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ABSTRACT

A smplified method based upon Damage Mechanics for the ddlamination
anadyss of carbonresn composites is presented. In the neighbourhood of a
laminate structure quas-straight edge, damage is taken concentrated on the
interface between layers. The Finite Element code EDA, acting as a post-
processor of an eadtic laminate shell computation, alows the onsst and
propagetion forecest of dedamination. Frst numericd smulations of
delamination are given and compared with experimenta results from literature.



INTRODUCTION

The degradation modes of carbon-resin laminates (T300-914 for instance) can be split into two classes.
On the one hand, intrdlaminar damages : transverse matrix cracking, fibre-matrix debonding, fibre
ruptures. On the other hand, delamination, i-e degradation of the link between layers. Laminate
structures being thin (plates or shells), the stress gate far away from the edge zones (free edges, zones
of force application) is a plane siress state, wheress the stress state can be three-dimensond in the
edge zones. Thus, delamination, phenomenon of layer debonding due to possible stresses that are
normd to the shell surface, occurs principdly in the edge zones of laminate structures.

Numerical rupture smulation of alaminate structure, taking into account al the progressive degradation
phenomena, leads to a time dependant three-dimensond non-linear problem. Nowadays, Finite
Element caculations under a classicd laminate theory and combined with stress criterial, are generdly
used for the rupture forecast far away from the edge zones. Such an approach can be discussed

because such criteria cannot well describe the different damage phenomena

For the delamination analysis, more especidly for the onset forecast of a free edge crack, computation
methods of eagtic edge effects>4 are generally used as post-processors of an eadtic laminate shell

computation. They are associated to criteria based upon the average of norma stresses dong a
characterigtic distance from the free edge®. Progressive degradations are not yet taken into account. In
add, delamination does not dways occur where stresses are maxima and the intrinsc feature of the
distance from the free edge can be discussed when geometry and stacking sequence vary. Linear

Fracture Mechanics, i-e computation of an energy release rate G and its comparison with a critic vaue
G, isgenerdly used for crack propagation study5-8. Nevertheless, Fracture Mechanics cannot be used

for crack onset study.

Progressive degradation modelling alows to know accurately the structure behaviour until rupture : thet
is Damage Mechanics of Composites®11,

Numericad methods based upon Damage Mechanics proposed by LADEVEZELL, acting as post-
processors of an eadtic laminate shell computation have been developed for the forecast - (i) of
rupture far away from the edge - (ii) of rupturein the vicinity of acdrcular hole - (jii) of delamination near
aquas-straight edge.

The (iii) method is presented. The generd ideas of that computationd tool bad been first presented
if2. We present now the development and the first results of this smplified method that dlows the
forecast of delamination onset and its propagation on a short distance. Damage phenomena are taken
concentrated on the interfaces between the layers. The edge is quas-graght thus the initid three-
dimensiona problem becomes a two-dimensiond one set into a band perpendicular to the edge.

The laminate is modelled as a stacking of homogeneous elagtic layers connected by dastic with damage
interfaces. The interface & a two-dimensona entity which ensures stress and displacement transfers
between layers. The degradation effect is taken into account though the relative variations of the



interface dastic moduli. An interface with damage has also been used recently by ScHELLEKENS!3 for
ddamination smulation of a laminate under tendon. The interface moddling of previous author is
principaly based upon numerica congderations. The interface moddling we propose has dready been
presented. In the previous presentation!4, for the particular example of a DCB beam, a link has been
established between Damage Mechanics of the interface and Fracture Mechanics giving a mechanica
interpretation to that modelling. Note that the crack length was considered large compared with the
beam thickness. In the present paper, the numerica smulation of the DCB test is performed with no
initial crack.

Finite Element method is used. Due to damage, the structure may present a critical state. A RKs1>16
method, in which crack opening displacement is controlled, dlows to pass such alimit point.

