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Abstract

This paper presents a computational homogenisation-based technique for
flexural effects in textile reinforced composite planar shells. An homogeni-
sation procedure is used for the in-plane and the out-of-plane behaviour of
three-dimensional woven composite shells taking the in-plane periodicity of
the material into account while relaxing any periodicity tying in the thick-
ness direction. Several types of damage (matrix or reinforcement cracking,
delamination, ...) can appear in a composite material. In this paper, material
non-linear computations are used to assess the importance of bending on the
risk for delamination at the reinforcement/matrix interface. The normal and
tangential stresses at the interface are computed and a simplified criterion for
delamination is used for this purpose. The effect of flexural loading on the
stress components responsible for a potential delamination failure mode at
the interface is analysed. The values of interface stresses obtained by means of
flexural homogenisation are compared with 3D homogenisation results using
periodicity constraints along the thickness direction, and compared qualita-
tively with experimental facts available from the litterature. The importance
for taking flexural effects into account properly is emphasized.
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1. Introduction

Fibre-reinforced composite materials such as textile composites start nowa-
days being used as high performance structural materials for instance in
automotive, aerospace and naval industrial applications. Due to their high
stiffness and strength, for a rather low density and low cost manufacturing,
two-dimensional woven composites were widely used in laminated compos-
ites such as plain, twill and satin weave fabrics. The development of new
weaving techniques [1] allowed the emergence of complex three-dimensional
woven reinforcements which offer a higher strength to delamination between
plies than laminated composites due to the presence of reinforcing yarns in
the through-thickness direction [2, 3]. The complex microstructural geomet-
rical arrangement of such materials however renders the effective properties
and the local stress fields under loading difficult to capture. In this contribu-
tion, a rather flexible material will be considered, which is made of polymeric
three-dimensional woven composites, and which can be used for instance for
transport purposes. The 3D woven composite will be considered as a thin
structure which requires taking into account a shell assumption in structural
computations. In such an application, the woven composite may be sub-
jected to various loads of different nature, frequency and intensity, which are
dominated by flexural effects, particularly when being pre-tensioned and bent
around pulleys, or when subjected to impact loadings. In the former case,
bending may therefore occur in the longitudinal warp direction whereas in
the latter case, bending occurs in both the warp and weft directions. Based
on the classical laminate theory, different simple micromechanical analytical
approaches were developed to extract the effective elastic properties of such a
microstructure by assuming geometrical simplifying assumptions for this mi-
crostructural arrangement. For the membrane behaviour, series and parallel
mosaic models were proposed in [4] assuming discontinuous reinforcement,
which neglects the reinforcement undulations. These undulations were taken
into account by means of shape functions in enhanced models, see [5, 6, 7, 8].
For the out-of-plane behaviour, an analytical model was proposed in [9] to
extract the membrane-flexural elastic stiffness coefficients.

When the geometry of the weave is more complex as for instance in three-
dimensional woven composites [10], micromechanical analytical models do

2



not allow capturing correctly the structural properties since the microstruc-
ture is not explicitly taken into account, particularly the yarn undulations.
Multi-scale frameworks combined with the finite element method were there-
fore developed to represent the complex microstructural geometry, leading
to a better estimation of the global elastic properties [11], as well as the pos-
sibility to capture the local microstructural heterogeneous stress and strain
fields [12, 13, 14, 15]. Thanks to the development of design tools dedicated
to woven composites [16], and domain decomposition methods allowing the
solution of problems with large numbers of degrees of freedom, finite element
modelling is increasingly used for the modelling of three-dimensional woven
composites, see for instance [17, 18, 19, 20]. A local damage analysis was
recently proposed in [21] for satin weave composites under tensile loading
using mesoscopic finite element simulations.

The structural non-linear behaviour of textured heterogeneous materials
such as woven composites is difficult to capture, because of their complex mi-
crostructure and the interplay between different damaging mechanisms at the
microstructural scale [22]. As a counterpart to their efficiency, phenomeno-
logical models may be complex to formulate and costly to identify due to a
large number of material parameters, see for instance [23]. Analytical models
based on geometrical assumptions were developped in [24, 25] for damaged
two-dimensional woven composites accounting for transverse yarn cracking
and interface debonding.

Different multi-scale techniques have been developed in the past decades
allowing postulating closed-form constitutive laws at the scale of the con-
stituents, on which the material parameters are a priori more straightforward
to identify.

The asymptotic homogenisation theory, initially presented in [26, 27], is
based on the assumption of a periodic microstructure and uses an asymptotic
expansion of the macroscopic variables that allows defining a boundary-value
problem on a representative volume element (RVE) for each order under
consideration, see [28]. This technique is still widely used for composite
materials, as shown in an extensive review [29]. The flexural behaviour iden-
tification of textile composites is even more complex since membrane-flexural
couplings then need to be taken into consideration. A multi-scale approach
accounting for such effects can therefore offer an alternative solution for the
characterisation of such periodic heterogeneous materials. Methodologies
were recently proposed for the modelling of shell-like heterogeneous struc-
tures such as laminated composites, honeycomb-type sandwiches or masonry
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structures by means of multi-scale approaches extended to shell-like formu-
lations. Unit cell asymptotic homogenisation techniques were used to deter-
mine the elastic properties of beam-like structures in [30], of composite shell
structures with orthotropic reinforcements in [31], and of periodic running
bond masonry walls subjected to out-of-plane loading in [32, 33].

Strongly coupled multi-scale strategies have been developped for heteroge-
neous materials in the case of a finite scale separation. In such substructuring
approaches, the coupling is based on interface conditions on the element level
between the different scales under consideration [34]. Based on a Voronoi cell
model at the finest scale, an adaptative three-level methodology using an
asymptotic homogeneisation procedure for the coupling between the scales
was also proposed in [35] for damage assessment in two-dimensional compos-
ite materials. As an application, this approach was used for the modelling
of damage-induced anisotropy in composites undergoing fiber-matrix interfa-
cial debonding, see [36], recently enhanced by incorporating the effects of the
loading history on the damage variables, see [37]. However, to the knowledge
of the authors, the concept of substructuring models is not widely extended
to shell formulation and loading conditions which is the focus of this paper.

