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1. INTRODUCTION
The demand for composite materials is continuously 
increasing among aerospace industries, but the pre-
diction of their mechanical behaviour has not yet 
gained satisfying level of robustness and reliability. 
This is principally due to the uncertainties related 
to the peculiar damage phenomenologies character-
izing composite materials, involving different types 
of failure modes which interact with each other. 
One of most common and dangerous failure modes 
of composite structures is the delamination one, 
which has an important effect on the reduction of 
the global stiffness of a laminate and can create a 
local instability, which may lead to a compressive 
failure. Therefore, an accurate prediction of residual 
stiffness and strength of delaminated structures un-
der compressive loads is needed.

The main objective of this work has been to investi-
gate and predict the behaviour of a stiffened delam-
inated composite panel through the use of a finite 
element based procedure. In order to simulate the 
delamination growth, fracture elements implement-
ed in B2000++® 1 code, within the frame of previ-
ous research activities (2-4), have been employed. 
Intralaminar damage, in the form of matrix crack-
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ing and fibre failure, has not been taken into account 
in our model, although at the level of strain applied 
in this analysis, such damage modes may affect the 
global response of the panel, as was found in 5, 6 
and 7. The B2000++® fracture elements are based 
on the Modified Virtual Crack Closure Technique 
(MVCCT, 8), by which it is possible to numerically 
compute the energy release rate on the delamination 
front for each fracture mode. An empirical delamina-
tion growth criterion based on the computed energy 
release rate and on the critical material toughness is 
then applied. Fracture elements are placed at the in-
terface between two surfaces initially undelaminat-
ed. If this criterion is fulfilled in a generic location 
of the delamination front, fracture elements release 
nodes in that location, allowing the separation of the 
two surfaces. The MVCCT, thanks to the hypothesis 
of small delamination changes for each time step 8, 
allows computing forces and displacement at the 
delamination tip in the same analysis hence allows 
performing the delamination growth analysis with a 
single computation for each time step. This would 
not be possible with the traditional VCCT which 
needs two different analyses, for the computation 
of forces and displacements at the delamination tip 
respectively, for each time step.
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Since the energy release rate is a function of both 
the forces at the crack tip and the crack opening 
displacement (COD), a very fine three-dimensional 
mesh is required for the good prediction of these 
quantities. On the other hand, a fine 3D discretiza-
tion of complex structures is not suitable due to the 
increasing of the calculation time. Hence, with the 
aim of extending the field of applicability of the 
damage prediction tool to geometrically complex 
structures, a global/local approach has been used. In 
particular, a shell/3D modelling approach (9-10) , 
for which a local three-dimensional solid finite el-
ement model, which represents the area of interest 
and where a detailed stress distribution evaluation 
is required, has been used only very close to the 
delaminated area, while a 2D-shell model has been 
used for the areas of minor interest. In such a man-
ner the accuracy of a three-dimensional model has 
been combined with the computational efficiency 
of a shell finite element model. In order to couple 
the shell domain to the solid one, shell-to-solid cou-
pling elements based on kinematic constraints and 
available in the finite element code B2000++® have 
been used. B2000++® offers the capability to imple-
ment new elements and new solver routine (written 
in FORTRAN and C++). The new elements are not 
user subroutines but elements ex novo based on the 
same architecture of native elements in B2000++®. 
The code offers also the capability to manage data 
through a robust database manager which allows the 
handling of complex models with a relevant number 
of degrees of freedom. In other words B2000++® can 
be considered a fully customizable research oriented 
FEM code with a specific different target (research) 
with respect to commercial FEM code. This is the 
reason why this code has been adopted for the de-
velopments presented in this paper, which is aimed 
to provide a computational effective delamination 
growth approach fully integrated in the FEM code 
and able to be adopted for large and complex struc-
tural configurations.

2. TEST CASE DESCRIPTION
The proposed finite element procedure has been ap-
plied to a literature test case carried out from 11 and 
12. As shown in Fig. 1, it consists of a carbon-fibre 
reinforced panel stiffened by three I-section stringers 
and with an initial circular delamination located at 
the centre of the bay and placed between the fifth and 
the sixth ply in the thickness of the skin. The stack-
ing sequence of the skin was [(+45°/-45°/0°/90°)4]s, 
while each stringer was made of 4 laminates, each 
one with the following lay-up (-45°/+45°/0°)2s. Ac-
cording to the Fig. 1, the 0° direction is the parallel 

one to the y axis.

Fig. 1: Geometrical description of the test case 12 units 
in mm 

The material properties of the adopted composites 
(T800/924) are summarized in Table 1 13.

Table 1: Material properties of the composite lamina

The experimental test has been performed under 
displacement control: the edge BC of the panel has 
been clamped while on the opposite edge (OA) s a 
uniform displacement along the y-axis has been ap-
plied. The rotation on the edge OA is not allowed 
and the lateral edges (OC and AB) are free.

