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SUMMARY : For the prevision of delamination a previously defined Damage Meso-
Modeling of composite laminates is used. The interlaminar interfacial deterioration as well as
the main inner lyer damage mechanisms are included. Attention is focused herein on the
modeling of the interlaminar connection as an elastic interfacial and damageable medium. The
connection with Fracture Mechanics and the identification on an interface damage model
devoted to the delamination prediction is also addressed possibilities and difficulties are
discussed. Examples of comparison between simulation and experiments are included.
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INTRODUCTION

Delamination often appears as the result of interactions between different damage mechanisms
inside composite laminates, such as fibre-breaking, transverse micro-cracking and the
debonding of adjacent layers itself [1] [2]. The analysis of delamination is often split into the
study of the onset of delamination and the analysis of the development of an existing
delaminated area. Up until now, initiation analysis has involved empirical criteria such as
point-stress or average-stress [3]. More predicting tools, based on edge effects analysis [4], or
singularity computation [5], are used in order to allocate a greater or lesser delamination
tendency to different stacking sequences. Most propagation studies on composite laminates
involve extensions of Fracture Mechanics [6] [7] usually applied to metallic materials.
Recently, some authors tried to extend Fracture Mechanics to the study of the onset of
delamination. This was accomplished by the introduction of a minimum length required for the
beginning of delamination development [8].
Our aim is to build a bridge between damage mechanics and delamination by including all the
damage mechanisms in delamination analysis. Delamination often appears as the result of
interactions between different damage mechanisms, such as fiber-breaking, transverse micro-
cracking and debonding of the adjacent layers themselves [9] [10]. Thus a damage meso-
modeling, proposed in [11] [12] and developed in [13] [14], which includes both inner layer
damage mechanisms and interfacial ones is used
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At the meso-level, the laminate is described as a stacking sequence of inelastic and damageable
homogeneous layers throughout the thickness and of damageable interlaminar interfaces. The
single-layer model being identified, the aim is to determine the properties of any structures
regarding delamination by knowing only a few characteristics of the interface. The word
interface denotes here a physical yet two-dimensional medium. At the present applications
only concern static loading without buckling.
The single layer model and its identification, including damage (such as fiber-breaking,
transverse cracking and deterioration of the fiber-matrix bond ) and inelasticity, were
previously developed [11],[13]. The interlaminar interface is a two-dimensional entity which
ensures traction and displacement transfer from one ply to another. Its mechanical behaviour
depends on the angles between the fibers of the two adjacent layers.
Here we pay special attention to the basic aspects of the interlaminar interface model:
definition, debonding and sliding effects modeling, qualitative connection with "micro
information" and questions concerning identification. Therefore results given in [15] [16] are
detailed. A general discussion on the formulation of interfacial law can be found in [17]. The
question of its identification is discussed in  [18] [19].  We try to verify and improve the
identification by means of comparison over the delaminated area for holed specimens
submitted to tension. The difficulty, for identification purposes, is that, due to the complexity
of the state of stress, the interpretation of the test requires complex computation. To
accomplish this, a software developed at the Laboratory [20], which is devoted to the
delamination analysis of laminate structures with an initially-circular hole, has been used.
Most of the tests presented in this work have been conducted at AÉROSPATIALE, Suresnes
(France), with the same M55J/M18 high-modulus carbon-fibre/epoxy resin material. This
material is used particularly in space applications because of its good mechanical properties
and its dimensional stability. The single-layer model of this material was identified in an earlier
work [21].
Difficulty concerns fracture simulation. It is now rather well-known that classical damage
models present serious shortcomings. For example, they do not contain classical linear fracture
mechanics, which is quite effective in many cases. One solution is provided by the localisation
limiter concept introduced in [22] [23]. This is a regularisation procedure which introduces
additional terms built either from a non-local approach or from a second gradient approach.
Our solution for composites and especially laminated structures is based on what we call a
damage mesomodel. It is a semi-discrete model for which the damage state is locally uniform
within the mesoconstituents [12] [24]. For laminates, it is uniform throughout the thickness of
each single layer; as a complement, delay effects are introduced.