Based on the scale separation assumption, computational homogenisation
schemes were proposed allowing computing numerically the average non-
linear material response of a heterogeneous microstructure by means of aver-
aging theorems and a boundary-value problem on an RVE, see [38, 39, 40, 41].
This methodology also allows identifying the effective macroscopic properties
of heterogeneous materials using off-line RVE computations, but can also be
incorporated in two-scale computational nested schemes for structural com-
putation known as FE2. A critical review of the various micromechanical
approaches was recently presented in [42] for simulating the macroscopic and
microscopic responses of heterogeneous materials with spatially uniform mi-
crostructures, focusing on the concept of statistically representative volume
element and on the use of the periodic unit cell within emerging homogeni-
sation theories. The computational homogenisation approach was further
extended for structured thin sheets using the homogenisation of a through-
thickness RVE based on a second-order strategy, see [43, 44]. However, the
thick shell case still raises questions concerning the transverse shear upscal-
ing and remains a topic of current research, see [45]. A more restricted pe-
riodic homogenisation procedure was presented in [46] for the case of elastic
Kirchhoff-Love masonry shells, and was recently extended for the non-linear
out-of-plane behaviour of masonry walls taking into account cracking detec-
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tion and propagation, see [47, 48].
The modelling of three-dimensional woven composite shells is a topic of

current research particularly for the non-linear regime. The determination
of elastic properties and failure behaviour of textile reinforced composites
are vital for industrial design and engineering applications, a fact which is
reflected in recent publications on this subject. A review of computational
and analytical models for elastic and failure analysis of two-dimensional re-
inforced woven composites was presented in [49]. A discussion about the
challenges and difficulties and a review of the available solutions to tackle
the problem were recently presented in [50]. A computational homogenisa-
tion scheme was proposed to extract the flexural elastic coefficients of textile
beams using an energy-based approach for the estimation of the transverse
shear stiffness, see [51]. A common feature is that most of the current ho-
mogenisation approaches for the non-linear regime keep three-dimensional
periodic tyings on unit cells, even for thin structures. As an illustration
in [52] a comparison of different homogenisation methods was presented for
the estimation of upper and lower bounds of the effective elastic properties
for two-dimensional woven composites using three-dimensional periodic unit
cells. These conventional mesoscopic finite element models for out-of-plane
loaded laminated composites (making use of boundary value problems on a
unit cell assuming periodicity in the thickness direction) can however dras-
tically underestimate stress concentrations, especially in outer plies. Recent
contributions [21, 53] presented a major step forward in this respect by re-
laxing the periodicity constraint in the thickness direction and investigating
the corresponding effects for the in-plane loading of textile reinforced lam-
inates. An iterative computational scheme based on an energy equivalence
using enhanced boundary conditions for the modelling of free surface effects
was used to extract the effective properties and to better evaluate the local
stresses in the different plies of laminated woven composites.

The present contribution pushes forward this principle with a slightly dif-
ferent aim for 3D woven composites by exploiting a flexural homogenisation
approach relaxing the periodicity in the thickness direction to determine the
local stresses in a such composite shell, and to investigate their potential
impact on delamination stresses.

The paper is structured as follows. The main ingredients of the in-plane
periodic computational homogenisation scheme for thin planar shell proper-
ties are given in Section 2. The material considered in this contribution is
presented in Section 3 with the adopted assumptions and mesoscopic con-
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stitutive description. Section 4 deals with results of simulations using the
proposed homogenisation strategy for the considered application, based on
different loading cases and their combinations. A comparison with fully pe-
riodic 3D homogenisation is also given for in plane loading cases. These
results are discussed in Section 5. The effect of the loading mode on the
reinforcement/matrix delamination is more particularly studied. The paper
is concluded in Section 6 by some final remarks and an outlook to future
work.

2. Homogenisation of thin planar composite shells

The typical applications of a composite material can induce both in-plane
tension-compression and flexural loading. As a result, the multiscale analysis
of the composite requires accounting for both these effects, and should be
performed with a shell type macroscopic kinematical description.

The microstructural material behaviour of constituents is upscaled com-
putationally towards the membrane-flexural constitutive response of a thin
shell by means of a computational homogenisation scheme. The principles
of these upscaling relations were developed in [46] for the elastic membrane-
flexural behaviour of thin planar masonry shells and used in [47, 48] for the
non-linear cracking behaviour of such a heterogeneous material. They will be
particularized here for the case of three-dimensional woven composites. Ob-
taining the average macroscopic response of a heterogeneous material from its
underlying microstructure and the behaviour of its constituents can be based
on the solution of a microstructural boundary value problem on a Represen-
tative Volume Element (RVE), relying on averaging theorems. A principle
of scale separation between both scales of representation is used, which as-
sumes that the material configuration is macroscopically homogeneous, but
microscopically heterogeneous [40]. The crucial feature is here that a three
dimensional through-thickness RVE is used to represent the microstructure.
Considering the classical simplifying assumptions in engineering planar shell
descriptions, the scale transitions need to be carefully derived [43, 44, 45].
Transverse shear effects at the macroscopic scale are neglected, and the com-
putational homogenisation procedure proposed in [46, 47] is used here to
take into account the material non-linearities of the three-dimensional woven
composite. The approach described here is also applicable to stacked unit
cells as published by Daggumati et al. [21, 53], provided the full thickness
is included in the 3D through thickness RVE. However, treating such lami-
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nates with a through thickness RVE as will be explained in the sequel would
require heavy meshes. In that case, the approach proposed in [21, 53] seems
largely preferable. A through thickness RVE is strongly suggested in the
application presented in the present paper as a result of the 3D nature of the
reinforcement. The approach is therefore complementary to the approach by
Daggumati et al.

2.1. Averaging relations for Kirchhoff-Love planar shell kinematics

At the fine scale, a planar shell is represented by a prismatic through-
thickness RVE, defined by its trace SRVE on the reference surface of the shell
and its thickness, corresponding to the shell thickness [43], see Figure 1.
The averaging theorems linking the coarse (macro) scale and the fine (meso)
scale quantities have to be verified for the strain, the stress and the work
variation. For the case of the Kirchhoff-Love planar shell kinematics, it is
postulated that the macroscopic membrane strain tensor E is the average
of the local membrane strain tensor over the reference surface SRVE. The
macroscopic curvature tensor χ is assumed to be the surface average of the
local curvature tensor over SRVE

E =
1

SRVE

∫
SRVE

(~∇~ur)sym dSRVE (1)

χ =
1

SRVE

∫
SRVE

−~∇~∇uz dSRVE (2)

where ~ur and uz are the in-plane and out-of-plane projections of the mi-
crostructural displacement vector, respectively, on the reference surface and
in the thickness direction. The energy consistency between macroscopic and
fine scale work variations is classically assumed, and expressed here by

N :δE + M :δχ =
1

SRVE

∫
VRVE

σ :δε dVRVE (3)

where ε is the mesostructural infinitesimal strain tensor work conjugate to
the mesoscopic stress field σ, and N and M are respectively the macroscopic
membrane force and bending moment tensors. Combining (1) and (3) with
appropriate boundary conditions on the RVE leads to the satisfaction of the
averaging theorem for the stress measures and allows relating the macroscopic
membrane force tensor N and the macroscopic bending moment tensor M to
the mesoscopic statically admissible stress field σ at the surface of the RVE.
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2.2. Shell homogenisation with in-plane periodicity constraints

