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Abstract that exploit the peculiar characteristics of the
interlaminar  fracture process. The composite
laminate may, in fact, modeled at the meso-scale
level as an assembly of plies connected by intesfac
and properly formulated constitutive law can model
the delamination process in such interfaces,
assuming that the process zone is small and
translates without modifications [1, 2]. Interface
elements have been developed and assessed by many
authors with appreciable results either considering
quasi-static loading conditions [3,4,5,6,7] as vedl|
the development of delamination in impact
conditions [8,9].

According to the results presented in literature,
the technique seems suitable to forecast the onset
and to analyze the mode of propagation of
interlaminar damage in composite structures, even
without an a-priori identification of the most dcl
zones for the development of interlaminar cracks. T
accomplish such objective, the paper adopts an
approach based on finite element explicit analyses,
to easily handle with strain softening behaviothe
material, high velocity crack propagation and
contact phenomena. A technique is moreover
developed to model the interlaminar phase in
1 Introduction composites parts at different mesh refinement tevel
through the thickness of the laminate. The basic
aspects and a preliminary assessment of the
technique are presented. The application of the
method to the analysis of the failures obtained in
short beam tests is subsequently described,
discussing the role of the material parameterfien t
numerical computation. Finally, the approach is
applied to thick specimens made of carbon fabric
layers in bending conditions, considering cases
fwhere the variation of the lay-up sequences and the
applied transverse loads have induced the
development of interlaminar damage.

The paper presents the application of a
numerical approach to evaluate both the onset as
well the propagation of interlaminar damages in
composite laminates using finite element explicit
analyses. An interface constitutive model is apiplie
within a modeling technique developed to include
the interlaminar layers in the finite element sckem
of composite laminates. The possibility to model a
laminate with different levels of mesh refinement
through the laminate thickness is assessed The
capability to model the nucleation of interlaminar
damage in quasi-static tests is then evaluated
considering short beams tests performed on
specimens made of fabric composites. The approach
is then applied to model the interlaminar damages
and failures obtained in bending experiments
performed on thick composite specimens. The
development of interlaminar fractures in undamaged
specimens, their propagation modes and the failure
loads appear to be correctly modeled by the
approach.

A critical aspect in the design and the analysis
of composite structures is the need to identify the
potential locations of interlaminar damage
nucleation and to evaluate the risk of interlaminar
crack propagation under prescribed load conditions.

Conventional finite element stress analyses can
identify critical interlaminar stress states in a
laminate presenting variations of geometry, cusout
or free-edge effects, but such strength based
approaches are not adequate to analyze the risk o
crack propagation in the structure. An alternatve
the adoption of fracture mechanics methodologies is
represented by the application of interface element



ALESSANDRO AIROLDI, G. Sala, P. Bettini

2 Modelling technique response of the composite by means of a solid
_ element having a null in-plane response (Fig. Bg T
2.1 Basic Aspects adoption of a linear 8-nodes element with a reduced

The approaches based on interface elementsintégration scheme assures that the response is
consider the composite laminate as an assembly ofindeed described in terms of the average stratg sta
laminae connected by interfaces, where interlaminar between the sublaminates connected by the solid.
damage nucleates and develops. The fracture process

is described by using, as kinematic variables, the el 3
displacement discontinuities at an arbitrary materi th T ------------------- Solid Element e I )
point belonging to an interface surface (Fig 1-A). ¥ Shell~
Within this scheme, a zero-thickness interface Fig. 2. Modelling technique for a composite
element, endowed with a properly formulated laminate
traction-displacement law, can be used to model the
interlaminar damage. A constitutive law with damage can be
g attributed to the solid to model the interlaminar
) fracture process, as shown in Eq. 3.
. | ;:p—l ;.—/
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The onset and the evolution of the damage

variable can be set to model the strength and the

Fig. 1. Description of interlaminar fracture inthe  toughness of the interlaminar layers. To accomplish
interface (A) and in the proposed (B) approach  such objective, the approaches based on the ingerfa
elements typically exploit the links between the

In the proposed approach, a composite critical energy release rates and the energy

laminate is considered as an assembly of dissipated in the damage process [1]. The same

sublaminates, to be modeled by means of bi- procedure can be followed in the proposed approach,
dimensional elements. The kinematic variables used taking into consideration the relationship between
to describe the fracture process in mode I, 1l Aihd the disp|acement Vect({ﬂ} and the average strain

are the relative displacements at the mid-planes of r4 given in Eq. 2, so that Egs. 4 are obtained.
the sublaminates (Fig. 1-B), described by the wecto

