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A new core material based on entangled and cross-linked fibers has been previously developed 

in order to improve certain properties of sandwich structures including, and in particular damping. 

However, its behavior must be optimized for use in the aerospace field. Several morphological 

parameters can be modified during the manufacturing process. The aim of this thesis was to develop a 

numerical model to better understand the behavior of this entangled cross-linked material. The 

behavior of a representative volume element of entangled carbon fibers without cross-links is first 

studied in compression using finite element. The numerical geometry of the fiber network relies on the 

morphological parameters of a real sample. Numerical simulations make it possible to follow, during 

the confined compression, the evolution of the different parameters, such as the distribution of fiber 

orientations, the distance between contacts or the volume fraction. These results provide a robust basis 

for developing the numerical model of the entangled cross-linked material which is then used to model 

the mechanical behavior in shear, and in particular to simulate and explain the hysteresis loops 

observed experimentally. At the end of this work, a numerical study is proposed to study the influence 

of different morphological parameters on the compressive stiffness and shear stiffness of the entangled 

cross-linked material. 

Keywords: Sandwich structure, core material, fibres, finite element method, energy 

dissipation, hysteresis, mechanical properties. 
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isation des structures sandwich 

 

 

fatigue des composants

structures sandwich en termes 

nt. Ce corps,

, 

 

En 2010, dans le cad

pour 

le 

 

es 

 

 ceci 

sandwich.  

s 

. La  , sur son 

laient prometteurs sur ces 

(2014) dans le 

de Piollet sur le comportement vibratoire et sur le comportement sous 

sollicitations cycliques 

bon candidat pour amortir les vibrations dans les structures sandwich
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suffisante pour comprendre le comportement dissipatif et les 

microscopique  

  finement 

 en particulier ceux  Un recours au 

dialogue essai/calcul   

Un code 

commercial de ca contenant 5 produits logiciels de base est 

. Seulement deux de ces cinq 

produits  et sollicitations. 

Abaqus/Explicit 

les nombreux contacts avec frottement dans - ,

Abaqus/Implicit  

 

Dans le premier chapitre, 

sandwich 

 

comportement des  

Le chapitre  , puis sa 

 afin de mettre en 

cisail  

Le chapitre 3 

compte une distribution des orientations de fibres initialement anisotrope et suit son 

 disponibles. Ce chapitr

discussion. 

Dans le 

contacts fibre/fibre dans   

mieux com

es 
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forte amplitude. 

chapitre.  

Le chapitre 5 

cisa . afin 

 de fibre

Abaqus/Implicit est le logiciel 

rapides dans une telle compagne de simulations. 

celle e aux essais de

compression.  

 

-universitaire de Recherche et 

 

es, dans le 

cadre du projet MAFIVA.  
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1.1 Les structures sandwich  

sandwich, ont pris une place de plus en plus importante dans les applications industrielles 

Allen, 1969) 

comportement en compression post-

(Jones, 1975 ; gnificative de 

structures sandwich 

-

bombardier britannique Havilland Mosquito construit lors de la Seconde Guerre mondiale est 

 

 

 

 
Figure 1.1.Composants de la structure Sandwich. 

importante (voir figure 1.2). 

Dans les structures sandwich

 

 : ceux qui proviennent de la nature des 

sandwich (Rinker et al, 2011). 
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Figure 1.2. Poutre en I. 

1.1.1 Les peaux  

les 

prises en compte lors de la conception des peaux sont, une bonne tenue dans les conditions 

environnementales re. Dans les applications 

  peaux (Gay, 

2005). Ce changement est logique au vu des ffertes par les 

 et en fatigue

comme renforts de ces composit

couteuses. 

ent. Les composites 

(Sikarwara et al., 2017). 

1.1.2  

 sont souvent 

Gay, 

les 

effets des impacts. 

 



7

1.1.3   

une masse volumique faible et des 

 de la ligne moyenne de la poutre 

cis

en compte 

  ensemble ,

dans les sections suivantes. 

i.  

 

 de ces cellules comparables celles 

l  

cisaillement /  : hexagonal, 

rectangulaire  

 usuelles sont  (tableau 

1.1

thermoplastique. Pour les autres types du m qui 

-ondulation.  

 

 

 

 

 

 



8

 

  

 

 

Papier kraft ou Nomex t 

nidas aluminium. 

 Les nidas 

 

en forme

isolation thermique, une aptitude au recyclage, une bonne 

 

Tableau 1.1  

ii. Mousses 

applications des mousses. Des renforts (aiguilles en fibres de 

carbone ou en titane) peuvent  

on peut classer selon leur 

nature en trois groupes anique. 

  

 

 anti-crash 
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 Mousses organiques 

s : 

- Mousses organiques naturelles 

s

cellulaire et fibreux avec 

un comportement anisotrope. I

pas une faible masse. Il exist

naturelles (Gibson et Ashby, 1997). 

-  

Les mouss

Biron, 2003)

telles que l'a  acoustiques et/ou thermiques. Il existe une 

(Gibson et Ashby, 1997). 

iii. Treillis 

complexes telles que les str

che de 

ouverte, qui permet la 

  kagome  diamond 

 corrugated  (Douglas et al., 2004). Elles p

leur original  

  

 



10

ont 

MPa pour une masse volumique de 183 kg/m3 (Kooistra et al., 2004) 

 

 
Figure 1.3  

  Corrugated  (figure 1.4) acier inoxydable 

 corrugated 

fournit  diamond  

 (Zupan et al., 2004)

en compression ou en cisaillement demeure plus fai ou 

de treillis pyramidaux de masse volumique comparable. 

 
Figure 1.4  

  Kagome  (figure 1.5)  kagome  

architectures les plus innovantes. Le prototypage rapide, le moula

 (Wang et al., 2003 ; Chiras et al., 2002). 
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Figure 1.5.  

 Pyramidal (figure 1.6) 

(Sypeck, 2002 ; Douglas, 

2005). Des tubes creux peuvent 

de ruine 

cisaillement (Kooistra, 2004 ; Zok, 2004). 

 
Figure 1.6 (Douglas, 2005). 

iv.   

 ou 

 de leur

eur structure morphologique.  

  

par Markaki et Clyne (Markaki et Clyne, 

mat

t du

 fibres en aciers. 
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Figure 1.7.   hybrid stainless steel assembly

HSSA (Markaki et Clyne, 2003). 

MFSSs

 (Masse, 

2006). Ils offrent un grand potentiel pour les applications structurelles. Les MFSSs sont 

 air-laid web-

forming 

MFSSs sont transversalement isotro

; ce 

qui est  (Zhao, 2013). 

 
Figure 1.8. Image MEB de MFSSs 

 

 -  

figure 1.9-a-b). Poquillon et  

 (Poquillon et al., 2005)

harge en compression ont fait apparaitre des boucles 

1.

Janghorban et al. 
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(Janghorban et al., 2006)

 

   
Figure 1.9

 (Piollet, 2015). 

 
Figure 1.10  

(Poquillon et al., 2005) 

andwich (Mezeix, 2010). Un nouveau process de 

de jonctions de  de natures s, comme le 

 3 contre environ 

150 kg/m3  de la masse volumique totale. 

 

en compression statique.  
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 ; c

sandwich 

sandwich de forme 

com

  ; 

 (Mezeix, 2010 ; Kolopp, 

2012). 

 

 

sandwich  (Shahdin et al., 

2009 ; Mezeix, 2010). Shadin a 

base de fibres de verre par rapport aux autr  ou la mousse, et 

 fibres de carbone 

e 

l

  

  (Piollet, 2014). Dans un premier temps, elle a 

n sur le 

sandwich 

Shahdin et de Mezeix sur le bon amortissement vibratoire de ce 

a mousse PMI et au nida Nomex.  

 

en compression) par ra e PMI ou au nida  dans 

ue et 

 sur celui-ci

 prenant en 

 les. Trois 

ors des essais de cisaillement 
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cyclique et en finissant par 

en compression. 

 

existants dans la lit

 

1.2   

1.2.1  

es fibres sont 

 

 (Van Wyk, 1946)

savoir la flexion. Il ne prend pas en compte, ni le frottement entre fibres, ni leur torsion. 

volume :  

     (1.1)

 k est une constante empirique,   et  sont 

pression   :  

             (1.2)

  est la longueur entre deux contacts, b  est la 

 

Le de Van Wyk 

%. 

 (Komori et Makishima, 1977). Ils ont 

 que dans le cas des fibres suffisamment longues (L/D , les interactions dues aux 
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Le nombre de contacts  

 : 

     (1.3)

 

 D  I est 

la valeur moyenne de  on des orientations de fibres. 

Kallmes et Corte (Kallmes et Corte, 1960). Ning Pan a mon

(Ning Pan, 1993) P que 

deux fibres se touchent V 

 :  

      (1.4)

 D  I est la 

valeur moyenne de   

 ne pouvait 

N-1

N-1 pouvait suivre cette expression 

(Ning Pan, 1993) tel que le nombre de contact : 

      (1.5)

  est la fraction volumique,    dans 

 

 

Lee et Carnaby (Lee et Carnaby, 1992) 

 ensuite 

(Lee et al, 1992)  

, au redressement  et au glissement entre les fibres e 

comme suit : 

    (1.6)
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  et  

pas pris en compte par les auteurs ils 

. en termes de 

(Lee et al., 1992). 

Komori et Itoh 

compression d  (Komori et Itoh, 1991) : 

-      (1.7)

  et  sont respectivement les fractions 

volumiques initiale et  

du glissement 

pour des raisons de simplification. Komori et  

 ; 

e (Komori et al., 1992). 

Toll 

 (Toll, 1998). Il a 

 N 

 : 

      (1.8)

 f est la fraction volumique de la fibre, g est une co

orientations de fibres, et r est le rapport d'aspect des fibres. 

 approche permettant de P en fonction de la 

fraction volumique.  

-      (1.9)

 

5 (Toll, 1998). 
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entre la hauteur de l

quand 

 

 

En 1997, 

cellulaire (figure 1.11-b) dont ses cellules 

entre elles par des jonctions (figure 1.11-a). L Gibson et Ashby peut 

s liens permanents

analytique fournit une 

1997) : 

      (1.10)

   L est la distance entre jonctions et D 

de fibre.  

 quand les 

sont plus  

 

Figure 1.11. (a) O

 

 

 (Markaki et Clyne, 2003)

W 

(figue 1.12). Cet effort est 

. Les conditions aux limite
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Figure 1.12  Clyne, 2003).

 

La contrainte  W  : 

      (1.11)

 N  

 : 

     (1.12)

  est la hauteur moyenne des fibres et  

 

 W 

 

=     (1.13)

 L  est le module 

 D 

W.  

lyne est alors la suivante

(Markaki et Clyne, 2003) : 

     (1.14)

 f est la fraction volumique. 

contacts lors du chargement. Les jonctions bloquant les 
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Le 

1.2.2 ques  

(Beil et Roberts, 2002, 2004)  et 

glissant  

du contact : Fr Ff est la force de frottement qui est 

 : 

      (1.15)

  est une constante positive et   

 : 

     (1.16)

l . 

section et leur abscisse curviligne (Beil et Roberts, 2002-part I)

prolongement fictif des fibres en dehors du volume cubique, ils ont introduit deux types de 

mouvements dans le plan de chaque surface alors que ceux de grande raideur permettent de 

limiter les mouvements perpendiculaires aux faces. 

 

demande 

 

 (Beil et Roberts, 2002-part II)

nouveau cycle de chargement

auteurs estiment que cela peut  
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Figure 1.13. -

fonction de volume (Beil et Roberts, 2001-part II). 

Durville a 

 (Durville, 2005)

une grand -frottement entre les 

fibres. Il a, pour se faire

contacts. 

parts de fibres sont 

proches et un contact entre eux peu  

Beil et Roberts (Beil et Roberts, 2002), par son abscisse curviligne et ses deux 

 

Les zones 

es, et les 

 

, alors : 

    (1.17)

Sinon 

    (1.18)
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  est la composante tangentielle au contact due au frottement,  la composante normale 

 est le coefficient de frottement.  

 

 
Figure 1.14. -

fonction de volume (Durville, 2005). 

 

En 2005, Rodney et  

  (Rodney et al., 2005)

de 

 

 

 
Figure 1.15  (Rodney et al., 2005). 

Le comportement en traction et en flexion des fibres, ainsi que la non-

comme suit : 



23

     (1.19) 

  

D  est 

 est la fonction escalier de Heaviside. 

 interactions 

 

fraction volumique et la pression en compression ; 

rapport de forme L/D ; avec L la longueur de fibre.  

forme des fibres est suivie d

 

 (Barbier et al., 

2009).  

 

 
Figure 1.16  l

(Barbier et al., 2009). 

La compression 

longueur des segments ; 

 

 P 

relative des fibres, f :  

 

    (1.20)
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 fc 

Van Wyk dans le cas de la compression 

isostatique, et un exposant compris entre 2 et 3 dans le cas du cisaillement. 

La figure 1.

fficient de frottement, tout en restant 

, induit une une augmentation au niveau de la 

Les auteurs 

 (Barbier et al., 2009)

fibres est leur flexion autour des points de contact. 

 

 
Figure 1.17. Influence du coefficient du frottement sur la courbe de pression en fonction de la 

 (Barbier et al., 2009). 

Abd El-

-Rahman et Tucker, 2013-

une cellule unitaire avec des conditions aux limites 

; 

augmente quand le rapport de forme diminue.  

la sortie de fibres du volume de simulation. Cette sortie de fibres peut avoir un impact sur la 

contrainte de compression, sur la distribution des fibres et sur le nombre de contacts. 

 La figure 1.18-a montre que la courbe des contraintes en fonction de la fraction volumique 

grand et 

 

-b). 
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Figure 1.18

 

frottement 0,6 et 0,3 (Abd El-Rahman et Tucker, 2013, part II). 

 

  

 Carbon-bonded carbon fiber composites

CBCFs (voir figure 1.19) (Zhang et al., 2017). 

 
Figure 1.19. Un 

grandie de deux 

 

(Zhang et al., 2017). 

des directions des fibres dans le plan, et une 

distribution hors-  : 
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=    (1.21)

 D  L est sa longueur  

-chevauchement entre 

 

 

      (1.22)

Cela 

and nombre de points. La fibre avec un plus grand

 : 

     (1.23)

La figure 20-

les auteurs. 

La 

figure 20-

des directions au voisinage de la direction de compression augmente, 

du CBCF augmente.  

  
Figure 1.20. (a) 

 (Zhang et 

al., 2017). 

En 2017, Ma  

 porous metal fibre sintered sheets MFSSs) (Ma et 
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al., 2017) (figure 1.21-b) 

 tomographie par rayons X (figure 1.21-a). Celle-ci permet 

.  

Figure 1.21. (a)  et (b) 

 (Ma et al., 2017).  

La construction e 

-

d  et la longueur 

de la fibre L qui sont 

 compris entre 

de fibre varie re moyen, d = 11,1 mm) 

alors que la longueur de fibre varie entre 0,8 mm et 1,2 mm (la longueur moyenne, L = 1 

mm). L , qui est ba

complexe en termes L  permet  tous les 

 sur les intersections possibles entre les fibres. Cependant, la gestion des positions des 

fibres prend en compte la croissance  dans la dimension hors plan. empilement 

des fibres se fait une par une  fibres. Cela induit un

res peuvent avoir des sections variables, 

dans la figure 1.22-a, d . La 

figure 1.22-  

MFSSs selon les  entes sections, d1 et d2 (voir figure 1.22-a).  

 



28

 
Figure 1.22

 (Ma et al., 2018). 

 

1.2.3 Conclusion 

il 

au cours du chargement (nombre de contacts, distribution des 

de fibres, sans ou avec des liens 

entiers  cubes contenant des dizaines de milliers de fibres. Le 

e celui d

 

la 

certains  

 
Taille de VER 

(mm) 

 

 

Fraction 

volumique de 

fibres initiale 

(%) 

Abd El-Rahman et 

Tucker, 2013 

2 x 2x 2 

& 

3 x3x3 

18 5 

Zhang et al., 2017 1.5 x 1 x 1.5 9 14 

Ma et al., 2017 1x1x1 11,1 (moyenne) 8,6 
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grand nombre de fibres ou 

Durville, 2005 ; Beil et 

Roberts, 2002). Abd El-Rahman et Tucker III 

% 

 (Abd El-Rahman et Tucker III, 2013). 

validation 

des par exemple en termes de courbe

, dans ces travaux de  nous nous 

attach

.  

Barbier et 

 frottement (Barbier et al., 2009)

est relativement pauvre sur ce sujet traitant le chargement de cisaillement. Lors de ce travail 

jonctions bloquant permet 

de 8,5%.  

ibres 

 ; Zhang et al., 

2017). 

ilisable pour les cas de 

 ressort  

et sur 

celle en cisaillement

importante permettant de  

architecture . 
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2 
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2.1 Introduction 

 

. Toutes les 

 

Mezeix et Piollet (Mezeix, 2010 ; Piollet, 2014). Cependant, quelques essais et 

 

2.2  

2.2.1  

e  

avec des fibres de carbone et/ou des fibres de verre (tableau 2.1). Le choix des fibres de 

and

 Les fibres de verre, ont 

avec des fibres de carbone car elles t est plus faible. Le but 

- est 

nt le comportement  

 

Type de fibre  TEX 
( ) 

Masse volumique

(kg.m-3)

Carbone Tenax-E HTA40 E13 3K 200 7 1770 

Verre Roving EC 14 2400 P145 2400 14 2600 

Tableau 2.1  

-

s la forme de bobine. Un coupeur acquis chez Matrasur Composites est 

2.1-a). Plusieurs dimensions 

ur 

-ci soient 

 litres (figure 2.1-b). 