Computational homogenisation procedures for composite materials most
often use periodic boundary conditions on each face of the RVE, including
the top and bottom faces even though these should remain physically uncon-
strained when flexural effects are predominant, see [15]. The relaxation of the
periodicity constraints in the thickness direction can however be required to
better estimate local stresses, and thereby failure mechanisms such as delami-
nation, matrix cracking or reinforcement cracking. Here, the homogenisation
framework will be defined assuming periodicity of the microstructure in its
plane only. In-plane periodic boundary conditions on RVEs were shown to
provide a better estimation of the overall elastic properties than other bound-
ary conditions (uniform displacements or tractions) for full two-dimensional
or full three-dimensional cases, see [38, 40]. Suppressing the rigid body trans-
lations and rotations of the RVE, the kinematically admissible displacement
field for macroscopic shell kinematics is strain-periodic and given by [54]

~ur = E·~xr + zχ·~xr + ~u p
r (4)

uz = −1

2
~xr ·χ·~xr + upz (5)

where ~u p
r and upz are in-plane and out-of-plane periodic displacement fluc-

tuation fields, added to the average displacement field to account for the
heterogeneity of the material. For such a displacement field, the averaging
relations (1) are satisfied, and both fluctuation fields can be eliminated. The
in-plane periodic boundary conditions can be prescribed on the RVE using
tying relations between boundary points related by periodicity on the inter-
nal (in-plane) faces. These conditions are expressed in [46, 54] for the case
of masonry and are particularised to the woven composite unit cell in the se-
quel. Note that relations (4) and (5) do not incorporate any constraint on the
top and bottom faces of the RVE. Since the 3D woven composite considered
here exhibits a periodic heterogeneous mesostructure, a unit cell, i.e. a single
period RVE, is used to characterize the non-linear behaviour within a geo-
metrically linear setting. A rectangular parallelepipedic through-thickness
portion of the woven composite, as sketched in Figure 1 will be used as RVE.

The kinematically admissible displacement field assumed in the volume of
the RVE is defined by Equations (4) and (5). Based on this assumption, the
tying relations prescribing the in-plane periodic boundary conditions on the
RVE are now detailed. Note that the following developments can be found
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in [47, 55] for the case of running bond masonry for which periodicity vectors
are slightly different.

Considering opposite internal boundaries of the RVE, and eliminating the
periodic fluctuations ~u p based on the in-plane periodicity argument, Equa-
tions (4) and (5) lead to the following expressions

~u+r − ~u−r = (E + zχ)·(~x+r − ~x−r ) (6)

u+z − u−z = −1

2
χ : (~x+r ~x

+
r − ~x−r ~x−r ) (7)

which involve only the relative displacements and positions between any pair
of boundary points related by in-plane periodicity. The superscripts + and
− refer to the opposite parts of the internal surface of the RVE, see Figure 1
for the case of the three-dimensional woven composite.

2.3. Control system of the fine scale boundary value problem

The proper size and geometry of a RVE should be deduced from statistical
considerations [56], or defined by the periodicity of a given microstructure. In
the case of a small strain description, the Kirchhoff-Love generalised strains
are given by six independent scalar quantities, i.e. the components of E and
χ. The average deformed state of a RVE can therefore be fully prescribed
using six displacements if in-plane periodicity is enforced. A possible choice
for these six controlling displacements is given in Figure 1 for the case of
the woven composite considered here. The macroscopic membrane defor-
mations are prescribed using three reference plane displacements, while the
macroscopic curvatures are fixed by three out-of-plane displacements. Using
Equations (4) and (5) and the periodicity conditions, the relations linking the
controlling displacements to the average coarse-scale strains measures read :

u1x = lExx (8)

u1y = lExy (9)

u2y = hEyy (10)

u1z = − l
2

2
χxx (11)

u2z = −h
2

2
χyy (12)

u3z = − l
2

2
χxx − hlχxy −

h2

2
χyy (13)
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These relations can be written in a matrix form :

{uctl} = [Du]−1{EKL} (14)

where {uctl} is a column vector of the six controlling degrees of freedom,
{EKL} is a column vector of the Kirchhoff-Love generalised strains, and [Du]
is a matrix which depends on the in-plane dimensions of the RVE reflecting
relations (6) and (7). Considering (4), (5) and (3), the average Kirchhoff-Love
stresses can be obtained from the controlling forces conjugate to the control-
ling displacements which represent the action of the neighbouring cells, [47].
The relations between these controlling forces and the generalised stresses
are given by :

Nxx =
1

h
f 1
x (15)

Nyy =
1

l
f 2
y (16)

Nxy =
1

2h
f 1
y (17)

Mxx = − l

2h
f 1
z −

l

2h
f 3
z (18)

Myy = − h
2l
f 2
z −

h

2l
f 3
z (19)

Mxy = −1

2
f 3
z (20)

In a matrix form, this can be denoted

{ΣKL} = [Df ]{fctl} (21)

where {fctl} is a column vector of the six controlling forces, {ΣKL} is a column
vector of the Kirchhoff-Love generalised stresses, and [Df ] is a matrix which
depends on the in-plane dimensions of the RVE.

Based on Equations (14), any average deformation path can be prescribed.
The related mesostructural boundary value problem is completely defined
from the prescribed controlling degrees of freedom and the periodicity bound-
ary conditions, and can be solved using a classical finite element scheme, pro-
vided mesostructural constitutive laws are postulated. This type of control
is used in multi-scale nested scheme using displacement-based finite element
schemes (FE2 methodology), [40, 57, 58]. It is emphasized that even though
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no nested FE2 multiscale simulation is performed here, the framework makes
use of scale transition operators which are strictly equivalent to the ones used
in FE2 strategies, in the sense developped by [40] for 2D problems. Based on
the in-plane periodicity assumption, the link defined between macroscopic
strains and displacements at control points of the RVE, and between macro-
scopic stresses (and bending moments) and tying forces at these points on the
RVE can be used to extract the homogenised tangent stiffness required in FE2

simulations. Even though this macroscopic tangent stiffness is not extracted
here, the basic principles of computational homogenisation are applied. Note
that this Kirchhoff-Love planar shell computational homogenisation scheme
can be connected to the general second-order solid-solid computational ho-
mogenisation framework developed in [59]. Such a link was established for
the Reissner-Mindlin case by introducing the shell kinematical assumptions
in the macroscopic second-gradient continuum, see [43] for more details. Note
that the present framework to be used to extract computationally the flex-
ural properties of the shell. Note also that the periodicity relaxation in the
thickness direction is pursued with a different approach and with different
objectives from the one presented by Ivanov et al. [53]. In the approach by
Ivanov et al., a stacking of plies is considered with in-plane loading. A RVE
representation of each ply is considered, and the boundary conditions ap-
plied on such RVEs are made non classical in order to account for a different
response of plies located near the free surface in the thickness direction with
respect to plies located near the mid-thickness. In our approach, the compos-
ite is assumed to be loaded by bending terms as well, and a result, a through
thickness RVE is used. This is made mandatory by the fact that the under-
lying microstructure is a 3D woven composite (not a laminate). The scale
transition operators are therefore different and complementary between both
approaches: the approach in [53] seems more efficient for laminates, while the
through thickness RVE allows treating 3D reinforcements (at the expense of
larger computational times).