Numericd smulations of ddamination, computed with the post-processor E.D.A. (Edge Damage
Andyss), ae given in the framework of : - a D.C.B. beam : study of onset and propagation of
ddamination - a gpecimen under tenson : study of delamination onset near the free edge. The proposed
numerical Smulations dlow a comparison with experimentd results from literature for the identification
and the checking of the modelling .

A. DELAMINATION ANALYSISBY DAMAGE MECHANICS

I. LAMINATE MODELLING

{ of homogeneous layers
Thelaminaeismoddled asadacking: 1 _ (seefig. 1)
T of interfaces connecting layers

All damage phenomena are taken concentrated on the interface. The principa features of the interface
are:

- its behaviour is assumed orthotropic :the influence of the adjacent layers on the interface
damage behaviour is taken into account through the fibre direction bisectors that are supposed to be the
directions of orthotropy. The conditutive law links the norma stresses to the jump of displacement
between layers, its expresson in eadticity is:
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7 jump of displacement between the + and - layers

1 k2 = k9 = k8 = 0Ocomplete debonding between layers

Note the particular cases: I
b 1K9 = k9= k3= 8 perfect bonding



- damage is unilateral in the 3 direction : for the norma to the shell direction (mode I) there
is no damage under compression

- relative variations of stiffness are the damage indicators : three interna variables ¢ are
associated to the three stiffness moduli k?

- the interface behaviour is assumed to be elastic with damage : that is afirg, an indadtic
behaviour can also be introduced?’.

The thermodynamicd potentid isthe strain energy :
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The variables Yy;, that are Smilar to the energy release rate introduced in Fracture Mechanics, are

?
conjugated to d; : Ydi = %
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Note that modes 1, 2 and 3, are here relative to the axes of orthotropy, contrarily to the Fracture
Mechanics classica gppellation that refersto crack opening directions.

A firs choice for the damage evolution law :

The evolution of the three damage variables is linked because the same micro-cracks participate to
damage. Damage evolution is assumed to be governed by :

Y =suppy,_ (Yaz+ 01 Yd1+ & Yd2) 91, G coupling factors

Damage evolution law is
1 d3 = wW(Y)if dg<1ds=1 otherwise
| d1= gw(Y)if dh<1 and d3<1d;=1 otherwise
T do = gW(Y)if <1 and da<1d,=1 otherwise

n
) <Y-Yo>:
with  wlY)=—""""—

(Ye-Yo)

Y (threshold energy), Y (criticd energy ), n : characterigtic parameters of the damage evolution law of
the interface.



Il1. LINK WITH FRACTURE M ECHANICS

Classical tests of Fracture Mechanics!8 alow to obtain the three inter-laminar fracture toughnesses G,
Giic: Giie, relatively to the modesl|, Il and l11. G, Gyi¢, Gy are different9,

Under the assumption : G is a constant parameter (there is no R-curve effect), G is a characteristic
interface parameter. G can be interpreted as the necessary work per unit surface for the interface
debonding. Then it can be relied (for ingtance under pure mode | + mode 3) to the characteristic
parameters of the interface moddling.

[uzd]

Gic= 6 s33 dug with [Uge] = [wel, .,  theinterfaceislocally cracked
0

Gy istherefore the area under the curve s 33 - [ug] (seefig. 2). In pure mode | pure onefinds:
n
Gie=Yo+ ;7 (Ye-Yo)

For the identification under pure modes 2 or 3, one assumes that the crack opening direction coincides
with a bisector of adjacent fibre directions. In that case one finds (mode Il + mode 1 and mode 111 +
mode 2) :

1 1 ] a=II,1ll

+ g(]Jn+1) (1- g(n+1) (Yc- Yo)with + =12

2
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The above relations dlow afis identification of damage evolution law parameters.

Note thet ddamination moddling through an interface with damage includes the notion of process zone
given by some authors, because damage varies continualy in the vicinity of the crack tip. The process
zone length depends on the structure (the damaged zone at the crack tip is different for DCB beams
with layers a 0° and 90°).

B. NUMERICAL STRATEGIES

|. THE BOUNDARY LAYER PROBLEM

1. Problem formulation in easticity

The laminate shell, of thickness 2h, occupies the domain W=Wy»W (seefig. 3).

