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ABSTRACT 

We perform Monte Carlo analyses of the anisotropic viscoelastic response of random RVEs 

representing the microstructure of UD fibre composites. Both fibres and matrix are taken as 

isotropic viscoelastic solids; the fibres have different shapes including circular, elliptical, 

Reauleaux and star-shaped; they are separated from the matrix by interphase regions of 

different mechanical properties and thicknesses. The analyses allow determining the sensitivity 

of the transversely isotropic, viscoelastic response of UD composites to fibre volume fraction, 

fibre shape, interphase volume fraction and interphase properties.  
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1. INTRODUCTION 

Fibre-reinforced polymers (FRPs) are increasingly being used in industry due to their excellent 

specific stiffness combined with relatively high material damping, compared to metals of 

similar stiffness. FRPs also allow tailoring of stiffness and damping properties. At macroscopic 

level, the effects of composite layup and ply thickness on stiffness and damping have been 

widely studied ([1–3]) and at ply level, the effect of volume fraction and fibre distribution on 

viscoelastic properties has been also investigated [4]. 

Recent advances in fibre manufacturing processes have allowed production of fibres of non-

circular cross-sections [5], however only limited studies are available in literature on the effects 

of fibre shape on both damping and stiffness properties. Arnold et al.[6] studied numerically 

the effect of fibre shape and found that it significantly influenced the inelastic response of metal 

matrix composites.  Chandra et al.[7] studied the effect of employing elliptical fibres of various 

aspect ratios on the macroscopic damping. Bond et al.[8] found an increase in tensile and 

compressive strength of FRPs with triangular fibres in comparison to circular fibres. Recently, 

Agnese and Scarpa [9] experimentally demonstrated a significant increase in damping 

properties for the case of fibres with a four-lobe star shape, compared to the case of circular 

cylindrical fibres. Herraez et al.[5] investigated the strength of random microstructures 

comprising random arrays of non-circular fibres under transverse tension and compression, for 

a fibre volume fraction of 0.5. It was found that composites with lobular fibres exhibited 

superior strength to that of FRPs with circular fibres under transverse compression.  
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It is well established [10] that in a FRP, a region exists at the boundary between fibres and 

matrix which possesses mechanical properties different from those of the fibres and the matrix, 

due to physical and chemical reactions between the two main phases or due to the presence of 

coatings on the fibres. This region has been reported to have thickness between 30 nm and 

1 m for the case of GFRPs [10,11] and can be tailored by acting upon the thickness of fibre 

coatings [12]. Modelling such interphases can be necessary to improve the accuracy of 

simulations and several authors have studied the effects of the interphase on the stiffness and 

damping of FRPs with circular fibres by analysing the response of periodic unit cells based on 

square or hexagonal arrangement of fibres ([13–18]) and, for case of elastic properties, 

analysing the response of random RVEs  [19–21]. 

Due to the random spatial distribution of fibres in a UD composite, simulations conducted on 

random material volume elements are expected to yield more realistic results than those 

conducted on periodic unit cells. For this reason, in this study we analyse the effect of four 

different fibre shapes on the viscoelastic properties of FRPs with volume fractions 
f
v  in the 

range 0.1 to 0.4. This is done by performing Monte Carlo analyses on stochastic volume 

elements (SVEs) with random fibre arrangement and material periodicity at edges, subjected 

to arbitrary loading. The fibre shapes chosen are (i) circular, (ii) elliptical of aspect ratio 0.5, 

(iii) six-pointed star and (iv) Reuleaux triangle; the cross-sectional area of each fibre shape is 

kept constant. Both fibres and matrix are modelled as isotropic viscoelastic solids. As well as 

the effect of fibre shape, we explore the effect of thickness and mechanical properties of the 

interphase upon the macroscopic viscoelastic response of UD composites. For all cases 

considered, we also compare the results of the monte-carlo simulations to those obtained by 

analysing periodic unit cells.  

The outline of the paper is as follows: in Section 2 we present the details of the microstructures 

analysed; numerical models are presented in Section 3 and results are discussed in Section 4. 

