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Abstract This paper addresses the prediction of intralaminar and interlaminar damage
onset and evolution in composite structures through the use of a finite element based
procedure. This procedure joins methodologies whose credibility has been already assessed
in literature such as the Virtual Crack Closure Technique (for delamination) and the ply
discount approach (for matrix/fiber failures). In order to establish the reliability of the
procedure developed, comparisons with literature experimental results on a stiffened panel
with an embedded delamination are illustrated. The methodology proposed, implemented in
ANSYS © as post-processing routines, is combined with a finite element model of the
panel, built by adopting both shell and solid elements within the frame of an embedded
global/local approach to connect differently modelled substructures.

Keywords Layered structures - Delamination - Buckling - Damage mechanics -
Finite element analysis

1 Introduction

The damage phenomenology of composite material structures is very complex because it
entails a multimode fracture process characterized by the presence of both intralaminar and
interlaminar damage which can onset, propagate and interact each other.

It is well known that as consequence of low velocity impact, composites always display
a damage pattern characterised by the presence of both matrix failures and delaminations
[1]. Therefore it could be argued that an accurate prediction of the residual stiffness and
strength of delaminated structures under compressive loads could require that both
intralaminar and interlaminar damage be taken into account as well as effect of their
possible interaction.
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A great amount of literature works have been devoted to the analysis of the post-
buckling behaviour of structures with embedded delamination [2—8] but only in a few cases
the presence of intralaminar damage has been considered too [9—12].

Finite element procedures dealing with the delamination growth are generally based
on fracture mechanics concepts and involve the evaluation of the Strain Energy Release
Rates (ERR) at the delamination front [13]. Some approaches do not take into account
the modes separation and evaluate only a total value of the ERR [10] while other
techniques such as the Virtual Crack Closure Technique (VCCT) [14] allow the ERRs to
be computed distinguish between the three basic fracture modes (GL,GII and GIII). The
growth initiation is identified on the basis of a growth criterion [15] (which can be
considered as a curve fit to fracture tests data): when a prescribed function of the
computed ERRs overcomes a threshold value dependent on the fracture toughness of the
material (GIC,GIIC and GIIIC), the delamination front is modified thus simulating
the delamination opening.

The modification of delamination front can be obtained by a moving mesh method
as proposed in Ref. [9, 10] or by releasing not merged nodes laying in the same position
(i.e. having the same coordinates) but belonging to two different fracture surfaces [5, 11,
12, 16].

When dealing with delaminated structures, overlaps can be induced between the
debonded layers, therefore contact elements must be used in the finite element model to
obtain meaningful results [3, 4]. The introduction of these elements enhances the agreement
of the numerical results with respect to the experimental ones but induces numerical
convergence problems thus requiring a very stable nonlinear solver.

Concerning the intralaminar damage, different failure criteria are available in literature
for the individuation of the first ply failure load such as the Hashin’s criteria [17, 18] whose
peculiar characteristic is that they allow distinguishing among different failure modes.

It is well known that composite plates retain residual stiffness and strength after the
occurrence of the first ply failure. A widely used approach, for the simulation of the
behaviour of composite structures beyond the detection of the first ply failure, consists in
the change of the material properties for failed elements according to suitable degradation
rules (ply discount approach) [19]. This approach has been extensively used for the analysis
of composite plates with holes [19-27] but only in a few cases it has been applied to the
analysis of delaminated plates [10, 12].

The numerical simulation of the compression after impact behaviour of composite plates
requires that all these features (evaluation of the ERRs, failure check and degradation
approach) be included into an iterative non linear procedure.