{4} given in Eq. 1. w w
IassdAl = thj 033033 =Gy ¢

Y SHEEY fi (:o
Ay t=1S] -9 1) Ialszn = thj 719)13 =Gy ¢ (4)
A||| S; - SZ_ ° :

IazsdA|| = thJ. T238Y23 =Gy i
Within a small strain assumption, the vector 0 0
{4} can be related to the average value of the out-of-
plane components acting in the material volume A simplifying hypothesis is introduced
between the sublaminates with thicknésgEq. 2). throughout this work, considering that all the
properties relevant to fractures developing in mode

{g} :{5 }T [l and mode Il are identical. This allows to defin
33 V13 Va3 @) two stress components acting in the interlaminar
{&‘} = {A}/th layer and driving the fracture process determingd b
tensile (mode 1) and shear stress (mode 1) (Eq. 5)
Such a description, in a finite element scheme, The strength of the interlaminar layer is

leads to model the out-of-plane elastic and iniglast Modeled using a quadratic criterion [10] calibrated
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on the basis of the strengtif and g;°, referred to a
fracture process evolving in pure modleand I,
respectively (Eqg. 6).

o = 0 if 033<0
b O35 1f 033>0 )
g :\/0123"’0223
2 2
(U—'o} H| | =1 ©)
g Uﬁ)

The damage evolution law are determined
imposing a bi-linear response to the stress-strain
curve of the material, as shown in Fig. 3, and gisin
Eq. 4 to identify the final straig” and " that
define the energy absorbed in the damage process.
o

0
cI,II

81,Fu/
Fig. 3. Stress-strain response of the
interlaminar material model

Different formulations have been proposed to
take into account the toughness in mixed mode
fracture process. The formulation proposed for the
interface elements in [6] has been chosen in this
work and has been introduced in the material model
attributed to the elements that represent the
interlaminar phase. According to the chosen model,
the toughness in mixed mode is determined by a
quadratic toughness criterion, expressed as ifm Eq.

2 2
+ —G“ =1
GII c
It is worth noting that, in the constitutive
response, damage does never influence the
compressive stiffnes€;; so to model the contact
between adjacent plies even when the interlaminar
layer is completely damaged. The obtained material
model for the interlaminar layers has been

implemented in a FORTRAN subroutine to be
linked to the HKS/Explicit Code [11].

GI
Gic
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LAMINATES

2.2 Preliminary assessments of the modeling
approach

The proposed technique can be adopted to
model a laminate by dividing it into sublaminates
connected by interlaminar layers. The finite eletnen
schemes can thus be developed at different mesh
refinement levels through the laminate thickness, a
all the interlaminar layers between the plies can b
considered or only few layers can be modeled
between a set of selected sublaminates. In order to
assess the capability of such an approach to dlyrrec
represent the basic aspects of a composite laminate
behavior, the finite element model of a 50 mm long,
10 mm wide and 2.95 mm thick carbon fabric plate
has been developed and solved with HKS/Abaqus
Explicit. The plate model has been considered
clamped at one end and loaded at the opposite end
by a transverse shear load. An homogeneous [@/90]
lay-up sequence of fabric plies, with,=E,»=62.5
GPa and a cured ply thickness of 0.246 mm, has
been considered. The values of;@nd G; have
been set to 4.0 GPa.

The mesh has been developed with a 2.5 mm x
2.5 mm grid on the laminate plane. A shell model of
the laminate, without interlaminar layers, has been
used as reference. The technique has then been
assessed by comparing the results of the reference
model with the ones of models including an
increasing number of interlaminar layeid, and
adopting different types of bi-dimensional elements
(shells S4R and membraneM3D4R [11]). The
interlaminar layers have been modeled v@BD8R
elements [11]. Table 1 summarizes
characteristics of the models.

the

Table 1. Developed models of a clamped laminate
for the assessment of the technique

4l N 2D Dof ass?)lfct CPU ti'me /
element Dof, : CPU timg
ratio
0|0 Shell 1.0 - 1.0
111 Shell 2.0 1.7 1.2
215 Shell 6.0 5.1 7.4
3| 5 Membrane 3.0 5.1 35
4111 Membrane 6.0 10.2 12.1

