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Numerical geometrically nonlinear analyses have been performed to investigate the in� uence of contact phe-
nomena on multiple embedded delamination growth in composite panels under compressive load. An in-house
� nite element method code based on the modi� ed virtual crack closure technique, which analyses delamination
growth, combined with the penalty method approach, which takes into account contact phenomena, was used for
computations.Compressed composite panels with two embedded delaminationshave been investigated for various
geometrical con� gurations with different delaminations’ sizes and positions. Comparisons with a single embed-
ded delamination model introduced in previous papers are presented. Finally a comparison between contact and
no-contact approaches is shown for a signi� cant geometrical con� guration.

I. Introduction

T HE high speci� c strength and stiffness of laminated compos-
ites make them suitable for use in aircraft structures.However,

the high sensitivity of composites to the presence of delaminations,
arisingafter impact with foreignobjectsor causedby manufacturing
defects, has been observed in experimental tests. The lack of robust
models for predictingthe damage toleranceof composite structures
has led to overconservativedesigns, not fully realizing the promised
economicalbene� ts. So it is necessary to produce much more infor-
mation on thesekindsof structures,taking into account the effectsof
delaminations and their evolution.This should be done introducing
new numerical models representing phenomena governing struc-
tural behavior of composites such as contact between delaminated
plies and delamination growth.

The through-the-widthdelaminations have been investigated us-
ing a great number of analytical and numerical models1¡3 and with
the aid of experimental tests.4¡6 Embedded delaminations have
also been studied. In literature analyticalmodels,7¡10 experimental
tests11;12 and numerical models13¡19 are presented. In Refs. 13 and
14 numerical analyses have been carried out to study the in� uence
of the geometricalparametersof the embeddeddelaminationson the
bucklingmodes of compositepanels, whereas in Refs. 15 and 16 the
in� uenceof contactphenomenaon the strain energyrelease rate dis-
tribution along the embedded delaminations front has been widely
investigatedfor compositepanels with single delaminations.A me-
chanical model for the problem of unilaterally constrained, � nite,
rectangular plates is presented in Ref. 17, such a model is adopted
in Ref. 18 to point out the importance of contact phenomena for
the correct simulation of the buckling phenomenon in delaminated
composite plates. However, none of the papers just mentioned has
introducedmodels to simulategrowth of delaminations.On the con-
trary, in Ref. 19 a detailed investigationon embedded delamination
growth has been carried out, but only panels with single delami-
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nations have been investigated without giving information on the
contributions of single opening crack modes on the total strain en-
ergy release rate. Delamination buckling,postbuckling,and growth
are simulated in Ref. 20 by means of an uni� ed approach based on
an interface decohesion law; applications of this approach to plates
containing delaminations with different shapes and differently po-
sitioned along the thickness are also presented.

We wrote the present paper as a natural extension of previous
works about the study of stable through-the-width delamination
growth,21 unstable through-the-width delamination growth,22 and
singleembeddeddelaminationgrowth.23;24 The numericalapproach
described and validated in Refs. 23 and 24 has been used here to
analyze thecompressivebehaviorof compositepanelswith multiple
embedded delaminations.

In Sec. II the adopted � nite element approach is presented. In
Sec. III a numerical investigationon contactphenomenaand delam-
ination growth in compressedcompositepanelswith two embedded
delaminations is introduced. Various geometrical con� gurations
with different delaminations’ sizes and positions are investigated.
Comparisons with the results obtained for the single embedded de-
lamination model used in Ref. 24 are also shown. Finally a compar-
ison between contact and no-contactapproaches for a particular ge-
ometricalcon� guration is presented.This comparisonpointsout the
in� uence of contact phenomena on embedded delaminationgrowth
and on the whole compressive behavior of delaminated composite
panels.

II. Finite Element Approach
Numerical analyses have been performed using the nonlinear

� nite element code B2000 (Ref. 25). The code is based on to-
tal Lagrangian formulation. The incremental continuation method
by Riks26 is adopted to solve the nonlinear equilibrium equations.
To perform the numerical analyses for predicting the delamination
growth, the B2000 features have been enhanced by means of 1)
modi� cations to continuation method, 2) introduction of a contact
element, and 3) introduction of an interface fracture element. The
modi� cations-to-continuation method have been carried out to sim-
ulate unstablecrack growth; further details on them can be found in
Ref. 23. The next two subsectionsdescribe the main characteristics
of new elements introduced in B2000.

A. Contact Element
Depending on delaminations’ geometrical parameters and lam-

inate stacking sequences, contacts can occur somewhere in the
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Fig. 1 Three-dimensional node-to-node contact element.

