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A computational damage micromodel of 
laminated composites

Pierre Ladevèze, Gille Lubineau and David Violeau

LMT-Cachan, ENS de Cachan, Paris 6 Univ., CNRS, 61 Avenue du Président Wilson, 94235 Cachan, France

Abstract. A new computational damage micromodel for laminates, which takes into account classi-cal

experimental micro- and macro-observations for various stacking sequences, is described. The first

computational examples are shown.
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1. Introduction

The last quarter-century has witnessed considerable research efforts in the mechan-ics of

composites aimed to understand their behavior and to model or calculate them – the

ultimate goal being the design of the materials/structures/manufactur-ing processes.

Even in the case of laminated composites, which are the most studied and, therefore, the

most understood, the prediction of the evolution of damage up to and including final

fracture remains a major challenge. Today, the use of lami-nated composites in the

aerospace industry always involves characterization proce-dures consisting of huge

numbers of tests, which shows the low level of confidence in models. Significant

improvements in this situation could be achieved if one could create a real synergy

among the approaches on different scales which, today, are followed quite

independently of one another in the case of laminated composites. One could jokingly

say that there is, on the one hand, the micromechanics of lam-inates where one counts

cracks and, on the other, the meso- or macromechanics of laminates where one measures

stiffness. Previous works have proved that such a bridge exists and can be built

(Ladevèze and Lubineau, 2001, 2002). A state-of-the-art review can be found in

Ladevèze (2004, 2005).

The question discussed here is the impact of such a bridge on the models themselves,

especially the micromodels, the objective being to calculate the intensities of the damage

mechanisms at any point of laminated structures subjected to complex loading and at

any time until final fracture resulting from strain and damage localization. We propose

and describe a computational damage model which is rather simple, yet semi-discrete

and probabilistic. In part, it is discrete and minimum cracking surfaces are defined for

each elementary cracking area thanks to well-known micromechanics considerations

(Nairn, 2000; Berthelot, 2003); one can say that the proposed micromodel belongs in

what is known as “finite fracture mechanics” (Hashin, 1986, 1996). For the rest, diffuse

damage and (visco)plasticity are described through continuum mechanics models.
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Unfortunately, the application of this micromodel to engineering structures leads 
to prohibitive calculation costs if one uses current industrial codes. The use of a 
multiscale computational strategy is absolutely essential. Here, we use the technique 
with homogenization in space and in time developed at Cachan. This technique 
is not detailed in this paper, which focuses only on the first computational exam-

ples obtained with the proposed micromodel. For different stacking sequences, we 
describe micro-observations such as the thickness effects, the edge effects or the 
difference between initiation and propagation of intralaminar cracks.

2. Microphenomenology

Let us assume that any complex state of degradation of a laminated composite is due 
to the accumulation and subsequent localization of a family of elementary mecha-

nisms. Of course, depending on the material properties controlling each mechanism 
and on the loading, the sequence of these elementary mechanisms can differ and lead 
to very different states of apparent degradation.

These mechanisms (Figure 1) can be classified into two groups, according to their 
apparent morphology on the ply’s scale. The first group consists of discrete phe-

nomena, in which cracked surfaces can be clearly identified on the ply’s scale and 
which correspond to the classical mechanisms introduced in micromechanics. The sec-

ond group consists in “continuous” mechanisms, which on the ply’s scale lead to a 
seemingly homogeneous, but damaged, material. Since such mechanisms cannot be 
observed directly through cracked surfaces, they are often ignored in micromechanics.

2.1. The classical discrete mechanisms

Here we are considering two mechanisms that are involved in most experimental and 
theoretical works done in micromechanics.

The first is called “transverse microcracking”. Transverse microcracks spread 
throughout the thickness of the plies and develop mainly in plies subjected to trans-

verse loading. This mechanism has been studied by the micromechanics community 
mostly in the framework of finite fracture mechanics (see Nairn, 2000; Berthelot,

Figure 1. The mechanisms of degradation on the microscale: 1: transverse microcracking, 2: local

delamination, 3: diffuse damage, 4: diffuse delamination.

2



2003 for reviews). These works helped us to identify several key points of this mech-

anism (the distinction between initiation and propagation, the thickness effects . . . ).

These and their integration into the model will be discussed in the rest of the

paper.

When the loading increases, “local delamination” appears at the interfaces between

plies (Nairn and Hu., 1992; Ogihara and Takeda, 1995; Zhang et al., 1999) due to

the induced overloading at the tips of the transverse microcracks. In practice, the

development of this mechanism is responsible for the saturation of the microcrack-

ing state, and participates in the complete failure of the structure which results from

the localization of the degradation.

