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Abstract

Meso-scale (unit cell of an impregnated textile reinforcement) finite element (FE) modelling of textile composites is a powerful tool for
homogenisation of mechanical properties, study of stress–strain fields inside the unit cell, determination of damage initiation conditions
and sites and simulation of damage development and associated deterioration of the homogenised mechanical properties of the compos-
ite. Meso-FE can be considered as a part of the micro-meso–macro multi-level modelling process, with micro-models (fibres in the
matrix) providing material properties for homogenised impregnated yarns and fibrous plies, and macro-model (structural analysis) using
results of meso-homogenisation. The paper discusses stages of the meso-FE analysis and proposes a succession of steps (‘‘road map’’)
and the corresponding algorithms for it: (1) Building a model of internal geometry of the reinforcement; (2) Transferring the geometry
into a volume description (‘‘solid’’ CAD-model); (3) Preparation for meshing: correction of the interpenetration of volumes of yarns in
the solid model and providing space for the thin matrix layers between the yarns; (4) Meshing; (5) Assigning local material properties of
the impregnated yarns and the matrix; (6) Definition of the minimum possible unit cell using symmetry of the reinforcement and assign-
ing periodic boundary conditions; (7) Homogenisation procedure; (8) Damage initiation criteria; (9) Damage propagation modelling.
The ‘‘road map’’ is illustrated by examples of meso-FE analysis of woven and braided composites.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Textile composites are structured, hierarchical materials,
having three structural levels:

1. The macro(M)-level defines the 3D geometry of the
composite part and the distribution of local reinforce-
ment properties. The latter is connected to the former,
as local parameters of the reinforcement (such as fibre
volume fraction, reinforcement thickness and shear
angle, hence local composite stiffness) are defined by
0266-3538/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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the draping process during forming of the part. ‘‘Local’’
on the M-level means averaging (homogenisation) of the
properties on the scale of one or several adjacent unit
cells of the material, and corresponds to ‘‘global’’ on
the meso-level. ‘‘Global’’ on the M-level means overall
loading conditions of the part.

2. The meso(m)-level defines the internal structure of the
reinforcement and variations of the fibre direction and
the fibre volume fraction inside the yarns and the fibrous
plies. The internal structure is defined by the reinforce-
ment textile architecture and deformations applied to
the reinforcement during the part forming. ‘‘Local’’ on
m-level means averaging (homogenisation) on the scale
of several fibres (representative volume element (RVE)
for fibre packing inside the yarn) of properties as fibre
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direction, fibre volume fraction and stiffness of the
impregnated yarn. ‘‘Global’’ on the m-level means
‘‘local’’ on the M-level.

3. The micro(l)-level defines the arrangement of the fibres
in the RVE of the impregnated yarn or fibrous ply.
‘‘Local’’ data on l-level are properties of fibres, matrix
and their interface. Homogenised, ‘‘global’’ parameters
are used as ‘‘local’’ data on the m-level.

This paper deals with meso-level analysis of mechanical
behaviour of textile composites, i.e. textile reinforcement
impregnated by a solid matrix. Whilst similar issues could
be considered for FE modelling of deformations of perme-
ability of dry textile, these topics are out of scope of the
present paper.

The multi-level description of composites is a well-estab-
lished approach to calculation of mechanical properties [1].
The key step in the multi-level calculations is the meso-
level. For cross-ply laminates it leads to analytical solu-
tions of the Classical Laminate Theory; for textile compos-
ites with complex internal architecture more elaborate
numerical solutions are needed. The level of complexity
of the description of the internal architecture starts from
simple equivalent laminate or mosaic models [2–4]; the lat-
ter are elaborated into complex models, which map the
geometric description of the textile meso-structure into a
3D grid of elements (‘‘cells’’) [5–16]. Another approach to
the approximate homogenisation of elastic properties on
meso-level exploits averaging of properties of differently
oriented impregnated yarns in the reinforcement, based
on expressions for transformation of the stiffness tensor
with the reference coordinate system [1]. This approach
allows calculations for complex 3D braided, woven and
knitted composites [17–28]; the inclusion-based model
[29–31] could be considered as generalisation of the orien-
tation approach.

All the approaches mentioned above are in one or
another sense approximate in their representation of the
reinforcement geometry and details of the stress–strain
state on the meso-level. In the present paper we concentrate
on the meso-modelling aiming at the maximum detalisation
both of the reinforcement geometry and the stress–strain
state: finite element (FE) modelling of textile composites
on the meso-level (meso-FE). The main features of meso-
FE are: (1) meshing of a realistic geometrical model of
the reinforcement internal geometry, which represents
actual volumes of the yarns, (2) application of l-homogeni-
sation to calculate local (per finite element) properties of
the impregnated yarns, accounting for local fibre volume
fraction and orientation and (3) definition of boundary
conditions, representing the periodic nature of the rein-
forcement. FE analysis of the resulting boundary value
problem results in definition of the stress–strain fields on
the meso-level, which allow further analysis of damage ini-
tiation and development.

The topic of meso-FE modelling has attracted much
of attention in recent years. The number of publica-
tions is increasing from year to year, as well as the
number of groups world-wide, undertaking meso-FE
modelling. The published works can be grouped as
follows:

• Investigations of proper boundary conditions [32–36]:
Meso-FE analysis considers a textile composite, the unit
cell of which has translational symmetry in two direc-
tions, orthogonal or not (sheared reinforcement;
braided fabrics). Boundary conditions (BC) applied in
the meso-FE problem should correctly represent this
symmetry together with the homogenised applied
strains. Moreover, the unit cell may have internal sym-
metry, which allows reducing the size of meso-FE prob-
lem, considering 1/2, 1/4, 1/8 or even 1/16 part of the
unit cell. The referenced work, especially of Whitcomb
and co-workers, established a generic approach to for-
mulation of BC, accounting for different symmetry of
the unit cell.

• Meso-FE modelling of textile composites in the elastic

deformation regime and with damage [32–35,37–74]: This
vast pool of research provides numerous examples of
modelling of primarily woven composites, with several
forays into more complex 3D woven and braided struc-
tures. As far as elastic calculation of homogenised prop-
erties is concerned, the meso-FE calculations are proved
to be reliable, provided that the correct geometry of
yarns is used and successfully meshed. This enables
one to investigate more intricate effects, such as, for
example, the effect of nesting in fabric laminates
[41,50,66,75]. Some attention has been given to the
dependency of the meso-FE solution on the mesh finesse
and on the order of the elements used [71]. The success
of elastic homogenisation gives hope that meso-FE anal-
ysis will also provide correct local stress–strain concen-
trations, as evidenced by comparison with full-field
measurements [44], hence allowing correct identification
of onset of damage. When the geometrical features of
the reinforcement are well represented in the model,
the onset of damage is indeed modelled correctly
[62,64,76]. The progression of damage presents more dif-
ficulties, and the discussion involves such issues as non-
local criteria and energy-based damage propagation
algorithms.

• Multi-scale modelling [7,10,77–83]: The general princi-
ples of hierarchical analysis of textile composites struc-
tures [1] are applied to (1) analysis of 3D-shaped
textile composite parts in the elastic regime, with local
stiffness of the composite, reinforced with locally
deformed fabric, transferred to the macro-level for stiff-
ness analysis of the part and (2) analysis of local damage
on meso-level using loading conditions acquired in the
macro-analysis of the part.