3.NUMERICAL RESULTS
In order to predict the compressive behaviour of a 
stiffened panel by taking into account the evolution 
of an embedded defect, as a delamination one, non 
linear static finite element analyses have been per-
formed. Three modelling approaches have been ad-
opted in order to progressively take into account the 
presence of complex phenomena such as local in-
stabilities and delamination growth. Basically, three 
FE models (which hereafter will be called S1, S2 
and S3) have been created.

Model S1: in this FE model each component of the 
stiffened panel (skin, base stringer, web and top 
stringer) has been modelled by a single layer of 
shell elements, therefore, the local effects due to the 
presence of the embedded delamination have been 

Property Average (Cv) 
Longitudinal Young’s modulus, E11 (GPa) 155.21 (7%) 
Transverse Young’s modulus, E22 (GPa) 8.57 (3%) 

Normal Young’s modulus, E33 (GPa) 8.57 (3%) 
In-plane shear modulus, G12 (GPa) 7.40 (5%) 

Out-of-plane shear modulus, G13 (GPa) 7.40 (5%) 
Out-of-plane shear modulus, G23 (GPa) 7.40 (5%) 

Poisson’s ratio, υ12 0.36 
Poisson’s ratio, υ13 0.36 
Poisson’s ratio, υ23 0.36 

Critical Energy release rate mode I, GIC (J/m2) 280 
Critical Energy release rate mode II, GIIC (J/m2) 575 

Ply thickness (mm) 0.125 
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not yet considered. This first step is needed to assess 
the capability of the FE model in reproducing ac-
curately the global stiffness of the panel under com-
pressive load. A sensitivity mesh analysis has been 
performed with the aim at evaluating the effects of 
the mesh refinements on the results. The correlation 
between the experimental 12 and the numerical re-
action force vs. applied strain is good (Fig. 2a). Fi-
nally, the predicted buckling mode is shown in Fig. 
2b.

a)

b)

Fig. 2: a) Reaction vs. Applied strain curve, b) Buckling 
mode

Model S2: in this second step, the area surrounding 
the delamination that is the area of interest, has been 
modelled by two layers of solid elements, while 
all the other regions have been still modelled by 
means of shell elements. The modelling approach 
is sketched in Fig. 3 which represents a section 
along the plane y=150mm: indeed, because of the 
presence of the initial circular delamination (MN) 
between the 5th and the 6th ply, the laminate can be 
divided into a lower sublaminate (3.375mm thick) 
and into an upper one (0.625mm thick). The first 
layer of solid elements, which is the thickest one, 
is representative of the plies below the delamina-
tion plane (lower sublaminate, where the stringers 
side of the panel is the upper one), while the second 
layer, which is the thinnest one, is representative of 
the plies above the delamination plane (upper sub-
laminate). It is worth to notice that the position of 
delamination between the 5th and the 6th ply has been 

arbitrary set and it is representative of a damage in-
duced by a low velocity impact on the panel. Since 
only a delamination growth model and no criterion 
for the on-set of delamination are introduced in this 
paper, it is assumed that an initial circular delamina-
tion is already present at the beginning of the analy-
sis, without questioning on the origin (in terms of 
location and energy of the impact) of delamination 
self.

Contact elements have been placed on the initial de-
laminated area in order to avoid penetrations which 
could occur during the load application. A node to 
node penalty formulation has been adopted to re-
duce the computational effort. From the results of 
the analysis a penalty factor of 1.0e3 has been used 
which was found able to return negligible penetra-
tion between contacting surfaces.

At this step, no fracture elements were introduced 
into the model and the delamination growth is not 
yet simulated in this model.

Fig. 3: Modelling approach

Shell and solid elements have been connected by 
using shell-to-solid coupling elements based on ki-
nematic constrains between the degrees of freedoms 
of the nodes which are located at common boundar-
ies. Such coupling elements are able to couple the 
shell region to the solid one, even if they have been 
discretized with different mesh densities. In order to 
take advantage from this capability, within the con-
text of model S2, two different models have been 
generated with two different solid mesh densities 
(MD1 and MD2), as shown in Fig. 4.

Fig. 4: S2 Model with 2 different solid mesh densities
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In Fig. 5, the numerical reaction force vs. applied 
strain curves are compared to the experimental one. 
Both the curves obtained by model S2 (MD1 and 
MD2) overlap the curve obtained by model S1, 
therefore, the introduction of the solid region into 
the model doesn’t changed the stiffness of the pan-
el.

Fig. 5: Comparison between experimental and numeri-
cal reaction vs. applied strain curve

Unlike model S1, model S2 allows to simulate the 
local buckling, that is the local instability of the up-
per and thinnest sublaminate. As matter of the fact, 
in Fig. 6 the out of plane displacements (computed at 
the centre of delamination) vs. applied strain curves 
are plotted for the lower and the upper sublaminate. 
It was found that at about 1900µε the upper sub-
laminate suddenly separates from the lower one. At 
the local buckling load, the instability is detected 
only in the delaminated region (this is confirmed by 
the out of plane displacement contour plot of Fig. 
7, which refers to an applied strain of 1954µε) and 
the out of plane displacement of the thin sublami-
nate starts to be positive. This displacement value 
increases with the load value, up to the global buck-
ling condition, when the whole panel is interested 
by instability phenomenon (Fig. 8). By then, the thin 
sublaminate is obliged to follow the buckle shape of 
the skin, which causes a decrease in the out of plane 
displacement.

