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INTRODUCTION GENERALE

�

I. PROBLEMATIQUE : 

TOLERANCE AUX DOMMAGES EN AERONAUTIQUE

En aéronautique, le concept de tolérance aux dommages, associé à des fissures de fatigue / 

corrosion et/ou des dommages accidentels, a été introduit dans les années 1970 pour les structures 

d’avions civils (matériaux métalliques). Le principe de ce concept est de s’assurer que l'aéronef peut 

fonctionner en toute sécurité pour une certaine période de temps même en la présence de dommages 

[1,2]. Ceci implique la nécessité de suivre une démarche de conception / justification des structures en 

tenant compte de l’aspect tolérance aux dommages dès la phase d’avant-projet. 

UL : Ultimate Load
 LL : Limit Load 
 DT : Damage tolerance 
 LDC : Large damage capability 
 DSD : Discrete source damage 

Visible damage on 
outside surface

Total damage on inner 
side of structure

CAT 1 CAT 2 CAT 3 CAT 4 CAT 5 

�

Figure I Principe de la tolérance aux dommages : endommagement, détectabilité et résistance résiduelle  

([3] d’après FAR 25) 

Dans les années 1980, suite à l’introduction des matériaux composites dans les aéronefs, le 

concept de tolérance aux dommages a été logiquement appliqué aux structures composites [3,4]. Les 

problématiques d’endommagement dans les composites étant différentes de celles des matériaux 

métalliques, la tolérance aux dommages se traduit différemment dans les règles de conception et de 

détection des dommages, mais le principe de base reste le même : assurer la sécurité de la structure. 
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L’impact sur structure composite est l’une des sources de dommage la plus courante et la plus 

pénalisante pour les composites. En effet, la fragilité des matériaux composites les rend plus 

vulnérables (fissuration matricielle, rupture de fibres,..) à ce type de sollicitation [1]. On parle ainsi de 

tolérance aux dommages d’impact dans les structures composites. 

Il n’y a pas d’exigence réellement bien spécifiée concernant les critères de conception des 

matériaux composites pour la tolérance aux dommages [5-7], si ce n’est la définition des cinq 

catégories de dommages présentée dans la Figure I. Dans le cadre de cette thèse, on se focalisera 

essentiellement sur les catégories 1 et 2 : 

• CAT 1 – le dommage est indétectable, la structure doit tenir les charges extrêmes (UL : 

Ultimate Load), 

• CAT 2 – le dommage est détectable dans le cadre d’un programme d’inspections défini : 

la structure doit tenir les charges limites (LL : Limit Load), légèrement plus faibles que les 

charges extrêmes, et doit être réparée. 

Les problèmes concernant l'impact basse vitesse, tels que la chute d’outil lors de la fabrication 

ou de la maintenance, l’impact de débris sur la piste de l’aéroport,… sont généralement classés dans 

les niveaux de dommages des catégories CAT 1 et CAT 2. La différenciation entre ces deux catégories 

se fait par la définition d’un seuil de détectabilité des dommages appelé BVID (Barely Visible Impact 

Damage), qui est le plus petit dommage détectable lors d’une inspection. En deçà de ce seuil, la 

structure doit donc supporter les charges extrêmes. 

Aujourd'hui, les compagnies aériennes détectent généralement les dommages au seuil visible 

(BVID) par des procédures d'inspection visuelle basées sur « l’indentation permanente » (voir la 

définition dans le chapitre 1). Néanmoins, il n’y a pas d'accord général sur la valeur exacte de 

l’indentation permanente au BVID. Certaines autorités acceptent une valeur d’indentation permanente 

de 0,3 mm [8], ou 1 mm [9]. Certaines précisent les conditions d’obtention ou d’inspection, par 

exemple 0,3 mm après relaxation [10], ou 0,25-0,50 mm à une distance de 1,5 m avec des conditions 

d'éclairage données [11]. Il existe d’autres méthodes de détection, telle que le contrôle non destructif 

par ultrasons, mais la méthode par inspection visuelle, bien que dépendante de l’opérateur, reste la 

méthode utilisée sur les grandes structures pour des raisons économiques [12]. 

Pour finaliser une conception de structure composite par la tolérance aux dommages, outre les 

questions de détectabilité des dommages, il est nécessaire de considérer la résistance résiduelle de la 

structure. Dans le cas de l’impact sur composite, le chargement post-impact le plus dimensionnant est 

très majoritairement la compression [8,13]. On parle alors de compression après impact (CAI) pour 

définir les essais de tenue résiduelle à réaliser. Les essais à l'échelle de l’éprouvette de laboratoire 

(150mm × 100mm) sont appropriés pour étudier les mécanismes d'endommagement. Différents essais 

de CAI existent, relativement similaires, décrits par les normes suivantes : Airbus AITM 1-0010 [14], 

Boeing BSS 7260 [15], SACMA SRM 2R-94 [16] et ASTM D7137/D7137M [17]. C’est l’échelle de 

la structure à laquelle nous travaillerons tout au long de cette thèse. Pour donner un ordre de grandeur, 

les études de Demuts and Whitehead [18] montrent une diminution de 58% de la résistance en 

compression d’une plaque après impact provoquant une indentation permanente égale au BVID. 

Une diminution de la résistance résiduelle telle que celle évoquée précédemment signifie que 

pour pouvoir tenir les charges extrêmes, la notion de tolérance aux dommages induira une 

augmentation de la quantité de matériau nécessaire, et donc une forte augmentation de la masse de la 

structure, sachant que cette masse additionnelle sera superflue… tant qu’il n’y a pas de dommage 

2



�

d’impact ! Le challenge est donc d’optimiser les structures en masse tout en répondant aux critères de 

tolérance aux dommages. 

Attention, la notion de tolérance aux dommages ne signifie pas qu’il faille concevoir une 

structure la plus résistante possible, mais bel et bien la plus légère possible supportant les charges 

extrêmes, et ce pour tout impact dont les dommages se traduisent par une indentation permanente 

inférieure ou égale au BVID. L’exemple de la Figure II est éloquent : la structure A, pour tout 

dommage sous le BVID, a une résistance supérieure à la structure B. Mais à poids égal, elles ont 

même capacité au sens de la tolérance aux dommages, puisque même résistance résiduelle au BVID. 

Si la structure B a un poids légèrement inférieur, elle est même meilleure que la A ! Autrement dit, 

pour optimiser une structure composite à l’impact, il peut être judicieux de favoriser l’apparition d’une 

indentation permanente, tout autre dommage restant équivalent, ou du moins en maintenant la 

résistance résiduelle supérieure aux charges extrêmes définies. L’indentation permanente peut alors 

être considérée comme un bonus pour la procédure d'inspection d’impact [19]. 

�

�

�

�

�

�

�
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Figure II Comparaison de deux  stratifiés (A et B) pour la tolérance aux dommages d’impact 

Cette présentation du concept de tolérance aux dommages pour l’impact sur stratifiés 

composites montre la complexité de la tâche pour remplir à la fois les exigences de vérification de 

tenue en tolérance aux dommages et obtenir les structures optimales. Les approches purement 

expérimentales (coûteuses) ou analytiques sont donc insuffisantes, et les approches numériques de 

type éléments finis peuvent apporter un plus au niveau de la conception des stratifiés (approche de 

type « virtual testing » [20]). 

II. OBJECTIFS DE L’ETUDE

C’est dans ce cadre que s’inscrivent les travaux de recherche présentés dans ce mémoire. 

Depuis le milieu des années 2000, des études sont réalisées au sein du laboratoire sur la tolérance aux 

dommages d’impact dans les structures composites, et plus particulièrement dans les stratifiés 

composés de plis unidirectionnels. Elles portent essentiellement sur la compréhension des mécanismes 

menant à la rupture lors des chargements de type impact et CAI, mais également sur les modèles 

3



�

numériques associés. Les matériaux étudiés sont principalement des nappes de carbone/époxyde à 

fibre longues. 

Pour comprendre l’apport des travaux réalisés lors de cette thèse et présentés dans ce 

mémoire, il est important de donner l’état d’avancement des recherches au sein du laboratoire au début 

de la thèse. Concernant les études expérimentales, de nombreux essais d’impact avaient été réalisés, 

sur plusieurs types de composites, permettant d’avoir une relativement bonne connaissance des 

mécanismes d’endommagement mis en jeu. Cependant, la plupart des essais ont été fait sur un drapage 

de référence, donc peu de drapage différents ont été testés. Pour la CAI, le nombre d’essais effectués 

est bien moindre, ainsi que la compréhension des phénomènes menant à la rupture finale. Concernant 

la modélisation, un modèle d’impact basé sur une approche de type « Discret Ply Model » (DPM) a été 

développé, qui donne de très bons résultats sur un essai de référence. 

Les travaux de cette thèse ont donc logiquement pour but de poursuivre le développement des 

outils numériques de prédiction de l’endommagement des composites stratifiés sous impact et CAI, 

dans le cadre de la tolérance aux dommages. Il s’agit donc de compléter les travaux précédents afin 

de : 

- rendre robuste le modèle d’impact en le validant sur un domaine d’utilisation plus large, 

- améliorer la prédiction de l’indentation permanente laissée après l’impact, puisque c’est le 

paramètre de détectabilité de l’endommagement actuellement utilisé par les compagnies 

(BVID), 

- développer un modèle de CAI, pour pouvoir faire un calcul complet impact + CAI à BVID 

donné, et ainsi disposer de la brique élémentaire de calcul permettant de faire une boucle 

d’optimisation pour le choix de matériau et drapage optimum sous un chargement donné 

répondant aux exigences de la tolérance aux dommages d’impact. 

III. ORGANISATION DU MEMOIRE

Ces travaux de thèse ayant permis de soumettre 4 articles (3 acceptés et un soumis) qui 

couvrent l’ensemble des travaux effectués pendant cette thèse, il a été choisi d’écrire ce rapport sous 

forme de manuscrit par articles. Les articles étant rédigés en anglais, afin de garder une cohérence 

d’ensemble au rapport, le chapitre de bibliographie a également été rédigé en anglais. L’introduction 

générale et la conclusion générale ont été rédigées en français, et chaque chapitre débute par un 

résumé du chapitre en français, afin de suivre les règles de l’école doctorale MEGeP. 

Comme vu au paragraphe précédent, les objectifs de cette thèse portent essentiellement sur la 

modélisation, et sont au nombre de trois, qui formeront trois des chapitres du mémoire. Une étude 

expérimentale a également été réalisée pour pouvoir à la fois améliorer la compréhension des 

phénomènes physiques rencontrés et fournir des données de validation aux modèles. Elle fait l’objet 

d’un chapitre séparé. Enfin, le premier chapitre présente une étude bibliographique du sujet. Le 

manuscrit est donc divisé en cinq chapitres, comme représenté sur la Figure III. 
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Chapitre 2 

Etude expérimentale d’impact et CAI 

Chapitre 3 

Modèle d’impact 

Chapitre 1 

Etude bibliographie 

Chapitre 4 

Modèle d’indentation permanente

Chapitre 5 

Modèle de CAI 

Problématique et objectifs 

Partie expérimentale

Partie numérique 

�

Figure III Organisation du mémoire 

Le premier chapitre consiste en une étude bibliographique sur l’impact et la CAI. Elle est 

divisée en trois parties : 1) l’état de l’art sur l’impact sur composite, l’indentation permanente et la 

CAI au niveau expérimental, 2) l’état de l’art sur la modélisation numérique de l’endommagement des 

composites, appliquée à la simulation de l’impact, de la CAI et de l’indentation permanente, et enfin 

3) la description du modèle existant au début de la thèse, puisqu’il est le point de départ de ces 

travaux. En fin de premier chapitre, l’état des travaux existants et des travaux effectués lors de cette 

thèse est clairement exposé afin de souligner l’apport de cette étude. 

Le deuxième chapitre présente une étude expérimentale. Il s’agit d’une campagne d’essais 

d’impact et de CAI sur sept différents drapages d’un même matériau. Ces essais sont tout d’abord 

analysés de manière globale pour étudier l’influence du drapage sur la réponse à l’impact et à la CAI. 

Des analyses plus fines contribuent également à améliorer la compréhension physique des 

phénomènes rencontrés lors de l’impact, mais surtout lors de la CAI, aujourd’hui encore bien moins 

étudiée que l’impact. Le rôle de la rupture de fibres en compression dans la tenue résiduelle des 

stratifiés sera notamment abordé en vue de l’intégrer dans le modèle numérique. Enfin, ces essais étant 

relativement bien instrumentés, ils fournissent une quantité d’informations appréciable pour la 

validation des modèles présentés lors des chapitres suivants. 

Ce chapitre a fait l’objet d’un article, soumis dans Applied Composite Materials. 

Le troisième chapitre se focalise sur l’étude du modèle numérique d’impact. Il présente les 

améliorations apportées au modèle existant, et la validation du modèle à partir de la banque de 

données des essais présentés au chapitre précédent. En particulier, un modèle de rupture de fibres en 

compression est développé pour prendre en compte ce phénomène observé dans certains drapages lors 

des essais d’impact. Il est ensuite intégré dans le modèle d’impact sur plaque. 

Ce chapitre a fait l’objet d’un article, publié dans Composite Structures. 

Le quatrième chapitre présente une étude de l’indentation permanente. Un essai de flexion 

trois points spécifique est développé pour faire apparaitre de la fissuration transverse et permettre ainsi 

d’étudier le mécanisme de non-refermeture des fissures qui est supposé être en grande partie à 

l’origine de l’indentation permanente dans les stratifiés. Cet essai permet de proposer une nouvelle loi 

d’indentation permanente, et d’en identifier les paramètres. La loi est alors implémentée dans un 
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modèle numérique de flexion trois points pour la valider, puis ajoutée au modèle d’impact sur plaque 

du chapitre trois. 

Ce chapitre a fait l’objet d’un article, publié dans Journal of Composite Materials. 

Enfin, le dernier chapitre est consacré au développement d’un modèle de CAI. En ajoutant le 

phénomène de rupture de fibres en compression dans le modèle d’impact, l’ensemble des phénomènes 

mécaniques à l’échelle du pli rencontrés lors de l’impact ou de la CAI sont représentés. Ainsi ce 

chapitre présente le modèle de CAI en tant que continuité du modèle d’impact, réalisé dans la même 

simulation, après avoir changé uniquement les conditions aux limites entre impact et CAI. Le rôle des 

ruptures de fibres en compression dans la tenue résiduelle de la plaque est alors discuté. Le modèle de 

CAI est ensuite validé sur un essai de référence, démontrant la possibilité d’effectuer un calcul 

complet de tenue résiduelle en CAI à partir de l’impact, de façon purement numérique. 

Ce chapitre a fait l’objet d’un article, publié dans Composites Part A. 

�
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW

Résumé en français 

INTRODUCTION ET ETUDE BIBLIOGRAPHIQUE 

Comme évoqué lors de l’introduction générale, la problématique de cette thèse concerne la 

« tolérance aux dommages d’impact des structures composites » dans un contexte aéronautique. En 

effet les impacts sur structures composites sont particulièrement critiques parce qu’ils peuvent 

fortement diminuer leur résistance résiduelle sans laisser de marque visible sur la surface extérieure.  

Dimensionner numériquement une structure composite en tenant compte des aspects détectabilité et 

tolérance aux dommages nécessite donc de modéliser (i) l’impact, (ii) l’indentation permanente et (iii) 

la compression après impact (CAI). 

Dans ce contexte, l’étude bibliographique de ce chapitre présentera une synthèse des 

principaux résultats expérimentaux et numériques de la littérature dans ce domaine, puis le principe de 

la modélisation numérique développée au sein du laboratoire avant cette thèse. 

La première partie de ce chapitre sera consacrée à l’étude expérimentale. On présentera dans 

un premier temps le fonctionnement des dispositifs d’essais utilisés dans le cadre de ce travail de 

recherche, notamment l’essai d’impact et l’essai de CAI. On présentera ensuite les mécanismes 

d’endommagement rencontrés lors de l’essai d’impact et de CAI, proposés dans la littérature. Les 

différents mécanismes d’endommagement que sont la rupture de fibre, la  fissuration matricielle et le 

délaminage seront détaillés. Les couplages forts existant entre ces dommages seront également 

discutés. Le phénomène de l’indentation permanente sera également présenté d’un point de vue 

expérimental et de la modélisation. En effet, quelques modèles de prédiction de l’indentation 

permanente existent dans la littérature mais il reste difficile d’obtenir une loi globale au vu de l’effet 

important des paramètres extérieurs tels que la configuration d’essai ou le matériau. De plus la 

compréhension physique de ce phénomène reste encore insuffisante dans la littérature. La 

connaissance des mécanismes physiques d’endommagement des structures composites serviront 

ensuite de guide pour le développement du modèle numérique présenté dans les parties suivantes. 

La deuxième partie se focalise sur la modélisation numérique. Afin de mener l’étude de 

l’endommagement des structures composites à l’impact et à la CAI, une échelle d’étude doit être 

choisie. Cette échelle a guidé les choix de modélisation réalisés lors de ce travail au vu des 

endommagements observés. L’architecture des modèles, et en particulier le choix de l’approche semi- 

discrète ou continue, sera également discuté. Le choix d’un modèle discret s’est focalisé en particulier 

sur les discrétisations intra- et inter-laminaire. Ce principe est essentiel quant au choix de la 

modélisation de l’endommagement de composites stratifiés utilisée lors de cette étude. 

7



Les principaux modèles d’endommagement d’impact de la littérature, classés selon les 

approches et critères, seront ensuite présentés. Quelques modèles particulièrement intéressants et 

efficaces seront ensuite étudiés en termes de lois de comportement et de limitations. Les différentes 

hypothèses de simulation de l’indentation permanente dans les modèles EF seront également abordées. 

En particulier la modélisation du phénomène de plasticité de cisaillement non-linéaire, dont le rôle est 

primordial pour la formation de l’indentation permanente, sera détaillée. Pour la modélisation de la 

CAI, on constate, en fin de ce chapitre, que la plupart des modèles de la littérature restent qualitatifs. 

Néanmoins la mise au point d’un modèle quantitatif est indispensable pour l'optimisation des 

structures composites à la tolérance aux dommages d’impact.  

La troisième partie du chapitre concerne la présentation du principe de la modélisation 

numérique existant au laboratoire avant cette thèse. Cette modélisation constitue la base de la 

modélisation réalisée lors de cette thèse. Les choix réalisés sur l’échelle et l’architecture du modèle 

sont également discutés. On présentera en particulier le principe d’insertion des éléments d’interface 

au niveau des fissurations matricielles et de la communication entre ces éléments et les éléments 

volumiques voisins. Ces éléments d’interface ont également été utilisés afin de modéliser l’indentation 

permanente dans le cadre du concept de « pseudo-plasticité ». 

La dernière partie détaille les apports du travail effectué durant cette thèse par rapport aux 

travaux antérieurs. Par ailleurs, les trois principaux aspects de cet apport seront présentés lors des 

chapitres 3, 4 et 5. En particulier, le modèle de CAI (chapitre 5) est un nouveau pas réalisé lors de 

cette thèse dans le développement du modèle. Finalement, ce dernier pas permet d’obtenir un modèle 

prédictif complet depuis l’impact jusqu'à la CAI.  
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1. EXPERIMENTAL STUDY FOR A PROBLEM OF IMPACT DAMAGE 

TOLERANCE

In recent years, the use of composite structures has increased in aeronautics. Unfortunately, 

composite materials are often brittle, and impacts like tool drops during manufacturing or maintenance 

can lead to damage inside the material. This may significantly reduce strength of the structure with a 

very little mark left onto the surface. This study aims to investigate the damage on unidirectional (UD) 

composite laminates caused by low-velocity / low-energy impact. Composite structure must be 

designed by taking into account damage detectability and damage tolerance, including phenomena of 

(i) impact damage, (ii) permanent indentation and (iii) residual strength under compression, as 

presented in the following sections. 

1.1. Low-velocity / low-energy impact 

In this study, we consider the damage on unidirectional (UD) composite laminates subjected to 

low-velocity / low-energy impact. However, there is no clear definition to classify “low-velocity 

impact” problem because, in fact, other factors may be involved in change of impact damage e.g. 

mass, object’s shape, etc. Practically, the classification of impact damage is rather based on the wave 

propagation on the target. When the impact response is influenced by shear and flexural wave from 

boundary condition, this phenomenon is classified as low-velocity impact [21,22]. In this study, we 

will perform a low-velocity impact with a velocity of about 4-6 m/s and an impact energy of about 17-

30 J in order to sufficiently create different levels of damage around the BVID level.    

1.1.1. Impact test description 

Impact test can be performed by different test apparatuses, for example drop-weight tower, gas 

gun, pendulum system or cantilevered impactor. Among them, the drop-weight tower is the best test 

apparatus for low-velocity impact test [13]. Mass and height are easy to adjust in order to set 

appropriate impact energy level. The standardizations usually provide the drop-weight tester for low-

velocity experiment [14,23]. 

Guidance tube

Optical sensor 
(initial velocity) 

Power supply unit 
(for optical sensor) 

Impactor
(see (b)) 

Data acquisition system

Support system 

Optical laser 
(plate deflection)

Force charge 
meter 

a b 

Figure 1 (a) Arrangement of drop-weight tower system for low-velocity impact test (at ICA/ISAE-Supaéro); (b) 

details of impactor/crosshead assembly 
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In this work, low-velocity impact tests are carried out by using a drop-weight tower, as shown 

in Figure 1(a). A specimen is placed under the drop-weight tower. During the test, plate deflection, 

initial impact velocity and contact force are detected by optical laser, optical sensor and force sensor, 

respectively. The signals obtained by these three sensors are recorded by a digital oscilloscope 

(Yokogawa DL708). The frequency bandwidth for signal acquisition is set to 200 kHz and the 

acquisition time frame should be set large enough to collect all data (>10 ms as shown in Figure 2). 
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Impact duration ≈ 4-5 ms 

Figure 2 Typical graph of impact test, displayed on the oscilloscope 

The initial velocity signal (grey line in Figure 2) provides the initial impact velocity, 0v . The 

distance between grooves on impactor’s crosshead (Figure 1(b)) enables the laser sensor to give a 

sinusoidal wave signal. The initial impact velocity, 0v , can be simply obtained as: 

period
lengthwave

t
sv =

∆

∆
=0

Eq 1 

The force signal (black line in Figure 2) is collected in voltage and then converted to force in 

kN. In fact, the force sensor is placed over the indentor (Figure 1(b)); therefore, to take into account 

the acceleration of the indentor mass, tipm , the actual impact force for the whole system (total mass of 

the main block totalm ) is corrected as [13]: 

tiptotal

total
sensorimpact mm

m
tFtF

−
⋅= )()( Eq 2 

where )(tFimpact  is the real impact force at each time instance. Knowing the actual impact force, the 

acceleration )(ta  can be obtained as: 

g
m

tF
tzta

total

impact
+==

)(
)()( �� Eq 3 
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where 281.9 −⋅= smg  is the gravitational acceleration constant. The velocity )(tv of the impactor 

during impact event can be calculated as:  

� ⋅==

t

dttztztv
0

)()()( ��� Eq 4 

At the beginning of contact 0=t , the initial velocity can be obtained from Eq.1 ( 0)0( vv = ). The 

displacement is obtained in the same way, 

� ⋅=

t

dttztz
0

)()( � Eq 5 

where )(tz  is the displacement of the impactor’s headset which is in contact with the specimen, and 

0)0( =z . The deflection of the upper surface is assumed to be equal to the impactor’s headset. For the 

lower surface, the deflection is measured by laser sensor below the specimen (red line in Figure 2).  

Finally, force and displacement signals are obtained. We will later use these two signals to 

analyse the damage during impact event in form of force-displacement curve (Figure 3(a)). The energy 

during the impact event can also be obtained by the integration of force with respect to displacement: 

� ⋅=

)(

0

)()(

tz

dztFtE Eq 6 

An example of specimen’s energy evolution is shown in Figure 3(b). The energy increases 

until the impactor stops. Then, the impactor rebounds with the decreasing of energy. The energy does 

not return to zero due to the specimen’s energy dissipation, dissE .
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Figure 3 Example of a 25 J-impact test (a) classic force-displacement response and (b) evolution of energy 

1.1.2. Low-velocity / low-energy impact damage mechanisms 

As mentioned earlier in the first section, internal damage is considered as a critical flaw for 

damage tolerance for composite structure because it is generally invisible. Normally, low-velocity 

impact damage on unidirectional (UD) laminates is formed as a conical shape (Figure 4(a)). Three 

damage types, namely matrix cracks, delamination and fibre failure (Figure 4(b-c)), are usually 

considered as follows: 
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Longitudinal cracking 

Transverse cracking 

Fibers failure 

Delamination 

        Loading direction 

a b

c

100 �m 100 �m 

Loading direction 

Longitudinal matrix cracking 

Transverse matrix cracking 

Delamination 

Fibre failure 

Figure 4 Impact damage in UD composites: (a) conical shape of impact damage [24] (b) different damage types 

[25]; (c) micrograph of matrix cracks and delamination [26] 

• Matrix cracking: in this case, impact damage basically occurs through matrix cracks but they 

do not significantly affect the residual strength of composite structure [13]. However, the 

matrix cracks can induce delamination and fibre failure. Two types of matrix cracking can be 

observed, i.e. tensile matrix cracks (Figure 5(a)) and shear matrix cracks (Figure 5(b)). 

0° layers 

90° layers 

0° layers 

0° layers 

90° layers 

90° layers 

a

b 

�

Figure 5 Two types of matrix cracks: (a) tensile matrix cracks, (b) shear matrix cracks [13]; and two types of 

induced delamination: (a) shear-induced cracks, (b) bending-induced cracks [27] 

• Delamination: this failure mode is typically initiated by matrix cracks and occurs between 

plies with different fibre orientations. Delamination is often considered as the majority of 

energy dissipation during the impact event [24,28] and therefore represents the dominating 

damage process during impact. Delamination usually relates with matrix cracks. Two 

mechanisms of delamination, i.e. shear-induced and bending-induced, are presented in the 

same way as matrix cracking (Figure 5). Many damage scenario of delamination were 
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proposed in the literature. For example, Renault [29] presented the damage scenario of 

delamination on a simple stacking sequence [-45,0,45], as shown in Figure 6. The impact 

damage begins with the development of matrix cracks in the impact zone below the impactor. 

These matrix cracks grow up during the loading in the fibre direction. In each ply, a strip of 

fibres and resin disjoints and slides in the normal direction of this ply. This disjointed strip 

creates an interlaminar zone of tension stress between two consecutive plies and can induce 

the formation of a delamination in this zone (Figure 6(a)). The zone of tension stress, limited 

by the disjointed strips of the two adjacent plies, has a triangular shape with its size growing 

from the impacted side to the non-impacted side [30]. Figure 6(b) shows the interlaminar 

zones of tension stress between the -45°/0° and 0°/45° plies. As a result, delamination shape is 

parallel to the fibres of the lower ply, as can be seen from ultrasonic C-scan technique in 

Figure 7(a), and delamination of each interface looks more or less like peanut shape (Figure 

7(b)). However, precise prediction of size and form of delamination is complicated because it 

is significantly in function of the material properties and configuration of the laminates, for 

example, damage of UD and woven laminates are significantly different. 

Intralaminar Matrix Cracks: 
Creation of Disjointed Strips 

Impacted Side

Non-Impacted 
Side

Interlaminar Tensile Stress 

Zone of Triangular Shape 

Ply n°3 (45°)

Ply n°2 (0°)

Propagation 

direction 

Propagation

direction

Impact

zone 

Ply n°2 (0°)

Impact 

zone 

Ply n°1 (-45°)

0°

-45°

45°

Ply n°3 (45°)

Ply n°2 (0°)

Ply n°1 (-45°)

A

B

B

A

Section A-A

Section B-B

-45°
0°

45°

-45°
0°

45°

Disjointed 

strip 

Impact

zone 

Zones of interlaminar 

tensile stress 

0°

-45°

45°

a b 

Impact 

zone 

Impact 

zone 

Figure 6 Mechanism of delamination formation ([31] proposed by [29]) 

• Fibre failure: during impact event, fibre failure may occur after matrix cracking and 

delamination. Generally, the distribution of fibre failure through-the-thickness is narrower 

than matrix cracking and delamination. The fibre failure is clearly found at the zone under the 

indentor, especially fibre failure in tension, as shown by the micrograph in Figure 8. 

Three damage types presented above are internal damage which may not be observed and 

clearly distinguished during in-service inspection. On the contrary, the external impact damage that 
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can be an indicator for the occurrence of the internal damage should be highlighted. From this reason, 

we will focus on the permanent indentation, which will be presented in the following section.  

0° 
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0° 

100 mm

a b

20 mm

Figure 7 (a) Delamination by C-scan of quasi-isotropic T700GC/M21 specimen after 25 J-impact (result of this 

study); (b) Radiograph for impact on [03/903]s cross-ply laminate [32]  
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Figure 8 Micrograph of impacted specimen showing different failure modes (result of this study) 

1.2. Permanent indentation 

In fact, permanent indentation or dent depth should be discussed in the previous subsection 

(impact damage mechanism). However, it is separated to point out the importance of this mechanism. 

The permanent indentation is the residual depth of the depression formed by an impactor after the 

impact event [23]. We can detect it both in impacted side and non-impacted side, as the examples 

shown in Figure 9(a). The dent depth is generally defined as the maximum distance in a direction 

normal to the face of the specimen from the lowest point in the dent to the plane of the impacted 

surface (see Figure 9(b)).  

In the literature, there are fewer studies on permanent indentation / penetration than on internal 

damage so that its mechanism is not well established. For conventional laminates, the cause of 

permanent indentation is assumed as the plasticity of resin in shear [33], or as the blocking of debris 

inside the matrix cracks [34]. So far, there is no specific study on the physical behaviour of the 
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permanent indentation’s formation. The prediction of this term is normally performed either by giving 

an analytical assumption [35], or semi-empirical method based on test data [36,37]. 

a

10 mm 10 mm 10 mm

10 mm 10 mm 10 mm

b

10 mm 10 mm 10 mm

-0.61 0.22 

90°

45° 

0° 

100 mm 

Impacted side Permanent 
indentation

Figure 9 (a) Example of permanent indentation on a woven laminates after 17 J-impact [39]; (b) measurement of 

permanent indentation: from the lowest point in the dent to the plane of impact surface (after [30])  

Caprino et al. [36,37] experimentally studied low-velocity impact on composite laminates and 

sandwich structures and found that if the ratio of impact energy to penetration energy is known, the 

permanent indentation can be estimated regardless of laminate types and thickness (Figure 10). 

However, this approach needs experimental data to generate an exponential function. As a result it is 

not appropriate to use as a unique function to predict the permanent indentation. Chen et al. [38] 

reported that the prediction may be even more complicate; they demonstrate the sharp increasing of 

permanent indentation when the fibre breakage is produced during loading stage. 

Prediction by  

exponential function  

Figure 10 Evolution of the indentation, I, against non-dimensional energy, U/Up (impact energy/penetration 

energy) [37] 

1.3. Compression After Impact (CAI) 

The compression after impact is used to determine the residual strength / damage tolerance of 

the impacted composite structures. In fact, other post-loadings such as tension, shear or fatigue also 

result in reducing of residual strength. However, the compressive post-loading is considered as critical 

for impacted damaged specimens [13]. For example, Figure 11(a) shows that reduction of residual 
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strength in compression is greater than in tension. Hence, the studies of residual strength after impact 

have been directed toward understanding the failure subjected to compressive loading, which is 

classically called compression after impact or “CAI”. 

1.3.1. CAI test description 

Study of CAI on laminated composites is rarely found on full scale of aircraft. It is generally 

on a coupon as widely provided by standardized guidelines such as Refs [14,17]. These methods 

utilise a flat, rectangular plate. Impacted specimen is placed inside the CAI test rig (Figure 12). The 

global buckling of the plate is prevented by using anti-buckling knives as simple support at the long 

edges, whereas the short edges are clamped. 

