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For decades textile composites made of woven fabrics have been successfully employed in aircraft and
automobile engineering and they are gaining an ever increased interest due to their excellent mechanical
properties. Such materials are constituted by two families of yarns which have very high elongation stiffness,
but very low shear stiffness. The strong contrast which they show in their mechanical properties at the
mesostructure level is such that classical Cauchy theories are not sufficient for the description of specific
deformation patterns usually observed in fibrous composites.
One example is the bias extension test, in which case two experimental evidences are not included in
the results obtained from first gradient simulations:
• the presence of transition layers between two zones with different shear deformation
• the more or less pronounced curvature of the free boundaries of the specimen
The first and second gradient solutions are compared in [3] showing that the proposed second gradient
model is able to describe the onset of both of these phenomena, while the corresponding first gradient solution
does not.
Furthermore, in the case of unbalanced fabrics, i.e. the warp and weft yarns present different characteristics, the difference in the bending stiffnesses leads to an S-shaped macroscopic deformation (Fig. 1
left). With the second gradient model, we are able to recover the characteristic macroscopic asymmetric
S-shape of the specimen (essentially due to the two different bending stiffnesses), as well as the deformation
patterns of warp and weft tows at the mesoscopic scale (Fig. 1 right).

Figure 1: BET on an unbalanced fabric. Left: Experimental deformed shape. Right: second gradient
simulation [1, 4].
One more case of study is the deep-drawing preforming, for which one of the phenomena of most
difficult description with a first gradient energy is the onset of wrinkling in the deformed 3D fabric. In
first gradient simulations, it is possible to observe the presence of wrinkles in the deformed configurations
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when a certain amount of in-plane shear stiffness is present. Nevertheless, the number and amplitude of such
wrinkles is a mesh-dependent phenomenon and it is not descriptive of the experimental results.
In Fig. 2, we notice how in the first gradient case, it is possible to notice the presence of a significant
number of wrinkles in the fibers direction causing a considerable curvature of the fibers. On the other hand,
the insertion of a second gradient energy controls (and reduces) the wrinkling effect. If the value of α increases
to the value 10 N all the numerical wrinkling disappears and the only principal wrinkle remaining is due to
the natural evolution of the double curvature of the macroscopic configuration. The onset of the wrinkling
during the deep drawing can be therefore controlled so as to reproduce real experimental evidence.
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Figure 2: Dependence of the wrinkling during a deep drawing on the second gradient stiffness [2].

Acknowledgment
The authors would like to thank for the funding of the project H2020 COMPOSELECTOR n◦ 721105.

References
[1] Gabriele Barbagallo, Angela Madeo, Ismael Azehaf, Ivan Giorgio, Fabrice Morestin, and Philippe Boisse. Bias extension test
on an unbalanced woven composite reinforcement: Experiments and modeling via a second-gradient continuum approach.
Journal of Composite Materials, 51(2):153–170, 2017.
[2] Gabriele Barbagallo, Angela Madeo, Fabrice Morestin, and Philippe Boisse. Modelling the deep drawing of a 3D woven
fabric with a second gradient model. Mathematics and Mechanics of Solids, 2016.
[3] Manuel Ferretti, Angela Madeo, Francesco dell’Isola, and Philippe Boisse. Modeling the onset of shear boundary layers in
fibrous composite reinforcements by second-gradient theory. Zeitschrift für Angewandte Mathematik und Physik, 65(3):587–
612, 2014.
[4] Angela Madeo, Gabriele Barbagallo, Marco Valerio d’Agostino, and Philippe Boisse. Continuum and discrete models for
unbalanced woven fabrics. International Journal of Solids and Structures, 94-95(2016):263–284, 2016.

2