Two types of analyses have been carried out

with two different time histories of the appliechth

a triangular impulse with a duration of 1 ms and an
amplitude of 50 N (case A) and a terminated ramp,
raising from 0 to 50 N in 5 ms (case B).
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The numerical time histories of the free end 12 mm have been cut from a 6.16 mm thick laminate
displacement are given in Fig. 4. It can be obskrve with a ([0][90])s lay-up. Figure 5 shows the
that the differences between the bending responsesloading nose and the supports used in the tedt,avit
of the models are absolutely negligible. Hence, the diameter of 5.8 mm and of 3.0 mm, respectively.
obtained results indicate that the applicationhaf t
technique does not modify the bending stiffnesa of
laminate and also that solid elements with a very
high aspect ratio can be adopted to model the
interlaminar layers. The ratio of the required
computational time to the one of the reference mode
is also given in Table 1 for the case A.

==#0: Reference model

—+#1: 1 interface between shells

—+#2: 5 interfaces between shells Fig. 5. Set-up of the short beam test

-2-#3: 5 interfaces between membranes

—=#4. 11 interfaces between membranes
o JAY 4 A

g

The test have been performed with a MTS
Alliance RF/200 static test system adopting a eross
head speed of 1 mm/min. The load vs. displacement
curves obtained in three tests are presented ir6Fig
An average maximum load of 6.4 kN has been
i ‘ . ‘ ‘ ‘ reached during the test, followed by a sudden load
0 1 2 3 4 5 6 7 drop. All the specimens retained a not negligible

U0 load carrying capability after the failure, at ado

Fig. 4. Numerical bending responses of models with evel between 4 kN and 2 kN.
different mesh refinement levels 8

Free end displacement (mm)

3 Nucleation and propagation of interlaminar
damagein short beam tests on fabric specimens

The approaches based on interface elements
have been proved particularly effective to model th
propagation of interlaminar damages. The prediction
of the onset and of the subsequent propagatidmeof t
interlaminar damage is actually complicated by the
need to accurately model the interlaminar streste st
through the laminate thickness. The short beam test
can be considered one of the simplest, though . ‘ .
inaccurate, method to evaluate the interlaminar %05 1Disp|;é5emenf(mm)2-5 3 35
properties of composites laminates. The reasons for Fig. 6. Experimental force vs. displacement curves
the test inaccuracy can be found considering the in the short beam tests
conditions of load application that lead to stress
distributions different from the nominal solution
expected by applying a beam theory [12]. For the
same reason, this simple test represent a particula
interesting benchmark to evaluate the possibility t
model the nucleation and propagation Of ¢4 re a series of interlaminar cracks are ciearl
delamination in undamaged composite laminates. seen in Fig. 7-C, showing the specimen at the énd o
3.1 Test Results the test. The picture presented in Fig. 8-A shdwes t

Short beam tests have been carried out on detalllr? f;:];efraltlsdef/grlfate the interlaminar damage
specimens manufactured with a vacuum-bag PTOCesS, \mediately developed after the failure, the thi?d
using a plane weave fabric pre-preg, with T800 y b '

carbon fibers and an Hexcel 1947 epoxy resin. The ;esetc?rﬁznbﬁzg ﬁgistsgetujngftireéh% Ior?qiadr:s?pdfzhe
specimens, having a length of 40 mm and a width of P y y y

Load (kN}
I

As shown in Fig. 7, failures have occurred
between one of the support and the loading nose.
Although no visible damage can be detected in Fig.
7-B, referred to an instant immediately after the

4
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penetrant inspection. The result, reported in Fg. choosing the velocity level so to avoid dynamic
B, indicates that the pattern of interlaminar ceack  oscillations during the loading phase.
characterising the failure of these specimen, is
indeed fully developed immediately after the faglur

Fig. 9. Numerical model of the short beam test

Table 2 reports the in-plane tensile and
compressive stiffness of the material, evaluated by
characterisation tests. The out-of-plane shear
stiffness G;5=G,3 has been set to 2.0 GPa by

— L _ Y correlating the numerical and experimental sloges o
Fig. 7. Short beam specimen immediately before the the force vs. displacement curve in the loading

failure (A), immediately after the failure (B) aat phase. The interlaminar shear strengifl, has been
the end of the test (C) preliminarily evaluated by applying the approximate

formulation proposed in [13] and set to 65.0 MPa.