Fig. 2 Three-dimensional node-to-node contact element (contact con-
dition).

delaminated regions. To prevent interpenetrationsbetween the two
contactingsurfaces,contact forces shouldbe taken into accountdur-
ing analyses. So a three-dimensionalnode-to-nodecontact element
(shown in Fig. 1) has been introduced in our � nite element method
(FEM) code. This element is based on the penalty method because
of its minimum requirements in terms of computationalcost. In the
penalty formulation, when contact occurs (Fig. 2), a little overlap-
ping (G AP < 0) between the two contacting nodes is allowed, and
the contact force FC acting between these nodes is found as a linear
functionof their overlapping,accordingto the followingexpression:

jFcj D ® ¢ jG AP j (1)

where ® is the penalty constant. Equation (1) shows up the strong
dependence of the overlapping (GAP) from the penalty constant.
The major weak point of penaltymethod is just related to the choice
of ®: too low values of ® allow big overlapping, whereas too high
values of ® can cause convergence problems in the solution of the
nonlinearequilibriumequations.In addictionit shouldbenoted that,
becauseof its simpli� ed and saving CPU cost-orientedformulation,
the use of node-point-to-node-point approach should be limited to
the contact regions not subjected to strong changes in the contact
normal. The preceding consideration points out the high degree of
experience needed in the selection of regions suitable for node-to-
node approach and in the choice of penalty constant to perform
effective analyses with the proposed contact element.

B. Fracture Element
From fracture mechanics of composites, it is well known that

strain energy release rate rules the propagation of cracks. For each
fracturemode (opening mode I, forward shear mode II, and parallel
shear mode III) a strain energy release rate can be de� ned: G I for
mode I, G II for mode II, and GIII for mode III.

Once known, from ad hoc experimentsthe crack propagationval-
ues for the basic fracturemodes (G IC , GIIC and GIIIC ), it is possible

to predict mixed modes crack propagations in laminates by means
of suitable criteria such as the power law criterion:
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In our calculations ®, ¯ , and ° have been assumed to be D 1 (lin-
ear criterion). The satisfaction of relation (2) is assumed to be the
necessary condition for crack propagation.

The delamination growth model was implemented in our � nite
element code by means of a new nine-noded interface fracture ele-
ment.This elementuses themodi� edvirtualcrackclosuretechnique
(MVCCT) presented in Ref. 27 to calculate the strain energy release
rate along the delamination front. The standard VCCT is based on
the considerationthat the strain energy released by a crack growing
from length a to a C 1a is equal to the amount of the work required
to close the same crack from a C 1a to a. So the implementation
of such a method allows us to calculate the strain energy released
by a crack as a crack closure work, but it involves two analyses,
one with the current crack front and the other with the crack front
appropriatelyextended. On the contrary, the MVCCT, based on the
1a=a ¿ 1 hypothesis, assumes that the crack front does not un-
dergo substantial changes in the passage from the crack length a to
a C 1a; so the second step calculations (with extended crack con-
� guration) can be avoided, and it is possible to compute the energy
release rate (ERR) contributions in one step using nodal forces and
displacements estimated at the actual crack front.

The interface fracture elements are placed between the solid ele-
ments with the nodes rigidly connected to the nodes of the adjacent
solid elements. The unit virtual crack closurework (D strain energy
release rate) for each fracture mode is computed using nodal forces
and nodaldisplacementsestimatedat the delaminationfront. For ex-
ample, the energy release rates associated to the interface fracture
element shown in Fig. 3 are
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Also contact capabilities, based on the penalty method, are im-
plemented in the interface fracture element to take into account the
contact phenomena that can occur between the delaminated regions
where delaminations growth. The interface fracture element local
coordinate system (t; s; n), shown in Fig. 3a, is used to take into ac-
count the large rotationsof the delaminationfront for the calculation
of fracture modes contributions and contact forces during growth.
Introducing the computed values of GI , GII , and GIII in relation (2),
it is possible to check whether the propagationoccurs. For the inter-
face fracture element of Fig. 3, the satisfactionof relation (2) leads
to the release of the node H (Fig. 3b) that causes a modi� cation in
the delamination front.

a)

b)

Fig. 3 Interface fracture element.
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III. Numerical Results for Composite Panels
with Two Embedded Delaminations

A. Parametric Study
The developed numerical tool, whose effectiveness was exten-

sively tested against experimental results,23 has been adopted to
perform a limited parametric analysis. To investigate the in� uence
of contact phenomena, delamination, growth and delaminations’
interactions on the compressive behavior of composite panels, a
cross-ply laminate [90 deg/0 deg/90 deg]16 , containing two embed-
ded circular delaminations and undergoing compressive load, has
been selected to perform our numerical analysis. The panels’ ma-
terial and geometrical characteristics, shown in Tables 1 and 2 and
in Fig. 4, have been chosen in order to highlight the phenomena
under consideration.Delaminations’ size and delaminations’ posi-
tion along the thickness have been considered as parameters. Four
cases with different combinations of delamination diameters (D1,
D2) and delaminations’ abscissa along the thickness (h1, h2) have
been analyzed. As shown in Fig. 5, as a result of the structural and
load symmetry, only a quarter of the structure has been modeled
by imposing suitable symmetry conditions to the nodes on the cut

Fig. 4 Geometrical characteristics of the cross-ply laminate with em-
bedded delaminations.