The stiffness and strength reduction associated to the presence of a delamination in
composite laminate plates is very strong especially in compression. In order to generate
experimental data to be used for validating numerical models dealing with delamination,
experimental tests are generally performed by creating an artificial debonding between two
adjacent layers of a composite laminate through the insertion of a very thin film of Teflon
[2, 28]. The composite laminate is thus subdivided into a thin sub-laminate and a thick
sublaminate or base sublaminate. Two edges of the structure are then clamped in a test
machine and a compressive displacement is gradually applied. The behaviour commonly
observed during these tests can be described as follows. As the load increases the thin
sublaminate buckles first. Afterwards, the buckling of the base sublaminate is induced. In
this case, depending on the thicknesses ratio of the two sub-laminates, the out of plane
displacement of the base sublaminate can be of the same sign (Type I) or of different sign
(Type 1) with respect to the one of the thin sub-laminate. When the buckling is of Type II,
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an increase in applied load determines the condition known as global buckling: the thin
sublaminate is dragged towards the base sublaminate but the delamination opening
continues to be relevant.

The delamination starts growing generally after the global buckling but propagation after
the local buckling could be also possible for different constraints or delamination shapes
depending on the stress distribution at the delamination front. In the same way, intralaminar
damages, depending on the stress state within the material can be induced before or after
the delamination growth.

Within this work a numerical procedure is adopted [12], based on the combined use of
the Virtual Crack Closure Technique and of a ply discount approach. The occurrence of
matrix cracks, fibre breakages and all the others intralaminar failures are verified (see
Table 1) for each ply of the laminate at each load step of a non linear incremental analysis.
Furthermore, the material properties of the damaged ply are reduced according to suitable
degradation rules depending on the failure mode detected in order to simulate the
progressive decrease of the structural stiffness associated to the presence of damaged areas
[4, 5]. On the other hand, by considering the interlaminar damage as a fracture process,
fracture mechanics concepts are used [14] and the Strain Energy Release Rate is monitored
(Table 1) to define the delamination growth status (firstly its initiation and after how it
grows). After the growth initiation the delamination shape is modified by using a fail-
release approach which merely consists in releasing connections (usually multipoint
constraints) which kept together nodes with identical coordinates but not merged on the
delamination interface.

The procedure above deployed has been implemented in ANSYS as user subroutines,
with the aim to investigate the intralaminar and interlaminar damage evolution in a
geometrically complex structure such as a stiffened composite panel characterized by the
presence of an embedded delamination subjected to static compressive loads. Literature
experimental data were available for this structure both in terms of buckling loads and
damage characterisation [28].

In order to mitigate the computational efforts requested by numerical analyses, a global/
local strategy [29] has been adopted to build the finite element model.

Usually global/local is accounted as synonymous of sub-structuring [16]: mainly a
detailed local model receives as boundary conditions the deformation field obtained by a
global model of the full structure thus defining a sequential global/local procedure which
does not allow effects of the local model on the global one to be taken into account. An
embedded global/local procedure is surely more suitable but requires the availability of
interface elements or rather coupling elements able to take into account also large

Table 1 Failure criteria and degradation rules

Failure Mode Criterion Degradation rule
2 2 2 2 2 2 T — Eo—
Matrix tensile and Do) (Z2) 4 (22) > () () +(Z=) >0 EJ’ = KEy; E; = KE:
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deformations in non linear analyses and to connect different type of elements such as shell
and solid.

This paper starts (Section 2) with the description of the finite element model of the
stiffened panel built by adopting an embedded global/local technique, and ends presenting
numerical results (Section 3) focusing on interlaminar and intralaminar failure modes and
effects of their interaction. Comparisons against experimental results taken from Ref. [28]
are also provided.

2 Problem Definition and Finite Element Model Description

The compressive behaviour of a stiffened panel, whose geometrical dimensions are
indicated in Fig. 1, has been investigated taking into account the presence of an
embedded defect (delamination) placed between the forth and the fifth ply (90°/45°) of
the composite laminate of which the skin of the panel is made. This kind of benchmark
has been selected due to the availability in literature of accurate experimental results [28]
in terms of both mechanical response of the whole structure and damage characteriza-
tion. Material properties for the HTA-6376C are reported in Table 2 together with
strength and critical fracture toughnesses requested for the intralaminar/interlaminar
damage analysis.

