [N/mm] 0.006 

�����  [N/mm] 0.006 

� 1.45 
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Table 3. RUCs’ average dimensions. 

 

Dimensions [mm] Description 

   

 � !�  4.1 RUC width and length 

ℎ !� 0.33 RUC thickness 

# 1.9 Tow width 

$ 0.13 Tow height 

� 0.15 Gap between parallel tows 

 

        The tow cross-section is assumed to have a special form of the super-ellipse, the power-ellipse, and 

is defined as: 

 

               %&'% + %)*%
/, = 1, 
 

with the major and minor ellipse axis, ' and * and with the exponent / = 1.3. 

 

3. Numerical predictions and discussion 
 

        At the microscale, the intention is to homogenise the mechanical properties of the tows through 

volumetric homogenisation: 

 

             012� = 1
3 4 0125

63 = 1
3 7 012838

9:

8;�
, 

 

where 012�  represents the homogenised far-field stress tensor, 0128  and 38 are the stress component 

determined at integration point < and associated volume, and => is the total number of integration points 

in the RVE. 
 

        After assigning the appropriate constitutive material models for each of the constituents and the 

fibre-matrix interface, it is possible to address the RVEs’ mechanical performance. By generating 

different RVEs with different fibre volume fractions and by submitting them to different loading 

conditions, it is possible to generate polynomial curve fitting expressions that enable the evaluation of 

the mechanical properties for any value of the fibre volume fraction, ?@. 

 

        Considering the fibre volume fraction distribution along the length of the tows represented in Figure 

1, and using the polynomial expressions obtained from the micromechanical simulations, the mechanical 

properties are assigned to each individual element of the mesh of the tows. The tows are modelled by 

means of C3D8R, three-dimensional, reduced integration hexahedral elements, and the epoxy matrix at 

the non-homogenised mesoscale, since it represents a complex geometrical part, it is modelled by means 

of C3D4, three-dimensional tetrahedral continuum solid elements, both with an average size of 0.06 

mm. 

 

        Numerical predictions are presented in Figure 3, where the homogenised stress-strain curves, 

obtained with equation (2), are reported for four different loading scenarios: i) uniaxial tension, ii) in-

plane shear, iii) biaxial tension and iv) uniaxial tension and in-plane shear. In each curve, different points 

are indicated and associated with the corresponding contour plot of the matrix damage variable of the 

intralaminar damage model used to model the tows. 
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                    Figure 3.1 Uniaxial tension.                                        Figure 3.2 In-plane shear. 

 

      
 

                      Figure 3.3 Biaxial tension.                         Figure 3.4 Uniaxial tension with in-plane shear. 

 

Figure 3. Numerical predictions of the RUCs’ homogenised stress-strain curves for different loading 

conditions. 

 

        Figure 3.1 shows the results for the uniaxial tensile load case. The contour plots presented in the 

figure validate the present framework, since they fully agree with the observations carried out by 

Daggumati et al. [24], indicating that in-plane PBCs will concentrate transverse damage at the centre of 

the crimped weft tows, being associated with a surface layer of the laminate. It can be seen that both 

RUCs’ response coincide until the corresponding final failure of the RUC, which happens earlier for the 

RUC considering material variability.  

 

        Figure 3.2 shows the numerical predictions for the in-plane shear load case. Under a pure shear 

load, damage tends to localise along the edges of the tows, where there is contact with the embedding 

matrix, and a difference in shear stiffness between the two materials exist. The most affected region 

coincides with the one having a higher cross-sectional area, and thus poorer mechanical properties, 

leading to a higher rate of damage for the RUC considering intra-tow fibre volume fraction variability. 

 

        Figure 3.3 shows the results for the biaxial tensile load case. In this case, at the beginning of the 

simulation, damage tends to concentrate on the edges of the tows, leading later to propagation of damage 

to the crimp region. It can be seen that the RUC with constant cross-sectional area failed at a higher 

stress. The RUC with material variability failed catastrophically at a lower applied far-field strain, 

stopping the simulation. 
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        Figure 3.4 shows the results for the combined in-plane shear with uniaxial tensile load case. A 

slight combination of the contour plots shown for individual tension (Figure 3.1) and shear (Figure 3.2) 

is visible. Both simulations stopped before final failure of the RUCs due to excessive element distortion. 

However, it can be seen that, the RUC with material variability presented a slightly poorer stress-strain 

response when compared to the RUC with constant cross-sectional area, which may be due to the 

presence of shear. 

 

4. Conclusions and future work 

 
        Using a multiscale approach, the presented work has allowed for the analysis of the mechanical 

response of a carbon-epoxy plain weave taking into account intra-tow fibre volume fraction variability. 

In the non-homogenised mesomechanical analyses, the tows are modelled using a transverse isotropic 

damage model, for which the elastic and strength properties were determined using micromechanical 

simulations, using different fibre volume fractions. The embedding matrix surrounding the tows is 

modelled with a coupled elasto-plastic with damage constitutive material model. From the numerical 

results, it can be seen that material variability of the tows slightly affects the overall response of the 

material, mainly with the presence of shear, being one of the reasons why the mechanical performance 

of such materials can be overestimated using computational approaches. 

 
        Next steps in this work will involve performing non-homogenised mesomechanical analyses on the 

RUCs under even more different loading schemes, which will allow the comparison of failure envelopes 

between RUCs. Tow-matrix decohesion is also a mechanism that is intended to be analysed. It is also 

desired to perform a comparison between these numerical results and experimental observations. 
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