A-tension 

B-tension 

A-compression

B-compression

a b

Local buckling mode 

Global buckling mode 

Mixed buckling mode 

Figure 11 (a) Example of residual tensile and compressive strengths in function of impact energy with two 

laminate types [13]; (b) buckling modes of CAI tests [40] 

Die press upper platen 

Upper clamping block 

Specimen 

Anti-buckling system 

Lower clamping block 

Die press lower platen 

Extensometer 

LVDT 

Impacted side Non-impacted side 

Figure 12 CAI test apparatus compressed under hydraulic machine used in this study (in-house test apparatus) 
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The specimen is subjected to in-plane compressive load at a constant and low displacement 

rate (quasi-static loading). Strains, either in-plane or flexural, are observed as recommended in the 

standard test method by attaching strain gages on both sides of the specimens. Sensors and gages may 

be adapted depending on available facilities and objective of study. For example, in this present work 

an extensometer is used instead of the strain gages. In addition, a 3D image correlation technique is 

used to determine the strain field on the opposite side, as shown Figure 12. An LVDT sensor is placed 

on one side of the plate in order to identify the global and/or local buckling. The test details and 

analysis of CAI results will be presented in chapter 2.   

Nevertheless, CAI test fixtures according to the standardized guidelines are quite limited due 

to the restriction of specimen thickness and size. Some researchers had modified or created their own 

test fixtures based on their study objectives. For example, Rhead et al. [41] employed an anti-buckling 

guild with a circular window instead of rectangular window in order to prevent global buckling and to 

observe that samples fail due to damage propagation. Sanchez-Saez et al. [42] modified CAI test 

fixture window to be smaller than the standard in order to adjust with their thin laminated specimens. 

The main reason of the modification is also to avoid global buckling.   

To avoid unwanted results during CAI test, some guidelines drawn from the author’s 

experience are listed as follows: 

• The short edges of the specimen must be parallel, so that the compressive load can uniformly 

distribute over the specimen. This process should be taken into account since the cutting 

process before operating an impact test. For this reason, a high precision cutting machine is 

needed. 

• Before carrying out a real test, preloading (approximately 50 kN or 10% of compressive 

strength) should be applied to ensure that all of output signals are recorded and specimen is 

well installed. The alignment of the specimen can be verified thanks to the 3D image 

correlation technique. 

• Boundary conditions of short edges are modified from the standard. A clamped boundary 

condition is used instead of a simple support (knive-contact)(Figure 13(a)) in order to avoid 

undesirable failure caused by end crushing-blooming, as shown in Figure 13(b). 

�

Simply supported 
(standard) 

Specimen 

ba

Clamped 
(modified in this study)

�

 Figure 13 (a) Modification of the end boudary condition in this study; and (b) example of failure by end 

crushing-brooming [42] 
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1.3.2. CAI damage mechanism 

To study residual strength after impact on laminated composites, many researchers focus on 

determination of the residual strength level with different test conditions, such as temperature, 

hygrothermal, material, or use of protection layer, etc. On the other hand, some of researchers try to 

understand the failure mechanism. This part focuses on the latter aspect and some relating conclusions 

are detailed as below.  

In the literature, two main aspects are assumed to be the main cause for CAI failure. In the 

first aspect, buckling is concerned as a primary cause of failure. Considering an impacted plate, which 

contains one or more delamination, subjected to uniaxial in-plane compression, residual strength tends 

to be decreased due to buckling [13]. Initially, most of the researches mainly focused on a single-

delamination where buckling mode depends on the location and size of delamination [40,43]. In this 

case, different types of buckling are considered, as shown in Figure 11(b). Delamination, located near 

the surface induces a local buckling of the outer plies. If the delamination locates in the middle of the 

laminate, global buckling or mixed mode buckling might occur.  

Numerous works on CAI predictions usually focus on the local buckling such as in Refs 

[8,41,42,44].  In fact, impact-induced damage has generally more than one delamination interface, so 

the local buckling is probably due to the largest delamination. Xiong and Poon [45] predicted 

compressive strength from analytical approach based on the local sublaminates buckling. They 

concluded that the degradation of the compressive strength is based on the buckling stress of the 

largest sublaminate, formed by the impact-induced delaminations. Wang et al. [46] studied multiple 

delaminations and found that the lowest compressive strength will occur when the delamination split 

into similar thickness sublaminate. Hwang and Huang [40] and Aslan and Sahin [43] also reported that 

if the wide delamination is close to the surface of the laminate, the inner or small delaminations have 

no effect on buckling stress.  

For post-buckling state after a thin sublaminate buckles, the remaining plies are not stable 

anymore. Thus, the compression loading results in increasing out-of-plane loading around the 

delamination and the post-buckling continues until the out-of plane load exceeds the interlaminar 

tension allowable. The final failure occurs due to delamination propagation and subsequent collapse of 

the laminate [1]. 

The assumptions of buckling from the studies mentioned above seem to be reasonable. 

However, other factors that may affect the CAI final failure should be taken into account, e.g. fiber 

failure and matrix cracking. 

For the second aspect, CAI damage deals with the cracks propagation in laminated plies. 

Fewer studies according to this assumption have been done comparing with the first assumption 

(buckling). Soutis et al. [47] mentioned that fibre microbuckling in the 0°-layers, accompanied by 

delamination and matrix cracking in the off-axis plies, initiates and propagates laterally from the 

impact point before the final collapse of the plate. Yan et al. [48] investigated CAI failure in woven 

fibre reinforced composites. They presented that delamination propagation is the critical mechanism 

for CAI which later triggers the sublaminate buckling. Under compressive loading, the matrix and 

fibre cracks propagate laterally in shear mode until the specimen collapse. Uda et al. [49] also studied 

failure mechanisms of CFRP laminates subjected to post-impact compression fatigue. They showed 

that the final failure is due to the propagation of delamination and kink band formation in the 0° plies. 

This study contributes to an idea that final failure is more likely to cause by fibre compressive failure 
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in 0°-plies rather than local buckling. However, it should be noted that this test is subjected to a 

compression fatigue load instead of classical static compression load.  

In order to determine the value of residual strength, delamination is usually considered as an 

important failure mode for CAI [50]. Generally, it can be concluded that residual strength decreases in 

function of an increasing of delamination area. Interesting works according to the relation between the 

delamination area and residual strength are presented by Petit et al. [26] and Sebaey [51]. The key 

point is that the impacted specimens from both studies have wide projected delamination but less 

number of interfaces. Comparing with the conventional cases with smaller projected delamination area 

on many interfaces, these types of delamination result in higher compressive residual strengths. Thus, 

all of delamination interfaces must be taken into account instead of the projected delamination.

The main cause of CAI failure still remains ambiguous. In fact, the conclusion from each 

study depends upon different materials, stacking sequence configurations and/or different test fixtures. 

Therefore, all damage mechanisms should be taken into account and thus FE approach seems to be 

convenient for this problem. As a result, in this thesis, we will investigate the failure mechanism of 

CAI, especially on plate deformation with association of permanent indentation analysis. During CAI 

test, these effects may accelerate local and/or global buckling since the out-of-plane deflection is 

important for buckling. To the author’s knowledge, this point has never been elaborated in the 

literature. The details of this issue are included in Chapters 2 and 5. 

2. NUMERICAL MODELLING OF COMPOSITE STRUCTURE

2.1. Scale of damage model 

A composite material consists of two constituent materials namely fibre reinforcement and 

matrix. Damage mechanism is thus absolutely not uniform for all over laminated structure due to the 

different constituents. Therefore, it is necessary to define a scale on which the material can be 

described properly without going into excessive details. This section explains different scales for 

modelling laminated composite. The scales must be predefined depending on simulation purpose. 

Three main scales of model are classically classified as follows:  

• Macro-model (structure scale): this scale model is generally used to predict global damage of 

complete laminated structure regardless of the details of failure modes, such as an example of 

buckling panel [52] (Figure 14(a)). Overall properties of the lamina can be approximated by 

using the common rules of mixture based on the laminate plate theory. The criteria widely 

used are maximum stress, maximum strain, Tsai-Wu, Tsai-Hill, etc. However, some criteria 

are possible to separate different failure modes of a lamina. For example, Hashin’s criterion 

distinguishes fibre failure in tension/compression or matrix cracking in tension/compression. 

The advantage of modelling in this scale is to roughly predict laminate failure for the whole 

structure and identify its critical zone. Nevertheless, any precise failure modes or interface 

damages, e.g. delamination, as well as the mechanism of progressive damage cannot be 

predicted.  
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(c) Micro-scale (≈≈≈≈10�m)
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Post-buckling behaviour  
of flat stiffened composite panels

(b) Meso-scale (≈≈≈≈0.1mm)
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Figure 14 Examples of FE model: (a) macro-scale [52], (b) meso-scale [53], and (c) micro-scale [54] 

• Micro-model (fibre scale): this scale is mainly for a study of failure mechanism at fibre level, 

as an example shown in Figure 14(c). The objective of this scale is more about the 

comprehensive study of physical mechanism rather than designing a composite part or 

structure. The mechanism for micro-model is for example fibre-matrix debonding [54], fibre 

friction [55], etc. Modelling at this micro-scale enables us to have very precise damage 

mechanism. However, it is not suitable to simulate any typical damages like matrix cracking 

or fibre failure because the damage might be too precise and especially high computational 

resource is needed. 
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• Meso-model (ply scale): this is an intermediate scale defined between micro- and macro-scale. 

Meso-model treats the composite lamina or sublaminate as a homogeneous material [56]. In 

other words, this scale is associated with the thickness of the layer and the interlaminar 

interfaces [57]. Therefore, all principal damage mechanism in composite namely 

delamination, fibre failure and matrix cracking are suitably represented in this scale, as an 

example of dynamic crash [53] shown in Figure 14(b). This damage is considered to be 

uniform throughout the thickness of each mesoconstituent. Therefore, material characteristics 

of lamina are necessary for simulation instead of ones of laminate.  

In our case, we are interested to use meso-model for simulating impact damage of UD 

laminates because this scale is suitable for investigating internal damage. For example, Allix [57] 

simulated an impact model with homogenous layers through the thickness and interlaminar interfaces. 

They showed that the meso-scale model is a proper choice; however material behaviour still remains 

difficult to identify. In addition to the scale of damage model, architecture of damage model or mesh 

construction which directly links to material laws must be predefined. The topic is discussed in the 

following section.     

2.2. Architecture of damage model (continuum vs. discrete) 

After selecting a modelling scale as described earlier, the next step is to select the architecture 

of the damage model. Since fracture processes in composite materials are complex and significantly 

anisotropic, different damage types should be carefully defined. This issue is a general concept for 

simulating different composite applications and also for impact damage modelling in this work. A 

well-predefined model construction associated with appropriate material laws is one of the key-

concepts for the success in FE simulation.     

In the literature two main numerical approaches are often mentioned, namely continuum 

damage model and discrete damage model. The main difference between continuum damage model 

and discrete damage model is the representation of the displacement discontinuity. The continuum 

damage model replaces the displacement discontinuity with local volumetric stiffness degradation; 

whereas the discrete damage model directly includes kinematics of the displacement jump [58]. For 

this reason, we can distinguish the damage model in three levels, as shown in Figure 15.  

Level-1 model is a pure continuum damage model (Figure 15(a)). In general, intra-ply failure 

modes have been investigated primarily within the framework of continuum damage mechanics 

(CDM). The CDM typically involves the concept and relations of stress, strain and energy equivalence 

[59]. The role of this method is to provide a mathematical description of the dependence of the 

damage with the mechanical characteristics. It generally includes both damage initiation and growth. 

The simplest way to describe damage is to use a scalar damage variable. For damage with complex 

mechanism like composite, multiple damage variables can be used to represent separate damage 

mechanisms. For example, Maimí et al. [56] proposed a constitutive law for predicting the onset and 

growth of intralaminar failure based on four fracture types, i.e. fibre tensile fracture, fibre kinking, 

transverse fracture oriented at 0° and transverse fracture oriented at 53°. The key point in the level-1 

model is to simulate both intralaminar failure and delamination within continuum elements. For 

example, Hou et al. [60] did not define any delamination interfaces between the plies. Therefore, the 

criteria are applied to volume elements. This method could not precisely provide the ply separation for 

delamination, so they instead defined delamination by capturing the degradation of out-of-plane stress.  
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Level 1: Continuum damage model a

b Level 2:  Interface elements  
 only for delamination 

c Level 3:  Interface elements both for  
 delamination and matrix cracking 

Discrete 
damage model

d Level 4:  Interface elements for fibre failure,  
 delamination and matrix cracking 

Figure 15 Architecture of damage model for composites: (a) level 1 - continuum model, (b) level 2 - interface 

elements for delamination, (c) level 3- interface elements both for delamination and transverse matrix cracking 

and (d) level 4- interface elements all for fibre failure, delamination and transverse matrix cracking  

An example of pull-out failure of the [45/-45]s laminate in Ref [61] (Figure 16) demonstrates 

that laminate can damage with only matrix cracking and/or delamination without any fibre failure. 

Thus, only the continuum damage model may not be adequate and discrete damage model becomes 

necessary. Significant progress of discrete model approach has been achieved; this is presented as 

level-2 and level-3 models as follows.   

Level-2 discrete model deals with a continuum damage model for intralaminar damage and 

an insertion of interface elements for interlaminar damage (Figure 15(b). An interlaminar failure 

(delamination), separately modelled from intralaminar failure, is considered as discontinuity or 

discrete model.  
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Figure 16 Schematic of pull-out failure of [45/-45]s laminate without fibre failure [61] 

Nowadays, the interlaminar damage model has been extensively studied using discrete 

interface elements (also called cohesive zone model (CZM)). This approach is widely used for 

simulating delamination since a success in the early 1990’s [61]. Discrete failures are often associated 

with material or geometry discontinuities with rich resin zones. In practice, interface elements can be 

either infinitely thin or have a finite thickness. Strength-based criteria are not suitable to predict failure 

due to mesh-dependent issue. Thus, fracture mechanics for damage propagation is recommended and 

commonly employed. Many works successfully show that it is not necessary to know a priori where 

delamination occurs. Interface elements can be placed as a layer between different oriented plies and 

the analysis will automatically respond the delamination. From the author’s point of view, today, the 

level-2 discrete model seems to be the most popular damage model. That is, CDM is used to simulate 

intralaminar damage and interface elements is used to simulate delamination, such as in Refs 

[33,50,62]… 

Furthermore, for some models presented in the literature, interface elements are also 

introduced in intralaminar in order to represent matrix cracking. The model having both interface 

elements for delamination and matrix cracking is defined as the level-3 discrete model (Figure 15(c)). 

The level-3 model is more realistic when laminated composites have matrix dominated failure. That is, 

discrete model for matrix cracking allows delamination link up through the thickness, so 

delaminations from different interfaces can connect to one another through transverse matrix cracks. 

Level-4 discrete model uses interface elements for all damage types. To the author’s 

knowledge, this model’s level does not exist in the literature. 

The choice for the impact damage model in this thesis is based on the level-3 model which is 

able to separately simulate matrix cracking and delamination but less complicate than the level-4 

model. In the literature, there are fewer studies regarding to the level-3 model than the level-1 and 

level-2 models. Lammerant and Verpoest [63] used interface elements to study the interaction between 

matrix cracking and delamination. Interface elements were applied for both matrix cracking and 

delamination in vertical and horizontal, respectively. They predefined damage initiation, while the 

propagation was simulated by using energy criteria. Finally, they concluded that the first damage in 

laminate is matrix cracks. Hallett et al. [64] also generated predefined pattern of matrix cracking by 

using interface elements because they have observed that matrix crack occurred before delamination. 

Good experiment-model correlation in term of damage forms was obtained, and they also highlighted 

the importance of interaction between delamination and matrix cracking. Iarve et al. [58,65] continued 

the similar tests as Ref [64] based on a regularized extended finite element (x-FEM). They 

successfully simulated mesh independent crack model and without any prior knowledge of matrix 

cracking pattern or restriction on the number of cracks. The matrix cracks are automatically inserted 
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when a sufficient stress is reached. The crack patterns and stress-displacement responses are similar to 

their previous work [64]. Nevertheless, fibre failure which is a principal damage in composite was not 

taken into account in their model. 

Another interesting work done by Aoki et al. [66] should be noted. Two FE models are 

compared in order to examine the effect of transverse cracks on delamination propagation. One model 

has interface elements only for delamination while the other has interface elements both for 

delamination and transverse crack of each lamina. The locations of matrix cracks are predefined based 

on microscopic observation. The results show the importance of matrix cracking model on 

delamination propagation. If transverse matrix cracks exist, delamination can elongate along the 

bending which well captures the realistic damage.    

 Bouvet et al. [31] also proposed interface elements to simulate matrix cracking and 

delamination. To the author’s knowledge, this is the unique model in the literature that provides 

interface elements for matrix cracking distributing all over the laminate without any predefined matrix 

cracks and delamination. Excellent simulations of low-velocity impact damage were obtained. This 

discrete concept is also developed and applied to other applications such as in Refs [30,53,67]. As a 

consequence, the work of Bouvet and co-workers is extended to this thesis. Model principles are 

presented in section 3 of this chapter, as well as some particular details and results are presented in 

chapters 3, 4 and 5.     

2.3. Review of damage models for impact damage tolerance issue 

As explained in section 1 regarding the experimental study of the impact damage tolerance 

problem, the three aspects, namely impact damage, permanent indentation and CAI, are also discussed 

in this section from a numerical point of view.    

2.3.1. Impact damage model 

Elementary damage types involved in low-velocity impact are similar to the ones of other load 

cases: fibre breakage, matrix cracking and delamination. Thus, the short review of impact damage 

model in this section does not concern the damage types, but presents the modelling approaches for FE 

analysis. Many approaches are currently available in the literature and they can be divided into four 

categories namely failure criteria, fracture mechanics, damage mechanics and plasticity [68].  

Beginning with (1) failure criteria approach, Hou et al. [69] developed a FE model with an 

improved failure criteria in 3D brick elements based on Chang-Chang failure criteria [70] for fibre 

failure and matrix cracking, and on Brewer-Lagace criterion [71] for delamination. Realistic damage 

modes i.e. matrix cracking and delamination have been achieved. This approach is quite easy to apply 

but more precision of damage may be needed. As explained previously, this approach is rather on 

macro-scale aspect. Thus, the failure criteria are usually combined with (2) fracture mechanics and (3) 

damage mechanics or continuum damage mechanics (CDM) to make it possible to simulate the 

damage propagation. (4) Plasticity approach is suitable for composites which exhibit behaviour with 

permanent deformation. Also, it is usually combined with other approaches to simulate particular 

phenomena. For example, Shi et al. [33] as well as Fagiani and Falzon [62] added non-linear 

irreversible shear behaviour to intralaminar failure in order to simulate permanent indentation. 
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As a result, an impact model should be constructed from a combination of different modelling 

approaches to obtain better results on damage. Moreover, these selected approaches of damage model 

are linked to the mesh construction / architecture (in section 2.2). Some relevant impact damage 

models are presented. Shi et al. [33] simulate intralaminar damage, i.e. fibre failure and matrix 

cracking in 3D volume elements by using Hashin criterion and Puck and Schurmann criterion to 

separately simulate fibre failure and matrix cracking for the damage initiation, while they use energy-

based damage mechanics to simulate damage propagation. The propagation is governed by a damage 

variable which can be defined separately for different failure modes. However, the value of 

intralaminar fracture energy, which should be a material property as a model’s input, still becomes a 

sensitive issue for CDM approach since there is no valid standard to identify this parameter [72,73]. 

Similar intralaminar damage models for low-velocity impact can be found as well in Refs 

[62,68,74,75]. Faggiani and Falzon’s work [62] is interesting because they studied the impact damage 

on a stiffened composite panel of real aircraft structure and used continuum shell elements instead of 

3D volume elements. Their continuum shell elements allow a fully 3D model, but they are much more 

computationally attractive than standard 3D volume elements since they are able to accurately capture 

the through-the-thickness shear stress without the need of one element per ply. Realistic matrix cracks, 

e.g. a conical form, are well simulated as shown in Figure 17.  

1 

0 
Matrix cracking

Damage variable 

Figure 17 Numerically predicted matrix cracking contour during impact event (at 2 ms out of 6 ms-impact 

duration) [62] 

As presented in the previous section, the interface elements are suitable for modelling 

delamination due to impact loading. However, these interface elements must be associated with a 

proper material law. In particular in the last decade, most of damage models for delamination are 

successfully simulated based on more or less the same concepts of mixed-mode progressive 

delamination. Stress and/or strain failure criteria are used to set damage initiation while delamination 

propagation is based on fracture energy. The implementation of the cohesive formulation proposed by 

Camanho et al. [76] (Figure 18) in the commercial FE software ABAQUS
®
 proves that the use of 

energy-based fracture mechanics for delamination is an effective methodology, and it has been 

introduced in a number of other commercial codes. For low-velocity impact simulation, good 

experiment-model correlations in term of projected delamination are successfully simulated by many 

researchers for example in Refs [32,33,62,74] (Figure 19). On the contrary, a limitation of using 

cohesive elements is the convergence of models with a lot of softening elements. For this reason many 

researchers use dynamic explicit analysis rather than static implicit analysis. However, the time 

required for an explicit calculation may be very large, since the time step depends on the element size 

[61]. 
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The choice of model for impact simulation is essential as the results obtained are the inputs for 

the residual strength calculation (CAI). Therefore, a selection of mesh construction (section 2.2) as 

well as the modelling approach (this section) must be considered very carefully. The main principle of 

the impact model used in this thesis will be detailed in section 3.  

Figure 18 Mixed-mode progressive delamination law widely used for impact damage simulation [76] 
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d
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7.35J

11.03J

*Simulation on the 0/90-lower interface 

Figure 19 Experiment-simulation comparisons of delamination from different impact models using cohesive 

interface elements: (a) Faggiani and Falzon [62], (b) Lopes et al. [74], (c) Aymerich et al. [32] and (d) Shi et al. 

[33]    
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2.3.2. Modelling of post-impact permanent indentation 

As mentioned before, permanent indentation is necessary for damage tolerance design. Thus, 

the simulation of impact damage should include the effect of permanent indentation. In this part, we 

only focus on the simulation in finite element model. In most of works, the permanent indentation is 

associated with continuum damage mechanics. For example, Faggiani and Falzon [62] used a 

nonlinear shear formulation in the intralaminar damage model. The inelastic part of the damage model 

is irreversible and results in the permanent indentation (Figure 20(a)). Also, He et al. [77] and Shi et 

al. [33] used a similar principle as Ref [62] and could predict the opened delamination at different 

interfaces. The post-impact form can be essential in the performance of the CAI event. Even if the 

models in Ref [77] apparently give good results on permanent indentation, these authors did not 

provide any proof of the physical basis of this plasticity model. To widen the understanding of the 

formation of permanent indentation, a specific study on the physical phenomena involved should be 

performed.  

On the other hand, Bouvet et al. [30] simulate permanent indentation via the interface 

elements of matrix cracking. This permanent indentation model is based on physical observations. 

Further details are presented in section 3.5.  

a c

b

 Figure 20 Permanent indentation simulation using an elasto-plastic law via FE analysis proposed by: (a) 

Faggiani and Falzon [62], (b) He et al. [77] and (c) Shi et al. [33] 

2.3.3. CAI model 

To completely simulate a composite structure with respect to the damage tolerance concept, 

the CAI model, for evaluating the residual strength after impact, is the final step of the design. 

Nowadays, some simulations of CAI are based on analytical approaches [41,51] but they cannot 

precisely simulate damage evolution during CAI; thus FE analysis seems to be an attractive 

alternative. The FE models currently available fall into qualitative models for comprehension purposes 

such as Refs [78,79] and quantitative models such as Refs [80,81]. However, to predict CAI failure 

stress, most of quantitative models perform the CAI tests by assuming predefined delamination or 

matrix cracking based on experimental observation. Yan et al. [48] assumed the area of impact-

induced delamination within the sublaminate in circular shape (Figure 21(a)), and they were able to 

present the propagation of matrix damage before the collapse of their woven laminates. Also, Suemasu 

et al. [79] investigated the CAI failure mechanism by assigning multiply delaminations inside a plate 

(Figure 21(b)). Suemasu et al. revealed the reduction of residual strength after impact due to 
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delamination growth. In fact, other failure modes such as matrix cracking and fibre failure should be 

included to explain the damage mechanism. This can be a drawback of the model in Refs [48,79] and 

also other models using virtual impact damage. Besides, it possibly leads to an unreliable CAI failure 

strength and inappropriate CAI damage scenarios. 

a b

Figure 21 (a) CAI FE model with assumed impact-induced damage [48]; (b) CAI simulation with predefined 

delamination: applied load versus end-shortening of a plate [79] 

To the author’s knowledge, predictive models for CAI simulation including reliable impact-

induced damage have rarely been established. The only work that can successfully simulate impact 

and CAI within the same model (using impact-induced damage from the impact simulation) is 

proposed by González et al. [75]. The values of the post-impact residual compressive load and the 

compressive displacement at failure are well predicted. However, a limitation of this model is the 

requirement of high computing power and time process, for example, a calculation of impact and CAI 

lasts twelve days for the laminate [454,04,-454,904]s on 24 CPUs. 

The aim of this thesis is to make a predictive model that is able to simulate the complete 

response of the plate: from impact to CAI without any predefined impact-induced damage in the in-

between step; so that the goal of numerical optimization can be achieved. This topic is completely new 

in our project and it will be presented in chapter 5.     

3. PRINCIPLE OF THE EXISTING MODEL (ICA/ISAE) 

The model presented in this section is based on “discrete ply model” (DPM) approach which 

has been developed in the ICA laboratory since the mid 2000’s. The basis of the model in this thesis is 

an extension of the paper of Bouvet et al. (2009) [31]. The key concept is to use interface elements for 

ply discretization in order to present intralaminar failure. This leads to a more complex meshing than 

in classical damage models with interface elements only for delamination. As observed from an 

experiment (see Figure 5), the choice to model both intra- and inter-laminar discontinuities seems 

more realistic.          

Bouvet and co-workers [31] began to build a model in order to understand impact damage 

phenomena rather than to design composite structures. Matrix cracking and delamination are 

simulated by using spring elements (available in SAMCEF
®
 FE code) in place of interface elements. 

Good agreement between experiment and simulation in the result of delamination is obtained. This 

work was later continued and implemented in ABAQUS/Explicit
®
 FE code in Ref [30] and good 
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predictions of impact damage were presented in terms of force-time response, force-displacement 

response, delamination surface, evolution of energy dissipation, permanent indentation, etc. However, 

it was only validated on one experimental case, so in this study we need to prove that this model is 

reliable and robust. Moreover, at the end, a predictive model which combines impact damage model 

and evaluation of residual strength (CAI) will be established.       

The key principle of the existing impact damage model and the particular mesh model based 

on Refs [30,31] are presented below.  

        

3.1. Mesh construction 

The impact model in this thesis is chosen to be able to represent both intralaminar and 

interlaminar discontinuities, as shown in Figure 22 (cf. level 3 in Figure 15(c)). Interface elements are 

set uniformly all over the model without any predefined crack. Thus, a special mesh construction is 

required in order to generate such a mesh.   

Delamination 

Disjointed 
Strips 

Model

Matrix Cracks 
Planes 

t 
l

z

Disjointed 
Strips 

Model

Broken 
Interfaces 

Safe 
Interfaces 

Fiber 
direction

a

b

Intralaminar 

Interlaminar 

Figure 22 Discrete damage model concept both for (a) intralaminar and (b) interlaminar in Ref [30]

Three failure modes are modelled separately: 

- Fibre failure: 3D-volume element (C3D8) with eight nodes 

- Matrix cracking: zero-thickness cohesive element (COH3D8 vertically) with eight nodes  

- Delamination: zero-thickness cohesive element (COH3D8 horizontally) with eight nodes   
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 Special mesh design is presented in Figure 23. In order to isolate intralaminar and interlaminar 

in the same time, the mesh concept “4-coincident-node in 1 point” is employed. At the beginning 

nodes a, b, c and d are coincident, but they can be separated during calculation: 

- Nodes a-b are separated for transverse matrix cracking of 0° ply 

- Nodes c-d are separated  for transverse matrix cracking of 90° ply 

- Nodes a-c and b-d are separated for delamination of 0°/90° interface 

a

Interface elements 
for delamination 

b

c d

a b

c d

Interface elements 
for matrix cracking 

0°

90° 

0°

90° 

b 

a

Figure 23 Mesh design with the concept “4-coincident-node in 1 point” to isolate: (a) intralaminar and (b) 

interlaminar damage 

x

0° ply
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x

45° ply 
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y

Figure 24 Mesh shape in each oriented ply [31] 
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This specific mesh is generated with a Fortran code. With this approach, ply strips can be 

represented in fibre direction after matrix cracking. The fibre damage model is assigned in volume 

element. Positions of nodes are uniformly stacked in row and column for all oriented plies. 0° and 90° 

plies are meshed in square shape, whereas 45° and -45° plies have a particular mesh shape in 

parallelogram shape in order to follow the fibre direction, as shown in Figure 24. 

3.2. Fibre failure 

The fibre failure damage model is one of the most important topics in the thesis framework 

that the author would like to point out. The influence of fibre failure due to impact loading is clearly 

presented in Chapter 2. Moreover, it plays an important role on CAI failure since the longitudinal fibre 

directly sustain axial compressive loading; this is presented in Chapter 5.  

The initiation of fibre failure law in the first generation of the model is presented in Ref [31]. 

Only tensile fibre failure is considered. It is assigned by using the maximum strain failure criterion: 

0
1111 εε ≤ Eq 7 

where 11ε  and 0
11ε  are the current longitudinal strain in ply and the tensile failure strain in fibre 

direction, respectively. It was reported that if fibre failure criterion is not included in the impact 

model, delamination area will be dramatically increased. This means that the fibre failure has an 

essential role for impact damage, especially at high impact energy or close to perforation level. Then, 

the impact model was developed in Ref [30] with an improved fibre failure law. The new fibre failure 

law includes fracture mechanics by taking into account the fracture energy in volume elements. Thus, 

damage propagation and energy dissipation for fibre failure are accounted.     

 Since the fibres primarily break in the fibre direction, the fibre failure model means purely 

longitudinal failure. Shear failure 13τ  is assumed to have no effect on intralaminar damage, while 23τ  is 

instead assigned to matrix cracking damage model. A selected approach for fibre failure model is to 

dissipate the energy release rate of fibre failure spreading over the volume elements such as the 

models in Refs [33,68,74,82]. Based on crack band theory from Ref [83], a formulation to dissipate 

the constant energy release rate per unit area in the 3D continuum element (Figure 25) can be written 

as: 
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11

0

11

ε

εσ Eq 8      

where the subscripts 1, 2 and 3 denote the direction of stress in longitudinal, transverse and out-of-

plane, respectively, according to the volume element; and the superscript 0 and 1 denote the initiation 

of damage and the final failure, respectively. fibre
IcG , 11ε , f

11ε  are the critical energy release rate for the 

opening mode (mode I), the strain in fibre direction and the strain in fibre direction at final failure, 

respectively. The bi-linear constitutive law in Figure 25 consists of both damage initiation and damage 

propagation. For the damage propagation, the linear degradation function of the strain in fibre 

direction is governed by the damage variable, fD : 
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Then, the stress tensor of orthotropic elasticity in function of stiffness matrix and the damage 

variable, fD , can be specified as:  
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Eq 10       

where the lamina’s stiffness matrix [ ]H  is computed based on the elastic properties of ply.   

The presentation of fibre failure law shown above is principally based on Refs [30,31]. A 

limitation is that it only accounts for tensile fibre failure. Therefore, an improvement of fibre failure 

law to integrate compressive fibre failure is needed. This implementation is presented in this 

manuscript in Chapter 3. Moreover, some existing fibre failure formulation in Ref [30] which have not 

been explained yet will be clarified, for example, the use of eight integration points to dissipate 

fracture energy and the use of extrapolation strain at nodes rather than at integration points. 
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(i)  Damage initiation 
(ii)  Damage propagation

Figure 25 Fibre failure material law assigned in 3D volume element ([30]) 

3.3. Delamination 

The concept of the intralaminar damage model is based on mixed-mode progressive 

delamination (modes I-opening, II-shearing and III-tearing). To govern the delamination growth, 

energy release rates in each mode IG , IIG  and IIIG  are usually employed. For anisotropic material 

like composite, several mixed-mode propagation criteria are established. One of them, the linear 

fracture mode or the power law criterion ( )1=α  is used in this work, expressed as: 

1=++ del
IIIc

III
del
IIc

II
del
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G
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G
G

G
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Eq 11 
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where del
IcG , del

IIcG  and del
IIIcG  represent the critical energy release rate of delamination in mode I, II and 

III, respectively. In order to simulate mixed-mode delamination with traction-separation behaviour 

under cohesive elements, an equivalent displacement eqd  is defined as:  
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where Id , IId  and IIId  are the current displacements in three directions, and 0
Id , 0

IId  and 0
IIId are the 

critical displacement of damage initiation. Note that mode I is opening mode or out-of-plane direction 

for interface, while mode II and mode III are shearing and sliding modes which are assumed to be 

equivalent. In other word, it is impossible to distinguish between modes II and III [84].  

