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Abstract. The aim of this paper is to present a method for taking into account, in numerical terms, the physics of 
damage events during impact of composite structures. The modeling of damage phenomena is based on the 
following choices : the use of an averaging model and a contact technique, and simple criteria to define the 
numerical conditions of initiation and extension of damage events. This approach is applied here to numerical 
modeling of the impact of ten plies symmetrical glass-epoxy 0190 laminated plates where matrix cracking controls 
delamination and hence considered of primary importance. 

RbsumL Le but de cet article est de presenter une mtthode pow rendre compte de la physique de l'endommagement 
sous impact de structures composites compte tenu des contraintes d'une modilisation elements finis explicite 3D et 
du manque d'obsewations expirimentales au cours du temps. Les outils nurnerique pour la mod6lisation de 
l'endommagement sont presentes : homogCnCisation, technique de contact et utilisation de criteres pour dtfinir les 
conditions numeriques d'initiation et d'extension des evenements endommageants. Cette mkthode est appliquke la 
simulation numkrique de I'impact de plaques stratifiees dix plis verre Cpoxyde 0190 ou la fissuration de matrice 
pilotent le dilarninage, ce qui souligne le nicessaire soin a apporter a sa modClisation. 

1. INTRODUCTION 

Impact on composite materials or systems is first of all a structural dynamics problem which leads 
to local damage phenomena. Many parameters are involved (the projectile mass, velocity, kinetic 
energy, the shape of the end of the impactor, the span of the target, boundary conditions) and this 
induces very different target responses depending on specific set of interactions [I]. Impact damage 
in composite structures has been studied extensively in recent years and a large number of papers, 
articles and reports on the subject are available in the literature [2]. But in the literature there exists 
no universal approach for the prediction or the representation of the behavior of composite 
structures under impact loading [2]. 

In the proposed approach, numerical calculations must be combined with experimental data to 
account for the three dimensional, multiscale and coupled characteristics of damage phenomena. 

After a brief presentation of the theoretical and numerical backgrounds, a specific example is 
discussed, the impact of circular long fiber glass-epoxy 0190 symmetrical laminated plates, using a 
drop-weight set-up (an impactor with a hemispherical end, a mass of 2.3 kg and velocities less than 
6 msl). In this case the only local damage events observed are transverse matrix cracking and 
delamination. With the help of a dynamic explicit finite element code, the experimental results lead 
to the numerical identification of local damage criteria which are conditions of initiation and 
propagation of local events. The coupling of impact experiments and dynamic explicit calculations 
permits to implicitly take into account the influence of dynamic effects on damage evolution 
through the identification of the values of the parameters of the damage criteria 

2.THEORETICAL AND NUMERICAL BACKGROUNDS 

The response of composite plates under low velocity impact loading is modeled with the dynamic 
explicit finite element code PLEXUS. The numerical time integration scheme of Newmark used in 
its explicit formulation results in a condition of stability which links the time step At with the 
smallest dimension of the mesh L,,i,,. 
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Matrix cracking is modeled by means of an averaging technique developed on the scale of a 
finite element [3]. It accounts for the average effects of cracks in the finite element, by calculating 
elastic characteristics of a homogenized undamaged material equivalent to the initial material 
containing cracks. This choice leads to a numerical effect of cracks which depends on the meshing, 
but it is balanced, in relation to the size of the element, by the introduction of a dilution parameter 
linked to the number of cracks in the element, and the size of the element. 

Maximum stress criteria are used to start off numerical cracking and its effects. Since the effect 
of the stress concentration at the tip of the cracks is not evaluated in the finite element analysis, an 
extension criterion is added. 

Delamination is treated by means of a contact technique based on Lagrange multipliers [4]. The 
assembly of the different layers of the structure is obtained via nodal link forces (double nodes of 
the mesh). The delamination is represented by an effective local separation between the different 
layers (i.e. loss of contact) which differs from a classical Fracture Mechanics energy-based 
approach. In the same way the contact technique is used for the determination of the impact force 
applied by the impactor to the target. The necessary condition for delamination to occur is a critical 
value of the link force in the direction a of propagation of delamination : Fa > F~""'. This is not the 
only condition for delamination ; physical considerations based on experimental observations 
specific to the material and structure problem treated need also to be integrated with the numerical 
condition. 

These tools, f ~ t e  element code, cracking and delamination models, and contact-impact 
technique can be used for the representation of different problems of composite structures under 
impact loading. Each particular problem requires a specific experimental study in order to postulate 
the form of the numerical criteria which will start off damage events : conditions of initiation and 
evolution. First the mechanisms of degradation of the composite structures have to be identified 
relatively to the scale of the calculations. The experimental data obtained have then to be translated 
in numerical conditions for the finite element analysis. The methodology is here applied to the case 
of the impact of circular long fiber glass-epoxy 0190 plates of 200 mrn diameter. 