 

2. GENERATION OF MICROSTRUCTURES 

The microstructures consisting of parallel fibres were generated using an algorithm based on 

optimization techniques and previously proposed by the authors [22]. In brief, this algorithm 

allows randomly placing a number of fibres, of arbitrary shape, in a stochastic volume element. 

Analysis of the microstructures revealed that these are effectively random when their size L is 

greater than 8 times the fibre radius (or the radius of a circumscribing circle, for non-circular 

shapes), i.e. / 8L R   . Further analysis for the case of circular cylindrical fibres [4] 

revealed that in order to obtain predictions of the components of the viscoelastic stiffness tensor 

insensitive to SVE size and associated to an intrinsic of scatter less than 5%, / 24L R  

must be enforced. In other words, the minimum size of a representative volume element (RVE) 

[19] is equal to 24 times the fibre radius for the case of circular fibres. We conducted 

preliminary simulations exploring, for fibres of non-circular shape, the dependence of the 

predictions on RVE size and we found that even for these fibres,  / 24L R  is a suitable 

choice. As a consequence in this study we analyse random RVEs of size 24 . These RVEs 
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are of square shape in the (2,3) plane and have thickness 4t R  in the fibre direction (direction 

1); it was previously shown [23] that predictions are insensitive to t for 4t R . 

Python scripts were used to generate automatically multiple realisations of each RVE, to apply 

periodic boundary conditions, to mesh the RVEs and automatically perform the Monte Carlo 

analyses and extract the relevant outputs. Ten independent realizations were analysed for 

volume fractions in the range 0.1-0.4. Two sets of mechanical properties of the interphase were 

considered (as discussed below), as well as 4 values of the interphase thicknesses 
i
t , namely 

0.25, 0.5, 0.75 and 1 m. Circular fibres had diameter of 10 m and fibres of different shape 

had equivalent area to that of the circular fibres. Examples of microstructures comprising 

different fibre shapes are given in Fig.1 for the case of 0.3
f
v  and 24 .  

 

3. DETAILS OF NUMERICAL MODEL 

Simulations were conductedwith the commercial FE software Abaqus/standard [24] in the 

frequency domain. The RVEs were subject to four different cyclic loading cases, namely:  

uniaxial stress along the fibres and in the transverse direction, as well as transverse and axial 

shear. The load was applied by prescribing sinusoidal strain histories of amplitude arbitrarily 

set to 0.01 for the normal or shear strain components. A steady state dynamic step analysis in 

the frequency domain was performed in Abaqus/standard allowing calculation of the 

corresponding stress histories, from which real and imaginary components of the stiffness 

matrix were obtained by volume averaging, i.e.  

 
1 1

( ) ; ( ) ; .ij
ij ij kl kl ijkl

klV V

x dx x dx C
V V

 (1) 

The RVEs were meshed using a combination of hexahedral and tetrahedral finite elements with 

linear shape functions (C3D8 and C3D6). A mesh sensitivity study was performed to determine 

the optimal element size in each loading case, to guarantee mesh-insensitive predictions. The 

interface region was meshed with three elements through its thickness, which was kept constant 

for all interface thicknesses. In Fig.2 we show, for the case of Reuleaux triangles and circular 

fibres, a magnification of the microstructure showing the details of  FE mesh with an interphase 

zone of thickness 1 m. On average a total number of 150,000 and 500,000 elements were used 

to mesh the models without interphase and with the interphase layers for different fibre shapes, 

respectively. For the case of periodic unit cells with interphase layer, we found that using 

80,000 elements gave mesh independent results. 