Another key point is that microcracking is a stochastic phenomenon. Various

models have been proposed in the literature, see Berthelot and Le Corre (2000). In

Ladevèze (2005), we proposed a rather simple model which requires no additional

parameter.

2.2. The necessary “continuous” complementary mechanisms

Now we are considering two mechanisms which are not usually introduced in mi-

cromechanics, but which were included a long time ago on coarser scales, e.g., in the

damage mesomodel for laminates (Ladevèze, 1986; Ladevèze and Le Dantec, 1992;

Ladevèze et al., 2005).

The first, called “diffuse damage”, is associated with quasi-homogeneous fiber-

matrix debonding within the layer. This mechanism can be naturally homogenized

on the ply’s scale. This is the main mechanism for layers subjected to shear load-

ing. In this case, a sharp decrease in shear modulus is observed, although no trans-

verse cracking occurs. A clear and definitive experimental proof of the existence

of this mechanism was given recently in Lagattu and Lafarie-Frénot (2000). There-

fore, models that take into account only classical discrete mechanisms are valid

only for specific loading configurations and fail in case of complex transverse/shear

loading.

The second mechanism, “diffuse delamination”, is associated with microvoids

within the interlaminar interface and results in the seemingly reduced stiffness of the

interlaminar interface, with no observable delamination.

2.3. Sequence of the mechanisms leading to fracture

In most practical cases, the sequence of the mechanisms is the following: diffuse dam-

age and diffuse delamination occur first, leading to progressive degradation within

the plies and interfaces, which can still be considered homogeneous. Then, transverse

microcracking occurs and develops through a percolation phenomenon. As the load-

ing increases, local delamination appears at the crack’s tips. The competition between

these last two mechanisms ends in the saturation of the microcracking level and is

relayed by the catastrophic development of local delamination. Finally, general frac-

ture occurs with fiber breakage and global delamination.

Let us note that fiber breakage can be described as either a discrete or a “continu-

ous” phenomenon. Here we will take the discrete option.
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3. The computational damage micromodel for laminates – basic aspects

Let us start with the initial state in which residual stresses occur. These can be

calculated from the simulation of the process, but a more pragmatic and standard

approach is simply to apply a uniform negative temperature variation, and calculate

the corresponding residual stresses under elastic assumptions.

On the microscale, the structure is described as an assembly of layers, made of

the fiber-matrix material, and interfaces, which can be cracks. The proposed compu-

tational micromodel for laminates is hybrid (Figure 2).

The fiber-matrix material follows the classical continuum mechanics framework.

The surfaces of the cracks are described using a discrete model by introducing “min-

imum cracked surfaces”. This belongs in what is called “finite fracture mechanics”

(Hashin, 1996).

The minimum cracked surfaces related to transverse microcracking are square sur-

faces, parallel to the fiber, whose dimension is the thickness of the ply. This choice

of the lateral dimension derives from the fact that for values equal to or greater than

the thickness the tunneling energy release is nearly constant (Figure 3). For minimum

cracked delamination surfaces localized at the interfaces, the corresponding areas are

about 0.1h × 0.1h. The results should vary only slightly depending on this choice.

Another key point concerning fiber breakage is the introduction of a mini-

mum volume for fracture. This is a cube whose dimension is the thickness of the

ply. The cubes follow the fiber’s direction in the ply. Today, after the pioneer-

ing work of Baz̃ant and Pijaudier-Cabot, strain and damage localization are rather

Figure 2. The computational damage micromodel: minimum cracking surfaces.

Figure 3. Tunneling energy release rate as a function of the lateral dimension.
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well-understood phenomena (Bažant and Pijaudier-Cabot 1988; Pijaudier-Cabot and

Bažant, 1987). Here, we are following the discrete approach, which is robust and

mechanically sound.

For the rest, diffuse damage and plasticity are described through continuum

mechanics models. Consequently, the fiber-matrix material which constitutes elemen-

tary homogeneous volumes between cracking surfaces follows the classical damage

mesomodel for laminates: diffuse damage (Ladevèze and Le Dantec, 1992) and, if

necessary, (visco)plasticity.

Thus, the continuous part of the model is completely classical and will not be

detailed further in this paper. From now on, we will focus on the description of the

discrete part for transverse microcracking and local delamination.

4. The damage micromodel for microcracking

4.1. Some key points of micromechanics

Key point 1: modeling of initiation/propagation – the thickness effect.