• Geometrical modelling and meshing of the unit cell struc-
ture of textile fabrics, intended for problems, different
from micro-mechanical analysis (deformations and per-
meability of dry fabrics) [39,42,84–93].



Table 1
Parameters of the three-axial braided composite

Parameter Value

Braiding pattern

Areal density (g/m2) 600
Braiding angle (�) 90
Unit cell size (square shape)

(mm)
14.4

Tows Carbon HTS 5631 Tenax 24K
Fibre diameter (lm) 7
Matrix Epicote 828 LV/Epicure DX 5614
Fibre volume fraction in the

composite
44

FE quality
translational symmetry

inherent symmetry
mesh size dependency

Mesh 

meso-FE

Geometry Adaptation:

interpenetration of the volumes
symmetry of the unit cell

Solid model

Boundary 
conditions 

HomogenisationStress-strain fields 

Material properties: 
μ-homogenisation 

Solving m-FE model 

Macro conditions: part 
geometry, loading 

Average (macro) load 
on the unit cell 

Macro conditions: part 
geometry, loading (t)

Average (macro) load 
path on the unit cell 

Geometry 
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On the one hand, these efforts have created valuable expe-
rience of handling the complex problem of meso-FE model-
ling of textiles and textile composites. On the other hand, the
systematic approach, which would integrate all the stages in
meso-FE analysis, and establish universally used techniques
and software tools, still has to be created. The aim of the
present paper is to put forward a proposal for such a ‘‘road
map’’, based on the authors’ experience in handling different
stages of meso-FE, applied to different textile reinforcement
architectures [32,44,45,56,65,66,69,76,83,94–98], as well as
on the work of other researchers, cited above. The main
issues, which will be addressed are:

• Software tools for geometric modelling of the internal
structure of textile reinforcements and data transfer
from such a tool to FE code. The tool which is used
by the authors and which is described here, is the Wise-

Tex software package [83,99].
• ‘‘Post-processing’’ (in relation to the geometrical model-

ling) or ‘‘pre-processing’’ (in relation to FE analysis) of
the geometrical model with the aim of eliminating incon-
sistencies preventing FE meshing and ensuring effective
meshing. This involves solving intermediate FE prob-
lems, calculating shapes of the yarns resulting from their
contact compression [65].

• Assigning local stiffness properties using information on
fibre directions and volume fractions, provided by the
geometrical model.

• Symmetry of the unit cell, minimisation of the problem
size and boundary conditions reflecting the symmetry,
including translational symmetry, representing periodic-
ity of the unit cell [32,34,100].

• Homogenisation [56,100] of the composite stiffness.
• Damage initiation criteria and damage development

algorithm [76].

This paper discusses these issues, using two general-pur-
pose FE packages: the commercial ANSYS software and a
package SACOM, developed by M. Zako in Osaka Uni-
versity in the 90s [76,101–103] and extensively used by
the Osaka group of the present authors for a wide spec-
trum of research topics. The general discussion is illus-
trated by an example of meso-FE analysis of three-axial
braided composite, parameters of which are shown in
Table 1.
meso-FEBoundary 
conditions 

HomogenisationStress-strain fields 

Material properties: 
μ-homogenisation 

Solving m-FE model 

Non-linear local matrix properties 

Solid model… 

Mesh… 

Damage assessment 

Fig. 1. ‘‘Road Maps’’ for meso-FE: (a) linear and (b) with damage.
2. Stages of meso-FE modelling

Consider a typical problem of meso-FE modelling of a
unit cell of textile composite under loading conditions rep-
resenting its actual loading in a composite part. The follow-
ing tasks can be performed (Fig. 1a):

• For the given applied loading (which may include also
thermal and cure stresses) calculate the stress–strain
fields inside the unit cell.
• Assess stress–strain concentrations and identify damage
sites.

• When damage occurs, recalculate the local mechanical
properties of the impregnated yarns and matrix and recal-
culate the homogenised properties of the damaged com-
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posite. These calculations may proceed for increasing
loading (along a certain loading path) to calculate the
non-linear behaviour of the damaged composite (Fig. 1b).

• Calculate the homogenised properties of the composite
material in undamaged or damaged state.

The output of this meso-FE modeling may be:

• Details of the stress–strain fields in the unit cell.
• Influence of details of the textile architecture on meso-

scale: voids, uneven distribution of fibres inside yarns/
plies, non-ideal local geometry of compacted yarns, etc.

• Stress–strain concentrations, hence strain limits for
damage initiation.

• Damage development on meso-scale and deterioration
of the homogenised mechanical properties.

• Material models (homogenised) to be used in macro-cal-
culations for the elastic regime and for the non-linear
behaviour of the composite, for undeformed and
deformed (compression, shear, biaxial tension) state.

In the following sections the stages of the ‘‘road map’’
are discussed in an orderly fashion.
3. Transforming geometrical model into description of

volumes

The geometrical and mechanical model of textiles, imple-
mented in the software package WiseTex, provides a full
description of the internal geometry of the following types
of fabrics: 2D and 3D woven, two- and three-axial braided,
knitted, multi-axial multi-ply stitched (non-crimp fabric).
Input data include: (1) Yarn properties: geometry of the
cross-section, compression, bending, frictional and tensile
behaviour, fibrous content; (2) Yarn interlacing pattern;
(3) Yarn spacing within the fabric repeat. Energy minimisa-
tion and approximations of the shape of the yarns using
‘‘anchor points’’ is employed to calculate the internal struc-
ture of the fabric in the relaxed state [83,99,104,105] and
under compression, bi- and uniaxial tension and shear. The
fabric model is comprised of yarns and (for non-crimp fab-
rics) of fibrous plies.

They are transformed into volumes for FE modelling as
follows.
3.1. Yarns

Fig. 2a illustrates the description of the yarns. The mid-
line of a yarn is given by the spatial positions of the centres
of the yarn cross-sections O: r(s), where s is coordinate
along the midline, r is the radius-vector of the point O.
Let t(s) be the tangent to the midline at the point O. The
cross-section of the yarn, normal to t, is defined by its
dimensions d1(s) and d2(s) along axis a1(s)and a2(s). These
axes are ‘‘glued’’ with the cross-section and rotate around
t(s), if the yarn is twisted along its path (such a twist can
be the result of the fabric shearing [106]). Because of this
rotation the system [a1a2t] may differ from the natural
coordinate system along the spatial path [nbt].

The shape of the cross-section can be assumed elliptical,
lenticular, etc. Definition of the spatial positions of a yarn
with a given cross-section shape in a unit cell consists there-
fore of five periodic functions: r(s) (then [nbt] vectors can be
calculated), a1(s), a2(s), d1(s),d2(s). These functions are cal-
culated for all the yarns in the unit cell by the geometrical
model. When used in numerical calculations, all these func-
tions are given as arrays of values for a set of points along
the yarn midline, the quality of representation of the con-
tinuous yarn lines and especially the continuity of the tan-
gent regulated by the fineness of the divisions of the yarn
middle lines.

This description fully defines the volumes of the yarns in
a unit cell (Fig. 2b). The format is the same for orthogonal
and non-orthogonal (angle a, Fig. 2a) unit cells. The in-
plane dimensions of the unit cell X,Y are given by the
repeat size of the textile structure, whereas the thickness
Z is calculated as the difference between the maximum
and minimum z-coordinates of the cross-sections of all
the yarns in the unit cell.