It is widely accepted that periodic boundary conditions (PBC) are the most appropriate 

boundary conditions to analyse a geometrically periodic RVEs [25,26] and PBCs are imposed 

on the domains analysed here, following, e.g., [27] or [23]. This makes the material response 

effectively periodic; this however does not represent a problem unless a softening response is 

considered, which is not the case here. The alternative would be to use uniform (displacement 

or traction) boundary conditions; it has been shown in the literature ([xx][yy]) that for 
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sufficiently large RVEs, the results obtained using periodic boundary conditions coincide with 

those obtained using uniform boundary conditions. Loading was applied by imposing nodal 

displacements on appropriate dummy nodes via the method of macroscopic degrees of 

freedom, as introduced by Michel et al. [28] and used by Tucker and Liang [29].  

The constitutive responses of fibres and matrix were chosen to be broadly representative of a 

glass/epoxy composite. Both fibres and matrix were modelled as isotropic viscoelastic 

materials with elastic properties and loss factors given in Table 1. The shear loss factor G  and 

the volumetric loss factor K  are defined by the following equations  

 * ' 1
G

G G i  (2) 

 * ' 1
K

K K i  (3) 

where 
* *,G K  are the complex shear and bulk moduli and 

' ',G K  the corresponding storage 

moduli. Since the majority of the energy dissipation in the polymeric matrix occurs upon 

deviatoric straining, both the matrix and the interphase were modelled as viscoelastic in shear 

and purely elastic in dilation  0m

K  . It was also assumed that fibres were elastic in dilation 

and viscoelastic in shear, with a relatively low loss factor compared to that of the matrix, 

, 0.f m f

G G K     Abaqus required inputting the Poisson’s ratios, storage and loss moduli 

of all phases, which were derived from eqns. (2)-(3) and the data in Table 1. 

Two constitutive descriptions of the interphase material were considered; the first, denoted as 

“stiff interphase” in Table 1, was a viscoelastic isotropic solid with elastic and damping 

properties taken as the arithmetic mean of the corresponding properties of fibres and matrix. 

The second, denoted as “soft interphase”, was a viscoelastic isotropic solid with low stiffness 

and high damping, with mechanical properties chosen to mimic the response of a widely used 

damping material (namely ISD 112, [30]), often used in the form of tape to introduce 

interlaminar damping in composite laminates. 

Ten repeated simulations of different realisations of each RVE analysed were conducted; the 

scatter in all macroscopic viscoelastic properties was less than 5% in all cases, as expected.  

 

Table 1: Mechanical properties of constituent materials. 

 Elastic Modulus 

GPa 

Poisson Ratio Shear Loss Factor 

Matrix 2.96 0.38 0.02 

Fibre 80 0.2 0.001 

Stiff Interphase 41.5 0.29 0.01 

Soft Interphase 

(ISD 112) 

0.592 E-3 0.48 0.5 
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4. RESULTS AND DISCUSSION 

 

4.1 Transverse isotropy of the viscoelastic properties 

As a preliminary check, we analyse the isotropy of the mechanical response in the (2,3) plane, 

for all fibre shapes and the interphase region absent. For the RVEs analysed here we expect, 

22 33 23 32 22 33
, ,E E . For all fibre volume fractions and shapes analysed, the RVEs 

displayed a transversely isotropic response; the averaged ratios of relevant properties along 

directions 2 and 3 are given in Table 2 for the range 0.1 0.4fv   , and are clearly very close 

to 1 as expected. Table 2: Checks for transverse isotropy of macroscopic quantities 

 Circle Ellipse Triangle Star 

2 3/E E  0.9966 0.9984 1.0051 0.9993 

22 33/   0.9986 0.9985 1.0020 0.9996 

23 32/    0.9966 0.9984 1.0051 0.9993 

 

4.2 Effect of fibre shape  

The effect of fibre shape on the anisotropic viscoelastic response is presented in Figs 3-6. The 

predicted viscoelastic properties, normalized by the corresponding property of the neat matrix, 

are given as a function of the fibre volume fraction, absent the interphase layer. For the case of 

axial properties (shown in Fig. 3), we find that the axial stiffness and damping properties are 

independent of fibre shape and a direct rule-of-mixtures provides an effective estimate of these 

properties. 