The ultimate load and the damage distribution
obtained in the numerical analyses have been found
influenced by the value of the interlaminar tensile
strength,g’, that has been consequently identified
by means of a sensitivity study and eventuallyteet
17.2 MPa.

Table 2. In-plane stiffness of the composite plies
En, E»n G Vi
(GPa) (GPa) (GPa) ()
Tensile 76.0 76.0
Compressive 68.4 6.4 00 007

i. 8. DtI of the failed zone at the end of tit

8 s ! - - -
(A) and dye penetrant inspection of a specimen | ©  Numerical GII =800 Jim? |
immediately after the failure (B) = Numerical GlI_=1200 J/mz
3.2 Numerical analyses 6 * Nume.rlcal GIIC—1600 J/m
~5 i — Experimental
The model of the short beam test has been £
developed with the proposed numerical approach o4
adopting a mesh refinement at the ply level. Ad th 93 i
28 plies of the laminate have been represented by i,
shell elements, connected by 27 layers of solid 2 * boF »
elements. Symmetry has been exploited modeling 1r o ¥y
only half of the specimen with a total number of ‘ ‘ , ‘ ‘ ‘ ‘
21560 elements (Fig. 9). Rigid surfaces have been 0 05 1 Di;bfacenfem (2m5m) 3 35 4
used to represent the loading nose and the supports
interacting by means of penalty contact algorithms Fig. 10. Numerical-experimental correlation
with the specimen surface. The explicit finite obtained varyings;. and using;°=65.0 MPa,
element analyses have been performed imposing a a°=17.2 MpaG,. = 120 Jnit

velocity boundary condition to the loading nose and



Figure 10 reports the numerical-experimental
correlation obtained using the selected strength
values and setting the critical energy releaseirate
mode 1,Gy, to 120 Jrif, while G, has been varied
in the range 800 Jm+ 1600 Jrif. The correlation
shown in Fig. 10 until the specimen failure is
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The comparison between the damage evolution
obtained usingG,;=800 Jnf and G;.=1600 Jrif
allows to evaluate the role played by the
interlaminar toughness (Fig. 12). The analysis with
the lower toughness tends to anticipate the
development of failures. Moreover, a lower number

acceptable. Discrepancies can be observed in theof fully developed interlaminar crack is obtainedia

loading phase, probably due to the difficulty to
model the contact and the friction between the
laminate and the cylinders as well as to possible
non-linearities in the transverse shear respongeeof
material. The maximum load is as well slightly
underestimated, but the load drop is correctly
predicted and a residual load carrying capability
after the failure is obtained. Such residual lcackl
increases with the toughness attributed to the
material model. Figure 11 reports the contour ef th
interlaminar damage obtained in the analyses with
Gy.=1200 Jnt at different deflection levels. The

the cracks develop immediately until the edge ef th
specimen. Comparing the numerical results with the
experimental evidence, it can be observed that.a
higher than 1200 Jfis required to obtain a failure
mode in agreement with the experimental results. It
should also be observed that the damage evolution
obtained in the final phase of the analysis V@th =
1200 Jrif may be significantly influenced by the
undamped high frequency oscillations of the model
after the energy release subsequent to the failure.
The aforementioned influence of tlae value
on the maximum load level reached in the numerical

analysis of the damage evolution can be summarized computation can be explained observing the stress

in the following points:

i- damage develops quite early in the analysis
below the load application cylinders, but does
not propagate;

i - alocalized damage appears before the fadétire
a corner of the loading nose;

lii — damage spreads at failure along an inclined
band and a pattern of fully developed
interlaminar cracks appears, in agreement with
the experimental evidence;

iv- in the subsequent evolution some of these
cracks propagates until the edge of the
specimen.

SDvs
SNEG, (fraction =-1.0)
(Ave. Crit.: 75%)

+1.000e+00
+8.000e-01
+6.000e-01
+4.000e-01
+2.000e-01
+0

Fig. 11. Evolution of interlaminar damage using
0y°=65.0 MPa, g°=17.2 MpaG,. = 120 Jrif and
Gy = 1200 Jrit

contour reported in Fig. 13, referred to the arialys
with G,,=1200 Jnif. The interlaminar shear stress
distribution is characterized by a stress concéatra
near the loading nose (Fig. 13-A) but, when the
interlaminar damage starts developing, as shown in
Fig. 11 atd=0.57 mm, a zone characterized by
tensile values 0633 up to 15 MPa appears in front
of the nucleatlng crack (Fig. 13-B).