To describe the fibrous structure of the unit cell, consider
a point P and fibrous assembly in the vicinity of this point
(Fig. 2c). The fibrous assembly can be characterised by
physical and mechanical parameters of the fibres near the
point (which are not necessarily the same in all points of
the fabric), fibre volume fraction Vf and direction f of them.
If the point does not lie inside a yarn, then Vf = 0 and f is
not defined. For a point inside a yarn, the fibrous properties
are easily calculated, providing that the fibrous structure of
the yarns in the virgin state and its dependency of local com-
pression, bending and twisting of the yarn are given.

The distribution of fibres over a cross-section is usually
assumed uniform, and value of Vf is the same in all the
points on the cross-section (but may differ from cross-sec-
tion to cross-section according to the change of d1 and
d2). Non-uniform distribution may be important for dam-
age analysis [65,98,107] – in this case Vf will vary over
the cross-section.

3.2. Fibrous plies in the presence of stitching

The description of the geometry of multi-axial multi-ply
stitched preforms (also called ‘‘non-crimp fabrics’’, NCF)
includes the geometry of the stitching yarns and geometry
of the fibrous plies [108]. The same approach can be used
for description of structural stitching.

The stitching, even thin, interacts with the fibrous plies,
which are unidirectional arrays of fibres with approxi-
mately constant thickness. The stitching causes deviations
of the fibres in a ply from their uniform directions. These
deviations produce fibre-free zones near stitching locations,
which are regularly spaced over the ply. The local fibre vol-
ume fraction in the rest of the ply is hence increased. The
fibre-free zones can be local (and called ‘‘openings’’ below),



Fig. 2. Geometrical model of yarns and transformation into volumes of the solid model: (a) Cross-sections of a yarn in WiseTex model; (b) building of the
solid volumes and example of the solid model subdivided into volumes; and (c) properties of the fibrous assembly at a point P inside a unit cell.
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or can form continuous channels in the ply (Fig. 3a and b).
The width and length of the ‘‘openings’’ and ‘‘channels’’
should be measured or calculated with empirical formulae
based on dimensions of the stitching yarn [108,109]. When
sheared, the fibre density in the plies increases, and the
width of the ‘‘openings’’ and ‘‘channels’’ decreases and is
described by empirical formulae [109].

The complex geometry of a fibrous ply with ‘‘openings’’
and ‘‘channels’’ is represented in the geometrical model as a
set of ‘‘slabs’’ – volumes formed by two parallel polygons
(Fig. 3d). Combination of all the slabs belonging to a ply
gives the ply volume, which will be used for building the
mesh in the meso-FE analysis.

To describe the fibrous structure of the unit cell, con-
sider again a point P and fibrous assembly in the vicinity
of this point, characterised by fibre volume fraction Vf

and direction f of the fibres (Fig. 3e). Searching all the slab
volumes, it is easy to determine whether the point P

belongs to one of the plies. If not, then Vf = 0 and f is
not defined. If the point lies inside one of the slabs, then
parameters Vf and f are defined by the properties of the
corresponding ply.

In the simplest case, the fibre volume fraction is
assumed to be constant inside a ply and calculated using
the ply thickness, areal density of the ply, fibre density
and part of the ply volume occupied by openings and
channels (see [108] for details). There exists experimental
evidence that in the case of structural stitching (hence
thicker stitching yarns) Vf can have local variations [110];
in this case Vf will vary inside the ply volume. For plies
with straight channels formed by the stitching, the assump-
tion of uniform fibre direction is valid. An opening
changes the direction of the fibres, which could be
accounted for by definition of deviation of the fibre direc-
tion in the vicinity of the opening [111]. It is possible to
account for random misalignment of the fibres, introduc-
ing random choice of the fibre direction within a certain
interval of fibre angles.



Fig. 3. Quadriaxial NCF, orientation of the fibres in the plies 0�/�45�/90�/45�. (a) Full geometrical model with stitching. Note a ‘‘channel’’ in the first 0�
ply, going through the stitching sites; (b) ‘‘openings’’ in the �45� ply; (c) channels/cracks width in cross-sections of the composite plate, thick white lines
show width of the cracks as computed by the model, section in the cross-direction, channel in the 0� face ply and a crack in the �45� inner ply; (d) slab
representation of a ply with �45� ‘‘cracks’’. ABCDEF – vertices of the upper polygon of one of the slabs; and (e) properties of the fibrous assembly at a
point P inside a unit cell.
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4. Adaptation of the solid model and meshing

4.1. Symmetry and boundaries of the unit cell

Geometrical models of a unit cell can have correct trans-
lational symmetry properties, but may not be confined into
a volume with flat facets (which will eventually be filled
with matrix in FE model), which allows easy definition of
loading and boundary conditions. To achieve that, the eas-
iest way is to make a geometrical model of four unit cells,
transform it into a solid model, and then, using tools of FE
or CAD software, perform division operations. Fig. 4 illus-
trates this process, using an example of three-axial braided
reinforcement. The model in the middle of Fig. 4d produces
the same fabric geometry when translated periodically in
two directions, as the initial model (Fig. 4a), but it is con-
fined into a parallelepiped. This transformation is standard
for any periodic textile structure. The procedure of cutting
out a repetitive element with flat facets may be especially
useful in building models of layered randomly nested struc-
tures, as the geometrical models of the nested laminates
and software are readily available [112].

Using the inherent symmetry of a particular fabric, it is
possible to reduce the size of the model. Consider the three-
axial reinforcement shown in Fig. 4. 1/4 of the unit cell 1 is
transformed into other three quarters 2,3,4 with the fol-
lowing mapping:
1! 2ðrotation around the linex1 ¼ x2Þ :

ðx1; x2; x3Þ ! ðx2; x1;�x3Þ; ð1Þ
1! 3ðrotation around the axisx3Þ :

ðx1; x2; x3Þ ! ð�x1;�x2; x3Þ; ð2Þ
1! 4ðrotation around the linex1 ¼ �x2Þ :

ðx1; x2; x3Þ ! ð�x2;�x1;�x3Þ: ð3Þ



Fig. 4. Example of transformation of a solid model: three-axial braid. (a) Unit cell (WiseTex model); (b) four unit cells (WiseTex); (c) solid model of four
unit cells in ANSYS; and (d) selection of one unit cell confined into a parallelepiped and minimal unit cell.
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Stress–strain fields calculated for 1/4 of the unit cell is
mapped over the full unit cell using Eqs. (1)–(3). The sym-
metry equations are used to derive periodic boundary con-
ditions for the reduced unit cell (Section 5 below). We will
see that using the symmetry of the unit cell may not be pos-
sible if the loading conditions do not possess the same
symmetry.

4.2. Correcting interpenetrations of the yarn volumes

If the geometry for the meso-FE model is acquired by
direct measurement of the yarn shapes in the composite,
as it is done, for example, in [48], then there are no defects
in mutual placement of the yarn volumes. However, such
approach has limited predictive capabilities. General-pur-
pose geometrical models, like the models, discussed here,
use several simplifying assumptions. One of these assump-
tions is a fixed shape (but maybe changing dimensions) of
the yarns cross-sections. The shape of the yarn middle line
prescribes the positions of the centres of the cross-sections.
The model calculates dimensions of the cross-sections (d1

and d2, see Fig. 2b), ensuring that the distance between
the contacting yarn centre lines is equal to the sum of their
dimensions.