6 
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, Mezeix 

 2.1-c

une pression de 

 

    
(a)      (b)         (c) 

Figure 2.1

 

La fab

 

 ; 

teinte, les fibres enche

figure 2.2-a

 

-

compression induisant une anisotropie dans l

 

figure 2.2-b).  
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 (a)          (b) 

Figure 2.2. 

2.2.2   

, compte tenu du faible 

 

 GE Sensing) 

 concluants. Il a  

 

2D.  du CIRIMAT, 

sous 10 k and

Les 

sur la figure 2.3-a

 ; globalement de tailles relativement similaires. Le 

figure 2.3-b) ; les fibres peuvent alors glisser les unes 

contre les autres. Au vu des nombreuses observations es contacts entre fibres sont

 

    
(a)       (b) 

Figure 2.3. 
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avant toute compression pou pertinente. Cette 

 

 
Figure 2.4. Image MEB 

 :  f =1,2% 

Les 

Fourier Transform) de ces images. 

Figure 2.5. 

figure suivante. 

La figure 2.5  

sur la FFT. du signal de la FFT e analyse 

2.6. 
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Figure 2.6. selon de  

 Pour limiter le risque de pollution du MEB par les fibres, 

 scotch carbone conducteu  pas possible 

de tilt

  : la distribution des orientations initiales des 

fibres  de fraction volume f = 1,2%. 

andissement plus fort

(Figure 2.7) -dessous, et au moins 

figure 2.5. 

Figure 2.7. (a) 

 : f =1,2% et (b) FTT correspondante. 

compression. Dans les simulations du chapitre 3, celle-ci fait passer la fraction volumique de 

.  
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e au scotch carbone conducteur 

sur un plot en aluminium, lui-

 Il est possible que celui-ci, qui modifie les conditions 

aux limites locales, puisse modifier  

(environ 5 

. 

Figure 2.8. 

 

Compte tenu de la taille de la seringue, 

ntoure, des effets de charge locaux ont rendus les observations 

and

Pour garder des images exploitables en FFT, 

grand  La figure ci-

chaque FFT et ces 

distributions  

 
Figure 2.9. Image MEB  

 f =  

 do  dans la figure 2.10 : 
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Figure 2.10.  =  = 6%. 

 

 Ceci constitue un 

 

2.2.3 sais  

i.   

. Dans cette partie, nous allons 

2.1), et trois famille

 : 

 100% carbone  

 100% verre  

 carbone  

 

-  

PVC (polyvinyl chloride) et de deux pistons en PMMA (polymethyl methacrylate) (figure 

2.11

e de fabrication 
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Figure 2.11  

 

une valeur de fraction volumique initiale de 6% 

(tableau 2.2

cette fraction volumique f = 

 

de 

 

2.3

 

 

Famille 

Masse de 

fibres de 

carbone (g) 

Masse de 

fibres de 

verre (g) 

Fraction 

volumique 

de carbone 

(%) 

Fraction 

volumique 

de verre (%) 

Fraction 

volumique 

totale 

(%)

100% carbone 9 0 6 0 

6carbone/ 

verre 

75% C / 

25% V 
6,8 3,3 4,5 1,5 

50% C / 

50% V 
4,5 6,6 3 3 

25% C / 

75% V 
2,3 10 1,5 4,5 

100% verre 0 13,3 0 6 

Tableau 2.2 s. 
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  N). La 

tesse de 

initiale de  

Famille 
Contrainte initiale  (MPa)

 1 

100% carbone -0,03 -0.029

 

verre 

75% C / 

25% V 
-0,023 -0.025

50% C / 

50% V 
-0,019 -0.020

25% C / 

75% V 
-0,017 -0.015

100% verre -0,009 -0.0014

Tableau 2.3. . 

ii.   

 Mezeix 

(SD8100, SD1710) (Mezeix, 2010). Dans ce travail de 

 

le chapitre suivant. 

dimensions 60  et de hauteur  = 40 mm. Leur masse volumique vaut toujours 

180 kg/m3 3 de fibres de carbone (tableau 2.4), ce qui correspond 

fraction volumique de 8,5%, et de 30 kg/m3 

 kN. La 

figure 2.12 it fixe 
-1 

. 

 

Fibres Carbone 

Fournisseur Toho Tenax 

 HTA 5131 

Tex 300 

Masse volumique (kg/m3) 1760 

 7 

 240 

Tableau 2.4

recherche de Mezeix. 
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Figure 2.12. (Mezeix, 2010).

iii.   

 

seul type de fibres ;  

1770 kg/m3

 

 

l  L  h = 40 mm  60 mm  20 mm (voir figure 2.13-a 3 mm3. 

Pour avoir une masse volumique de 150 kg/m3

8,5%, une masse de fibres de carbone comprise entre 7,1 g et 7,2 

1,44 

180 kg/m3  

figure 2.13-b). 

 mm en utilisant la colle Redux  609. Au centre du 

 

(figure 2.13-c

 : 

      (2.1)

 

  et f  

  Hz qui garantit 
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   (a)           (b)           (c) 

Figure 2.13

appliquer la sollicitation cyclique (Piollet, 2014). 

2.3  

2.3.1 Essai de compression sur des   

La figure 2.14 

e 

 mm va engendrer une contrainte initiale 

 

2.5). En particulier, plus la fraction volumique de carbone augmente et plus la contrainte 

initiale  est grande. 

 
Figure 2.14  

figure 2.15 illustre deux cycles de charge/
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 les structures. 

(Piollet et al., 2016

, puis 

cycle de charge  ;   , puis est 

. 

 

 
Figure 2.15. Essais cycliques de compression de fibres  

2.3.2 

2010) 

La figure 2.16 pr

 2.4).  

 : 

      (2.2)

 u(t) h0  

La contrainte de compression  F(t) : 

      (2.3)

S0 
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  -

grand 

2.5). 

 Ecompression (MPa) 

(Zenkert (1997)) 
620 

Mousse PMI 110 

(Zenkert (1997)) 
160 

 

de carbone (Mezeix 

(2010)) 

5 - 6 

Tableau 2.5

 

Quand 

Mezeix et al., 2009, Masse, 2013

figure 2.16.  

-  

- 

des fibres. 

- 

 

 

Gibson et Ashby, 1997). 

 
Figure 2.16
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2.3.3 Essai de sollicitation cyclique sur le  

(Piollet, 2014)  

La figure 2.17 

de cisaillement   lors du cyclage.  

En supposant que le cisaillement  h   

      (2.4)

La contrainte de cisaillement  F(t) : 

     (2.5)

 

stabilisation du cycle 

  = ici de 20 Hz. Cependant, Piollet 

partie  

 : 

    (2.6)

 

     (2.7)

 MPa pour la plus grande amplitude de sollicitation (1%). 

 
Figure 2.17
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Sur la figure 2.18

de la courbe contrainte/
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  = 0,5% et laisse apparaitre une rigidification. 

 
Figure 2.18

20 Hz (Piollet, 2016). 
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A B S T R A C T

A new entangled cross-linked material was recently developed in order to present a new core material that can

resolve the drawbacks of the honeycomb. The optimization of entangled carbon fibres requires a deep under-

standing of the influence of the parameters of a fibre network on its macroscopic behaviour. This paper presents

a 3D finite element model to investigate the compressive behaviour of this fibrous material. The current work

focuses on a representative volume element (RVE) with appropriate boundary conditions and initial fibre dis-

tribution close to that of the experimental test. The morphology of the RVE is examined before loading. The

simulation results show a good correlation with the experimental data in terms of stress–strain curves. The

descriptors of the morphology such as the distance between contacts and fibre orientation are studied under

compression loading.

1. Introduction

Sandwich structures are of great interest due to their attractive

benefits, which include high stiffness to weight ratios [1,2]. As a result

of these advantages, the use of composites has improved greatly in

structural applications, first of all in the aerospace field.

Honeycomb is widely used as a core material in sandwich structures

due to its good cost–benefit ratio and its high stiffness for bending so-

licitations. Although this cellular material presents attractive proper-

ties, its implementation in complex structures and its quality control

process are often difficult. Other drawbacks of this material are the low

vibration damping and the closed porosity, which can induce con-

densation in operating conditions.

Recently, Mezeix [3,4] developed a new material in which carbon

fibres were first entangled (Fig. 1) and then cross-linked (Fig. 2) with

epoxy resin to increase the stiffness for compression solicitations. Al-

though this material offers many advantages that provide solutions to

the drawbacks of the honeycomb, such as open porosity, adaptability to

complex structures, and good vibration damping [5], it cannot sub-

stitute for honeycomb in the aerospace field due to its low stiffness for

compression solicitations. In order to understand and optimize the be-

haviour of this material, a numerical study seems necessary and this

current work presents the first step in its modelling. Unlike honeycomb,

which has been significantly studied [6,7], limited researches [8,9]

have been conducted to study and understand fibrous materials because

of their complex tangled geometry.

The manufacturing process that will be presented later in Section 2

does not allow blocking of all the fibre–fibre contacts by the epoxy

junctions (cf. Fig. 2). That is why we can find two types of interactions

between fibres in the entangled cross-linked material. The first is the

interaction through the cross-links and the second is the friction be-

tween fibre surfaces. Piollet [5] has concluded that this second type of

interaction is responsible for the promising vibration damping of such

material. Frequent fibre–fibre contacts without cross-links exist initially

in the material and their number can grow significantly under loading.

This growth is mainly due to the deformation of the fibres, which in-

duces new fibre-to-fibre contact, but also, at larger strain, due to the

breaking of some epoxy junctions. This allows some fibres to move

more freely and then to touch others fibres. These fibre–fibre interac-

tions have a noticeable effect on the macroscopic behaviour. A nu-

merical study of fibre networks without cross-links can have consider-

able importance and can bring a first idea about the influence of

fibre–fibre contacts without junctions on the behaviour of the cross-

linked material.

This investigation is based on a representative volume element

(RVE) because macroscopic stresses and strains can be determined by

the microscopic stresses and strains over a representative cell unit. Hill

[10] concluded that the complex computation can be reduced by the

use of RVE as a full-scale model.

The first model of the uniaxial compression of 3D randomly oriented

fibre assembly was developed by van Wyk [11]. It is based on the

bending of fibres between contacts but does not take into account the

fibre friction, the slippage, or the fibre twisting. Van Wyk does not

include the frictional forces between fibres and he considered the
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distance between contacts to be proportional to the fibre volume frac-

tion. He proposed the following equation, which presents the re-

lationship between pressure and volume:

= −P kE f f( )fibre
3

0
3

(1)

where k an empirical constant, Efibre is the fibre elastic modulus, f is the
fibre volume fraction, and f0 is the initial fibre volume fraction, that is

to say the fibre volume fraction without any forces at the maximum

unforced packing. Van Wyk concluded that his theory is valid only for a

moderate fibre volume fraction lower than 10%.

Komori and Makishima [12] developed a theory that takes into

account the fibre direction in different configurations in order to predict

the number of fibre-to-fibre contacts in fibre assemblies. However, they

do not predict the mechanical properties of the fibre network. The

applicability of this theory is limited because it assumes affine de-

formation of the contact points between the fibres and it is only

available for axial compression loading. Ning Pan [13] reported that the

prediction of the number of contacts is too high in Komori and Ma-

kishima’s theory. He proposed a modified approach to provide predic-

tions of microstructural characteristics of fibre assemblies. He studied

three different fibrous systems: ideal twist yarn, 2D random structure,

and 3D random assembly, which can be a great basis for investigations

of the properties of practical fibre assemblies. Lee, Carnaby, and

Tandon [14] analysed the compression of a random fibre assembly

using the bending energy while neglecting the crimp. Their model

shows that if only fibre crimp is increased for a generated initial geo-

metry, the tangent compression modulus actually decreases. A micro-

mechanical theory based on a statistical investigation of the distribu-

tion of contacts was developed by Toll [15]. He assumes that there is no

statistical correlation between the height of particle and the distribu-

tion of the incremental forces. This assumption is a limitation of his

approach because it can break down if the individual particles differ

greatly in stiffness or size. Toll proposed an approach to calculate the

number of contacts per fibre for slender fibres:

=N
π
frg

8
c (2)

where f is the fibre volume fraction, g is a constant depending on the

fibre orientation distribution, and r is the fibre aspect ratio. Beil and

Roberts [22] carried out a numerical simulation of the uniaxial com-

pression of a fibre assembly. In their model, the frictional and repulsion

forces are used to model the fibre contact points. Their results show that

the number of contacts in the assembly increases at a higher rate than

that predicted by van Wyk. Their numerical model is limited to mod-

elling a low volume fraction of f=0.8% and its computational cost is

very high. Barbier et al. [16,17] used discrete element simulations for a

larger volume fraction of up to 35% but for assemblies of only 250

fibres with a small aspect ratio (20) because of the computational cost.

Durville [18] proposed a finite element approach that discretizes the

contact–friction interactions from intermediate geometries to simulate

the mechanical behaviour of beam assemblies. The application of this

approach to the simulation of knot tightening proves that it is able to

model the mechanical behaviour of fibrous materials. Recently, Abd El-

Rahman and Tucker [19] presented a numerical model of a fibre net-

work which advanced the understanding of the evolution of micro-

structure under deformation. Although this model can be used for a

high volume fraction of f=25%, it was not compared with experi-

mental data. Their numerical results are affected by fibres coming out

of the simulation box. This loss of fibres can have an impact on the

stress, fibre distribution, and number of contacts.

2. Material and methods

2.1. Manufacturing process

In the present work, the entangled material is made with carbon

fibres which provide high mechanical performance. The filament dia-

meter is 7 µm and the elastic modulus is 240 GPa. A Mettler balance

(± 0.1 g) is used to weigh the samples. Microscopic observations of

entangled material are carried out using an FEI Quanta 450 scanning

electron microscope operating at 15 kV.

Mezeix [3] introduced the process of manufacturing. First of all,

carbon yarns are cut to a fixed length of 12mm. Many fibre lengths

were tested before choosing the size of 12mm which guarantees the

best separation and entanglement of the fibres [3,4]. Then, carbon fi-

bres are simultaneously separated from the received yarns and en-

tangled in a 64 L blower room by manual application of compressed air.

The air flow pressure is 6 bar. Fig. 1 shows a scanning electron micro-

scopic observation of the separated entangled fibres. The contacts be-

tween fibres are not glued and so the fibres are free to move. We will

focus just on the entangled material without cross-links in this current

work, which will be considered as a first investigation of the influence

of microstructural properties in the global behaviour of the assembly.

This first step is necessary before blocking (see Fig. 2) some points of

contact with epoxy junctions as this gluing is done on an assembly of

fibres that has been submitted to prepacking during a first compression

step.

2.2. Experimental set-up

The entangled fibres are placed in a cylindrical cell to be tested as

shown in Fig. 3a. The two pistons are made of PVC (polyvinyl chloride),

while the cylinder is made of PMMA (polymethyl methacrylate). The

inner diameter of the cylinder is equal to 60mm, which is five times

larger than the fibre length. The entangled fibre sample can be com-

pressed within the cell to different volume fractions by means of a

movable piston. Initially, a mass of 9 g of entangled fibres is packed

manually in the cylinder. The upper piston is moved down until a vo-

lume fraction equal to 6% is obtained. This process induces a

100 m 

Fig. 1. Scanning electron microscope observation of entangled carbon fibres

before packing operation.

100 m

Some epoxy junctions

Fig. 2. Scanning electron microscope observation of entangled cross-linked

carbon fibres.
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modification of the initial isotropic distribution of the fibre orientation.

In the next section, this new distribution will be determined numeri-

cally with an original technique. Fig. 3b shows an experimental curve

corresponding to a representative compression test carried out at

0.08mm per second. Due to the initial packing, the initial stress σinitial is

different from zero. It is equal to−0.03MPa. This value is measured at

the end of fibre packing and exactly at the height of 30mm of the fibre

assembly. It corresponds to the stress required to obtain a volume

fraction of 6%. Under increasing compression, the fibres begin to be

rearranged until a deformation value of about −0.4 is reached. After

that, a phase of densification occurs in which the stress increases more

significantly with strain.

3. Direct numerical simulation method

A whole sample of entangled material of the size indicated in Fig. 3a

contains 11 million carbon fibres and a great number of contacts. In this

case, the numerical modelling of an entire sample would incur a high

computational cost and would be complicated. Therefore, we have

chosen to model a representative volume element (RVE), taking into

account the appropriate boundary conditions and the representative

initial fibre orientation distribution in order to be closer to the real

conditions of experimental tests. A morphological study of the assembly

of entangled fibres is carried out to choose the appropriate size of this

RVE, which is then compressed. So we have to cope with a model taking

into account large deformation and geometric nonlinearity.

The nonlinear finite element solver in ABAQUS/Explicit is used for

simulation for two reasons. Firstly, it offers us the possibility of using

large-deformation beam elements. Secondly, it is efficient to capture

and model the several contacts via its general contact algorithm. Each

fibre is modelled by a variable number of 3D Timoshenko beam ele-

ments (B31 [21]) depending on both the number of contacts and on its

orientation (see Fig. 4) in the RVE that determines its length in the

computation.

3.1. Generation of initial geometry

The geometry of the RVE is generated with an in-house pre-pro-

cessing program written in FORTRAN language. It is in cubic form with

an edge length of l (cf. Fig. 5). Different values of l are tested to choose

the most appropriate size for the RVE and at the same time minimize

the calculation cost. The whole investigation is carried out and detailed

in the next section, and finally the length l=1mm is adopted. The

generation of the fibre assembly by in-house preprocessing is as follows.

First, a random point, which is presented in purple1 colour in Figs. 4

and 5, is picked in the cube. Then, two angles θ and φ are chosen to

create an isotropic fibre distribution. θ is the angle between the fibre

direction and the compression axis z, while φ defines the angular di-

rection of the fibre relative to the axis x.