3. Problem statement and considered materials

3.1. Considered 3D woven composite internal structure

Any 3D woven composite can be treated for bending effects with the
proposed framework. The material used in this contribution for the sake of
illustration is typically used in transport moving strips, to transport various
types of materials. It usually consists of several layers of polymeric materials.
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The middle layer is of more particular interest in this paper and consists of
a 3D woven composite. This composite material is covered above and below
by a layer of polyvinyl chloride (PVC) and a layer of rubber.

The woven composite considered in this paper is a three-dimensional wo-
ven fabric embedded in a PVC matrix with a thickness of 9 mm. Since
PVC presents an important viscosity in the molten state unlike epoxy resins
commonly used in composites [60, 61, 62], the fabric is not impregnated by
the matrix during the manufacturing process. The yarns will therefore be
assumed dry in the sequel. The textile is composed of polyethylene tereph-
thalate (PET) fibres for the warp yarns and polyamide 6-6 (PA66) fibres
for the weft yarns. Three scales of interest can be considered for such wo-
ven composites (Figure 2). At the macroscopic scale, the composite can be
considered as an orthotropic homogeneous shell. The mesoscopic scale al-
lows taking the geometry of the fabric into account considering the yarns
as transversly isotropic materials in an average sense. At the microscopic
scale, the yarns consist of twisted assemblies of parallel fibre bundles. In
this paper, the influence of the various macroscopic loading modes on the
potential competition between failure mechanisms at the mesoscopic scale
is emphasized by scrutinising the influence of bending and representing the
effects at the microscopic scale collectively in phenomenological laws. Other
damage mechanisms like matrix or fibre damage experimentally observed in
[63] are not studied here, but the potential increase of delamination risk as
a result of bending is analysed. The homogenisation of thin planar shells
could be used to study these mechanisms as well in subsequent studies. The
woven mesostructure, assumed to be periodic, has been identified by means
of optical analyses of through-thickness sections, see Figure 3. The repeat-
ing pattern of the three-dimensional woven fabric is sketched in Figure 4. It
consists of four horizontal planes of weft yarns and four vertical planes of
warp yarns. The number of weft yarns interleaving between two successive
warp yarns is therefore equal to four. The warp yarn intercepts the yarns of
weft on two consecutive planes of weft yarns. Finally, the periodic pattern
consists of four vertical planes of warp yarns in the weft direction. The lon-
gitudinal direction of the composite shell, is the warp direction of the woven
fabric (denoted x in Figure 1), and is the transverse direction to the weft
direction (denoted y in Figure 1).
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3.2. Mesoscopic constitutive description

The mechanical behaviour of each constituents, i.e. warp yarns, weft yarns
and matrix, is the same as reported in [63, 64]. In the present contribution, we
neglect the variations of yarns properties induced by their own strain [65, 66]
and a purely isotropic behaviour is assumed for the matrix. Moreover, the
potential non-linearities due to the variation of waviness are neglected. The
deformations are thus assumed too small to induce geometrical non-linearities
at the macroscopic scale.

The non-linear behaviour of the reinforcement was characterised experi-
mentally by tensile tests [63, 64]. Due to the complexity of such tests, the
experimental characterisation was not performed at the fibre level, but at
the level of the assembled yarns. This is further motivated by the fibrous
nature of the yarns and by the twisted assembly of the bundles, which in any
case makes it difficult to estimate the yarn global properties by homogeni-
sation approaches, should the fibres properties and interactions be known.
The global tensile behaviour of yarns is reported in Figure 5. It can be split
into three domains: (i) an elastic domain, (ii) a second domain correspond-
ing to a stiffening of the yarns, and (iii) a third domain corresponding to
the reduction of the tangent modulus up to the failure of the yarns. This
third stage is disregarded in the present study. This complex behaviour
of the yarns originates from geometrical and material non-linearities taking
place at the microscopic level. The twisted configuration of the fibre bun-
dles induces non-linear couplings between the longitudinal and transversal
behaviours. In addition, tensile tests on single thermoplastic fibres were per-
formed in [67, 68, 69, 70, 71] showing a correlation between the stiffness
increase and the degree of cristallinity. This can be explained by an align-
ment of amorphous macromolecules in the direction of loading. The increase
of stiffness observed during the monotonic tensile tests can be modelled with
an elastoplastic behaviour with two isotropic hardening terms [72, 73]. The
deformation of the material is divided additively into two parts :

ε = εe + εp (22)

where εe is the elastic part of the total strain and εp is the plastic strain.
The plastic yield function is defined as :

f(σ, R) = J(σ)−R(p) (23)
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where J is the second invariant of stress deviator s defined by the equation:

J = (
3

2
s : s)

1
2 (24)

R is a scalar variable defining the isotropic hardening of material as :

R = R0 +Q(1− e−bp) + A(eBp − 1) (25)

where p is the cumulated effective plastic strain, and R0, Q, b, A and B are
material parameters to be identified. R0 is the initial yield stress. The in-
crease of tangent modulus with plastic strain is given by the second isotropic
hardening contribution in Equation (25). These five parameters can be ob-
tained by inverse methods based on the tensile tests performed on yarns
(Figure 5) and from the results of tensile tests carried out on the composite
material itself as presented in [63, 64]. With the fine scale parameters pre-
sented in Table 2, tensile tests on the composite material in the warp yarn
direction can be represented fairly well with the shell homogenisation frame-
work presented in Section 2. This is illustrated in Figure 6 by means of the
membrane stress-strain response of the composite and of the corresponding
homogenised tangent stiffness evolution.

Further, due to their fibrous microstructure, the transverse behaviour
of the yarns is more difficult to characterize experimentally. For the case of
impregnated yarns, a homogenisation procedure and an empirical model were
compared in [15, 74] regarding the homogenised elastic stiffness of a yarn.
With a matrix volume fraction in the yarns equal to 0.05 and using formulae
proposed by [15, 74] with a fibre modulus approximated from the full yarn
tensile tests in Figure 5, a ratio between the longitudinal and the transverse
moduli of about 150 is found. In the present contributions in which dry yarns
are considered, a ratio of 100 between both moduli will be chosen in order to
capture the anisotropy of the elastic behaviour of yarns. Note that the range
of values of such a ratio can be quite broad as shown in the literature. Boisse
et al. proposed a a ratio between 20 for dry carbon yarns [75] and 13 000 for
dry glass yarns [65]. A variation of this ratio will therefore be examined for
one of the loading cases in the unit cell computations presented in the sequel
(see Section 4).