0=0.84 mm

Fig. 12. Evolution of interlaminar damage using
0y°=65.0 MPa, g°=17.2 Mpa G = 120 Jnf G, =
800 JnT (A) andG,. =1600 Jrif (B)

The results reported in Fig. 14, obtained raising
g’ to 25.0 MPa and setting the ratio betw&nand
G to 0.2, confirm that the numerical maximum
load and the residual load are indeed increased by
varying the properties relevant to the interlaminar

6
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properties in mode I. However, Fig. 15 indicatetth  with the same material system of the specimen
these modifications significantly change the damage tested with the short beam method. Two types
development in the numerical model as few specimens have been considered, both having a
interlaminar cracks, rapidly developing until the width of 36 mm and presenting a tapered zone with
edge of the specimen, are obtained, whichever level a transition from a lay-up having fibers in the 890;
of G, is adopted. and +/-45° direction to a pure cross-ply lay-up, as
shown in Fig. 16-A. Averagely, the specimen
! thickness in the transition zone varies from 11.30
! mm to 6.23 mm. The first specimen has been tested

SNEG (raction = -1.0) ; 8=0.52 mn in a three points bending condition (Fig. 16-B),
(et a50) while a four points bending test has been performed

+6.500e+01

+3.900e+01
+1.300e+01 =
-1.300e+01
-3.900e+01

-6.500e+01

on the second one, as indicated in Fig. 16-C.

(AT

S, 833 . -

SNEG, (fraction =-1.0)

(Ave. Crit.: 75%)
+1.500e+01

+1.126e+01 £
+7.500e+00 ]
+3.750e+00
+0.000e+00

-3.333e+02 N
I 0=0.t7 mw%

I
Fig. 13. Contour of interlaminar shear stress (#J a
of tensile interlaminar stress (B) at failure

8 T &= 1.20 mm
71 ©  Numerical GIIC=800 Jim® ||
', *  Numerical Gll ,=1200 J/mz Fig. 15. Evolution of interlaminar damage using
& \ *  Numerical Gll=1600 J/m" |1 06i°=65.0 MPa, °=25.0 MpaG:/Gy. = 0.2, and
i — Experimental 1 Gic =800 Jnf (A) andG,,. =1600 Jrif (B)
([o11901101)
- and
L (190][01[90]
|
F ([+45][-45][+4

and
(I-45]1+45]1-4

Disblacement (rﬁm)

Fig. 14. Numerical-experimental correlation
obtained varyings,. and usingz;°=65.0 MPa,
0°=25.0 Mpa, G,./ Gy = 0.2

4 Application of the approach to bending
experimentson thick tapered specimens

4.1 Experimental results

The previously presented results indicate that
the proposed approach can be successfully applied t
model the nucleation and the propagation of ; 2N ;
interlaminar damage in undamaged specimens in F|g 16. Detallof the transmon zone in the taimbr
presence of complex stress states. Accordingly, the specimens (A) and set-up of the three points (B) an
technique has been adopted to analyze two bending of the four points bending test (C).
experiments, performed on elements manufactured



The tests have been performed with an MTS

Alliance RF/200 static test system at a cross head
speed of 1.0 mm/mm. Loads have been applied by

means of steel cylinders with a diameter of 30 mm.
Figure 17 reports the average curves obtainedein th
three valid tests carried out in the two experirabnt
configurations and shows that data scattering ean b
considering acceptable, with the exception of a
single test in the three point bending configuratio

The response of the specimens have been in

both cases influenced by the development of
interlaminar damages. In the three point bending
test, failure has been actually caused by the
development of interlaminar cracks nucleated
between the loading central cylinder and the suppor
An instantaneous loss of load carrying capabildag h

been observed in correspondence of the
development of a major interlaminar crack at the
mid-plane of the specimen, although minor
interlaminar damages have developed in the
transition zone during the prosecution of the test
(Fig. 18). As far as the four points bending test i

concerned, the nucleation and the stable propagatio
of an interlaminar crack in the lower part of the

transition zone has been observed in all the three ; . , )
load and in the thick parts of the specimens, respdgtive

performed tests (Fig. 19-A). The average
corresponding to the detection of this interlaminar

damage has been reported in Fig. 17. The maximum

load carried by the specimen has always been
slightly higher and has been determined by the
compressive failure of the fabric plies (Fig. 19-B)

14 : : : :