The isotropic fibre distribution is generally presented by sine form

[20]. It is characterized by more fibres that have an angle of θ = π

2
in

relation to the compression axis z. In Fig. 6, the comparison between

the orientation of the numerically generated fibres and the theoretical

Fig. 3. (a) Cylindrical cell for compression test. (b) Example of experimental mechanical response of the entangled material fibre under compression, emphasizing

the rearrangement step and then the densification of the assembly.

Fig. 4. Definition of polar and azimuthal angles of fibre.

1 For interpretation of color in Figs. 4, 5 and 10, the reader is referred to the web

version of this article.
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isotropic orientation shows a good correlation. This point has been

verified on several different draws. As the volume is cubic and not

spherical, it was important to verify that this choice did not induce any

bias. The numerical curve becomes closer to the theoretical one when

the size of the RVE is larger. The final choice of the length l is based on

the best isotropic morphology with the lowest calculation time. It is a

compromise between the accuracy of the description of the morphology

of the material and the calculation cost. This choice of the size of RVE

will be specified in the next part and will be used thereafter in all nu-

merical simulations of compression.

Straight fibres are generated in the cube. Each fibre is delimited by

two intersection points between its directions and the faces of the box.

These points are presented in red colour in Fig. 5. When the distance

between two fibres is less than the diameter of the fibre then two nodes,

coloured green in Fig. 5, are created on each fibre. These points allow

the fibre to be cut into segments of different lengths. Each segment

corresponds to a beam element of the model. Some nodes can be can-

celled if the elements limited by them are very small. The length of

these elements should be twice as long as the fibre diameter in order to

avoid the use of very low time steps in explicit calculation. So this

condition makes it possible to minimize the computational cost. Fig. 5

presents the different steps of fibre network generation in a box of

1× 1×1mm3 size.

For the anisotropically distributed fibres, the method of fibre gen-

eration is the same as in the isotropic case except that the fibre direction

θ follows a different law. The sine form is replaced by a Gaussian dis-

tribution, as shown in Fig. 6. This modelling has been chosen after the

first compression simulations. In the Gaussian distribution, there are

more fibres around the angle θ = 90° than in the isotropic case because

many fibres lose their vertical orientations during the packing/com-

pression process. As a matter of fact, the peculiar shape obtained for the

distribution of the fibre orientations after increasing compression seems

well represented by a Gaussian function. So, for the generation of an

anisotropic assembly of entangled fibres, the angles θ are calculated

from the following Gaussian distribution:

= × ×
−

−

×

( )
g θ

θ
e A( )

sin

2

θ

σ2

π
2
2

(3)

where A is a constant such that ∫ =g θ dθ( ) 1
0

180
and the standard de-

viation σ depends on the compression ratio. For the experimental data

of this study, the value of σ equals 0.4. This value is determined from

the numerical investigation carried out in the next section.
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Fig. 5. Principle of generation of the fibre network.
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Fig. 6. Comparison between the numerical results and the theory for isotropic and anisotropic fibre distribution.
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3.2. Determination of the size of the morphological RVE

3.2.1. Distance between contacts

The RVE is widely used to predict the properties of random mate-

rial. It is important to determine the proper size of RVE which will

provide a structure with stable morphological characteristics. One of

the most important characteristics is the average distance between

contacts, which influences the macroscopic behaviour of the material.

Mezeix [3] has shown by his microscopic observations that the ob-

served average distance between contacts for entangled carbon fibres

with a volume fraction of 8.5% is −
+120 70

140 µm. The tolerance interval of

this value confirms the large dispersion he observed. In our morpho-

logical study, we have chosen different sizes of RVE in ascending order.

For each case, 10 different draws are generated, so 10 different fibre

entanglements with a fibre volume fraction of 6% are studied. The

average distance between contacts is calculated for each draw. The

numerical results, as illustrated in Fig. 7, show that this parameter

converges to the value of 112 µm. This value is not far from the one

found by Mezeix in his investigation. For RVEs larger than 1mm, the

dispersion between draws is less than 5%. When the size is smaller, the

values of the average distance between contacts become dispersed. A

cubic box with sides of 1mm seems to correctly represent the mor-

phology of the assembly and is kept as the RVE for the rest of the study.

It is the smallest size that can offer a stable value of distance between

contacts for each draw with the minimum number of elements. This

choice allows the calculation cost to be minimized.

3.2.2. Distribution of fibre orientations

Another key parameter that needs to be studied is the distribution of

fibre directions. As 10 draws have been generated for the cubic RVE

with a size of 1mm and fibre volume fraction of 6%, for each of them,

corresponding to different colours in Fig. 8, the proportion of fibres in

each interval of θ, the angle between the fibre direction and the com-

pression axis z, is plotted. The angular amplitude is divided into 36

regular segments of 5°. The black curve is the theoretical curve of a

random fibre assembly. A good correlation is obtained between the

theory and the FORTRAN in-house preprocessing program used to

generate the random geometry in terms of the distribution of the fibre

directions.

In order to quantify the difference between the generation of nu-

merical fibres and the theoretical sine distribution, a deviation measure

is defined as:

∑=
−

Deviation
Fibresratio θ θ

θ

( ( ) sin( ))

sin( )
i

i i

i

2

(4)

The fibre orientation is studied for all the fibre assemblies generated

for the different RVEs. The deviation versus size is plotted in Fig. 9 for

the 10 draws of each RVE. The deviation converges to zero and once

again an RVE size of 1mm3 appears to be a good compromise to de-

scribe the morphology with accuracy while reducing the computational

time.

3.3. Determination of the initial distribution of fibre orientations

At the end of fabrication in the compression device, the entangled

and packed carbon fibres no longer have an isotropic distribution of

fibre orientations. The initial isotropic distribution is indeed modified

when the fibres are placed in the cylindrical cell (cf. Fig. 10) and

compressed to a height of 30mm to get the target initial volume frac-

tion of 6%. Before the fibre packing process, the height of the entangled

sample placed in the cylindrical cell is about five times higher than the

height necessary to obtain a volume fraction of 6%. A preliminary

numerical study is then carried out to identify the new distribution of

the fibre orientations after the packing process. Then, a RVE in paral-

lelepiped shape is generated with an isotropic fibre distribution, which

is presented in Fig. 10 by the bold dashed black curve. Its height is five

times greater than the usual height and its section dimensions are
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Fig. 7. Investigation of the average distance between contacts for a material

with a volume fraction of 6%. For each RVE size, 10 different morphologies are

generated.
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Fig. 8. Distribution of the fibre directions of the 10 random geometries gen-

erated for an RVE with sides of 1mm.
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Fig. 9. The influence of the RVE size on the deviation of fibre orientation of the

numerically generated geometries compared to the theoretical sine distribution

corresponding to the isotropic distribution of fibres. See Eq. (4) for the defi-

nition of the deviation.
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1×1mm2. So its volume fraction is five times smaller than the one

adopted at the beginning of experimental loading and equals 1.2%.

After the isotropic generation of fibres in this RVE, it is compressed

axially until a height of 1mm is obtained, which provides a volume

fraction of 6% and the distribution of the fibre directions that will be

used initially for the simulation with the 1×1×1mm3 RVE. The

numerical modelling is carried out in ABAQUS/Explicit, which is a good

tool for managing the geometric nonlinearity accompanied by the

contact phenomenon. The compression is carried out from 5 to 1mm

with high velocity in order to minimize the calculation time. We have to

stop the simulation at this level and do not continue the compression

because it is difficult to achieve convergence of the calculation when

the height of 1mm is reached. The use of 3D explicit finite element

analysis requires a dynamic investigation and a fixed time step which is

linked to the smallest element. At the height of 1mm, the time step

fixed in the beginning of the simulation seems to be not less than the

time needed for the wave to go across the smallest element and so the

Courant-Friedrichs-Lewy (CFL) stability condition cannot be satisfied

[21]. Therefore, a new geometry with a size of 1× 1×1mm3 is cre-

ated. The fibres in this new geometry (see green curves of Fig. 10) are

generated in such a way that the distribution is Gaussian and re-

presentative of the one obtained after the initial packing process (see

the red curves in Fig. 10). The comparison between the anisotropic fibre

distribution used and the one found after the packing process shows a

slight difference. We do not generate the exact anisotropic distribution

found after the packing of the fibres; it would have used a function

much more complex than the Gaussian function (3). But the result that

is found with a standard deviation σ = 0.4 remains a good approx-

imation to the desired anisotropic fibre distribution.

3.4. Explicit simulation

All simulations are performed in ABAQUS/Explicit, which is

efficient for the problem of large deformation with several mechanical

contacts. Each simulation uses 20 parallel processors and 3 GB of

memory per processor and lasts about 16 h. The RVE size is

1× 1×1mm3 and 1710 carbon straight fibres are generated inside in

order to have a targeted initial volume fraction of 6%. The fibre lengths

are variable (its mean is 0.9 mm) and the fibre diameter is equal to

7 µm. Indeed, if the real fibre length is 12 mm, in the simulation the

fibres pass through the box and thus have lengths which vary with their

initial orientation. The fibre mechanical properties used in the simu-

lation are shown in Table 1.

The geometry is surrounded by six rigid faces to be close to the

boundary conditions of the experimental. In Fig. 11, these faces are

Fig. 10. Numerical determination of the fibre orientation distribution.

Table 1

Mechanical properties of carbon fibre.

Density, ρ 1770 kg/m3

Elastic modulus, E 240 GPa

Poisson’s ratio, ν 0.3

Friction, µ 0.05

Fig. 11. Rigid surfaces in green that surround the geometry containing 21,549

beam elements and prevent the fibres leaving the box during the compression

process. The z axis is vertical and is the direction of compression. The upper

surface moves downward to compress the fibres. (For interpretation of the re-

ferences to colour in this figure legend, the reader is referred to the web version

of this article.)
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presented in green colour and two faces are removed to show the

geometry of the assembly of fibres generated inside the box. Only the

upper face can move along the compression axis z to impose the com-

pression of the RVE.

The ABAQUS/Explicit [21] general contact algorithm is used to

manage the interaction between pairs of fibres and the interaction of

one fibre with itself. In order to have a no-penetration condition, the

“hard contact” type is chosen. The friction coefficient introduced is µ =

0.05, which is often used for composite studies [22].

The choice of the loading time step is very important in the use of

ABAQUS/Explicit. It is a principal key to have a quasi-static response

with the lowest computational cost. ABAQUS/Explicit is usually con-

sidered as a good tool in dynamic analysis but it can be relevant in

quasi-static studies if appropriate conditions are respected. The kinetic

energy of the whole finite element model is followed during the de-

formation in order to verify that it remains low compared to the other

energies. A special technique of loading is adopted, as shown in Fig. 12.

The applied velocity is imposed in successive steps. Between each two

consecutive loading steps, a relaxation plateau is introduced in order to

stabilize the structure and to reduce the kinetic energy (Fig. 13). During

this plateau, successive steps of relaxation are imposed. Between each

two consecutive relaxation times, the motions of all nodes are stopped

in order to avoid the divergence of the kinetic energy. This method

allows the convergence of the kinetic energy to zero at the end of each

plateau and ensures that the system inertia does not affect the com-

pressive stress.

Fig. 13 illustrates the imposed strain, the kinetic energy, and the

compressive stress of a confined compression test. In this simulation,

the size of the RVE is 1× 1×1mm3 and the initial fibre distribution is

anisotropic, as shown in Fig. 10. Only the three first loading steps are

retained in Fig. 13 to show clearly the convergence of the curves during

the relaxation steps.

The total physical time used in the loading step is equal to 0.0025 s

and the time increment chosen to have a strain rate much less than the

wave speed is 0.01 µs.

In the simulations, the material density is increased artificially in

order to control the time increment. The use of mass scaling makes it

possible to achieve an economical solution for the expensive compu-

tational cost [21]. The simulation requires 250,000 time increments for

a loading step with 8% strain and 2000 time increments for each re-

laxation step in the plateau. The total duration of the simulation is

about 16 h.

4. Results and discussion

4.1. Compression test

The initial packing process has induced anisotropy, which is em-

phasized during the following compression. As illustrated in Fig. 14, the

fibre rearrangement is noticeable and more and more fibres have a θ

angle orientation that is close to perpendicular to the compression axis.

The number of contact points increases and so the average distance

between contacts decreases. The evolution of this parameter depends

on the volume fraction and on the orientation distribution of fibres too.

In these simulations, the friction coefficient is 0.05 and sliding at con-

tact points is permitted. The friction coefficient of the fibre with the box

surface is 0.05.

The stress versus strain curves (Fig. 15) give valuable information

for the interpretation of the compression behaviour. The comparison

between the numerical curve and experimental data presents a good

correlation with respect to two phases: the first is the rearrangement of

the fibres and the second is the densification. Numerically, the curve of

stress versus strain is steeper than the experimental curve and the

densification takes place earlier. This can be explained by two factors:

first, the tortuosity of fibres, which is small but is not taken into account

in the model, and second, the idealized morphology of the computa-

tions. In the real packing, not all of the fibres are perfectly separated

and some very small yarns remain. The real material is then probably

more heterogeneous than the numerical one. If areas with remaining

yarns are denser, then some areas with fewer fibres are weaker and

probably responsible for larger deformation. The initial stress is dif-

ferent from zero for the experimental curve due to the load applied in

order to get an initial volume fraction of 6%. However, the re-

arrangement phase, which corresponds to the re-orientation of the fi-

bres, is properly modelled by the proposed simulation even if the initial

stress found numerically is equal to zero because the load obtained at

the end of the packing process has not been taken into account in the

numerical modelling of the compression test.

The initial stiffness measured from the simulation curve is equal to

0.4 MPa. The numerical and experimental curves have almost the same

slope. In Fig. 11, the two experimental curves are represented in black.

One is plotted with a dashed line and the other with a solid line. These

two curves confirm the repeatability of the experimental compression.

In order to study the macroscopic isotropy, three RVEs are solicited

in compression; Table 2 presents the parameters of the three draws. The

three curves of the stress versus strain have a similar shape to the ex-

perimental one with the two phases mentioned above (Fig. 16). There is

a small dispersion between the three numerical results, which can be

explained by the dispersion between the three initial geometries gen-

erated.

4.2. Evolution of the orientation of fibres during axial compression

Each fibre in the RVE is discretized in beam elements. Its orientation

is determined by the accumulated segmental orientation. Fig. 17 shows

the orientation of the segments of a fibre. A FORTRAN post-processing

program is developed to measure the segmental orientations. This

program uses the nodal coordinates exported from ABAQUS/Explicit

after the relaxation step. It calculates the angle θ between the direction

of each segment of a fibre and the compression axis which corresponds

to the direction θ = 0. Then, it classifies the fibre direction θ (see

Fig. 3) in intervals of 5° from 0° to 180° as has been done for the initial

straight fibre orientation. The results obtained are plotted to present the

ratio of fibre segments in each interval.

The orientation distribution functions at volume fractions of 6, 7.1,

8.8, and 11.5% are plotted in Fig. 18. The sine fibre distribution of an

isotropic RVE is also plotted for comparison.

The distribution is Gaussian-like in the range tested. As the fibre

network becomes compressed, the volume fraction increases and the

fibres are reoriented. We obtain more and more fibres whose direction

is close to horizontal (θ = 90°) and thus perpendicular to the com-

pression axis.
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Fig. 12. Loading process of the finite element model.
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4.3. Distance between contacts

ABAQUS/Explicit is unable to give the number of contacts in each

time step directly. To define the contact statistics, a post-processing

program is used to evaluate the number of contacts. At the end of each

relaxation step, the new coordinates of nodes’ locations are searched.

Then, the intersections between all elements are checked and the

average distance between contacts is calculated by dividing the total

length of fibres by the number of contacts.

In Fig. 19, the distance between contacts is compared to Philipse’s

theory [23].

=D
d

f
contact

(5)

where f is the volume fraction and d is the fibre diameter.

Before the fibre packing and for a volume fraction of 1.2%, the

average distance between contacts is close to the calculated value from

Philipse’s theory. This good agreement is explained by the orientation

distribution of fibres, which is isotropic, as in Philipse’s theory. During

compression, there are more and more contacts between fibres, so the

distance between contacts decreases. The number of contacts is larger

than that determined from the theory and so the results for the average

distance between contacts during loading overestimate the theoretical

results. This is logical because the Philipse’s equation is used just for the

isotropic case while the fibre orientation distribution is Gaussian with a

smaller and smaller standard deviation during compression. After the

packing of the fibres, the RVE reaches a volume fraction of 6% and the

Gaussian distribution corresponds to σ = 0.4. At this level, the average

distance between contacts is equal to 125 µm. The value of this para-

meter is equal to 115 µm when it is calculated theoretically for an

isotropic case.

5. Conclusion

The purpose of the current work is to carry out the first step in the

modelling of entangled cross-linked fibres. The proposed model focuses

on the influence of fibres which are in contact without an epoxy link on

the behaviour of the entangled cross-linked material. The investigations

carried out here without cross-linking are a robust base for under-

standing the behaviour of the entangled cross-linked fibres later in

Fig. 13. Kinetic energy (blue), strain (orange), and stress (red) as a function of time. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 14. Evolution of the RVE during compression.
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order to enhance their mechanical properties.

A numerical model has been developed to predict the behaviour of

entangled material in compression. It is a finite element model which

uses 3D beam elements able to simulate all modes of fibre deformation

to take into account friction between fibres and to be applied to a large

number of fibres.