For quite a wide class of woven fabrics such a treatment
is sufficient to create geometrical model, which can be eas-
ily meshed in FE package. The majority of the research
cited in the introduction uses such a geometry for the sim-
ple cases of not-so-tight, orthogonal 2D woven fabrics with
the cross-section of the yarns either close to cylindrical or
elliptical/lenticular with width-to-thickness ratio below 5–
10. However, the condition of point or line contact does
not guarantee that the surfaces of the contacting yarn never
penetrate one another, and interpenetration may occur
(Fig. 5). Three types of interpenetration could be identified:

1. Tight orthogonal structures with flat yarns. The inter-
penetrations occur close to the middle of the yarn width
(Fig. 5b). This is the easiest case, which could be for
some configurations mended using a lenticular cross-sec-
tion shape or by modification of the yarn dimensions,
preserving the cross-section symmetry (WiseTex tries
to do this automatically, using compressibility of the
yarn in lateral direction; a similar algorithm is proposed
in [113]).

2. Non-orthogonal intersections of flat yarns (Fig. 5c).
Yarn edges ‘‘cut into’’ the intersecting yarn. This type
of interaction between yarns produces local compres-
sion, which leads to non-symmetrical yarn shapes, and
cannot be resolved preserving the assumption of the
shape symmetry.

3. Tight placement of the yarns, especially in 3D fabrics
(Fig. 5d). In reality the Z-yarn in this figure will be com-
pressed laterally inside the fabric. This may not be
accounted for by geometrical models. Whilst still usable
for fibre orientation-, inclusion- or voxel-based models
of micro-mechanics, such defects in the geometrical
description are not likely to be corrected by any intersec-
tion algorithm. Meso-FE analysis in this case requires
more precise geometry as a starting point.

The problem of interpenetration is not caused by
assumptions of a particular model, but is a generic conse-
quence of the constant shape of the yarns and limited –
point or line – control of the contacts. Attempts to cope
with the problem using local reduction of the dimensions



Fig. 5. Types of interpenetration of yarn volumes: (a) no interpenetration for the case of round yarns; (b) flat yarns; (c) non-orthogonal configuration; and
(d) very dense 3D woven fabric.
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of the yarns without changing the shape can solve the prob-
lem only partially, for not-so-thin cross-sections, not-so-
tight fabrics and only for orthogonal intersections. The
more complex approach of Hivet et al. [87] with non-sym-
metrical shapes of the cross-sections, controlled by the
shape of the intersecting yarn, is very promising, but it is
implemented so far for orthogonal intersections only and
is demonstrated to be working only for rather thick
cross-sections (width-to-thickness ratio below 10). The ulti-
mate geometrical model handling the problem of volume
intersections is still to be developed. This model would cre-
ate yarn geometries with local deflection of cross-section
shape accounting for local interactions of the yarns and
accommodating accordingly the shape – non-symmetrical,
freely defined by the points on the contour. The straightfor-
ward, but cumbersome way of building such a model is cal-
culating yarn contact interactions with FE simulations of
dry fabric, solving contact problems, and implementing
correct mechanical behaviour in tension, compression
and shear of the yarns as fibrous assemblies. Existing FE
models of dry fabrics [85,86,114] do not deal with such
models. They calculate deformations of dry fabric, starting
from a certain relaxed configuration, where the interpene-
tration should be avoided beforehand.

The approach which we propose in the present paper,
exploits the idea of calculation of local compressive defor-
mation of the yarns (in earlier works of Zako et al.
[66,69,76,97] this idea was used to produce a plain woven
geometry from straight yarns), but it uses this as an inter-
mediate calculation, performed on isolated parts of the
yarns, does not use contact formulation, should be in gen-
eral considered as an ad hoc solution and is very far from
full FE analysis of the relaxed state of dry fabrics. Never-
theless, it works effectively in quite complex cases, can han-
dle very thin cross-section shapes (width-to-thickness
about 100) and is automated for a wide class of woven rein-
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forcements, both orthogonal and non-orthogonal. The
proposed algorithm creates geometries of the contacting
yarns reasonably resembling the actual distortions of the
regular shapes due to the contact forces. However, the rig-
orous comparison with the real shapes of the yarns has not
yet been made (the work is on-going).

The correction of the yarn volumes for a woven fabric
proceeds as follows (Fig. 6).

Step 1. Preliminary meshing and division of the unit cell

(Fig. 6a). The volumes of each of the yarns, exported from
the geometrical model, are meshed separately. The unit cell
is subdivided in a set of sub-problems, each containing one
zone of the yarn contact. The division operation is crucial
for the method, as it relies on having not more then one
contact zone per sub-problem. The separation is done
automatically, using information of the yarn spacing and
dimensions defined by the geometrical model: separation
plane is positioned in the middle of the pore between the
yarns.

Step 2. Analysis of interpenetrations (Fig. 6b). Consider a
sub-problem. One of the contacting yarns (A, Fig. 6a) will
be moved during the solution, another (B) will remain in
place. For all the points in the upper boundary of the
Fig. 6. Algorithm of automated correction of the yarn shapes (MeshTex): (a) s
the yarn volumes and adding beam elements; (d) intermediate FE problem; (e)
yarns; (g) interpenetration of volumes of weft and Z-yarn in a 3D woven fabr
A-yarn mesh, which are situated inside another yarn, a
closest boundary mesh point of the B-yarn is found, and
the vertical distance h between them is stored. The two
nodes of A and B mesh form a pair (PA,PB).

Step 3. Separation and adding beam elements (Fig. 6c).
Based on the calculated hp, where p is the number of the
point, and on the user-defined clearance c between the
two yarn volumes (Fig. 6e), the separation distance is
defined as

Dz ¼ max
p

hp þ c: ð4Þ

The volume A is moved up by Dz. Beam elements, connect-
ing points in the pairs (PA,PB)p, are inserted.

Step 4. Solution of the intermediate FE problem

(Fig. 6d). Now the volumes A and B will be pressed
together to create a non-penetrating configuration. The
displacements on the cut-out facets of the volume A are
assigned as u = (0,0,Dz), the cut-out facets of the volume
B remain in place: u = (0,0,0). The stiffness of the beam
elements is given by

E ¼
0; l > c;

Eb; l 6 c;

�

ubdivision of the unit cell; (b) penetrating yarn volumes; (c) separation of
resulting non-penetrating mesh; (f) assembled model with non-penetrating
ic; and (h) the corrected mesh.
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where l is the length of the beam, c is the user-defined clear-
ance. The value of Eb is arbitrary, as well as the properties
assigned to the yarn volumes; the ratio of stiffness of the
yarns and Eb can be used to tune the result of the sub-mod-
elling. The Poisson ratio for the yarn volumes is set equal
to 0.5 (or just below 0.5 to avoid numerical difficulties),
to preserve the yarn volume and hence the fibre volume
fraction within the yarns.

The result of solving of the intermediate problem is
shown in Fig. 6e. The yarn volumes are clearly separated
by the clearance c, and the interpenetration is gone.

Step 5. Assembling the model (Fig. 6f). Because of the
displacement conditions imposed on the cut-out facets of
the yarns, after solving of the intermediate problems these
facets occupy the same positions as when the division of the
unit cell was performed. Hence the model is easily reassem-
bled and is ready for addition of the matrix volume, final
meshing, applying boundary conditions and solving of
the meso-FE problem for the unit cell. Fig. 6g and h illus-
trate the application of the automated procedure for the
more difficult case of 3D woven structure.