The schematization of the panel shown in Fig. 1 reflects the choice to use, in the
finite element discretization, respectively hexahedral elements for the modelization of
stringers and delamination and shell elements for the surrounding undamaged skin (see
Fig. 2).

The presence of an embedded delamination which can grow and the need to obtain a
correct prediction of the three dimensional stress state within the material, from which
depends both the occurrence of intralaminar damages and the progression of the
delamination front, has led to the adoption of hexahedral elements for the delaminated
area. The initial delamination area of radius R, and the circular crown around it are
modeled by maintaining couples of nodes with identical coordinates not merged on

MATERIAL LAY UP:

SKIN: [+45°/-45°/0°/90°]55 P
STRINGER: [+45°/-45°/0°3/90°/0°3/-45°/+45°]

< Z  — /
I

w

be Le i GEOMETRICAL DIMENSIONS:

’ b;=9.5mm |t,=3.33mm
— | Ve b=55mm t=1.16mm
h, 2 ,/ Ry b£;48.2mm tf;z.somm
/ = —= hy,=45mm |t,=2.74mm
e i Al R=20mm  |s=149mm
X w=375mm |l=446mm
b, by s ’ x.=113mm_|y.=205mm

Fig. 1 Stiffened panel geometrical dimensions and material lay up defined respect to the applied load
direction- SFN3 configuration [28]
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Table 2 Material properties (HTA-6376C) [30, 31]

Longitudinal tensile modulus 140 GPa Longitudinal tensile strength 2100 MPa
Transverse tensile modulus 10.5 GPa Transverse tensile strength 70 MPa
Poisson ratio 12 and 13 0.3 Longitudinal compressive strength 1650 MPa
Poisson ratio 23 0.51 Transverse compressive strength 240 MPa
In plane shear modulus 12-13 5.2 GPa In plane shear strength 105 MPa
In plane shear modulus 2-3 3.48 GPa Critical ERR-Mode I 260 J/m?

Critical ERR-Mode II 950 J/m’

adjacent faces of the two sub-laminates in which the skin of the panel is subdivided
(Fig. 3).

Contact elements have been placed on the initial delamination area in order to avoid
overlaps which could occur during the load application whereas interface elements
(MPCs) have been used to keep together (Fig. 3-a) the two sub-laminates in the circular
crown ( radius Rmax-Ry) where the delamination is expected to grow and after to release
them (Fig. 3-b) whether the delamination growth criterion is satisfied (fail release
approach).

Really, three-dimensional elements have been adopted also for the stringers in order
to obtain a model which in future research activities could be used to take into
account both skin-stiffener debonding and intralaminar damage in these structural
components.

Then, shell and hexahedral elements have been connected by using interface elements
based on coupling equations between the degrees of freedoms (rotational and translational)
of nodes at common boundaries [29].

Three analysis approaches have been adopted. The first approach (CH) does not allow
the delamination to grow (CH): indeed, the delaminated area during the analysis remains
unchanged (radius Rq Fig. 3). In what follows two other approaches are introduced: DEL
and PDADEL which both made use of the fail release approach to predict and simulate the
delamination propagation. Only the latter approach takes into account also the onset and
progression of intralaminar damage.

Interface global/local elements

(] Eight nodes shell elements [ Twenty nodes hexahedral elements

Fig. 2 Finite element discretization: solid and shell elements connected at common boundaries using
interface elements
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Contact elements

Connections
(MPC) between
unmerged nodes

Fig. 3 Delamination modellization (the position of a control point A placed in the centre of the delaminated
area is also sketched)

3 Numerical Results
3.1 Comparison Between Numerical and Experimental Results

The comparison between the applied-strain versus load graph experimental and numerical
(CH approach) curve is shown in Fig. 4. The global buckling of the panel is reached at
—2773 pe which is very close to the experimental value —2850 pe.

A good agreement has been found also in terms of local-buckling load (numerical:
—1178 pe experimental: —1250 pe) as clearly visible in the Fig. 5 where the out of plane
displacement of the control point A (see Fig. 3) is plotted against the applied compressive
strain.