As the fracture energy is not dissipated in one pure mode, a mixed-mode delamination law is 

used, as presented in Figure 18 and Figure 26. As it is based on fracture mechanics, the constitutive 

formulation of delamination comprises two states: 

• Damage initiation: it is calculated according to stress-based criterion: 
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where 0
Ik , 0

IIk  and 0
IIIk  are the stiffness of cohesive zone in three directions, and 0

Iσ , 0
IIσ  and 0

IIIσ  are 

the critical stresses in three directions. Since this formulation is drawn from the fracture mechanics, 

the coefficient β  is defined associated with the energy release rate del
IcG  in mode I:    

2

1
0

0

I

I

del
Ic dG

−

=

σ

β Eq 14 

 Thanks to the definition of the equivalent displacement (Eq.12), the coefficient β

automatically links the energy release rate of mode I to mode II and III: 
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Then, as mode II and III are assumed to be equivalent, the components in mode III will be 

equal to the ones in mode II: 

00
IIIII dd =      ;     00

IIIII kk =      ;     00
IIIII σσ = Eq 16 

 And to avoid additional material parameters, the critical stresses for mode I are assumed to be 

equal to the failure stresses of transverse matrix and the critical stresses for mode II and III are 

assumed to be the in-plane shear strength of ply as: 

f
I 22
0 σσ =      ;     f

IIIII 12
00 τσσ == Eq 17 

where f
22σ and f

12τ are the transverse tensile strength and the in-plane shear strength, respectively. 

Both opening mode (mode I) and shearing mode (modes II and III) will reach the damage initiation at 
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the same time because the relation of mixed-mode delamination is defined by the equivalent 

displacement (Eq.12). Therefore, the critical stresses do typically not reach failure stresses neither 

opening mode nor shearing mode.   

• Damage propagation: after damage initiation, a decreasing exponential law is chosen to avoid 

the shock of the final fracture: 
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The mixed-mode delamination formulation refers to mode I, as can be seen in Eqs.12 and 18, 

thus the single damage variable for delamination, dD  - the exponential degradation function - can be 

written in term of the equivalent displacement eqd  and the initiation displacement in mode I, 0
Id , as: 

( )( )0exp1 Ieqd ddD −⋅−−= β Eq 19 

Since these delamination formulations seem to give good agreement with experimental tests, 

major modification of delamination law has not been performed in this thesis. However, the choice of 

appropriate values as material’s input for the simulation is studied for example the values of the 

critical energy release rate del
IcG , del

IIcG .

Id

0
Iσ

0
Id

0
Ik

Iσ

IId

0
IIσ

0
IId

IIσ

del
IcG del

IIcG

0
IIk

Mode I Mode II = Mode III

(i) (ii)

(i) Damage initiation 

(ii) Damage propagation

(i) (ii)

(i) Damage initiation 
(ii) Damage propagation

Figure 26 Mixed-mode behaviour for delamination and its constitutive law in each mode 
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3.4. Matrix cracking 

The matrix cracking model is also based on the previous work of Bouvet and co-workers 

[30,31]. The main concept is still maintained, regarding the use of the particular interface element to 

simulate matrix cracking. In section 2.2, the research works in Refs [58,63-66] support the importance 

of discretization of plies in matrix cracking model. Thus, a particular model of matrix cracking is 

introduced by using zero-thickness interface element. The interface element law does not include a 

softening like in delamination model, but is used rather to representing the discontinuity of matrix 

cracking. The rupture criterion for matrix cracking is not calculated inside the interface elements, but 

evaluated from stresses calculated inside the neighbouring volume elements. However, the volume 

elements can only simulate cracks occurring through the entire thickness of the ply and is not able to 

simulate small or diffusive matrix cracks. This means that the matrix cracks within the ply thickness is 

assumed to be instantaneous without propagation but they will drive the occurrence of delamination 

(see Figure 5). As a result, the energy dissipated in matrix cracking is not taken into account in the 

interface elements but it is however included in the energy dissipated in the delamination interfaces to 

keep energy balance [30]. 

Strength-based failure criterion is chosen to determine the damage activation function for 

matrix cracking which is based on matrix tensile failure ( )022 >σ  from Hashin’s failure criterion: 

( ) ( )

( )
1

2

12

2
23

2
12

22

22
≤

+
+�
�

�

�

�
�

�

� +

ff
τ

ττ

σ

σ
Eq 20 

where f
22σ is the transverse tensile strength and f

12τ  is the in-plane shear strength according to volume 

elements. The illustration of an interface element and two adjacent volume elements is presented in 

Figure 27. This failure criterion is applied to the neighbouring volume elements and is calculated at 

each integration point. According to the volume element C3D8 with eight integration points, only four 

integration points are adjacent to the interface element for each side (blue circles in Figure 27). Hence, 

an interface element is linked to eight integration points (four integration points at each side). As soon 

as any one of these eight integration points meets the matrix cracking failure criterion (Eq.20), the out-

of-plane stresses of the interface elements are set to zero. Two neighbouring volume elements will 

therefore be independent, meaning that the matrix is broken. In addition to matrix cracking, these 

interface elements can also model permanent indentation, as presented in the next section. 

Interface element  

0°

90°

Volume elements  

Integration point 

Point used to calculate matrix cracking
for the present interface element  

Figure 27 Matrix cracking interface element associated with two neighbouring volume elements: using four 

integration points from each adjacent volume element  
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3.5. Permanent indentation 

As the concept of impact damage tolerance is linked to the detectability of damage, which is 

currently based on visual inspections (permanent indentation superior to BVID), from a simulation 

point of view, the calculation of permanent indentation in numerical models is very important, 

especially for the optimization of composite structures design. 

The basis of permanent indentation model used in this research work is based on the existing 

permanent indentation model proposed by Bouvet et al. [30]. The concept is associated with the 

previous observations by Abi Abdallah et al. [34] who reported that the permanent indentation is 

formed because the debris get stuck inside matrix cracking void (Figure 28). These debris are essential 

to block the closure of matrix cracks returning to the initial position and the accumulation of the 

residual opening matrix cracks in each ply can contribute to the formation of permanent indentation. 

This concept called “plasticity-like” or “pseudo-plasticity” is applied to the simulation.     

            

0° 

90° 

0° impactor debris 

Open blocked delaminations 

Figure 28 Principle of producing permanent indentation [30]

As observed in an experiment that the blocking-debris are rather related to matrix cracking, 

the permanent indentation law is therefore assigned to matrix cracking interfaces in order to limit their 

closure after an appearance of matrix crack under tension ( )22σ  and out-of-plane shear ( )23τ , as 

defined below and represented in Figure 29:    
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where t  and τ  are the total time and the current time, respectively. 0
22ε  and 0

23ε  are the maximum 

dimensionless size (size divided by width) of the debris in the normal direction of interface and in 

shear, respectively. 22k  and 23k  are the stiffness values of debris in the two directions. If the crack is 

assumed to be 45° in the 23-plane, these two stiffness values and the debris sizes are equivalent and 

are assumed to be equal: 
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2322 kk =      ;     0
23

0
22 γε = Eq 22 

As a result of permanent indentation formulations, only two parameters i.e. 22k  and 0
22ε  are 

needed for simulation. The permanent indentation results in Ref [30] seem to give good agreement in 

term of indentation magnitude as well as a creation of residual-opened delamination but these two 

parameters are assumed by trial-and-error approach directly in the impact model. Hence, an 

identification of the parameters for permanent indentation simulation will be implemented in this 

research work with supplementary tests. A modification law according to physically-based observation 

will be proposed and presented in Chapter 4. 
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Interface  element Interface  element

Matrix 
cracking

Matrix 
cracking

Figure 29 Permanent indentation model in (a) tension and (b) shear, assigned in interface element [30] 

4. CONCLUSION ON THE EXISTING MODEL AND THE MODEL 

DEVELOPED IN THIS THESIS 

The impact damage model developed in this thesis is based on “discrete ply model” (DPM) 

approach. The main concept is to simulate discrete model not only for inter-ply but also for intra-ply 

failure. Three principal failure modes due to impact, namely fibre failure, matrix cracking and 

delamination, are simulated without any coupling parameters in each behaviour law. Indeed, couplings 

between failure modes are naturally obtained thanks to the concept of discrete ply model. 

Nevertheless, the existing impact damage model, in its current form, is not able to simulate CAI due to 

the lack of fibre compressive failure model. Consequently, the first issue for a development of impact 

damage model in this thesis is the implementation of the fibre compressive law of impact damage 

model.  

To take into account the certification requirement for impact damage tolerance concept, the 

second issue that is highlighted concerns the necessity to well represent the permanent indentation. In 

the existing work [30], a permanent indentation law is proposed but the specific parameters of the law 

have not yet been identified from independent tests. The work in this thesis will thus consist in 

broadening the comprehension of the permanent indentation formation and proposing a specific test 

for permanent indentation law identification.      
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The last step is CAI. This part has never been established in the existing model. Damage laws 

can be used from the impact damage model in the previous step especially the fibre compressive law. 

The key point for CAI simulation is how to link from an impact event to a CAI. All details will be 

presented in chapter 5.  

To give a better understanding of the works performed during the thesis, Table 1 summarizes 

the different steps in the model development: works performed before the beginning of the thesis (in 

Refs [30,31]), and development done during this thesis: 

Table 1 Clarification of the existing model and the model developed in this thesis   

Existing work [30,31] Work in thesis 

Im
p

a
ct

 d
a
m

a
g

e 
m

o
d

el

- Mesh construction 
Discrete mesh model of inter- and intra-laminar 

on one reference case  

- Fibre failure 
Original formulation at eight integration points 

based on fracture mechanics (only tensile) 

- Delamination 
Mixed mode delamination using fracture 

mechanics 

- Matrix cracking 
Using interface element with a matrix cracking 

failure criterion calculated in the neighbouring 

volume elements 

- Mesh construction 
Validation on seven different stacking 

sequences  

- Fibre failure 
Addition of compressive fibre failure and 

experimental validation on a particular case  

- Delamination 
Minor modification, i.e., changes in material 

characteristics, changes in mesh shape for 45°/-

45° and -45°/45° interfaces   

- Matrix cracking 
Minor modification, i.e., communication of 

eight integration points to matrix cracking 

interface element (using four integration points 

from each adjacent volume element) 

P
er

m
a

n
en

t 

in
d

en
ta

ti
o

n
 - Use of interface elements with a “plastic-like” 

behaviour but two parameters are needed to 

identify 

- Development of a specific three-point bending 

test to characterise the permanent indentation 

law (modify the law) 

- Broadening of the comprehension of formation 

of permanent indentation 

C
A

I 
m

o
d

el
 

- N/A 

- Simulation of CAI failure by using impact 

damage from previous step 

- Experimental validation on test cases  
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CHAPTER 2 

EXPERIMENTAL STUDY OF IMPACT AND 

COMPRESSION AFTER IMPACT ON LAMINATED 

COMPOSITE PLATES: DAMAGE TOLERANCE 

ASPECT

Résumé en français 

ETUDE EXPERIMENTALE DE L’IMPACT ET DE LA COMPRESSION APRES IMPACT SUR 

PLAQUES COMPOSITES STRATIFIEES : ASPECT TOLERANCE AUX DOMMAGES 

Introduction 

Le principal objectif de ces travaux de thèse est le développement d’un modèle numérique 

permettant de modéliser à la fois l’impact basse vitesse / basse énergie et la compression après impact 

(CAI) sur plaque composite stratifiée, avec le même modèle, à partir des travaux déjà réalisés au sein 

du laboratoire. Lors de ces travaux antérieurs, les campagnes d’essais avaient concerné principalement 

un même type de plaque (matériau et empilement donné), à la fois à l’impact et en CAI. Une nouvelle 

campagne d’essais a donc été réalisée sur d’autres empilements afin d’améliorer la compréhension des 

phénomènes d’endommagement mis en jeu pendant ces deux chargements, de proposer des 

améliorations au modèle d’impact, de développer un modèle pour la CAI, et de valider ces modèles 

sur un domaine plus large. 

Principaux travaux et résultats 

Les essais d’impact et de CAI sont réalisés selon la norme recommandée (AITM 1-0010). Un 

seul matériau est utilisé : un composite unidirectionnel carbone/époxy T700GC/M21 (le même que 

pour l’étude précédente). Les échantillons testés sont des plaques rectangulaires d’épaisseur 4 mm 

environ, formées de 8 plis doubles à 0°, 90° et ±45°. Deux influences sont étudiées : (i) l’effet de 

drapage (testé sur 7 configurations de drapages quasi-isotropes), et (ii) l’effet des conditions aux 

limites en étudiant un cas d’impact décentré, proche d’un coin de la plaque. L’essai d’impact est 

réalisé à trois niveaux d’énergie : 17, 25 et 30 J. Ces énergies sont suffisantes pour créer différents 

niveaux de dommages, et notamment des indentations permanentes au-dessus et en-dessous du niveau 

de BVID. Les plaques sont analysées après impact pour établir les endommagements (inspection 

visuelle en surface, C-Scan). Ensuite, chaque plaque est testée en CAI afin d’évaluer sa résistance 
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résiduelle : les essais de CAI sont largement instrumentés (corrélation d’images) pour obtenir un 

maximum d’informations. 

L’analyse des résultats expérimentaux est riche en enseignements. Pour certaines plaques, la 

diminution de la résistance en compression, entre plaque saine et plaque impactée au niveau du BVID 

peut atteindre 40%. Plus précisément, concernant les dommages d’impact, l’influence du drapage pour 

une énergie d’impact donnée est très nette sur les courbes de réponse effort-déplacement et sur les 

surfaces délaminées, avec des variations supérieures à 30% pour certains empilements. En revanche, 

malgré ces écarts en terme de surface délaminée, la résistance résiduelle des plaques pour une 

indentation permanente égale au BVID n’est pas aussi marquée (moins de 15% entre les valeurs 

extrêmes). Dans ce cas particulier, il est donc peu pertinent de recommander un drapage plutôt qu’un 

autre pour une tenue résiduelle à BVID. 

L’étude de l’influence des conditions aux limites apporte des résultats plus marqués. Les 

impacts réalisés en bord de plaque provoquent des dommages plus importants (délaminage et 

indentation permanente). Au BVID, la résistance résiduelle est proche de celle des plaques impactées 

au centre, mais pour une énergie d’impact plus faible. Par contre, pour des indentations permanentes 

plus faibles, la tenue résiduelle est beaucoup plus faible qu’après un impact au centre. 

Outre les effets d’influence précités, le deuxième point d’étude de ce chapitre est la 

compréhension des mécanismes menant à la rupture sous CAI. Les phénomènes de flambage local, de 

flambage global et de propagation de ruptures de fibre en compression ont été analysés. Dans la 

littérature, la plupart des études concluent que c’est le flambage local qui pilote principalement la 

rupture finale. Néanmoins, dans cette étude, on montre par l’analyse des déplacements hors plan 

globaux et locaux qu’il n’y a pas de corrélation claire entre le flambage et la valeur à rupture. Par 

contre, tous les essais ont montré la présence, lors de la CAI, d’une fissure se propageant de façon 

stable avant d’atteindre la rupture finale. Il s’agit d’une fissure formée par la  rupture de fibres à 0° 

(correspondant à la direction de sollicitation) en compression. Cette fissure se propage 

perpendiculairement à la direction de compression. Elle est observée également dans le cas d’impact 

décentré. Même s’il est difficile de conclure sur les rôles respectifs des flambages et  fissures de 

compression dans la rupture finale de la plaque, ces observations montrent que la propagation des 

ruptures de fibres en compression est un des principaux mécanismes pilotant la tenue résiduelle du 

stratifié.  

D’autre part, et dans un cadre plus général, les résultats de la campagne d’essai présentée dans 

ce chapitre forment une base de données riche en informations pour la validation des différentes 

modélisations numériques (impact et CAI) développées dans cette thèse. Notamment, la validation 

expérimentale du modèle d’impact (chapitre 3) utilise les résultats d’impact des 7 drapages différents. 

Dans le chapitre 4, les valeurs de l’indentation permanente obtenues lors des essais d’impact sont 

utilisées pour la validation du modèle d’indentation permanente. Enfin, les valeurs de rupture finale 

des essais de CAI et le suivi de la rupture de fibre en compression ont été utilisées pour la validation 

du modèle de CAI (chapitre 5), 

Conclusion 

Bien que les essais d’impact et de compression après impact soient nombreux dans la 

littérature, ces essais, réalisés au sein du laboratoire, permettent de fournir une banque de données 

détaillée pour la validation des modèles présentés dans les chapitres suivants. Elle peut bien-sûr 
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également être utilisée par d’autres chercheurs pour la validation de modèles. Bien que riche en 

nombre d’essais, cette campagne se limite à un seul matériau, et à une seule épaisseur de pli. Une 

perspective à ces essais serait bien-sûr d’étendre le domaine d’investigation à d’autres matériaux et 

épaisseurs pour obtenir un plus grand domaine de validation. 

En outre, l’influence du drapage et de certaines conditions aux limites a été évaluée sur la 

tenue résiduelle. En termes de tolérance aux dommages, l’influence est faible, ne permettant pas de 

distinguer clairement une séquence d’empilement optimale parmi les 7 présentées. L’étude d’impact 

décentré montre tout de même une forte augmentation des dommages d’impact pour une énergie 

donnée, par rapport à l’impact centré, mais pas d’influence sur la résistance résiduelle à BVID. 

Enfin, plus spécifiquement, les observations des résultats d’essais de CAI mettent en évidence 

le rôle joué par le phénomène de rupture de fibre en compression, qui devra donc être pris en compte 

dans la modélisation (chapitre 5). Des investigations supplémentaires (plis plus fins, drapages non 

quasi-isotropes) permettraient de fournir des informations complémentaires, notamment pour établir 

les éventuels couplages entre rupture de fibre en compression et flambage pour établir le scénario de la 

rupture finale en CAI. 
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EXPERIMENTAL STUDY OF IMPACT AND COMPRESSION AFTER 

IMPACT ON LAMINATED COMPOSITE PLATES: DAMAGE TOLERANCE 

ASPECT

Natthawat Hongkarnjanakul •••• Christophe Bouvet •••• Samuel Rivallant
1

Abstract 

This paper presents experimental study of impact and compression after impact (CAI) on 

T700GC/M21 carbon/epoxy laminated plates. Two impact conditions are studied: (i) effect of stacking 

sequence (switching ply orientation), and (ii) effect of boundary conditions (impact location). Seven 

quasi-isotropic laminate layup configurations are studied at three different impact energy levels, i.e. 

17, 25 and 30 J. CAI tests are consequently elaborated to evaluate their residual strength. The failure 

mechanism subjected to compressive loading due to impact-induced damage is discussed, highlighting 

the propagation of fibre failure. Compressive strength loses up to 50% at the barely visible impact 

damage (BVID) threshold upon observing permanent indentation. Impact near boundary conditions 

significantly reduces the residual strength, whereas the effect of switching ply orientation is unclear. 

Keywords:  

Compression after impact (CAI), Permanent indentation, Dent depth, Damage tolerance, Boundary 

conditions, Stacking sequence      

1. INTRODUCTION

In aeronautics, damage tolerance/resistance must be considered in the early stage for designing 

primary composite structures. One of the most critical load cases is low-velocity impact which may 

occur during maintenance or fabrication processes. Impact damage can significantly reduce the 

strength of composite structures, which may remain undetected either for a period of time or for the 

life of the composite part. Hence, the damage tolerance is defined to guarantee that the composite 

structures should have adequate residual strength to continue in service until the damage is detected by 

scheduled inspection. Visual inspection procedures have been traditionally used for detecting impact 

damage based on “permanent indentation” or “dent depth”. For damage tolerance aspect, the impact 

damage is detectable at the barely visible impact damage (BVID) threshold [1-3], as presented in 

Figure 1(a): 

(i) Ultimate load is required for dent depth less than barely visible impact damage (BVID) 

(ii) Composite structures must be able to sustain limit load without failure until the damage is 

found; then composite part is needed to be repaired/changed  
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Immediately 
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Figure 1 (a) Impact damage tolerance concept and permanent indentation; (b) Knock down factors on design 

strains [4] 

Nevertheless, there is no general agreement on the value of BVID. Practically, a permanent 

indentation between 0.25 and 0.5 mm is detectable with a probability greater than 99% [5]. 

Compression after impact (CAI) is classically used to determine residual strength of structures after 

impact. The objective of this study is not only to know how much the structure loses strength when 

subjected to impact, but rather to know how structure should be manufactured in order to sustain the 

design ultimate load if the damage is undetectable (Figure 1a). In other words, how should we over-

engineer structure in order to compensate the impact damage tolerance at BVID? Hachenberg [4] 

claimed that the structure should be over-designed with 100% margin over design ultimate load (200% 

margin over design limit load), as presented in Figure 1(b). This margin also includes impact damage 

tolerance sensitivity (about 60%). As a consequence, to reach composite optimization design purpose, 

two queries should be guided at the end of this manuscript.

- To compensate the impact damage tolerance at BVID, what should be the over-engineered 

margin over the design ultimate load? 

- Does the impact damage (delamination, fibre failure…) obtained at BVID really affect the 

residual strength? And is it possible to predict the residual strength by knowing only the 

permanent indentation?  

When composite structure is subjected to impact loading, many impact conditions can affect 

its impact resistance and residual strength. Two interesting influences are studied in this paper. The 

first one is the effect of boundary conditions, in particular for impact location near boundary 

conditions. Impact damage near boundary conditions is different from the one in the centre of the plate 

[6]. Significant difference of residual strength is obtained, as well as an original conclusion on critical 

damage tolerance in term of damage detectability is revealed. 

The second influence is the effect of stacking sequence. A variety of laminate configurations 

is possible when changing stacking sequence, for example, interface angle, ply grouping, laminate 

pattern, etc. However, only the effect of switching ply orientation is tested in this study. Many 

researchers have agreed that the stacking sequence affects the impact damage, i.e., delamination, fibre 

breakage, and matrix cracking [7-11]. However, the conclusions of the effects of stacking sequence on 

residual strength after impact were in conflict. Some of them [9,12,13] reported that stacking sequence 

has direct effect on the impact damage resistance, whilst some of them [11,14-16] reported that this 

effect is unclear.       

50



Therefore, there is no common conclusion that stacking sequence does influence on 

compressive residual resistance or not, because in fact each research team has studied different 

materials, stacking sequence configurations and/or different test fixtures. 

Compressive response of composite structures is complex and critical [8,17], and the final 

failure mechanism of CAI tests is due to different reasons. In general, the compressive residual 

strength is driven by resistance to buckling of the sublaminates rather than by in-place resistance. 

Moreover buckling of sublaminates, called “local buckling”, is mainly influenced by delamination 

[8,11,13,14]. On the one hand, ply clustering has potential to increase delamination by splitting the 

laminate into sublaminates and results in lower damage resistance [7]. On the other hand, to improve 

damage resistance by optimizing the stacking sequence, increasing of  interface numbers is able to 

reduce projected delamination area, and higher damage tolerance is expected [8,11]. 

Interesting results of delamination area affecting the residual strength are drawn upon the 

impact tests on CFRP specimens with thermal shield by Petit et al. [18], as well as on mismatch angle 

laminates with ply clustering by Sebaey [15]. The key point is that the impacted specimens from both 

studies have wide projected delamination but less number of interfaces. Comparing to the 

conventional cases with smaller projected delamination area on many interfaces, these types of 

delamination result in higher compressive residual strengths. Thus, all of the delaminations must be 

taken into accounted in place of the projected delamination [15]. Moreover, other damage types, 

which are more difficult to detect, such as fibre failure must be reflected. As a consequence, the last 

part of this paper presents the mechanism of failure developing during CAI test. In particular, the 

propagation of fibre failure from impact-induced damage, which is rarely mentioned in the literature, 

is highlighted.      

2. EXPERIMENTAL

2.1 Material 

In this research work, only one material system, a unidirectional T700GC/M21 carbon/epoxy 

laminate, is employed. This material is designed for primary structures for new series of commercial 

aircrafts and nacelles engines [19]. The mechanical characteristics of this material are given in Table 

1.

2.2 Low velocity impact

Impact tests are performed using a drop tower according to the guidelines from the standards 

AITM 1-0010 [21] and ASTM D7136/D7136M [22]. An impactor with 16 mm diameter and 2 kg 

mass is used. Optical laser systems are used to measure the initial velocity before impacting the 

specimen and the plate deflection of the non-impacted face. A piezoelectric force sensor is placed 

inside the impactor to measure contact force during impact event. Then, the force, the initial velocity, 

and the plate deflection are recorded in an oscilloscope. The rectangular 100 × 150 × 4 mm
3
 - 

specimen is simply supported on a 75 × 125 mm
2
 window (Figure 2). Testing is performed at three 

different impact energy levels, 17, 25 and 30 J. These energies provide sufficiently different impact 

damage around the BVID threshold and do not reach the perforation level. One specimen is tested for 

each case study. A total of 23 impact tests are done with two impact conditions: 
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Table 1  

Mechanical characteristics of T700GC/M21 unidirectional ply [20] 

Ply density  1600 kg/m
3

Ply thickness  0.25 mm 
tE1

Tensile Young’s modulus in fibre direction 130 GPa 

cE1
Compressive Young’s modulus in fibre direction 100 GPa 

2E Transverse Young’s modulus 7.7 GPa 

12G Shear modulus 4.8 GPa 

12ν Poisson’s ratio 0.33 

t
1σ Tensile failure stress in fibre direction  1950 

c
1σ Compressive failure stress in fibre direction   1015 

t
2σ Tensile failure stress in transverse direction 75 

c
2σ Compressive failure stress in transverse direction 220 

s
12τ In-plane shear failure stress 150

• Stacking sequence (switching ply orientation): quasi-isotropic laminates with 0°, 90° and  ±45° 

plies are conventionally used for aeronautical structures [10,11]. Based on a 16-ply laminate, 

switching ply orientation under a constraint of double-ply, mirror-symmetric, balanced and quasi-

isotropic makes it possible to have up to 24 layup configurations. When impact is at the centre, 

half of these layups are duplicated due to the symmetry along the longitudinal axis, e.g. a 

similarity of laminates [452,-452,02,902]s and [-452,452,02,902]s. Hence, these 24 possible layups 

can be reduced to 12 layups. Only seven interesting potential layups are employed, chosen 

according to the plate’s behaviour from analytical calculations and trial FE simulations. All layups 

are summarized in Table 2. Since the stacking sequence in this work is particularly for research 

purpose, double-ply in same orientation is made to facilitate the impact damage observation, 

especially delamination. To name each specimen configuration, the same letter is used for a 

laminate and its associated 90°- rotation laminate. Note that the layup D1 [452,02,-452,902]s is a 

recommended layup in the standards [22,23].  

• Boundary conditions (impact position): in order to study the effect of boundary conditions, two 

specimens of laminate A1 [02,452,902,-452]s are impacted at 17 and 25 J at a corner near the 

boundary conditions instead of the plate centre (Figure 3). 

∅∅∅∅16mm – 2kg 

125 mm 
75 mm 

150 mm 100 mm 
0° 90° 

Figure 2 Impact test setup 
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Table 2  

Total possible stacking sequences with seven experimental test cases 

Layup name Stacking sequence Experiment Remark 

A1 [02,452,902,-452]s � Reference layup [24] 

A2 [902,-452,02,452]s  90° - rotation of A1 

B1 [02,452,-452,902]s   

B2 [902,-452,452,02]s  90° - rotation of B1 

C1 [02,902,452,-452]s �

C2 [902,02,-452,452]s � 90° - rotation of C1 

D1 [452,02,-452,902]s � Recommended layup [22,23] 

D2 [-452,902,452,02]s � 90° - rotation of D1 

E1 [452,-452,902,02]s �

E2 [-452,452,02,902]s � 90° - rotation of E1 

F1 [452,02,902,-452]s   

F2 [-452,902,02,452]s  90° - rotation of F1 

35 mm

0°
45°

90° 

1
5

0
 m

m
 

1
5

0
 m

m
 

0°
45°

90°

3
5
 m

m

CENTRE CORNER

1
2
5
 m

m
 

75 mm 

Figure 3 Impact location for study of boundary conditions effect 

After the impact tests, the impact damage of all 23 specimens is investigated. Delamination is 

examined by ultrasonic C-scan, and the permanent indentation is measured by 3D stereo image 

correlation technique on the impacted surface. The permanent indentation is evaluated after impacting 

at least 48 hours to account for the relaxation, which probably decreases up to 25% [18]. 

2.3 Compression after impact (CAI) 

Since compressive loading after impact event is generally considered as the most critical 

loading condition [8,17], CAI tests are conducted to evaluate residual strength according to the 

guidelines from the standards AITM 1-0010 [21] and ASTM D7137/D7137M [23]. The impacted 

specimens are placed inside the CAI test rig, as shown in Figure 4. The global buckling of the plate is 

prevented by using anti-buckling knives as simple support at the long edges, whereas the short edges 

are clamped. The window of boundary conditions of this CAI test is 90 × 130 mm
2
.
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The specimens are subjected to in-plane compressive load under a hydraulic machine at a 

displacement rate of 1 mm/min. At non-impacted side, a LVDT sensor is placed at the impact position 

to measure the plate deflection, and an extensometer is attached at a corner of the specimen to measure 

the longitudinal compressive strain along the loading axis (Figure 4). On the other side (impacted 

side), specimens are painted with black specks on white background in order to 3D stereo image 

correlation technique. This technique makes it possible to determine the plate deflection, the 

longitudinal strain and displacement fields, and the evolution of specimen’s global shape during CAI 

test.       

Die press upper platen 

Upper clamping block 

Specimen 

Anti-buckling system 

Lower clamping block 

Die press lower platen 

Extensometer 

LVDT 

Impacted side Non-impacted side 

Figure 4 CAI test apparatus compressed under hydraulic machine  

In order to analyze the compressive responses during CAI test, the longitudinal strain can be 

measured by the extensometer for non-impacted side and by image correlation for impacted side (same 

location but located at the opposite side to the extensometer). The compressive longitudinal strain can 

then be determined from an average of longitudinal strain between the both opposite sides, as shown 

in Eq.(1), wheareas the difference of these two longitudinal strains presents the flexural strain, as 

shown in Eq.(2).  

2

impactednon
x

impacted
x

comp

−+
=

εε
ε Eq.(1) 

2

impactednon
x

impacted
x

flex

−−
=

εε
ε Eq.(2) 

The plate deflection obtained from either LVDT sensor (non-impacted side) and/or CCD 

cameras (impacted side) can be used to evaluate the global buckling/deflection. Besides, the difference 

of the deflection between both sides indicates the opening/closure of sublaminates, leading to an 

interpretation of local buckling phenomenon. 
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3. RESULTS

Experimental results are presented in two parts. First step deals with low velocity impact tests 

generating damage on composite structures. Then, the second step deals with compression after impact 

(CAI) in order to determine the residual strength of the laminates, which is related to the impact 

damage in the first step.        

3.1 Experimental results from impact tests 

3.1.1 Delamination 

The delamination is investigated, as presented in Figure 5. The double-ply stacking 

configuration enables the C-scan investigation to clearly distinguish each delaminated interface. The 

delamination shape is always oriented in the fibre direction of the lower ply, as similarly mentioned in 

[8,11,12]. Switching the ply orientation directly affects the delamination area, resulting in a significant 

difference of the projected delamination area, e.g. the difference up to 31% for 30 J - impact (Figure 5 

and Figure 6). However, other effects are also important for the variation of delamination area. In 

particular, the plates bending stiffness for these seven laminates are different, which affect their impact 

behaviour. Moreover, the effect of boundary conditions cannot be neglected on damage propagation, 

e.g., for 30 J-impact the delamination tip of laminate C2 is limited by the boundary conditions. The 

effect of interface angles equals to 45° (0°/45°, 45°/90°, …) or 90° (0°/90°, 45°/-45°) should also be 

taken into account, but seems to have less influence than the other effects above mentioned. 

