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application to delamination
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The aim of this paper is to develop a bridge between damage mechanics and
delamination. For this a previously defined Damage Meso-Modeling of composite laminates
is used. The interlaminar interfacial deterioration as well as the main inner layer damage
mechanisms are included. However, 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. Examples of comparison between simulation and
experiments are included.

1. INTRODUCTION

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 [1-4]. Thus a damage meso-
modeling, proposed in [5-6] and developed in [7-9], which includes both inner layer damage
mechanisms and interfacial ones is used

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 [5],[10]. 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 conceming identification. Therefore results given in [8], [11-
14] are detailed. Moreover last simulations are presented. For identification purposes the
existing links and differences between Damage Mechanics of composites and Fracture
Mechanics are analyzed. In particular the interest of using a Damage Mechanics approach for
initiation prediction and for the interpretation of standard Fracture Mechanics tests, in
connection with experiments [15-18], is discussed.

These comparisons require numerical tools in order to simulate, up to failure, the behaviour
of any stacking sequence. The use of classical damage modeling for the simulation of failure
has led to many theoretical and numerical difficulties which are well-understood at the present
time [19]. The solution which is used for laminates, and more generally for composites, is
based on the meso-model concept [6]. The physical meaning of this concept is that the state of
damage is uniform in each meso-constituent. For example, the damage state is uniform
throughout the thickness of each single layer. To be able to perform a complete analysis of the
delamination process in all cases, damage models with delay effects are introduced for the in-
plane direction. These models should be, at least theoretically, combined with a dynamic
analysis of the structure [8].

2. MESO-MODELING CONCEPT FOR COMPOSITE LAMINATES

Let us recall that delamination often appears as an interaction between fiber-breaking,
transverse micro-cracking and debonding of adjacent layers itself. In order to take these
mechanisms into account, the first issue is the scale at which they are modeled. For laminates
three different scales may easily be defined, the micro scale of individual fiber, the meso scale
associated with the thickness of the elementary ply and the macro scale which is the structural
one. Due to the low thickness ( 1/10 of mm) of the elementary ply and the kinematics of the
deterioration inside of the ply ( fiber oriented ) it is possible and of interest to derive a material
model at the mesoscale. The one proposed in [5-6] is defined by two meso-constituents:

- asingle layer

- an interface which is a mechanical surface connecting two adjacent layers and depending

on the relative orientation of their fibers.
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Figure 1. Laminate modeling

A mesomodeling 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. With this property, Damage Mechanics
"contains" Fracture Mechanics, i. e. it gives a correct value of the critical energy release rate.
Let us recall that, in order to be able to perform a complete analysis of the delamination
process in all cases, damage models with delay effects are introduced for the in-plane
direction. These model should be, at least theoretically, combined with a dynamic analysis of
the structure [8].

One limitation of the proposed meso-modeling is that the fracture of the material is
described by means of only two types of macrocracks:

- delamination cracks within the interfaces

- cracks, orthogonal to the laminate, with each cracked layer being completely cracked in its

thickness.

Let us recall that the single layer model and its identification, including damage such as
liber-breaking and transverse micro-cracking as well as inelastic eftects were previously

developed in [5],[ 10). In paragraph 3 the interface model is detailed.

3. INTERFACE MODELING

3.1. Elastic modeling of the interface

The scheme which leads to the definition of the interface is classical for isotropic bi-
materials. The interlaminar connection is considered as a ply of matrix (denoted by Q) whose
thickness (denoted by e), is small compared to the in-plane dimension whose characteristic
length is denoted by L (figure 2.).
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Figure 2. Interface Scheme

Therefore, the wavelength of the displacement in normal direction 3 is of the order of
magnitude of e, while the wavelength of the displacement fields in the plane (x, y ) is of the

order of L. The swrain fields may therefore be asymptotically expanded under the form:

€
el)) = €O+ L 81+...

where U is the displacement field. Let us denote t the transposition, then:

where: [U] = U+-U- is the difference of displacements between the upper and lower surfaces
of Q. Thus, at the first order, the strain energy of Q is:

Ed=%J'QTr[K€OeO]dQ= %eI[EéEH (Ul gr )
r

where T is the area of the mid-plane of €2, and H is a (3,3) symmetric matrix. Let us denote

by (1,2) the bisectors of the fiber directions. They are necessarily "orthotropic” directions of

the interface, since a [01,07] interface is equivalent to a [82,81] interface. Then in the ((1,2,3)

axis, the elastic strain energy of the interface may be written as follows:

2 2 2
g (o (o]
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where kg, k(l), kg are elastic characteristics of the interface.



The interlaminar connection is thus modeled as a two-dimensional entity which ensures stress
and displacement transfers from one ply to another.
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Figure 3. "Orthotropic” directions of the interface

Let us remark that in [20] the mechanical effect of the change in the fiber orientation of two
adjacent plies is interpreted as a "wall effect”. This leads to an equivalent thickness e of the
interface equal to two times the diameter of one fiber. The same interpretation, associated with

E
relation (1), leads to stiffness values ko, k(l) and kg of the same order of magnitude as——eﬂ,

where Ep, is an average transverse characteristic modulus of the matrix and of the fiber.
Therefore, e being small, ko, k(l), k% have very high values and the interlaminar connection
behaves, in elasticity, as a perfect bond: it ensures displacements and traction continuities. In

the non-linear case, it ensures traction continuity only.

3.2 Interfacial damage indicators

The ideas and framework which govern the interface damage modeling are similar to those
which are used for deriving the layer damage modeling [5],[10]. 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, proposed in [5S], of
the energy per unit area:

2 2
1 <03>) <O, op  of

Ep=5[—H%H—+ 0 +-5 +75

2" ¥ Ko1-d) * kQ(1-d2) * kQ(1-dy)

]

thus three internal damage indicators, associated with the three Fracture Mechanics modes
are introduced.

3.3 Interfacial damage evolution laws



These evolusion laws must satisfy the Clausius-Duheim inequality. Classically the
damage energy release rates, associated with the dissipated energy ®, by damage and by

unit area, are introduced:
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In what follows two type of damage evolution laws are described. The first type is based
on the assumption that the evolution of the different damage indicators is strongly coupled
and driven by a unique equivalent damage energy release rate. This type could be called
"isotropic”, even if the behaviour is the different mode are different. This is the type of
model which has been used so far. The different versions mainly differ in the choice of the
coupling.

The second class is inspired by our knowledge of the damage behaviour of the single
layer. The in-plane behaviour of the layer is nearly brittle in normal tension and "ductile" in
shear. Thus it can be assumed that the behaviour in mode I is brittle and that the behaviour
in modes II and III is "ductile".

Isotropic damage evolution law
The following model, proposed in [14],[21], considers that the damage evolution is
governed by means of an equivalent damage energy release rate of the following form:

Y (@) =sup | o [ (Y3 (1 Yap® + (1 Ya)™ o] @

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. v;, ¥, and o 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.

Compared to other damage evolution laws, used for example in [5-9], an enhanced
coupling model, associated with the parameter ¢ is proposed. The interest is to describe
Fracture Mechanics failure loci which are quite general ( see paragraph 4.2).

A damage evolution law is then defined by the choice of a material function ®, such that :



d =d;=dy=0(ifd<1;d =d; =d, =1 otherwise

a simple case, used for application, is:

<Y-Yo>+ D
oW =[5y Yy ) ©)

n+l
where a critical value Y and a threshold value Y, are inwoduced. The high values of n case
corresponds to brittle interface.

To summarize, the damage evolution law is defined by means of six inwinsic material
parameters Yc,Yo, ¥, Yp» @ and n. It is shown in paragraph 4 that Y, v;, ¥, and a. are
related to the critical energy release rates. The threshold Y, is introduced here in order to
enlarge the possibility to describe both the creation of a delamination crack and its
propagation. As regards the creation of a new delamination crack the significant parameters
are Yo,nand .