When the thickness 2h is weaek compared with the transverse dimensions, the three-dimensond
displacement-stress solution (U, ©) of the elastic problem set on W can be writter?? :



TU=Up+ Ug " 1 (Up, op) : Solution of ashdll problem
}o =0Op+ O Wit % (Ug, op) : Solution locdised near theedge I 2

Notably because of the layer condtitutive law discontinuity, the following boundary condition is not
respected ontheedge I »:

D Z4[- hhjop(2n = F(2)F and n denote the force density and the normal

Hence (Ug, o) is added to the vaid solution far away from the edge [0 2 (Up, op) such that (U, ©)
satisfies the equations and boundary conditions of the three-dimensond problem. (Ug, o) islocaised
near [1 o, thus the edge effect solution (Ug, ©F) can be computed in post-processor of a shell
computation set on Wh. If in add, the radius of curvature of the edge [, is large compared with the
thickness, the variations of (Ug, o) dong the tangent direction (y) are negligible : the problem becomes
st into aband B of which the length isin order of the thickness 2h.

The problem (P) to solve becomes : Find (Ug, o) /

0} UgdUu={V/v=00n0 i« B}

@) DVAauBogeV)dS= 8 RVds
B 0 o« B

(i)  oeg=F(elp)

The force R applied on the edge O o« B of the Sructure is the resdue of externd forces and of the
dhdl solution: R=F-ocpn

(1) meansthat (Ug, o) islocdised and (iii) is the conditutive law.
2. Solving the boundary layer problem in the non-linear case

In the proposed modelling of the laminate, only the interfaces can be damaged due to edge effect
normal stresses. The interfaces taking no part in the computation of (Up, op), it is possbleto gpply the

principle of superimposad stress for the computation of (Ug, OF).
The problem (P) to solve becomes a non-linear time dependant problem set into the band B.

We compared the damage states near the free edge obtained by two non-linear computations of a
Specimen submitted to tenson aong the x direction.(seefig. 4).

The first computation C; has been carried out by resolution of problem (P). The second one G, has

been a reference computation because it adlows to have the exact three-dimensond solution by
searching the displacement under the form proposed by PIPES & PAGANOZ,
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C1 and C, reaults are rigoroudy equa. That confirms it is possble to apply the principle of
superimposed stress in that particular case where non-linearities are taken concentrated on interfaces.

1. A RIKSLIKE METHOD

Due to damage on interfaces, aingtability point may appear. Thet critica point cannot be passed with a
NEWTON method that pilots the computation in term of ‘force’ (see fig. 5). A RIkS like method!5>-16
alowsto control the computation and pass such alimit point.

Current gtep :
i Kadi=1 i+ F-f(U) By the NEWTON method : dlj=0

S (lima=litdly By the RIKS method the load factor is released, it is then
| congtraint: o(dl ;) =0 necessary toimposeacongraint : ~ g(dl ) =0

RIKs!S, CRISFIELD16 propose a congtraint g(dl ;) = 0 that concerns the norm of the global vector d;.
Such a globd condraint may lead to a non-convergence when damage localises. To ensure a good
convergence we propose to use of aloca congraint that considers only the more significant degrees of
freedom in the increase of damage.

Note a the closer node of the Gauss point where the increase of damage has been the more important
a the initid step (b isthe node located on the same interface but on the adjacent layer). n (1, 2 or 3) i<
the mode of principa damage (seefig. 6).

The locd congdraint congsts in imposing a congtant vaue for the jump of digplacement between a and
b dong the n direction.

@7 -@)y =0 for =1

[11. A METHOD FOR A LARGE NUMBER OF LAYERS

The operator K, (see (S)) can be the tangent structural stiffness matrix K1 or the secant one Kg (i-e

computed through an dastic with damage behaviour). Solving (S) can be carried out with the direct
CRoUT method. In the case of alarge number of layers, that method may be expensive because of K5

matrix sze. We propose then to use the conjugate gradient method with use of a conditioner.