12r

_
o
T

@

* mean curve 4 points test
mean curve 3 points test
mean failure in 4 points test
mean failure in 3 points test
test data

test failure data

Damage in 4 points test

Force (kN)

(0]

10 15 20
Displacement (mm)

. 17 — Average force vs. displacement curves
obtained in the bending experiments

5

= I/
Fig. 18 — Failure in the three point bending test
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Fig. 19 — Interlaminar damage nucleation (A) and
failure (B) in the four points bending test

4.2 Numerical analyses

The models of the bending experiments have
been developed choosing a mesh refinement at the
sublaminate level, using a single layer of shealls t
represent each group of 0°/90° an +/-45° fabrie9li
in the lay-up sequence (Fig. 16-A). Accordingly, 9
and 17 sublaminates have been modelled in the thin

Figure 20 shows the detail of the modeled transitio
zone. The results of preliminary analyses, perfarme
without activating the damage in the constitutive
law, have been used to evaluate the stress states i
the models. In the three points bending analybes, t
maximum interlaminar shear stress is obtainedeat th
mid-plane of the specimen, in the thin part, asssho

in Fig. 21-A. The stress history presented in Rity.

B, at the point indicated by the star symbol in.Fig
21-A, shows that a pure mode Il delamination is
forecasted by the model. In the four points bending
test, at the location indicated by the star symbol
Fig. 22-A, a tensile interlaminar stress is obséyve
in correspondence of the damage nucleated in the
tests. The stress history at this point (Fig. 22-B)
indicates that the interlaminar shear reaches ds we
critical values, so that a mixed mode delamination
can be expected according to the numerical results.

’—_/shell

brick

Fig. 20. Detail of the transition zone in the nuicelr
models of the specimens
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central cylinder and, before the failure, propagate
(Ave. Crit: 75%) towards the transition zone. Such a type of damage
has been also obtained in the tests as shown in Fig
18. Failure is obtained in correspondence &f=
3.38 mm. The subsequent evolution leads to a
numerical damage that appears in good agreement

with the experimental evidence, although it is Wwort
noting that the experimental final state, shown in
Fig. 18, has been obtained prosecuting the test aft
the initial load drop, meanwhile a sudden
propagation has been obtained in the numerical
computation as it can be evaluated by analyzing Fig
24 and the numerical force vs. displacement curve.

Stress (MPa)

0 10 : :
_ Force: (kN) _ o0t —— Mean curve SBT test
Fig. 21. Contour of stress componeiyin the --- Mean curve 4 points test
analysis of the three-points bending test (A)and | | = Mean curve 3 points test
tress vs. force curves in an element (B) —o~ Numerical curve SBT test
S : 15 —e— Numerical curve 4 points test
= —%— Numerical curve 3 points test
X
S, 833 (0]
(Ave. Crit.: 75%) © 10
(o)
L

4 8
Displacement (mm)
Fig. 23. Overall numerical-experimental correlation
obtained with the selected set of material pararaete
SDv8

SNEG, (fraction =-1.0)
(Ave. Crit.: 75%)

+1.0006+00
+8.000e-01
= +6.000e-01

2 adha %
Displacement (mm)

+4.000e-01
+2.000e-01
+0.000e+00

Fig. 22. Contour of stress componeryin the
analysis of the four-points bending test (A) and
stress vs. displacement curves in an element (B) ==

From the quantitative point of view, the :
observed stress levels have confirmed the strength
values attributed to the interlaminar elementshim t
previously presented analyses of the short beam
tests. Hence, the and g;,° values have been set to
17.2 MPa and 65.0 MPa, respectively. As far as the
toughness is concerned, the best numerical-
experimental correlation has been globally obtained
using G,. = 120 Jnit andG,. =1200 Jrif. Figure 23
reports the numerical-experimental correlation
obtained in all the analyses performed with the
selected set of material parameters , including the
result referred to the short beam test. _ _ _ _ _

The evolution of the interlaminar damage in Fig. 24. Evolution o_f mterlam_mar damage in the
the analyses of the three points bending test is three points bending test
reported in Fig. 24. Damage nucleates below the
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In the four points bending tests, failure has not develop a reliable method for the design and the
been caused by interlaminar damages, but the analysis of composite structures taking into actoun
numerical analysis has correctly modeled the the risk of interlaminar damage nucleation and
nucleation and the stable propagation of the propagation.
interlaminar crack in the transition zone, as shawn
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