Anisotropic damage evolution law
Here the evolution of d is assumed to be governed only by Y ;and the evolution of d; and

d, by a common shear damage energy release rate Y, with:

Yg(0) =sup | Yyl ; (39
Yip @ =sup | o, [0 Yap® + (yYa)® | 7] (3")

two damage evolution laws are then defined:
d=0ifYy < Ycanddi=dy<l; d =1 otherwise

n <XI 2-Y0>+ n

d1=d2=m(_Y_12)=[m YooY, ] ifdi=dy<landd<l; di=dj =1 otherwise

Consequently the damage evolution laws in mode I and modes II and III are decoupled.
These damage evolutions are always supposed to depend on the maximal value of the

driving damage energy release rate.

3.4 Inelastic effects coupled with damage

Although their identification has not yet been investigated, in-plane inelastic effects, due to
friction, certainly exist. Moreover, one may assume that the level of interfacial damage
modifies the interfacial inelastic properties, as in the layer case [10]. Following [8], these



inelastic aspects can be taken into account by introducing an inelastic part of the displacement
discontinuities [Ul]p , [U2)P. Damage and inelasticity coupling is then modeled by defining the

following effective quantities:

[GP=[UPA-d);  [UyP = [U,IP (1-d,)
(1-d)

Considering the previous relations it appears that no friction is assumed in the normal
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direction. A plasticity like-model which makes use of these effective quantities is then defined:

t(cl, 02,63,R) \/a 0'1 + a; 02 03 R(p) <0

f defines the elastic domain, a; and a; are two material parameters and R(p) is the effective
hardening function. A Coulomb like-effect is taken into account by means of the normal
etfective stress 63. Within the framework of standard materials one obtains:

2 - 2 ~
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Due to the difficulty of the identification we propose, in a first approach, to chose:
-R(p)=Rg
- =ay=1
3.5 Extension: damage model with delay effects
In order to get, in all cases, a consistent model for the description of the rupture a variant
of the previous damage model, introducing delay effects [6] is introduced. It as to be
combined, in the principle, with a dynamical analysis of the structure. This variant ensures the
physical following properties:
- a variation of the driving force Y does not lead to an instantaneous variation of d
- the damage rate is bounded
More precisely the rate of the damage indicator is defined by:



d= Tic [1-exp ((a<(Y)-d>4)] ifd<1d=1 otherwise

Remark:
In many practical situations, a model without delay effect is sufficient. This is the case, in
particular, for 2D problems where the crack is described by a line.

4. DAMAGE INTERFACE MODEL IDENTIFICATION: A FIRST APPROACH
4.1 Basic remarks

In delamination studies, the analysis of the creation of a crack is generally separated from
that of its propagation. In comparison, the use of a damage interface model allows for taking
into account the initiation and propagation within the same framework [9]. Nevertheless the
identification of all the interfacial characteristics leads to numerous difficulties.

A first difficulty is that the interface model identification cannot be achieved studying
large delamination cracks only. Such situations, encountered in classical Fracture Mechanics
tests are used to determine (at least theoretically) the critical energetic characteristics of the
interfacial damage model, but not the type of damage evolution law.

For this, one has to consider the creation of a delamination crack and the beginning of its
propagation. In such situations, a complex three-dimensional state of stress occurs, and this
does not permits a simple and direct identification. Furthermore, in such cases, different
damage mechanisms most often interact.

A first strategy to determine the interfacial characteristics is thus to use classical Fracture
Mechanics tests to determine the critical energetic characteristics of the interfacial damage
model. The other characteristics must be determined, if possible, by comparison between
experiments and tests in situations involving the creation of a delamination crack .