The second studied effect is the one of boundary conditions. Two impact tests on laminate A1 

at a corner near the boundary conditions demonstrate that the boundary conditions are able to limit the 

delamination. However, this delamination propagates far from boundary conditions. This contributes 

to a wider delamination than impacting in the centre of the plate; for example, the delamination area of 

17 J-impact at corner is bigger than the delamination area of 25 J-impact at the centre. The 

delamination shapes of impacts at corner are shown in the first column in Figure 5, and the 

comparison of the projected delamination areas are presented in Figure 6.     

3.1.2 Impact response and permanent indentation 

Impact response is presented in the form of force-displacement curves, as shown in Figure 

8(a-h). General impact responses for all seven test configurations are slightly different; for example, 

the difference of the maximum force and/or displacement, which normally depends on the bending 

stiffness. At 25 and 30 J of impact energy levels, major load drops can be found but not for all cases.  

This major drop indicates that major fibre failures have occurred such as in case D2 (Figure 8(g)). 

Laminates E1 and E2 having ±45° plies lying outside seems delay the occurrence of this major fibre 

failure, as shown in Figure 8(d) and Figure 8(h).  

For the study of boundary conditions effect, impact response is presented in Figure 8(e). The 

plate’s stiffness in flexion of impact at the corner is obviously higher than impacting at the centre of 

the specimen. A major load drop is also found in the case of 25 J-impact, but it is not clear if it is due 

to tension/compression fibre failure of internal plies under impactor similarly to impacts at plate 

centre, or due to shearing fibre failure of the external plies on non-impacted side (Figure 9), which is a 

specific damage.      
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Figure 5 Delamination observed by C-scan after impact tests varying impact energy levels, stacking sequences, and impact positions 
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Figure 7 Summary of permanent indentation in function of stacking sequence 

The permanent indentation values are shown in Figure 7. At 17 J-impact, permanent 

indentation of each stacking sequence is not very different from each other. On the contrary for higher 

impact energy (25 and 30 J), the permanent indentations are different due to the occurrence of fibre 

failure. The permanent indentation sharply increases if fibre failure establishes [24,25]. In this work 

we did not precisely observe the fibre failure for example by thermal-deply technique as presented in 

[25], only the major load drops from force-deflection curves (Figure 8(a-h)) are used to predict fibre 

failure. This finding well corresponds to the sharp increasing of the permanent indentation. For 

example, the major fibre failure is clearly found in force-displacement curve for laminate D2 both for 

25 and 30 J-impacts (Figure 8(g)), so the permanent indentation values for 25 and 30 J-impact jumped 

from 17 J-impact and slightly higher than any other layups. On the contrary, the load drop does not 

appear for laminate E2 (Figure 8(h)), so the permanent indentation remains small. As a result, the 

permanent indentation magnitudes among different stacking sequences mainly vary due to the ability 

of plate to sustain the fibre failure. 
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Figure 9 Impact at corner: shearing fibre failure at the 

contact of boundary conditions on non-impacted side 

of laminate A1 [02,452,902,-452]s at 25 J-impact 

For the study of impact near boundary conditions, the impact test at plate’s corner can also 

confirm the relationship between the permanent indentation and the fibre failure. The 17 J-impact 

shows small permanent indentation since there is no major fibre failure, whereas the 25 J-impact 

shows major fibre failure and the permanent indentation obviously increases (Figure 8(e)).   

3.2 Experimental results from CAI tests

In order to evaluate the compressive resistance after impact, 23 impacted specimens are 

subjected to in-plane compressive loading on the CAI test fixture. Intact specimens of each tested 

layup are additionally tested to use as a reference of the perfect structure. So, the reduction of 

compressive strength of impacted panels can be determined. Two examples of CAI test with different 

failure mechanisms are presented in Figure 10. 
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Figure 10 Examples of plate’s response for CAI tests: (a-b) layup A1 after 30 J-impact; (c-d) layup E2 after 30 J-

impact 
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The first one is the CAI test for layup A1 after 30 J-impact (Figure 10(a-b)). The longitudinal 

strains from both sources, i.e. CCD cameras and extensometer, show the same tendancy. The 

difference of longitudinal strains between the two faces refers to the flexural strain, which can be 

computed according to Eq.(2). Globally, this example shows small flexural effect except its increasing 

just before reaching the final rupture. In Figure 10(b), plate deflection gradually increases to the 

direction of back face due to the permanent indentation and residual form of the plate after the impact. 

The deflections both impacted side and non-impacted side show unobvious sudden global buckling. 

The separation of the deflections between the two faces starting from -120 MPa (in Figure 10(b)) is an 

opening of sublaminates which is related to local buckling phenomenon. This local buckling is usually 

assumed as a cause of CAI final failure but it seems not evident in this example.  
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Figure 11 CAI stress in function of stacking sequence, comparing to analytical first ply failure (Tsai-

Hill’s criterion)

Another example, which better represents the local buckling, is the CAI test for layup E2 after 

30 J-impact (Figure 10(c-d)). Separation of sublaminates is clearly found by noticing the deflections of 

both impacted- and non-impacted sides in Figure 10(d). The separation starts from the beginning of 

CAI test, which leads to the local buckling of sublaminates. The blisters of sublaminates develope to 

both faces before reaching the final failure. The sudden global buckling, obtained from LVDT on non-

impacted side or out-of-plane displacement contour from 3D image correlation on impacted side, is 

also not obvious. The evolution of flexural strain in Figure 10(c) also supports the unclear global 

buckling. Thanks to the anti-buckling system, the plate continues to be compressed even if local 

buckling exists. The compressive behaviour of the plate can be observed by averaging the longitudinal 

strains from both sides (Eq.(1)), which is always somewhat linear. That means the plate does not lose 

its in-plane stiffness due to local buckling. The value of final failure stress is delayed until about -180 

MPa. Hence, we can consider the value of final failure as the compressive resistance rather than as the 

value of initiation of local buckling.  
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The value of final failure from all CAI tests are collected and plotted in Figure 11. To use the 

intact specimens as reference, a classic analytical calculation of First Ply Failure (FPF) based on the 

Tsai-Hill’s failure criterion (Eq.(3)) is compared. The first ply failure for 0° plies is found at -404 

MPa. 
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where the mechanical properties of failure stresses are given in Table 1. For experimental test results, 

the final failures of intact plates for all seven layup configurations are under the analytical estimation 

because buckling limits their strength. Among the seven different layups, the experimental results for 

intact plates show that the gap between the maximum and the minimum of the final rupture value is 

about 20%. The favourable layups are E1 and E2 that have ±45° on the exterior plies because they 

limit buckling.  

In fact, global buckling can obviously be seen in some cases. It occurs in 33% of all tests (the 

results will be presented in section 4.1). However, after the appearance of global buckling, the 

laminates are still able to sustain compressive load due to simply supports of CAI fixture. This 

indicates that the value of final failure is driven by compression behaviour rather than global and/or 

local buckling. However, it is difficult to conclude that an initiation of this global buckling is able to 

reduce the residual strength or not. 

The strain scale is also plotted in Figure 11 since the failure strain is more significant than the 

residual stress for composite structure design in industry. These strain results are obtained from 

knowing the average of effective Young’s modulus from all tests which are equal due to same 

membrane stiffness for all plates. The results from Figure 11, including the results of impact on the 

effect of boundary conditions, are re-plotted in Figure 12(a). It clearly indicates that the compressive 

residual strengths/strains reduce in an increasing function of impact energy.  

For damage tolerance point of view, the CAI strengths/strains are plotted versus the permanent 

indentations in Figure 12(b). At BVID (approximately 0.5 mm of permanent indentation), the CAI 

strength/strain values for all layups are close to each other (within 15%-difference). This means that at 

any modification of the stacking sequence, the residual strengths at barely visible threshold are similar. 

An asymptote at -180 MPa or -4100 �strain can be considered as a design ultimate load for these 

studied structures, as previously presented the concept in Figure 1(a). Thus, it is difficult to have a 

solid conclusion for a preferred layup or a recommended ply orientation. High strength/strain of 

perfect structure from certain layups is just a bonus for required static load which has no significant 

benefit in damage tolerance design limit. 

A reduction of strength at BVID for seven layups is approximately 30% – 48% (depending on 

the layups). Therefore, considering from the worst case, a margin of 50% over the ultimate load 

should be added to guarantee the impact damage tolerance when damage is undetectable. Moreover, 

for a composite design in industry, other factors must also be taken into account, such as environment, 

scattering margin, etc… 
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Figure 12 CAI strength on the effect of stacking sequence and boundary conditions with respected to (a) impact 

energy and (b) permanent indentation 

Note that the residual strength of layup D1 [452,02,-452,902]s, the recommended layup from the 

standards, does not show significantly better damage tolerance than any other layups. 

An interesting point is the residual resistance of the panels which have been impacted near 

boundary conditions for the case A1 [02,452,902,-452]s. The compressive resistance loses about 40% 

with very low impact energy (17 J in this study) and small permanent indentation. This reduction of 

strength is significantly high comparing to impact at the centre, presented as red-star symbols in 

Figure 12(a-b). That is, impact near boundary conditions can be a critical problem in damage tolerance 

aspect with respect to detectability threshold. Therefore, in order to design laminated structures, this 

point is a primary concern. 
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4. DISCUSSION ON FAILURE MECHANISM OF CAI TEST

This section deals with the damage mechanism of the impacted specimens subjected to CAI 

test. The results from the previous section demonstrate unclear failure types, such as local buckling, 

delamination, global buckling, or fibre failure. Thus, the damage mechanism leading to CAI failure 

will be discussed and clarified.     

4.1 Failure due to local buckling associated to delamination and global buckling 

Delamination is often reported as a primary influence for the damage resistance of CAI [7,8]. 

Figure 13 shows the reduction of CAI strength in function of projected delamination. However, only 

the projected delamination area is insufficient to predict the CAI resistance. Delaminated location, 

interface angle, and number of delaminated interface should be taken into account [15,26].    
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Figure 13 CAI strength in function of projected delamination area 

When the specimens are subjected to compressive loading, sublaminates associated with the 

delamination can be subjected to local buckling [8,11,13,14]. The buckling of the largest sublaminates 

can trigger the buckling of the other sublaminates and leads to final rupture [27]. This assumption is 

widely used to determine the CAI failure. 

Figure 14 presents out-of-plane displacement at impact point of both impacted- and non-

impacted sides in function of the CAI stress. These displacements provide necessary information for 

the local and global buckling phenomena. This figure shows the opening/closure of sublaminates, 

presented respectively by the down-/up-arrow symbols, and the direction of plate deflection, counted 

negative toward impacted side and positive toward non-impacted side.  Moreover, the global buckling 

appearance is presented in the same graph indicated by the alphabet G. Different stacking sequences 

are distinguished by colours. This information leads to some conclusions of local buckling as follows: 
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Figure 14 Opening/closure of sublaminates contributing to the local buckling for each CAI tests (after impact at 

17, 25 and 30 J) 

• Large opening of sublaminates proves the occurrence of local buckling. Particularly, layups 

C2 [902,02,-452,452]s and E2 [-452,452,02,902]s are sensitive to this ply opening. 

• If global buckling appears, local buckling is more evident (with large opening of 

sublaminates), except for laminate E1 [452,-452,902,02]s which has closure of sublaminates.  

• The laminates C2 [902,02,-452,452]s containing 90° outside plies are easy to present both global 

and local buckling (with large opening of sublaminates). The buckling and deflection of these 

plates bend toward the direction of impacted side which is opposite to the other cases.  

• Large deflection associated to local buckling has no clear influence to the value of final 

failure.    

• About 50% of all tests have very small openings of sublaminates or have closure of 

sublaminates (presented by up-arrow symbol). This means that the local buckling is not 

present or has very small influence. However, the residual strengths of these cases are not 

noticeably greater than any other cases with local buckling. It means that the final failure does 

not seem obviously related with the local buckling. 

In conclusion, local and global buckling from different tests in this study are unstable. Even 

though the local/global buckling of sublaminates exists, the remaining plies are still able to sustain the 

compressive loading. Hence, the ply failure associated with the compressive fibre failure should also 

be studied to clarify the damage mechanism. This will be presented in the following section.                

4.2 Failure due to propagation of fibre failure 

Laminated plies, especially 0° plies, directly sustain the compressive load during CAI tests. 

Since the plate has residual form after impact and permanent indentation, bending of plate cannot be 

avoided, and normally it has concave shape on the impacted side. The effect of plate deflection 

becomes important. Thus, the plies near impacted side are submitted to higher compressive loading 

than the other side (Figure 15). Placing the 0° plies on the exterior of laminates is not recommended, 

and the ±45° plies are usually placed on the exterior to delay global buckling and improve the impact 

resistance [9,11]. However, the specimen with 0° plies on the exterior is appropriate to observe the 
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failure mechanism because the fibre failure on the outermost ply is easy to examine, as presented for 

the specimen A1 after 30 J-impact in Figure 16. 

CAI load CAI load 

Compressive strain 

Figure 15 Compressive load distribution in through-the-thickness direction of deflection plate 

Figure 16 demonstrates the evolution of compressive stress in longitudinal direction, with 

respect to the imposed displacement, deflection, and opening/closure of sublaminates. The results 

show that there is no critical buckling, but the plate is gradually bended. The plies at the concave side 

(impacted side) are submitted more compressive load than the other side (Figure 15) and contribute to 

high compressive strain initiating from the impact point (Figure 16). In this figure, the longitudinal 

strain field from the image correlation technique is limited at the compressive rupture strain in the 

longitudinal direction of material T700GC/M21 at -12500 ��. The longitudinal strain near the impact 

point reaches this limit early during the CAI test. This should generate fibre compressive rupture and 

creates a crack which gradually propagates before the final rupture, as shown in the last row of Figure 

16.
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Figure 16 CAI stress and compressive strain evolution on specimen A1 [02,452,902,-452]s after impact at 30 J   
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The question arises whether the propagation of fibre failure of 0° outermost plies, which 

sustain more load than any other plies, is really due to the compressive loading or is induced by the 

buckling/deflection of the plate. To clarify this point, other layups with 0° plies in the middle 

(beneath) of laminates should also be considered. The layup E1 [452,-452,902,02]s is then analysed, as 

shown in Figure 17. The compressive stress in function of the imposed displacement and deflection of 

specimen E1 are similar to the ones of specimen A1. But the case E1 shows closure of sublaminates 

that means there is small effect of local buckling. The field of longitudinal strain is also investigated. 

Firstly, the evolution of longitudinal strain in the loading direction (along 0° fibre direction) is 

observed, as shown in the upper row in Figure 17. The results show that longitudinal strain reaches the 

value of compressive strain failure and damage propagation initiates from the impact point, which is 

similar to the results from specimen A1. The failure is still governed by crack propagation of 0° plies, 

which is normal to loading direction. It can be noticed that the 0° plies are inside the laminate, so the 

strain field plotted in Figure 17 (upper row) should be slightly different from the real strain of 0° plies. 

Then, the evolution of longitudinal strain field in the 45°-fibre direction of outermost plies is observed, 

as shown in the lower row in Figure 17. Crack propagation due to fibre failure of the 45° outermost 

plies is not present.  
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Figure 17 CAI stress and compressive strain evolution on specimen E1 [452,-452,902,02]s after impact at 30 J   
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The results of compression of plates impacted at the corner show the propagation of fibre 

failure, as shown in Figure 18. The crack size is plotted versus the CAI stress in the graph. Also, a 

series of subfigures 1-4 clearly shows the propagation of crack before reaching the final rupture, as 

well as the evolution of longitudinal strain contours. The impact point area near boundary condition is 

principally subjected to compressive loading with small effect of deflection. Thus, the propagation of 

compressive fibre failure is probably not due to the flexion effect. It should be noted in this case that 

the CAI failure is induced from the impact point even if shearing fibre failure is present at the 

boundary conditions (Figure 9). The conclusions from these three examples in Figure 16, Figure 17 and 

Figure 18 show that the final rupture is predominated by the 0° plies associated to compressive fibre 

failure. 

From all CAI tests, the final failure of the 23 impacted plates (including two specimens 

impacted at the corner) is initiated from the impact location. That means the impact-induced damage 

really affect the damage tolerance. The conclusion from a number of works in literature, mentioning 

that the local buckling and the delamination are the major cause of CAI failure, is argued. The 

compressive fibre failure should also be taken into account. Due to a relatively high dispersion of CAI 

tests, no solid conclusion of failure mechanism of CAI test is met. Supplementary work is needed to 

particularly distinguish the failure modes of the plate between buckling and compressive fibre failure. 
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a corner   
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5. CONCLUSION

In order to evaluate residual strength of impacted laminate structures, experimental tests of 

CAI have been performed and two effects have been highlighted: stacking sequence (switching the ply 

orientation), and boundary conditions (impact location). It is often stated that local buckling, 

associated with delamination, has an important role for CAI failure. However, in this study, unstable 

failure modes of rupture are obtained due to relatively high dispersion of tests. Not only local buckling 

influences the final rupture of CAI test, but the compressive ply failure must also be accounted. The 

results show that no matter the 0° plies are placed in the interior or exterior of the laminate, the final 

rupture is still predominated by the compressive ply failure. The compressive fibre failure propagates 

from the impact location in the normal direction to loading and induces final failure of the specimen. 

Today, the certification with damage tolerance concept is driven by visual inspection and in 

particular by the BVID. Thus, the importance of the permanent indentation is captured. Two main 

ideas are pointed out. The first one is the significant reduction of residual strength when the structure 

is impacted near boundary conditions. This issue is highlighted because, at level of undetectable 

impact damage, the near-boundary-conditions impacts have obviously less residual strength than 

impacts in the centre of the panel. More tests with other layups should be elaborated to support the 

conclusion from the two tests in this study.     

Another issue is the impact damage tolerance when the stacking sequence is changed. No solid 

conclusion is found for the best ply orientation. At the detectability threshold, switching ply 

orientation has unobvious effect on compressive residual strength after impact. Residual strength of 

each layup is close to each other within 15%-difference. An over-engineered with a 150% margin 

from the design ultimate strength should be considered to account for undetectable impact damage. 

However this margin is not valid when the conditions change e.g. laminate thickness, required design 

load etc. Optimizing structure performance with respect to a given design ultimate load and its 

detectability threshold remains very complex. Lastly, with respect to the damage tolerance concept 

and the limitation of inspecting impact damage for in-service aircrafts, the operators expect to ensure 

the residual strength by concerning only the permanent indentation at barely visible threshold.  
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CHAPTER 3 

VALIDATION OF LOW VELOCITY IMPACT 

MODELLING ON DIFFERENT STACKING 

SEQUENCES OF CFRP LAMINATES AND 

INFLUENCE OF FIBRE FAILURE

Résumé en français 

VALIDATION D’UN MODELE D’IMPACT BASSE VITESSE SUR DIFFERENTES SEQUENCES 

D'EMPILEMENT D’UN STRATIFIE ET INFLUENCE DE LA RUPTURE DE FIBRES 

Introduction 

La première étape dans le calcul de la résistance d’une structure composite après impact est la 

modélisation de l’impact et des dommages induits. Cette étape est essentielle puisqu’elle conditionne 

la connaissance des dommages à partir desquels sont réalisés les calculs suivants permettant d’évaluer 

la résistance résiduelle. Un premier modèle a été développé au sein du laboratoire par Bouvet et ses 

collègues avec une approche de type « Discrete Ply Model » (DPM). Une très bonne concordance 

entre essai et modèle a été observée sur un cas test : cas de référence [02,452,902,-452]s, impact à 25 J. 

Dans ce chapitre, le modèle est amélioré en fonction d’observations expérimentales faites à partir des 

essais du chapitre 2. Il est ensuite validé à partir de ces mêmes essais, sur 7 drapages différents. 

Principaux travaux et résultats 

L’analyse plus poussée des essais d’impact présentés au chapitre 2 montre, sur le cas précis du 

stratifié [902,02,-452,452]s, l’apparition, pendant l’impact, d’une fissure due à la rupture de fibres en 

compression. Cette fissure se situe dans le pli extérieur, côté face impactée. L’observation de telles 

ruptures n’ayant pas été observées expérimentalement auparavant, le modèle précédent ne prenait pas 

en compte la possibilité de représenter une rupture de fibres en compression. Afin de mieux modéliser 

l’endommagement sous impact, et en gardant à l’esprit que la rupture de fibres en compression est 

également présente lors de la CAI, le modèle précédent est donc amélioré en conséquence. 

Le principe général du modèle, ainsi que les lois utilisées, sont rappelés dans ce chapitre. La 

modification pour prendre en compte les ruptures en compression est effectuée en changeant la loi de 

comportement dans les éléments volumiques représentant les plis. Il s’agit de représenter la rupture 

par une diminution du module d’Young sens fibre, avec un critère en énergie. Ensuite, contrairement 
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aux fissures de traction, les fissures en compression ne peuvent s’ouvrir, et les lèvres des fissures 

finissent par s’écraser (crushing). Une phase de crushing à contrainte constante est donc également 

introduite. Le critère en énergie est basé sur la valeur du taux de restitution d’énergie intra-laminaire, 

et calculé pour une dissipation au sein du volume de l’élément, pour rendre le modèle indépendant à la 

taille du maillage. 

L’estimation de la valeur du taux de restitution d’énergie est délicate. La méthodologie utilisée 

dans cette étude pour identifier ce paramètre est la suivante : à partir de valeurs disponibles dans la 

littérature sur des matériaux relativement proches, une étude paramétrique a été réalisée sur le modèle 

numérique pour le cas susmentionné faisant apparaitre une fissure en surface lors de l’impact. En 

comparant la longueur de fissure entre l’essai et la simulation, la valeur de 40 N/mm a été identifiée. 

Afin d’obtenir une validation de cette estimation, cette valeur a également été mesurée 

expérimentalement par des essais supplémentaires (cf. Annexe I). Il s’agit du suivi de fissures lors 

d’essais d’indentation statique ou de CAI par une caméra infrarouge. Ces essais ont été réalisés en 

collaboration avec un doctorant du laboratoire (Teddy Lisle) qui développe cette technique de mesure 

de taux de restitution d’énergie à partir de calculs de dissipation de chaleur mesurée à l’aide d’une 

caméra infrarouge (cf. Lisle et al. 2013). Le taux de restitution d’énergie critique ainsi calculé est en 

accord avec la valeur trouvée précédemment par la méthode numérique. 

Dans un contexte de validation de modèle, un maximum de cas doivent être testés avec le 

modèle établi pour en estimer la robustesse. Dans un premier temps, l’utilisation du modèle de base de 

l’étude précédente n’a pas pu donner de bons résultats pour les 7 cas d’essai. Ainsi, en plus de 

l’implémentation de la loi de rupture de fibres en compression, certaines modifications mineures du 

modèle ont été effectuées : 

- la forme des éléments d’interface pour le délaminage des interfaces 45°/-45° ou -45°/45°, 

- les valeurs de taux de restitution d’énergie critique pour le délaminage, 

- la communication entre les éléments d’interface de fissuration matricielle et les 8 points de 

Gauss des éléments volumiques voisins, 

- le phénomène d’écrasement de fibre et la plasticité définie dans la loi de rupture de fibre en 

compression, 

- le type de contact entre la plaque et ses conditions aux limites. 

Une fois les modifications présentées ci-dessus appliquées et l’implémentation de la loi de 

rupture de fibre en compression réalisée, une bonne corrélation entre essais et simulations est obtenue 

pour tous les cas testés en termes de : 

- forme des délaminages, 

- présence de ruptures de fibres en compression pour certains des cas étudiés, 

- réponse générale de la plaque : courbes effort-déplacement et effort-temps, 

- énergie dissipée totale, 

- interaction entre les modes de rupture (délaminage, rupture de fibres et fissuration matricielle). 

Ces résultats prouvent que le présent modèle est fiable et robuste dans un domaine assez large. 

En conséquence, il peut être considéré comme un modèle prédictif. En outre, le modèle proposé 

présente certains avantages tels que le temps de calcul (environ 4-5 heures par calcul sur 8 

processeurs) ou un faible nombre de paramètres matériau à identifier (pas de paramètres de couplage 

entre les différents types de dommages). 
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Conclusion 

En conclusion, le travail principal de ce chapitre est la mise en œuvre de la loi de rupture de 

fibres en compression et son intégration dans le modèle d’impact existant. Le modèle d’impact 

proposé s’avère robuste, et peut donc être considéré comme prédictif dans un domaine de validité 

assez large. Il faut également souligner une fois de plus la pertinence du concept initial de « Discrete 

Ply Model »  (DPM) pour représenter les fissurations matricielles. 

Plusieurs perspectives peuvent être proposées à ce travail. La première est d’élargir le domaine 

de validité du modèle en explorant d’autres conditions d’essai telles que l’effet de la vitesse d’impact, 

de l’énergie d’impact, la forme des conditions aux limites, l’utilisation de matériaux différents, de 

drapages industriels… La seconde perspective de ce travail reste bien-sûr, à partir des dommages 

calculés par le modèle d’impact, de compléter la modélisation afin d’effectuer la boucle complète de 

calcul : depuis l’impact jusqu’à la tenue résiduelle en compression. C’est l’objet des chapitres suivants 

de ce rapport. 
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a b s t r a c t

This paper presents a validation of low-velocity impact Finite Element (FE) modelling. Based on switching

ply location of reference layup [02,452,902,ÿ452]s T700GC/M21 laminated plates from Bouvet et al.

(2012) [1], twelve possible layups under a constraint of double-ply, mirror-symmetric, balanced, and

quasi- isotropic are allowed. However only seven layups are chosen for the study and one of them reveals

the importance of longitudinal fibre compressive failure during impact events. Therefore, the second

aspect of this work is the introduction of a fibre compressive failure law associated with fracture damage

development. This makes it possible to improve the simulation for all seven different layups. Good cor-

respondence is achieved between simulation and experiment for aspects such as delamination areas/

shapes and force–displacement responses. The influence of the addition of fibre compressive failure

according to fracture toughness in mode I is discussed.

Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Low-velocity impact in composite structures has been studying

since 1970s. In aeronautics, many researchers have attempted to

design optimum structures mainly with respect to their weight.

The structures may lose up to 50% of their strength when facing

low-velocity impact problems due to accidents during manufactur-

ing or maintenance processes [2]. To cope with this problem, many

composite structures are over-designed with a high safety factor to

compensate for their low damage tolerance [3], therefore opti-

mised design with Finite-Element Analysis (FEA) becomes neces-

sary and increasingly used in place of experimental tests.

Thispresentwork is anextensionofBouvet et al. [1]. An impact FE

modelling of UD carbon/epoxy plates has been developed. Using

their ownmodel, this team has studied the impact damage in three

conventional failure modes, namely fibre failure, matrix cracking,

and delamination. The results of impact damage from the model

were accurately captured, e.g. force–displacement history, delami-

nation surface, permanent indentation. However, the model was

only validated on a single reference layup at a given impact energy.

To the authors’ knowledge, the literature contains no validation of

different impact conditions. Also, in order to enlarge the validity of

the referencemodel, this workwill therefore focus onmodel valida-

tion of impact on different stacking sequences, including the

presentation of a variety of supplementary post-processing results,

e.g. high quality C-scan, and microscopic observation.

The reference stacking sequence is an 8-double-ply, mirror-

symmetric, quasi-isotropic laminated plate of T700GC/M21 (car-

bon/epoxy): [02,452,902,ÿ452]s, which contains equal numbers of

plies in each direction. Note that double-ply is used to facilitate im-

pact damage observation, especially delamination, as well as to re-

duce calculation time for the simulation. Seven different layups

derived from the reference layup were chosen to be tested (cf.

Table 1).

Thanks to the different impact behaviours of different stacking

sequences, predominant fibre compressive failure was observed in

a particular case. Thus, the second point of this work is to improve

fibre failure simulation by combining the effect of fibre compres-

sive failure which is often considered as a complex mechanism

in the failure of composite structures [4–6].

Some research presents fibre failure models for composites sub-

jected to low-velocity impact. Recently, the energy method seems

to be an effective approach to simulate fibre failure or intralaminar

ply failure based on the crack band theory from Baz̆ant and Oh [7].

This method uses fracture toughness to dissipate the fracture en-

ergy and a characteristic length to avoid the mesh dependent solu-

tion. For example, Falson and Apruzzese [8,9] presented the fibre

failure which was included in the intralaminar failure mechanism.

In their constitutive damage model, the material properties would

degrade according to a linear strain-softening law with seven

defined damage variables, i.e. fibre failure in tension/compression,

matrix failure in tension/compression and three other for the three
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shear directions. This law was assigned as a smeared formulation

which assumed constant energy dissipation per unit area in the

volume element to generate a mesh-size-independent solution. It

was applied and tested for example on an open-hole laminate cou-

pon under compressive loading. Fibre compressive behaviour from

their progressive damage law accurately predicted the results of

the experiment. Iannucci and Ankersen [3] previously used a sim-

ilar smeared formulation to develop their low-velocity impact

model. They specifically tested this formulation with bi-linear

stress–strain damage. They showed that to have a mesh-size-inde-

pendent FE model, with a given intralaminar fracture energy as an

input parameter, the strain at final failure and the evolution of the

damage variable may vary with the element size.

Shi et al. [10] added non-linear irreversible shear behaviour to

their 3D continuum model of intralaminar failure to simulate per-

manent indentation for low-velocity impact modelling. Thanks to

the energy based criterion and the shear model under progressive

damage, permanent indentation was well established. Also, Lopes

et al. [11] used energy-based criteria for matrix cracking and fibre

failure in 3D plies in their low-velocity impact damage model, with

an exponential damage evolution law for the damage propagation.

Matrix cracking and fibre failure were accurately predicted. Com-

pression after impact (CAI) modelling was consequently studied

by González et al. [12]. According to the same approach for the fibre

failure law, they reported that the collapse of the plate was initially

triggered by fibre failure, and the CAI strengths for their two tested

cases were accurately predicted. Nevertheless, this model was still

limited by the calculation time process, e.g. impact and CAI analysis

lasted twelve days for the laminate [454,04,ÿ454,904]s on 24 CPUs.

As presented above, the modelling of progressive damage with

the energy based method could well represent intralaminar dam-

age as a multi-purpose law, e.g. fibre failure, matrix cracking and

permanent indentation. In addition to the previous work, Bouvet

et al. [1] also used fracture mechanics for their fibre failure model-

ling. Moreover, they have proposed a new methodology to distrib-

ute unequal fracture energy at each integration point (eight

integration points in a volume element) depending on the strain

magnitude (cf. Section 3.1). Only longitudinal tensile damage for fi-

bre failure was addressed in previous work, whereas the compres-

sive effect would be performed in this paper in the following

sections.

However, the value of intralaminar fracture energy, which

should be a material property as a model’s input, still becomes a

sensitive issue since there is no valid standard yet [5,6,4]. Many

studies have proposed approaches to measure this value. For

example, Soutis and Curtis [6] measured the compressive fracture

toughness of T800/924C carbon/epoxy [0,902,0]3s laminates asso-

ciated with fibre micro-buckling to be 38.8 N/mm. Also, Pinho

et al. [5] used compact compression tests to evaluate the compres-

sive kinking fracture toughness of T300/913 carbon/epoxy

laminates. A 79.9 N/mm of fracture toughness was reported. How-

ever this value was contested because it was considered only for

damage initiation, whereas the propagation was not reliable.

Therefore, this current paper will also consider the importance of

compressive fracture toughness for damage propagation in order

to make the low-velocity impact modelling match the experimen-

tal tests according to data available from the literature [6,5].

2. Experimental study and specimen configurations

Impact tests were performed using a drop tower system with a

16 mm diameter, 2 kg impactor, according to the Airbus Industries

Test Method (AITM 1-0010). Before impacting the specimen, an

optical laser measures the initial velocity. A piezoelectric force sen-

sor is placed inside the impactor to measure contact force during

impact. All data are recorded in an oscilloscope. The rectangular

specimen measures 100 � 150 mm2 simply supported on a

75 � 125 mm2 frame, as shown in Fig. 1.

According to the reference case, 8-double-ply layups (0.25 mm

nominal ply thickness) of UD carbon- epoxy T700GC/M21 were

manufactured based on 0°, 90°, 45° and ÿ45° ply directions. Con-

sidering only balanced and mirror-symmetric laminates, switching

ply locations makes it possible to have up to 24 configurations. Half

of these configurations are symmetric to each other, along the lon-

gitudinal axis, i.e. layups [02,452,902,ÿ452]s and

[02,ÿ452,902,452]s. Therefore, the 24 potential cases can be re-

duced to 12 cases studied. However, only seven cases (including

the reference case), summarised in Table 1, were experimentally

tested, chosen according to the plate’s behaviour from analytical

calculations and the first-trial simulation. Half of the specimens

are derived from a 90° orientation in relation to another specimen.