The procedure described above is suited for automated
processing. When the initial division of the unit cell is
not performed easily (as this is the case for the three-axial
braid of Table 1) and manual manipulations are needed.

Consider two interpenetrating volumes of the yarns, iso-
lated from the whole structure manually. The intersection
is corrected using the same process as above: (1) separating
the yarns (moving yarns apart of each other in the thick-
ness direction), (2) inserting separating sub-layer medium
of isotropic deformable material in between the yarns
(Fig. 7a and b), and then (3) returning the faces into their
original position, solving a boundary value problem.
Fig. 7. Manual correction of yarn shapes (see notation for the unit cell faces in
with a sub-layer between them; (c) resulting non-penetrating volumes; (d) the m
of the yarns); and (e) fibre volume fraction distribution in the yarns.
During these operations the properties of the yarns and
the inserted material are not the same as the properties of
the impregnated yarns and the matrix, but are assigned
in a somewhat arbitrary way, to represent the yarn defor-
mations accommodating the contact conditions. Under a
certain pressure applied on the upper yarn segment, the
thickness of the sub-layer is decreased to a desired clear-
ance c and the thickness of the structure after deformation
is equal to the given value. Poisson coefficients of the yarns
should be 0.5 to ensure the same volume of the resulting
and the initial configuration. After applying the pressure,
an interpenetrating configuration of the yarns is calculated
(Fig. 7c and d).

Note that the presence of a thin layer of matrix in
between the contacting yarns is important for successful
meshing of the full meso-model. If this layer is absent,
the touching yarn will form wedge-like volumes, produce
degraded elements and will lead to numerical artefacts in
the solution in this region.

4.3. Meshing

After dealing with interpenetration of volumes the
model of textile composite should inherit a geometry
obtained in the intermediate modelling. The latter is pre-
sented by fragmented and separated yarn geometry and
mesh. The deformed FE mesh of the intermediate problem
cannot be used as a mesh for the final model since the ele-
ments have changed their shape while solution and are
distorted. The deformed mesh is hence transposed to the
solid entities. The new volumes are generated by the
deformed element configuration and then joining these
volumes.
Fig. 4): (a) yarn volumes before the separation; (b) separated yarn volumes
esh in the yarns and the mesh in the matrix (the dashed lines show volumes
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The subsequent meshing of the volumes of yarns and the
matrix can be done using any meshing engine. Different
strategies could be adopted: one may mesh yarn volumes
first using sweeping of the planar mesh on the yarn cross-
section throughout the yarn volume [45], and then build
the mesh in the matrix, or rely on the quality of the mesh
engine and ask it to mesh the whole unit cell volume
automatically.

The latter option (automated meshing in ANSYS) was
used in the example of three-axial braided composite.
The element used is a 3D 20-node (three degrees of freedom
per node) structural solid element (SOLID186 of ANSYS).
It has quadratic displacement behaviour and is recom-
mended for modelling irregular meshes. Prism-shaped, tet-
rahedral-shaped, and a pyramid-shaped element are the
particular cases of this element with a reduced 10-node
scheme. The element shape at a place is chosen by an auto-
matic mesh generator. Total number of elements for the
quarter of the unit cell is 64,676, while node number is
83,739. 12,621 nodes are involved in the constraint equa-
tions for the symmetrical boundary conditions. Total cal-
culation time for a linear problem was about 5 min on
Pentium IV PC.

An example of inter-yarn mesh at an intersection of
three yarns (most difficult part of the mesh, where bad ele-
ments could appear) is presented in Fig. 7d. One element
per interyarn clearance thickness was used. An estimation
of the thickness to width ratio of the elements is about 1/
3 for the thinnest part of the interyarn volume. As a result
of a free meshing there are seven elements, which have high
angle between the adjacent edges (in between 165� and
179.9�) and one element with a high aspect ratio of about
30. Thus the quality of the automatically generated mesh
is sufficient for the further analysis.

5. Periodic boundary conditions

The stress–strain fields in the unit cell should have the
same properties of translational symmetry as the unit cell
itself. If the unit cell is characterised by translation vectors
b1 and b2 (Fig. 8), then these boundary points are trans-
formed one into another by the translation

A0 ¼ Aþ ~b1; B0 ¼ Bþ ~b2: ð5Þ
Conditions of periodicity for a given average deformation
tensor hei (given by macro-conditions of the test or by local
results of a macro-simulation) are [38]

~uðAþ~bÞ �~uðAÞ ¼ hei �~b ð6Þ

for any point A on the boundary of the unit cell, and one of
the translation vectors b. Note that Eq. (6) can be applied
to a unit cell of any shape, including sheared unit cells of
textile composite [32,100] and hexagonal unit cells describ-
ing packing of unidirectional fibres [57].

Eq. (6) is easily implemented in FE packages using the
apparatus of constraint equations, providing that the nodes
on the opposite facets correspond one to another by (5).
This means that the mesh on the opposite facets should
be exactly identical, which is not necessary achieved by
automatic meshing engines. Fig. 8a illustrates how to
ensure the identity of the boundary meshes. The nodes of
the boundary facet on one side of the unit cell are copied
and assembled into shell, which is meshed. Then the unit
cell is meshed; because of the previously meshed shells on
the opposite facets, the mesh on the facets repeats the mesh
on the shells, which is identical on both of them. After
meshing the shells are deleted. Of course, the success of this
procedure depends on the exact periodicity of the geomet-
rical model of the yarns (sections of the yarn volumes on
the both facets are identical).

When the model is reduced using the symmetry of the
reinforcement geometry (Section 4.1), relation (6) must be
rewritten. Whitcomb [34] proposed a systematic procedure
for deriving boundary conditions for partial unit cells with
periodic microstructure. To apply the mathematics of [34]
to the example shown in Fig. 4, consider first the corre-
spondence of points on the boundaries of 1/4 of the unit
cell (designated 1 in Fig. 8b), imposed by the periodicity
of the full unit cell. Two periodicity vectors b1 and b2 must
be accounted for.

For the periodicity in direction b2 point A on the bound-
ary of quarter of unit cell corresponds to the point A 0 on
the opposite face of the full unit cell. Point A 0 is trans-
formed into point A00 on the boundary of quarter of unit
cell by symmetry transformation (2). Eq. (6) is rewritten
for the corresponding points as

uiðAÞ � cAa
13
ij ujðA00Þ ¼ heiikb2k; ð7Þ

where ui are components of displacement (i, j,k = 1,2,3),
repeating indices mean summation, {a13

ij } is the matrix of
transformation of the quarters 1! 3 (2), and the coeffi-
cient cA = ±1 ensures the equivalence of the stresses and
strains on the symmetric boundaries of the unit cell (the
notation used here is the same as in [34]). For the case un-
der consideration (rotation by p around x3) the sign of c is
chosen as follows [34]:

cA ¼ þ1 for r11; r22; r33; r12;

cA ¼ �1 for r23; r13:

The sign of c is +1 for components of stress/strain, which
do not change their sign after applying of the symmetry
transformation, and �1 otherwise. As stated in [34], certain
macroscopic loadings, which include components of stres-
ses with different c’s, are not compatible with the given
symmetry constraints. If a given macroscopic loading in-
cludes such incompatible components, the problem should
either be treated on a full unit cell, or separated into several
problems with simpler loading (for example, one non-zero
component) and then the solution is reconstructed by
superposition.