The deformed shapes experienced by the panel at the local buckling load and in the post
buckling regime are presented in Fig. 6. At the local buckling load, the instability is
detected only in the delaminated region where the thin sub-laminate starts to behave an out
of plane displacement directed towards the inner side of the panel. This displacement

-6000  -5500  -5000  -4500  -4000 -3500  -3000 @ -2500 -2000  -1500  -1000
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-300 A

-400
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-600 -

-700 -
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e

-800 +

Applied Strain (pe)

—e— CH-Numerical ¢ EXP

Fig. 4 Applied-strain/Load graph: comparison between numerical and experimental results

@ Springer



Appl Compos Mater (2011) 18:113-125 119

L)
o

2.0

1.5 1

LOCAL BUCKLING

— 1.0

UZ (mm)

0.5 |

piokca'
“A000 500~ @
_05 4

-5000 -4500 -4000 -3500

L
(=]

Applied Strain (ue)

—e&— CH-Numerical - -<- - EXP

Fig. 5 Applied-strain/Out of plane displacement of the point A: comparison between numerical and
experimental results

AL SOLUTION HODAL SOLUTION

Fig. 6 Deformed shape with out of plane displacement contour at —1177 pe (top) [local buckling of the
delamination] and —4611.43 pe [post-buckling for the panel] (bottom). The pictures on the right are
enlargements of the delaminated area at the same applied strain
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increases with the load, up to the reaching of the global-buckling condition when the whole
panel goes to buckling too. By then, the thin sub-laminate is obliged to follow the buckle
shape of the skin of the panel which causes an inversion in the out of plane displacement of
the point A (see Figs. 5 and 6).

3.2 Delamination Growth

The use of the fail-release approach in conjunction with the Virtual Crack Closure
Technique allows the delamination growth to be taken into account (DEL approach). By
adopting this approach is it possible to analyse effects of the delamination propagation on
the behaviour of the stiffened panel. The delamination starts growing just after the
occurrence of the global buckling causing a modification in the out of plane displacement
versus applied strain graph (see Fig. 7): for a fixed applied strain the out of plane
displacement obtained in presence of propagation is smaller than the one evaluated without
allowing this phenomenon.

Is it possible to find the justification of this sentence is in Fig. 8 where it is visible
how the deformed shape of the thin sub-laminate changes as consequence of the
delamination opening thus reducing its out of plane displacement. As expected, before the
delamination growth nothing changes in terms of structural behaviour. The comparison
between the Applied-strain/Load graph obtained by using the CH and DEL approached is
not reported here because no relevant differences have been detected between the two
curves.

Unfortunately experimental data on the delamination growth initiation load are not
available and only delaminated areas at a discrete number of applied loads are provided in
Ref. [28].

The numerical and the experimental shape of the delaminated area are compared in
Fig. 9: the direction of the propagation and the asymmetry in the opening are very well
predicted but the load at which the numerical shape has been obtained is smaller (20%) than
the one at which the experimental area is measured.

)
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—— CH-Numerical —<—— EXP—e— DEL

Fig. 7 Applied-strain/Out of plane displacement of the point A: comparison between numerical (CH and
DEL approaches) and experimental results

@ Springer



Appl Compos Mater (2011) 18:113-125 121

NO0Nmo 55558

Fig. 8 Deformed shape with out of plane displacement contour for the delaminated area at —2690.58 pe
(top) [before the delamination starts growing] and —2847.53 ne (bottom) [after the beginning of the
propagation]

3.3 Intralaminar and Interlaminar Damage Interaction

Finally the behaviour of the stiffened panel has been investigated taking into account also
intralaminar damage (matrix/fiber failure)-PDADEL approach. The analysis has been
performed up to the —3000 e no significant modifications have been detected between the
DEL (Fig. 7) and PDADEL Applied-strain/Load graph curve despite of the onset of matrix
and fiber failure in the plies of the thin sub-laminate (see Figs 10, 11 and 12).

