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ABSTRACT

In this paper, the models for the progressive damagdeling of composites that are available in
the SAMCEF finite element code are described. Téve non local approach, coupling inter and
intra-laminar damages is also described. Sinceititedyde many parameters, a procedure for the
parameter identification is discussed. A comparigbthe solution obtained with the classical
damage models and the new advanced formulatioonducted.

1. INTRODUCTION

Recent results obtained in the modeling of intet entra-laminar damages with the SAMCEF
finite element code are presented. A specific madailable in SAMCEF can be used to study
the progressive damage inside the ply, accountinglders breaking, matrix cracking and fiber-
matrix de-cohesion. On the other hand, delaminatian also be studied with the cohesive
elements approach. These models are based onntiruzon damage mechanics, and damage
variables impacting the stiffness of the ply ortbé interface are associated to the different
failure modes. A new non local model has been impleted recently, based on the work of
Cachan [1]. This model couples the two kinds of dges, meaning that the transverse micro-
cracking appearing inside the plies will influertbe initiation of delamination at the interface of
the plies. With this new model, delamination occeaslier in terms load level, what is closer to
what is observed in the physical tests.

In this paper, this new non local model is desctib8ince it includes many parameters, a
procedure for the parameter identification is désad. A comparison of the solution obtained
with the classical damage models and the new aéddiocmulation is then conducted.

2. DAMAGE MODELLING WITH SAMCEF

2.1 Intra-laminar damage modeling

The damage model for an unidirectional ply is basedhe work done at Cachan and presented
in [1,2]. It is extended here to the general 3Dedaq1) and is expressed in terms of the stresses.
Three damage variables are taken into account.fil$teone,d;;, manages the damage in the
fibre direction; the second ondy,, collects the damage in the transverse directmeufring
only in traction), whiled;, can handle the damage in the shear directioreateily the de-
cohesion between the fibres and the matrix. Whenpthne stress assumption is not done, the
damage can also occur in direction 3. The parametethose value is equal to 0 or 1, is then
introduced.
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As the strains can be determined by the derivatitbe potential (1) with respect to the stresses,
the thermodynamic forces; dre computed as the derivatives of the potentiidd vespect to the
damage variables.drhe damages increase as the corresponding thgnawmit force increases,
as illustrated in Figure 1, where Y =¥+ Y. It is also noted that,gl= bsd;o. As soon as
either d, or d is equal to 1, themgor dy,, respectively, is set to 1: once the ply is brokethe
transverse direction because of too many crackBeammatrix, the resistance to shear vanishes;
the opposite is also true. Figure 1 shows the mdiffebehaviors that can be represented by the
current model. Non linearities can be taken intwoaat in traction and compression in the fiber
direction. The fibers have a fragile behavior, whihe matrix is more ductile. Permanent
deformation can also be taken into account in th&irn
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Figure 1. Behaviors represented by the availabléaino

For modeling the damage, several parameters thee tm be identified: %, Y% the
expression of the non-linear part af=tho(VY), Y, Y% (in traction and compression) &nd
bs. Besides the damage associated to the failuréhefpty, permanent deformation is also
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observed, when the matrix is loaded (Figure 2). EBgeations are given in (2), and the
parameters to identify af®, B, yanda. Note that the effective stresses are used ipldsgicity
criterion.

£(5.p) =\ 0% + NG + 053 +a(6% + 52) - Ry~ R(p) <0

R(p) =Ry + fp” )
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Figure 2. Permanent deformation in the matrix pf5-45} laminate
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As reported in [1], all these parameters, as welihe elastic constants, can be identified based
on the tests results on three different lamindtest,are coupons with 0/90, 45/-45 and 67.5/-67.5
stacking sequences. The test on the 0/90 allowlstermine the properties in the fibre direction;
the tests on the 45/-45 are used to identify theasparameters, as well as the parameters for
plasticity (except the parameter call@d finally, the tests results on the 67.5/-67.5 paovide

the coupling coefficients.

The identification of the parameters entering tloeleh can be done based on a set of simple tests
at the coupon level. Typically, tests in tractiomdaompression on a laminate including 0° and
90° plies are conducted to determine the behawidheé direction of the fibers. For the matrix
properties, tests on laminates including 45° ard plies are conducted. The damage properties
are determined under loading and unloading contti&-igure 3). Finally, the coupling between
shear and transverse damage is identified witk tes67.5/-67.5 stacking sequences.