4.2 Possibilities of using Fracture Mechanics tests for the identification of
the damage interface model

Linear Elastic Fracture Mechanics (LEFM) is the most commonly used approach for
dealing with the propagation of delamination. Thus, any modeling of delamination
propagation has to be compared to LEFM in that situation. Furthermore, different tests are
used in order to identify the Critical Energy Release Rate both in pure mode [15],[18] and in
mixed mode [15]. So a clear comparison with LEFM allows using these tests for the
identification of the delamination model. Below we first exhibit the link between LEFM and
Damage Mechanics of the Interface both in pure mode I in continuity of [11] and [13] and in
mixed mode in continuity of [14] and [21].

In fact, even for the propagation of delamination, LEFM does not provide an explanation
or allow us to predict experimental results obtained in quite common situations. An example



is the situation of inner layer dissipative phenomena. Another example is the situation of
fiber-bridging leading to R-curve-like phenomena. The possibility of predicting this last
situation by means of an interfacial damage model is discussed in [21].

omparison between Linear Elastic Fracture Mechani D Model of the Interf:

Delamination is a dissipative phenomenon. A simple way to compare Damage Mechanics
with LEFM is to compare the mechanical dissipation given by the two approaches. For
LEFM, itis well-known that the total dissipated power, in the case of a single crack whose
areais S, is:

Pg=GS (4

Within the framework of Damage Mechanics of Interface and assuming that the only
dissipative process occurs on one interface I', the total dissipated power is:

. =3
Pd=J'Ydi ddr= [ (T Yqg)ddr (5)
r T i=l

In many classical Fracture Mechanics tests, the crack is assumed to be rectilinear and is
parametered by a scalar "a" such that: S =ba where b is the width of the specimen. Under
this assumption the integration of relations (4) and (5) over a time At during which the crack
extends by a length of Aa leads to:

Pg dt =G¢(a) b Aa (6)
At

Let us define the location of the crack by d=1. In order to explicitly integrate the equation
(4), a steady-state situation is assumed. This means that the process zone (defined as the
area where d is between 0 and 1) is wanslated from Aa over time AT (Fig . 4).

d=1
— = d(x-a) d=0
Time t S | 4
1 1
<—a_.>
d=1 \
> r d=0
Time t +At :___..._... + 4
a+Aa
- s

Figure. 4 Diagram of a steady-state delamination process

In this case one obtains:

10



i=3

j Py dl-(jd_ol(z:Ydl)Sd)bAa %)

In such a steady state process G¢(a) reaches its stabilised value at the propagation denoted
by Gg. This leads to:

Gc_Jd l(zm)sa ®
and using relation (5) the energy release rate is split into three terms:

G;= J'g_l Ya5d; GH-Jd Ya; 84 ; GIH-ngYdZSd (10)

A mixed mode situation is defined by the mode coupling ratios cj and cqyj, such that:

Yq; = cn Yg and Y4, = cip Yg

The previous considerations do not depend on the damage evolution law. To go further the
type of damage evolution law must be specified. An example of an isotropic damage
evolution law is treated below.

In that case relation (9) becomes:

Gn =cn Gr and Gypp =¢pp Gy CD)

and, making use of relations (3), (7) and (9'), one obtains:

d=1 i=3 (I+crr+ennY,
J (X Yg;) 8d= . Cmmx:Gp (11)
d=0 i=1 (I+(yiem) +(pem ™
and thus for pure mode situations:
Y, Y
GE =Y Gy =—*%: Gl =—+ (12)
"1 T2

Substituting ¥, and 7, in relation (12) and using (9) into account, one obtains:
Qa o o
G| 4B [ Su) -y (13)
G& G Gim
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Relations (12) and (13) show that the only significant parameters of the Damage Evolution
law are, Y, v ¥, and o.. From equation (19) it appears that & governs the shape of the
failure locus in mixed-mode.