Fig. 6: Out of plane displacement (centre of delamina-
tion) vs. applied strain

Fig. 7: Out of plane displacement contour plot at 1954µε 

Finally, the continuity of the displacement field 
along the interface between the shell region and the 
solid one has been verified as shown in the out of 
plane displacement contour plot of Fig. 8.

Fig. 8: Out of plane displacement contour plot – global 
buckling condition 

Model S3: as a last step, fracture elements based 
on the MVCC technique have been introduced into 
the model, allowing the delamination growth to be 
simulated. In the FE model S3, three different zones 
can be distinguished within the solid area. Accord-
ing to the Fig. 9, where a quarter of the solid finite 
element model is shown, the three zones are the fol-
lowing ones: 

Zone I: is the initial delaminated area; as well as in 
model S2, contact elements are needed between the 
two sublaminates in order to avoid penetration;

Zone II: is the zone where the delamination can 
grow. Fracture elements are introduced at the inter-
face between the upper and the lower sublaminate. 
They connect a node of the upper sublaminate with 
a corresponding node of the lower sublaminate and 
the connection between the two nodes is released 
when the linear delamination growth criterion in the 
following Eq. (1) is fulfilled;
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Other kinds of delamination growth criteria are 
available in literature. A complete review for them 
is available in 14. However, in our investigation, 
the linear delamination growth criterion (Eq. (1)) 
has been used, which though very simple, provided 
good results in previous research works 4, 15. In 
the case of this embedded circular delamination the 
contribution of mode III seems to be negligible if 
compared to the other two modes as was found in 4, 
16, 17, since no torsional effect after delamination 
buckling can be appreciated. Moreover, the results 
obtained in 18, 19, 20 show that the value of GIIIc is 
usually much higher than GIIc which imply a lower 
weight of mode III in equation 1. Our analysis, per-
formed using a GIIIc=GIIc, confirmed that mode III 
contribution to ERR is negligible with respect to 
mode I and mode II.

Zone III: is the zone where the solid mesh is con-
nected to the shell mesh. The nodes at the interface 
between the two sublaminates have been “merged”, 
therefore, the delamination is not allowed to grow 
in this zone.

Fig. 9: Distinguishable Zones of the embedded solid 
finite element model

In Fig. 10, the out of plane displacement of the 
lower sublaminate, computed at the centre of the 
delamination, is plotted as function of the applied 
strain for each of the investigated FE models. It was 
found that global buckling load, computed as the in-
tersection between the tangents to the curves at their 
end points, is quite influenced by the local events. In 
particular, the global buckling load happens early if 
the local buckling and, above all, the delamination 
growth are simulated. The evolution of the damage 
is shown in Fig. 11. At about 1800µε the upper sub-
laminate starts to separate from the lower one (lo-
cal buckling). The delamination starts to grow at 
about 3190µε (delamination initiation strain) and 
propagates quite quickly. It was found a small angle 
between the propagation direction and the plane 

y=150mm. Such result was found consistent with 
the experimental behaviour, as shown in Fig. 12, 
where the numerical and experimental out-of-plane 
distributions at 3530 µε are compared. An image of 
the delaminated area at 4069µε is shown in the out-
of-plane displacement contour plot of Fig. 13.

Fig. 10: Out of Plane displacement (centre of delamina-
tion) vs. applied strain curve

Fig. 11: Evolution of delamination growth

Fig. 12: Comparison between numerical and experimen-
tal out-of –plane distribution at 3530µε.

Finally, in Fig. 14, the numerical values are com-
pared with available experimental data 11 in terms 
of global buckling load and delamination initiation 
strain. The FE model S3 was found able to predict 
both the global buckling load with a maximum error 
of 4.4% and the delamination initiation strain with a 
maximum error of about 8.8%.

4.CONCLUSIONS
In this article, a global/local approach (shell/3D) has 
been used to investigate on the compressive behav-
iour of a stiffened composite panel, on which a bay 



Fig. 13: Out of plane displacement contour plot for the 
delaminated area at 4069 µε

Fig. 14: Comparison between numerical and experimen-
tal data 11

delamination is present. In particular, a local refined 
3D model used to simulate the local buckling and 
the delamination growth, has been coupled with a 
global courser shell model by using shell-to-solid 
coupling elements based on kinematic constraint. 
Fracture elements based on the MVCC technique 
have been used to simulate the delamination propa-
gation.

Basically, three modelling approaches (S1, S2 and 
S3) have been developed in order to increase gradu-
ally the complexity of the proposed FE models. It 
was found that the prediction of the global buckling 
load improves if local instability and the delamina-
tion growth is simulated (model S3). Moreover, the 
delamination initiation load is predicted with a good 
accuracy by the model S3. 

The proposed model does not take into account the 
effect of the intralaminar damage (matrix/fibre fail-
ure), which may occur during the compression con-
dition and which may affect the residual stiffness 
and strength of the panel. Authors intend to include 
such effects to improve the model in the future re-
search work.
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