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Abstract
In this article, the structural damping induced by the weaving architecture of composite structures is stud-
ied at a mesoscale level. A method allowing to calculate the loss factor depending on the direction of a
propagating wave and the frequency in any periodic woven architecture is proposed. The scheme associates
two reduction methods, the Craig-Bampton method that reduces the size of the dynamic stiffness matrix of
a periodicity is the first, while the second is the Wave and Finite Element Method (WFEM) that uses the
Periodic Structure Theory (PST) to lower the size of the problem by allowing to model only a unit cell of a
periodic structure. The presented methodology can be used to optimize the structural damping induced by
the weave architecture. Predictions of the structural damping for complex architectures are shown.

1 Introduction

Textile composites are widely used for their excellent mechanical properties [1] in many industries. It is
greatly applied in aerospace industry in particular thanks to a low weight and high strength when compared
to metallic alloys. These composite structures are periodic and can be considered as an assembly of identical
unit cells assembled in an identical manner. These periodic structures and their applications have attracted a
lot of research for the past decades [2, 3, 4, 5, 6].

When it comes to the design of composite materials, damping is a very important factor as the dynamic
response of an engineered structure often needs to be controlled. An extensive number of analytical models
have been developed throughout the years for calculating this parameter in composites. The effect of the
macroscopic lay-up sequence of a composite on the damping have been studied. However when considered at
a mesoscopic scale, the yarns and matrix arrangements are of concern. The damping capacity of a composite
is usually higher than of a traditional material, because of the viscoelastic properties of the matrix. This
capacity can be used to enhance the uses of composite materials. Composites can be adjusted to fit particular
mechanical properties, such as the strength or the damping properties by modifying parameters such as the
lay-up, the mesoscale arrangement of the composite or the volume fraction of the matrix etc. [7]. Damping of
the propagating guided wave modes results in a reduction in inspection ranges, and therefore knowing these
properties for Non Destructive Evaluation (NDE) purposes and for Structural Health Monitoring (SHM) is
very important.

The effect of the fibre properties on the damping has been investigated in early experimental work [8, 9].
Layup and fibers orientation are factors with a great effect on the damping as well and thus have been
studied in numerous publications [10, 11, 12, 13, 14]. Theoretical models for predicting damping emerged
at the same period [15, 16, 17, 18] and it was shown that the angle of the fibre has an influence on the modal
damping. With the progress of numerical methods, the effect of the micromechanical arrangement of the
fibers has been thoroughly investigated, using finite element methods (FEM) for example [19, 20, 21, 22].
FEM was used as well for establishing damping model at a macroscopic scale [23]. Finite element methods
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were finally used to study the damping characteristics of woven fabric-reinforced for the first time in [24].
However, the effect of undulate fiber bundles on the damping properties is not considered in that study, this
was investigated later in [25] and once again a correlation between the decreasing of the loss factor with an
increasing fiber volume fraction was shown.

In this paper, the vibro-acoustic and ultrasonic wave propagation properties of the structure are studied using
the Wave and Finite Element Method (WFEM). This is an efficient tool to study waves in periodic structures.
The one-dimensional WFEM has been applied in numerous previous works and for various type of structures
such as beams like structures [26, 27], plates [28, 29], thin-walled structures [30] and curved layered shells
[31] and then extended to two-dimensional by [32]. In order to reduce the size of the problem and therefore
the computation cost, the component mode synthesis (CMS) approach is used. This has been widely used in
the literature [33, 34, 6, 35]. The textile composite is modelled at a mesoscopic scale which will allow for
establishing the effects inherent to the micromechanics of the material. The mass and the stiffness matrix are
computed using a FE software.

The principal novelty of this paper is the vibrational analysis of damped textile composites at a mesoscopic
scale, taking into account the undulation of the fibers. The paper is organised as follows. In Sec.2 an overview
of the used modelling approach is presented. In the following section (Sec.3), the damping modelling method
is introduced: the model used in this paper is shown, as well as the loss factor calculation method. Finally a
case study is displayed in Sec.4.

2 Modelling textile composites through a full FE approach

Mechanical modelling of textile composites can be achieved at different scales [36]. A macroscale modelling
consists in homogenizing the mechanical properties along the unit cell, while a mesoscale modelling suggests
a detailed geometric representation of fabrics such as the yarns and the matrix (here the assembly of fibre is
homogenised). In this paper, the analysis is performed at a mesoscopic scale so that the effect of the fibers
arrangement and volume fraction can be investigated.