The numerical model is developed in ABAQUS/Explicit, which is

efficient for the nonlinear deformation and the management of several

contacts. During numerical compression, each loading step is followed

by a relaxation time, which is carefully chosen to obtain a quasi-static

response and to lead the system to equilibrium. This type of loading is

necessary in explicit calculation of network fibres. A morphological

study has been carried out to determine the size of the RVE.

In this study, the orientation distribution of fibres is generated in-

itially to respect the experimental conditions as far as possible. A spe-

cial numerical technique has been developed to find the appropriate

Gaussian distribution for the initial geometry. It takes into account the

positioning of fibres in the experimental apparatus, which causes the

Fig. 15. Comparison of the stress-strain response between experimental results (solid and dashed black lines) and numerical data (red curve). (For interpretation of

the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Details of the three different simulations carried out.

RVE Number of beam

elements

Number of

nodes

Average distance between

contacts (µm)

RVE 1 21,549 23,231 122

RVE 2 21,417 23,126 123

RVE 3 20,986 22,688 125

Fig. 16. Plots of stress versus strain for three different RVEs – comparison with an experimental curve.
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Fig. 17. Segmental orientation of a fibre: the orientation θ of each element of the fibre is calculated. The compression axis z is vertical.

Fig. 18. Evolution of the orientation distribution of fibre segments during compression.
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loss of the morphological isotropy. A 3D tomography investigation is

envisaged to confirm the numerical obtained results.

The numerical predictions of a compressed fibre network are com-

pared with the results of experimental tests and a good agreement can

be found between the two results. The numerical simulations provide a

correct stress–strain curve shape compared to that found experimen-

tally. The orientation distribution of fibres and the distance between

contacts are studied during the compression. This micromechanical

study will allow for a better understanding of the influence of these

parameters on the global behaviour of the entangled material and will

make it possible to predict its impact on the macro-mechanical prop-

erties of the entangled cross-linked material and finally how we should

manage these parameters to improve the manufacturing process to offer

a better global behaviour. This improvement will make the entangled

cross-linked material relevant for use in structural applications as a core

material.
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A B S T R A C T

The analysis of an entangled cross-linked fibrous material at low deformation is explored as way of predicting

the shear behaviour, especially the shear hysteresis. This paper presents a 3D finite element model to char-

acterize the carbon fibre network rigidified by epoxy cross-links. The morphology of the representative volume

element (RVE) is studied to guarantee that it is representative of the actual material that was characterized

experimentally. Two steps are simulated, namely the initial compression during the shaping and before the

polymerization of the epoxy resin and the cyclic shear testing of the material with its rigidified network of fibres.

A numerical simulation of an RVE is used to present a description of the measured hysteresis loop that is de-

composed of linear and nonlinear parts. A comparison between the numerical prediction and the experiment

data is discussed. Even if the 3D numerical model under-predict the average shear stiffness of the material, it can

capture the complex shapes of the measured hysteresis loops at different strain amplitudes.

1. Introduction

Composite materials have become increasingly used in numerous

sectors, including automotive, aerospace and marine, due to their

technical advantages, such as their desirable stiffness to weight ratio

[1]. Sandwich structures are lightweight composite structures that have

become indispensable in many industrial applications. They are com-

posed of two thin and rigid skins separated by a thick and light core

material in order to offer high stiffness for bending applications. Many

theories and analysis methodologies have been presented to understand

these structures [2–5]. Studies have been conducted to develop and

design different configurations of core materials in order to enhance the

performance of the whole sandwich structure [6–8]. Until recently, the

honeycomb was the most used core material in sandwich structures

because it offered the best stiffness to weight ratio. However, it has

limitations with regards to the implementation in complex structures,

process control and, most notably, vibration damping. Thus, different

methods have been tested to enhance the damping of sandwich struc-

tures [9–11].

Based on the investigation of Poquillon et al. [12], Mezeix et al.

[13,14] proposed a new fibrous material that can be used as a core

material to enhance the vibration damping of the sandwich structure.

This structure provides a high energy dissipation through friction

between the fibres [15]. It is based on entangled cross-linked fibres that

can be manufactured from aramid, glass, carbon fibres or from a mix-

ture of them.

In this study, a 3D numerical modelling method was developed to

better understand the intrinsic behaviour of the entangled cross-linked

material and to model its vibration behaviour. Dunlop [16] is among

the first researchers to present an analytical model to exhibit mechan-

ical hysteresis. He produced the hysteresis loops during the compres-

sion-release cycling of the fibre assembly by a combination of frictional-

slippage effects and van Wyk’s [17] theory of compression of fibre as-

semblies.

In 1989, Carnaby and Pan [18] presented a theory for the com-

pression hysteresis of fibre assemblies. They developed an iterative al-

gorithm, in which the system geometry is updated on successive in-

crements, to cope with large and nonlinear deformations. A comparison

between the theoretical prediction and the experimental data showed a

reasonable agreement. They concluded that the effects of slipping fibres

are among the main causes that led to differences in the mechanical

hysteresis behaviour. They also stated that the model could be im-

proved by taking the fibre viscoelasticity in the total hysteresis into

account. Beil and Roberts [19] examined the phenomenon of com-

pression hysteresis through an analysis of the energy of the fibre net-

work. Their mathematical model can predict the dissipation of energy

https://doi.org/10.1016/j.commatsci.2018.09.005
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due to dry friction. However, the stabilization of the mechanical be-

haviour during the loading cycle and the residual deformation were not

properly modelled. According to the authors, this may be because the

viscoelastic effects were neglected. Barbier et al. [20] used a discrete

element simulation adapted from molecular dynamics in order to pre-

dict the hysteresis between the compression and release of entangled

semi-flexible fibres. They concluded that hysteresis is related to the

friction of contact on normal forces [21]. However, because of the

limitations of the computing resources available, they were not able to

simulate a sufficient number of fibres to get a realistic initial config-

uration compared to the experimental data.

Thus far, studies on an entangled cross-linked material have focused

on the vibration behaviour [22]. An original method combining ex-

isting hysteresis models was introduced. Al Majid and Dufour Gen-

eralized Dahl’s Model [23,24], along with other hysteresis models, have

been used to model the hysteresis loops. The three nonlinear parts of

the behaviour were combined after modelling them separately.

This paper presents a numerical model that characterizes the hys-

teresis loop of an entangled cross-linked material during shear cycling.

It comprehends of the origin of the different parts of the behaviour

through the study of morphological parameters.

2. Material and experimental data

2.1. Material fabrication

The manufacturing of an entangled cross-linked material was done

manually at the laboratory scale. Fig. 1(a) shows scanning electron

microscope (SEM) images of an entangled cross-linked material made

with carbon fibres. The fibres have a diameter of several micrometres

and are randomly bonded by the resin junctions.

The manufacturing process of the entangled cross-linked material

was devolved by Mezeix et al. [6,13] and it was described as consisting

of four main steps.

• The yarn is cut to a fixed length because the appropriate length for

better entanglement depends on the kind of fibre.

• After placing the cut fibres in a 64 L blower room, compressed air at

a pressure of 6 bars is used to separate the yarns and entangle the

fibres simultaneously.

• Resin droplets are sprayed to block the contacts between fibres,

where the pressure of paint spray gun is set at 2 bars.

• The moulding and polymerization process starts by placing the en-

tangled cross-linked fibres in the mould. Epoxy polymerization is

achieved in an oven at 70 °C during 8 h.

Experimental data are available for materials made from carbon

fibres, glass fibres and aramid fibres for different fibre volume fractions

(from 6 to 12%). In the present work that is devoted to numerical si-

mulation, the most studied configuration involves an 8.5% volume

fraction of the carbon fibre. This fibre was chosen because of its high

performance compared to other types of fibres. The numerical simula-

tions will be compared to the experimental data. These carbon fibres

(Toho Tenax, HTS 5631, 800tex F1200) were cross-linked after their

entanglement by a resin epoxy (Sicomin, SR1710). Epoxy resins are

widely associated with carbon fibres in the manufacture of aerospace

composites. Table 1 presents the characteristics of the carbon fibres and

epoxy resin.

2.2. Experimental data

In a sandwich structure, the core material is used mainly in shear, so

the investigation of the shear behaviour of an entangled cross-linked

material would be of great interest [25]. This investigation was carried

out experimentally by Piollet et al. [22]. The dimensions of the tested

samples were 60× 40×20mm3 and the cut fibres had a length of

31mm. The fibre volume fraction was 8.5%, which corresponds to 7.2 g

of carbon. This also corresponds to more than 100 km of total fibre

length and more than 3million fibres. For this work, 1.44 g of epoxy

was sprayed on each sample to join the carbon fibres after the en-

tanglement. It is important to note that not all contacts became stuck

and the fibre separation was not perfect. There were still small strands.

The numerical simulation was made with fibres of the same diameter of

at least 7 μm. This parameter may be adjusted during the simulation to

take into account the dispersion observed experimentally but for which

no quantitative data is available.

The shear tests were carried out on a BOSE ElectroForce® 3330

machine. During each test, as detailed in [22], two samples were loaded

simultaneously in a double lap configuration in order to guarantee

shearing only, as illustrated in Fig. 2. Experimental testing was carried

out for frequencies varying from 1 to 80 Hz and for shear strain am-

plitudes ranging from 0.05% to 1%. No noticeable effect of the test

Fig. 1. SEM observation of entangled cross-linked carbon fibres with a volume fraction, f, of 8.5%. (a) The red circles indicate cross-linked fibres due to the epoxy

resin, the green dashed circles indicate non-cross-linked contacts and the white arrows indicate that some yarn are not perfectly separated such that some fibres were

grouped by two or more. b) Magnified view of a tiny yarn with four fibres in the background. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 1

Properties of carbon fibres and epoxy resin according to the supplier data.

Diameter

(µm)

Length

(mm)

Young’s

Modulus

(MPa)

Density

(kg/m3)

Poisson ratio

Carbon fibre 7 31 240 1770 0.3

Epoxy resin 5 1800 0.3
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frequency was reported. For all cases, the measured shear stress–strain

hysteresis loops showed a nonlinear behaviour. This behaviour was

observed and analysed after subtracting the linear response of the fibre

network. For the present study, the focus will be on the shear stress-

strain hysteresis curve measured at 1% of the amplitude and a loading

frequency of 20 Hz to validate the numerical modelling.

The frequency-independent behaviour confirmed that the energy

dissipation was mainly due to the dry friction phenomenon and not to

the epoxy junctions. This conclusion was the basis for the modelling of

the bonded contacts by elastic springs without any consideration of

viscous dissipation in the epoxy resin.

3. Initial geometry of the RVE

The numerical modelling of the hysteresis loop of the entangled

cross-linked material was based on the experimental data. Initially, at

the beginning of fabrication, the distribution of the fibre orientation

was isotropic and compression testing showed that all directions were

equivalent [6]. On the other hand, the crosslinking of the contacts by

the resin was done in a mould. The introduction and the closing of the

mould induced compression. This compression modified the orientation

of the fibres. The entangled cross-linked carbon fibres were then a

transversely isotropic material (with respect to the direction of com-

pression). Numerical simulation was therefore done in two stages. First,

the compression of an isotropic fibre network where the contacts were

free to slide (friction taken into account) was simulated. The volume

fraction, as in the process, increased from 1.7% to 8.5%. Second, a

fraction of the contacts was blocked on the network that was generated.

The anisotropic reticulated network was then submitted to numerical

cyclic shear tests.

In each sample of the entangled cross-linked material, there were

about 3.35million carbon fibres and dozens of contacts per fibre. No

computer or supercomputer was available to simulate the entire sample

due to computational limitations. In this work, a representative volume

element (RVE) was determined during the first step as a result of this

constraint.

3.1. Generation of fibres in the RVE

An in-house pre-processing program coded in FORTRAN was used to

generate the fibre network in the RVE. The generation of the geometry

in the RVE was carried out in the following five steps:

• A point was randomly chosen in the box with a size, s, and this was

studied in the next section (Fig. 3).

• The fibre direction, which is represented by the dashed line in

Fig. 4(b), was chosen through a couple of angles (θ, φ). Angle θ is

the polar angle that represents the orientation of the fibre against

the compression axis, z. In order to obtain a uniform distribution of

the fibre directions, θ is selected from a sinus distribution, and the

function of θ is defined by sinθ·dθ·dφ (Fig. 8). Angle φ is the azi-

muthal angle representing the angle from the x axis, as shown in

Fig. 4(a). It is selected from a uniform distribution φ ∊ [0, 2π].

• Two nodes, which fixed the length of fibre, were defined and are

presented as pink dots in Fig. 5. They are the extremities of the fibre

in the simulation box and were obtained through the intersection

between the fibre direction and the box faces.

• Straight fibres are generated in the box. They are allowed to pass

through one another. The green nodes that are represented in Fig. 6

correspond to the limits of the elements. Each fibre was modelled by

a variable number of 3D Timoshenko beam elements, depending on

both the number of contacts and on its orientation. These green

nodes were created on each side of two fibres whenever the distance

between them was smaller than the fibre diameter.

• The last step, consisted of linking some of middle nodes (green

nodes) by elements that modelled the bonding of the contact by the

epoxy cross-links. These are presented by blue dots in Fig. 7(a).

During the simulation of the first step of the manufacturing process,

the resin has not polymerized and all the contacts can slip. On the other

hand, after moulding and polymerization, some of the contacts can be

blocked, as shown in Fig. 1. The item above was implemented to si-

mulate the cross-linked material.

The insertion of links was carried out upon taking into account the

distance between the resin junctions observed in experimental sample.

Mezeix [6,14] found that for the same fibre and a volume fraction of

8.5%, the average distance between resin junction was equal to

−+120 70
140 µm using SEM analysis. This uncertainty is explained by the

heterogeneity of the material due to the random spray of epoxy during

the manufacturing process and the occasional imperfect separation of

the yarn. Fig. 7(b) shows an example of how the insertion of a spring

was managed in the model in the case where two out of three contacts

were blocked. In this case, two successive contacts were blocked, the

next was left free, and so on. At the end of this fibre, the positioning of

epoxy “springs” continued on the next fibre. The springs are generated

in the model following the knowledge of the positions of the generated

fibres network.

3.2. Choice of the initial parameters of RVE

3.2.1. Size of RVE

The size of the RVE should be well studied to guarantee morpho-

logical isotropy for each generation of the architectures. Two important

morphological parameters should be investigated to find the appro-

priate size of the RVE. The first one is the average distance between the

contacts, because this can have an important influence on the global

behaviour of the fibre assembly [26–28]. In a former study [29], for

each simulation box size tested, ten different draws were carried out to
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cross-linked 

samples

Load cell

h= 20 mm

L=60mm

F

Fig. 2. Experimental set up of the shear tests.

Adapted from [20].
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test the representative nature of the simulations. In these previous si-

mulations, the fibre volume fraction, f, was 6% and it was proven that

the more the size of the simulation box increases, the more the mor-

phological parameters of the simulation are close to those of the real

material. In this former study, an RVE was obtained for a cube with a

side length of 1mm. In a preliminary calculation for this study, it was

verified that this size is also suitable for a volume fraction of 8.5%.

A good agreement can be observed between the theoretical curve

(in black) and the modelling of the RVE (8.5%) (Fig. 8).

This configuration was deemed an acceptable compromise between

the representative nature of the fibres generated for the finite element

simulation and the computation time. It was therefore used for the rest

of the study. This study of random orientation distribution is not the

only criteria for an RVE to be representative but it is can offer a good

assumption about the representativity of the RVE.

3.2.2. Initial distribution of fibre orientations of entangled cross-linked

material

As explained before, during the manufacturing process developed

by Mezeix et al. [6,13], two distributions of fibre orientations are en-

countered (Fig. 9). The first one is the isotropic distribution that is

obtained after the entanglement step. This isotropy is lost after the

packing of the fibres in the mould, where a new distribution of fibre

direction is obtained with more horizontal ones. In this paragraph, the
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Fig. 4. (a) Definition of polar and azimuthal angles of the chosen fibre and (b) generated fibre direction.
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used to generate springs linking the contacts of one fibre, which is coloured in
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three contacts are blocked. (For interpretation of the references to colour in this
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objective was therefore to determine the orientation distribution of the

fibres at the end of the compaction process. The same technic, which is

used in [30], is applied in the actual work.

The compression of this RVE was carried out until a height of 1mm

was obtained, which corresponds to the size of a normal RVE. At this

level, the fibre volume fraction increased from 1.7% to 8.5% and the

number of contacts increases from 5823 contacts to 25,141 contacts. At

8.5%, the average number of contacts per fibre is equal to 10. This

value is former to that one found by Abd El-Rahman and Tucker III [31]

in the case of friction coefficient µ= 0.3 and which is equal to 9 con-

tacts per fibre.

The nonlinear FE solver in ABAQUS/Explicit was used for this FE

simulation. A series of 3D Timoshenko beam elements with a circular

section (B31 [30]) was used to build each fibre. The number and the

length of the elements were variable for each fibre and were random.

The diameter of each element section was 7 µm, which corresponds to

the diameter of a real carbon fibre. Six hundred fibres were generated in

the RVE to obtain a 1.7% fibre volume fraction. This generated geo-

metry was surrounded by six rigid faces that prevented the exit of the

fibres during compression. The upper rigid face moved downward to

apply the compression of fibres while the others rigid faces remained

fixed. The ABAQUS/Explicit [30] managed the contact between the

fibres and the interaction between the fibres and rigid faces. The Cou-

lomb friction coefficient was set to capture contacts through the general

contact algorithm of Abaqus/Explicit. It was equal to 0.05 [32].

At the end of the compression, a new distribution of fibre orienta-

tions was obtained. As explained before, this distribution was not iso-

tropic any longer, as illustrated by the brown curves in Fig. 10.