For the sake of simplicity, the model presented above will be assumed
isotropic for the plastic part and transversly isotropic for the elastic part.

It is noted that it is crucial to distinguish the anisotropy of the yarns
behaviour at the mesoscopic scale, and the anisotropy of the composite be-
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haviour at the macroscopic scale resulting from the difference of Young mod-
ulus of warp and weft yarns (material anisotropy) and the difference of the
fabric pattern in warp and weft directions (‘geometrical’ anisotropy). The
values of the parameters considered for the simulations are summarized in
Table 2.

Ex (MPa) Ey = Ez (MPa) Gxy (MPa) νxy νyz
Warp yarns 15000 150∗ 15 0.1 0.05
Weft yarns 2996 30∗ 15 0.1 0.05

Matrix 400 0.3

Table 1: Transversly isotropic elastic parameters of yarns for 3D woven composite RVE
computations. The values of the transverse moduli marked by ∗ were estimated with a
ratio 100 as explained above.

R0 (MPa) Q (MPa) b A (MPa) B
Warp yarns 59 63 363 5.45 53.4
Weft yarn 5.6 15.34 403 7.4 68.9

Table 2: Material parameters for the reinforcement of the 3D woven composite RVE
computations obtained from the fitting of the tensile tests performed on the composite
(Figure 6).

3.3. Potential delamination issues in 3D woven composites

Given the type of microstructure, it is crucial to evaluate and to analyse
the potential initiation of damage when the composite is subjected to loading
cases incorporating flexural effects. Different damage modes can appear in
woven composites such as matrix transverse and longitudinal cracking, inter-
ply delamination and reinforcement/ matrix debonding. Since the transverse
stiffness can be affected by interfacial debonding, the potential for such a
mechanism will be scrutinised here depending on the loading mode and on
boundary conditions applied to the RVE (3D through-thickness periodicity
homogenisation vs. shell kinematics homogenisation as presented in Section
2).

The mechanical behaviour of the interfaces between the reinforcement
and the matrix has been studied by many authors. It has been shown in
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[76, 77] that the interfacial debonding properties depend on the loading mode
and more particularly on the relative importance between mode I and mode
II in the stress state. However, only the influence of the shear stress on
the interfacial debonding has been considered in most cases [78, 79, 80].
Most often, the pull-out test is used to extract the interfacial shear strength.
It consists of extracting a fibre initially embedded in a matrix by tension
and in measuring the force needed to pull-out the fibre assuming a constant
shear stress distribution along the fibre. However, in a woven composite,
the shear stress field is not constant due to the undulation of yarns and the
interaction between adjacent yarns. An original test was proposed in [76] to
measure the critical stress level for delamination for a mixed mode loading.
This test combines a shear stress and a radial tensile stress at the interface
between the fibre and the matrix. Such tests show that the contribution of a
positive normal stress decreases the amount of shear stress needed to obtain
a fibre/matrix debonding, making it important to take into account both the
normal and the shear stress components at the interface to properly predict
the debonding.

The criterion can generally be described by using local quantities:

If F (σ(~x)) ≥ 0→ debond with ~x ∈ interface (26)

where F is the form of which depends on the complexity of the model used.
The following criterion was proposed in [81]:

max(σnn, τeq) ≥ σY−interface → debond (27)

with σnn = |~n.σ.~n| ,τeq = |~n.σ.~a| and ~n.~n = 1, ~a.~a = 1, ~a.~n = 0, where
~n and ~a are the unit normal and unit tangent vectors respectively, and

σY−interface is the interface strength between the reinforcement and the ma-
trix. A quadratic form for the debonding criterion was proposed in [82, 83].

Here, a simplified local stress criterion will be adopted to assess potential
delamination initiation, based on the delamination stress state, defined as:

σdelamination =
√
σ2
nn + ατ 2eq ≤ σY−interface (28)

where σnn is the stress component normal to the interface (peeling stress),

where τeq =
√
τ 2rt + τ 2st is the modulus of the tangential projection of the

stress vector at the interface (see Figure 7), and where α is a coefficient
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accounting for the relative contribution to failure of the interface of mode-I
and mode-II stress components, that will be chosen as 0.5 here for the purpose
of illustration. Note that only the distribution of the quantity defined by
relation (28) will be analysed here for damage initiation, without explicitly
modelling the progressive degradation of the interface properties, i.e. without
representing delamination propagation, which would require cohesive zones
at the interface.

4. Mesoscopic unit cell computations

4.1. Meshing and problem statement

Because of the complexity of the fabric pattern, meshing tools dedicated
to woven composite were used. First, a geometrical model was created using
the Wisetex software [15, 16]. This requires information in particular on
the pattern of fabric, the shape and the dimensions of yarns, and the size
of the periodic pattern. This model was then transferred into the FETex
software [15]. The meshing of the periodic cell was performed using the
ANSYS FE code [15, 63]. Periodicity relations had to be imposed on the
faces of the cell which requires consistent meshes on opposite in plane faces
of the RVE. The mesh obtained can then be transferred to the ZeBuLoN FE
code [84] developed by MINES ParisTech. Computations were carried out
with ZeBuLoN using the constituve equations presented in Section 3.2. The
elements composing the mesh of yarns and matrix are quadratic tetrahedral
elements with a 4 points integration scheme. The final mesh is shown in
Figure 11 and contains 383,320 nodes, i.e. 1,149,960 degrees of freedom and
276,609 quadratic tetrahedral elements.

The effect of the loading mode on the potential delamination failure mech-
anism of textile reinforced composites will here be assessed by means of cell
computations assuming that the composite shell is used in a transport moving
strip type application. In order to deduce macroscopic average deformations
to apply on the unit cells, typical loading modes of such a transport mov-
ing strip will be considered. First , the RVE is subjected to an in-plane
longitudinal elongation (in the warp direction) corresponding to the typical
pre-tension applied for the considered application. In addition to this in-
plane tension, the RVE is subjected to a longitudinal bending to model such
a composite sheet passing on a conveyor pulley, see Figure 8. It is assumed
that the pre-tension applied is such that average longitudinal strain reaches a
value of Exx = 0.0018. For the longitudinal flexural effect, it is assumed that
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the composite is bent around a conveyor pulley with a radius of 200 mm,
which sets the curvature to be applied on the RVE given its thickness. The
RVE computations presented below match these two imposed macroscopic
strains.

