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Abstract
In this article, a method for wave propagation analysis of textile composites at a mesoscopic level is presented
for the first time. This study is performed in the vibro-acoustic and ultrasonic frequency ranges. The pre-
sented method combines a mode-based reduction method, allowing for great CPU cost saving, and the Wave
Finite Element Method (WFEM), which associates the Periodic Structure Theory (PST) and standard Finite
Element Method (FEM). The PST allows to analyse the wave propagation properties of a periodic structure
by modelling only a periodicity (unit cell) of it. A standard wave propagation analysis of textile composite
structures is also performed, using homogenized properties in the unit cell, and used as a comparison. It is
shown for different types of textiles that using the standard method results in errors in the dispersion curves.

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].

However, textile composites are subject to failure such as fibre breakages, cracks or delamination. In the
aerospace industry, damage in the structure can lead to catastrophic scenarios, and that is why intensive
research has been conducted on Non Destructive Testing (NDT) and Structural Health Monitoring (SHM),
which would allow for safest flight while reducing the maintenance costs. One popular technique for ’on-
line’ inspection is ultrasound guided waves spectroscopy [7]. Guided wave propagation in thin plates is
dispersive, and therefore the velocity of wave propagation depends on the frequency. For this reason it is of
the upmost importance to know the dispersion relations for use in NDT and SHM.

As the behaviours of textile composite structures are complex, numerical simulations are more and more
required for the design of inspection processes. When excited in the mid-frequency range, the material allows
for the mechanical energy to propagate through the entire structure but wave localization in the periodic cell
will also be produced. This makes this frequency range suitable for the detection of small cracks. In order to
study this frequency range, the composite textile needs to be modelled at a mesoscopic scale, which means
modelling the yarns and matrix.

The Wave Finite Element Method (WFEM) is an efficient tool to study wave propagation in periodic struc-
tures. The WFEM has been widely used in precedent research for various structure types such as beam-like
structures [8, 9], cylinders [10, 11], plates [10, 12, 13], thin-walled structures [14]. It has also found applica-
tions in predicting the vibroacoustic and dynamic performance of composite panels and shells [15, 16, 17],
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with pressurized shells [18] and complex periodic structures [19] having been investigated. The variability
of vibroacoustic transmission through layered structures [20, 21, 22], as well as structural identification [23]
and complex wave interaction phenomena in anisotropic composites [22, 24] have been modelled through
the same methodology. However, applying the WFEM to textile composites means that a fine mesh is needed
in order to describe the geometry precisely, which implies high computational expenses and that is why an-
other model reduction method is applied to the model. This method is called the component mode synthesis
(CMS) and it has been extensively used in the literature [25, 26, 6, 27].

The principal novelty of this work is the investigation of ultrasonic wave propagation analysis in anisotropic
periodic structures such as textile composites. The mesoscopic properties of the material are taken into
account for the first time for this type of analysis and it is shown that mesoscale models can successfully
predict stop-band behaviour which is indispensable for guided wave inspection purposes. This paper is
organised as follows.

In section 2, the method used to model the textile composite structure at a mesoscopic scale is presented.
Then the Craig-Bampton reduction method is described. It will be coupled with the WFEM in the following
section. Thus in order to perform ultrasound wave propagation analysis of a 2D weave textile composite
structure. This results are presented in the last section.

2 Mesoscale modelling of textile composites

A mesoscale modelling suggests a detailed geometric representation of fabrics such as the yarns and the
matrix. By opposition to a macroscale modelling which consists in homogenized mechanical properties
along the unit cell. Mesoscale modelling of textile composites starts with the definition of the geometry of a
unit cell using a specialist pre-processor such as TexGen [28, 29, 30, 31, 32]. This open source software is
developed by the Composites Research Group at the University of Nottingham and is used for modelling the
geometry of fabric such as 2D fabric weave or 3D woven textiles (see Fig.1). The model is then exported to
a FE software and the M and K matrices of the unit cell are extracted.

(a) Unit cell of a periodic 2D weave (b) Unit cell of a periodic 3D weave

Figure 1: Periodic textile composite examples

A macroscale model, obtained through a homogenization process of the mechanical properties of the mesoscale
model, is considered as well, allowing for comparison.