Since the objective of the study was to simulate the shear behaviour

of the material with bonded junctions (epoxy cross-links), it was im-

portant to model the orientation distribution obtained after the simu-

lation of this first phase of the experimental process in order to directly

generate, through the Fortran in-house pre-processing, the set of fibres

with this orientation distribution in the RVE (cube of side length 1mm).

Gauss’s function was used to model the shape obtained for the or-

ientation distribution of the polar angle. Thus, Gauss’s function [32]

was defined as the following:

= × ×− −
×

( )
g θ

θ
e C( )

sin

2

θ

σ2

π
2
2

(1)

where C is a constant such that ∫ =g θ θdθ( )sin 1
π

0

and σ is the standard

deviation that was fitted to the results of several compression simula-

tions. A value of σ=0.4 was chosen because it provided a good fit to

the distribution found after the packing process (see blue curves in

Fig. 10).

If the study of the shear behaviour was not started from the end of

the simulation of compression, it is because there were not stresses in

the fibres after the polymerization of the entangled cross-linked sample

and before the experimental test, which is not the case after the nu-

merical simulation of compression. Thus, an RVE with the size of

1× 1×1mm3 was generated in which the geometry of the fibres

corresponded to Eq. (1) and to the one found after the simulation of

compression. The RVE created in a 1×1×1mm3 cube using the in-

house FORTRAN pre-processing is used in the subsequent simulations

of the shear behaviour of the entangled cross-linked fibrous material.

This set of fibres was generated without stresses in the fibre assembly,

as detailed below. The epoxy cross-links were also introduced in the

simulation.

3.3. Identification of epoxy joint stiffness

The numerical initial distribution of the fibre orientations corre-

sponds to the geometry of entangled fibres after the moulding step.

From this distribution, springs were added to model the polymerised

epoxy junctions that blocked some of the contact between the fibres.

A numerical model of two fibres bonded by epoxy cross-linking was

developed to determine the stiffness that will be included in the springs

of the principle model of the entangled cross-linked material

(Fig. 11(b)). The length of fibre is equal to twice the experimental value

of average distance between epoxy junctions (2× 120 µm). The two

fibres are bonded in the middle in order to obtain a distance between

the junction and the point of load equal to the measured average dis-

tance between epoxy junctions. This model relies on the approach in-

itiated by Mezeix [6]. However, in the actual work, a more advanced

identification was carried out. The stiffness related to the tension and

torsion phenomena of the epoxy junction was identified. The finite

element solver in ABAQUS/Standard was used to determine the beha-

viour of an ideal epoxy joint. The construction of this model was based

on the SEM observations. The junctions had various configurations, and

the angle between the fibres varied more so than for the extension of

the epoxy resin. The geometrical configuration of the resin epoxy can

make designing this part fairly complicated in ABAQUS. CATIA V5,

which is more appropriate for the design of a complex geometry, was

used to construct the part of the resin joint. A good resemblance was

obtained between the real form of an epoxy joint (Fig. 11(a)) and the

numerical one. A fine mesh of 3D solid elements was used to model the

epoxy junction and the two carbon fibres because the angle between

two bonded fibres was very dispersed, as shown in Fig. 1(a). In order to

simplify the problem, it was assumed in this model that the two bonded

fibres were orthogonal. The purpose was to obtain two spring stiff-

nesses, namely one tension stiffness and one torsion stiffness. In reality,

others spring stiffnesses exist, in particular one torsion stiffness and two

bending stiffnesses. An isotropic stiffness matrix was obtained with this

adopted simplification.

3.3.1. Tension spring stiffness

Under a tension load, F, the global displacement for the extreme
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Fig. 9. The numerical used method to determine the initial distribution of fibre orientation.
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nodes of the fibre, δ, was composed of that from one of fibres, δf, and

from one of epoxy junction, δj (Fig. 12), as illustrated in the following

equation:

= × +δ δ δ2 f j (2)

The relation between F and δj is shown by the following equation:

= ×F K δtension j (3)

Variable F was defined as follows:

⎧
⎨⎩

=
= ×
F

F K δ

L

EI

m

24

1

3

(4)

The tension spring stiffness, Ktension, was identified by an analytical

model based on classical beam theory (5):

= −K
1

tension

K

L

EI

1

24m1

3

(5)

where Km1 is the tension stiffness of whole model that was determined

through the numerical simulation, I is the moment of inertia of carbon

fibre, E is the Young’s modulus of carbon fibre and L is the length of

fibre.

3.3.2. Torsion spring stiffness

Under a torsion load, F, the global angular displacement for the

extreme nodes of fibre, Δθ, was composed of that from one of fibres, Δα,

and from one of epoxy junctions, Δβ (Fig. 13), as illustrated in the
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Fig. 10. Different fibre orientation distribu-

tions. The solid black curve (sinus) represents

the theoretical distribution for an isotropic or-

ientation of the fibres and the dashed black

curve is an example of an orientation distribu-

tion for f= 1.7% (before compression). The

brown curves are the illustration of two or-

ientation distributions obtained after numerical

compaction up to f= 8.5%. The curves in blue

show the set of fibres obtained using Eq. (1).

(For interpretation of the references to colour in

this figure legend, the reader is referred to the

web version of this article.)
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Fig. 11. (a) Typical joint observed by SEM and (b) junction modelled by 3D FE.
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following equation:

= × +θ α β∆ 2 ∆ ∆ (6)

The relation between the global moment M and θ∆ is presented by the

following equation:

= ×M K β∆torsion (7)

Variable M is defined as following:

⎧
⎨⎩

=
= × ×

M

M K2 ∆θ

EI

L

m

6

2
(8)

The torsion spring stiffness, Ktorsion, was identified by an analytical

model based on the classical beam theory (9):

= −×
K

1
tosion

K

L

EI

1

2 6m2 (9)

where Km2 is the torsion stiffness of whole model that is determined

through the numerical simulation.

The values of tension and torsion stiffness found by this approach

are presented in Table 2.

3.4. Explicit simulation

As for the simulation of the initial compression, ABAQUS/Explicit

was used to perform the cyclic shear tests simulations because it is an

efficient tool for the problem of large deformation with several me-

chanical contacts [30]. The numerical analysis was decomposed into 20

domains. Domain level parallelization was utilized with 20 processors.

Each performed simulation utilized 3 GB of memory per processor and

it lasted about 86 h. As explained previously, the RVE size was

1× 1×1mm3 and a few thousand carbon fibres were generated inside

the cubic box in order to obtain a targeted initial volume fraction of

8.5%. The fibre lengths were not fixed. In the simulation, the fibres pass

through the cube and thus have lengths that vary with their initial di-

rection. The mean length of the fibre is equal to 0.8 mm.

The RVE box was bounded by six rigid faces that didn’t allow the

exit of fibres during the loading and were used to impose the dis-

placement. Fig. 14(a) presents just four of the six faces (coloured in

green) in order to show the geometry of fibre network generated inside

the box. Only the back and the opposite face were fixed. The other rigid

faces were rotated in order to apply a shear load to the fibre assembly,

as illustrated in Fig. 14(b).

ABAQUS/Explicit [30] was utilized to manage two types of inter-

actions. The first one was the interaction between the fibres and the

other one was the interaction between the fibres and rigid faces

(Fig. 15). If the distance between the axis of the two fibres was between

one and two times the diameter of the fibres, a set of fibre surfaces was

generated. This method allows the resolution of insufficient memory

available in ABAQUS when a general contact algorithm is used to

manage the contact in the RVE. More than two thousand contacts were

initially activated in the box. A “hard contact” is a type of contact that

was chosen in order to apply a no penetration condition. It was applied

between the fibres of each set and between the fibres and the rigid faces

next to its extremities. The friction coefficient introduced in the model

was kept at the same value used previously for the compression:

µ=0.05. The same value was used between the fibres and the rigid

faces.

The use of beam elements to treat the cross-linkers can very pre-

cisely consider stretching, torsion, bending and transverse shear [34].

However, its use was not possible in our case because weird fibre de-

formation complicating the computational convergence is obtained

when we tried to reposition the fibres allowing the avoidance of over-

closures and the insertion of beam elements.

The modelling of epoxy joints was carried out through links, as

shown in Fig. 16. Theses links are springs allowing the avoidance of

overclosures and the modelling of epoxy junctions. The behaviour of

this links was defined in user subroutine VUEL.

The purpose of the links introduced into the 3D model is to transmit

forces (
⎯→⎯ ⎯→⎯
F F,i j ) and moments

⎯ →⎯⎯ ⎯ →⎯⎯
M M( , )i j between the beam with the

node, i, and beam containing the node, j, and to calculate the fibre

displacement and rotation according to the following equations:

⎯→⎯ = − × ⎯ →⎯⎯F K u∆i
tension (10)

⎯→⎯ = − × −⎯ →⎯⎯F K u( ∆ )j
tension (11)

⎯ →⎯⎯ = − × ⎯ →⎯⎯⎯ + ⎯→⎯ ∧ →M K F ci∆Ωi
torsion

i (12)

⎯ →⎯⎯ = − × −⎯ →⎯⎯⎯ + ⎯→⎯ ∧ →M K F cj( ∆Ω)j
torsion

j (13)

where
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−
−
−

⎤

⎦
⎥⎥u

u u

v v

w w
∆
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and is the difference of the displacements be-

tween nodes i and j,
⎯ →⎯⎯⎯ =

⎡

⎣
⎢⎢⎢

−
−
−

⎤

⎦
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γ γ
∆Ω

i j

i j

i j

is the difference of the angular

displacement between the nodes, c is the middle of
→
ij and the cross

products
⎯→⎯ ∧ →F cii and

⎯→⎯ ∧ →F cjj are related to the displacement of the

junction load.

Fig. 17 shows the loading steps imposed in the simulation. First,

three steps for the set-up position are carried out. During the first one,

the springs react to avoid the interpenetration of fibres, as illustrated in

Fig. 18. If the distance between the central axis of the fibres is smaller

than one diameter, the springs stretch in order to reach a distance equal

to one diameter and new contacts between fibres are established. These
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Fig. 13. Model of perfect epoxy junction between two perpendicular fibres used

to determine the torsion spring stiffness.

Table 2

The values of tension and torsion spring stiffness identified on the

idealized geometry and applied for all the junction configura-

tions.

Tension stiffness, Ktension 0.4 N/mm

Torsion stiffness, Ktorsion 3 · 10−4Nmm
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new contacts still existing in the two other steps of set-up position

which are applied to relax the load. After that, three cycles of loading/

unloading are carried out. Between the set-up position steps and after

each loading or unloading step, the motions of all nodes are stopped in

order to avoid the divergence of kinetic energy.

Even if ABAQUS/Explicit is considered as a good tool in dynamic

analysis, it can be relevant in quasi-static studies if the loading time step

is carefully chosen. The time step is an important key to obtain the best

balance between the quasi-static response and the lowest computa-

tional time. In the load/unload step, the time increment used was equal

to 10−9 s in order to have a strain rate that was much less than the wave

speed. ABAQUS/Explicit allows the artificial increase of material den-

sity during the simulations in order to control this time increment. The

simulation requires 5,000,000 time increments for a load/unload step

with 1% of shear, and thus the total physical time was equal to 0.005 s.

4. Results and discussion

4.1. Shear hysteresis

The first simulation was made with carbon fibres whose diameter

was 7 μm, which means that all of the yarns were well separated. This

dimension corresponded to the real diameter of used carbon fibre.

Fig. 19 shows the results of one of the two numerical simulations that

were carried out. The comparison in terms of shear stiffness shows a

good agreement with the experimental data. The numerical result

presents a shear stiffness very close to that one of experimental test. At

γ=0, the slope of the stress-strain curve equalled about 6MPa for the

two calculations.

Thus, the linear part of the mechanical behaviour was in good

agreement with the experimental data. On the other hand, the hyster-

esis seemed far too pronounced based on practical experience and in-

dicated that the energy dissipation due to the nonlinear part (dry fric-

tion per [22]) was overestimated. As the average distance between

epoxy junctions was representative of the SEM observations, this can be

explained by the use of the 7 µm diameter fibre in the numerical si-

mulation, which means that fibres were perfectly separated during the

manufacturing process. Some of yarns were not perfectly separated and

still existed in the sample as an entangled cross-linked material, as il-

lustrated in Fig. 1(b). The modelling of such yarns is not always

straightforward. Thus, an assumption was adopted that aims to take

into account the heterogeneity of fibre separation. It was assumed that a

fibre assembly with small yarns corresponds to a geometry made with

fibres with a larger diameter. In order to have the same section, an

equivalent fibre with a diameter that equalled 7 2 μm was used in the

second round of simulations.

In most previous studies [35–37], the analytical models are based

on the bending of fibres which is the principle deformation mode of

fibre during the loading. So, the bending stiffness is principally taken

into account in the homogenisation technic. It equalled the value for a

small yarn composed of two fibres, so the young’s modulus of an

equivalent homogeneous fibre was half of the value used in the first

round of FE simulations (Fig. 20). The choice of the number of fibres
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composing the small yarn is carried out arbitrarily due to the absence of

experimental data of the quantity of yarns existing in an entangled

cross-linked sample. After different case of homogenisation, the choice

to compare the homogeneous fibre as a small yarn composed of two

fibres is carried out because it can guarantee the best hysteresis loop

with the reasonable distance between junctions compared to the ex-

perimental value. The increase of diameter decreases the number of

contacts and so the energy dissipation but it causes the increase of the

distance between junctions and so the decrease of the numerical stiff-

ness. If the bending stiffness is controlled, the homogenisation of other

deformation modes is not taken into account.

The numerical results that take this assumption into account are

presented in Fig. 22 and will be more discussed later.

A new numerical simulation was carried out with the new fibre

diameter of 7 2 µm in order to adjust the hysteresis loop. A total of

1230 fibres were generated in the RVE. The FE simulations were carried

out using about 21,300 beam elements of different lengths. The same

loading as the one illustrated in Fig. 17 was applied. In the 1st set-up

step, the shear hysteresis increases due to the springs trying to avoid the

interpenetration of fibres, as was explained in Section 3.4. The two next

set-up steps aimed at relaxing the stresses are characterized by a de-

crease in the level of shear stress. Depending on the morphology of the

initial set of fibres in the RVE and the effect of the springs that prevent

fibre interpenetration, the initial shear stress can be negative or posi-

tive. In the simulation illustrated in Fig. 21, the shear stress converges

to a slightly negative value. During the shear cycling, the shear stress

varies around it. Plots of three different shear cycles are given in

Fig. 20. The stability of the shear stress can be observed. For the rest of

the article, only the third cycle will be plotted.

The shear stress-strain hysteresis loop gives valuable information for

the interpretation of the dissipative and nonlinear behaviour of the

entangled cross-linked material. Fig. 22 shows a comparison between

the numerical curve and experimental data in terms of the shear stress-

strain hysteresis loop with an imposed displacement of γ0=1.10−2.

Compared to Fig. 19, the size of the hysteresis loop has notably de-

creased and is comparable to the experimental one for both simulations

that were carried out. The reproducibility is good. However, the linear

part of the mechanical behaviour is not as good as in Fig. 19. An ap-

preciated agreement can be detected between the two curves with re-

spect to two parts: the first is the linear part, which can be due to the

influence of epoxy cross-links fibre network [38], and the second is the

hysteresis that carries the dissipation of energy. Numerically, as the

volume fraction was kept constant, the contact distance increases

(+42%) because the number of fibres decreases. Thus, the linear part of

the mechanical behaviour that corresponds to the network stiffness

decreases. The numerical model can provide a shear modulus, which

was defined as the following:

= ∂
∂ =

G
τ

γ
γ 0 (14)

The numerical shear modulus was equal to 4MPa while the ex-

perimental value was 6MPa. This difference can easily be explained by

the diameter of the equivalent fibre (7 2 µm) that increased the

average distance between the contacts and also the average distance

between the junctions. In the simulations, the average distance between

the junctions equalled 160 µm, which is larger than the previous one for

fibres of 7 μm (114 μm) and larger than the experimental value of

−+120 70
140 µm reported by Mezeix. Thus, there are less epoxy junctions in

the RVE and junctions were mainly responsible for the rigidity of the
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entangled carbon fibres [14]. The comparison between the two nu-

merical curves presented in Fig. 22 can prove the reproducibility of

numerical results with two different generations of fibres.

In order to focus on the efficient part of the curves from the damping

point of view, as proposed by Piollet [22], the linear part was sub-

tracted and the graphs focused on the shear stress, τ′, defined by the

following equation and plotted versus γ in the final figures in this

paper:

′ = − ×τ τ G γ (15)

As shown in Fig. 23, the comparison between the numerical curve

and the experimental one shows a good correlation. A similar shape of

hysteresis loops was obtained. From γ =−0.005 to γ =0.005, the

variation of the shear stress is very low and corresponds to stick-slip dry

friction behaviour. For a larger strain (− < < −γ0.005 0.01 and

< <γ0.005 0.01), the slope of hysteresis curve increases significantly

and this behaviour corresponds to a stiffening of the entangled cross-

linked material. During the experimental tests, it was postulated that

this stiffening came from the increase in the number of activated

contacts. Numerical simulations allowed verification of this hypothesis,

such that this stiffening was due to the creation of new contacts when

the fibres were moving and the contacts were slipping. The increase in

the contacts led in turn to an increase in the energy dissipation of the

material, which was characterised with a small overshoot in the hys-

teresis loop. Table 3 details the key parameters during the simulation.

The parameters include the number of contacts, the value of contact

forces and the tangential slopes of the stress-strain curves at two spe-

cific points (measured during the unloading for γ=0.01 and 0).

In contrast with the stiffening part, the overshoots were accom-

panied by a decrease in the number of contacts and of the force contact.