The periodicity direction b1 presents a difficulty, as the
corresponding facets of quarter of the unit cell are not on



Fig. 8. Periodic boundary conditions: (a) translation vectors and corresponding points on the unit cell facets; building equal meshes on the corresponding
facets and (b) corresponding points for 1/4 of the unit cell.
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the borders of the full unit cell. To write boundary condi-
tions for the right-bottom facet of quarter on the unit cell
(point B, Fig. 8b), consider another unit cell, created by
translations

b ¼ b1 � b2:

Point B corresponds to B 0 on the opposite side of this unit
cell. Point B 0 could be considered as belonging to the quar-
ter 1 or quarter 2. Only the second possibility allows
accounting for the symmetry transformation. Point B 0 is
transformed into point B00 on the boundary of quarter of
unit cell by symmetry transformation (1). Eq. (6) is rewrit-
ten for the corresponding points as

uiðBÞ � cBa
12
ij ujðB00Þ ¼ heiikbk; ð8Þ

where {a12
ij } is the matrix of transformation of the quar-

ters 1! 2 (1), and the coefficient cA = ±1 ensures the
equivalence of the stresses and strains on the symmetric
boundaries of the unit cell. For the case under consider-
ation (rotation around x1 = x2) the sign of c is chosen
as follows:
cB ¼ þ1 for r11; r22; r33; r13;

cB ¼ �1 for r12; r23:

The left-bottom face of quarter of the unit cell is treated
in the same manner. Note that conditions (7) and (8), in
contrast to (6), relate points on the same facet of the unit
cell.

6. Material properties

Yarns and fibrous plies are locally (on the scale of one
finite element) represented as an unidirectional assembly
of fibres. The direction of the fibres and the fibre volume
fraction are calculated by the geometrical model as
described in Section 3, accounting for the uneven distribu-
tion of fibre volume fraction in the yarns, which is an
important factor for prediction of damage initiation and
development [107]. Fig. 7e shows the distribution of the
fibre volume fraction in the yarns of the three-axial braid,
corresponding to the phenomenon of denser yarn core
[107,98].
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The stiffness matrix of the material in the finite element
is calculated using micro–meso homogenisation, based on
empirical formulae [1,115–119] or on micro-FE homogeni-
sation [38,48,57]. The appropriate empirical formulae
should be chosen according to the constituents (for exam-
ple, glass/epoxy or carbon/epoxy), as the results may differ
significantly [48]. Fig. 9 compares the results of homogeni-
sation by l-FE modelling and by the formulae of Chamis
[115]:
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11þð1�V fÞEm; E22¼E33¼

Em
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There is good agreement for the Young moduli and reason-
able for the shear moduli. Small differences in G13 lead to
more pronounced difference in the Poisson ratio m23. For-
mulae (9) were used for calculation of the local stiffness
properties for the three-axial braid modelling.

The second set of the material properties are parameters
for the criterion of damage initiation, which are calculated
from the strength of the unidirectional layer of fibres under
different loading conditions. The difficulty here is depen-
dency of the strength parameters on local fibre volume
fraction, which may vary in a wide range (30–90%), which
is not fully covered by the existing experimental data.
Moreover the micro-mechanical damage theories are not
fully validated for a 3D stress–strain state [120,121]. Hence,
the assignment of the damage criterion parameters and
their dependency of local fibre volume fraction is a ques-
tion of ‘‘educated guess’’ at the present stage. In the
absence of the experimental data the empirical approxi-
mate formulae can be used, as proposed in [122,123]

F ðtÞL ¼ F f � V f þ ð1� V fÞ � F ðtÞm �
Em

EfL
;

F ðcÞL ¼
Gm

1� V f � 1� Gm

GfL

� �
F ðtÞT ¼ F ðtÞm

ET

Em

� ð1� V fÞ; F ðcÞT ¼ F ðcÞm

ET

Em

� ð1� V fÞ

F LT ¼ F TZ ¼ F ZL ¼
1

2
F ðcÞT ;

where F is the UD material strength, (t) stands for tension,
(c) for compression; L, fibre direction; T,Z-transverse
direction; m, matrix; f, fibre.

7. Homogenisation

We consider below the meso–macro homogenisation.
The same may be applied to micro–meso homogenisation
as well.

On the macro-scale level the composite material is con-
sidered as homogeneous, with the relation between macro
strains E and macro-stresses R, given by

Rij ¼ CH
ijklEkl ð10Þ

(here and in all the formulae in this section, the indices are
in the range 1–3 and the summation rule on the repeating
indexes is used; no summation on indexes in brackets).
The aim of homogenisation is to find the macro-stiffness
matrix CH, to be used in macro-FE analysis. On meso-level
CH is defined by the (local) internal structure of the mate-
rial and properties of the constituents.

Standard approach to the problem of homogenisation is
to consider the unit cell of a textile composite as a repetitive
part of an infinite array of identical cells [1,35,38,124].
Then meso-FE modelling can be used to analyse the
response of the material on the meso-level and to derive
the behaviour (10). This formulation allows using periodic
boundary conditions (6) for the meso-model. The main
assumption of the approach is infinity of the medium and
exact periodicity of the meso-geometry and the stress–
strain fields, which allows using periodic boundary condi-
tions (6).

These assumptions are not strictly applicable for the
cases when the meso-geometry changes over a macro-part,
or if there is a local change of the geometry, for example,
damage. The former (differences of meso-geometry) nor-
mally happens over distances larger then several unit cells,
and the periodicity can be considered as an approximation
of real boundary conditions. The latter case cannot be trea-
ted that lightly, as periodicity assumes that the identical
damage pattern is present in all the neighbouring unit cells,
which does not agree with experimental observations.

To determine the effective properties of the periodic
composite, six boundary value problems for a unit cell have
to be solved denoted as (i,n), i,n = 1–3. In a problem (i,n)
the macro strain tensor has only one non-zero component:
heði;nÞkl i ¼ Eði;nÞdikdnl, where h� � �i is averaging over all the ele-
ments in the unit cell, e denotes meso-strain. The six prob-
lems to be solved correspond to (i,n) = (1,1); (2, 2); (3, 3);
(1,2); (2, 3); (1,3).

The mathematical derivation of the homogenisation for-
mulae, based on the small parameter expansion theory, can
be found in [124,125]. This formulation allows further gen-
eralisation for higher order theories [56]. The mathematics
can be described in a condensed way as follows.

As the problem is linear, the value of E(i,n)is of no
importance; we assume below E(i,n) = 1. The periodic bound-
ary conditions (6) expressing continuity of the stress strain
field in the periodically translated unit cells are written as
follows:

uin
k ðAþ bÞ � uin

k ðAÞ ¼ dikdnlbl ¼ dikbn; ð11Þ

where A and A + b are the corresponding points on the
boundaries of the unit cell.

After solution of each of the six meso-FE problems (i,n)
the strain tensor eði;nÞpq is calculated for each of the final ele-
ments of the model. The effective stiffness of the unit cell
CH (10) is then calculated by averaging [125]

CH
klin ¼ hCklpqe

ði;nÞ
pq i; ð12Þ

where C is stiffness of an element.
The meso-FE analysis of three-axial braid was per-

formed using ANSYS and SACOM FE packages using
two types of tetrahedral elements: quadratic (10 nodes) in
ANSYS and linear (four nodes) in SACOM. ANSYS cal-
culations were done on 1/8 of the unit cell (Fig. 7),
SACOM – on the full unit cell (Fig. 8b). The geometry of
the mesh in both cases was exactly the same.