There exist few experimental results concerning mixed-mode crack propagation. In [15],
experimental results on a poly(ether sulphone)-carbon fiber composite are given. They have
been obtained using an AELS specimen. They were used here for the identification of o by
means of relation (13). We obtained o =.72. The result of the identification is presented in

figure S.
GIN/mm 2
1.8 4
L6 4, .
1.4 . o Experiment
12 s — — Interface model
1 *J‘ [0 4 =_72
0.8 o,
0.6 O...
04 . -~
0.2 Sl
04 : ' -0
0 0.5 1 1.5 2
GHN/mm
Figure 5

4.3 Example of "pure mode I" testing: interest and difficulties.

Regarding the identification of the damage interface model, the interest of classical F.M.
tests relies on the possibility to identify the local critical energy release rate. Such tests are
usually analyzed by means of LEFM. Nevertheless, in the case of carbon-epoxy laminates,
the main assumptions of LEFM are not always satisfied even in the simple case of a DCB
specimen. This is true, in particular in the case of:

- non-unidirectional stacking sequence
- R curve like phenomena

In the first situation inner layer damage mechanisms may be activated leading to an
apparent energy release rate different from the local interfacial one. In that case, a non-linear
damage analysis should be performed.

R curve-like phenomena appear when the size of the non linear domain is comparable to
that of the specimen. This happens, for example, in the problem of fiber-bridging. In that
case also it appears to be more interesting to use Damage Mechanics rather than LEFM.

12



Influence of inner-layer damage mechanisms
An example, coming from [13], which makes use of the experimental results of [18] is

presented. Its interest is firstly to show the intrinsic character of the critical value Y¢, and
secondly to emphasize the influence of the inner damage mechanisms on the apparent or
global energy release rate. Using the apparent energy release rate would, in that case, lead to
erroneous values of Y.

Two types of carbon-epoxy T300-vicotex M10 laminates have been tested in pure mode I
by means of a D.C.B. specimen. The first one is a uni-directional (090 type, the second
one a [(902/09)2/90,]s with the two layers adjacent to the delamination plane oriented at 90°
(90990°case). The two specimens have 24 layers per arm.

In what follow a D.C.B. specimen is modeled as two homogeneous elastic layers
connected by a damageable interface. A plane strain state is assumed in the width direction
so that each arm may be modeled as a beam. The numerical scheme [13] makes use of Finite
Element Computation associated with a Riks-type algorithm to be able to deal with unstable
situations. The experimental results yield a value of G = Y¢ = .45 N/mm, using this value
leads to a satisfactory comparison between experimental and numerical results for the entire
test. In [21], the same type of comparisons are given in mixed-mode situations.

Let us consider the (907909 case. The experimental results yield a value of G¢ (G =
1.05 N/mm), which is quite different from that obtained in the (0909 case (Gq =
.45N/mm). This fact seems to conflict with the proposed scheme for the interface
dependence on fiber direction. In fact, the angle between fiber directions of adjacent layers
in the (909909 case is equal to 0° as in the (0909 case. Consequently, in the proposed
model, the properties of the loaded interfaces are the same. Thus, it seems logical to use the
value of Gg obtained in the (0909 case (G¢l = .45N/mm) even when dealing with the
(909909 case.

In order to clarify this point, two computations have been performed. The first one uses
an interface whose behaviour was identified with the (0909 test (i.e. G¢ = .45N/mm), and
the second one uses an interface identified with the (909909 test (i.e. G¢p = 1.0SN/mm).
Figure 6 highlights the comparison between the numerical analyses conducted with the two
different interfaces and the experimental data. It appears that the case of G¢j = .45 N/mm
gives a much better description of the experimental results than the other case.

This shows that the characteristics of the interface are intrinsic. One possible explanation of
this fact is that the experimental value of Ggp in the (90)/909 case includes the dissipative
phenomena inside the 90° layers (micro-cracking parallel to fiber direction). The values
obtained are greater than those obtained in the 090° case. In this last case the dissipative
phenomena inside the layers are negligible and thus G¢ may be attributed entirely to the
delamination process. In fact, by introducing the dissipation inside the layer, one would

13



obtain:

p_ {d=1 p 1 2dC _ p 1
GP J‘d (sz)aqu)app o Prga =0k bA tP Lt

where (Gg)app is the apparent critical energy release rate obtained by means of the
compliance formulae ( denoted here by C), Pii is the total dissipated power inside the layer.