MESOMODELLING OF LAMINATES

In our pragmatic approach, the characteristic length is the thickness of the plies. The meso-
model is defined by means of two meso-constituents:

• the single layer,
• the interface, which is a mechanical surface connecting two adjacent layers and

depending on the relative orientation of their fibres.
The damage mechanisms ( Fiber ruptures, Matrix Cracking and Delamination)  are taken into
account by means of internal damage variables. A meso-model is then defined by adding
another property: a uniform damage state is prescribed throughout the thickness of the
elementary ply. This point plays a major role when trying to simulate a crack with a damage
model. As a complement, delayed damage models are introduced. The single layer model has
been previsouly developed including the non-linear repsonse in compression in the diretcion
of the fiber [25]. In those papers, the damage related to out-of-plane stresses 
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has been taken into account only in the interface model. The study of the influence of the
damage associated with out of plane stresses is in progress [26].

INTERFACE MODELING [11] [14] [19]
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Fig. 1 : "Orthotropic" directions of the interface

The ideas and framework which govern the interface damage modeling are similar to those
which are used for deriving the layer damage modeling [11],[13]. The effect of the
deterioration of the interlaminar connection on its mechanical behaviour is taken into account
by means of damage internal variables. The different damageable behaviour in "tension" and in
"compression" are distinguished by splitting the strain energy into  "tension-energy " and
"compression-energy". More precisely we use the following expression of the energy per unit
area:
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where k i
0 is an interlaminar stiffness value and di the internal damage indicator associated with

its Fracture Mechanics mode, while subscript i corresponds to an orthotropic direction of the
interface (Figure 1), thus three internal damage indicators, associated with the three Fracture
Mechanics modes are introduced.

Interfacial damage evolution laws
These evolution laws must satisfy the Clausius-Duheim inequality. Classically the damage
energy release rates, associated with the dissipated energy  ω, by damage and by unit area, are
introduced:
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The following model, proposed in [15],[21], considers that the damage evolution is governed
by means of an equivalent damage energy release rate of the following form:
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] + γ <σ33 >+ >+ (3)
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this means that (i) the evolution of the damage indicators are assumed to be coupled (as for
single layers) (ii) the damage evolution depends (mainly) on the maximal value of the
equivalent damage energy release rate. γ1, γ2 γ and  α are material parameters. In terms of
delamination modes, the first term is associated with the first opening mode, and the two
others are associated with the second and third modes. The parameter γ is introduced in order
decrease the level of damage in the case of comparison.
A damage evolution law is then defined by the choice of  a material function ω, such that :

d  = d1 = d2 = ω(Y) if d < 1; d  = d1 = d2  = 1 otherwise

a simple case, used for application, is:

ω(Y) =  [ 
n

n+1
<Y>+
 Yc 

 ] 
n

(4)

where a critical value Yc and are introduced. The high values of n case  corresponds to brittle
interface.  To summarize, the damage evolution law is defined by means of six intrinsic
material parameters Yc, γ1, γ2, α and n. It is shown after that Yc, γ1, γ2 and α. are related to
the critical energy release rates. As regards the creation of a new delamination crack the
significant parameters are n and α .

Links with Fracture Mechanics
A simple way of comparing Damage Mechanics with Linear Elastic Fracture Mechanics is to
compare the mechanical dissipation yielded by the two approaches. This was performed in
[15] [19], and only the results are presented below.
In the case of pure-mode situations, when the critical energy release rate reaches its stabilised
value at the propagation denoted by Gc

p, we obtain:
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For a mixed-mode loading situation, we simply derive a standard LEFM model (Bathias
1995):
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wherein α governs the shape of the failure locus in the mixed mode.

FRACTURE MECHANICS TESTS

Presentation of the tests
The tests of crack propagation in interlaminar fracture specimens are usually conducted on
beam specimens with an initiated crack at the studied interface. Our specimens are 300 mm
long and 20 mm wide. An anti-adhesive film 40 mm long and 25 µm in thickness is inserted at
the mid-plane in order to initiate cracking. Each specimen tested is a [(+θ/-θ)4s/(-θ/+θ)4s]
laminate with θ = 0°, 22.5° or 45°, according to the three kinds of ±θ interlaminar interfaces.



5

The stacking sequence is equilibrated and symmetric in each arm of the beam in order to
suppress any bending/twisting coupling membrane. The mean thickness of a single ply is on
the order of 0.1 mm.
The tests conducted in this work, which were developed at the AÉROSPATIALE facility in
Suresnes (France) [27], are the pure-mode I DCB (Double-Cantilever Beam) Test [6], the
pure-mode II ENF (End-Notched Flexure) test [7], and two mixed-mode tests: the MMF
(Mixed-Mode Flexure) test [28] and the CLS (Cracked-Lap Shear) test [27]. The tests were
conducted on an INSTRON testing machine at ambient temperature (about 25°C) and at an
imposed displacement rate. The displacement rate was set at 2 mm min-1 in the DCB and CLS
tests and at 1 mm min-1 in the ENF and MMF tests. In these two latter bending tests, the
total useful length is 180 mm (only 100 mm for the ±45° ply-based laminate).