For the transverse Young’s modulus (Fig. 4a), star-shaped fibres provide the highest stiffness, 

which increases monotonically with volume fraction. Numerical predictions are bounded by 

direct and inverse rule-of-mixtures, also shown in the figure and denoted by ROM and IROM, 

respectively. For the case 0.4fv  , star-shaped fibres provide a transverse modulus 12.5% 

higher than circular fibres. 

The transverse loss factor is analysed in Fig. 4b; we find that star-shaped fibres provide the 

least energy dissipation, while elliptical fibres give the highest damping, followed by Reauleax 

triangles.  

In Figs. 5a and 5b we present the predictions for the axial shear modulus and the corresponding 

loss factor; again, star-shaped inclusions provide the highest stiffness (followed by elliptical 

fibres), but are also associated with the minimum damping. Similar trends are observed for the 

case of transverse shear, analysed in Figs. 6a and 6b. 

A closer analysis of the simulation results allows explaining the superior stiffness of star-

shaped fibres: the presence of re-entrant corners in the star-shaped cross-section results in a 
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“shading” of the matrix material in such corners, which is subject to limited deformation and 

relatively high hydrostatic tension, in turn increasing the macroscopic stiffness and diminishing 

the material damping for this fibre shape.  Elliptical and Reauleax fibres are those associated 

with the greatest damping: this is due to the marked stress concentrations induced in the matrix 

by the convex geometry of these fibres. 

 

4.3 Effect of interphase  

We proceed to analyse the effect of interphase thickness and properties on the response of the 

RVEs. Two different types of interphases are analysed: a stiff interphase, whose elastic 

properties are averages of those of the matrix and fibre materials, and a compliant coating, with 

mechanical properties similar to that of ISD 112. The anisotropic viscoelastic response of fibre 

composites at fibre volume fraction 0.3
f
v  with different interphase thickness, ranging from 

0.25 to 1 micron, is presented below.  For the case of a stiff interface, all fibre shapes are 

considered; for the case of a compliant interface, the analysis is limited to the circular shape. 

Since the surface area of different fibre shapes is different, the results are presented as a 

function of interphase volume fraction 
i
v  which ranges from 0.02-0.14.  

For axial properties, in Fig. 7 we observe an increase in both modulus and axial loss factors 

with increasing interphase volume fraction, for the case of stiff coatings. On the contrary for 

case of a compliant coating we observe a minor decrease in both modulus and loss factor. This 

is expected, since the modulus of the coating is significantly less than of the matrix, resulting 

in decreased strain energy for a given strain, therefore in a lower stiffness.  The predictions are 

scarcely sensitive to the fibre shape for the case of stiff coatings, due to the relatively low fibre 

volume fraction analysed ( 0.3)
f
v ; however the trends previously observed are confirmed, 

i.e. that shapes with re-entrant corners enhance material stiffness while those with convex 

geometry provide higher damping. For longitudinal modulus and loss factory, rule of mixtures 

provide very good estimates for both interphase properties. 

For the case of transverse loading, presented in Fig. 8, and a stiff interface, the interface content 

enhances material stiffness and mildly decreases the transverse damping. Again, star-shaped 

fibres are associated to the highest stiffness while elliptical fibres give the highest damping. 

For transverse loading of composites with a soft interface the effect is reversed, with an 

increasing interface volume fraction giving a softer response and greater damping.  

Slightly different trends are observed for the case of axial shear, presented in Fig. 9: for a stiff 

interface, an increase in interface content again enhances material stiffness and reduces 

damping; however in this case the Reuleaux triangles provide the largest loss factors (rather 

than elliptical fibres as observed for longitudinal and transverse uniaxial loading). For the case 

of a soft interface, for the interface properties chosen, we observe a decrease in both stiffness 

and damping with increasing interface content i
v .  The sensitivity of mechanical properties to 

i
v is in general lower in axial shear than in uniaxial transverse loading. 
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The trends observed for the case of transverse shear and presented in Fig. 10 are identical to 

those noted for the case of transverse uniaxial loading and shown in Fig. 8. 