Fig. 9 Comparison between the numerical and the experimental shape of the delaminated area (area
obtained at loads whose difference is about 20%)
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Matrix and fiber A Und d
failure Bl Undamage
[ Matrix Failure
Matrix : :
failure [ Fiber Failure
[ Matrix and Fiber failure
Matrix and [ Shear Failure
shear [ Matrix and shear failure
failure

[ ] Fiber and shear failure
Il Matrix, fiber and shear failure

Fig. 10 Intralaminar damage failure. Colours are associated to different damage modes

In fact, at an applied strain equal to —1682 pe (FIRST PLY FAILURE), in the most
external ply of the thin sub-laminate (+45°) matrix failure and matrix plus shear failure
onset where the out of plane displacement is maximum (Fig. 11). As the load increases, the
stress redistribution induced by the presence of damage, which in the numerical model is
associated to the reduction of the material properties by means of degradation rules
(Table 1), leads other elements to fail and the damage zone to extend (Fig. 11 from left to
right). The damage progression is shown (Fig. 12) also for the 90° ply of the thin sub-
laminate. For this ply the damage onset later respect to the +45° but it grows more rapidly
even if only matrix failure is detected.

As said above up to —3000 pe the applied-strain/load graph curve does not change
respect to the DEL curve however a modification in the Energy Release Rate distribution
has been detected (Fig. 13) and induced by the presence of intralaminar damage. Indeed,
the direct consequence of this raise in the Energy distribution is an anticipated delamination
growth and an increase in the growth rate of the delamination front even if not very
pronounced.

4 Discussion and Future Work

The good agreement found between the overall response of the panel (in terms of local
and global buckling loads as well as load displacements graph) allows deducing that
the global/local approach adopted is very effective indeed. By connecting solid and
shell elements it is possible to save computational time in modelling geometrically
complex structures; furthermore, finer meshes can be used only where an accurate

Fig. 11 Failure maps for the —45° ply of the thin sub-laminate: —1682 pe (FIRST PLY FAILURE),
—1793 pe, —2466 pe, —2690 pe (GROWTH INITIATION)
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Fig. 12 Failure maps for the +90° ply of the thin sub-laminate: —1682 e, —1793 pe, —2466 e, —2690 pe

prediction of the three-dimensional state of stress is required (such as zones must prone
to be damaged). It is worth noting that the global/local approach employed defines a
strong or two-way coupling between the local and the global model therefore effects of
one model are passed to the other and vice versa within the same analysis.

Within this paper the intralaminar damage onset has been checked only for elements of
the thin sub-laminate lying within a restricted area which is equal to the initial delaminated
area plus the surrounding circular crown where the delamination is expected to grow (see
Fig. 3- Radius R,,.x). Even if these elements are the most prone to fail, other critical
locations could exist within the structure. Thus as further work the extension of the
progressive damage approach to the whole structure or to the most critical zones should be
foreseen because important also to predict the final failure of the panel.

Further, the propagation of the delamination under stringers and/or the debonding
between skin and stringers could be simulated extending opportunely the zones where parts
are kept together by releasable connections.

5 Conclusion

The mechanical behaviour of a composite stiffened panel in presence of an embedded
delamination within a bay has been analysed. A global/local approach has been adopted to
connect differently modeled substructures and its effectiveness has been demonstrated by
comparing results with experimental data taken from literature.

AT L, S G N NS N NSV N N S5 4 b

-180 -160 -140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180

---¢---2466.37 pe DEL —a— -2466.37 ue PDADEL

Fig. 13 Energy distribution: comparison between the curve obtained by he approaches DEL and PDADEL
(applied deformation —2466.27 pe)
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Results of three approaches characterized by different levels of detail have been
compared in order to highlight effects of each damage type and of their interaction, leading
to the observation that intralaminar damage onset and evolution causes an alteration in the
Energy distribution at the delamination front inducing a modification in the delamination
growth initiation load and in its growth rate.
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