Table 2 shows the homogenised properties of the com-
posite, calculated using the procedure described above.
The FE-computed values (which differ for the both variants
not more then ±0.1 GPa for the stiffness and by 0.01 for
the Poisson coefficient) are compared with predictions of
simple laminate theory calculations and with experimental



Table 2
Homogenised properties of the three-axial braided composite

Test direction Young modulus (GPa) Poisson coefficient

Experiment FE CLT Experiment FE CLT

0� (machine) 32.6 ± 1.1 35.9 36.2 0.73 ± 0.06 0.61 0.77
45� (braiding) 36.8 ± 1.8 38.6 44.8 0.07 ± 0.02 0.07 0.07
90� (cross) 15.9 ± 0.7 16.7 17.8 0.39 ± 0.03 0.33 0.37
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values, obtained with tensile testing of RTM-produced
composite plates with four layers of the braided reinforce-
ment. The laminate plate theory results were calculated for
a laminate consisting of four layers. Three of them are
characterised with orientation and fibre volume fraction
of the yarns. The relative plies thickness was chosen
according to in-plane fraction of yarn volume (volume of
the braiding yarns in the unit cell is 1.414 times volume
of the inlays). A matrix ply was added to balance the aver-
age volume fraction.

The FE analysis (with the detailed modelling of the com-
posite geometry) and the rough laminate model give similar
results for the overall stiffness values (the latter gives over-
estimation of the stiffness not more then 12%). The need in
FE analysis mainly comes from the aim to get an adequate
description of the internal strain and stress state. Laminate
model is unable to estimate influence of the bridging effect,
yarn interaction, non-homogeneous matrix distribution
and so on.

Once homogenised stiffness properties are defined, a ten-
sile test is simulated (loading in machine-inlay direction).
The average strain in machine direction is the governing
parameter. Average strain in cross and thickness directions
are set proportional to the governing strain according to
the correspondent Poisson’s ratios. Fig. 10 compares solu-
tions with the two different FE software packages (ANSYS
and SACOM), which are very close, and shows the defor-
mations of the unit cell in the elastic regime. The applied
strain of 0.3% corresponds to the onset of damage,
Fig. 10. Linear meso-FE analysis of three-axial braid, strain in the machine
solutions.
registered using acoustic emission and full-field strain
measurements.

8. Damage modelling

The most straightforward way for simulating damage is
to base the model on fracture mechanics, directly introduc-
ing cracks in the FE model. However, it is computationally
difficult to introduce free boundaries in complex textile
architectures. That’s why only 2D or simplified geometries
(mosaic model) were tried in the framework of classical
fracture mechanics [64,75]. Direct crack modelling requires
a well defined crack path, which is only known in the case
of delaminations [126]. Shear lag models [64,127] are
known to provide reasonable prediction of the degraded
stiffness, however these models require a dependence of
crack density on applied strain to be known; the latter
seems not to be invariant characteristics for the textile
structures.

Damage mechanics approach, which is based on damage
variables without introducing cracks directly into the mesh,
uses well established failure criteria and relatively simple
tests on strength of unidirectional composites as an input
data. Furthermore, the modelling doesn’t require rebuild-
ing mesh used for an elastic analysis, and thus it is compu-
tationally simple. The approach is widely used for textile
composites [63,68,71,73,76,128]. Most of known damage
mechanics approaches are local, i.e. the decision of the
damage initiation in an element is made based on a
direction (direction of loading): comparison of the ANSYS and SACOM
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criterion, which uses stress components in the element only
(criteria of Tsai-Hill, Hoffman, maximum stress, etc.). The
local stiffness of damaged elements is then zeroed or
reduced. Whitcomb and Srirengan [71] show that local
damage algorithm may be sensitive to number of elements,
element interpolation order (linear or quadratic), and the
scheme of property degradation. Nevertheless there are
no an ultimate alternative to the local approach as the cur-
rent state of the art stays. Fish [72] has proposed a non-
local damage model for a satin weave composite with
ceramics matrix, where the latter can be damaged, while
bundles can not. However, a need of fitting experimental
data brings the model back to a phenomenological
description.

When a damage mechanics approach is adopted, several
decisions must be made for meso-FE modelling of damage:
(1) choice of the damage initiation criteria, (2) formulae for
decrease of the stiffness of the damaged elements and (3)
algorithm for damage propagation. Damage initiation cri-
teria, applied on micro-level, treat yarns and fibrous plies
locally as unidirectional composites, hence the whole selec-
tion of criteria, analysed and benchmarked during world
wide failure exercise (WWFE) [129] could be used. There
is no single choice, as even the criteria top-ranked by
WWFE were validated fully for 2D stress–strain conditions
only, and may deviate from the real behaviour for 3D load-
ing [120,121]. Existing formulae for the decrease of stiffness
after damage and damage propagation have several weak
points, the most important being the arbitrary choice of
constants for deterioration of properties and possible mesh
dependency of the damage propagation process.

In this section we give, as one of the possible approaches,
the formulae implemented in the SACOM software [76]
and used in calculations both with SACOM and ANSYS
in the three-axial braid example. The models, before appli-
cation to textile composites [65,76] were tested for lami-
nates [103], including a mesh dependency study (it has
been shown, for the case of damage in laminates, that the
dependency of the damage propagation rate on the number
of elements is weak) [130] and plates with a circular hole
[131].

Hoffman’s failure criterion [132] is used in SACOM to
assess the damage initiation, with addition of indication of
the damage mode, which affects strongly the mechanical
behaviour. The damage modes of fibres can be classified into
four types as shown in Table 3. The axes L, T and Z mean
the principal coordinates of orthotropic material, and they
correspond to fibre and transverse directions, respectively,
determined locally for each finite element. The mode L rep-
resents the fibre breaking; the others represent the transverse
and shear cracking. The choice of the damage mode is
defined by stress components corresponding to damaged
configuration (normal stress L, T and Z and shear stress
TZ, ZL and LT). Damage in one of the modes is registered
when one of the stress indices in Table 3 reaches value 1:

H X ¼ 1; where X ¼ L; T ; Z; LT ; LZ:
 2 6 4



Table 4
Parameters of the damage models for the yarns in the three-axial braid
composite

Tension/compression strength (MPa) Shear strength (MPa)

Unidirectional composite

FL 1233 FTZ 74
FZ = FT 28 FLT = FLZ 71

Epoxy matrix

FL 70 FLT (GPa) n/a
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The parameters Ft, Fc and Fs indicate the tensile, compres-
sive and shear strengths, respectively. The values of these
parameters are defined experimentally for unidirectionally
reinforced composites.

For the damage characterisation the Murakami’s dam-
age tensor [133] is adopted:

D ¼
X

X

DX nX � nX ðX ¼ L; T ; ZÞ; ð13Þ

where Di and ni are the principal value and principal unit
vector of the damage tensor. We use only the diagonal
components

½D� ¼
DL 0 0

0 DT 0

0 0 DZ :

2
64

3
75 ð14Þ

The damage factors DX may take arbitrary values within
the range from 0 to 1. The formulation with only two val-
ues, 0 for initial undamaged state or 1 for full damaged
state, is used here and the corresponding damage tensors
for the four modes are given in Table 3. For the matrix
the isotropic damage model is used.