Practically, the composite is also subjected to bending in the transversal
or weft direction to keep the transported materials on the belt. This bending
may be obtained with troughing idlers as sketched in Figure 8. To obtain
the corresponding value of curvature χyy to be applied on the RVE, the
bending of the composite in the weft direction is computed at the macroscopic
scale with a shell description [63]. The maximal strain obtained is used to
compute the curvature χyy, assuming a homogeneous elastic behaviour at
the macroscopic scale. The value of maximal strain in this case is 0.07 which
matches a curvature χyy of 0.0151.

Finally, bending occurs in both the warp and weft directions during any
vertical impact loading. This loading depends of several factors such as
the mass and the shape of impactor, or the heigth of fall. This loading is
more complex to analyse than the one induced by the composite passing
around the conveyor pulley, since bending along both types of yarns (warp
and weft) then needs to be considered. To approximate this loading mode,
the assumption is made that the curvature in the weft direction is the same
as the one obtained when passing on the troughing idlers. The pre-tension in
the warp direction is also considered. The value of curvature χxx evaluated
is 0.004. All these loading cases are summarised in Table 3.

Note that all stress distributions at the interface between the yarns and
the matrix are produced with ‘capped’ colorbars in the sequel in order to
allow an easy comparison between the different figures. As a result of this
capping, the peak values reported in the text are not explicitly seen on the
figures.

4.2. In plane pre-tension along warp direction (LM1)

As a first illustration, the results of a simulation on a cell loaded by load-
ing mode LM1 (Table 3) are reported on Figure 9. The contributions of each
stress component introduced in (28) for the yarns in the warp direction are
depicted in Figure 9 (a single layer of yarns is plotted to ease interpreta-
tion). In this case, the peeling stress σnn remains limited to 1.51 MPa and
the maximal shear stress τeq is 5.06 MPa. The delamination stress defined in
equation (28) reaches a value of 3.89 MPa, and it is maximal at the extrados
of the undulation of the warp yarns that are located closest to the neutral
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physical description Exx Eyy χxx χyy type of BC
LM1 Pre-tension 0.0018 0 0 0 shell
LM2 tension 0.025 0 0 0 shell
LM3 bending around pulley 0.0018 0 0.005 0 shell
LM4 Transversal bending 0.0018 0 0 0.0151 shell
LM5 Vertical impact 0.0018 0 0.004 0.0151 shell

Table 3: Loading cases considered for 3D woven composite RVE computations. The types
of boundary conditions denotes the type of kinematical assumption (shell = no thickness
periodicity, 3D = thickness periodicity).

fibre of the shell. These values as such remain in a limited range and cannot
evidently give rise to delamination.

Now, when the same loading is applied on an RVE with periodicity tyings
applied in the thickness direction (3D homogenisation), the peeling stress
σnn reaches a value of 1.58 MPa, while the maximal tangential stress τeq
value is equal to 5.14 MPa. The delamination stress reaches 3.96 MPa.
The maximal stresses at the interface are thus similar for the two types of
boundary conditions. The addition of thickness periodicity seems to slightly
over-constrain the RVE but in a negligible manner for the considered loading
case. Moreover, no peak of maximal stresses is observed on weft yarns in this
case. The maximal stresses zone on the warp yarns are also more extended
in this case.

4.3. Flexural loading case along warp yarns (LM2 and LM3)

The most often used methods of homogenisation do not allow taking into
account the flexural effects. In such cases, some contributions evaluate the
maximal longitudinal strain associated to bending (as if the shell was homo-
geneous), and apply this strain as an average (uniform) in-plane membrane
strain to the RVE [63]. For the sake of subsequent comparison, the RVE is
subjected to an in-plane tension corresponding to this maximal strain asso-
ciated to bending.

The shell RVE is subjected to an in-plane tension corresponding to the
maximal bending strain computed when the composite is bent around a
conveyor pulley using the loading mode LM2 (Table 3). Figure 10 depicts
the peeling and delamination stresses, under this pure ‘fake’ tension case
with shell boundary conditions (no thickness periodicity). The peeling stress
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σnn reaches a value of 16.47 MPa, while the maximal tangential stress τeq
value is equal to 29.11 MPa. The delamination stress defined in (28) reaches
25.48 MPa. As in the loading mode LM1, the maximal delamination stress
is reached at the extrados of the undulation of the warp yarns located closest
to the neutral fibre of the shell. When the same procedure is applied with
a RVE with thickness periodicity, the peeling stress σnn reaches a value of
18.63 MPa, while the maximal tangential stress τeq value is equal to 29.35
MPa. The delamination stress reaches 26.46 MPa at the same locations. The
maximal stresses at the interface thus reachs similar values for the two types
of boundary conditions.

In order to properly study the influence of the loading mode on the peeling
and delamination stresses, flexural loading mode in the warp direction with
shell boundary conditions is next added to the real pre-tension, assuming
proportional loading between membrane and flexural effects for the sake of
simplicity (loading mode LM3). A curvature is added with the value χ = 1

R
,

where R is the radius of the pulley over which the composite is bent, see
Figure 8. Figure 11 denotes the corresponding (amplified) deformed shape
of the RVE, while Figure 12 depicts the various stress components entering
relation (28). Due to the flexural effect captured by the shell homogenisation,
the peeling stress σnn now reaches a maximal value of 7.4 MPa, while the
equivalent tangential stress reaches 18.32 MPa. The maximum value of the
equivalent stress entering the delamination criterion is 13.32 MPa. When
compared to the values obtained with in plane pre-tension in Section 4.2,
this means that these delamination stress levels are multiplied by almost a
factor 3.5 due to the flexural effect with respect to in-plane pre-tension only.
However, the location of the maximal delamination stress is still the same as
the loading modes LM1 and LM2.

4.4. Other bending loading cases (LM4 and LM5)

Now, results of computations for various additional loading cases are
shown to feed the discussion related to the influence of the direction of load-
ing. In fact, such a 3D woven composite is subjected to bending not only
in the warp direction but also in the weft direction. Flexural loading in the
(transversal) weft direction may be used to maintain the transported materi-
als on the composite shell (loading mode LM4), as well as during the vertical
impact of minerals (loading mode LM5).

Figure 13 depicts the contributions of each stress component under load-
ing LM4. The value of peeling stress reaches 13.7 MPa while the maximal
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shear stress is 10.4 MPa. The delamination stress reaches 14.5 MPa and is
located on the undulations closest to the free surface of the shell. It is em-
phasized that even for anisotropic yarns, the level of delamination stresses
remains sufficiently high to raise the concern of delamination.

Finally, we present in Figure 14 the results of computations for a verti-
cal impact of transported materials on the composite (loading mode LM5),
combining pretension with both curvatures. The value of peeling stress is
14.4 MPa, the tangential stress is 15.6 MPa, while the delamination stress
reaches 15.8 MPa on the undulation closest to the free surface of the shell.