Therefore, to number specimen configurations, the same letter will

be used for a laminate and its associated 90° rotation laminate. The

quasi-isotropic reference layup A1 contains plies stacked at a con-

stant interface angle of 45°. However, when ply orientation is

changed, the interface angle of 90° becomes unavoidable in layups

B1, B2, C1, C2, E1 and E2.

3. Numerical modelling

In the previous study, [1] presented a discrete 3D impact model

which was simulated with the Abaqus v6.9 explicit solver and a

user-defined Vumat subroutine. In their model, three major failure

modes observed in composite impact tests were considered: (i) fi-

bre failure in intra-ply, (ii) matrix cracking in intra-ply, and (iii)

delamination in inter-ply.

The mesh construction from the previous work was maintained.

Positions of nodes are uniformly stacked in row and column for all

oriented plies. However, the shapes of mesh are different: 0° and

90° plies are meshed in square shape, while 45° and ÿ45° plies

are meshed in parallelogram shape in order to follow the fibre

Table 1

Total possible stacking sequences with seven experimental tested cases.

Layup name Stacking sequences Experiment Remarks

A1 [02,452,902,ÿ452]s
p

Reference case [1,15]

A2 [902,ÿ452,02,452]s 90° Rotation of A1

B1 [02,452,ÿ452,902]s
B2 [902,ÿ452,452,02]s 90° Rotation of B1

C1 [02,902,452,ÿ452]s
p

C2 [902,02,ÿ452,452]s
p

90° Rotation of C1

D1 [452,02,ÿ452,902]s
p

D2 [ÿ452,902,452,02]s
p

90° Rotation of D1

E1 [452,ÿ452,902,02]s
p

E2 [ÿ452,452,02,902]s
p

90° Rotation of E1

F1 [452,02,902,ÿ452]s
F2 [ÿ452,902,02,452]s 90° Rotation of F1

Fig. 1. Impact test setup with the boundary condition.
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direction and to have coincident nodes in adjacent plies (Fig. 2(b)).

The fibre failure was assigned in volume elements C3D8, where

non-thickness cohesive elements COH3D8 of delamination are hor-

izontally inserted in-between. Also, vertical non-thickness cohe-

sive elements COH3D8 are placed between volume element strips

in the fibre direction to impose the region of matrix cracking, as

shown in Fig. 2(a). Meshing of these three damage types is gener-

ated only on half the plate, due to the symmetry consideration. The

total number of elements (volume elements and interface ele-

ments) is approximately 100,000 elements for each layup configu-

ration. Then, the laminated plate is placed on analytical rigid body

supports, and is impacted by a semi-spherical analytical rigid body.

3.1. Modelling fibre failure

Since the fibres primarily break in the fibre direction, the fibre

failure mode in this current model means purely longitudinal fail-

ure. Shear failure s13 is assumed to have no effect on intralaminar

damage, whereas s23 is instead assigned to matrix cracking crite-

rion (cf. Section 3.2). In the experiment, the fibres are locally bro-

ken crossing the fibre direction, as illustrated in Fig. 2 and the

micrograph in Fig. 8(a). For FE modelling, an alternative method

is to dissipate the energy release rate of fibre failure spreading over

the volume finite element such as the modelling of [8,1,13,12,11].

Based on crack band theory from [7], a simplified formulation to

dissipate the constant energy release rate per unit area in the 3D

continuum element can be written as:
Z

V

Z

e1

0

r � de
� �

� dV ¼ S � Gfibre
Ic ð1Þ

where Gfibre
Ic ; e; e1 are the fracture toughness for the opening mode

(I), the strain in fibre direction, and the strain in fibre direction at

final failure, respectively. As seen in Fig. 3(a), these parameters

are applicable either in tension (Gfibre;T
Ic and e

T
1), or in compression

(Gfibre;C
Ic and e

C
1). V and S are element’s volume and element’s cross

section normal to fibre direction, respectively. Then, V and S can

be reduced in terms of an internal element length l, which is com-

parable to the FE characteristic length [7,8,10] to make FE model

mesh-size independent. Note that the subscripts 0 and 1 denote

damage initiation and final failure, respectively.

In addition to distributing the fracture energy over the whole

volume element, [1] have proposed a new approach to dissipate

the fracture energy defined in terms of eight integration points of

each volume element, shown in Fig. 3(b).

3.1.1. Damage initiation

3.1.1.1. Damage initiation of fibre tensile failure. Before reaching the

damage initiation state, linear elastic evolution of stress according

to longitudinal strain e at each integration point is defined. As the

volume elements can be subjected to bending, the value of strain

calculated at nodes can reach the criterion before the strain

(a)

(b)

Fig. 2. (a) Modelling of impact damage and element types and (b) mesh shape in

each oriented ply [15].
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calculated from integration points. Thus, in this model the strain

values obtained from eight integration points are computed with

the shape function and extrapolated to nodes in order to take into

account bending behaviour. Then, the extrapolated strain at each

node drives the maximum strain failure criterion defined as:

max
8

node¼1
e
node

ÿ �

< e
T
0 ð2Þ

where the superscript node means the extrapolation to node and eT0
is the tensile strain in the fibre direction at damage initiation, given

in Table 2.

When any one of the eight strains calculated at nodes reaches

the tensile strain at damage initiation (beyond the limit in Eq.

(2)), all stresses at the eight integration points are simultaneously

established in the damage initiation state at t = t0, as illustrated in

Fig. 3(b).

3.1.1.2. Damage initiation of fibre compressive failure. Similarly to fi-

bre tensile failure, damage initiation of fibre compressive failure

can be defined as:

min
8

node¼1
e
node

ÿ �

> e
C
0 ð3Þ

where eC0 is the compressive strain in fibre direction at damage ini-

tiation, given in Table 2.

3.1.2. Damage propagation

3.1.2.1. Damage propagation of fibre tensile failure. The representa-

tive strain is the maximum strain of eight integration points which

is computed at each time increment. This representative strain will

be used for the linear degradation of damage, defined as:

e
rep ¼ max

8

i¼1
ðeiÞ ð4Þ

where the superscript imeans the value at integration point (funda-

mentally computed by FE method), and e
rep is the representative

strain.

Due to fracture toughness for the opening mode (I) in traction

Gfibre;T
Ic i.e. the material input property for the calculation, the frac-

ture energy in volume elements can be dissipated. The tensile final

failure strain (eT1) can then be determined by solving Eq. (1).

At each time increment, e1;T1 and erep will be updated during the

undergoing damage propagation state, and the linear degradation

of strain-softening can be assigned in terms of the damage

variable:

df ¼
e
T
1 e

rep ÿ e
T;i
0

� �

e
rep

e
T
1 ÿ e

T;i
0

� � ð5Þ

where eT;i0 is tensile strain at damage initiation which is translated

to the integration point in order to take into account df at the inte-

gration points instead of nodes. Note that the damage variable df,

computed from the representative strain, will be the same for eight

integration points, and it will govern the linear degradation behav-

iour, as illustrated in Fig. 3(b).

3.1.2.2. Damage propagation of fibre compressive failure. Due to the

complexity of damage propagation state in compression, paramet-

ric study of the longitudinal compressive fracture toughness Gfibre;C
Ic

is performed based on available information from the literature

[5,6]. The compressive strain at final failure (eC1) is then determined

by solving Eq. (1)similar to the tensile damage. And the represen-

tative strain in compression can be defined as:

e
rep ¼ min

8

i¼1
ðeiÞ ð6Þ

with the same fibre failure damage variable, df as in tension.

df ¼
e
C
1 e

rep ÿ e
C;i
0

� �

e
rep

e
C
1 ÿ e

C;i
0

� � ð7Þ

Additionally, the fibre compressive failure behaviour is slightly

more complicated than in tension. Crack initiation in compression

is due to the kink band, but when one continues to apply compres-

sion, the two sides of the crack come into contact and lead to

crushing of packs of fibres. Therefore, the compressive mean crush-

ing stress of T700/M21, Xcrush proposed by [14] is then applied as a

Table 2

Mechanical properties of T700GC/M21 unidirectional ply as input in simulation.

Density 1600 kg/m3

Orthotropic elastic properties [18–20]

ET1 Tensile Young’s modulus in fibre direction 130 GPa

EC1 Compressive Young’s modulus in fibre direction 100 GPa

E2 Transverse Young’s modulus 7.7 GPa

G12 Shear modulus 4.8 GPa

t12 Poisson’s ratio 0.33

Matrix cracking [18,19]

YT Transverse tensile strength 60 MPa

SL In-plane shear strength 110 MPa

Fibre failure [5,14,18,20]

e
T
0

Tensile strain in fibre direction at damage initiation 0.016

e
C
0

Compressive strain in fibre direction at damage initiation ÿ0.0125

Xcrush Longitudinal compressive mean crushing stress ÿ270 MPa

Gfibre;T
Ic

Fracture toughness for mode I in traction 133 N/mma

Gfibre;C
Ic

Fracture toughness for mode I in compression 40 N/mmb

Delamination [18,21]

Gdel
Ic

Interface fracture toughness for opening mode (I) 0.6 N/mm

Gdel
IIc

Interface fracture toughness for shear mode (II and III) 2.1 N/mm

a Material: T300/913 [5].
b Predicted value in this study.
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plateau to complete the law. Moreover, the plasticity is also taken

into account to prevent compressive strain from returning to zero

during the unloaded state, as illustrated in Fig. 3(a).

Then, the stress tensor of orthotropic elasticity in terms of the

elastic stiffness matrix and the single fibre damage variable, df
(both for tension and compression) can be specified as:

r11
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ð8Þ

where the lamina’s stiffness matrix [H] is computed by using the

orthotropic elastic properties in Table 2.

3.2. Modelling of matrix cracking

A particular model of matrix cracking is introduced using inter-

face elements (different principal to delamination), between two

neighbouring volume elements, which are generated in 1–3 planes,

as illustrated in Fig. 2. That means the occurrence of matrix crack-

ing is imposed by the mesh density. The authors assume that it is

not necessary to represent the complex matrix microcracks net-

work but only stripes of plies that enable to simulate the changes

in load transfers between parts of plies when the matrix is dam-

aged and thus to drive delamination and fibre failures. Therefore

a very fine mesh is not necessary. For the same reason, the energy

dissipated in matrix cracking is not taken into account in the inter-

face model (brittle failure), but it is nevertheless included in the

energy dissipated in the delamination interfaces to keep the energy

balance. Matrix tensile failure (r22 > 0) based according to Hashin’s

failure criterion is applied to the volume elements. As soon as this

criterion (on either one or both neighbouring volume elements) is

met, the out-of-plane stresses in the interface elements are set to

zero. The two neighbouring volume elements will therefore be

independent, meaning that the matrix is broken [15]

hr22iþ

YT

� �2

þ ðs12Þ2 þ ðs23Þ2

SL
� �2

6 1 ð9Þ

where the subscript 1, 2 and 3 denote the direction of stress accord-

ing to the volume element. YT is the transverse tensile strength and

SL is the in-plane shear strength. In addition to matrix cracking,

these interface elements can also model permanent indentation

(see more details in [1]).

3.3. Modelling of delamination

The formation of delamination generally relates to matrix

cracking [2,1,11]. For this present discrete model, even if there is

no coupling parameter of delamination and matrix cracking, the

discontinuity still enables this interaction to be represented.

Delamination normally occurs between different ply directions. It

is therefore simulated in interface elements by joining nodes of

upper and lower volume ply elements. Thanks to energy dissipa-

tion of fracture mechanics, the delamination criterion is simulated

as linear coupling in three modes based on the power law criterion

of mixed-mode delamination propagation with the energy release

rate: mode I is in the thickness direction normal to delamination

plane, whilst mode II and mode III are in the in-plane direction,

as explained in [1].

GI

Gdel
Ic

þ GII

Gdel
IIc

þ GIII

Gdel
IIIc

¼ 1 ð10Þ

where GI, GII, GIII represent the energy release rate of delamination

in mode I, II and III, respectively. Gdel
Ic ; Gdel

IIc ; Gdel
IIIc represent the critical

energy release rate of delamination in mode I, II and III, respectively.

At the end of the calculation, all layer interface delamination

areas are displayed to create a ‘‘numerical C-scan’’. The same col-

ours are used as for the experimental C-scan in order to compare

results from simulation with experiments.

4. Experimental validation of the model

In experimental tests, impact energy was expected at 25 J, but

in reality the tests were carried out between 24.63 J and 24.82 J

for the seven cases studied. To validate the impact damage from

the experiments, all seven cases were simulated and compared

with the experimental results. Each calculation of impact model-

ling (5 ms of actual time) lasts approximately 4–5 h on 8 CPUs.

According to the previous study [1], impact damage in terms of en-

ergy dissipation is mainly separated into two parts, i.e. delamina-

tion and fibre failure, as layup D1 shows in Fig. 9(a2). Hence,

comparisons between experiments and numerical simulations

are presented as follows:

4.1. Delamination

In Fig. 4, delamination is shown. Projected delamination areas

are experimentally obtained by ultrasonic C-scan. Thanks to the

double-ply stacking configuration, each inter-ply delamination

can clearly be distinguished by different colours. Delamination is

visibly obvious in the first inter-ply on the non-impacted side

(red colour surface in the figures), and the shape at each inter-

ply is often oriented in the fibre direction of the lower ply.

The seven experimental tested configurations are compared.

The difference between the biggest delamination area (case D2)

and the smallest delamination area (case A1) is up to 46% as shown

in Fig. 5(a). This difference cannot be attributed only to the effect of

stacking sequence, due to parameters coupling when changing the

stacking sequence:

� Stiffness of the panel: switching the order of stacking

sequences will not affect the membrane stiffness, while

the bending stiffness is changed. For example, the lami-

nates C2 is stiffer than C1 and, as a consequence the elastic

response during impact is different. The stresses due to

bending of laminate C2 are higher than in any other config-

urations, thus a compression fibre failure is expected.

(cf.Section 4.2.2).

� Boundary condition: [16] showed the importance of

boundary condition in composite subjected to impact load-

ing when designing real laminated structures near stiffen-

ers of aircraft structures. In this study, except the

laminates A1 and C1, the delamination tip is very close to

the boundary conditions, which makes it difficult to con-

clude on the study of influence on extent of damage.

Numerical simulation results show excellent delamination

shape comparisons to the experiments for all seven cases. The mar-

gin of error between experimental determination of the delamina-

tion area and the simulation is within 20%. This margin of error is

acceptable since there are many factors affecting the delamination

results, for example the quality of experimental C-scans, or uncer-

tainty concerning the values of the parameters of the inputs in

modelling, e.g. Gdel
Ic ;Gdel

IIc .

Another advantage of numerical simulation on delamination is

the possibility of separating delamination in each interface and

being able to determine the sum of the delamination areas.
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Fig. 5(a) shows that the projected delamination and the total

delamination (sum of each interface) follow the same trend.

4.2. Fibre failure

Fibre failure is normally difficult to study experimentally, espe-

cially during the impact event. However, microscopic observation,

X-ray techniques after impact, or de-ply techniques [17] are prob-

ably also effective methods to study it. In this work, we simply ob-

serve fibre failure using 2 methods:

4.2.1. Major load drop (studied using either the force–displacement

curve or the force–time curve)

Fibre failure can be determined from the major load drop from

history curves as presented in Fig. 4. At this energy level (25 J), the

major load drop obviously appears in case D1 and D2 in experi-

ment (see Fig. 9(a) for case D1), as well as in numerical simulation.

This phenomenon is probably due to fibre tensile failure rather

than fibre compressive failure which will be detailed in Section 5.1.

4.2.2. Fibre failure crack on impacted surface (visual inspection)

An apparent long crack on the upper surface (impacted side)

across the fibre direction is visible only in case C2, as shown in

Fig. 6. In order to investigate the cause of this crack, the specimen

C2 was cut for microscopic observation. As presented in Fig. 7, dis-

connected longitudinal fibres at the impacted side, as well as some

small debris from the kink band between the disconnected fibres

are observed. The formation of these fibres is similar to fibre mi-

cro-buckling/kinking in Fig. 8(b), which could confirm the appear-

ance of the fibre compressive failure. However, rupture modes
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from the two images might be slightly different because the fibre

compressive failure in Fig. 8(b) involved internal confined plies,

whereas in Fig. 7 fibre compressive failure from case C2 was

exterior.

To validate the numerical simulation, as seen in Fig. 6, case C2

shows fibre failure in terms of the fibre failure damage variable

similar to the noticeable crack in the experimental observation.

The detail of fibre compressive failure in this simulation is dis-

cussed in Section 5.2.

4.3. Force–displacement history and global impact response

This section again demonstrates that this present model is ro-

bust and applicable even if the stacking sequence is changed. The

force–displacement and force–time history in Fig. 4 show good

agreement in terms of maximum force, maximum displacement

and global evolution of impact response. The simulation accurately

represents the load drop due to fibre failure as mentioned before,

as well as the energy dissipation. The error between the experi-

ment and the simulation of these seven tested cases is less than

12%, as shown in Fig. 5(b).

5. Discussion of failure mechanisms in simulation

5.1. Fibre tensile failure mechanism

According to the previous numerical studies [1], although only fi-

bre tensile failure behaviourwas studied in the fibre direction, force

response during the impact event was fairly well corroborated with

the experimental results. This may therefore imply that fibre tensile

failure is predominant for longitudinal failure. Consequently, the

same fibre tensile failure law is maintained in this case. In fact, fibre

tensile failure appeared at the beginning of the impact event but it

was not apparent until a dramatic load drop was recorded. This

can be an indicator to identify fibre failure which is confirmed by

the simulation, presented in case D1 in Fig. 9.

The dissipation of energy in fibre failure mode, especially on the

non-impacted side: ply 2nd, 3rd and 4th plies, suddenly increased.

This was simultaneous with the major load drop, precisely in

Fig. 9(a1–a3). In addition, the number of elements for fibre failure

visibly increased after the major load drop. The number of ele-

ments with fibre tensile failure is about 30% more than in fibre

compressive failure, which may be induced by the tension from

the plate’s deflection, as presented in Fig. 9b1–b2.

5.2. Fibre compressive failure mechanism

Some fibre damage was visible after the specimen was im-

pacted, but it does not appear in all cases, as shown in Fig. 6. C2
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is an interesting layup, having 90° plies on the exterior, lying in the

small edge direction of the boundary condition. This observation

led to improvement of the model by adding the effect of fibre com-

pressive failure which is a key objective of this paper.

As mentioned previously, fibre failure in this simulation is

based on fracture energy, therefore an accurate value of fracture

toughness is essential. Before obtaining accurate corroboration be-

tween the simulation and the experiment as presented in preced-

ing sections, a parametric study of fibre compressive law and

fracture toughness was performed, according to values from the

literature. The first value tested for fracture toughness in compres-

sion was Gfibre;C
Ic ¼ 10 N=mm. The result clearly shows the damage

variable of fibre compressive failure on the upper surface in case

C2, but in the force–displacement curve, the load drop is still over-

estimated, as seen in Fig. 10(a). In addition to this inaccuracy, other

cases (A1, C1, D1, D2, E1 and E2) have an overestimation of fibre

compressive failure as well, for example layup E2 as seen in

Fig. 10(b). Then, Gfibre;C
Ic ¼ 79:9 N=mm of T300/913 [5] was tried.

This shows a better delamination area according to experimental

results with a bigger delamination interface on the impacted side,

but fibre compressive failure is underestimated for all seven con-

figurations. Therefore, the value of Gfibre;C
Ic between 10 and 79.9 N/

mm should be considered. Gfibre;C
Ic ¼ 40 N=mm was taken and it

could give very accurate results according to experiments in terms

of both fibre compressive failure on the upper surface, load drop in

force–displacement and delamination shape as shown in Figs. 6,

10(a), and 10(b).

Certainly changing Gfibre;C
Ic directly affects fibre compressive fail-

ure. It should be noted that to obtain these accurate results, the va-

lue of Gfibre;C
Ic ¼ 40 N=mm is assigned in the model using the trade-

off method. This value is in accordance with the fracture toughness

of T800/924C from [6] which is in the same material family as the

T700GC/M21 material studied in this work. Nevertheless, further

work to determine the fibre compressive failure fracture toughness

value of T700GC/M21 is currently in progress. The following stage

to determine the residual strength after impact, known as CAI, will

be performed based on the same law of impact test fibre compres-

sive failure in this study.

5.3. Coupling between failure modes

The validity of the model is broadened. Thanks to the disconti-

nuity of the particular meshing and independent material law

among three failure modes (without coupling parameter), this

present model is able to show very good interactions.

� Coupling among fibre failure, matrix cracking, and delami-

nation: As seen in the view of the non-impacted side in

Fig. 9(b3), splitting of the lowest ply, induced by matrix

cracking and delamination, rather than fibre failure mode,

is found. This shows accordance with the experimental

observation, as shown in Fig. 9(b4).

� Coupling between fibre failure and delamination: Fibre

compressive failure is accompanied by delamination as

reported in [5,6]. Microscopic section of specimen C2 in

Fig. 7 confirms this phenomenon. In addition, numerical

modelling of layup C2 also reveals this interaction, which

is in agreement with the experiment, as shown in Fig. 11.

(a) (b)

a1

a2

a3

b1

b2

b3 b4

Fig. 9. Simulation on layup D1 for: (a) synchronisation of force and energy dissipation; (b1 and b2) fibre failure states before and after the major load drop; (b3 and b4) ply

splitting.
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Moreover, global behaviour of the impact response, e.g. cou-

pling of matrix cracking and delamination, force–displacement re-

sponse, overall delamination area, etc., also needs the interaction

between each failure mode. Therefore, a careful trade-off must be

made to balance the selected parameters of all impact damage

types, in order to obtain an accurate impact simulation.

6. Conclusions

Fibre failure mechanisms have an important role in the re-

sponse of composite structures subjected to impact. However, in

experiments, fibre failures are difficult to observe because of their

location inside the laminate, and the fact that they are not as visi-

ble as delamination from ultrasonic C-scans.

In this work, we can easily determine the presence of fibre rup-

tures with the noticeable load drop of force–displacement or

force–time curves. This load drop predominates in fibre tensile fail-

ure which can occur when the plate is submitted to adequate im-

pact energy. Fibre compressive failure is less well known and is

rarely observed during impact tests. In this study, seven layups

were experimentally studied, including an interesting case (C2)

with a 90° ply on the upper surface of the laminate. Fibre compres-

sive failure was visible in this upper ply after the laminate was

impacted.

The fact that compressive fibre failure was observed led to im-

prove the reference model [1]. A new compressive law was

implemented. This law is similar to the one already used for fibre

rupture under tension, with a dissipation of fracture energy in the

volume elements, driven by a damage variable calculated at the

eight integration points. Moreover, the effect of crushing in the

cracks induced by fibre failure is taken into account with a pla-

teau and a plastic-like law. An identification of the fracture

toughness value for compression fibre failure was made by means
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Fig. 11. Demonstration of the coupling between fibre failure and delamination on the upper ply (non-impacted side) of layup C2.
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of a parametric study. The 40 N/mm value is found to be the most

appropriate to best describe the observed damage in the C2

laminate.

This new compressive law, applied to the six other laminates,

also improves the results of impact simulations on these plates

in terms of force–displacement history, force–time history, and

delamination.

The current model proves to be quite reliable, and presents a

certain number of advantages such as the calculation time (4–

5 h/calculation), a relatively limited number of material parame-

ters required, and without any coupling parameters between fail-

ure modes.

To widen the validity of this model, other validations such as ef-

fect of impact velocity/energy, effect of boundary condition, ply-

drops configuration, and sub-laminate/ply grouping are still in pro-

gress in order to approach the situations of real aeronautical struc-

tures. Thanks to the proposed fibre compressive failure law,

modelling of compression after impact (CAI) will soon be contin-

ued using the same law.
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CHAPTER 4 

PERMANENT INDENTATION CHARACTERIZATION 

FOR LOW-VELOCITY IMPACT MODELLING USING 

THREE-POINT BENDING TEST

Résumé en français 

CARACTERISATION DE L’INDENTATION PERMANENTE POUR LA MODELISATION DE 

L’IMPACT BASSE VITESSE A L’AIDE D’UN ESSAI DE FLEXION TROIS POINTS 

Introduction 

Dans la pratique, sur les structures composites aéronautiques, la détection d’un éventuel 

dommage dû à un impact se fait par inspection visuelle, par la recherche d’une indentation 

permanente. Donc, pour le dimensionnement des structures composites à la tolérance aux dommages 

d’impact par des outils numériques, la prise en compte de l’indentation permanente est primordiale. 

Néanmoins, les phénomènes physiques menant à la formation d’une indentation permanente sont 

encore mal connus. Lors de travaux expérimentaux précédents, Abi Abdallah et al. (2009) ont montré 

que l’indentation permanente était due en grande partie à un phénomène de blocage de débris dans les 

fissurations matricielles qui empêche la fermeture de ces fissures et engendre donc un non-retour de la 

plaque à sa forme initiale. Un modèle de non-fermeture des fissures (appelé modèle d’indentation 

permanente) avait alors été implémenté dans le modèle d’impact sur plaques stratifiées de Bouvet et 

ses collègues. Cependant, les deux paramètres gérant le modèle d’indentation permanente, à savoir la 

taille des débris et la raideur des débris, sont jusqu’alors recalés sur des résultats de calcul d’impact, et 

pas identifiés à l’aide d’essais indépendants. Dans ce chapitre, un test spécifique de flexion trois points 

est donc proposé pour améliorer la compréhension de ces mécanismes. A partir des observations 

expérimentales, un modèle d’indentation permanente est proposé, dont les paramètres sont identifiés à 

partir des résultats des tests. Il est alors intégré au modèle d’impact du chapitre 3 pour compléter 

l’évaluation des dommages dus à l’impact : délaminages, rupture de fibre, et le plus déterminant pour 

l’analyse en tolérance aux dommages : l’indentation permanente. 

Principaux travaux et résultats 

Afin d’améliorer la compréhension de l’origine de l’indentation permanente et ainsi 

d’améliorer le modèle d’indentation permanente développé lors des travaux précédents, un essai 

spécifique de flexion trois points est réalisé, permettant d’obtenir des fissures dans la matrice et donc 

d’observer l’évolution de l’ouverture et de la fermeture de ces fissures (fissuration matricielle et 

délaminage). Les éprouvettes testées sont fabriquées avec le matériau T700/M21 : le même que pour 
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l’étude d’impact. Deux configurations de drapage, à savoir I1 [0,906,0] et I2 [02,902,02], d’épaisseur 

environ égale à 1.5 et 2 mm, ont été considérées. Les plis internes sont orientés à 90° pour permettre 

de créer la fissuration matricielle due à la sollicitation de cisaillement. Durant les tests, la section de 

l’éprouvette est prise en photo avec un objectif macro, puis les photos sont analysées par un logiciel de 

corrélation d’images en 2D afin de suivre la déformée de l’éprouvette. 

L’évolution de l’ouverture-fermeture de la fissuration matricielle des plis à 90° (plis au milieu) 

a été étudiée (cf Annexe II pour le détail des calculs d’ouverture-fermeture des fissures par corrélation 

d’images). L’éprouvette est d’abord chargée jusqu’à ce que la fissuration matricielle apparaisse, 

provoquant la présence d’une fissure qui traverse l’ensemble des plis à 90°, et se prolonge en 

délaminage dans les interfaces 0°/90°. Puis, lors de la décharge, on observe la fermeture de la fissure 

qui reste partiellement ouverte à effort nul. Elle se stabilise à environ 20 à 40% de l’ouverture 

maximale. Ce phénomène est supposé être le mécanisme principal à l’origine de l’indentation 

permanente. C’est-à-dire que, lors d’un essai d’impact, l’accumulation des non-fermetures des fissures 

dans l’ensemble des plis contribue, de façon majeure, à la formation de l’indentation permanente. 

La question se pose alors sur l’origine de cette non-fermeture. Des observations effectuées par 

microscope optique et microscope électronique à balayage (MEB), ont montré que la non-fermeture 

des fissures était principalement due aux débris qui empêchent la fermeture des fissurations 

matricielles, mais également à la formation de « cusps » due au délaminage en mode mixte. Par 

conséquent, une nouvelle loi d’indentation permanente est proposée, de type « pseudo-plasticité » tirée 

des observations physiques. Les deux paramètres de l’ancienne loi sont remplacés par un seul 

paramètre : le coefficient de fermeture de fissure �, égal au ratio entre l’ouverture résiduelle de la 

fissure et la taille maximale de l’ouverture : environ 30%. Cette loi est implantée à l’aide de ressorts 

qui empêchent la fermeture totale des fissurations matricielles. 

Avant d'appliquer la loi d’indentation permanente dans un modèle d’impact complet, elle a été 

testée sur un modèle éléments finis de flexion trois points représentant les essais. Ce modèle de flexion 

trois points est basé sur le principe du modèle d’impact présenté dans le chapitre 3 (maillage, lois de 

comportement des plis,…). Les résultats de simulation montrent que la loi de « pseudo-plasticité » 

implémentée permet de simuler le mécanisme d’évolution d’ouverture-fermeture des fissures pour le 

cas de la flexion trois points. 

Cette loi est ensuite appliquée au sein du modèle d’impact validé lors du chapitre 3. Afin de 

modéliser la création de l’indentation permanente, un coefficient de fermeture de fissure � de 0.3 est 

utilisé, comme précédemment évalué lors des essais. Les résultats sur les 7 cas présentés au chapitre 2 

montrent une bonne concordance entre modèles et essais à la fois en termes de valeurs d’indentation 

permanente et de déformée globale de la plaque. Cette déformée résiduelle de la plaque est également 

importante puisqu’elle constitue la forme initiale pour la simulation de la compression après impact 

(CAI). 

Conclusion 

Les travaux d’identification de la loi d’indentation permanente présentés dans ce chapitre ont 

permis d’améliorer à la fois la compréhension des mécanismes physiques de l’indentation permanente 

et le modèle d’indentation pour la simulation de l’impact. Au final, la modélisation de l’impact 

incluant l’ensemble des dommages, y compris l’indentation permanente et la déformée de la plaque, 

donne de très bons résultats. 
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Etant donnés ces résultats, il est donc possible d’envisager la modélisation de la CAI, ce qui 

sera présenté dans le prochain chapitre. 

Comme pour la modélisation de l’impact, même si la validation porte sur 7 cas différents, il 

serait intéressant d’élargir le domaine de validité à d’autres cas : 

- autres drapages plus « industriels » (plis plus fins, plus de plis,…), 

- autres matériaux (en particulier influence du matériau sur le coefficient de fermeture de 

fissure. 

Pour le moment, le modèle d’indentation est basé sur des ressorts utilisés pour rendre compte 

de la non-fermeture avec la loi d’indentation. Ces éléments sont disposés uniquement autour des 

fissurations matricielles. Il pourrait être envisagé d’inclure également ces ressorts au sein des fissures 

de délaminage au vu des « cusps » observés en mode mixte. 

� �

89



�

90



JOURNAL OF

C O M P O S I T E

M AT E R I A L SArticle

Permanent indentation characterization
for low-velocity impact modelling using
three-point bending test

Natthawat Hongkarnjanakul, Samuel Rivallant,

Christophe Bouvet and Arturo Miranda

Abstract

This paper deals with the origin of permanent indentation in composite laminates subjected to low-velocity impact. The

three-point bending test is used to exhibit a non-closure of matrix crack which is assumed as a cause of permanent

indentation. According to the observation at microscopic level, this non-closure of crack is produced by the blocking of

debris inside matrix cracking and the formation of cusps where mixed-mode delamination occurs. A simple physically-

based law of permanent indentation, ‘‘pseudo-plasticity’’, is proposed. This law is qualitatively tested by three-point

bending finite element model and is lastly applied in low-velocity impact finite element model in order to predict the
permanent indentation. A comparison between low-velocity impact experiments and simulations is presented.