Results and non-standard analysis
The critical energy release rate Gc is classically obtained by deriving the compliance of the
specimen, as is usually carried out within the concept of Linear Elastic Fracture Mechanics.
This compliance can be analytically computed by use of the Classic Beam Theory, for
instance. Here, we derive the critical rates from fitting the experimental compliance. This
method is useful since it corrects the measured crack length, which is not easy to accomplish
because of the difficulty in locating exactly the end of the crack on each side of the specimen.
We applied this method to both the DCB and MMF tests.

7a. ±45° interface case. 7b. 0°/0° interface case.

Fig. 2: Fractography of debonded interlaminar interfaces in mode I DCB test.

Previous studies [11] [15] [19] have highlighted the importance of taking into account the
intralaminar damage for an accurate derivation and identification of the local energy release
rate. Nevertheless, the portion of the energy dissipated in the layers was not identified. Here,
this identification is performed in a simplified manner by making use of: (i) a two-dimensional
elastic plate computation, and (ii) a local non-linear re-analysis using for the previously-
identified single layer damage and inelastic model. The damage distribution in the laminate
thickness is evaluated with the DAMLAM software, developed in the LMT Laboratory,
from the data of the generalized loading (at each point of the plate) given by the 2D FE
computation. Then, the portion of the energy dissipated inside the layers can be deduced. We
found that this energy is significant only for the ±45° ply-based laminate in the case of the
ENF, MMF and CLS tests.
From all the experimental points of three specimens for each test and for each stacking
sequence, the mean critical energy release rates are derived and corrected by this method, as
presented in Figure 3. From the corrected rates, it seems that the interfaces can be classified
into two categories: the 0°/0° interface, whose critical energy release rates are always lower



than those of the disorientated-angle interfaces, and this latter kind of ±θ interface, whose
critical rates seem to be independent of the angle value. This classification has a physical
explanation since the ±θ interfaces are revealed by the wall effect between the fibers of
adjacent layers [29], which is not the case for the 0°/0° interface. Moreover, fractographies of
the delaminated interfaces show that the interlaminar resin plays a major part in the damage
process of ±θ interfaces (Figure 2a), whereas massive full fiber-matrix debonding in the 0°/0°
interface case can be observed (Figure 2b), which explains its rather brittle behaviour.

Identification of the propagation parameters
From the corrected critical energy release rates at propagation and from the relationships
existing between Fracture Mechanics and Damage Mechanics [21] [22], we deduce the values
of the critical energies Yc and the coupling coefficient γ1. Without any further information on

mode III interlaminar fracture, we can choose γ2 = γ1, which is justified at least for a ±45°
interface. The identification results are reported in Table 1 and Figure 3. For each kind of
interface, the parameter α, which governs the shape of the failure locus in the mixed-mode, is
identified in the normalized plane mode I/mode II (see Figure 4 for instance). It is observed
that α is always greater than 1, and we can choose the same parameter α for the two ±θ
interfaces (θ ≠ 0°).
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Fig. 3 : Critical energy release rates at propagation.
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Table 1. Interface model parameters.



Interface Yc  (N mm-1) γ1 α

0°/0° 0.113 ± 0.007 0.37 ± 0.15 1.59
±22.5° 0.167 ± 0.013 0.36 ± 0.17 1.12
±45° 0.192 ± 0.014 0.44 ± 0.16 1.19

EDGE DELAMINATION TENSION TESTS

Introduction
The experimental study of the initiation of delamination often requires EDT (Edge
Delamination Tension) specimens [30]. Fracture Mechanics is not well-adapted for the
analysis of such a test since the energy release rate vanishes at zero crack length. The meso-
modeling concept is then useful when dealing with such a case.
During the initial stage, a review of many EDT tests in the literature has indicated the high
frequency of superfluous tests in terms of the type of interface and loading mode [31]. For
laminates containing some 90° plies, one pragmatic criterion for reducing the transverse
cracking is to decrease the relative thickness of these plies [32]. Our laminates tested in
tension are presented in Table 3. We can note that the 90°/90° interface is equivalent to a
0°/0° interface.