In this case, the last term is thus equal to .6 N/mm.

250. .|
P (N) A numerical G = .45 (N/mm)
s ‘7\\ """" numerical G, = 1.05 (N/mm)
200. |. K '\’\\ o expenmental data
"' ’
J/ \’77.,
150. | ° L oa TPy
9 o o
100. o 8
50. .4 =
U, (mm)
0.5 1.0 1.5 2.0 2.5 3.0 3.5
0 I ] ! 1 | } !

{ — T 1 1 T T 1

Figure. 6 comparison between experimental and numerical results in the 90790°
case for the two means of identification

This should be confirmed by a complete non-linear analysis including the damage and
inelastic phenomena which occur due to transverse cracking.

From the above comparisons, one can state that, in a steady-state of propagation, the
fracture energy G can be used to identify the interface model provided the dissipative
phenomena occurring in the specimen are mainly associated with delamination crack

propagation.
-Curv : le of fiber-hridgin

The existence of fiber-bridging gives rise to R-curve like phenomenon. This type of
phenomenon has long been the subject of intensive research [22-24). The main difference,
which occurs, for example in the case of fiber-bridging, is that the size of the equivalent
process zone is very large. In [25], one can find a "large scale model” which is, in fact, a
damage model. In [26), itis proposed to use an interface damage model (of the same type
as the one presented in this paper) associated with a Griffith criterion at the tip of the fiber-
bridge.

14



Damage Mechanics offers different possibilities for modeling and predicting R-curve-like
phenomenon, some of them are discussed herein.

The first possibility is based on the fact that R-curve-like phenomena occur in non-steady
state situations. In such situations the values of the elastic moduli of the interface and of the
exponent n are important.

For the elastic moduli of the interface it appears that the specific length of the interface is,
in this case, connected to an average length of the part of the fibers involved in the bridge.
This would lead to a value for the rigidity of the interface that is much lower than the usual
one. The influence of n is also easy to understand. The lower the value of n, the larger the
area which is "significantly” damaged. In order to get an idea of the relative importance of
these coefficients on propagation, the case of a D.C.B. specimen with an initial delaminated
area of 25 mm was treated. Using the relation d=1 for the definition of the crack, the most
influential parameter is interface stiffness. But this influence is relatively small.

In fact, in the case of fiber-bridging, one problem is to define the value of the length of
the crack. Experimentally, this value corresponds to the tip of the fiber-bridge.
Consequently a part of the interface specimen ahead of the crack tip is contributing to its
stiffness. A simple way to take this aspect into account is to define the crack tip using a
value d¢ of the damage lower than 1. In figure 7 a result obtained with this value fixed at .5
is presented. It appears that a large R-curve effect is obtained. This type of result may be
encountered in experiments [15]. Of course the choice of d¢ should be carefully determined
in each case.

N/mm

mm
Figure 7. Values of the critical energy
release rate in mode I for a crack type defined by d =.5.
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5. INITIATION PREDICTION

The study of the creation of a new delamination crack is often investigated by means of
Edge Delamination Tension specimens [27]. In such a case Fracture Mechanics is not well
adapted. The reason is that the energy release rate tends to zero with the size of the crack.
Moreover, the analysis of stress singularities does not allow a simple comparison of the
state of different interfaces. In fact the type and the exponent of the singularity depend on
the interface. Thus, for the forecast of the onset of a edge delamination crack, computational
methods of elastic edge effects [28-30]- associated with criteria [16] are used. These criteria
are often based upon the average of interlaminar stresses on a specific distance from the free
edge. Nevertheless delamination does not always occur where stresses are maximal
Moreover the specific distance from the free edge does not seem to be an intrinsic parameter
when geometry and stacking sequence vary.