3.EXPERIMENTAL STUDY : IMPACT OF GLASSIEPOXY LAMINATES 

The plates are circular (0 200 mrn) with a thickness of 1.8 mm, and are made by stacking of 
ten unidirectional plies with different orientations which are noted [0,/90dOn], where n+m=lO, with 
n=2,3 and 4. 
The elastic properties of a glass/epoxy 
u~i~rectionnal laminate (1 for fiber direction, 
2 and 3 for transverse directions) are : 
E ~ 3 0 . 5  GPa, E d . 9  GPa, v12=0.344, 
~214.078, ~23=0.46, G124.65 GPa, 
G23=1.6 GPa. The plates are impacted in their 
center by a cylindrical steel projectile of 2.3 kg 1 
mass with a hemispherical end (Figure 1). They 
are clamped on their periphery over a 20 rnm 
wide ring. The output signals are the applied 
normal force F(t) and the displacement d(t) of 
the extremity of the projectile as a function of Figure 1 : Drop weight set-up. 
time. 



The typical damage events of the [OJ90JOn] plates under this impact type are illustrated in 
Figure 2 for the case of a 27 J impact (mass 2.3 kg, velocity 4.85 ms I) on a [o3/9O4/o3] plate. No 
fiber rupture is observed, unlike what has been observed in static indentation tests for the same 
boundary and contact conditions [5]. 'The transparency of the layers made of epoxy matrix and glass 
fibers allows a visual inspection. In accordance with earlier reported studies [6], two different kinds 
of damage are observed : 

-two butterfly wing-shaped delamination 
areas at 0190 interfaces propagating in the 
fiber direction of the adjacent layer (i.e. 
group of plies of same orientation) farthest 
from the impact point 

-longitudinal matrix cracks (parallel to the 
fibers of a layer), going all through the 
thickness of a layer. 

photoaaph~ Scheme 
Figure 2 : Damage observations in the plane of the plate 
of a [0d902/O4] plate impacted at 27 J (scale 0.4). 

Visual inspection shows two types of matrix cracks networks depending on the layer position 
within the plate thickness. As regards the average length of cracks, the number of cracks in each 
layer and the two different types of propagation of cracks in the thickness of a layer, we propose to 
distinguish, in the numerical modeling, cracking phenomena linked to two different kinds of layer : 

- layer with at least one face fiee of overall constraints (i.e. 0" layer) 
- layer with both faces constrained (i.e. 90" layer). 

The delamination propagation mode seems mainly a mode-I1 rupture considering the matrix 
rupture combined to "fibers of lower layerw-"matrix of upper layer" unsticking [5]. Moreover 
delamination occurs when the layers on each side of the interface are locally cracked In 
consequence, the quality of the numerical treatment of delamination is very dependent on the 
numerically modeled cracking. The importance of a precise numerical representation of matrix 
cracking cannot be underestimated. 

3.1. Damage chronology and numerical conditions 

In order to perform numerical calculations we have to postulate a damage chronology which will 
necessarily be an interpretation of the evolution of physical events. As many authors have indicated 
it, the values of the contact force are important parameters in considering impact damage resistance 
[A. We associate the thresholds of energy for the appearance (to the naked eye) of first damages 
after impact with the corresponding force level. For a 1J impact, first cracking in 0" layer and the 
maximum value F,,, of the resultant force applied by the projectile versus time F(t) is noted. In the 
same way we check Fmm2 for a 3 J impact together with first cracking in 90" layer and first 
delamination. 

On the basis of these experimental observations we propose the following chronology for the 
numerical appearance of damages versus time, whatever the stacking sequence [Od90,/0,J (n=2, 3 
and 4, n+m=lO). At F(t) equal to F,,, first cracks are initiated in the 0" layer farthest away from the 
impact location. When F(t) reaches Fmd the 90" layer starts cracking. At F(t) equal to F , d  after 
the 90" layer has begun cracking, delamination appears. 

The first numerical condition for cracking is an initiation criterion involving transverse bending 
stress ~ 2 2  and shear stress m3, similarly to that found in the literature [8]. The stress ~ 2 2  represents 
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the opening of the crack due to traction [9] and the stress 02; is related to the immediate propagation 
of the crack in the thickness due to shearing. With the stresses expressed in the local system of 
coordinates of each finite element the initiation criterion is expressed as follows : 

iniliation o,, >o ,  >O 

{I 023 1 > Oigaion 
Eq. 1 

The second numerical condition for cracking is an extension criterion. Crack extension is 
numerically modeled as equivalent to the creation of a new crack in an element adjacent to a 
cracked one. In the extension phase, in the plane of the layer, the crack already extends through the 
thickness so the shear stress 02; is not considered. This leads to a form of the extension criterion 
involving the stress 022 and the direction of propagation of the cracks (fiber direction) : 

adjacent element in the fiber direction cracked and 

{uz > ugwon > 0 
Eq. 2 

This criterion is applied only in the elements adjacent to a cracked one in the fiber direction. 
Because it is physically (( easier )) (due to stress concentration at the tip of cracks) for a crack to bc 
extended than to be created, the numerical value will be different from the initiation criterion values. 