Experiments
The EDT specimens tested have 16 plies, and measure 30 mm in width and 150 mm in gage
length. A bi-directional gage is fastened on each side of the specimen, and acoustic emission is
used to detect the beginning of delamination. Optical observations of the edges and X-
radiography serve to complete these tests. Each test is conducted at a fixed displacement rate
of 0.5 mm min-1.
The longitudinal strain at the beginning of an interlaminar crack and the longitudinal strain at
rupture are both read from experimental plots and are displayed in Table 3. The beginning of
delamination leads to a brutal rupture of the specimen in the ±22.5° ply-based laminates,
whereas the propagation of delamination at the mid-plane of the first laminate is progressive
up until rupture.

Prediction
For the computation of delamination initiation, a specialized software EDA has previously
been developed in the LMT Laboratory [33]. It solves the problem posed in a strip
perpendicular to the edge, with the damage being located in the interfaces. In order to analyse
E.D.T. specimens, the same type of approach was used in [34]. Knowing the parameters
identified from the last section (see Table 1), we are then faced with having to choose an initial
set for the other parameters n and the interlaminar stiffness values.
For the energy threshold Yo, we initially assume that: Yo = 0. Without any further information,
we can choose n = 0.5, which is the value found for the single-layer. The stiffness values
remain to be determined. A ±θ interface is assumed to be equivalent to a thin resin layer of
two fiber diameters in thickness [29], or about 10 µm. From the properties of a standard
epoxy resin, we can set a value of 4.105 N mm-3 for the normal stiffness and 105 N mm-3 for
the shear stiffnesses. A 0°/0° interface physically resembles a transverse plane of a
unidirectional layer. Knowing the rupture stresses measured in previous layer tests, we can
identify the stiffness values of this interface from the local instability criterion. For instance,
the stiffness value k3

0 is set at 104 N mm-3 with σ33max = 41 MPa.
From the initial set of parameters presented in Table 2 (Set 1), the predicted value of
longitudinal strain at the initiation of delamination is displayed in Table 3. For two of the



laminates tested, the predicted value is not very close to the experimental results, but in all
cases, the delamination locus has been predicted exactly. A second set of parameters from
Table 2 (Set 2) yields predictions that are closer to the experimental values (see Table 3) and
that could be easily improved. Nevertheless, the discrepancies between computation and
experimental results can be explained by the fact that this simulation doesn't take into account
the damage occurring inside the layers, which is significant near the edges. Moreover, the
beginning of edge delamination is often an unstable phenomenon which is not easy to detect
with accuracy.

Table 2. Parameter sets (in italics: already identified).
Interface Set n° Yc γ1 (= γ2) α k3

0 k1
0 (= k2

0) n

0°/0° Set 1 0.11 N mm-1 0.4 1.6 1.104 N mm-3 4.104 N mm-3 0.5

Set 2 " " " 4.105 N mm-3 4.105 N mm-3 0.2

± θ Set 1 0.18 N mm-1 0.4 1.2 4.105 N mm-3 1.105 N mm-3 0.5

Set 2 " " " 4.104 N mm-3 3.104 N mm-3 0.5

Table 3. Simulated and experimental longitudinal strain at initiation of EDT specimens.
Laminate Interface(s) Mode εrupture (%) εini-experiment (%) εini-prediction (%)

(number of specimens) (number of specimens) Set 1 Set 2
[03/±452/90]s 90°/90° I 0.54  (3) 0.20  (3) 0.43 0.25

[±22.5]4s ±22.5° (first) II 0.64  (5) 0.60  (2) 0.96 0.81
[04/±22.52]s ±22.5° mixed 0.52  (3) 0.51  (1) 0.50 0.48