Keywords
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Introduction

In recent years, the use of composite structures has

increased in aeronautical and aerospace applications,

thanks to their high specific strength and stiffness

with weight reduction. However, the brittleness of the

composites is reflected in their poor ability to resist

impact damage that might be encountered in accidental

situations such as tool drops during manufacturing or

maintenance, etc. This can cause a severe reduction of

strength of the structure both in tension and compres-

sion. However, the difficulty to detect internal damage

is a more sensitive aspect due to unobvious visible sign

on the surface. This has led to a fundamental design

concept for damage tolerance of aeronautic structures.

To achieve damage tolerance requirement, when the

damage does occur but is invisible, composite parts

must have sufficient residual strength to resist failure

at design ultimate load. As a result, ‘‘barely visible

impact damage’’ (BVID) is defined as level at which

the damage is detectable.1 In practice, the BVID is com-

monly inspected by measuring ‘‘dent depth’’ or ‘‘per-

manent indentation,’’ which is specified as a difference

between the lowest point in the dent and the surface.2

Understanding of permanent indentation mechanism is

therefore essential to allow for designing the composite

structures with respect to damage tolerance. In the last

decades, a number of researchers have studied damage

due to low-velocity impact3–7; however, the phenom-

enon of permanent indentation is still not very well

understood.4,5,8–12 Therefore, the argument of indenta-

tion mechanism is still open.

In literature, some analytical predictions and inden-

tation models have been proposed. Caprino et al.9,10

experimentally studied low-velocity impact on compos-

ite laminates and found that if the ratio of impact

energy to the penetration energy, which is unaffected

by the loading speed, is known, the permanent inden-

tation can be evaluated, regardless of laminate type and

thickness. The prediction of permanent indentation is

accomplished by an exponential equation based on the

best-fit method from available experimental data. The

question arises whether this approach is valid when

laminate configurations/materials are changed. Hence,
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other methods should also be considered such as finite

element (FE) analysis. For example, a simulation of

low-velocity impact damage and permanent indenta-

tion based on continuum damage mechanics, as

reported in Ref [5–7]. The permanent indentation

mechanism is included in the non-linear shear behav-

iour which is decomposed into (1) elastic undamaged,

(2) elastic damaged and (3) inelastic damaged compo-

nents. Irreversibility of the last term is attributed to

unclosed cracks and causes the formation of permanent

indentation. These models consist of fracture mech-

anics approach with damage evolution. Thus, shear

fracture toughness under intralaminar matrix failure

needs to be measured. Nevertheless, this value is diffi-

cult to evaluate,13 especially out-of-plane shear behav-

iour which is a fundamental direction for the formation

of permanent indentation. As a result, Donadon et al.5

simply assumed out-of-plane shear behaviour to be

identical to in-plane shear behaviour for their fabric

laminates because of the lack of experimental results

for out-of-plane shear behaviour, thus some limitations

for this assumption might be of concern.

The value of permanent indentation significantly

increases when fibre failure is detected.11,12 On the

other hand, at a small value of permanent indentation,

a small amount of fibre failure is observed. The per-

manent indentation is probably driven by plasticity of

resin ductility/non-linear shear behaviour and matrix

cracking. To model all these complex mechanisms of

permanent indentation, i.e. fibre failure, matrix crack-

ing/plasticity, He et al.12 have proposed a model of

permanent indentation associated with anisotropic

elasto-plasticity theory in continuum mechanics, but

five internal coefficients for the shear model need the

trial and error optimization. Excellent predictions of

permanent indentation value in function of impact

energy for two tested material systems are presented.

Also, the importance of fibre failure affecting perman-

ent indentation was also shown in Bouvet et al.’s4 simu-

lation on the evolution of impact energy, even if their

permanent indentation law is associated with matrix

cracking rather than fibre failure. In fact, this law is

based on an experimental investigation from Abi

Abdallah et al.8 who claimed that the permanent inden-

tation is formed because the debris get stuck inside

matrix cracking void (Figure 1). These debris play an

important role to block the closure of matrix cracks

returning to initial position. The accumulation of

these opening of matrix cracks in each ply can contrib-

ute to the formation of permanent indentation.

Moreover, during an impact event, fibre failure can

locally degrade the plies’ rigidity and cause a great

opening of these matrix cracks and delamination.

This can indirectly affect the permanent indentation

to be more significant. Thanks to this assumption,

Bouvet et al.3,4 are able to present accurate simulation

results for their test cases, for example the indentation

value, and deformed shape of the plate. However, two

necessary parameters in their simulation i.e. debris size

and debris stiffness are assumed and not yet identified.

Due to lack of explanation on physical basis of per-

manent indentation in literature, the aim of this current

paper is to clarify this point in order to improve the

permanent indentation response on low-velocity impact

simulation3,4 and to propose a way to identify param-

eters governing permanent indentation. Thus, a three-

point bending test is chosen for this study, which

enables the creation of matrix cracks and follows

their evolution: opening, closure and eventual blocking

of closure. Mechanism of crack opening/closure par-

ticularly in out-of-plane direction is highlighted,

which can lead to new interpretation and understand-

ing of the formation of permanent indentation.

A simple law of permanent indentation is presented,

and a single required parameter is proposed, based

upon experiment-model identification. The final step

is to verify this indentation law on impact model and

validate on test cases.

Experimental

Material and test setup

Three-point bending tests are conducted under hydrau-

lic machine at a displacement rate of 0.3mm/min.

Specimens with a dimension of 50� 10mm2

(length�width) are made of T700/M21 (carbon-

epoxy). Two stacking sequence configurations of speci-

mens are detailed in Table 1, which particularly enable

the observation of matrix cracking in the internal plies

0° 

90° 

0° impactor debris 

Open blocked delaminations 

Figure 1. The principle of creation of permanent indentation.3

Table 1. Specimen configurations.

Name Layups Thickness, h (mm)

I1 [0, 906, 0] 2.0

I2-A [02, 902, 02] 1.5

I2-B [02, 902, 02] 1.5

I2-C [02, 902, 02] 1.5
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oriented at 90�. To predominantly generate the matrix

cracking at the 90� plies (generally coupling with

delamination) due to shear with less possibility to

have tensile or compressive fibre failure of 0� external

plies, the span (distance between the two lower sup-

ports) to thickness ratio (L/h) should be reduced.14

Thus, 10mm of span and three cylinder supports of

6mm of diameter are chosen for this study (Figure 2).

During the three-point bending test, a digital camera

with macro lens meanwhile captures in the section of

specimen being affected with an automatic interval

timer function. These images are then post-analysed

using image correlation technique in order to observe

the translation of deformed specimens and their cracks.

Since the physical basis of the mechanism of permanent

indentation is initially assumed due to the debris which

may block the crack closure,8 crack void and debris

should be observed in optical microscope. Therefore,

each specimen must be polished before test to ensure

that the debris observed does not come from small par-

ticles during polish process (generally done after test).

Moreover, areas of interest are photographed by scan-

ning electron microscope (SEM) in order to observe

more precisely the debris.

Three-point bending test and local deformation

As a result of reducing the span in three-point bending

test to favour the crack in 90� plies, consequent influ-

ences must be taken into account i.e. relatively high

shear effect, and high local contact pressure of the spe-

cimen against cylinder supports, known as ‘‘local

deformation’’ (Figure 3(a)). In particular, if the speci-

men has small span and large thickness, the local

deformation effect will be very significant comparing

to shear and bending effects15 (Figure 3(b)). In order

to later analyze the three-point bending from FE model

(cf. section §3) which does not take into account the

local deformation, and highlights shear and bending

behaviour, the effect of local deformation should be

minimized as much as possible.

The displacement obtained from the machine can be

defined as the global displacement, �global. This quantity

can be subdivided into two components namely the

bending displacement, �bending, where shear effect is

also included, and the local deformation, �local.

�global ¼ �bending þ �local: ð1Þ

(a) (b)
2 mm 

Local deformation Local deformation 

B1 

L 

h 
B2 A1 

A2 

Figure 3. Demonstration of local deformation effect on three-point bending test (a) present test on specimen I1 and (b) relative

influence of local deformation and shear effects with respect to bending.15

Spotlight 

Digital camera 

with macro lens 

Hydraulic machine 
Specimen and

three-point bending supports 

L = 10 mm 

specimen

∅ 6 mm 

h 

Figure 2. Three-point bending test setup.
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The bending displacement cannot directly be mea-

sured but it can be evaluated if the global displacement

and the local deformation are known (equation 1).

Thanks to the image correlation technique in 2D, the

global displacement can be determined by monitoring

the movement on the cylinder supports. Also, the local

deformation can be simply evaluated by measuring the

different displacement between cylinder contact noses

and neutral axis of the specimen, at points A1, A2, B1

and B2, as shown in Figure 3(a).

�local ¼ �A1 ÿ�A2j j þ �B1 ÿ�B2j j ð2Þ

where �A1, �A2, �B1 and �B2 are the vertical displace-

ments at point A1, A2, B1 and B2, respectively. The

software then interprets the difference from the series

of images and gives the results of displacements in

pixel units; these displacements can consequently be

converted to mm. Nevertheless, the acquisition frequen-

cies for global displacement – obtained from hydraulic

machine – and for image correlation are different. Thus,

the displacement measures from image correlation are

fitted by a cubic polynomial interpolation (Figure 4(a)).

Lastly, the bending displacement is obtained, as shown

in Figure 4(b). Hereafter in this paper, unless otherwise

specified, the term ‘‘displacement’’ means the bending

displacement rather than the global displacement.

Opening and closure of matrix crack

The evolution of crack opening/closure is studied

according to previous observation of formation of per-

manent indentation proposed by Abi Abdallah et al.8

Similarly to what occurs in an impact event including a

loading and a rebound, three-point bending test is car-

ried out with only one cycle of loading and unloading.

Many tests were performed, but unfortunately, it is

quite complex to control the formation of a unique

crack in the specimen, to avoid uncertain crack loca-

tion, or even to avoid fibre rupture under the indentor.

Only specimens with a single crack and no fibre rupture

were analysed, so that only the influence of matrix

cracks could be studied. Finally, only four interesting

specimens are chosen. The results from three-point

bending test of specimen I1 are presented in Figure 5.

The specimen is loaded until the appearance of a 45�

matrix cracking (normally coupling with delamination),

which can be noticed due to the dramatic load drop at

state 2–3. When the matrix crack occurs, the specimen’s

internal rigidity suddenly decreased but the global dis-

placement remains the same. As a consequence, the

local deformation is released and leads the bending dis-

placement shift at state 2–3 (see also the displacement

relation in Figure 4(b)). The out-of-plane crack width �z
is also measured by using image correlation technique

(same technique as determining the local deformation).

Unloading is then applied and the crack width gets

smaller (state 3-4-5). At the end of the test (point 5),

one can notice that there is a residual crack opening

when the force is null. This phenomenon is assumed

to be the basis of the formation of permanent

indentation.

If this unclosed crack leads to the formation of per-

manent indentation, it is questionable as to what mech-

anisms influence the Residual crack opening width.

Three additional tests on configuration I2 are conse-

quently performed but different load cases are intro-

duced. The load is continuously applied after the onset

of crack initiation and before the presence of fibre failure

to three different levels of added displacements, i.e.

0.02mm, 0.08mm and 0.15mm for specimens I2-A,

I2-B and I2-C, respectively (Figure 6(a)). The results

exhibit some scatters in the onset of crack formation

data for these tests, but different crack widths are inves-

tigated according to the different added displacement

(Figure 6(b)). There is no fixed value of the residual

crack opening, but it probably depends on themaximum

crack opening.

Evolution of crack opening/closure both in trans-

verse direction �t, and in out-of-plane direction �z,
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Figure 4. Displacement output data of specimen I1 (a) local deformation in function of global displacement from image correlation

technique and cubic polynomial estimation and (b) different types of displacement during three-point bending test.
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is determined at the centre of the matrix crack in the

thickness direction of the specimen; the subscripts t and

z denote transverse and out-of-plane directions,

respectively, as demonstrated in Figure 5. The results

of non-dimensional crack evolution, i.e. �t=�
max
t and

�z=�
max
z , reveal a sensible convergence for all tests.

That is, using non-dimensional values of imposed dis-

placement and crack closure, the shape of crack clo-

sure-displacement curves for all tests are similar, and

regardless of how big the maximum crack opening is,

the final crack closure returns to around 20%–40% of

maximum crack opening (Figure 6(c)) for both crack

directions (t- and z-directions) and for both specimen

configurations.

In order to investigate the cause of this unclosed

crack, a microscopic observation is performed. The

micrographs from Figures 7(a) and 8(a) show the 45�

crack appearance, and the coupling between matrix

cracking and delamination for specimens I1 and I2-B,

respectively. These cracks are observed at higher mag-

nification by SEM in order to more precisely observe

the crack. The debris inside the crack are clearly visible

in Figure 7(b) for specimen I1 and to a lesser extent for

specimen I2-B (Figure 8(b)). One must keep in mind

that debris may be hidden inside the matrix cracking

and are not always clearly visible from microscopic

observation.

Detailed micrographs of specimen I2-B in Figure 8(c)

and (d) show another mechanism leading to the non-

closure of cracks. Figure 8(d) (lower interface) shows

the classical formation of cusps16 in the ply interface,

due to a mixed mode delamination. In this figure, the

interface of the cusps is not entirely opened, and the

upper and lower plies are still linked together by packs

of resin. Looking further from the delamination tip

(Figure 8(c), upper interface), the cusps are completely

formed and can be assimilated to debris. Both types of

cusps (entirely or partially formed) will prevent the clos-

ure of delamination cracks to initial position.

According to experimental observations, we found

that the main mechanisms leading to permanent inden-

tation are both the accumulation of debris inside matrix

cracks and the presence of cusps inside delamination

interfaces. Moreover, measurements of the opening/

2 mm 

Matrix cracking

Delamination

902 

02 

02 

(d)

100 µm 

100 µm 

(a)

(b)

100 µm 
(c)

Figure 8. Post mortem observation (a) micrograph of specimen I2-B after test; (b) scanning electron microscope (SEM) observation

showing a void due to matrix cracking; (c) and (d) cusps induced by delamination.

 

 

2 mm 

Matrix cracking

906 

0 

0 

Delamination

Debris

(a)

(c)

(b)

20 m 

100 µm 

Figure 7. Post mortem observation (a) micrograph of specimen I1 after test and (b) scanning electron microscope (SEM) obser-

vation of debris inside matrix cracks; (c) SEM observation of delamination.
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closure of cracks show that the final crack width

depends on the maximum width reached during open-

ing of the crack in the test.

Modelling of permanent indentation

Permanent indentation hypothesis

Experiments in the proceeding section demonstrate

that, under unloading, different microscopic mechan-

isms in matrix cracks (debris) and delamination inter-

faces (debris, cusps) result in a global phenomenon of

non-closure of the matrix cracks. From a meso-scale

point of view, the final matrix crack width is found

proportional to the maximum crack width reached

during the test. It leads to the definition of the crack

closure coefficient �, expressed as follows:

�0 ¼ � � �max ð3:1Þ

with

�max �ð Þ ¼ max
��t

� �ð Þð Þ ð3:2Þ

where �0 is the final crack width, after unload, and �max

is the maximum crack width ever reached during the

crack opening. t and � are respectively the total time

and the current time. The relation in equation (3.1) is a

fundamental relation to drive the formation of perman-

ent indentation, called ‘‘pseudo-plasticity’’ model. This

law physically comprises both the blocking of debris

and resin plasticity in plies. It can independently be

rewritten for each crack direction: transverse and out-

of-plane, without taking into account the compressive

transversal direction.

�0t ¼ �t � �
max
t if �t � 0 ð4:1Þ

�0z ¼
�z � �

max
z if �z � 0

�z � �
min
z if �z 5 0

�

ð4:2Þ

where the �0t , �0z are the final crack-closure width in

transversal and out-of-plane directions, respectively.

Furthermore, the crack closure coefficient from both

directions in this study is assumed to be identical

(�t ¼ �z) due to the fact that the matrix cracks are at

an angle close to 45�, which is confirmed by the results

shown in Figure 6(c).

The crack evolutions are physically observed in

micro-scale in terms of debris and formation of cusps,

but the proposed law (equations 4.1–4.2) is responded

at meso-scale in the proposed model. These law and the

findings of the out-of-plane non-closure crack from

previous section are comparable to the non-linear

out-of-plane shear damage model proposed by

Donadon et al.,5 as shown in Figure 9. That is, the

residual opening component is about 30% of maximum

deformation component.

Validation of permanent indentation model

on three-point bending test

The objective of this section is to qualitatively test the

proposed indentation law with a three-point bending

FE model, and understand the interaction of crack

opening/closure on the particular discrete model.

Mesh types and material laws/properties are based on

the impact model from Ref [3,4] in which three damage

types are considered namely fibre failure, matrix crack-

ing and delamination, as shown in Figure 10. Dynamic

explicit analysis is also maintained with a reasonably

slow velocity (0.1mm/s) to eliminate dynamic problem.

Since the three-point bending model is created based on

the impact model, after the validation on the three-

point bending model, the permanent indentation law

can directly be applied to the impact model.

The experimental investigation in the previous sec-

tion showed that crack non-closure is due to both

matrix cracking and delamination; but at meso-scale,

it can be considered as a non-closure law only applied

in the matrix cracks. The permanent indentation law is

integrated inside vertical interface elements where

matrix cracking is assigned. To identify the damage

that occurred from experiment test, only one row of

interface elements is allowed to possess matrix cracking

with the purpose to simulate the 45� matrix cracking

(cf. Figure 13(a)–(b)). Thus, the element size was

chosen according to location of the presence of 45�

matrix cracking and to respect cohesive zone model

for delamination. The element size for three-point

bending model is about three times smaller than the

reference low-velocity impact model in Ref [3,4],

whereas the element’s thickness is maintained the

same. Figure 11 shows the mechanism of crack

Load (        ) 

Unload (        ) 
Irreversibility 

≈ 30% of  
max.strain 

Figure 9. Non-linear in-plane and out-of-plane shear damage

model from Donadon et al.5
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opening/closure that corresponds with the permanent

indentation law in vertical interface elements.

Initiation of matrix cracking. Before reaching the onset of

matrix cracking, the behaviour of vertical interface is

purely elastic: the interface elements connect their

neighbouring volume elements by the interface stiffness

K (assumed to be very high: 500,000MPa/mm, given in

Table 2), defined in three directions:

�t ¼ K � �t ð5:1Þ

�lt ¼ K � �l ð5:2Þ

�zt ¼ K � �z ð5:3Þ

The initiation of crack is governed by matrix tensile

failure (equation (6)) based upon Hashin’s criterion.

This criterion is assigned into neighbouring volume

elements, but responded in interface elements.

�V
t


 �þ

�
f
t

 !2

þ
�Vlt
ÿ �2

þ �Vtz
ÿ �2

�f
ÿ �2

� 1 ð6Þ

where �V
t , �

V
lt , �

V
tz denote the stresses calculated in neigh-

bour volume elements. �
f
t the failure transverse tensile

stress and �f is the failure in-plane shear stress. The

essential mechanical characteristics of T700/M21 are

given in Table 2. The purpose of this three-point bend-

ing model is to validate the crack opening/closure simu-

lation. The failure stresses are modified to overcome the

K
tδ

zδ

maxδ

K

( )δsizecrack

0δ
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Before crack 
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Unload (crack closure) 
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After crack 

Figure 11. Permanent indentation law representing matrix cracking interface elements.

Figure 10. Three-point bending model and element types.
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possible dispersion of rupture value in experimental

tests, so that the cracks can appear at the same time

for both experiment and simulation. For example, the

values of �
f
t and �f, for material T700/M21,17 which

equal to 60 MPa and 110 MPa, respectively (Table 2),

are replaced by 39MPa and 78MPa for modelling case

of I2-B. Moreover, another reason of the modified fail-

ure stresses is that the three-point bending model has

very thick finite elements comparing to the total thick-

ness. As a result, the estimation of shear distribution in

through-thickness direction is inaccurate and compli-

cated to predict18; but this problem is not evident for

the reference impact model in Ref [3,4] because of a

relatively thin volume element comparing to the lamin-

ate thickness. However, a modification of reducing

element’s thickness or adding number of element was

not made in order to keep the similarity to impact

model and the objective of parameter’s identification.

Opening and closure of cracks. Once the matrix cracking

criterion in volume elements (equation (6)) is reached

(the initiation of crack), the adjacent interface elements

lose their rigidity, their stresses in three directions turn

to zero and the crack instantaneously opens (not taking

into account the energy for propagation). Also, the

delamination is automatically linked, which is per-

formed by a conventional criterion of fracture mech-

anics on the horizontal interface elements. Then,

after initiation of crack, the crack opening is only gov-

erned by delamination, as far as the crack width is

increasing.

When the crack tends to close, during unloading, the

crack closure law – presented in Figure 11 – is applied

only at the interface elements for matrix cracking. As

long as the crack width is larger than the final crack

closure widths, �0t and �0z , expressed previously, the

crack freely closes with no resistant stress. But if the

crack closure goes below these thresholds, the rigidity

will be applied to prevent the crack closure in the z- and

t- directions. The implementation of the crack closure

law can be given as:

�t ¼
0 if �t 4 �0t

K � �t ÿ �0t
ÿ �

if �t � �0t

(

ð7:1Þ

�lt ¼ 0 ð7:2Þ

�zt ¼
0 if �zj j4 �0z

�

�

�

�

K � �z ÿ �0z
ÿ �

if �zj j � �0z

�

�

�

�

(

ð7:3Þ

with �0t and �0z obtained in equations (4.1) and (4.2). The

finding from all experiment tests in Figure 6(c) shows

the final crack width is about 20%–40% of the max-

imum crack opening. Therefore, an average value of

30% is taken as average crack closure coefficient, that

is, �t ¼ �z ¼ 0:3.

The validation of model of three-point bending is

done for all four test cases and gives similar agreement;

but only the case I2-B is presented here because its con-

figuration is similar to the one of impact layup. Since

the failure stresses are set to break as same as in experi-

ment, good onset of load drop is automatically

found, as presented in force-displacement curves in

Figure 12(a), even if its magnitude is overestimated.

This overestimation is due to delamination, that is,

the end of lower interface delamination in experiment

stops at about the lower support’s contact

(Figure 13(b)), whilst the simulated delamination goes

further, as represented by the damage variable in

Figure 13(a). The ratio of the energy release rate to

the critical energy release rate between two modes

(GI=GIc and GII=GIIc) is considered, we found that

this overestimation is predominated due to shear

mode (mode II), which is supposed due to:

– In practice, at the contact between the supports

and specimen there is relatively high compressive

pressure affecting inside laminate, therefore GIIc

should be increased to reduce the delamination

effect in mode II19; but this influence is not

taken into account in the present model.

– The friction effect at the interface for delamin-

ation7 has not been included in model.

The displacement is continued after the onset of crack

formation and the maximum crack opening (�max
t and

�max
z ) is correctly predicted (Figure 12(b)). During

unloading, the numerical results also exhibit a good

accordance in returning of crack width to 30%

Table 2. Mechanical characteristics of T700/M21 unidirectional

ply for the three-point bending model.17

Ply density 1600 kg/m3

Ply thickness 0.25mm

Etenl Tensile Young’s modulus

in fibre direction

130GPa

E
comp
l Compressive Young’s modulus

in fibre direction

100GPa

Et Transverse Young’s modulus 7.7GPa

Glt Shear modulus 4.8GPa

�lt Poisson’s ratio 0.33

�
f
t Tensile failure stress in

transverse direction

60

�f In-plane shear failure stress 110

K Interface element stiffness

of matrix cracking

500000MPa/mm

� Crack closure coefficient 0.3
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of maximum, that is, the final crack-closure width (�0t
and �0z) when the load is totally released.

The three-point bending model presented is a rather

qualitative study in order to understand the mechanism

of crack opening/closure. The key idea of the proposed

law is related to the residual opening of crack as

explained above. To simulate the permanent indenta-

tion in actual practice, the validation on low-velocity

impact model of laminated plate is necessary. Similar to

the three-point bending model, the residual opening of

each element and each layer is gathered, so the perman-

ent indentation of laminated plate can be formed.

However, some differences of their characteristics

must be concerned, for example, matrix cracks for

three-point bending are free edge, whilst for impact it

is internal (closed boundary condition). Therefore, veri-

fication of crack closure coefficient on low-velocity

impact model is needed.

Verification of permanent indentation

law on low-velocity impact modelling

To complete the goal of the study, it is essential to

validate the indentation law and crack closure coeffi-

cient on low-velocity impact model. The new

indentation law is introduced in the existing core of

impact model in Ref [3,4]. The permanent indentation

concept incorporates with matrix cracking interface in

the discrete impact model is still remained. That is, the

accumulation of opening of matrix cracks in each ply

can contribute to the formation of permanent indenta-

tion. Fibre failure also indirectly affects the permanent

indentation to be more significant since the fibre failure

plies near impact point locally lose their rigidity and

induce a great opened block of matrix crack.

Experimental study of low-velocity impact was car-

ried out. T700/M21 laminated (same material as three-

point bending specimens) of 150� 100� 4 mm3 plates

were fabricated and tested on eight case studies with six

different stacking sequences and three impact energies,

as detailed in Figure 14. The layups are eight-double-

ply, mirror-symmetric, quasi-isotropic, which are made,

for this study, in order to facilitate impact damage

observation and reduce calculation time. Then, the

optimized layup will be the subject of further study

after this work is accomplished.

In experiment, permanent indentation of impacted

plates is determined by measuring the difference

between the lowest point in the dent and the plate sur-

face.2 Due to twisted form and non-uniform plate sur-

face (Figure 15(b) to (c)), it is necessary to give a

definition of surface plate, especially when a precision

of permanent indentation is needed. In this study, a

fixed distance at about 1.5 of indentor radius, which
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is approximately around the dent, is selected to be a

representation of average plate surface. Then, perman-

ent indentation can be measured by image correlation

technique in 3D.

In order to validate the permanent indentation law,

a parametric study of the crack closure coefficient (�),

the single required parameter, was carried out.

Figure 14 gives the indentation results of eight test

cases which is a comparison between the experiments

and the simulations. The influence of tuning the crack

closure coefficient is shown, that is, this parameter dir-

ectly affects the permanent indentation. The parameters

�t ¼ �z ¼ 0:35 instead of 0.30 from previous section

were found to obtain good agreement between experi-

ments and simulations on variation of stacking

sequence and impact energy. The different error of

the worst case is 24%, which seems acceptable since

experimental indentation may be uncertain due to e.g.

the scattering of experimental data,12 relaxation of per-

manent indentation after 48 hours8 or the method of

measurement as mentioned above. However, the ten-

dency of permanent indentation is well captured.

The result of example case E2 [-452, 452, 02, 902]s at

25 J is showed in Figure 15, demonstrating that the

proposed law is able to predict:

. Value and shape of permanent indentation on

impacted side (Figure 15(a)–(c)).

. Ply-splitting on non-impacted side due to matrix

cracking is simulated, as shown in Figure 15(d)–(e)

and No.10–No.100 in Figure 16, in spite of an over-

estimation of the simulation (red zone in Figure

15(e)).

. This law also allows the shape of the deformed plate

after impact to be obtained as shown by the twisted

shape (Figure 15(b)–(e)). The law also allows the

creation of residual opening of delamination,

according to the interaction with other failure

modes, as can be seen from the micrograph in

Figure 16(a)–(b). The same sub-numbers indicate

the similarity between experiment and simulation

at the particular locations.

Although the overestimation of opened delamination

in the middle of the layup has been found

(Figure 16(b)), it does have small effect on the per-

manent indentation on impacted side since the per-

manent indentation is due to the gathering of

residual openings of three or four plies on the

impacted side as shown in Figure 16(b).

One can notice that the middle of the layup E2 is [02,

904, 02], which is similar to the layup of specimens from

three-point bending test I1 [0, 906, 0] or I2 [02, 902, 02].

The 45� matrix cracking at locations 2, 3 coupling with

delamination at locations 6, 7 in Figure 16(a) from
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impact test seems comparable to micrographs

from three-point bending tests in Figure 7(a) or

Figure 8(a). This can confirm that the choice of using

three-point bending test to characterize permanent

indentation is reasonable.

Assigning the non-closure crack law into only matrix

cracking interfaces is able to contribute not only to the

permanent indentation but also the residual opening of

delamination. On the contrary, as the present model

allows the coupling between matrix cracking and

delamination, giving the non-closure crack law at

delamination interfaces also seems realistic.

The local plasticity under the indentor is also

important for the permanent indentation especially

for thick laminates. This topic is currently in progress

and will shortly be combined to the global impact

model. Thus, the crack closure coefficient may be

later adjusted. This point must be studied further.

Conclusion

In the presented paper, a model of permanent indenta-

tion due to low-velocity impact was proposed using

three-point bending test. An experimental observation

of matrix crack opening/closure leads to the idea of

permanent indentation formation. When a matrix

crack appears, it usually does not completely close

and does remain at approximately 30% of maximum

crack opening, observed in both transversal and out-of-

plane directions. This unclosed crack is due to the

blocking of debris inside matrix cracking and cusp for-

mation due to mixed mode (peel and shear) delamin-

ation. By taking into account both findings, a simple

material law of indentation was proposed according to

the unclosed crack which is defined by the crack closure

coefficient.

The pseudo-plasticity law was initially tested with

three-point bending model based upon a selected case

study (I2-B) with the aim of understanding how the

crack opening/closure mechanism interacts to the dis-

crete model. Consequently, the same law was validated

on low-velocity impact model, and the crack closure

coefficient was found to directly affect the value of per-

manent indentation.

Advantages of the proposed law are its simplicity,

and need of only a single parameter which can be found

from numerically adjusting the parameter. Also, this

law can predict deformed shape of impacted plate
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Figure 16. Comparison of longitudinal section cut crossing impact point after impact for impact test case E2 [-452, 452, 02, 902]s at 25 J (a) micrograph from experiment; (b)

simulation.
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such as twisted form, or opened block of delamination.

This benefit is essential for CAI simulation in next step

when buckling failure is partially due to plate deflec-

tion. On the other hand, it still has some limitations, for

example, at high-impact energy with large permanent

indentation or penetration, the indentation is mainly

governed by the fibre failure, and thus supplementary

criterion must be added. However, if the objective is to

numerically optimize composite structure at BVID,

approximately 0.3mm–0.6mm of dent depth,1 the pro-

posed hypothesis is justified.
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CHAPTER 5 

FAILURE ANALYSIS OF CFRP LAMINATES 

SUBJECTED TO COMPRESSION AFTER IMPACT:

FE SIMULATION USING DISCRETE INTERFACE 

ELEMENTS

Résumé en français 

ANALYSE DE LA RUPTURE DE STRATIFIES SOUMIS A DE LA COMPRESSION APRES 

IMPACT : SIMULATION PAR ELEMENTS FINIS AU MOYEN D’ELEMENTS D'INTERFACE 

DISCRETS   

Introduction 

 L’objectif final de ce travail de thèse est de pouvoir proposer un modèle numérique complet 

permettant de résoudre le problème de tolérance aux dommages sur stratifiés, depuis la modélisation 

de l’endommagement sous impact jusqu’à la tenue résiduelle pour un chargement de compression. 

La limitation usuelle des modèles de CAI présents dans la littérature provient de la mauvaise 

prise en compte des dommages créés par l’impact. En effet, devant la complexité des phénomènes 

mécaniques mis en jeu, l’utilisation de dommages d’impact artificiels, évalués analytiquement, ou mal 

évalués par des modèles numériques simplifiés, ne permet pas d’espérer pouvoir représenter les 

mécanismes liés à la rupture, et donc d’estimer la résistance résiduelle du stratifié impacté. 

Le modèle de CAI présenté dans ce chapitre est original à deux titres : il est basé sur les 

mêmes modèles d’endommagement élémentaires que le modèle d’impact proposé au chapitre 3, et le 

calcul est réalisé directement à la suite de la simulation d’impact. Comme il a été vu précédemment, 

les dommages d’impact calculés, et en particulier la forme après impact (y compris l’indentation 

permanente), sont alors suffisamment proches des résultats expérimentaux pour envisager une bonne 

représentativité de la phase suivante du calcul : la propagation de l’endommagement sous CAI. 

La validation du modèle de CAI est réalisée à partir d’une série d’essais, pour un drapage 

unique, mais à différentes énergies d’impact. 
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Principaux travaux et résultats 

Les mécanismes d’endommagements élémentaires mis en jeu lors de la CAI (fissuration 

matricielle, rupture de fibre, délaminage…) étant les mêmes que lors de l’impact, le modèle de CAI 

reprend donc les mêmes modèles d’endommagement. D’autre part, les dommages induits par l’impact 

étant correctement simulés, ils sont donc le point de départ du calcul de CAI. Il est donc apparu 

logique de développer le modèle de CAI au sein d’une même simulation comprenant impact et CAI. 