Figure 3. Loading/unloading conditions for the paeter identification
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2.2 Inter-laminar damage modeling

Delamination is modelled in SAMCEF with the cohesiglements approach developed by
Cachan, based on the work described in [3-5]. Tiaementation was described in [3-6], and is
therefore not reported here in details. The coleesigments approach has been used mainly for
the study of stable crack propagation, to simuddtieer for DCB, ENF or MMB tests. Here, as
an illustration of the SAMCEF capabilities, the taide propagation on an ENF is presented
(Figure 4). The initial crack length is such that anstable path will appear during the crack
propagation, what will result in a snap-back in teaction/displacement equilibrium curve. This
unstable path is captured thanks to a continuadjgoroach in the solution of the non-linear
equations; in this case the Riks method is useglr&i5 shows the equilibrium path and the
deformation of the ENF over time. It is clear tlla¢ crack propagates quite suddenly. This
acceleration in the crack propagation leads todalesn change in the geometry of the specimen.
At that time, the snap-back occurs.

0 5 10 15 20 25 30

Figure 5. Results of the FEM simulation

2.3 Non local approach: coupling inter and intra-laminar damages

Based on the work done at Cachan and described]jna[ non-local approach has been
implemented in SAMCEF. In this approach, the transe cracking in the matrix will influence
the resistance of the interface, and will thereforgate the delamination (Figure 6).

On one side, we have the diffuse damage, whicélégad to the evolution of the damage before
the limiting value Y1, and Y’ are reached. On the other side, transverse miaaking also

evolves through the ply thickness. Damaggs, d,, and d,;are associated to the micro-
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cracking density (3). d,; depends on the damagg dnd on the Poisson coefficiewts. The
stiffnesses are now degraded according to:

Ep = ES(1—dypp)(1-dp)
Gz = Gih(1- dyp)(1-dy2)
Gas = G9a(L—dp3)(1-daa)

The value op is obtained by solving equation (4).

dyp =dpp(p)  dip=dip(p)  dyz=dpg(p) (3)
1/ o
ady, )7 ady, ) adns )
2= Yio—= 23
L N (Y P A Y p— A _1=0 )
G (1-dyp) Gy (1-dpp) G @—dy3)

Moreover, the value of the mean micro-cracking dgng influences the strength of the
interface in modes Il and lll, as expressed byafh) (6). The damage ith the opening mode is

obtained based on the corresponding thermodynamge fas in the uncoupled inter-laminar
approach. For a micro-cracking density larger thaimresholgs, the damage in the interface in
modes Il and Il takes the value aof d

. _ . o8 _ o
If p<p$'d|| =d| + (1—d| )Zaipsm [Ej and d||| =d| + (1—d| )Zaipcoglzj (5)

If IOZpS: d|| :d| =1 and d||| :d| =1 (6)

In practice , a delay effect avoids the numerigatabilities.

Diffuse damage Transverse cracking Delamination

-
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Figure 6. Effect of the transverse cracking onititerface strength
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2.4 Non local approach: avoid local damagesin the ply

The problem of damage localization is well known thre continuum damage mechanics
approach, which is used here. In order to avoisl lttcal effect, a delay in the occurrence of the
damage can be used. Another solution is to usendamal approach; in which some additional
degrees of freedom are the non-local thermodyndonces that must satisfy additional sets of
equations in such a way that the local values raoghed over a domain.

3. RESULTS

3.1 Staticindentation

The static indentation of a composite plates ismared. In Figure 6, the value of the damage at
the interface of the plies when the uncoupled agghras used is given on the left. On the right,
the damage values for delamination when the cogfigtween inter and intra-laminar models is
taken into account. As expected, when the coupledeis used, the value of the inter-laminar
damage is larger.

Figure 7. The static indentation problem and th&/E€4&F model

Figure 8. Delamination at the interfaces with antheut the coupling
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3.2 Platewith ahole

We consider here a plate with a hole. We comparestitution obtained with the local and non

local approaches. Inter and intra-laminar damagescansidered in the model. Here, the non
local behavior is defined inside the ply, but oalgng the fiber direction. In Figure 9, it is seen

that when the local approach is used, strips df kigmage values appear. When the non local
approach is selected, the fibers breaking is bet&ned around the hole. The benefit of using
the non local approach is also illustrated in Fegl®. For the result of curve 1, the local damage
insid the ply is considered. The computation stogfere reaching the maximum load. For curve
3, the non local approach inside the ply is usex. durve 2, delamination is also taken into

account.

Local Non local

Figure 9. Results for the plate with the hole

Figure 10. results for the plate with the hole

4. CONCLUSIONS

In this paper, the damage models available in SAM@Ere recalled, and the parameters to
identify were listed. A new non local model was adésed. This model makes a link between
inter and intra-laminar damages. Application illag® the accuracy of the models, when they are
used in a coupled and uncoupled way.
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