In that case we choose : Ka=KEg

In the iterative RIKS dgorithm, the linear systemsto solve can be written under the form :



KEX:R W|th KE:Kcou+Kint

Keou and Kt are respectively the contributions of layers (K ¢qy is a congant matrix) and of interfaces
(Kint is a non-congtant matrix because the interfaces can damage). The conjugate gradient method

consggsin aseries of iterating resolutions of :
Keou Zn+1 =R - KgXp

Thematrix K oo (conditioner) being diagona by units, the resolution is pardlel on each layer.
C. NUMERICAL SIMULATIONS OF DELAMINATION

|. IDENTIFICATION OF MODEL PARAMETERS
The characteristic parameters of the interface moddling are : kcl) ,kg ,kg Yo, Ye, N, 1, O

The interface can be consdered as a rich resin zone of weak thickness g compared with the layer

thickness .. By this andogy and by congdering that eic <<1, the interface condtitutive law can be

expressed as :
‘I k0= 2C':‘13 G13, Gy, B3 . dadic moduli of
#1309 80 0 Oy | 1o the rich resin zone, they can be
(1) gSzg = Qo kO g[uﬂ with |’ kg:iB chosen equa to the homogenised

0 8) 0 ko PEWD %ko_ggel
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layer moduli.

The identification of the other parameters can be carried out by the use of classica Fracture Mechanics
tests?1 results for the mode | (specimen DCB seefig. 7), the mode |1 (specimen ENF) and the mode 111
(pecimen SCB). The use of toughness vaues issued from litteraturel® is difficult because those values
can present, for the same materid (for instance T300-5208), an important divergence. For the following
smulations, we identified the parameters by comparison with experimentd results.

II. THE DOUBLE CANTILEVER BEAM (DCB)

We have smulated the DCB test with the EDA program for a comparison with the experimental
results?3 (the simulation of the DCB test is not a boundary layer problem).

The studied structure is constituted of 48 layers of thickness ez = 0.1375 mm and of T300 fibres with a

M10 resn. The numericd smulation has been caried out with no initid crack, wheress the
experimental specimen had an initid crack of 285 mm. The authors? found G = 450 Jn? and the



following dastic moduli (the dagtic moduli rlative to the norma direction 3 are supposed to be equd to
those in the transverse direction 2).

Erreur !) Erreur !)
We have chosen k3 by the relationship (1) :

e :%C kS =3.27 108 MPaim

Yo, Y¢, Nvaues satisfy the rdaionship :
n
(2 Gie=Yo+;1(Yc-Yo)

In view of numericd reaults, onefinds:

- the numericd smulation dlowsto find quite well the experimenta results since the crack length
(smulation) reaches the experimentd initid crack length

- Yo, Yc, nvaues have afew influence on the (F,U) curve (see fig. 8), at the condition these
vaues satisfy the rdationship (2)

- by the knowledge of the load F associated to the crack length g, it is possible to compute the
critical energy release rate G (by the area method18). One finds the experimenta vaue of G and one
verifiesthat the critical energy release rate is independent of the crack length (seefig. 9). Thisresult has
been veified expaimentay?3 and theoreticaly established!4 for an initid crack which is large
compared with the thickness 2h. The important point, is the numericd smulation dlows to find this
result even if the crack length is short.

I[11. DELAMINATION NEAR THE FREE EDGE OF A SPECIMEN UNDER TENSION
OR COMPRESSION

We compared our smulations of ddamination near the free edge of a gpecimen under tension or
compression (see fig. 4) with first experimental results®24 for mode | delamination (on the mid-plane
interface) of a T300-5208 materid (seetab. 1). Then, we adso compared our results with experimenta
ones?® for mixed mode of ddlamination of a T300-1034C (see tab. 2). The authors>2> propose the
same eagtic moduli for both materids T300-5208 and T300-1034C.

Erreur!) Erreur!)

We have chosen the interface stiffnesses by the relationship (1) and g = & .