In addition, delamination, especially at its onset, appears to result from an intricate
interaction between inner layer damage mechanisms and the deterioration of the interlaminar
interface itself [3-4]. In that case its seems adequate to use the previously defined meso-
modeling for the layer and the interface. This was done in [11] for the prediction of initiation
and propagation of delamination and damages around initially circular holes. In this type of
situation, classical approaches are clearly insufficient, and damage mechanics appears today
to be, perhaps, the only way to deal with such a problem.

In order to emphasise the interest of Damage Mechanics of Interface for the prediction of
initiation, let us consider the case where damage phenomena are supposed to be located only
on the interface. The delamination analysis is carried out as a post-processor of an elastic
laminate shell computation. A specialised software (Edge Damage Analysis) was developed
where the layers, modeled as elastic, are connected by damageable interlaminar interfaces
(12],[31]. EDT specimens under tension and compression were simulated. In such cases the
numerical problem is set in a strip perpendicular to the edge. This type of problem has been
studied in a similar way in [32].

The simulations are compared with experimental results, in the case of a T300-5208
material [16-17] for mode I and mode I &II delamination (Fig. 8 and 9 ).

In mode I cases, delamination occurs on the mid-plane interface. The values of the
longitudinal strain at the onset of delamination are compared. The same value of Y¢ was
used for the six cases which have been treated. Even they were nearly pure mode I cases,
the state of stress is very different from one case to the other. It is thus surprising that only
one parameter allowed for obtaining such a similarity ( a maximum relative error of about
10%, figure 8). A tentative explanation is that, in each case, it is the same interface [+09
submitted to the same mode of loading which is prone to delamination.
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In mixed mode cases the values of the coupling coefficient must also be specified. It was
assumed that y; =, with an estimated value of .2. The comparison is still encouraging and

the location of the onset of delamination was correctly predicted (Fig. 9). Nevertheless the
results are less satisfactory than in pure mode I since an average relative error of 15 % was

obtained.
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A tentative explanation is that the same values of the material characteristics of the
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interface model was chosen for all the interfaces. In fact, for these last comparisons, the
interfaces which are prone to delamination are different: [£15), [+30], [+45). Thus different
characteristics could have been chosen depending on the type of interface.

6. IMPLEMENTATION OF THE MESO-MODELING FOR STRUCTURAL
ANALYSES

A code, devoted to high gradient areas of laminated structures, is under development [33]. It

extends a code dedicated to the delamination analysis of laminate structures with an initially-
circular hole [11], [34]. It is a Finite Element Code which includes the previous damage

mesomodel. Thus, two types of constituents are discretized: the elementary layer and the
interface. An example of a holed plate [+22.5°, -22.5°]s submitted to tension is presented
below (figures 10).

Laminate modelling

Figure 10. A structural computation example
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Figure 12. Damage variable d of the interface at times T} and T
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The load history is shown in figure 10. At any point and at any time, the code gives the level
of the different damage mechanisms up until the ultimate fracture. The main damage
mechanism herein is delamination, i.e. the deterioration of the interface [22.5°, -22.5°) (Fig.
11). Figure 12. gives the value of the damage variable d at times T and T2. The increase of
the delaminated area is quite large. The layer damage mechanisms are weakly excited (Figure
13.).

CONCLUSION

A Meso-Damage modeling of laminates whose aim is to determine the properties of any
structures with regards to delamination, by knowing only a few characteristics of the
interface has been detailed. Examples show that this approach is promising for the
prediction of delamination in various circumstances [11-13]. Nevertheless, one of the first
challenges will be to build a good interface model, i. e. a model which allows for predicting,
using a single set of parameters, both the creation and the propagation of a delamination
crack on a large range.

Difficulties are also encountered when trying to get a complete identification of the
interlaminar interfacial model. The goal will be then to define canonical tests which allow a
complete and precise identification of the interlaminar interface model. Progress can be
made by comparing experiments and tests in the case of the creation and beginning of
propagation of a new delamination crack.

We also want to insist on the necessity of including more physics in the modeling of the
interface. In fact, a more precise description of the interlaminar connection with respect to its
constitution and geometrical characteristics could lead to a more precise link between meso
and micro-parameters.
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