AN INITIAL IDENTIFICATION USING PLATES WITH HOLES

The initial identification with classical tests is not reliable enough. The various problems
raised in the preceding sections are essentially of two kinds: the intralaminar damage is not
always sufficiently accounted for and the initiation process is unstable and remains not fully
understood. According to the authors, more reliable delamination tests would be those
conducted on laminated plates with a circular hole. The idea herein is to use the first parameter
set identified previously as the initial data for a global identification using plates with holes.
During the test, the damage map is monitored by means of X-ray photography. Also of
interest in this test is the valuable information being provided in terms of the shape and size of
the delaminated area. The difficulty herein is that, due to the complexity of the state of
stresses, interpretation of the test requires complex computations. For such tests, a
specialized software DSDM (Delamination Simulation by Damage Mechanics) has previously
been developed [20] for predicting delamination around initially-circular holes, with the
intralaminar damage being taken into account in the analysis.
The laminates tested are the same as those presented in Table 3; a [02/45/02/-45/902]s was also
tested. The specimens are 50 mm in width and 150 mm in gage length, and the hole diameter is
10 mm. The tests were conducted in tension on an INSTRON testing machine at a fixed
displacement rate of 0.5 mm min-1. Only the [04/±22.52]s and the [03/±452/90]s laminates
have exhibited a significant delaminated area around the hole. This finding is surprising because
the [02/45/02/-45/902]s is supposed to be very sensitive to delamination. This finding serves
to demonstrate that the delamination phenomenon is heavily dependent on material
properties.
In what follows, we present an initial comparison between the experimental observations in
the [03/±452/90]s laminate loaded in tension and the computation. Figure 5 shows the
evolution of the X-revealed damage map near the hole for an increasing applied load. The first



damage, appearing at 55% of rupture (Fig. 5a), is transverse cracking in 90°-plies near the
hole, and matrix cracking in the 0°-plies tangent at the hole and in the fibre direction called
"splitting". Delamination only begins at about 80% of rupture (Fig. 5b). Just before the
rupture (Fig. 5c), the delaminated area is always found to be located between the splittings
and developed in the 0°-direction with about two hole diameters in length.
Micrographies were performed and show that the damage is well-developed in several ways:
splittings, transverse cracking not only in the 90°-plies but also in the ±45°-plies, multiple
delamination at the 0°/+45°, ±45° and -45°/90° interfaces (Fig. 6).
From the computation, the splitting can be seen as a shear damage in the 0°-layer (see Fig. 7).
In fact, when the first 0°-fibres near the hole crack, the local load is transferred by shear in the
matrix at the adjacent fibres. The delaminated area computed in the 0°/+45° interface (or a
±22.5° interface oriented at 22.5°) is shown in Figure 8 as an example (the delaminated area
corresponds to d = 1). In the same manner, the other interfaces – except for the mid-plane –
are found to be delaminated. In order to achieve a good comparison, we have not, for the time
being, used those parameters identified previously and which have led to the prediction of no
delamination. Different explanations for this feature are currently under consideration, and
some progress is being hoped for shortly. Nevertheless, this last example shows that it is
possible to determine stacking sequences for which, despite the relative brittle behaviour of
M55J/M18 material, the onset and the propagation of delamination is sufficiently stable and
the size of the delaminated area is wide enough to perform better comparisons between
complex computations and experimental test results.

5a. 55% of rupture
(237 MPa).

5b. 86% of rupture
(370 MPa).

5c. 99% of rupture
(426 MPa).

Fig. 5 : [03/±452/90]s X-ray damage map.

Fig. 6. : Micrograph of a section tangent to the hole of a [03/±452/90]s
specimen at 92 % of the rupture load



 a) d indicator in  the 0°-layers b) d' indicator in the 90°-layers c) value scale

Fig. 7 : Damage maps computed in the layers of a [03/±452/90]s
holed-specimen at the rupture load

 a) d3 indicator at the ±45° interface  b) d3 indicator at the 0°/45° interface   c) “di” value scale

Fig. 8 : Damage maps computed at the interfaces of a [03/±452/90]s
holed-specimen at the rupture load

CONCLUSION

A meso-damage model of laminates, which includes the main deterioration mechanisms
(transverse cracking, fiber breaking, delamination), has been described in detail. It is defined by
a small set of intrinsic parameters. The approach used is quite advanced : the layer model and
its identification have been completed. Due to the complexity of the phenomenon involved in
what is called delamination, the interface identification is less advanced.
Nevertheless, links between Fracture Mechanics and Damage Mechanics allows obtaining a
first sensible set of parameters. The interface model and its identification have been extended
to the case of high viscosity [33]. Owing to our numerical and experimental background, the
most important aspect to be developed at present, for a reliable identification of the interface
model, concerns numerical simulation. The level of delamination obtained by simulation is in
fact very sensitive to the numerical parameters (accuracy  of the algorithm, size of the mesh,



time step) [34]. The methods which allow controlling all of these parameters are currently
under development.
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