3 Model reduction using the Craig-Bampton Method

The equation of motion of the unit cell is written as:

Mq̈(t) + Cq̇(t) + Kq(t) = f(t) (1)
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If a time-harmonic behavior is assumed and no damping is considered, Eq.1 can be rewritten as follows
(Eq.2):

[
K − ω2M

]
q = F (2)

The nodal DOFs of the unit cell are partitioned in the following way: boundary DOFs (themself partitioned as
bottom, top, left, right, left-bottom corner, right-bottom corner, left-top corner, right-top corner) and internal
DOFs (see Fig.2), which gives the following equation (subscript bd stands for boundary):

q =
{
qT

bd qT
I

}T
=
{
qT

B qT
T qT

L qT
R qT

LB qT
RB qT

LT qT
RT qT

I

}T
(3)

Figure 2: DOFs partitioning

Component Mode Synthesis (CMS) are methods used for reducing the complexity of structural dynamics
models leading to a decrease in CPU time cost. The Craig-Bampton Method [33] is one of these approaches.

For free wave propagation, no external force acts on the internal nodes of the structure. This leads to fI = 0.
The equation of motion of the unit cell (Eq.2) becomes:

([
Kbdbd KbdI

KIbd KII

]
− ω2

[
Mbdbd MbdI

MIbd MII

]){
qbd

qI

}
=

{
fbd

0

}
(4)

The key to this method is to reduce the number of internal DOFs by selecting component modes ΦC among
a subset of the local modes of the unit cell when the boundary DoFs are fixed. The boundary modes Φbd are
calculated by static condensation. The projection matrix B is determined as shown in Eq.5, on which the M
and K matrix are then projected (see Eq.6).

{
qbd

qI

}
=

[
I 0

Φbd ΦC

]{
qbd

qΦ

}
= B

{
qbd

qΦ

}
(5)
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qΦ is the reduced set of the physical internal DOFs qI, whereas the boundary DOFs are kept as physical
coordinates [34].

K̃ = BTKB, M̃ = BTMB (6)

4 Overview of the WFE method

The WFEM uses both the periodic structure theory (PST) developed in [35] and the finite element method.
The advantage of that method is that only a period of the structure needs to be modelled to find the dispersion
relations for the whole structure. The number of boundary DoFs from the unit cell (and thus unknown of the
problem) can be reduced thanks to the PST. A reduction matrix ΛR on which the reduced mass and stiffness
matrix will be projected is created based on the relations from the PST.

For example for a two dimensional periodic composite plate-like structure, the wave motion is in the Oxy
plane. This gives
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(7)

Equilibrium at the right-top corner nodes gives:

ΛL(λx, λy)

{
fbd

0

}
= 0 (8)

with ΛL(λx, λy) the conjugate transpose of ΛR(λx, λy).

The following eigenvalue problem appears

ΛL(K − ω2M)ΛR





qB

qL

qLB

qI





= 0 (9)

5 Numerical investigation of a 2D weave fabric

A 2D weave fabric composite is presented as a case study. In this section, dispersion curves for the modelled
textile composites are presented. Even though the WFE calculations are performed in 2D, the results will be
displayed in the Θ = 0o direction for the sake of clarity. A unit cell is extracted from the fabric as shown in
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Fig.1(a), its dimensions are 2x2x0.2 mm, and the WFE/CMS method is performed on it as explained in the
previous sections.

A macroscale model, containing the homogenized mechanical properties of the mesoscale model, is created;
the aim being to compare both models. The modelled elements need to have the same dimensions as the ones
of the mesoscale model. The WFE method is then performed on a model composed of one element in both
the x and y directions and of ten elements in the z direction (1x1x10) to comply with the mesoscale model
(composed of 6250 elements: 25x25x10).

The dispersion curve for the flexural mode of this model is displayed in Fig.3, as well as the one of the 6250
elements mesoscale model.

Figure 3: Dispersion curve of the flexural mode of the mesoscale model and the macroscale model; pre-
senting a stop-band (grayed area) for the the mesoscale model; ’- -’ mesoscale model and ’–’ macroscale
model

In Fig.3, we notice some important differences between the curves from the meso- and macroscale models.
The mean relative frequency difference for the flexural mode (Fig.3) is of 30 %, and the dispersion curve
present a stop-band when modelled at a mesoscopic scale.

It can be noted that stop-band occurs (Fig.3) when the wavenumber reaches kx =
2π

∆x
, which means when

the wavelength is of the size of a periodicity of the structure. A stop-band means that the concerned wave
(flexural in our case) will not propagate in this frequency range.

6 Conclusion

In this paper, a method for wave propagation analysis of textile composites at a mesoscopic level is presented
for the first time. It is shown that mesoscopic scale design increases the computation accuracy. An example
of a 2D fabric weave is presented and modelled.

• It can be seen that there are some significant differences in the dispersion relations between the differ-
ent scales.

• It appears that when studied at a mesoscopic scale, the textile show stop-bands for certain ranges of
frequency and modes.
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• Computational times are feasible while modelling the entire textile with FE would be very costly.
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