5. Discussion

The presented results show that it is important to take into account the
flexural effects to study the potential delamination damage in the composite
material. The stress level at the interface is a consequence of the mismatch
between the properties of yarns and matrix, more particularly the transversal
properties of yarns. Moreover, the waviness of the reinforcement increases
the complexity of the stress distribution and makes interpretations difficult.

The incorporation of bending in the warp direction along with the pre-
tension strongly increases the delamination stress at the interface between
the yarns and the matrix in a such description. The incorporation of the
flexural effect may therefore play a crucial role in the competition between
delamination and other damaging processes.

The above mentioned results show that the loading mode has an impor-
tant effect on the stress state and more particularly on the stress state at the
yarns/matrix interface. For a same maximal strain level at the macroscopic
scale deduced from geometrical constraints from the composite loading con-
ditions, the local shear and normal stress components on the interface are
found to be much more severe for a flexural load than a uniform tensile load.
If damage by delamination is likely to appear in the composite material stud-
ied here, it is important to take into account the flexural effects.

The results of the analysis can be compared qualitatively with experimen-
tal data from different authors [79, 85, 86, 87, 88]. These data indicate that
the critical interfacial stress state (interfacial shear strength) depends on the
relative Young moduli postulated for the yarns and for the matrix, but also
on the interface adhesion (lubricating, surface roughness, ...) between them.
The experimental values obtained in the litterature depend on the character-
isation method. No experimental data is available for the effect of the surface
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state of yarns. Only the ratio between the Young moduli of the yarns and
the matrix is therefore used here. In [86], the values of shear strength are
obtained from pull-out tests, but on single fibres. Yue et al. [86] measured
the interfacial shear strength for different fibre/matrix systems with a ratio
between 0.001 and 0.5. In the present manuscript, the value of R is about
0.0267 (for the warp yarn in the longitudinal direction and the matrix). Ac-
cording to [86], the corresponding interfacial stress strength should be about
15 MPa. For a polypropylene/glass fibre system, the modulus ratio and the
interfacial strength are 0.0233 and 4.3 MPa respectively [87]. Pull-out tests
were also performed by Miller et al. [85] on Epoxy/Kevlar fibres, with a
moduli ratio between 0.0563 and 0.0726 and an interfacial shear strength
between 22 and 44 MPa. Chua and Piggott [79] studied polyester/glass fibre
and Epoxy/glass fibre systems. For such polyester matrix and a ratio equal
to 0.0250, the interfacial shear strength reached 9.6 MPa; while for an Epoxy
matrix, the modulus ratio is 0.0383 and the interface shear strength reached
13.6 MPa. In summary, based on these informations, for the composite used
as an illustration in the present work, the interfacial shear strength should
range between 5 and 15 MPa. If we compare this range of critical values
with the maximal values obtained with different load cases, the interfacial
shear strength can clearly be reached for flexural loading cases (cases LM3
to LM5). More particularly, it is seen from the results that the increase of
the delamination stress is mainly related to the tangential component of the
stress vector at the interfaces. If the composite is subjected only by the pre-
tension, the stress levels at the interface between the yarns and the matrix
show that delamination is not really an issue.

The stress state at the interface is actually not a pure shear stress, since
normal stresses are also present. Watson and Clyne [76] showed that pres-
ence of normal stresses during a pull-out test decreases the interfacial shear
strength. To illustrate this, Figure 15 depicts the so-called phase angle ψ [76]
, defined as the angle between the tangential component of the stress vector
and the stress vector at the interface. ψ is between −90◦ for a pure compres-
sion normal loading and 90◦ for a pure tensile normal loading. A pure shear
loading is obtained for a an angle equal to 0◦. This value can be considered
as a ratio between mode I and mode II loading. The zones subjected to
peeling stresses (ψ = 90◦) are slightly more extended in the case of bending
than in the case of tension. However, as expected, the yarns located closest
to the neutral axis of the shell are not subjected to tensile peeling stresses,
which shows that the flexural effect has to be taken into account to properly
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determine the positions for potential delamination. This clearly indicates
that the mode I is dominant where bending is taken into account while the
mode II is the most important for an in-plane tension load. Moreover, the
shear and the tensile zones are differents for flexural or tensile loads.

Transverse elastic properties are difficult to estimate as already discussed
in Section 3.2. The effect of a change in the transverse Young modulus of
the yarns is therefore analysed here. The ratio of the yarns longitudinal
modulus to the transverse one is therefore varied in the range [1 .. 1000].
The normal and tangential stress at the interface between the yarns and the
matrix with these ratios are depicted in Figure 16. The normal (peeling)
stresses σnn are rather limited for all the realistic values of the ratio. Peak
values from 7.13 MPa for EL/ET = 1000 to 10.94 for EL/ET = 10, while
only a unit ratio (yarns assumed to behave with isotropic properties) leads to
important peak values of 22.5 MPa on the warp yarns interfaces (unrealistic
values are found for the weft yarns as a result of insufficient discretisation).
Quite expectedly, the tangential component of the stress at the interface on
the contrary seems much less affected by the ratio of the moduli, as its peak
value ranges from 18.18 for EL/ET = 1000 to 18.46 MPa for EL/ET = 10.
A unit ratio of the moduli leads to a peak value of 22.64 MPa. These results
seem to confirm that the potential delamination is still present independently
from the relative Young moduli of transversly isotropic yarns. Of course,
further research is required both from an experimental and computational
viewpoint to confirm this. In particular, future efforts related to the effect of
anisotropy in the non-linear characteristics of the yarns would be of interest.

6. Conclusions

A shell computational homogenisation scheme was presented and applied
to a 3D woven composite. Based on a generalisation of periodic homogeni-
sation, scale transitions were presented which allow using through-thickness
3D RVEs to extract the average response of heterogeneous shells with com-
plex microstructures. These scale transitions can take into account flexural
effects and their coupling with in-plane loading while relaxing any constraint
between the top and bottom faces of the shell. This computational ho-
mogenisation framework was used to study the possibility for yarns/matrix
delamination and its sensitivity to bending loading. Normal and tangential
stresses at the yarns/matrix interface were computed for different types of
loading (tensile and bending). A strong influence of the loading mode on
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the delamination stresses was shown to appear for such 3D woven compos-
ites. In particular, a flexural loading induced an increase of normal and
shear at the yarns/matrix interface. Furthermore, this increase was shown
to be dependent on the nature of the considered reinforcement (monolithic
vs fibrous yarns). These values were compared with experimental range of
values obtained by different authors. The results suggest that bending can
participate to induce a local delamination at the interface and should not be
disregarded in subsequent studies. Moreover, a parameter called phase angle
ψ has been defined, indicating the local ratio between mode I and mode II
at the interface for each studied loading mode. It is emphasized that the
computational methodology introduced here is very general and it can be
employed for different types of composite and various industrial applications
[1, 89]. Moreover, the delamination is not the only damage that can appeare
in a composite material. Future efforts will be directed at combining delam-
ination propagation under flexural effects with matrix and yarns damages,
which have been observed experimentally in [63].
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[75] P. Badel, E. Vidal-Salllé, and P. Boisse. Rate constitutive equations for
computational analyses of textile compsoite reinforcement mechanical
behaviour during forming. Composites: Part A, 40:997–1007, 2009.