Other RVEs exposed to cyclic shear were also simulated and ana-

lysed. Fig. 24 shows that the numerical curves confirmed the re-

producibility of the hysteresis loop. The stress vs. strain curves have a

similar shape to the experimental one with the phases mentioned above

(Fig. 24). The small dispersion between the three numerical simulations

can be explained by the dispersion between the three initial fibre
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networks generated. However, simulations with the following para-

meters, namely an equivalent fibre diameter= 7√2 µm, friction coef-

ficient μ=0.05 and two junctions out of three glued by epoxy enabled

catching the damping phenomenon in the entanglement, even if the

linear part was underestimated (G= 4MPa instead of 6MPa)

Fig. 25 shows the plot of ′τ versus γ at a smaller strain amplitude of

γ =0.004. A good agreement can be detected between the numerical

and experimental curves. As can be seen, the numerical model confirms

than even for small shear strain, the material nonlinearity was de-

monstrated and that no significant stiffening was observed for this level

of solicitation. Like the experimental curves, the numerical ones exhibit

a mitigation of the slope, ′τ (γ), with the amplitude. Piollet [22] in-

terpreted this behaviour and assumed that when the direction of the

strain was reversed, all free contacts between the fibres were stuck and

so an extra stiffness in the fibre network was obtained. Then, as the

strain amplitude increases, the contacts started to slip one by one, until

all no-bonded contacts were slipping. As a result, a very low network

stiffness was obtained.
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Table 3

The evolution of morphological parameters that explain the phase of stiffening.

Phase Shear strain Number of contacts Contact forces (N) Slope (MPa)

Stick slip γ=0 2593 12,085 4

Stiffening γ=0.01 2705 13,880 10
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The simulation carried out in the present work confirmed these

hypotheses.

In order to confirm that the dissipated energy in the entangled cross-

linked material was due to the friction between fibres, a numerical si-

mulation was carried out in which the friction was very low and equal

to 0.01. In this case, the amount of hysteresis was negligible and almost

no energy was dissipated during the shear cycling, as illustrated in

Fig. 26. The evaluation of the area inside the hysteresis loop (Fig. 25)

indicates that the dissipated energy per unit volume was equal to about

75mJ for the real sample of entangled cross-linked material. This value

is close to that one found for the numerical curve (≈83mJ).

5. Conclusion

The aim of the current work was to study the shear behaviour of

entangled cross-linked carbon fibres. A numerical model, developed in

ABAQUS/Explicit, was proposed to predict the shear hysteresis

behaviour of this material. This FE model used 3D beam elements to

simulate all modes of fibre deformation. The friction between the fibres,

which was assumed to be responsible for the energy dissipation, was

taken into account. The parameters of the initial generated morphology

were studied carefully to guarantee that the RVE was representative of

the real material in terms of fibre orientation distribution. An original

numerical technique was used to determine and generate the initial

fibre distribution that was close to that of the entangled cross-linked

sample that was studied. A special approach was adopted to take into

account the imperfect separated fibres existing in the real sample. An

assumption consisting to increase the fibre diameter is made to decrease

the energy dissipation corresponding to the no-separated fibres in the

real sample of entangled cross-linked material. This assumption modi-

fies some morphological parameters like distance between junctions

and the number of contacts but it gives a good agreement with ex-

perimental test in term of shear hysteresis. If this approach doesn’t

consider the homogenisation of stretching and torsion, it takes into
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account the homogenization of bending stiffness which is the most

important deformation mode in a loaded fibrous material.

The model employed an in-house Fortran subroutine and a special

spring that was developed to account for the epoxy junction between

fibres.

The results of the numerical simulations at different amplitude

provided a correct hysteresis loop curve compared to those found ex-

perimentally. Even if there was a difference in terms of the shear

modulus, G, being underestimated in the configurations tested, the

proposed modelling can be a good key to designing the best archi-

tecture for an entangled cross-linked material that can be used in vi-

bration damping.

The proposed model of hysteresis can simulate a variety of phe-

nomena in the shear cycling of entangled cross-linked materials, such as

friction, stiffening and softening. These numerical predictions allow a

better understanding of the evolution of micromechanical parameters,

such as the number of contacts during shear cycling. It also enables the

independent study of the effect of different morphological parameters,

such as the diameter of the fibre, coefficient of friction, distance be-

tween contacts, proportion of cross-linked contacts and type of fibres.

In fact, as most of these parameters are interdependent in a real

material, the proposed model is a tool to tune the theoretical config-

uration. However, the computations were achieved on a super calcu-

lator (CALMIP [39]) and remained time consuming. Nonetheless, they

are very useful to confirm hypotheses for ongoing phenomena occur-

ring during mechanical tests. Currently, the resolution of in situ ima-

ging using X-ray tomography at ESRF (European Synchrotron Radiation

Facility) is not sufficient to discriminate a glue contact from a sliding

contact for the level of strain and the fibre size used in this study.

Numerical tools remain the only way to better understand the under-

lying mechanisms and to propose an optimal morphology for a given

mechanical loading because the fibre volume fraction and the dis-

tribution of the fibre directions are easily tuneable.
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Abstract 

 

The objective of this paper is to understand and study the effect of morphological parameters 

on the shear stiffness of an entangled cross-linked fibrous material made with carbon fibres 

where some of the contacts are bonded by the epoxy resin. This current work presents a 3D 

finite element model using ABAQUS/Standard in order to characterize the mechanical 

behaviour of different carbon fibre networks rigidified by epoxy cross-links. Numerical 

simulations are achieved on a representative volume element (RVE) with the orientation 

distribution of the fibres based on a tested sample. Since not all the strands are perfectly 

separated, an equivalent diameter of fibre is determined to obtain the rigidity experimentally 

measured in shear. Then, an investigation of the influence of morphological descriptors, such

as the distance between cross-links, distribution fibre orientations and junction properties, is 

carried out. For the entangled cross-linked fibrous material with a small fibre volume fraction, 

the relationship between the shear stiffness and the fibre volume fraction is a linear function. 

The relation between the shear stiffness and the distance between junctions is a power law 

with exponent -3/2. The shear stiffness depends slightly on the twisting joint stiffness, and its 

relationship with the tension joint stiffness is a logarithmic function. The effect of fibre 

stiffness is also investigated by taking Young's modulus values corresponding to those of 

glass fibres, inox fibres or aramid fibres. A linear function is obtained between the shear 

stiffness and 

the literature for a cross-linked fibrous material.  

 

Keywords: entangled cross-linked fibres, finite element model, shear stiffness  

1. Introduction 

Composites are increasingly used in industrial applications et especially in the aerospace field 

due to their attractive stiffness to weight ratios [1,2]. The sandwich structure occupies a very 

important place in the manufacturing of composite parts. Its composition of two rigid skins 

spaced by a light core of great thickness and low stiffness offers a high stiffness for bending 

applications. Numerous core materials with different configurations have been designed and

studied in the literature [3]. The honeycomb is still the most used core material for the 
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sandwich structure because it offers the best stiffness to weight ratio. However, it presents 

many drawbacks, such as the difficulty implementing it in complex structures, closed porosity 

and difficult quality control processes. The low vibration damping is still the most important 

problem with the honeycomb structure, and many methods have been presented to enhance 

the damping of the sandwich structure [4,5,6].  

Based on the study of Poquillon [7], Mezeix [3,8] developed a new entangled cross-linked 

material that can offer good vibration damping [9] due to the energy dissipated through 

friction between the fibres. The honeycomb cannot yet be substituted by this new material in 

the aerospace field because its shear stiffness is very low. The numerical modelling of the 

entangled cross-linked material seems necessary to understand and study its behaviour. 

Whereas the honeycomb has been significantly studied in the literature [10,11], only a few 

investigations have been conducted to study such fibrous materials. 

The creation of models aimed at enhancing the understanding of the mechanical behaviour of 

fibre assemblies started with analytical models. Although the previous analytical models were 

confined to rather simple uniform arrays, they provide data of great interest. In 1952, Cox 

[12] proposed an analytical model in which the fibres were not supposed to interact with each 

other, extend from one edge of the network to the other and transmit only an axial load. His 

model derived the elastic coefficients as a function of the orientation distribution fibre. 

and for a three-dimensional isotropic assembly, the results are:

   The elastic modulus:      (1) 

   The shear modulus:      (2) 

where      

and ,  and  denote the fibrous material density, the density of the fibre and the elastic 

modulus of fibre, respectively. The predicted stiffness values could be viewed as an upper 

limit that cannot be reached in real fibre networks. 

Van den Akker [13] assumed that the non-bonded parts of the fibres can also support shear 

and bending apart from axial strain. He considered the bonds to be rigid and to rotate to an 

extent equal to the mean of the rotations of the two cross-linked fibres. He concluded that two 

groups of stresses cause rupture of fibre-to-fibre bonds: those associated with tension in the 

fibres and those associated with torque on the bonds due to the shear force in the fibre 

segments. 

In 1960, Kallmes and Corte [14] presented a model dealing with the morphology of fibre 

networks. Their model was applied to the study of paper. The authors assumed that the fibres 

were deposited independently of each other and the fibre network had a uniform orientation 

distribution. They stated that the geometric arrangement of the fibres was an effect of the 

paper making process and the cause of the paper's properties. Relationships between the 

different morphological properties of the assembly, such as the mean straight segment length 

between crossings; number of fibre crossings; basic properties of the fibres and the sheet, such 
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as the number of fibres; and the average fibre length were presented. Among its results, the 

following equation established the average number of fibre crossings in a square of side 

length, L: 

    (3) 

where  is the number of fibres,  is the average length between contacts and c denotes the 

average curl index, which is the distance between the fibre end points divided by the fibre 

length. 

Another equation from Kallmes and Corte provides the average length ls of free segment 

without contact on a fibre: 

    (4) 

Kallmes and al. [15] proposed an investigation based on the calculations of Van den Akker 

[14] that emphasized the effect of the free and bonded parts of the fibre segments. 

Equations (3) and (4) have been presented for 3D fibre networks by Komori and Makishima 

[16]. Their theories used curved beams and considered the influence of curliness, fibre sliding 

and crimp. Although their model qualitatively presents the behaviour of fibre assembly, its 

applicability is limited because it assumes affine deformation of the inter-fibre contact points. 

The fibre network made by inducing cross-links at the fibre contact can be considered to be a 

particular kind of foam-like material. Thus, the methods of Ashby and Gibson concerned with 

the modelling of open cellular solids [17,18] can be used for the fibre cross-liked assembly. 

and Gibson proposed an expression 

calculating the compression modulus of open cell foam: 

     (5) 

where   L is the distance between joints and D is the fibre 

diameter.  

Heyden [19] developed a finite element model for the geometrical linear deformation of 

cellulose fibre assemblies with an isotropic orientation distribution. The fibres were modelled 

by beam elements with a constant curvature and introduced in a periodic representative 

volume. The fibre contacts were represented by a set of springs that allowed stick-slip and

they were bonded in the sense that once created, they cannot be broken. The model provided 

simulation results that were in good agreement with experiment results. However, it was 

tested only for low fibre volume fraction, f = 3%. 

Delince and Delannay [20] developed an analytical model that is based on periodic a network 

architecture to determine the elastic properties of transverse isotropic steel fibre arrays. The 

y assumed 

that this difference was due to the negligence of triangulation effects in the model. Delannay 
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[21] proposed a new model that accounts for the negative Poisson ratio behaviour and the 

random triangulation. His model predicted the G13 properly. However, no such agreement was 

verified for the predictions of the in-plane modulus, E1, and the out-of-plane modulus, E3, 

which were notably lower than the measured values. Even if the model did not provide a full 

quantitative agreement with the experiment results, it can offer indications for optimizing the 

design of the fibre orientation distribution that can give the most suitable elastic anisotropy 

for the aimed application. It follows that the predictions of the new model for the in-plane 

shear modulus, G13, appeared to agree with the value measured for the reference material.

A simple analytical model was developed by Markaki and Clyne [22] to predict the 

mechanical behaviour of non-periodic bonded fibre assemblies when subjected to either 

magnetic or mechanical loads. Their models assumed that the bending of the individual fibres 

dominated the deformation and none of the changes in morphology during compression are 

taken into account. It can therefore be applied only to cases in which the fibre segments 

between the bonds are slender (L/D 

modulus, and it is similar to that of the Gibson and Ashby model [17,18] that is based on a 

regular, orthogonal set of fibres, except that the fibre segment aspect ratio, L/D, and the fibre 

volume fraction, f, can be independently specified. Compared with experiment, the results 

provided by the model are limited due to the difficulties in reliably estimating L/D. 

Mezeix and al. [23] developed an analytical model to investigate the behaviour of entangled 

cross-linked fibres under a tensile and compressive load. Like the Markaki and Clyne model 

[22], the form of their prediction was based on the bending fibres. However, the cross-links 

(epoxy joints) were modelled by twisting springs that were applied at the extremity of the 

beam. Their model considered the additional rigidity in tension due to the quasi-vertical fibres 

that made the stiffness in tension higher than that one in compression. The quasi-vertical 

fibres were considered to buckle quickly during the compression test.  

Recently, a 3D periodic beam model was proposed by Ma and al. [24] to investigate the 

elasto-plastic characteristics of porous metal fibre sintered sheets (MFSSSs). The 

establishment of the finite element model was carried out progressively with the 2D 

coordinates considered first. By piling up the fibres one by one until N fibres were layered in 

the model, the growth in the out-of-plane dimension was considered. At the fibre 

intersections, additional beam elements were inserted to model the cross-linkers whose 

density had a significant role in both the strength and the stiffness of the stochastic fibre 

network. The simulation results showed good agreement with the dimensional analysis and

experimental data [25]. 

In the literature, the previous analytical models cannot consider the variation of the initial 

distribution of the fibres during the investigation of the stiffness of a fibrous material with 

permanent junctions. In addition, the compression stiffness of a fibrous material was much 

more studied than the shear stiffness, which can be more important when the fibrous material 

is used as a core material in a sandwich structure, such as for the entangled cross-linked 

fibrous material of the present study. 

The objective of this work was to investigate the shear stiffness of an entangled cross-linked 

fibrous material and the dependence of the shear modulus on the morphological parameters, 

such as the distance between the junctions, the fibre volume fraction, the joint stiffness and

the distribution of the fibre orientations.  
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2. Simulation methods  

An entangled cross-linked material can be made by different types of fibres, such as carbon, 

glass or aramid [3,8], that are cross-linked by a thermo-hardening resin. Carbon fibres are 

mainly used to manufacture the entangled cross-linked material in order to obtain a higher 

mechanical performance, though its cost is higher. Filament carbon is characterised by a 

and a bulk density of 1770 kg/m3. Epoxy 

was chosen as the resin for cross-linking because it is widely used in aerospace applications. 

The manufacturing process of this material is detailed in previous studies [3,8]. 

The numerical modelling was based on experimental tests in which a sample of entangled 

cross-

sample contained more than three million carbon fibres for a fibre volume fraction of 8.5%. In 

this case, the numerical modelling of an entire sample would be complicated and incur a high 

computational cost. Therefore, a representative volume element (RVE) was chosen for the 

model. Its side dimension was 1 mm, which is the most appropriate choice to guarantee the 

stability of the morphological parameters (distance between contacts, distribution of fibre 

orientations) in each draw with a minimum of computational cost [26]. The architecture of the 

RVE was generated from an in-house pre-processing program coded in FORTRAN and

presented in previous work [26,27]. 

 This numerical modelling considered the initial distribution of fibre orientations that were 

close to the architecture of the real sample before loading. Indeed, when the fibres were 

packed in the mould, the entangled fibres lost their initial isotropic distribution, so a 

transversally isotropic material was obtained after the polymerisation step. Then, a numerical 

technique was developed to identify the fibre direction distribution after the moulding 

process. Figure 1 shows the distribution of fibre orientations (green curve) that was used to 

represent the architecture of the real sample, and it is compared to the theoretical isotropic 

fibre distribution (black curve in Fig. 1). In the numerical anisotropic fibre distribution, there 

are more fibres that have directions characterized by an angle  

corresponds to the perpendicular direction to the vertical axis and it describes the quasi-

horizontality of fibres after they are packaged in the mould. More details of this technique can 

be found in the previous paper [27]. 
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Fig. 1: Different fibre orientation distributions. The solid black curve (sinus) represents the theoretical 

distribution for an isotropic orientation of the fibres, and the solid green curve represents the 

anisotropic distribution that is closer to the experimental sample [27]. The angle  is the angle between 

the fibre direction and the vertical axis, z.  

The finite element solver in ABAQUS/Standard was used in the actual work to accurately 

determine the shear stress. It used technologies that are ideal for the determination of highly 

accurate stress solutions. Each fibre was modelled by a series of 3D beam elements 

(ABAQUS element type: B31) depending on both the number of intersections between the 

fibres and on their orientation in the RVE that determined their length in the computation. 

This element type is based on the Timoshenko beam theory that allows for shear deformation. 

The fibres were assumed to be an isotropic elastic linear material. Springs were introduced in 

the model through the user element to model the epoxy cross-link. In the previous paper [26], 

a finite element model of two fibres that were bonded by epoxy junction was used to 

determine the stiffness that should be introduced in the spring and can describe the behaviour 

of the epoxy junction. The material properties of the epoxy cross-links were assumed to be an 

 E = 5 GPa and Poisson ratio  = 0.3. At the 

end of the numerical investigation, two stiffnesses were determined. The tension stiffness, Kte, 

was equal to 0.4 N/mm while the twisting stiffness, Ktw, was equal to 3.10-4 N.mm [26]. Each 

simulation used four parallel processors and 12 GB of memory in total, and it lasted few 

minutes. A few thousand carbon fibres were generated inside the cubic RVE with a size of 

 mm in order to reach a targeted initial volume fraction of 8.5%.  