In a first time, we have identified under mode | (T300-5208) the parameters Y, Yo and n with the
(£45,0,90)s laminate. In a second time, we have identified the parameters g; and g, under mixed mode

(T300-1034C) such that the results are quite good. So, we assumed that both T300-5208 and T300-
1034C damage behaviours were close.

The calculated grain (ecg) in the tables corresponds to the maximum of strain of the strain-crack length
curve (seefig. 10).

CONCLUSION

The andyss of ddamination near an edge of a laminate sructure by Damage Mechanics has been
presented. The basic assumptions of this method - the edge is quas-draght - damage is taken
concentrated on interfaces between layers - lead to a amplified method for the delamination onset and
propagation forecast. The identification of characteristic parameters of the interface moddling can be
caried out by use of classcd Fracture Mechanics tests. The Finite Element program EDA is
independent of Finite Element codes, it acts as a post-processor of an eadic laminate shel
computation. Note there is no mesh dependency because the treated problem is plane and damage is
concentrated on interfaces. The first comparisons of numericd Smulations with experimentd results are
quite good.

REFERENCES

1 TSAlI SW.& WU E., A Genea Theory of Strength for Anisotropic Materias, Journal of
Composite Materials, 5 (1971) 58-80

2 ENGRAND D., A Boundary Layer Approach to the Calculation of Transverse Stresses aong the
Free Edges of a Symmetric Laminated Plate of Arbitrary Width under in Plane Loading,
Composite Structures, (1981) 247-261

3 DUMONTET H., Study of aBoundary Layer Problem in Elagtic Composite Materials, M2AN, 20
(1986) 265-286

4 BAR-YOSEPH P. On the Accuracy of Interlaminar Stress Cdculation in Laminated Plates,
Comp. Meth. in Applied Mech. and Eng., 36 (1983) 309-329

5 KIM RY.& SONI SR., Experimenta and Andytica Studies on the Onset of Ddamination in
Laminated Composites, Journal of Composite Materials, 18 (1984) 70-76

6 WANG A.SD., Fracture Andyss of Interlaminar Cracking, Interlaminar Response of
Composite Materials, Composite Materid Series, PAGANO N.J. (Ed), Elsevier Science
Publishers, 5 (1989) 69-109

7 WANG A.SD. SLOMANIA M. & BUCINELL R.B., Ddamination Crack Growth in
Composite Laminates, Delamination and Debonding of Materias, JOHNSON W.S. (Ed.), ASTM
STP 876 (1985) 135-167

8 OBRIEN T.K., Characterisation of Delamination Onset and Growth in a Composite Lamingte,
Damage in Composite Materials, REIFSNIDER K.L. (Ed.), ASTM-STP 775 (1982) 140-167

9 TALREJA R. Damage Development in Composites : Mechaniams and Modelling, Journal of
Strain Analysis, 24 (1989) 215-222



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ALLEN D.H., GROVES SE. & HARRIS C.E., A Cumulative Damage Mode for Continuous
Fibre Compodte Laminaes with Matrix Cracking and Interply Deaminations, Composte
Materials : Testing and Design, WITHCOMB JD. (Ed.), ASTM-STP 972 (1988) 57-80
LADEVEZE P., ALLIX O. & DAUDEVILLE L., Mesomoddling of Damage for Laminate
Composites : Application to Ddamination, IUTAM Symposum on Indastic Deformation of
Composites Materids, Troy, DVORAK G.J. (Ed.), Springer-Verlag (1990) 607-622

ALLIX O., DAUDEVILLE L. & LADEVEZE P., Ddamindaion and Damage Mechanics,
Mechanics and Mechanism of Damage in Composites and Multi-Materias, Baptiste D. (Ed.),
ESIS Publication 11, LONDON, (1991) 32-41