Most basic papers on the subject are not recent (Garrett and Bailey, 1977; Parvisi

and Bailey, 1978; Wang and Crossman, 1980; Boniface et al., 1997; Yang et al.,

2003). For tension tests of stacking sequences built with 0◦ and 90◦ plies, two main

observations have been made: first, the behavior of thick 90◦ plies is different from

that of thin 90◦ plies: in thick plies, the transverse microcracks always run through-

out the width of the specimen, whereas in thin plies they may stop near the edges.

The second observation is related to the thickness effects (see Figure 4): the transi-

tion thickness h̄ is about twice that of the elementary ply. A general discussion of

these effects can be found in Bažant (2002).

The theoretical explanation of the existence of transverse microcracks was given a

long time ago and is well known. Let us consider a flaw in the form of a penny-

shaped crack which can propagate either in the longitudinal or in the transverse

direction. It has been proven that the transverse energy release rate is much higher

than the longitudinal energy release rate and, therefore, that the flaw propagates in

the transverse direction, which is the thickness of the layer (Dvorak and Laws, 1987).

Another point is that there is a difference between the initiation of a crack or

a minimum cracking surface and the propagation of an existing crack. The crite-

ria should be different: the latter is an energy release rate criterion and depends on

Figure 4. Failure strain as a function of the number of 90◦ plies.
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the thickness; the former is a stress criterion which does not depend on the thick-

ness. Consequently, one can tale a new look at the curve of Figure 4: the right part 
for thick ply is, in fact, related to the initiation criterion; initiated cracks propagate 
immediately. The left part is associated with the propagation criterion, in this case 
for thin plies.

Key point 2: microcracking as a stochastic phenomenon.

Several probabilistic models have already been proposed (Wang et al., 1984; 
Fukunaga et al., 1984; Laws and Dvorak, 1988; Manders et al., 1983; Berthelot and 
Le Corre, 2000). For high-cracking densities, heuristic coefficients were introduced in 
order to characterize the imperfect periodicity (Dvorak and Laws, 1987; Nairn et al., 
1993; Ladevèze and Lubineau, 2002). This was necessary in order to obtain reason-

able agreement with experiments (Yahvac et al., 1991).

Along with (Ladevèze, 2005), we support the idea that the process is stochastic, 
but quasi-independent of the probabilistic law. We thus introduce simply uncertainty 
on the critical energy release rate {Gc}. It is assumed to vary near a mean value:
{Gc}∈{Gmean

c }+�
−�, where � is a small parameter. One then prescribes a uniform prob-

ability density over the domain:

{M|max
M ′

{G(M ′)}−{G(M)}��}. (1)

Figure 5 shows several samples for different values of �; the “mean” curve

appears to be insensitive to the probabilistic parameter � and to the samples and is

a quasi-deterministic curve, which is quite different from the curve related to a peri-

odic pattern.

4.2. The model

Let us consider a minimum surface which can crack and let {Y }= {Y I, Y II, Y III} be

the corresponding discrete damage force. The failure criterion is expressed as

�({Y }, {Yc})=

[

(

Y I

Y I
c

)α

+

(

Y II

Y II
c

)α

+

(

Y III

Y III
c

)α
]1/α

�1. (2)

Figure 5. Max, mean and min values of the microcracking rate vs. the longitudinal strain.
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For initiation, i.e., in the case of a minimum surface which is not connected to

other, already cracked, surfaces, one introduces:
• the damage force {Y }init = min{ {G}

h
, r

{G}

h̄
}, where {G} is the discrete energy release

rate for the Modes I, II, III, h the thickness of the ply, h̄ the transition thickness

and r a material coefficient;
• the critical damage force {Yc}init =

{Gc}

h̄
, where h̄ is transition thickness and {Gc} the

discrete critical energy release rate.

In summary, for initiation, one has

�(min{
{G}

h
,
{G}

h̄
},

{Gc}

h̄
)�1. (3)

In the case of propagation, i.e., when the minimum surface being studied is con-

nected to existing cracking surfaces, one introduces:

• the damage force {Y }={G}, where {G} is the discrete energy release rate;
• the critical damage force {Yc}={Gc}.

Thus, the propagation criterion is:

�({G}, {Gc})�1 (4)

Let us note that these criteria are equivalent to those described in Ladevèze

(2005). Presently, we use the same critical value for Modes II and III. Moreover, for

Mode I, an additional criterion can be introduced by separating traction from com-

pression.

When an elementary surface is cracked, unilateral contact conditions with friction

apply. The critical values {Gc} are stochastic fields for which we assume that the cor-

relation length is not greater than the thickness h. Then, after discretization, they can

be replaced by independent stochastic variables for which a modified normal law is

introduced.

Remark: The energy release rate related to microcracking could be calculated simply

by using the tunneling value.