The modelling of this textile composite is performed using an open source software developed by the Poly-
mer Composites Group at the University of Nottingham and named TexGen [37, 38]. It is used for modelling
the geometry of complex composite structures such as 3D woven textiles or braid fabric for example. The
model is then exported on a FE software where the mass and stiffness matrices M and K of the unit cell will
be extracted.

The nodal DOFs of the unit cell are partitioned in the following way: bottom, top, left, right, left-bottom
corner, right-bottom corner, left-top corner, right-top corner and internal DOFs, which gives:
q =

{
qT
B qT

T qT
L qT

R qT
LB qT

RB qT
LT qT

RT qT
I

}T . Assuming time-harmonic behaviour leads
to q̈ = −ω2q, the equation of motion of the unit cell is written as:

[
K+ iC− ω2M

]
q = F (1)

In order to reduce the size of the model, a Component Mode Synthesis (CMS) method named the Craig-
Bampton reduction method is applied. It will allow for reducing the use of CPU time and memory. In this
method, the internal DOFs are reduced, while the boundary DOFs are kept as physical coordinates [39]. A
set of ’fixed boundary modes’ are selected among the local modes of the unit cell when the boundary DOFs
are clamped and no force is acting on the internal nodes.

After reduction of the problem, the periodic structure theory (PST) is employed. The PST states that when a
free wave travels along a waveguide, the displacements between two opposite boundary sides of a cell differ
only by a propagation factor. Combining those two methods allows us to reduce significantly the number
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of unknown in the eigenvalue problem and thus the calculation time. In our case, the wave motion is in the
Oxy plan, which gives the following relations

qR = λxqL; qT = λyqB

qRB = λxqLB; qLT = λyqLB; qRT = λxλyqLB

(2)

λx and λy being respectively the propagation factors along the x and y axis.

The propagation factors are obtained through this relation:

λx = e−ikx∆; λy = e−iky∆ (3)

and the direction of propagation θ can be computed using the following equations

kx = kcos(θ); ky = ksin(θ) (4)

3 Damping calculation in composite structures using FE

There are several ways of modelling the damping using FE. In this paper, the complex modulus approach is
used. It consists of introducing complex components in the material’s stiffness matrix. The complex modulus
approach is widely used for modelling the damping in FE codes [40, 41, 42, 43]. The ’iC’ term in Eq.1 is
suppressed and the stiffness matrix K is treated as complex [44]. The real part of the newly formed matrix
represents the storage modulus referring to the elastic behaviour of the material, while the imaginary part
represent the loss modulus referring to the dissipative behaviour.

The global stiffness matrix K is then given as in Eq.5.

K = K′ + iK′′ =
n∑

k=1

(K′k + iK′′k) (5)

Where n is the total number of solid elements used in the FE discretisation. K′i and K′′i are respectively
the real and imaginary stiffness matrix contributions to the ith finite element to the global stiffness matrices
K′ and K′′.

In this paper, structural damping is assumed: the viscoelastic properties of each material involved are charac-
terised by complex component in the stiffness matrix. The imaginary part K′′ of the global stiffness matrix
K is inspired from the strain energy method, stating that the contributions of each component are divided
based on the energy the constituent material stores, and thus we use

K′′ = ηyarnK
′
yarn + ηmatK

′
mat (6)

With ηyarn and ηmat respectively the yarn and matrix loss factor. K′yarn and K′mat being respectively the
stiffness matrix of the yarn and matrix elements.

Once the damping has been modelled, the CMS and WFE methods are applied to the problem.

In this paper, the eigenvalue problem formulation consists of choosing real and known wavenumbers and
seeking for the frequencies of the propagating waves.

The equation of motion is thus solved for complex frequencies ω = ωr+iωi. The loss factor associated with
the ith propagating wave can be calculated as proposed in [43, 45].

ηi(ω, θ) = 2
ωrωi

(ω2
r − ω2

i )
(7)
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4 Case study: 2D weave fabric

As an example, a unit cell of a 2D weave fabric was modeled (Fig.1) and the loss factor has been calculated
in function of the propagation angle and the frequency. This FE model is composed of 6250 elements
(25x25x10) and has a fiber fraction volume of 0.5338. We use ηyarn = 0.0001 and ηmat = 0.02.