SCHELLEKENS JC.J. & DE BORST R., Numericad Smulation of Free Edge Delamination in
Graphite Epoxy Specimen under Uniaxid Extenson, Sixth Internationd Conf. on Composite
Structures ICCSG, Paidey, MARSHALL I.H. (Ed.), Elsevier Science Publishers (1991) 647-657
ALLIX O. & LADEVEZE P, Interlaminar Interface Moddling for the Prediction of Delamintion,
Composite Structures, 22 (1992) 235-242

RIKS E., An Incrementd Approach to the Solution of Sngpping and Buckling problems,
International Journal of Solids and Structures, 15 (1979) 524-551

CRISFIELD M.A., An Arc-length Method Including Line Searches and Acceerations,
Int.Journal for Num.Methods in Eng, 19 (1983) 1269-1289

CORIGLIANO A., Formulation, Identification and Use of Interface Models in the Numerica
Andyss of Compodte Ddamination, Submitted to International Journal of Solids and
Structures, 1992

WHITNEY JM., Experimental Characterisation of Delamination Fracture, Interlaminar Response
of Composte Materids, Composite Materid Series, PAGANO N.J. (Ed), Elsevier Science
Publishers, 5 (1989) 161-250

SELA N. & ISHAI O.,, Interlaminar Fracture Toughness and Toughening of Laminated Composite
Materids : A Review, Composites, 20 (1989) 423-435

NESA A., ABISROR A. & BUNSELL A.R., On Cracking in a Unidirectiond Glass-Epoxy
Composite : Toughness and Damage Mechanisms

FREDRICHSK.O. & DRESSLER R.F., A Boundary Layer Theory for Elastic Plates,Comm. on
Pure and Applied Mathematics, 14 (1961) 1-33

PIPES RB. & PAGANO N.J, Interlaminar Stresses in Composite Laminates under Axia
Extension, Journa of Composite Materids, 4 (1970) 538-548

LAKSIMI A., BENZEGGAGH M.L., JNG G., HECINI M. & ROELANDT JM., Mode |
Interlaminar Fracture of Symmetricd Crossply Composites, Composites Science and
Technology, 41 (1991) 147-164

RODINI B.T. & EISENMAN JR., An andyticd and Experimentad Investigation of Edge
Delamination in Composite Laminates, Proc. 4th Conf. Fibrous Comp. San Diego, Lenoe &
Oplinger & Burke (Ed.), (1978) 441-457

KIM RY. & SONY SR, Ddamination of Composte Laminates Stimulated by Interlaminar
Shear, ASTM-STP 893, (1986) 286-307



layer + 3
. /\ 2
interface % ' 1
layer /I%

fig. 1. interface

fig. 3. boundary layer

—

Fig. 4 . specimen under tension



A
1 F dllFJ,
A
~
loF dq f(U1
& = (U)
Uo U1 U2

fig. 5. RIKslike method

O\Oa\o—o
—%

fig. 6. concerned nodes by the local congtraint

F,U

2h

F,U
fig. 7. DCB test



fig. 8. F - U curve

fig. 9. G¢ - acurve



Mode | delamination®?

Mixed mode delamination®

Laminae Cep Ecal Laminate interface | Eep Ecal
(+45,0,90)s 053 | 053 (+45,90,0)s 90,0 071 | 0.77
(£452,02902)s | 045 | 0.38 (904,£30y) 30,-30 | -0.27 | -0.28
(+453,03903)s | 0.36 | 0.32 (904,£15) 15-15 | -0.34 | -0.36
(0,4£45,90)s 0.66 | 061 (02,230p)s 30,-30 | -0.54 | -0.65
(45,0,-4590)s | 054 | 057 (04,£304)s 30-30 | -035 | -04
(+30,90)s 0.39 | 043 (04,£304)s 30-30 | 085 | 0.73
(£302,902)s 0.36 | 0.39 (05,215,)s 15-15 | -051 | -06
(04,£154)s 15-15 | -0.35 | -0.45

(04,£154)s 15-15 | 057 | 05

Tab. 1. Mode | ddamination

Tab. 2. Mixed mode ddlamination

fig. 10. e-acurve for a (0,+45,90)s laminate: delamination on the mid-plane interface