 

In the experimental tests, 3 mm thick aluminium plates were glued on each side of the 

entangled cross-linked sample [9] while the other faces were free. To apply the boundary 
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conditions that respected the general conditions of the experimental test, the nodes for the 

upper and bottom faces of the RVE were constrained to the upper reference node and bottom 

reference node, respectively, as illustrated in Fig. 2. These two reference nodes governed the 

motion of the nodes for the upper and bottom faces. In order to apply the shear load, the upper 

one moved to the left while no motion was allowed for the bottom one. The shear strain 

applied to the upper reference node was equal to 1% so that the expression of the shear strain 

was  = u/L. All the other nodes were free to move. 

 

 

 
Fig. 2: Three-dimensional view of the RVE with the size of 1x1x1 mm. Kinematic coupling of the 

nodes for the upper and bottom face with two reference nodes were used to apply the shear load.

The ABAQUS/Standard [28] cannot manage the interaction between pairs of fibres and the 

interaction of one fibre with itself. Therefore, the contact cannot be considered in this work, 

which means its influence on the stiffness of entangled cross-linked material was neglected 

against the influence of epoxy junction [3]. This assumption will be discussed and confirmed 

later.  

The total time period used in the loading step was equal to 1 s. It is a fictive time that does not 

impact the elastic linear calculation. The initial time increment chosen was 0.1 s. The time 

and 0.1 s.  
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Fig. 3: The view in front of the RVE geometry before and after shear loading where  =1%. 

3. Results and discussion 

3.1 Shear test 

 

and 

8.5%. The numerical fibre diameter corresponded to the real carbon fibre, which was equal to 

7 ropic fibre 

orientation (Fig. 1) was generated in this RVE following the previous data. This mix of 

morphological parameters provided around 25,000 contacts between the fibres and more than 

60,000 beam elements. The technique used to block the contacts (thus positioning the springs) 

consists in blocking a given proportion of the contacts. This is illustrated in Fig. 8. In the 

previously described configuration, two thirds of the contacts were bonded with cross-links in 

the shape of springs in order to get an average distance between the junctions equals to 

122  the experimental value of  

experimentally by Mezeix [8]. 

Figure 4 shows the curve of the shear stress versus the shear strain in the case of perfect fibre 

separation. The curve is elastic linear in view of the finite element hypothesis. It is shown 

with a green line and is steeper than the experimental curve [9]. The shear modulus for this 

case was equal to 12 MPa, which is about two times the value obtained during experimental 

tests.  
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Fig. 4: Comparison between the experimental curve [9] in black and numerical simulation in green for 

f = 8.5% and a fibre network with fibre orientation representative of the experimental data. This 

consisted of perfectly separated strand

contacts were glued. The black dashed black line corresponds to the value of the linear rigidity of the 

network identified in [9], where G = 6 MPa. 

This difference can be explained by the yarns that were not well separated during the 

manufacturing of the entangled cross-linked samples (see Fig. 5). The entangled cross-linked 

material was heterogeneous and all yarns were not perfectly separated after the entanglement 

step. The modelling of the yarns in the RVE was difficult due to the lack of the necessary data 

about the size and the position of these yarns in the sample. Due to the small size of the fibre, 

it was not possible until now to get statistical data for a RVE through the 3D tomography 

work. Then, the quantity and the size of the remaining yarns were not known enough to get 

statistical data for modelling the RVE. However, the developed numerical approach allowed 

the use of only beams with a homogeneous diameter. It is complicated to model the non-

separated yarns. To consider this heterogeneity in term of fibre separation, it was assumed 

that the entangled cross-linked material where there were some non-separated fibres was 

equivalent to an assembly built by fibres with a larger diameter. 
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Fig. 5: The SEM observation of an entangled cross- m; 

some of the yarns still existed and were heterogeneously dispersed. 

 A homogeneous fibre with a diameter of 7  and 

the half of that for a real carbon fibre, was used to target a bending stiffness equal to that of 

one of yarn that is composed of two fibres (see Fig. 6). This assumption was used to model 

the hysteresis loop in the previous work [26].  

 
Fig. 6: Technique used to consider the non-separated fibres. A big fibre with a diameter 

 is equivalent to two non-separated fibres with a diameter 7  in terms of bending 

stiffness.  

 



92

In this new case, 1230 carbon fibres were generated in the RVE to obtain a fibre volume 

fraction equal to 8.5%. The distribution of fibre orientations is the same than in the previous 

calculations and induced anisotropy, as illustrated in Fig. 1. The average distance between the 

three contacts (Fig. 8b). Around 6000 among 9000 contacts were blocked by the springs. This 

 of   reported by Mezeix 

but slightly larger.  

Figure 7 shows curve of the shear stress versus shear strain that allowed the evaluation of the 

shear modulus in the case of non-separated fibres. The comparison between the numerical 

curve and experimental data indicates a good agreement in terms of shear stiffness. 

Numerically, the shear modulus value is of the same order of magnitude as the experimental 

one. It is equal around 7 MPa, whereas the experimental value is about 6 MPa [10]. 

 
Fig. 7: Comparison between experimental data and numerical results for a fibre volume fraction  

f = 8.5%. The blue curve corresponds to the simulation using a fibre diameter equal to 

 and Eh = E/2 = 120 GPa. The green curve corresponds to 

the simulation using a fibre diameter equal to  and E = 240 GPa 

(see  Fig. 6). 
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Fig. 8: The way used to generate springs linking the contacts of one fibre, which is coloured in green, 

to the other fibres. These are illustrations in the case where (a) all contacts were blocked, (b) two out 

of three contacts were blocked, (c) one out of two contacts was blocked and (d) one out of three 

contacts was blocked. 

In order to check the repeatability of the results of the numerical simulation, three different 

geometries were generated. Indeed, in the previous works [26, 27], we have checked the 

volume chosen for the simulation (a cubic millimetre), was a RVE in the morphological sense 

[29]. It was then important to verify that we had a representative elementary volume for 

mechanics. Table 1 presents the parameters of each draw and the values of the shear modulus 

calculated in each case. Numerical values are very close with a small dispersion that can be 

explained by the dispersion between the draws that were generated. In this small dispersion, 

the numerical results show that the shear stiffness increased linearly with the fibre volume 

fraction and it increased non-linearly with the average distance between junctions. These 

observations agree with the previous studies of fibrous materials.  
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Table 1: Details of the three different simulations carried out with three different random draws of the 

position of the fibres. 

RVE 

Number 

of beam 

elements 

Fibre 

Volume 

fraction 

(%) 

Number 

of cross-

links 

Average 

distance 

between 

non-

bonded 

contacts 

 

Average 

distance 

between 

cross-links 

 

Shear 

modulus G 

(MPa) 

RVE 1 21646 8.58 6115 330 165 7.2 

RVE 2 21543 8.45 5952 336 168 6.8 

RVE 3 21608 8.51 6082 334 167 7 

In the following sections, some morphological parameters will be modified in the geometry of 

the RVE made with homogeneous fibres in order to study the evolution of the shear modulus. 

Five parameters will be involved: the fibre volume fraction, the initial distribution of fibre 

orientations, the average distance between cross-links, the joint tension stiffness and the joint 

twisting stiffness. 

3.2 Effect of morphological parameters on the shear modulus 

3.2.1 Effect of the distance between cross-links on the shear modulus for different 

distributions of fibre orientations  

The distance between the cross-links is considered to be one of the principal parameters 

related to the stiffness of a fibrous material. It depends on the quantity of pulverized resin and

on the fibre volume fraction. 

In this paragraph, the influence of the distance between cross-links for different distributions 

of fibre orientations will be evaluated. The values of other morphological parameters were 

fixed. The initial fibre volume fraction was equal to 8.5%, the tension stiffness, Kte, was equal 

to 0.4 N/mm while the twisting stiffness was equal to 3.10-4 N.mm. 

In this work, four initial distributions of the fibre orientations were studied, as illustrated in 

Fig. 9(b). The curve that is presented with a red colour represents the isotropic case. The three 

other distributions were anisotropic characterised by more fibres with horizontal directions. In 

Fig. 9(a), four curves are plotted and each curve was formed by four points corresponding to 

the ratio of the bonded contact. The method that was used to perform each ratio is presented 
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in the Fig. 8 (a, b, c and d), which correspond to the four ratios of the bounded contact, 

namely 1/1, 2/3, 1/2 and 1/3, respectively. 

In Fig. 9, four curves present the shear modulus as a function of distance between the cross-

links, Dc. When the last one increased, the shear modulus increased for the four cases. The 

study of the compressibility stiffness, which was carried out by Markaki and Clyne [22], 

showed an inversely quadratic dependence with distance between the junctions. With using 

power law function y = a.xb to fit the relationship between the shear stiffness and the distance 

between junctions, the results obtained are well modelled by an exponent b =-1.5. This 

exponent had the same order of magnitude as the previous study [17,22] that dealt with the 

compression stiffness of a cross-linked fibrous material. It is slightly lower than that one 

deducted by Markaki and Clyne (-2) [22]. 

level of the junctions which are more flexible than the infinite rigid crosslinks in the analytical 

model of Markaki and Clyne [22]. 

The shear stiffness increased in the same way, regardless of the distribution of the fibre 

orientations (Fig. 9(a)). Thus, the effect of the distance between the cross-links is did not 

change if the distribution of fibre orientations was isotropic or anisotropic.  

The shear modulus clearly depended on the two morphological parameters, namely the 

distribution of orientation fibres and the distance between cross-links, as illustrated in Fig. 

9(a). For the distribution of experimental samples (the green curve), the numerical simulation 

result provided a shear modulus equal to 16 MPa when each contact between the fibres was 

bonded. 

The high shear modulus value was obtained when the distribution was isotropic and the 

average distance between cross-

which all the contacts between the fibres were glued by epoxy junctions. It can reach more 

than 50 MPa. This value is still smaller than for a Nomex honeycomb, which is equal to about 

120 MPa [37]. However, it is close to the shear modulus for foam PMI 110, which is equal to 

about 50 MPa. 

The manufacturing of an entangled cross-linked fibrous material in which all contacts were 

bonded by epoxy cross-links could increase the stiffness of the material but probably reduces 

the vibration damping, which is the most important property of the cross-linked material. A 

compromise between the energy of dissipation through the dry friction and the shear stiffness 

should be considered. 
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Fig. 9: (a) Influence of the average distance between cross-links on shear modulus for (b)

different distributions of fibre orientations and different proportion of bonded contacts (one-

third, one-half, two-thirds and one). 

3.2.2 Effect of the distance between cross-links and fibre volume fraction on the shear 

modulus 

In this section, the influence of the distance between the cross-links on the shear stiffness was 

evaluated for different fibre volume fractions. Maintaining the same size of the RVE as 

and the same distribution of fibre orientations (Fig. 1), the variation of the fibre 

volume fraction was followed necessarily by a variation in the number of contacts and a 

subsequent variation in the distance between junctions. As in the previous section, four ratios 

of bonded contact are studied: 1/1, 2/3, 1/2, 1/3. The effect of the distance between the cross-

links on the shear modulus for different fibre volume fractions is shown in Fig. 10(a). Three 

different initial fibre volume fractions were tested. The smaller fibre volume fraction, which 

was tested, was equal to 6.5%. As checked n in [26], a cubic volume with the size of 1 mm is 

a morphological RVE for a fibre volume fraction equal to 6%. As long as the fibre volume 

fraction is bigger than 6%, the conclusion is the same. For the three fibre volume fractions 

f tested: 6.5%, 8.5% and 10.5%, the relation between the shear modulus and the distance 

between the cross-links was power law function with an exponent value of -1.5. The effect 

degree of distance between the cross-links on the shear stiffness was not changed according to 

the fibre volume fraction. 
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The fibre volume fraction is among the principle morphological parameters in a fibrous 

material. It can greatly influence the characteristics of an entangled cross-linked material. It 

does not influence only the mechanical properties but also thermic and acoustic properties. In 

this work, the influence of the fibre volume fraction on the shear stiffness was studied. 

Concerning the fibrous material, the relationship between the stiffness and the fibre volume 

fraction is considered as one of the most important properties in practical applications. The 

fibre volume fraction can be adjusted by changing the number of fibres introduced in the box 

of the RVE for FE simulations. 

The technique to generate the cross-links illustrated on Fig. 8 does not allow the fixation of 

the average distance between cross-links. This value is computed in eacg case and depends on 

fibre volume fraction, on fibre diameter and on the proportion of. So, three average distances 

between cross-links were taken from the curve plotted in Fig. 10(a) (Dc = Dc = 205 

Dc = 260 -links, the effect of the fibre 

volume fraction on the shear modulus is shown as a function of fibre volume fraction (Fig. 

10(b)). The finite element simulation results indicate that the shear modulus is a linear 

function of the fibre volume fraction of the entangled cross-linked fibrous material. This 

result is consistent with Equation (2) that provides the shear modulus as proposed by 

Cox [12]. It agrees also with the stiffness study of Markaki and Clyne [22]. The slopes of the 

three curves in Fig. 10(b) are different because they depend on the average distance between 

cross-links. The slope of each curve increased with the decrease of the average distance 

between cross-links. Thus, the fibre volume fraction impacted the shear stiffness more for the 

small average distance between cross-links (Table 2). The increase of the fibre volume 

fraction slightly impacted the shear modulus. Nevertheless, it should be chosen carefully so it 

does not impact the good ratio weight/stiffness of material. 

 

Distance between cross-links Dc  

(a) 1/1 

1/1 

1/1 

2/3 

2/3 

2/3 

1/2 

1/2 

1/2 

1/3 

1/3 

1/3 

260  

205  

150  

(b) 
Dc= 150  

Dc= 205  

Dc= 260  

f = 6.5 % 
f = 8.5 % 
f = 10.5 % 

f = 6.5 % f = 8.5 % f = 10.5 % 

Fibre volume fraction (%) 

 
Fig. 10: Influence of fibre volume fraction and distance between cross-links on the shear 

stiffness. 
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Table 2: Values of slope for different average distance between cross-links: Dc = 

Dc = and Dc =  

Average distance between 

cross-links Dc  

Value of Slope (MPa/%) 

150 0.77 

205 0.75 

260 0.45 

3.2.3 Effect of nature of fibre on the shear modulus for different distributions of fibre 

orientations 

An entangled cross-liked material can be manufactured by different types of fibres, such as 

carbon, stainless steel, aramid or glass. The actual numerical model can provide a good idea 

about the effect of the fibre type by comparing four different materials. The study of the effect 

of the fibre type is always done for the no-perfect separated fibres case (Dh  = D). The 

for each kind of fibre is presented in Table 3. To respect the approach of 

each case. The volume fraction was equal to 8.5% for each case and the same joint stiffness 

was used, namely 0.4 N/mm for the spring tension stiffness, Kte and 3.10-4 N.mm for the joint 

twisting stiffness, Ktw. 2/3 of contacts between fibres are bonded by 6000 springs. Thus, the 

average distance between the cross- E made with the three 

different types of fibre. 

Table 3: Acier inoxidable, glass and 

aramid. 

Nature E (GPa) 

Carbon 240 

Stainless steel 180 

Glass 73 

Aramid 36 

The effect of the type of fibre on the shear modulus for an entangled cross-linked fibrous 

material can be evaluated from the relationship between the shear modulus and 

modulus of the fibre. The influence of the type of fibre on the shear modulus was tested for 

different distributions of fibre orientations (Fig. 11(b)). In each one, the shear stiffness 

stiffness and 

studying the stiffness of a fibrous material [12, 17, 22]. 

The slope of the curve corresponding to the isotropic distribution of fibre orientations is the 

biggest, with a 12% of value. The value of the slope decreased when there were more fibres 

with a horizontal direction (anisotropic distribution), as illustrated in Table 4. Then, the effect 

ended 
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and 

The shear stiffness depends little on the nature of fibres if the proportion of fibres with 

horizontal directions is high. 

 
Fig. 11: 

Inox, glass and aramid) on the shear stiffness of the RVE for a fibre volume fraction of 8.5%; 

three distributions of fibre orientations were studied (one isotropic and two anisotropic).

Table 4: Values of the slope for three different distributions of fibre orientations presented in 

(Fig. 11(b)) 

Distribution of fibre orientations Value of Slope (%) 

Anisotropic 

distribution 

Green curve 

(Fig. 11-b) 
1.3 

Purple curve 

(Fig. 11-b) 
4.2 

Isotropic distribution 12 

3.2.4 Effect of joint tension stiffness on the shear modulus. 

In this section, the influence of the spring tension stiffness on the shear modulus for different 

distances between the cross-links was studied (Fig. 12). The other morphological parameters 

were fixed. The initial fibre volume fraction was equal to 8.5%, two-thirds of the contacts 

were bonded by epoxy junctions and the distribution of fibre orientations was as shown in 

Fig.1. The twisting stiffness is equal to 3.10-4 N.mm. 

For all geometries tested, the shear stiffness of the fibrous material increased with the value of 

the joint tension stiffness (Fig. 12). The shear stiffness of material can be significantly 

increased by using a higher rigidity resin. The relationship between the shear modulus and the 

joint tension stiffness is a logarithmic function. However, the change of the resin also caused 

a modification in the viscosity and the average distance between the junctions. 
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Fig. 12: Influence of joint tension stiffness on shear modulus for different distances between 

cross-links. All tested RVE had the same configuration and a fibre volume fraction equal to 

8.5%. The Dc = Dc = and Dc = 

all contacts, 2/3 of contacts and 1/3 of contacts, respectively. 

The effect of the spring stiffness for different distances between the junctions is shown in Fig. 

12. First, if the average distance between junctions, Dc, was shorter, then the shear stiffness of 

the material was higher. Second, for a shorter distance between joints, the value of the spring 

stiffness must be higher in order to raise the asymptote (I). For a larger distance between 

junctions, a spring with a lower stiffness was required to raise the asymptote (II). The 

displacement of the fibres in this case was mainly due to the bending displacement of the 

beam. When the distance between the junctions decreased, the stiffness was mainly due to the 

spring stiffness, which indicated that the spring had a greater influence. 