Plus précisément, le calcul se déroule en trois étape : 1- l’impact, avec le chargement et les conditions 

aux limites associées ; 2- une phase de stabilisation correspondant à l’immobilisation de la plaque 

impactée, et à la mise en œuvre des nouvelles conditions aux limites correspondant au montage de 

CAI ; 3- l’application d’un chargement de compression (déplacement imposé), sous les conditions aux 

limites précédemment établies. La première étape, à savoir l’impact, nécessite de réaliser le calcul en 

explicite. L’étape de CAI est donc également menée en explicite, même si elle correspond en réalité à 

un chargement statique. 

La validation de la modélisation de la CAI est basée sur des tests effectués sur le cas de 

référence : matériau T700/M21 et drapage [02,452,902,-452]s, pour différents niveaux d’énergie : 1.6, 

6.5, 17, 25 et 30 J ; l’énergie la plus grande permettant d’obtenir une indentation permanente 

supérieure au BVID. Les résultats des simulations de CAI montrent une bonne concordance entre 

essais et calculs en termes de courbe effort-déplacement, de déformée de la plaque et de valeur de 

rupture finale. La simulation permet donc de montrer la diminution de la tenue résiduelle de CAI en 

fonction de l’énergie d’impact. Parallèlement, puisque ce modèle prend également en compte 

l’indentation permanente lors de l’impact (chapitre 4), la diminution de la résistance résiduelle en 

fonction de l’indentation permanente est également bien représentée. Cela signifie qu’il est désormais 

possible d’effectuer une boucle d’optimisation pour définir, pour un matériau donné, quel est le 

meilleur drapage au sens de la tolérance aux dommages : masse minimale pour une tenue résiduelle 

donnée au BVID. 

L’analyse couplée des essais et des simulations permet également d’améliorer la 

compréhension des phénomènes menant à la rupture finale en CAI. Plus précisément, le cas de 

l’impact à 30 J est présenté. Selon les observations expérimentales, on constate, lors de la CAI, la 

propagation d’une fissure due à des ruptures de fibre en compression à partir du point d’impact, sur les 

plis extérieurs de la face impactée (voir chapitre 2). Ces fissures se propagent progressivement, 

jusqu’à devenir instables, provoquant la rupture finale de la plaque. Grâce à l’implémentation de la loi 

de rupture de fibres en compression développée dans le chapitre 3, la simulation montre les mêmes 

résultats, ce qui confirme le rôle prépondérant de la rupture de fibres en compression dans la rupture 

des stratifiés en CAI. 

Néanmoins, il reste certains points à examiner plus précisément : 

- La propagation des fissures en compression est-elle provoquée par l’effet de compression 

(avec pré-fissure au point d’impact) ou plutôt pilotée par la déflection de la plaque lors de 

l’essai de CAI ? 

- Dans le processus menant à la rupture finale, quel est l'effet le plus important entre la 

propagation des fissures de compression et le flambage ? 

D’autre part, la rupture de fibres en compression présentée dans ce chapitre est probablement 

surestimée. La valeur du taux de restitution d’énergie critique pour les fibres en compression 
Cfibre

IcG ,

est trouvée égale à 10 N/mm pour une bonne corrélation essai/simulation. Or, après avoir étudié ce 
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paramètre au chapitre 3 et dans l’annexe I, la valeur de 
Cfibre

IcG ,
  devrait être plus proche de 40 N/mm. 

Des investigations sont en cours pour comprendre cette différence et ultérieurement corriger le 

modèle. 

Conclusion 

En conclusion, deux aspects sont mis en évidence dans ce chapitre. 

Le premier est la présentation d’un modèle de CAI au sein d’une unique simulation 

comprenant à la fois l’impact et la CAI. Il a été montré que ce modèle était applicable et fiable en le 

validant expérimentalement sur un drapage donné, pour différents niveaux d’énergie d’impact. 

La première perspective à ce travail est de valider le modèle plus largement, notamment en 

testant l’effet de drapage. Les résultats expérimentaux riches du chapitre 2 permettront d’effectuer 

cette validation sur 7 drapages différents (avec le même matériau). Après avoir vérifié que ce modèle 

était fiable et robuste, une autre perspective est bien sûr d’étendre la modélisation à des drapages 

industriels tels que rencontrés dans le domaine aéronautique, et notamment à la recherche des 

drapages optimaux au sens de la tolérance aux dommages. Cela passera par une boucle complète de 

calcul de type optimisation, basée sur le calcul de la tenue résiduelle en CAI et de l’indentation 

permanente due à l’impact. 

Le deuxième aspect est la compréhension des mécanismes menant à la rupture en CAI. Les 

résultats des modélisations montrent le rôle, pour le stratifié étudié, de la propagation de fissures dues 

à des ruptures de fibres en compression. Ils confortent les observations réalisées pendant les essais 

(chapitre 2, cas de référence) et permettent d’établir le scénario de la rupture en CAI. 

Il est bien sûr nécessaire d’étendre cette comparaison essai/calcul à d’autres drapages, 

notamment aux autres drapages du chapitre 2. Enfin, en effectuant une analyse numérique sur des 

drapages avec plis plus fin, il devrait être possible d’analyser le rôle respectif des ruptures de fibres en 

compression, des délaminages et du flambage dans la rupture finale des stratifiés sous CAI. 

�
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a b s t r a c t

This paper presents a model for the numerical simulation of impact damage, permanent indentation and

compression after impact (CAI) in CFRP laminates. The same model is used for the formation of damage

developing during both low-velocity/low-energy impact tests and CAI tests. The different impact and CAI

elementary damage types are taken into account, i.e. matrix cracking, fiber failure and interface delam-

ination. Experimental tests and model results are compared, and this comparison is used to highlight the

laminate failure scenario during residual compression tests. Finally, the impact energy effect on the resid-

ual strength is evaluated and compared to experimental results.

Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decades, composite materials have been increas-
ingly introduced in aircraft structures and space applications be-
cause of their interesting characteristics, like their low specific
weight, enhanced mechanical strength and high stiffness. Never-
theless, one of the main disadvantages of composite materials is
damage induced during the structure’s life by impacts of small
and large objects, like hailstones, runway debris or falling tools,
that can drastically decrease the structure’s strength.

One of the most critical loading for composite laminates is low-
velocity impact. Indeed, for structures submitted to low-energy
impacts or small object drops, like tools during assembly or main-
tenance operations, composite laminates show brittle behavior and
can undergo significant damage in terms of matrix cracks, fiber
breakage or delamination. This damage is particularly dangerous
because it drastically reduces the residual mechanical characteris-
tics of the structure, and, at the same time, can leave a very small
visible mark on the impacted surface [1], which makes it difficult
to detect.

It is therefore essential to define a damage tolerance demon-
stration to design this type of structure in such a way that the
possible damage is taken into account. In the field of aeronautics,
damage tolerance, for damage corresponding to impact loading,

is used to size the structure according to the impact detectability
[2]. If the damage is not detectable, i.e. when the impact indenta-
tion is less than barely visible impact damage (BVID), the structure
must support the extreme loads; if the damage is detectable, i.e.
when the impact indentation is bigger than BVID, another criterion
must be considered, like repair or change of the structure [3,4].

In order to reduce both the time and cost of development, we
can imagine the use of virtual tools to numerically optimize a com-
posite structure with the impact damage tolerance concept. It is
then necessary to simulate the impact damage, and in particular
the permanent indentation, and use the results of impact simula-
tion (damage mapping, deformed shape, etc.) to simulate the CAI
test in order to evaluate the residual strength versus impact energy
and permanent indentation. This is the scope of the proposed study
which shows the ability to simulate both impact and residual
strength tests within the same model.

A significant number of studies about the impact behavior of
composite laminates are available in the literature, both experi-
mentally [1,5,6] and numerically [1,7,8]. There are fewer experi-
ments on residual strength or CAI tests, and very few works
concerning the prediction of residual strength using models. These
models can be based on analytical approaches [9,10], semi-empir-
ical approaches [11] or FE calculations [12–17]; we can also cite
some works conducted on sandwiches [18,19]. Most of these works
are only based on delamination growth and/or sublaminate buck-
ling instability criteria for strength prediction, which can be a great
limitation as in some cases where the presence of damage, such as
fiber failure cracks around the impact area, seems to be the key to
final rupture during CAI tests.
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This said, some authors present more complex methods, like
Soutis et al. [14,16] who proposed an original model, inspired by
the analogy in failure mechanisms between CAI and compression
of open holes. This model seems to give good results, but essen-
tially in the case of cylindrical impact damage. Yan [17] also uses
a complex FE simulation, with modeling of some damage propaga-
tion in the fabric laminate during CAI. In spite of that, all the
above-mentioned works are severely limited due to the fact that
the damage used for the CAI calculation is not predicted, but sim-
ply implemented in the model using experimental observations
such as permanent indentation shape or non-destructive control
method which limits the application range of these models. One
solution would be to have a model that can predict the damage
due to impact, and then simulate the CAI test.

To the author’s knowledge, there are very few studies in the lit-
erature about models for both impact and CAI testing. There are
two about sandwich structures: the first one is the work done by
Davies [20] on composite sandwiches, but contrary to the above-
mentioned models, it accounts for fiber failures, core crushing,
but not delamination in skin and debonding between the core
and skins. The second one, by Aminanda [21], deals with impacts
on sandwiches with metallic skin, and focuses on the behavior of
the core. Concerning composite laminates, the recent study by
González [22] proposes the use of the same 3D FE model with
intralaminar (fiber and matrix) and interlaminar damage, both
for impact and CAI test simulation. Impact calculations well match
the experimental curves, except for some of the experiment data.
Moreover, CAI strength values are consistent during tests and sim-
ulations (less than 20% difference), even if the author only gives fi-
nal rupture values but not the force–displacement curves. We can
also mention Falzon’s works [23] on CAI modeling for stiffened
panels.

This research paper is a complementary work from Bouvet et al.
[24] who have developed an impact FE model, aiming to model im-
pact damage and permanent indentation. This model is improved
and used to simulate the CAI test; the fiber failure criterion under
compression loading, which is of utmost importance during CAI
testing, has been modified. Finally, this model is compared with
experimental results of CAI tests with different impact energies.
It enables the global simulation of impact damage, such as delami-
nated areas, fiber failure or permanent indentation, and the CAI
damage, like fiber failure propagation or local buckling of delami-
nated areas.

2. Numerical modeling

In previous studies, Bouvet et al. [24–26] presented a discrete
3D FE model of impact on laminated composites. The model is

simulated in explicit/dynamic response in Abaqus with a subrou-
tine Vumat. According to experimental observation, impact dam-
age can be modeled separately in (i) fiber failure within 3D
elements, (ii) intra-ply matrix cracking with cohesive elements
and (iii) delamination in between plies also with cohesive ele-
ments (Fig. 1a). These types of damage are coupled with a specific
mesh construction, oriented at 0°, 90°, 45° and ÿ45° (Fig. 1b). Posi-
tions of nodes are uniformly stacked in rows and columns for all
ply orientations but mesh shapes are different: 0° and 90° plies
are meshed with square elements, while 45° and ÿ45° plies are
meshed with parallelogram elements to follow the fiber direction,
and so that nodes in neighboring plies coincide. In this study, the
size of elements in 0° and 90° plies are around 1.4 � 1.4 �

0.5 mm3, where 0.5 mm is the thickness. Only half of the plate is
modeled, due to symmetry considerations (central symmetry
around the z axis), using kinematic relations between symmetric
nodes of the (xz) plane.

This model is completed to enable CAI modeling with the same
model as for impact simulation. Observations of mechanisms in-
volved in CAI, and in particular the existence and propagation of
cracks due to fiber failure in compression, led to the improvement
of the fiber failure law.

2.1. Fiber failure modeling

Fiber failure is taken into account using a failure criterion writ-
ten inside the volume elements. This criterion is based on fracture
mechanics in order to be able to dissipate the critical energy re-
lease rate in opening mode (mode I) due to fiber fracture
(Fig. 1a) in the volume elements. It is an extension of the fiber fail-
ure model presented in [24], which is limited to failure in tension.

During the elastic part of the behavior law, strains in the vol-
ume elements are calculated at the 8 Gauss points (ei), and extrap-
olated to the 8 nodes (enode), in order to take into account the strain
due to ply bending at damage initiation. When any of the eight
strains calculated at the nodes reaches the failure strain in tension
eT0

ÿ �

or in compression ðeC0Þ (Eqs. (1) and (2)), all stresses at the
eight integration points are simultaneously established in the
damage initiation state at t = t0, as illustrated in Fig. 2b.

max
8

node¼1
ðenodeÞ P e

T
0 ð1Þ

min
8

node¼1
ðenodeÞ 6 e

C
0 ð2Þ

Then, for the propagation of damage, a simplified formulation is
used to dissipate the constant energy release rate per unit area in
the 3D continuum element, based on the crack band theory from
Bazant [27]. It can be written as:

x 

0° ply
y

x

90° ply 
y 

x 

45° ply 
y

x

-45° ply 
y 

[90°]2
 ply 

[0°]2
 ply 

Fibre failure 

(volumic elements)

Delamination 
(cohesive elements) 

Matrix cracks 
(cohesive elements)

(a) (b)

x y 

z 

Fig. 1. (a) Impact damage model and associated element types and (b) Mesh shape for each ply orientation. (For interpretation of the references to color in this figure legend,

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

V

Z e1

0

r � de

� �

� dV ¼ S � Gf
I ð3Þ

where Gf
I

� �

, e, and e1 are respectively the fracture toughness for the
opening mode (I), the strain in fiber direction, and the strain in fiber
direction at final failure. As seen in Fig. 2a, these parameters are
applicable either in tension (Gf

I ¼ GT
I and e1 ¼ eT1), or in compression

(Gf
I ¼ GC

I and e1 ¼ eT1). V and S are the element’s volume and cross
section normal to fiber direction, respectively. Then, V and S can
be reduced in terms of an internal element length l, which is com-
parable to the FE characteristic length used in [27,28] to make FE
model mesh size independent. Note that the superscripts 0 and 1
denote damage initiation and final failure, respectively.

In addition to distributing the fracture energy over the whole
volume element, Bouvet et al. [24] have proposed a new approach
to dissipate this energy, defined in terms of the eight integration
points of each volume element, shown in Fig. 2b. In order to man-
age damage propagation, the representative strain erep is defined as
the maximum strain of the eight integration points, and is com-
puted at each time increment:

in tension:

e
rep ¼ max

8

i¼1
ðeiÞ ð4Þ

in compression:

e
rep ¼ min

8

i¼1
ðeiÞ ð5Þ

The behavior laws at the 8 Gauss points of a volume element are
driven together to dissipate the same energy as the critical energy
release rate in mode I of a plane crack normal to the fiber direction
through the element. The tensile or compression final failure strain
(eT1 or eC1) can then be determined by solving Eq. (3). At each time
increment, eT1 (or eC1) and e

rep are updated during the damage prop-
agation state in progress; the linear degradation of strain-softening
can be assigned in terms of the damage variable df defined in Eqs.
(6) and (7).

in tension:

df ¼
eT1 erep ÿ e

T;i
0

� �

erep eT1 ÿ e
T;i
0

� � ð6Þ

in compression:

df ¼
eC1 erep ÿ e

C;i
0

� �

erep eC1 ÿ e
C;i
0

� � ð7Þ

where e
T;i
0 (or eC;i

0 ) is the tensile strain at damage initiation, trans-
lated to the integration point in order to take into account df at
the integration points instead of the nodes. Note that the damage
variable df, which is computed using the representative strain, is
the same for the 8 Gauss points and governs the linear degradation
behavior, as illustrated in Fig. 2b.

Due to the complexity of the damage propagation state in com-
pression, the energy release rate for compression is very difficult to
evaluate and even the meaning of this value is very complex and
seems to correspond to the initiation value but not to propagation.
In fact, for this modeling, the propagation value is needed; to over-
come this problem, an artificially low value (Table 1) was adopted
in order to prevent this phenomenon dissipating too much energy.
This point is being studied and should be confirmed with other
experimental tests inducing compression fiber failure.

Furthermore, the fiber compressive failure behavior is slightly
more complicated than in tension. Crack initiation in compression
is due to kink band with the associated dissipated energy, as men-
tioned by Pinho [29], but when one continues to apply compres-
sion, the two sides of the crack come into contact and lead to the
crushing of packs of fibers. Therefore, a compressive mean crush-
ing stress (r0), as defined by Israr et al. [30], is applied as a plateau
to complete the law, as can also be seen in the works by Faggiani
[31]. Moreover, during the plateau, plasticity is also taken into ac-
count to prevent compressive strain from returning to zero during
the unloaded state, as illustrated in Fig. 2a.

Then, using elastic properties given in Table 1, both in tension
or in compression, the stiffness matrix [H] can be written as:
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2.2. Matrix cracking modeling

A particular meshing of matrix cracking in between neighboring
volume elements is introduced with the use of zero-thickness 3D

Strain 

S
tr

es
s 

ε0
T

ε1
T

ε0
Cε1

C

σ0
T

σ0
C

Tension

Compression 

σ0

(i) (ii)

(i) Damage initiation 

(ii) Damage propagation 

(i) (ii) 

T

0ε

T

1ε

)(max
8

1

node

node
ε

=

ε

σ

iT ,

0ε

F
in

al
 f

ai
lu

re
 

D
am

ag
e 

in
it

ia
ti

o
n
 

t = t0

t = t1)(max
8

1

i

i

rep εε
=

=

at

t = t

          : Longitudinal strain at integration point 

          : Longitudinal strain at node 

          : Representative strain  

            (max. at integration point) 

          : Time increment at undergoing damage 

          : Time increment at damage initiation

          : Time increment at final failure

iε

0
t

nodeε
repε

1
t

t

11H

( )
111 Hd f ⋅−

(a) (b)

Fig. 2. (a) Fiber failure behavior law in longitudinal direction and (b) Detail of the law applied to a 3D element in tension. (For interpretation of the references to color in this

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

Table 1

Material properties of T700/M21 for numerical simulation.

Etl (GPa) Ecl (GPa) Et (GPa) mlt Glt (GPa) r
f
t (MPa) s

f
lt
(MPa) Gd

I (N/mm) Gd
II (N/mm) et0 ec0 Gt

I (N/mm) Gc
I (N/mm) r0 (MPa) e0t

kt (MPa/mm) q (kg/m3)

130 100 7.7 0.3 4.8 60 110 0.5 1.6 0.016 -0.0125 133 10 ÿ200 0.02 10,000 1600
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cohesive elements (interface elements) in the fiber direction
(Fig. 1). The classic quadratic criterion of matrix cracking is then
applied to these volume elements. As soon as this criterion is
reached in either one or both neighboring volume elements, the
information is transferred to the cohesive element thanks to a spe-
cific element connectivity table and external variables. The trans-
verse stress in cohesive elements and its stiffness are then set to
zero, meaning that the matrix is broken with elastic brittle behav-
ior. For this type of damage, the material parameters (Table 1) are
the matrix transverse failure rf

t and the shear failure stress sflt .
The authors do not think that it is necessary to represent the

complex matrix microcrack network but only stripes of plies that
enable the simulation of the changes in load transfers between
parts of plies when the matrix is damaged, and therefore the occur-
rence of delamination and fiber failures. A very fine mesh is there-
fore not necessary. For the same reason, the energy dissipated in
matrix cracking is not taken into account in the interface model
(brittle failure). It is nevertheless included in the energy dissipated
in the delamination interfaces to keep the energy balance. The proof
of the relevance of this modeling type has already been shown in
previous works of the authors [24], and in the literature [32].

These matrix crack interface elements are also used to simulate
permanent indentation.

Some authors assume that permanent indentation is mostly due
to plasticity in composites, and therefore need a plasticity-based
approach like in [33] or [34]. Experimental observations made in
a previous work by Abi Abdallah et al. [35] show that permanent
indentation seems to be mainly due to blocking by impact debris;
this phenomenon was taken into account in the proposed model. In
order to do this, a ‘‘like-plasticity’’ model [24] was introduced in
the matrix cracking interfaces in order to limit their closure after
failure in tension (rt) and in out-of-plane shear (stz) directions.
Consequently, two additional material parameters, e0t the dimen-
sionless size of debris and kt its stiffness, are needed to take into
account the phenomenon of permanent indentation. These 2
parameters are difficult to associate with traditional material
parameters evaluated during traditional tests and are in fact di-
rectly evaluated thanks to a reference impact test. This evaluation
process limits the predictive character of this model, in particular
for the part linked to permanent indentation. Other works are cur-
rently in progress to evaluate these parameters with other, simpler
experimental investigations.

2.3. Delamination modeling

Delamination, formed between different orientation plies, is
normally taken into account thanks to interface elements based
on fracture mechanics (Fig. 3). Zero-thickness 3D cohesive ele-
ments join lower and upper ply volume elements. The initiation
of delamination is based on a quadratic criterion, similar to that
of matrix cracking, and its propagation in a linear coupling in 3
modes (Fig. 3). Mode I (opening) is in the thickness direction nor-
mal to the delamination plane, while modes II and III are assumed
to be equal, in the in-plane directions. The value of stiffness for the
interface is chosen very high (106 MPa/mm). Stress values for initi-
ation are the same as for matrix cracking (Table 1). Two additional
material parameters are then needed, the critical energy release
rate for delamination propagation in mode I Gd

I

� �

and in mode II
Gd

II

� �

.

3. Experimental validation of modeling

Impact tests were performed in a drop tower systemwith a 2 kg
– 16 mm diameter impactor, as per Airbus Industries Test Method
(AITM 1–0010) [36]. The specimens tested were 100 � 150 �

4.16 mm3 rectangular plates simply supported by a boundary con-
dition of a 75 � 125 mm2 window. The laminated plate is manufac-
tured with 0.26 mm thick T700/M21 unidirectional carbon/epoxy
plies, with stacking sequence [02,452,902,ÿ452]sym. This stacking
sequence was chosen in order to reduce computational time by
using double plies during the development of the model. The
authors assume that mechanisms leading to the final rupture of
the plate in CAI are the same whatever the ply thickness and orien-
tation within a relatively wide range: the combination of bending
stress due to buckling and compressive stress concentration lead-
ing to fiber failure, as mentioned in a number of recent experimen-
tal works [37–40].

CAI tests were then performed on a hydraulic machine, the
specimen being stabilized by a 90 � 130 mm2 window, as per Air-
bus Industries Test Method (AITM 1-0010) [36].

The composite plates were tested experimentally and numeri-
cally, at 1.6, 6.5, 17, 26.5 and 29.5 J of impact energy, and the cor-
responding CAI tests were performed. The simulation was
performed in three steps (Fig. 4). The first step corresponds to
the impact test, with the plate simply supported by a
75 � 125 mm2 window. This step lasted about 5 ms. At the end
of this step, the impact damage was obtained, in particular perma-
nent indentation. The second step consists in the stabilization of
oscillations due to impact and the modification of the boundary
conditions to set up those of CAI: the knife edges and grips were
introduced and progressively moved towards the plate like in
experimental tests. Finally, the third step consists in the CAI step,
with an imposed displacement of one grip until the final fracture
of the plate. As the model was simulated using an explicit code,
the grip displacement speed was chosen at 3.75 m/min to reduce
CPU time. It is far greater than the experimental value, but a study
on the influence of this speed on the CAI simulation results showed
the relevance of the choice. The total calculation time of this model
is between 12 and 15 h – depending on the impact energy level –
with 8 CPUs and without optimization of the modeling to decrease
this time.

3.1. Numerical and experimental comparison of impact tests

The comparison between the delamination areas and the force–
displacement curves obtained numerically and experimentally are
shown in Fig. 5. It should be noted in this figure that an experimental
problem did not allow us to obtain the 17 J curve. Globally, the fact
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Fig. 3. Delamination in modes I, II and III and linear coupling fracture in 3 modes.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 4. The three steps of the simulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of taking into account the rupture in compression in the fiber law
does not significantly change the results on the curves and damage
compared to results previously presented ([24,25]). In the whole
range of energies considered, a relatively good correlation is ob-
served between modeling and experiments; the shape and size of
the delaminated interfaces are well simulated (Figs. 5 and 6), even
if the area of the first interface, non-impacted side, is overestimated
for the highest energies. The simulated force–displacement curves
take into account the different stiffness decreases: the first one at
about 2 mm-displacement is soft and mainly due to delamination,
and the second one, at about 5 mm-displacement, is strong and
mainly due to fiber failure. Permanent indentation is also well rep-
resented (Fig. 6); this highlights the relevance of the ‘‘like-plastic-
ity’’ model used for matrix crack closure.

Even if the new law for fiber failure in compression does not
lead to significant differences in the global behavior of the plate
(curves and delamination areas), it enables the presence of com-
pression cracks, as can be observed after 29.5 J impact simulation
in the central zone under the impactor (Fig. 7), to be taken into
account. It can be noticed in Fig. 7 that only the half-plate is drawn

and that the deformed shape is free of exterior loads and then only
due to the ‘‘like-plasticity’’ model in the matrix cracking elements
mentioned above. Most fiber failures are due to tension failures
and only the zone just under the impactor, impacted side, presents
some compression failures. However, a fiber failure crack in com-
pression is also observed on the impacted side right next to the
point of impact (Fig. 7). This crack only concerns the first 0° ply,
impacted side. Of course, due to the symmetry of the modeling,
this crack exists ‘‘virtually’’ on the other half-plate. This crack turns
out to be of utmost importance during CAI because its propagation
induces the final fracture of the plate. In fact, after impact tests,
this crack is not so obvious on the specimens and is therefore
slightly overestimated by the modeling. Unfortunately, as we did
not look for cracks after impact tests, it is not possible to prove
their presence on the specimen that we tested in CAI, but Fig. 8
shows cracks after two different static indentation tests. Fig. 8a is
a microscopic observation of a barely visible crack (not a compres-
sion crack, but one which can propagate in compression during
CAI) due to a 24.8 J static indentation, whereas Fig. 8b clearly
shows the visible compression cracks due to a slightly higher
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energy: 27.3 J static indentation. For lower impact energies, it
seems that the latter crack is not visible after impact on the surface
of the plate.

3.2. Numerical and experimental comparison of CAI tests

The experimental stress/displacement and stress/deflection
curves for 6.5, 17 and 29.5 J impact tests are shown in Fig. 9. For
the 17 J test, the buckling shape obtained is in the opposite direc-
tion compared to the other tests, which cannot be predicted by the
model. In order to have more results to present, a static test at 17 J,

performed during another test campaign, is added. It is a static
indentation test performed with a universal testing machine at
the speed of 0.5 mm/min for both loading and unloading. The
hemispherical indenter and the boundary conditions imposed on
the plate are the same as during impact tests.

The stress-displacement curve corresponds to the curve of the
mean stress, evaluated by dividing the load force by the section,
as a function of the longitudinal displacement, in the 0° direction,
imposed during CAI testing. These curves show that the model cor-
rectly represents the global behavior of the plate until rupture for
various impact energy levels: very good match for the slope and
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good match for the final failure load. Fig. 10a represents the CAI
stress versus impact energy for all the tested laminates, which con-
firm the consistency between experimental and numerical data:
less than 20% difference in the worst case (17 J). As the permanent
indentation is well simulated after impact (Fig. 6b), the curve of
CAI stress versus indentation also shows a good correlation. This
curve is of utmost importance for industry as it gives the residual
strength of the plate as a function of damage detectability, which is
an essential datum for design choice.

For the stress–deflection curve (Fig. 9), the deflection corre-
sponds to the out-of-plane displacement of the plate center,
mainly due to buckling, and measured on both sides of the plate.
An LVDT sensor is used on the back face of the plate, and Digital
Image Correlation on the impact face. These two curves show the
traditional buckling behavior of impacted plates, increasing with
the damage size or impact energy level, even if it is overestimated
in simulations. The 29.5 J test curve clearly shows a difference in
deflection between the two faces of the plate, both for the test
and the calculation. This is due to the local buckling of parts of del-
aminated plies as visible on Fig. 7. The displacement obtained on
the impacted face is close to the experimental one. However, dis-
placement of the back face is overestimated, due to an excessive
buckling of delaminated plies. For the 6.5 J impact (test and mod-
eling), deflections on both faces are the same, due to the slight
damage induced by this impact energy level.

We focused on the 29.5 J test for the analysis of rupture mode in
the plate. A comparison between the experimental and numerical
CAI tests after the 29.5 J impact is shown in Fig. 11. The shape of
the plate (impacted side only) is given in Fig. 11a for three different
steps of loading during CAI. It shows a relatively good correlation
between experiment and model. The longitudinal strain field (x
direction) is drawn in Fig. 11c for different levels of load. The
experimental field is obtained thanks to two CCD cameras and
3D digital image correlation. As the reference image for digital im-
age correlation is the image taken at the beginning of the CAI test,
the field represented here does not take into account the real
strains: all strains are equal to zero after impact, and only the addi-
tional strains due to CAI are calculated. As for numerical strain, two
different fields are plotted: the ‘‘real strain’’, which represents
strains both from impact and CAI tests, and the ‘‘virtual strain’’,
which only represents the additional strain due to CAI. The ‘‘virtual
strain’’ is computed from the ‘‘real strain’’ by subtracting the strain
field obtained after impact. The ‘‘virtual strain’’ is displayed in or-
der to compare it with the corresponding experimental strain field.
The ‘‘real strain’’ is displayed because it is the field that enables us
to determine where failure strains are reached in the plate. The
strain scale is the same for experiment and simulation. It is chosen
to obtain the color red for positive or null strain, and the color

purple for strains which are less than or equal to compression fail-
ure strain of T700/M21 ec0 ¼ ÿ0:0125

ÿ �

.
The stress-displacement curve (Fig. 11b) shows that the model-

ing well simulates the experiment, until experimental failure.
However, after this point, the final failure numerically obtained is
not sharp enough. The final failure is due to the propagation of the
compression failure crack in the first ply (0°) in the y direction. As
mentioned earlier, the value for Gc

I is artificially low compared to
data from literature, but test analyses still do not enable us to
determine whether the crack in CAI tests is due to pure compres-
sive failure or more complex failure. Nevertheless, the ultimate
stress is well predicted because the additional stress during failure
propagation is very weak. This propagation is clearly visible on the
numerical strain fields (expansion of the color purple), and also
seen on the strain fields experimentally obtained, even if it seems
faster (between about ÿ110 and ÿ146 MPa). Fig. 12 shows the
‘‘visible to the naked eye’’ crack from experiment, and the numer-
ical one at 146 MPa. On the model, only one row of elements in the
first ply is damaged in compression, and it is the propagation of the
compression fiber failure crack already visible after impact (Fig. 7).

It is important to mention that the buckling of the plate and the
propagation of the compression crack are linked. Fig. 13 shows the
evolution of the crack length with the CAI stress. It is clear that the
crack propagates when the plate is saturated in stress, which cor-
responds to the plateau on the CAI stress – deflection curve (Fig. 9,
right). The rupture scenario during CAI testing, when an initial
crack is observed after impact, is thus as follows:

– CAI stress increases until buckling appears.
– When there is enough deflection due to buckling or enough
stress concentration to lead to failure strain at the tip of the
0° upper ply crack, the latter propagates (imposed strain load-
ing). In this study, propagation is quite stable until the end of
the simulation. It is not the case in experiments, where cracks
become unstable at an earlier stage.

The failure in CAI is thus due to a coupling between the buckling
and the 0° upper ply crack strength. The reason why the crack
propagation is more progressive in the model is not obvious. Three
parameters can have an influence: – the fact that the initial crack,
induced by the impact, is overestimated by the model; – the fact
that, in reality, the crack propagation mode is maybe more com-
plex than the pure compression failure model, with a part of
shear-driven compression failure; – and the uncertainties in the
mechanical properties used to rule the compressive failure in fiber
direction. It should also be noted that there could be dispersion in
the experimental test results, but no repeatability tests were per-
formed during this test campaign to enlarge the database.
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For lower energies, the scenario is not the same. In simulation,
1.6 J impact led to CAI failure at the tip of the plate, as during
experiments. For 6.5 J impact simulation, no crack is visible around
the impact area after impact. Then, during CAI, deflection is low

and rupture suddenly appears, but not around the place of impact.
The CAI rupture stress versus impact energy curves from model
and experiment (Fig. 10) show that, for these two lower energy
impacts, CAI strength is quite high and then decreases before the
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17 J impact test. For 17 J tests, no crack can be observed around the
impact area just after impact but the rupture in CAI is due to an
unstable crack propagating from the impact area to the edges of
the plate. This propagation is not represented in Fig. 13, as it hap-
pens suddenly.