5. The damage micromodel for delamination

Here again we introduce minimum surfaces for cracking. We also introduce a single

criterion which connects:
• the damage force {Gdel} (the finite energy release rate for Modes I, II, III);
• the critical force {G′

c}.

This criterion is:

�′({Gdel}, {G
′
c})�1. (5)

6. The damage micromodel for fiber breakage

Fiber breakage is assumed to be brittle. We introduce a minimum volume for fracture

in the form of a cube of height h made of fiber-matrix material, for which we define:
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• the mean traction energy Y+
f ;

• the mean compression energy Y−
f ;

• the mean shear energy Yd .

Thus, we have the two criteria:

lt(Y
+
f , Yd)�1, (6)

lc(Y
−
f , Yd)�1. (7)

7. First implementations and examples

The possible cracks are defined a priori in the computations in progress and are con-

nected to the mesh.

7.1. A word on the numerical difficulties and computation requirements

Let us consider the example of the low-velocity impact problem defined in Figure 6.

In the classical finite element method, a reasonable mesh would lead to 2.1010

degrees of freedom. It is, therefore, indeed a research challenge to derive alternative

computational strategies capable of solving such engineering problems. This is a hot

topic referred to as “multiscale computational strategies with uncertainties”. Several

approaches have already been proposed (Fish et al., 1997; Zohdi et al., 1999; Feyel,

2003; Ladevèze et al., 2001; Devries et al., 1989).

The examples presented below are based on the approach by (Ladevèze et al.,

2001; Ladevèze and Nouy, 2003). The description of the solution using multiple

scales reduces the number of degrees of freedom drastically. Two scales lead to 4 ×

Figure 6. A low-velocity impact problem.
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108 degrees of freedom. In order to get reasonable calculations, it is necessary to

introduce an additional scale (a macro scale), which for the problem of Figure 6

would lead to 106 degrees of freedom.

7.2. Illustration: static axial loading on cross- and angle-ply laminates

We carried out basic simulations on cross- and angle-ply laminates with material

properties representative of carbon–epoxy composites. These samples were assumed

to be subjected initially to thermal loading due to the process (�T = −95◦)C, then

to pure mechanical loading in tension.

Figure 7 shows the mesh used in this calculation. For the sake of simplicity,

“minimum fracture areas” were introduced a priori into the mesh. Thus, the sam-

ple is composed of elementary cells which are assumed to be homogeneous, inside

which diffuse damage can develop. The interfaces between elementary cells may fail

to reproduce transverse microcracking.

Figures 8 and 9 show that the model seems capable of reproducing the main basic

features of classical experimental results.

• It is well known that cross-plies laminates have a behavior depending of the thick-

ness of the ninety-degrees ply. In thick ninety-degrees plies, cracks initiated near

the edge propagate immediately towards the core of the laminate, whereas in

thin ninety-degrees plies one can observe partial cracks. Figures 9a and 9b, show

comparative simulations of [02/908/02] and [0/90/0]. Partial cracks can indeed be

Figure 7. The mesh used in the calculation, based on the subdivision of the sample into elementary

cells.

Figure 8. Comparison of the cracking patterns (a) in thin laminates ([06/90]s̄) and (b) in thick lami-

nates ([03/903]s).
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Figure 9. (a and b) microcracking rates from edge to core in the central ply of cross-ply composites

at each step of the calculation. (c) strain at the beginning of microcracking vs. the ply’s thickness.

(d) simulated damage mechanisms (diffuse damage and microcracking rate) and global modulus drop

for a [45/−45]2s sample.

observed in the second case. An illustration is given in Figure 8, which shows the

cracking patterns for a very thin ([03/90]s̄) laminate and a very thick ([03/903]s)

laminate at two loading levels.
• In Figure 9c, the strain at which microcracking starts is plotted for several ply’s

thicknesses. As observed experimentally, the strain necessary to initiate transverse

cracks is greater in thin plies.
• The introduction of a diffuse damage mechanism explains the reduction of mod-

ulus under shear loading, even though only a few microcracks are observed. A

partial simulation of a tension test on a [45/ − 45]2s (Figure 9d) shows that the

modulus drops by 20% without any transverse crack. Even then, very few micro-

cracks propagate only very late just prior the final fracture in the thick central

layer, which is consistent with experimental observations. Here so, the modulus

drop of 30–40% is due to diffuse damage mechanisms.
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8. Discussion and conclusion

The computational micromodel developed in this paper seems to be a very promising

approach because it enables one to take into account all classical micro- and macro-

information. Further research is necessary, especially in computational mechanics, to

develop this model into a true engineering tool.
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