The constitutive equation for the damaged composite
materials can be derived using the effective stress in the
undamaged configuration. That is, we define the effective
stress r* by the actual stress in the damaged configuration
r (symmetric tensor):

r� ¼ 1

2
ðI �DÞ�1rþ rðI �DÞ�1
h i

¼MðDÞr ð15Þ

and the constitutive equation of the damaged material is
defined as follows:

e ¼ CðDÞr; ð16Þ
where e is the actual strain vector in the damaged configu-
ration. C(D) is derived by the notion of energy identifica-
tion [134].

CðDÞ ¼ ðMðDÞÞT � C0 �MðDÞ; ð17Þ
where C0 is the elastic tensor for the undamaged
configuration.

Eqs. (16) and (17) can be represented in matrix/vector
form as

frLTZg ¼ ½Q�LTZ �feLTZg; ð18Þ
where the equivalent stiffness matrix [Q�LTZ ] is expressed by
using the stiffness matrix of the initial state [QLTZ] and the
principal values of the damage tensor Di:
rL

rT

rZ

sTZ

sZL

9>>>>>>>>=
>>>>>>>>;
¼

d2
LQ11 dLdT Q12 dZdT Q13 0 0 0

d2
T Q22 dT dZQ23 0 0 0

d2
ZQ33 0 0 0

dTZQ44 0 0

sym: dZLQ55 0

2
666666664

3
777777775

eL

eT

eZ

cTZ

cZL

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
; ð19Þ
8>>>>>>>><
>>>>>>>>:
sLT dLT
where the parameters Qij are the components of the stress–
strain matrix for the initial state and the parameters di are
defined as follows:

dL ¼ 1� DL; dT ¼ 1� DT ; dZ ¼ 1� DZ ;

dTZ ¼ ð2dT dZ
dTþdZ

Þ2; dZL ¼ ð2dZ dL
dZþdL

Þ2; dLT ¼ ð2dLdT
dLþdT

Þ2:

)
ð20Þ

The damage factors Di change from 0 at the initial undam-
aged state to 0.99 (slightly less then 1.0 for numerical sta-
bility reasons) at fully damaged state when the occurrence
of damage is detected by Hoffman’s criterion.

This formulation enables the simulation of the mechan-
ical behaviour after the occurrence of damage based on the
damage modes and the loading conditions. The non-linear
behaviour is calculated by the incremental displacement
method. At first, damaged elements are caught by Hoff-
man’s criterion, and damage modes are determined from
damage indices HX. Second, the stiffness of damaged ele-
ments is reduced by the above formulation, and anisotropic
damaged states are reflected in the new global stiffness
matrix. Third, the global system of equations of elasticity
is solved again without increase of applied displacement,
and the redistributed stresses after damage are calculated.
Finally, the above process is repeated until no damaged ele-
ments are detected, and we shift to the next step with
increase of the applied displacement.

Table 4 shows the assumed strength parameters of the
impregnated yarns (unidirectional composite) and the
matrix. In the absence of reliable data on the dependency
of the strength properties on the local fibre volume fraction
in the impregnated yarns, the strength parameters were
assumed to be the same everywhere in the yarn. The critical
values of the transverse and shear strength correspond to
Q66 cLT ;



Fig. 11. Stress index I three-axial braided composite under tension in the machine direction, applied strain 0.3%: (a) longitudinal HL; (b) transverse HT;
and (c) shear HLT.

Fig. 12. Damage development in three-axial braided composite: scale defines load step when damage occurs; maximum corresponds to the earliest stage.
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experimental data on UD plies for fibre volume fraction
range 40–60%.

As mentioned before, acoustic emission, full-field strain
measurements and and X-ray investigation indicate onset
of damage in the three-axial braided composite under ten-
sion in the machine direction at the applied strain of 0.3%.
Fig. 11 shows the stress indices according to the Hoffman
criterion (Table 3). The maximum value of the index
HT= 0.94, hence the applied strain of 0.3% is close to the
theoretical damage initiation strain. The damage is caused
by transversal tensile stresses. Fig. 12 shows that the dam-
age starts in the braiding yarn, lying at 45� to the loading
direction, which corresponds to the X-ray observation of
the damage.

Good predictions of the onset of damage in textile com-
posites (analogue to the ‘‘first ply failure’’ in laminates) has
been shown in a number of publications [62,63,66,68].
Whitcomb [71] notes dependency of meso-FE analysis of
progressive failure in woven composites on the type of
the finite elements and the mesh refinement.

We have calculated the damage onset threshold in the
three-axial braided composite for the following variants:
(1) ANSYS and SACOM calculations with quadratic and
linear elements correspondingly; (2) mesh finesse (number
of elements) different by a factor of 2. For all the variants
the damage initiation strain, predicted by Hoffmann crite-
rion, varied in the range of 0.3 ± 0.02%. This shows robust-
ness of the damage detection algorithm.
However, when it comes to the damage propagation, the
calculations show non-physical behaviour (Fig. 12). The
damage propagates along the yarn, in the direction of the
fibres, as one expects and as it is observed in experiments,
but it also propagates across the yarn, suggesting a multi-
tude of micro-cracks, which is not observed in experiment
(there are one–two well-separated cracks over the whole
yarn width). This seems to be a common drawback for
meso–FE modelling of damage which use local damage cri-
teria and properties degradation scheme, as the same effect
is observed in calculation reported in [62,66,68]. The rea-
sons of this behaviour are not clear, and will be a subject
of further investigations. For isotropic material the similar
effects are discussed in [73,135,136].

9. Conclusions

We have presented an orderly approach to meso-FE
modelling of textile composites. It makes clear that inte-
grated modelling systems are in the order of the day, being
ready to emerge in the coming years. Such a system will be
suitable not only for academic research and illustration of
principles, but also for serious treatment of practically
important textile composites with complex architecture,
and allowing rapid variation of the reinforcement struc-
tural parameters and mechanical properties of the constit-
uents, using user friendly interface and adequate results
both for linear and non-linear, damaged behaviour. An
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integrated FE-modeller should include the following
modules:

• A geometric modeller, which defines the volumes of
yarns and fibrous plies in the unit cell of textile compos-
ite, local fibre parameters on the micro-scale and pro-
vides interface with FE package to export these data.

• A geometry corrector, which adapts the geometrical
model for requirements of the meshing engine and the
particular necessities of boundary conditions formula-
tion process.

• A meshing engine.

• A material property processor, which assigns material
properties to volumes/elements, using local fibre assem-
bly parameters on micro-scale, provided by the geomet-
rical model, and applying a certain model of
homogenisation on micro-level, or even a menu for user
choice of such a model.

• Boundary conditions routines, facilitating posing periodic
boundary conditions.

• A FE-solver and post-processor.
• A homogenisation engine, which automatically applies

the necessary loading and boundary condition, pro-
cesses the results and outputs homogenised meso-stiff-
ness matrix of the textile composite.

• A damage detection processor, employing one of (user-
chosen) damage initiation criteria.

• A damage development processor, responsible for moni-
toring the damage tensor, change of the homogenised
(on micro-level) properties and decisions on the damage
propagation modelling.

Based on the geometrical modeller WiseTex, commer-
cial ANSYS and custom-developed SACOM FE packages,
we have developed an integrated system, which includes all
the modules, listed above. They constitute a solid basis for
future work, leading to meso-FE modelling systems, inte-
grated with macro-FE structural analysis and l-FE analy-
sis of fine features of damage.
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