It seems that in the studied laminate, the decrease in strength of
the plate is due to the change in rupture mode: the presence of the
initial crack at the end of the impact leads to rupture by propaga-
tion of the crack in the buckled plate, whereas rupture is sudden
(no stable propagation of cracks) when no crack is observed.

4. Conclusion

A single model enabling us to simulate both impact and CAI
tests on composite laminated plates has been elaborated. Its ability
to simulate impact is validated thanks to an experimental –

numerical comparison on a given laminate for a wide range of im-
pact energy levels ranging from 0 to 30 J, which is more than the
necessary level to reach BVID. As for impact loading, both damage
in the plate and permanent indentation are well represented. In
particular, the presence of a crack due to fiber failure in compres-
sion in the upper ply is simulated, which plays an important role in
CAI rupture.

Concerning CAI test simulation, the model accounts for fiber
failure crack propagation and local buckling of delaminated areas.
It enables the failure scenario during CAI testing to be highlighted
and the concurrence of two phenomena – the well-known buckling
of the impact damaged area and the propagation of a crack right
next to the point of impact. This crack, situated in the upper ply,
on the impacted face, is a compression fiber failure crack created
during impact which propagates under compression stress during
CAI. These two phenomena develop together during CAI and in-
duce final failure of the plate. As the damage is well predicted by
the first step (impact) of the calculation, the CAI strength is also
well predicted – both qualitatively and quantitatively – for the gi-
ven range of impact energies.

The fact that the model can predict the appearance and propa-
gation of this crack is of utmost importance, as composite struc-
tures are currently designed using the no-growth concept in
aeronautics.

Finally, as this model allows the permanent indentation after
impact and the residual strength to be numerically estimated, it
is therefore possible to numerically optimize this plate with impact
damage tolerance by changing the stacking sequence within the
weight and loading constraints.
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CHAPTER 6 

CONCLUSION GENERALE ET PERSPECTIVES

Conclusion 

Aujourd’hui les matériaux composites sont de plus en plus utilisés dans le domaine 

aéronautique de par certains de leurs avantages tel que le ratio résistance sur poids. Toutefois, il est 

connu que les matériaux composites ont une mauvaise tenue à l’impact. Par conséquent, le concept de 

tolérance aux dommages d'impact doit être pris en compte dès les premières phases de conception des 

structures composites d'aéronefs. 

Cette thèse a permis de développer un modèle prédictif de l’impact sur plaque stratifiée 

composite et de la tenue résiduelle sous compression après impact, à l’échelle de l’éprouvette de 

laboratoire. Le modèle est basé sur un modèle d’impact existant, de type DPM (« Dicrete Ply 

Model »), développé par Christophe Bouvet et ses collègues depuis le milieu des années 2000. 

 Une première partie du travail a consisté à effectuer une campagne d’essais sur laquelle 

s’appuyer pour comprendre les mécanismes restant à étudier pour pouvoir proposer un modèle 

représentatif, et également pour valider les simulations. Des essais d’impact basse vitesse et de CAI 

ont été réalisés. Ces essais ont été effectués en faisant varier la séquence d’empilement autour d’une 

plaque de référence, les énergies d’impact et la position de l’impact. Pour les sept drapages testés, il a 

été montré qu’au niveau du seuil de détectabilité (BVID), la structure perd environ 50% de sa 

résistance par rapport au cas non impacté. Cependant les résultats montrent qu’échanger l'ordre des 

plis (0°, 45°, -45° et 90°) ne permet pas de conclure de façon significative quant à l’effet de la 

séquence d'empilement sur la résistance résiduelle au seuil de détectabilité d’impact (BVID). Par 

contre, l’impact proche des conditions aux limites s’est avéré plus critique que celui au centre. 

Par ailleurs, lors des essais d’impact et de CAI, un scénario original a été mis en évidence avec 

l’observation de fissures de compression dues à la rupture de fibres en compression. Ces fissures sont 

observées sur certains drapages pendant la phase d’impact, autour du point d’impact. Pour les autres 

drapages, ce résultat est moins clair, mais ces fissures sont certainement présentes dans l’épaisseur du 

stratifié, bien que peu développées. Lors de la CAI, ces fissures peuvent se propager, parfois de façon 

stable, avant la rupture finale. Ce mode de ruine est donc à prendre en compte pour la modélisation de 

l’impact et de la CAI. Enfin, indépendamment de ces observations, les résultats expérimentaux ont été 

utilisés pour la validation des simulations numériques, comme détaillé ci-après.  

 Concernant la partie modélisation numérique, cette étude porte sur trois aspects : le modèle 

d’impact, le modèle d’indentation permanente et le modèle de CAI. 

 Le modèle d’impact, de type DPM, a été enrichi par rapport au modèle existant au début de 

cette thèse, tout en gardant ses principes fondamentaux : maillage, interfaces,… La modification la 

plus significative est la prise en compte des ruptures de fibres en compression. Cet apport se fait 
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directement au cœur de la loi de comportement des fibres. De même que pour la rupture en traction, la 

rupture en compression est basée sur un critère énergétique exprimé sur un volume. La valeur du taux 

de restitution d’énergie reste le paramètre à déterminer : il a été identifié à partir des longueurs de 

fissures en compression obtenues lors des essais sur les sept drapages. La valeur de 40 N/mm donne 

les meilleures corrélations essai/calcul. En outre, cette valeur est corroborée par des études 

expérimentales supplémentaires réalisées avec une technique de mesure par thermographie infrarouge. 

La bonne concordance entre essais et simulations, tant pour les courbes effort/déplacement que pour 

les surfaces délaminées ou pour l’énergie dissipée, montre la robustesse du modèle pour la 

modélisation de l’impact et des endommagements qu’il induit. 

 Une limitation de ce modèle, dans le cadre d’un calcul de CAI à suivre, est la représentation de 

l’indentation permanente. En effet, les paramètres du modèle d’indentation permanente initial 

n’étaient pas identifiés de façon indépendante. L’essai de flexion trois points spécifiquement 

développé lors de cette étude a permis d’améliorer la compréhension d’une partie du phénomène 

physique lié à la formation de l’indentation permanente par observation de l’ouverture et de la 

fermeture des fissurations matricielles. L’origine de l’indentation permanente est due à la non-

refermeture des fissures due à la présence de débris dans la fissuration matricielle, et de « cusps » dans 

les délaminages en mode mixte. Il a été constaté que lors de la décharge, l’ouverture résiduelle des 

fissures correspondait à environ 30% de l’ouverture maximale obtenue pendant l’essai. Une nouvelle 

loi d’indentation permanente en a été tirée, de type « pseudo-plasticité ». Elle a tout d’abord été testée 

sur un modèle de l’essai de flexion trois points, avec des résultats concluants, puis intégrée au modèle 

d’impact. Là encore, les corrélations essai/calcul sont très bonnes sur les sept drapages, à la fois pour 

l’indentation permanente et pour la déformée globale de la plaque. Le fait d’obtenir à la fois une bonne 

représentation des dommages pour une énergie d’impact donnée et la bonne valeur d’indentation 

permanente permet alors de déterminer par calcul l’énergie d’impact nécessaire pour obtenir le BVID 

ainsi que les dommages associés, qui sont le point de départ nécessaire à un calcul de tenue résiduelle 

en compression au seuil de détectabilité.

 Les conditions initiales à un calcul de CAI étant obtenues, la dernière partie des travaux de 

thèse consistait donc à développer le modèle de CAI. Partant du principe que les mécanismes mis en 

jeu pendant la CAI sont les mêmes que pendant l’impact, le même modèle DPM est appliqué à la 

plaque, avec bien-sûr un chargement et des conditions aux limites différentes. Cette étude montre qu’il 

est effectivement possible avec un modèle unique de représenter impact et CAI, en ajoutant entre ces 

deux étapes de calcul une phase de transition pour stabiliser la plaque (qui vibre après impact) et 

introduire les conditions aux limites propres à l’essai de CAI. L’ensemble a été testé sur le drapage de 

référence pour différentes énergies d’impact au-dessous et au-dessus du BVID. Les corrélations entre 

essais et calculs sont toujours bonnes, à la fois en termes de valeur de rupture finale, de déflection de 

la plaque pendant la CAI, et en particulier de propagation des fissures dues à la rupture de fibres en 

compression. Cependant, la valeur du taux de restitution d’énergie pour la rupture des fibres en 

compression nécessaire pour obtenir les meilleurs résultats est de 10 N/mm, différente de celle 

identifiée pour le calcul d’impact seul ! 

   Finalement, il a été démontré que le modèle DPM présenté ici permettait de réaliser un 

modèle unique allant de l’impact à la tenue résiduelle en compression, en passant par le calcul de 

l’indentation permanente. La validation est réalisée à l’aide de plusieurs drapages, et sur des essais 

bien instrumentés, donc bien fournis en indications (effort, déformée dans le temps, visualisation des 

fissures,…). Ce modèle peut donc être considéré comme prédictif sur un certain domaine, ce qui en 

fait un modèle relativement avancé par rapport à ce que l’on peut trouver dans la littérature 

aujourd’hui. 
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L’outil est donc prêt pour effectuer l’étape suivante qui consiste en l’optimisation des stratifiés 

à la tolérance aux dommages d’impact, pour un chargement de compression donné. 

Perspectives 

Les drapages utilisés lors de cette étude, aussi bien pour le volet expérimental que pour la 

simulation numérique, ont été choisis afin d’obtenir des temps de calcul raisonnables lors de la 

modélisation. Ainsi, ces drapages sont constitués de plis doubles (soit 0,5 mm d’épaisseur), alors que 

dans la plupart des applications aéronautiques, l’épaisseur des plis est de 0,125 ou 0,25 mm. Cette 

approche est justifiée pour la première étape de la construction du modèle, mais nécessite d’étendre les 

essais et calculs numériques à des drapages plus conventionnels pour valider le modèle sur un 

domaine plus vaste et plus représentatif des stratifiés aéronautiques. On pourra alors envisager des 

boucles d’optimisation du drapage en faisant varier l’épaisseur du stratifié, l’orientation des plis, les 

groupements de plis, le matériau constitutif du pli… 

On voit donc clairement apparaître la problématique du temps de calcul, bien que la finesse du 

maillage utilisé dans le modèle DPM développé ici ne soit pas si grande. Dans l’état actuel des 

technologies informatiques, une perspective à ce travail serait donc d’optimiser le modèle en termes de 

temps de calcul. Certaines approches nous viennent directement à l’esprit, telle que la diminution du 

nombre d’éléments d’interface puisqu’ils ne sont utiles que dans la zone endommagée. Mais le gain de 

temps alors réalisé ne serait pas à la hauteur des enjeux, d’autant que les simulations actuellement 

réalisées le sont sur des éprouvettes de taille réduite, et que seul le cas de l’impact suivi d’un 

chargement de compression est effectué, alors qu’une structure aéronautique peut subir un grand 

nombre de cas de charges différents. 

Une autre perspective à ces travaux est l’étude de l’influence d’un chargement lors de l’impact  

sur les endommagements qu’il induit. En effet si l’on considère que la structure composite est sous 

charge lorsque l’impact se produit, ce chargement doit avoir un effet sur la façon dont les dommages 

se développent durant l’impact. Une étude expérimentale est actuellement en cours de réalisation. Le 

modèle DPM sera ensuite appliqué afin d’aider à comprendre le scénario d’endommagement sous pré-

charge, et de prédire la résistance de la structure. 

Toujours dans le cadre de la tolérance aux dommages d’impact, une dernière perspective 

concerne le problème de la détectabilité des dommages d’impact. L’inspection visuelle basée sur 

l’indentation permanente est aujourd’hui la technique la plus rependue, parce que la plus simple, mais 

reste cependant coûteuse, au vu des plannings d’inspection et de révision, et sujette à l’erreur humaine. 

A partir d’un modèle fiable d’endommagement des stratifiés tel que celui développé lors de cette 

étude, il est possible d’envisager le développement d’une technique de surveillance de l’état des 

structures (Structural Health Monitoring) basée sur l’étude des changements dans la réponse de la 

structure sous des sollicitations de vol ou sous sollicitations calibrées, en intégrant dans le modèle de 

SHM le modèle d’endommagement sous impact. Ceci pourrait permettre de détecter de façon plus 

sûre les dommages, voire de les détecter plus tôt, ce qui résulterait en un gain de masse certain, 

puisque cela équivaudrait à diminuer le seuil de détectabilité des dommages. 
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 Outres ces perspectives liées à l’impact, le modèle DPM développé permettant de représenter 

une large palette des mécanismes élémentaires d’endommagement au sein des composites stratifiés à 

base de plis unidirectionnels, il doit pouvoir être appliqué sur un domaine plus large que celui de la 

tolérance aux dommages d’impact sur plaque stratifiée d’épaisseur homogène. Des études sont 

actuellement en cours concernant la modélisation de l’impact sur zone de reprise de plis, sur essais de 

plaque trouée (sans impact), et sera prochainement étendu à l’étude de l’écrasement de stratifiés (au 

sens du crash). 
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APPENDIX I   

CRITICAL ENERGY RELEASE RATE 

DETERMINATION OF FIBRE COMPRESSIVE 

FAILURE IN UD LAMINATED COMPOSITES USING 

INFRARED THERMOGRAPHY

OBJECTIVES

• Determine the critical energy release rate of fibre compressive failure 
Cfibre

IcG ,
 of T700GC/M21 

(carbon/epoxy) UD ply  

• Use the infrared thermography technique proposed by Lisle et al. [1-2] to evaluate the critical 

energy release rate, and verify that this approach is not applicable only for thin woven laminates in 

[1-2]  but also for UD laminates  

1. INTRODUCTION

The design optimization process of composite structures is classically accelerated by using 

numerical approach. Finite element analysis (FEA) is extensively elaborated thanks to its ability to 

precisely simulate particular damage of laminated composites i.e. fibre failure, matrix cracking and 

delamination. To date, material law regarding to fracture mechanics seems to be a reasonable damage 

model in FEA since it can provide accurate damage results [3-5]. With this approach, fracture energies 

are required as input parameters for the model. However, these properties are difficult to determine as 

well as standardized tests have not been established yet [3,6]. 

This work particularly focuses on the characteristic of fibre compressive failure which is 

usually considered as a complex failure mode [7]. Furthermore, the critical energy release rate in 

compression, 
Cfibre

IcG ,
 (generally referred to mode I intralaminar fracture) is even more complex [3]. 

Different approaches have been proposed in the literature to determine this value. For example, Pinho 

et al. [6] used compact compression (CC) tests to evaluate the 
Cfibre

IcG ,
 of T300/913 carbon/epoxy 

laminates. Initiation toughness value for kink-band formation was obtained equal to 79.9 N/mm, 

whereas the propagation was not reliable due to an appearance of other failure modes such as crushing 

or delamination. Soutis and Curtis [7] also measured the 
Cfibre

IcG ,
 of T800/924C carbon/epoxy 

[0,902,0]3s UD laminates. The values calculated by analytical formulations based on elastic laminated 

properties were determined to be ≈34-39 N/mm. These two obtained values of 
Cfibre

IcG ,
 are compared 
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to the work done by Hongkarnjanakul et al. [8] (Chapter 3). They have found the value of 
Cfibre

IcG ,
 of 

T700GC/M21 UD-ply to be 40 N/mm, determined from the FE model according to impact damage i.e. 

the compressive crack size on impacted surface and delamination shape.            

Indeed, the estimation of 
Cfibre

IcG ,
 in Ref [8] was performed because of an 

unavailable/uncertain of this value in literature. Hence, a complementary test to determine 
Cfibre

IcG ,

should be reflected. The technique “infrared thermography” to define this value is being developed in 

our laboratory ICA proposed by Lisle et al. [1-2]. They have accomplished to measure intralaminar 

transverse weft cracking of thin woven laminates. As a result of their work, it is a challenge to use this 

methodology to apply to UD laminates especially for widely used laminates such as carbon/epoxy. 

Developments of the both works ([1-2] and [8]) are in agreement. Thus, this present work is 

aimed to use the methodology related to infrared thermography in [1-2] to measure 
Cfibre

IcG ,
 from 

applications and material of [8]. An investigation of compressive fibre failure in two applications is 

performed. The first one deals with compressive fibre crack on the surface of [902,02,-452,452]s

laminate during impact test in Ref [8]. Due to the short edge boundary conditions, the outermost 90°-

plies are subjected to more bending rather than the inner plies. As a result, compressive influence is 

generated on the upper layers and compressive cracks are observed. Two test applications are 

performed. The first is a static indentation test, used instead of impact test; because we need a long test 

for observing damage by using infrared thermography camera. The second test application is 

compression after impact (CAI). Failure of the outermost 0°-plies of [02,452,902,-452]s laminate, 

directly subjected to compressive loading, is investigated. Then, the critical energy release rate is 

measured based on an evaluation of the heat degradation on the observed compressive cracks.     

2. THEORETICAL FRAMEWORK

The concept of determining the critical energy release rate by using infrared thermography 

technique is based on thermo-mechanical background. The full details can be found in Refs [1-2] 

while some essential equations used in this work are summarized here in this section. The calculation 

methodology is presented in Figure I-1. When the specimen is damaged, some mechanical energy 

dissipation is converted to heat and can be measured by the infrared thermography camera. The critical 

energy release rate IcG  can be estimated from the heat source hsω  as:  

� �
Ω

⋅=

t
hs

f
Ic dVdt

S
G ω

β

11
 Eq 1 

where β  represents the ratio of the energy dissipated as heat to the irreversible mechanical energy. 

fS  is the crack surface, t  is crack propagation time, and Ω  is the studied domain of crack.  

In the literature, the irreversible work which transforms into heat (the parameter β ) may vary 

from 50-100% (see [1-2]), thus an accurate estimation of energy release rates associated with crack 

propagation is probably uncertain and this is a debated issue for determining the value of IcG by this 

approach.    
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Figure I-1 Flow-chart presenting the methodology of determining the critical energy release rate from thermal 

information by infrared thermography technique 

In this work, since the tested laminate has different ply orientation, fibre failure may damage 

at certain plies but not throughout the thickness of the laminate. Since the temperature field is not 

constant through the thickness of the laminate, solving with the 2D heat diffusion problem is not 

reliable. Thus, only the heat source of the compressive fibre failure cracks on the surface is 

considered. A 3D thermal analysis is used and the heat source function, assumed to be uniform 

through the damage plies, can be written as:  
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hs eezzHzzH σσσ
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where maxω  represents the maximum value of heat source. 0x  and 0y  denote the space positions 

associated with the global coordination yx − , and 0t  denotes the temporal position of the crack. xσ ,

yσ  and tσ  are respectively the constants of the longer, larger and the propagation time of heat source, 

which are the optimized parameters due to ill-posed problem (Figure I-2). The term 

( ) ( )[ ]10 zzHzzH −−−  is the rectangular function corresponding to the crack thickness. Then, the 

temperature variation θ  can be solved by 3D inverse heat diffusion problem:       

hszzyyxx z
k

y
k

x
k

t
C ω

θθθθ
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Eq 3 

where ρ , C  and k  are respectively the laminate density, the specific heat and the thermal 

conductivity. 
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Figure I-2 Definition of the three optimization parameters: (a) the longer and the larger of heat source (�x, �y) and 

(b) the propagation time of heat source (�t) (after [1])  

3. EXPERIMENTAL PROCEDURE

3.1 Material and manufacturing  

The material used in this study is a T700GC/M21 (carbon/epoxy) UD prepreg with 0.25 mm-

ply thickness. The laminates are 16-ply, balance, symmetry and quasi-isotropic which have the total 

thickness of about 4 mm. They are cut into rectangular plates 100 × 150 mm
2
 for the reason of testing 

on impact and CAI according to the Airbus Industries Test Method (AITM 1-0010) [9]. Two layups 

are studied namely A1 [02,452,902,-452]s and C2 [902,02,-452,452]s (use the given layup names in [8]). 

Mechanical and thermal properties of the lamina are summarized in Table I-1. 

Table I-1  

Mechanical and thermal properties of T700GC/M21 (carbon/epoxy) UD ply [10] 

Compressive Young’s modulus in fibre direction, CE1                                         100 GPa 

Transverse Young’s modulus, 2E 7.7 GPa 

Shear modulus, 12G 4.8 GPa 

Poisson’s ratio, 12ν 0.33 

Thermal conductivity in fibre direction, 11k  [11] 6.3  W⋅m-1⋅K-1
 * 

Thermal conductivity in transverse direction, 22k and 33k  [12] 0.5 W⋅m-1⋅K-1
 * 

Specific heat, C  [13] 902 J⋅kg
-1⋅K-1

 * 

Density, ρ 1600 kg⋅m-3

*Comparative value of carbon/epoxy  

3.2 Test set-up 

In order to investigate fibre compressive cracks of UD laminates, two applications tested on 

two different specimen configurations are conducted: 
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• Static indentation test (Figure I-3(a)): as similar to impact test, the 100 × 150 mm
2
 rectangular 

specimen is simply supported on 75 × 125 mm
2
 frame. An indentor of 16 mm-diameter applies 

to the centre of the specimen at a displacement rate of 5 mm/min. LVDT sensor is placed to 

measure displacement of the crosshead. This test is associated with the laminate C2 [902,02,-

452,452]s. During the test, compressive cracks of 90°-plies on the upper surface near indentor 

point are observed; meanwhile an infrared camera records the temperature on the expected 

zone of the crack appearance (Figure I-4(a)). 

• CAI test (Figure I-3(b)): prior to CAI test, a specimen A1 [02,452,902,-452]s has been damaged 

by static loading in the centre of the specimen at 27.3 J-total energy. Consequently, this 

specimen is placed inside CAI fixture and is subjected to in-plane compressive load at a 

displacement rate of 0.6 mm/min. An imposed displacement and a plate deflection are 

obtained from LVDT sensors. Thanks to the configuration of 0°-plies on the exterior, 

compressive failure can be easily observed. Since the CAI final failure is generally induced 

from the indented point, an infrared camera captures the temperature variation on the zone 

near this point (Figure I-4(b)).   

Both tests are operated at room temperature. An infrared camera (FLIR SC700 MW) is used to 

monitor the thermal response during the tests. In order to avoid thermal perturbation from the external 

environment, the specimens are enclosed both in a painted black box and black opaque fabric (covered 

outside). 

          

b 

Infrared camera

LVDT sensors 
camera

CAI fixture

Hydraulic 

machine 

LVDT sensor 
camera

Infrared camera

Electro-mechanical 

machine 

Specimen and

test support 

a 

Specimen

Figure I-3 Experimental setups (without a cover of opaque fabric): (a) static indentation test and (b) CAI test 
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4. RESULTS AND DISCUSSION

4.1 Damage scenario: compressive fibre failure 

Two types of experiment are carried out. Force-displacement responses are investigated as 

well as the damage detected from infrared thermography. 

• Static indentation test: the specimen is subjected to out-of-plane load until approximately 5 

mm (for total energy of 25 J). As can be seen the force-displacement curve in Figure I-4(a), 

during loading the response is not linear due to internal damage. Matrix cracking and 

delamination commonly occur prior to fibre failure. The damage near the surface can be 

detected by an infrared thermography camera, in particular the double-ply fibre compressive 

failure, as the post-mortem micrograph shown in Figure I-5(a). This fibre compressive failure 

arises from 3.5 mm-displacement and gradually continues to propagate until the end of loading 

state. 
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Figure I-4 Damage detection by infrared thermography camera associated with force-displacement curves:       

(a) static indentation test and (b) CAI test 
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• CAI test: the damage specimen is applied by an in-plane load. The force in function of 

displacement is relatively linear until the collapse of the specimen or final failure. The infrared 

thermography camera detects that the initiation of damage occurs just before the final failure. 

It is not clear that the damage shown at points 1-5 in Figure I-4(b) is caused by the collapse of 

the plate due to bending or due to the propagation of fibre cracks. However, this damage is 

absolutely a compressive fibre failure, as can be seen the kink bands in Figure I-5(b). Thus, we 

assumed that the heat detected by thermography camera is caused by this fibre compressive 

failure. Note that Figure I-5(b) shows the micrograph of fibre failure mixed to other failure 

modes i.e. matrix cracking and delamination but it was taken after the final failure. 
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Figure I-5 Post-mortem micrographs (a) static indentation test (taken from an equivalent specimen of 25 J-

impact [8]) and (b) CAI test 

4.2 Determination of critical energy release rate Cfibre
IcG ,

As explained the theory and the methodology in section 2, in this section we determine the 

critical energy release rate in compression 
Cfibre

IcG ,
 with respect to the damage evaluation by infrared 

thermography approach (see Figure I-1). From microscopic observations in Figure I-5(a-b), we assume 

that the temperature is uniform through the cracks thickness (the double damaged plies near the 

surface) and the heat source is only due to fibre compressive failure of the double-ply whereas the heat 

source due to matrix cracks and delamination underneath is neglected.  

For numerical calculation, the solution of thermal problem is computed by using finite 

difference method. A small step time st 0005.0=∆  is chosen in order to assure the convergence of 

results. The theoretical heat sources are determined on three different zones of each test, as shown in 

Figure I-6(a) for the static indentation test and Figure I-7(a) for CAI test. According to the 

methodology in Figure I-1, the optimisation parameters ( )tyx σσσ ,,  are identified by trial-and-error 

method in order to correlate with the experimental temperature variation expθ .
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Figure I-6 Evaluation of crack propagation by thermography approach from static indentation test: (a) three 

selected zones on experimental temperature field; (b) experimental temperature variation of crack in zone 3 at 

temperature peak; (c) theoretical temperature variation of crack in zone 3 at temperature peak; (d) evolution of 

average temperature cooling in function of time; (e) evolution of temperature along X-X axis at temperature 

peak; (f) evolution of temperature along Y-Y axis at temperature peak       
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Figure I-7 Evaluation of crack propagation by thermography approach from CAI test: (a) three selected zones on 

experimental temperature field; (b) experimental temperature variation of crack in zone 3 at temperature peak; 

(c) theoretical temperature variation of crack in zone 3 at temperature peak; (d) evolution of average temperature 

cooling in function of time; (e) evolution of temperature along X-X axis at temperature peak; (f) evolution of 

temperature along Y-Y axis at temperature peak 
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An example of experimental-numerical correlation of static indentation test (zone 3) is 

presented in Figure I-6: Figure I-6(d) shows the evolution of average temperature cooling in function 

of time. And, at temperature peak, a comparison of the temperature variation field of the crack 

between the experiment and the theoretical calculation is shown respectively in Figure I-6(b) and 

Figure I-6(c); also, the evolution of temperature along X-X and Y-Y axes are presented respectively in 

Figure I-6(e) and Figure I-6(f). As can be seen, Figure I-6(b-f) shows a good correlation between 

experiment and theoretical calculation after a selection of optimisation parameters. 

Another example of CAI test (zone 3), after the process of parameter optimisation, is also 

presented: Figure I-7(b-f) shows a good agreement between experimental and theoretical calculation 

even if the uncorrelated experimental cooling in Figure I-7(d) is found. Indeed, the instability of the 

evolution of experimental temperature is clearly caused by a combination of other failure modes 

(delamination and matrix cracking) occurring during the crack propagation (Figure I-5(b)); thus 

precise numerical cooling cannot be obtained. Thanks to a good agreement on other factor i.e. 

evolution of temperature along X-X and Y-Y axes, we still rely on the chosen optimized parameters.   

The results above confirm that the heat sources due to plies compressive failure are well 

assumed by the theoretical approach for both static indentation test and CAI test, and the use of 

proposed thermography methodology is applicable for UD plies. We performed on six studied zones 

from two different test applications. Table I-2 presents the selected optimization parameters for all 

cases. A strange value of yσ  for CAI test in zone 1 should be noticed, that is, the high value is met. 

This is reason is that the crack at zone 1 is caused by the specimen’s collapse at final failure which 

does not gradually propagate like other zones.       

Table I-2  

Values of theoretical heat source parameters obtained for the three zones of each test 

Test 
Zone 

No. 

Optimization parameters 
maxω

(W⋅m-3
) 

fS
(mm

2
) 

Cfibre
IcG ,

(N/mm) xσ  (mm) yσ  (mm) tσ  (s) 

Static 

Indentation

1 0.083 0.990 12 e-3 2.80 e9 0.963 39.7 

2 0.041 0.825 10 e-3 3.50 e9 0.525 31.6 

3 0.041 0.660 12 e-3 2.55 e9 0.438 26.6 

CAI 

1 16.50 0.248 12 e-3 1.40 e9 3.220 40.8 

2 0.866 0.083 12 e-3 2.05 e9 0.495 43.9 

3 0.660 0.041 12 e-3 1.75 e9 0.165 42.9 

  

Then, an estimation of the critical energy release rate 
Cfibre

IcG ,
 is computed following Eq. 1. 

fS  denotes the crack surface and the heat source hsω  is obtained thanks to the maximum value of heat 

source maxω  from the experiment and the optimisation parameters previously. As mentioned before, a 

sensitive issue is still the ratio of the energy dissipated as heat to the irreversible mechanical energy 

( )β . In this study, we assume this ratio, for carbon/epoxy composite, to be approximately 90% [1]. 

Finally, the critical energy release rate 
Cfibre

IcG ,
 can be computed, as summarized in Table I-2.     
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In conclusion, the average values of 
Cfibre

IcG ,
 for static indentation test and CAI test are 32.6

N/mm and 42.5 N/mm, respectively. These obtained results are well corresponding to the value found 

in previous work [8] (40 N/mm) from FE analysis of impact damage. 

5. CONCLUSION

Compressive failure in ply is usually considered as a complex failure mechanism for 

composite materials. In order to measure the critical energy release rate in compression 
Cfibre

IcG ,
, an 

alternative technique by using infrared thermography is proposed. This approach is initially developed 

by Lisle et al. [1-2] who successfully determine the critical energy release rate for intralaminar damage 

of thin woven composite. This work shows that the same approach is also applicable for compressive 

intralaminar failure of UD laminates. 

To observe fibre compressive damage, two test applications namely static indentation test and 

CAI test are carried out on T700GC/M21 (carbon/epoxy) UD laminate plates. Finally, average values 

of 
Cfibre

IcG ,
 are found equal to 32.6 N/mm and 42.5 N/mm from two different test applications. These 

values are in agreement with the values in literature as well as the one that have been found in [8] 

(Chapter 3).      
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APPENDIX II

DETERMINATION OF CRACK OPENING-CLOSURE 

USING 2D IMAGE CORRELATION TECHNIQUE

OBJECTIVE

• Measurement of the distance between crack edges (in u and v direction) during three-point 

bending test  

PROBLEM

• Difficulty to measure small crack opening (inferior to 0.1mm) (cf. Figure II-1) 

2 mm Crack width 

02

902

02

II. Chap2 

Figure II-1 Small matrix crack observed during three-point bending test 

METHODOLOGY

During the test, a digital camera with a macro lens is used to capture images every 0.5 sec. 

These images are then post-analyzed by using a 2D Digital Image Correlation technique (DIC), 

focusing on the crack area. The crack width is measured at the middle of the ply thickness, in both u
and v directions (�u and �v). The correlation is made thanks to the natural texture of the composite, but 

is of course not possible in the vicinity of the crack, due to the discontinuity. 

Therefore the displacement �u (and �v) is calculated along a horizontal line at the middle of 

the ply thickness and on both sides of the crack (cf. Figure II-2). Displacement �u (and �v) is then 

drawn and extrapolated to calculate the distance �u = �uright - �uleft (and �u = �vright - �vleft) (cf. Figure 

II-3). 
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Figure II-2 Measurement of crack width using 2D DIC 
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Figure II-3 Example of crack width measurement (�v) by extrapolation of �v displacement around the crack 

The crack width, expressed in pixel unit is then converted to mm. For each image of the test, 

crack width is then calculated, giving the curve of opening-closure in function of the displacement 

imposed during the test (cf. Figure II-4). 
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Figure II-4 Example of evolution of crack opening-closure in function of imposed displacement during a three-

point bending test - each point represents an image analysis   
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