[76] M.C. Watson and T.W. Clyne. The tensioned push-out test for fibre-
matrix interface characterisation under mixed mode loading. Materials
Science and Engineering, 160:1–5, 1993.

[77] H. Zhang, M.L. Ericson, J. Varna, and L.A. Berglund. Transverse single-
fibre test for interfacial debonding in composites : 1. experimental ob-
servations. Composites: Part A, 28:309–315, 1997.

[78] P. Lawrence. Some theoretical considerations of fibre pull-out from an
elastic matrix. Journal of Materials Science, 7:1–6, 1972.

[79] P.S. Chua and M.R. Piggott. The glass fibre-polymer interface : I-
theoritical consideration for single fibre pull-out tests. Composites Sci-
ence and Technology, 22:33–42, 1985.

[80] C. Di Francia, T.C. Ward, and R.O. Claus. The single-fibre pull-out
test. 1.: Review and interpretation. Composites: Part A, 27:597–612,
1996.

[81] P. Wriggers, G. Zavarise, and T. I. Zodhi. A computational study of
interfacial debonding damage in fibrous composite materials. Computa-
tional Materials Science, 12:39–56, 1998.

[82] D.S. Li and M.R. Wisnom. Factors controlling the transverse tensile
properties of unidirectional sic / ti-6al-4v. Composites Engineering,
5:235–255, 1995.

[83] A. Thionnet and J. Renard. Multi-scale analysis to determine fi-
bre/matrix debonding criteria in sic/titanium composites with and with-
out consideration of the manufacturing residual stresses. Composites
Science and technology, 58:945–955, 1998.

32



[84] J. Besson and R. Foerch. Large scale object oriented finite element
code design. Computer Methods in Applied Mechanics and Engineering,
142:165–187, 1997.

[85] B. Miller, U. Gaur, and D. E. Hirt. Measurement and mechanical aspects
of the microbond pull-out technique for obtaining fiber/resin interfacial
shear strength. Composites Science and Technology, 42:207–219, 1991.

[86] C.Y. Yue, H.C. Looi, and M.Y. Quek. Assessment of fibre-matrix ad-
hesion and interfacial properties using the pull-out test. International
Journal of Adhesion and Adhesives, 15:73–80, 1995.

[87] C.Y. Yue and H.C. Looi. Factors which influence the reliability of the
assessment of interfacial bonding in fibrous composites using the pull-
ou test. International Journal of Adhesion and Adhesives, 21:309–323,
2001.

[88] M. Brahmakumar, C. Pavithran, and R.M. Pillai. Coconut fibre rein-
forced polyethylene composites: effect of natural waxy surface layer of
the fibre on fibre/matrix interfacial bonding and strength of composites.
Composites Science and Technology, 65:563–569, 2005.

[89] B.A. Cheeseman and T.A. Bogetti. Ballistic impact into fabric and
compliant composite laminates. Composite Structures, 61:161–173, 2003.

[90] B. Piezel, L. Laiarinandrasana, E. Mansour, and A. Thionnet. Analyse
multiechelle d’un composite textile. In Proceedings of JNC 16, 2009.

33



Figure 1: Rectangular parallelepipedic through-thickness RVE for three-dimensional wo-
ven composite: (left) woven fabric pattern and opposite internal boundaries, (right) con-
trolling degrees of freedom and in-plane dimensions.
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Figure 2: Multiscale structure of the 3D woven composite studied.
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(a)

(b)

Figure 3: Transverse cutting of the textile composite (a) in the warp direction and (b) in
the weft direction [90, 63].
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Figure 4: Representation of the fabric pattern [63].

Figure 5: Monotonic tensile tests on the composite and on the yarns.
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(a)

(b)

Figure 6: Macroscopic behaviour of the composite in the direction of warp yarns (a)
macroscopic scale stress-strain response and (b) evolution of the tangent modulus with
strain
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Figure 7: Definition of the normal and tangential components of the stress vector at the
yarns/matrix interface.

a

b

Figure 8: Typical loading modes of a transport moving strip : (a) longitudinal bending
around a conveyor pulley with a pre-tension (b) transversal bending.
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(a)

(b)

(c)

Figure 9: Stress state at the yarns - matrix interface for in-plane tension along the warp
direction corresponding to a pre-tension of the composite (case LM1) : (a) normal (peeling)
stress σnn, (b) tangential stress τeq, (c) delamination stress defined by (28) with α = 0.5.
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(a)

(b)

(c)

Figure 10: Stress state at the yarns - matrix interface for in-plane tension along the
warp direction (case LM2) : (a) normal (peeling) stress σnn, (b) tangential stress τeq, (c)
delamination stress defined by (28) with α = 0.5.
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Figure 11: Deformed mesh for in-plane tension along the warp direction combined with
bending (the displacements are magnified by a factor of 3) : (a) RVE, (b) Woven fabric.
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(a)

(b)

(c)

Figure 12: Stress state at the yarns - matrix interface for in-plane tension along the
warp direction combined with bending (case LM3) : (a) normal (peeling) stress σnn, (b)
tangential stress τeq, (c) delamination stress defined by (28) with α = 0.5.
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(a)

(b)

(c)

Figure 13: Stress state at the yarns - matrix interface for in-plane tension along the warp
direction combined with a curvature χyy (case LM4) : (a) normal (peeling) stress σnn, (b)
tangential stress τeq, (c) delamination stress defined by (28) with α = 0.5.
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(a)

(b)

(c)

Figure 14: Stress state at the yarns - matrix interface for in-plane tension along the warp
direction combined with a vertical impact (case LM5) : (a) normal (peeling) stress σnn,
(b) tangential stress τeq, (c) delamination stress defined by 28 with α = 0.5.
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(a)

(b)

Figure 15: Phase-angle ψ fields at the yarns - matrix interface for in-plane tension along
the warp direction (a) and for a curvature χxx (b) . The same distributions are plotted
from different points of view to ease visualisation.
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Figure 16: Influence of the ratio of longitudinal to transverse moduli in yarns on the stress
levels at the interface between the yarns and the matrix: (left) normal (peeling) stress
σnn, (right) tangential stress τeq
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