3.2.5 Effect of joint twisting stiffness on the shear modulus. 

In Fig. 13, the twisting stiffness of the joint was varied to study the influence of this 

parameter on the shear behaviour. The other morphological parameters were fixed. The initial 

fibre volume fraction was equal to 8.5%, the distribution of fibre orientations is as presented 

in Fig. 1 and the tension stiffness was equal to 0.4 N/mm. Three different values for the 

distance between the cross-links were studied. The shear modulus increased slightly with the 

increase of the spring twisting stiffness, and it became stable starting with Ktw equal to 0.0015 

N.mm. There was not a clear effect of the twisting stiffness on the shear modulus for different 

distances between the cross-links. Even if the twisting stiffness, Ktw, was increased 

significantly (log scale), there was not a clear change on the shear modulus. It was neglected 

compared to the influence of the tension stiffness. This result shows that the junctions were 

more solicited in tension than in twisting. 
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Fig. 13: Influence of joint twisting stiffness on shear modulus for different distances between 

cross-links. The same configuration is used for all tested RVE with a fibre volume fraction 

equal to 8.5%. The Dc = Dc=

bonded contacts and Dc =  

4. Conclusions  

The main objective of the current work was to study the stiffness in shear of the entangled 

cross-linked fibrous material. The numerical model focused on the influence of the 

morphological parameters on the shear behaviour of the entangled cross-linked material. This 

investigation was an interesting tool to understand the behaviour of entangled cross-linked 

materials in order to optimize it and enhance their mechanical properties. The work represents 

a robust base for developing a manufacturing process that can offer an entangled cross-linked 

material with the best of its stiffness rigidity.  

A finite element model was developed to predict the stiffness of an entangled cross-linked 

material in shear. It used 3D beam elements to simulate all modes of fibre deformation. The 

comparison between the numerical results and the experimental data showed a good 

agreement in terms of shear modulus when an assumption concerning non-separated yarns 

was considered. Then, a numerical investigation was carried out to study the effect of 

morphological parameters on the shear stiffness. The obtained results showed that the perfect 

separation of yarns during manufacturing process can improve the mechanical properties of 

the fibrous material.  

The relationship between the shear modulus and the average distance between cross-links was 

fited by a power law function with an exponent of -1.5. On the other hand, the relationship 

between the shear modulus and 

function. The increase in the tension joint stiffness can increase the shear modulus, but the 
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twisting joint stiffness did not have an important effect on the shear stiffness of the entangled 

cross-linked fibrous material. 

The management of morphological parameters can improve the shear stiffness of entangled 

cross-linked fibrous material such that a good value of the shear modulus can be reached that 

is comparable to that of Nomex honeycombs and PMI foam. Nevertheless, these 

morphological parameters should be carefully chosen to enhance the mechanical properties of 

the entangled cross-linked material without impacting its good vibration damping properties 

[9, 26]. This improvement will make the entangled cross-linked fibrous material relevant for 

use in structural applications as a core material for vibration damping. 
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Discussion de l  Numerical analysis of shear stiffness 

of an entangled cross-  et analyse en 

compression 

5.5 

calcul explicite et implicite  

 

de ce qui

e seule grandeur morphologique peut 

ement 

 grandeurs morphologiques. Cependant, il 

tiques morphologiques. La 

distance moyenne entre jonctions ou la taille et la 

 

de ces grandeurs. Le recour

des orientations des ) 

) semble 

 plus de 

. 

n code commercial de calcul par 

(Abaqus) pour ces travaux de  des cinq logiciels de base 

 :  

 Abaqus/Explicit, qui est bas plicite, 

dans le chapitre 3 

 dans le chapitre 4 car il est 

 fortes non- ir s s avec 

de nombreux contacts avec frottement (cf. chapitre 4). 

 Abaqus/Stand

 car il est efficace 

cf. chapitre 5). 

 

explicite et implicite (voir figure 5.14), on constate un facteur 2 entre ces deux grandeurs. Ce 

facteur 2 est similaire pour les deux cas le 

  

 (   La figure 5.14 
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 ; on trouve en implicite que le 

module de cisaillement Gimplicite 

Gexplicite 

par plusieurs facteurs interactions de contact 

entre fibres ; 

  en cisaillement, alors que le calcul explicite 

prend en compte ces contacts. En plus, nous avons vu dans la chapitre 3, en faisant varier le 

  

De plus, mment en implicite et en 

explicite. En effet, en implicite, la structure du u chargement car 

de 

 la phase de mise en position du calcul explicite ; ce qui induit une structure 

comportement

. 

Enfin,  

= 8,5%, distribution initiale des 

orientations de fibres anisotrope , distance moyenne 

entre jonctions  de 0,4 N/mm, raideur en 

torsion de ressort de 3.10-4 

sur , le 

chargemen

surfaces rigides (voir figure 4.14).  

des fibres de la structure. En calcul explicite, il existe des vibrations importantes des poutres 

entant nos fibres dans la structure, elles sont dues aux nombreuses interactions de 

c

5.3). En implicite, 

on ne met pas les surfaces rigides car comme il n y a pas de contact , elles ne 

. Nous avons  jouer  sur les conditions aux limites du calcul implicite

. Ainsi, nous avons  

u   . L est fixe alors que le 

 ct non pris en compte et pour respecter

les conditions aux limites du VER dans rimental. Finalement, le module de 

cisaillement Gimplicite , ce qui est assez proche de celui 

es (G  = 6 MPa). Ces conditions aux limites du calcul 
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Figure 5.14. Comparaison entre le module de cisaillement obtenu en implicite et en explicite 

  ) et non parfaite 

 ).  

5.6 

 

5.6.1  

hapitre 

5 

essais s sur la figure 2.12, 

compression 

en mouvement selon la direction de compression. Le c

 traversent les faces 

rigides. La figure 5.15 

2430 fibres de carbone 3 afin 

,5%. La distribution des orientations de fibres est 

prise isotrope. 

les fibres. Les contacts 

e l observe une distance entre les deux axes de deux fibres 

ocage de tous les contacts engendre une distance moyenne entre 

paragraphe 3.4 -dessus. Deux raideurs sont introduites dans les ressorts : la 
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0,4 N/mm alors que celle en -4 N.m. La 

de 10-3 par le code est compris entre 10-2 -3 s. Une 

co en 1000 pas au minimum.  

 
Figure 5.15. R pour une 

 de 1% avec une fraction volumique de fibres initiale de 8,5%. 

valeur (figure 5.16) celles issues de introduits

dans le chapitre 1 res :  

  Gibson et Ashby, 1997 :           (5.1)

  Markaki et Clyne, 2003 :     (5.2)

o  L la distance moyenne entre jonctions, D 

de la fibre et f la fraction volumique.  

Les trois valeurs du module de grandeur. Les valeurs des 

 ; ceci est vraisemblable 
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Figure 5.16. Module de  = 8,5%. 

Comparaison des valeurs obtenues par 

 

5.6.2  

i. Effet de la distance moyenne entre jonctions 

La distance moyenne entre jonctions 

. Dans ce travail, 4 rapports 

contacts  (1/1), soit 50% (1/2), soit 33%

(1/3) ou soit 25 % (1/4)

, par exemple dans le cas 1/3, les deux 

, cette fibre, on continue sur la 

s les fibres du VER. 

 test 4 distributions 

 (voir figure 5.17-b). La distribution isotrope est re

la figure 5.17-b. Les autres courbes de la figure 5.17-b re trois distributions 

augmentation graduelle de la proportion de fibres ayant des 

directions quasi- cf. figure 5.17-b). La figure 

5.17-a montre que la distance moyenne entre jonctions  induit un effet 

important sur le module en compression, quelle que soit la distribution des orientations de 

distributions des orientations de fibres. Plus la distance moyenne entre jonctions est petite et 

distance moyenne entre jonctions est une -1,5 pour toutes les 

distributions des orientations de fibres. Cette valeur de  -3/2 est nte de la 

valeur de -4  . Ceci peut-  d  la 
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la jonction liant les fibres des cellules , dans 

leur approche, ces jonctions sont infiniment rigide (encastrement). Au contraire, 

dans le  La valeur 

de -  de -  Markaki et 

e

que celle que nous observons.  

La distance moyenne entre jonctions 

120  (Mezeix, 2015). Elle corre

isotrope des orientations de fibres, le module de 

quand on bloque tous les contacts au lieu des 2/3 de 

contacts . Il existe approximativement un coefficient 2 entre les modules de 

compression entre  

nter la 

fraction volumique de fibres ; au-

f = 11%

 kg/m3 quasi 

 , dans ce cas, la 

 plus grand nombre d  

fines 

e Ce 

que montrent les simulations, 
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Figure 5.17. (a) Influence de la distance moyenne entre jonctions sur le module de 

  

ii. Effet du  

figure 5.18  fonction de la distance moyenne 

s 

-fraction volumique de 8, - Kte = 0,4 N/mm, 

Kto = 3.10-4 

la distance moyenne entre jonctions. La relation entre le module de compression et la distance 

moyenne entre jonctions est 

puissance  -3/2, 

-fraction volumique, 

mais cela ne 

. tableau 5.5). 

-

t donc leur 
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Mezeix, 

paragraphe suivant . 

 

Nombre de 

 

Longueur totale de fibres 

 dans le VER  

Nombre 

 

 7 2430 2095 62007 

 1890 1605 42177 

 1500 1153 28455 

Tableau 5.5. de fibre.

 
Figure 5.18. Influence de la distance moyenne entre jonctions sur le module de compression 

 

iii. Effet de la raideur de traction de la jonction 

 4.3.3. 

dans le b

en .

La figure 5.19-a 

. Le module de compression augmente puis tend 

vers une asymptote. Cette asymptote est attein  plus rapidement que la distance 

moyenne entre jonctions est grande ( I sur la figure). Pour une distance moyenne 
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Kte = 1,1 N/mm. Dans 

moyenne entre jonctions est plus faible (Dc = 

Kte = 2 N/mm (II). 

influence plus importante sur les 

jonctions. Dans le cas de Dc = 

,8 quand la raideur de traction de ressort passe de 0,4 

Pour le cas Dc = 115 1

quand une raideur de traction  Kte = 0,4 

 plus petite distance 

moyenne entre jonction Dc =  ; i  

Kte. Ainsi, la diminution de la distance entre jonctions induit une augmentation du nombre de 

jonctions ; ce qui explique cette influence plus importante 

le collage dans le cas de petites distances entre jonctions.  

 (voir figure 5.19-b effet de la 

raideur de torsion est plus important quand la distance moyenne entre jonctions est faible. Le 

tableau 5.6 ci- ation (E0,3/E0,0003) 

distances moyennes  

 
Module de compression E (MPa) 

(E0,3/E0,0003) 
Kto = 0,0003 N.mm Kto = 0,3 N.mm 

Dc =  63 98 1,55 

Dc =  37,5 54 1,44 

Dc =  12,5 17,5 1,93 

Tableau 5.6. (E0,3/E0,0003

moyennes entre jonctions  (Dc =  ;  ; . 

 torsion induit une augmentation du module de compression 

qui semble se stabiliser vers une quasi-asymptote. Celle-ci est atteinte plus ou moins vite 

distance moyenne entre jonctions est faible ( III sur la figure 5.19-b). Dans le cas 

pour lequel Dc = -3 N.mm. Dans les deux 
-2 N.mm. 

de 

est assez 
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e  lors de la 

taille de la jonction pourrait de jouer sur le traitement de surface des fibres modifiant les 

 et donc les angles de gout fibre.  

Une autre rait 

avec contacts. 

 

en raison de  

 

Kte (N/mm) 

Dc  = 78  

Dc  = 11  

Dc  = 218  

(II) 

(I) 

(a) 

 
Figure 5.19. 

jonctions ous les VERs 

 ; Dc = 

respectivement au pontage de tous les contacts, de 2/3 des contacts et de 1/3 des contacts.
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iv. Effet de la fraction volumique 

Elle e 

masse/ri Dans ce paragraphe, la va

ons volumiques (6,5%,

7,5% et 8,5%).  

La figure 5.20 montre que les courbes de tendance du module de compression en fonction de

la distance moyenne entre jonctions la loi puissance  -3/2, quelle que 

soit la fraction volumique. 

Gibson et Ashby et de  et 5.2].  

 
Figure 5.20. Influence de la fraction volumique de fibres et de la distance moyenne entre 

. 

v. Effet du    

  fibres comme des 

fibres de verre, de carbone, aramide ou en acier inoxydable. Dans ce paragraphe, nous 

5.21-b re

de plus en plus de fibres

. Pour chaque distribution, 

 

 (voir tableau 5.7). La figure 5.21-a
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compression la plus int s fibres de carbone conduisent logiquement au plus grand

donne le module de compression le plus faible, 

comme attendu.  

sandwich, le 

acier inoxydable 

nous avons 

leur comportement p plus complexe en 

acier inoxydable  (Masse, 2006). Enfin, la 

nat  

 ; c Gibson et Ashby et de 

Markaki et Clyne. Les pentes des trois droites, correspondant aux trois distributions 

,  dans le tableau 5.8

quand la distribution des 

orientations s des 

, 

pour des fibres de carbone.  

Nature 
 

E (GPa) 

Carbone 240 

Acier inoxydable 180 

Verre 73 

Aramide 36 

Tableau 5.7.  . 
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Figure 5.21. 

(carbone, acier inoxydable

en 

rouge et deux cas anisotropes en vert et en violet).  

Distribution des orientations de fibres Valeur de la pente (%) 

Distribution 

anisotrope 

Courbe verte 

(figure 5.21-b) 
3,1 

Courbe violette 

(figure 5.21-b) 
6,6 

Distribution isotrope 14,8 

Tableau 5.8. Valeurs des pentes pour trois .

5.6.3 

 

fabrication du  

 moindres que celles 

 

anisotrope de l  des fibres, par 

environ deux tiers 

non-  totalement ; ces trois points induisent 

 environ 4 MPa (Mezeix, 2005).  

torons non 

totalement  
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. Une fraction volumique de 8,5% 

cubique, de 1 mm de . et 

. 

 (cf. chapitre 3). 

donne un module de compression de 3 MPa, proche de la valeur 

e (4 MPa). Cette valeur plus faible e par la distance moyenne 

entre jonctions qui est plus grand  La distance 

(Mezeix, 2015). 

u 

Finalement ce travail a bien 

permis de re ant  

 possible avec une meilleure conception/  de son 

architecture morphologique. 

5.6.4 Conclusion 

morphologie du ) sont similaires de celles u cisaillement. 

 

a /cisaillement. 

 parait 

- a

    

 aleur du

module de compression, et en particulier plus proche de celle de la mousse PMI 110 

(EPMI = 160 MPa ; Zenkert, 1997) mais encore significativement moindre et encore 

e le d  nid d'abeille Nomex (ENomex = 620 MPa ; Zenkert, 1997). 

de 

structures les vibrations et les

. De plus, les du 

processus de fabrication 
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Conclusions  

. L

 mais en 

. 

-

morphologie du VER a conduit au choix  1 mm. Ce volume permet de 

reproduire, pour une fraction volumique de 6%, la distribution des orientations de fibres de 

 afin de 

 

deux phases lors de ces compressions 

, en compression, -statique de la 

par une augmentation du nombre de contacts et par des fibres de plus en plus perpendiculaires

.  

Le enrichi 

Pour   

collages, une approche  

 : i  de deux fibres perpendiculaires  

iden  Elles ont es es ressorts qui 

0,4 N/mm et 

.10-4 celle issue 

es en termes 

  pour tenir 

compte des torons non totalement 
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x frottements 

par 

e 

 effet de faible coefficient de frottement a  

  grandeur  de la morphologie 

sur cisaillement puis en compression. La relation entre le module de cisaillement 

(et le module de compression) et la distance moyenne entre jonctions  une loi 

puissance -1,5. L anisotropie de la distribution des orientations des fibres a 

de fibres ng de la fibre. Cette observation se reproduit 

dans le cas de l . En effet, le module de compression 

la fraction volumique de 

la fibre. Dans les 

traction de la jonction 

la raideur de torsion de la jonction a 

encore sur 

u

, 

dissipation des contacts glissants.  

Ce travail a perm r 

conaissance, 

. E de 

mieux 

entre fibres, , et 

sollicitation provient, non seulement de 

ts,  des forces au niveau des 

contacts en se focalisant sur la partie lin aire du comportement 

 

raisonnable avec un bon amortissement vibratoire ; ce qui en fait

une alternative aux actuellement. Enfin, une technique 

permettre 

et simplement les torons non-   
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Perspectives 

trois axes principaux  

ur le comportement 

 et e

 .  

cisaillement cyclique est un 

sollicitation, et notamment pour des amplitudes autres que 0,4% et 1%, pour bien comprendre 

Ce point est essentiel 

 a amortissement

croissante sollicitation.  

 

tout seul plaque sandwich

 

ement pourrai

mesures faites en tomographie X. Les observations en microscopie  

qualitativement e

rication. De plus, la tomographie X pourrait (mais la question de la 

taille du voxel se pose) peut- obtenir des informations sur la proportion et la 

. La  pourrait

reposant sur des fibres toutes  , mais plus grand . Des 

s seraien s afin de comparer les raideurs obtenues 

 

possible ation du 

Les  des simulations 

et en cisaillement) et probablemen  aussi la 

dissipation par frottement. Ce point nous semble probablement rapidement atteignable. En 

revanche, 
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sation de la 

distribution des orientations des fibres pour une application  

anisotro

le / . 
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