The choice of a relatively narrow range of fibre volume fractions to investigate ( 0 0.4)
f
v

was dictated by limitations of the algorithm used to generate the RVEs. Such algorithm is able 

to achieve fibre volume fractions of order 0.8 for the case of circular fibres, however the 

maximum volume fraction was limited to 0.5 for the different fibre shapes investigated here. 

Modifications to such algorithm might allow higher volume fractions for fibres of complex 

shapes, however this was not pursued in this study. 

  

5. CONCLUSIONS 

The finite element method was employed to conduct Monte Carlo analyses of the anisotropic 

viscoelastic response of random RVEs, representing the microstructure of UD fibre 

composites. The fibres had different shapes and were separated from the matrix by interphase 

regions of different mechanical properties and thicknesses. The analyses allowed determining 

the sensitivity of the macroscopic viscoelastic response of the composites to fibre volume 

fraction, fibre shape, interphase volume fraction and interphase properties. Both fibres and 

matrix were taken as isotropic viscoelastic solids with properties representative of a glass fibre 

– epoxy composite. The main conclusions of the study are as follows: 

- For the choice of mechanical properties of fibre and matrix made in this study, and 

absent any interphase, an increase in fibre volume fraction gives an increase in material 

stiffness and a decrease in damping. 

- Fibre shape affects both stiffness and damping properties; shapes with re-entrant 

corners (such as the star shape considered here) provide enhanced material stiffness but 

relatively low damping, limiting the deformation of the portion of the matrix occupying 

such re-entrant corners; conversely, convex fibre shapes (such as the elliptical and 

Reuleaux shapes) enhance damping, by introducing relatively high strain 

concentrations, but provide relatively low stiffness. 

- For the case of stiff interphases, an increasing interface volume fraction gives 

increasing elastic moduli and decreasing material damping. When a soft, damping 

interface is employed, an increase in volume fraction of the interphase results in an 

increasingly softer response and in an increase in material damping in most loading 

cases. 

Employing star-shaped fibres may result in a substantial increase in transverse and shear 

stiffness (of order 30-50%) of the material compared to standard circular fibres, but such gain 

would be associated with a decrease in damping; conversely, employing convex fibre shapes 

such as elliptical and Reuleaux may result in a moderate enhancement of damping (compared 

to circular fibres) at the cost of a moderate reduction in stiffness. 

Employing compliant coatings on fibres of any shape may give moderate improvements of 

material damping at the cost of substantial reductions in stiffness. 
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(a) Cylindrical (b) Elliptical (c) Reuleaux Triangle (d) Star

Figure 1: Examples of microstructures with different fibre shapes with vf = 0.3 for δ=24.



(a) Cylindrical (b) Reuleaux Triangle

Figure 2: Examples of microstructures with interphase thickness 1 µm at vf = 0.3.
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Figure 3: Longitudinal modulus and corresponding loss factor for different fibre shapes.
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Figure 4: Transverse modulus and corresponding loss factor for different fibre shapes.
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Figure 5: Axial shear modulus and corresponding loss factor for different fibre shapes.



0 0.1 0.2 0.3 0.4

1

1.5

2

2.5

3

vf

G
′ 2
3
/G

′ m
ROM

IROM

Circle

Ellipse

Reuleaux

Star

Periodic-Square

Periodic-Hex

(a)

0 0.1 0.2 0.3 0.4
0.75

0.8

0.85

0.9

0.95

1

vf

η 2
3
/η

m

ROM

IROM

Circle

Ellipse

Reuleaux

Star

Periodic-Square

Periodic-Hex

(b)

Figure 6: Transverse shear modulus and corresponding loss factor for different fibre shapes.
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Figure 7: Normalized axial Young’s modulus and corresponding loss factor for different interphase volume fractions.
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Figure 8: Normalized transverse Young’s modulus and corresponding loss factor for different interphase volume

fractions.
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Figure 9: Normalized axial shear modulus and corresponding loss factor for different interphase volume fractions.
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Figure 10: Normalized transverse shear modulus and corresponding loss factor for different interphase volume

fractions.