In the analytic form of the initiation criterion no distinction is made between cracking in the 
layers with one face constrained (i.e. 0" layers) and the layer with two faces constrained (i.e. 90' 
layer). But the stress values will be different according to the fact that matrix cracking does not 
involve the same growth phenomenon in the thickness of the different layers. In the same way we 
can use the extension criterion for the 90" layer but with the threshold value of the criterion different 
from the one of the 0" layers. 

In our study, the length in the fiber direction of the cracks in the 90" layer is smaller than thc 
size of the chosen finite elements, and it is therefor unnecessary to apply the extension criterion in 
the specific numerical study presented here. 

Moreover, according to experimental observations, we link the values of the criteria applicable 
to a type of layer to its thickness by the following relations : 

CT2,mitiat~on , = ca~n~t 'at~on : the thinner the layer, the easier the cracking 
c22enmi0n 

, = Cextension : the thicker the layer, the longer the cracks 
where 023initiation and ,22extens~on are critical values for a given thickness e of the layer, and 

initiation ,d cextension 
CO. are constants independent of the thickness, but c , '~~"~"~"  is ' a function of the 
parameter a which is the number of constrained faces : a=1 (0") or 2 (90"). 

Note that the condition for the numerical delamination has to take into account experimental 
observations. The following conditions must be verified at the relevant location : at a given interface 
a double node is numerically authorized to separate if, for the lower layer all adjacent finite 
elements are cracked and, for the upper layer one adjacent finite element is cracked or one adjacent 
double node is already separated. These conditions take into consideration respectively the 
precursor effect of the cracking on the delamination and the observation that delaminated surface 
can exist without cracking in the upper layer. 

4.EXPERIMENTAL AND NUMERICAL RESULTS : COMPARISON 

Each layer of the plate is modeled by one element in the thickness and 308 hexahedral linear C' 
elements (brick element with eight nodes, three degrees of freedom per node and 1 and 8 integration 
points) in the plane of the plate. Because of the 0190 lay-up, the finite elements directions at the 



center of the plate can correspond with the principal orientations of the laminate as requested by the 
crack extension criterion. The contact projectileltarget is very simplified as a node and the projectile 
is represented as a weighted point with initial velocity [3]. 

Calculations for 27 J impact energy on three plates of different stacking sequence integrated 
with complete damage modeling, validates the criteria values (Table I) identified by our method. 
Accordingly the final state of damage shows a good agreement test-computation when comparing 
the interpretation of visual observations of damages on impacted plates to numerical predictions 
(Figure 3). Although the cracking in 90" layer is somehow approximated, the hierarchy of the 
delamination area for the different staking is conserved with respects to experimental observations. 

Delamination between the 90" layer 

/ \ / I /  1111111 \ \  \ \  \ / '. 
Delamination between the 90" laver 

and the non 

and the non 

Delamination between the 90" layer and the non impacted 0" layer for [04/902/04] plate 

Gray scale of delamination : 1 to 3 delaminated nodes, 1 4 delaminated nodes 

Figure 3 : Comparison between numerical delamination (left, scale 0.6) and experimental delamination (right, scale 0.6) 
for 27 J impacts (m = 2,3 kg, v = 5 mls) on three glass-epoxy [0J90,/0,] laminates, n+m = 10, n=2, 3 and 4. Partial 
view of the central part of the plates. 

Table I : Values of the damage criteria for the thee different stacking 
critical 

values of 

_(02/90dOz] 

JOd90dO3] 

A o d 9 0 d 0 4 1  

OZzinitiation 

00 ply 
85 MPa 
85 MPa 
85 MPa 

02jinitintion 

O0 ply 
12 MPa 
18 MPa 
23 MPa 

02zextension 

O0 ply 
57 MPa 
38 MPa 
27 MPa 

022initiation 

90° ply 
26 MPa 
26 MPa 
26 MPa 

OZJinitiation 

90° ply 
21 MPa 
15 MPa 
8 MPa 

delamination 
~ ~ i t i ~ ~  

200 N 
200 N 
200 N 
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The scientific strategy which has been developed is based on three main lines of approach, 
experimental, numerical and theoretical, with various interconnections between them. Using tools 
based on an explicit Finite Elements dynamic code, this method provides the means to analyze the 
experimental conditions and to model the events which cannot be detected experimentally in real 
time. The theoretical aspects are underpinned by the development of tools specifically designed to 
describe the behavior of composite materials, globally or locally heterogeneous. In addition, contact 
problem techniques are exploited in a context of dynamic behavior : for the numerical 
representation of the impact loading and for the behavior of interfaces (debonding). 

The applicability of the method can be improved in different ways. First the sensitivity of the 
method to the mesh has to be evaluated. In the same way the modeling of the entire impactor 
leading to a contact surface has to be considered. For a given mesh a parametric study of tlle 

influence of the thresholds identified for the cracking criteria on the fmal results has to be carried 
out. This methodology can be extended to other composite systems and multi-material assemblies, 
but requires the development of experimental tools and procedures associated to the structures 
studied and the damage events occurring. 
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