Figure 1: Unit cell of a 2D weave fabric

Using the method presented in section 3, the loss factor associated to any propagating wave can be calculated,
in function of the wave direction of propagation and the frequency.

In Fig.2, the loss factor, associated to the flexural mode, as function of the frequency, propagating in the x
direction is displayed for a larger frequency range. The dispersion curve for this mode is shown as well on
the figure allowing for comparison. A stop-band is present in the dispersion curve, and the loss factor seem
to have an asymptotic behavior next to it. This confirm that the first flexural wave will not propagate for this
frequency range as the loss factor tends to infinity.

Figure 2: Loss factor in a 6250 elements model of a 2D weave fabric, function of the frequency, propagating
in the x direction, associated to the flexural mode of the anisotropic plate

Parametric study 1: fiber volume fraction
Two new models have been created based on the one described above. The difference between these models
is the width of the fibers, which has an impact on the fiber volume fraction (see Fig.3), and therefore on the
structural damping performance. The external dimensions are the same for these three unit cells.
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Figure 3: Parametric study: change of the fibers width (the model in the middle of the figure is the reference
model used in the previous part of the subsection)

The results of this study are displayed in Fig.4-5. As expected, the lower the fiber volume fraction is, the
more effective the model is in dissipating energy, and this is true for the first flexural, shear and pressure
modes. All three models present similar loss factor curve shapes for the three first modes.
The loss factor curves of the three models present an asymptotic behavior when the frequency reaches the
stop-band for the first flexural mode (see Fig.4). The loss factor has a lower value on the higher frequency
part of the figure when considering dividing the figure by its asymptote.
In Fig.5, the dissipative characteristics slightly decrease until reaching a frequency of around 300 kHz. The
loss factor then increases until overcoming its initial value.

0 1 2 3 4 5 6

105

3

4

5

6

7

8

9
10-3

Fiber volume fraction: 0.4813
Fiber volume fraction: 0.5338
Fiber volume fraction: 0.5709

Figure 4: Loss factor displayed for three 6250 elements models of a 2D weave fabric as a function of the
frequency, associated to the flexural mode of the anisotropic plate (angle of propagation null: x direction):
structure with larger fibers (–), reference structure ( ), thinner fibers (-.)

Parametric study 2: direction of propagation
The effect of the direction of propagation is studied. As the model presents a symmetry axis, the dispersion
curves and loss factors are symmetric as well. The directions of propagation with an angle superior to 45o

will not be studied. However, directions of propagation such as [30o, 45o] can be studied. The results of this
study are displayed in Fig.6.

It can be observed in the left part of the figure that the first flexural wave is more attenuated for the highest
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Figure 5: Loss factor displayed for three 6250 elements models of a 2D weave fabric as a function of the
frequency, associated to the shear mode of the anisotropic plate (angle of propagation null: x direction):
structure with larger fibers (–), reference structure ( ), thinner fibers (-.)

angles of propagation, and yet, both values of the loss factor for the 30o and 45o angles of propagation start
decreasing for a frequency around 100 kHz until reaching and following the curve representing an angle of
propagation of 0o. In the right part of the figure, after the asymptotic behavior, it seems that the angle of
propagation with the most damping (among the studied ones) is of 30o, followed by 45o and then 0o. It can
be concluded from this paragraph that the damping is clearly affected by the direction of propagation.

0 1 2 3 4 5 6

105

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5
10-3

Angle 0
Angle 30
Angle 45

Figure 6: Loss factor displayed for a 6250 elements model of a 2D weave fabric (with changing direction of
propagation), function of frequency, associated to the flexural mode of the anisotropic plate
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5 Conclusions

In this paper a method allowing for prediction of the structural damping in textile composite at a mesoscopic
scale is presented. A 2D weave textile is used as a case study, the dispersion relations are computed as well
as the variation of the loss factor versus the frequency for the first modes.

• It can be seen that the damping is strongly affected by the direction of propagation of the waves in a
textile composite.

• It appears that when the textiles show stop-bands, the damping loss factor tends toward infinity.

• It can be seen that the damping is affected by the fiber volume fraction of the textile. However the
values of the damping loss factor change but the shapes remain quite similar.
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