Fig. 5 Finite element mesh with applied boundary condition: in-plane view.

planes [u y D 0 on the (x; z) plane and ux D 0 on the (y; z) plane].
To reproduce the realistic loading conditions of an experimental
compressive test without antibucklingguides, the composite panels
has been compressed by means of the applied displacement � eld
u y D u0 , uz D 0 to the nodes of one panel edge while the other panel
edge has been left unconstrained.

Twenty-node brick layered elements (based on the integration
scheme discussed in Ref. 28), fracture interface elements, and
three-dimensional node-to-node contact elements were used to
model theproblem.The adopted20-nodebrick elementmesh shown
in Fig. 5 is the result of a preliminary convergencestudy performed
with eight-node and 20-node brick layered elements. In this � gure

Table 1 Material property of the cross-ply laminate

Material properties (HTA/6376C) Value

Longitudinal Young’s modulus EL , GPa 146
Transverse Young’s modulus ET , GPa 10.5
Out-of-plane Young’s modulus EZ , GPa 10.5
Poisson’s ratio ºLT 0.3
Poisson’s ratio ºLZ 0.3
Poisson’s ratio ºTZ 0.51
In-plane shear modulus GLT , GPa 5.25
Out-of-plane shear modulus GLZ , GPa 5.25
Out-of-plane shear modulus GTZ , GPa 3.48
Critical ERR: mode I, J/m2 200
Critical ERR: mode II, J/m2 570
Ply thickness, mm 0.125

Table 2 Geometrical characteristics of cross-ply laminate

Geometrical
characteristic Value

h1 , mm 0.375
h2 , mm 1.125, 4.875
H , mm 6
D1 , mm 40, 60, 70
D2 , mm 80
W , mm 150
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Fig. 6 Control nodes locations.

a) Deformed shape (ampli� cation = 7)

b) First delamination size

c) Second delamination size at maximum computable growth

Fig. 7 Specimen with D1 = 40 (mm), D2 = 80 (mm), h1 = 0.375 (mm),
and h2 = 1.125 (mm).

the resulting model discretization in the (x; y) plane and along the
thickness is clearly described. One 20-node layered brick element
for each layer along the thickness has been used, and the three-
dimensional material stiffness has been obtained following the in-
tegration scheme from Ref. 28.

To minimize the CPU cost, for each delamination three-
dimensional node-to-node contact elements are placed between
the delaminated plies in the region with 0 < radius< Di =2 and
0 deg < 2 < 90 deg, where the rotationsof the structure do not lead
to signi� cant changes in the contact normal. The interface fracture
elementsare placedbetween the delaminatedplies in the regionwith
Di =2 < radius< .Di =2 C damaxi / and 0 deg < 2 < 90 deg. They
are distributed along 2 and r directions in order to monitor the en-
ergy release rate values in the neighborhoodof delaminations.Thus
it is possible to keep track of the delamination front changes during
the growth,simply releasingthe nodeswhere relation(2) is satis� ed.

To monitor the compressive behavior of the delaminated plies,
some nodes laying on the Z axis and suitably positioned along the

a) Deformed shape (ampli� cation = 7)

b) First delamination size

c) Second delamination size at maximum computable growth

Fig. 8 Specimen with D1 = 60 (mm), D2 = 80 (mm), h1 = 0.375 (mm),
and h2 = 1.125 (mm).
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panel thickness are chosen as control nodes for postprocessingpur-
poses. In Fig. 6 thepositionof the controlnodesof delaminatedplies
is schematically shown. Preliminary nonlinear numerical analysis
has been performed on a � nite element model of the undamaged
panel in order to investigate the global buckling phenomenon with-
out the in� uence of delaminations. In this preliminary computation
the global buckling occurred at the load level of 110 Kn.

In Figs. 7–10 the deformed shapes (ampli� cation factorD 7) and
the growth of both the delamination for the four analyzed geomet-
rical con� gurations are shown; for sake of clarity, the boundaries
of buckled delaminationsare marked in black. The maximum com-
putable delamination growth depends on the number of interface
fracture elements used in the model. With reference to Fig. 5, the
maximum computable growth is ruled by the condition: radius of
delamination· .D=2 C damax). All of the preceding � gures point
out the importance of contact phenomena. In the � rst analyzed con-
� guration (Fig. 7) the contact between sublaminates appears to be

a) Deformed shape (ampli� cation = 7)

b) First delamination size

c) Second delamination size at maximum computable growth

Fig. 9 Specimen with D1 = 70 (mm), D2 = 80 (mm), h1 = 0.375 (mm),
and h2 = 1.125 (mm).

a) Deformed shape (ampli� cation = 7)

b) First delamination size

c) Second delamination size at maximum computable growth

Fig. 10 Specimen with D1 = 40 (mm), D2 = 80 (mm), h1 = 0.375 (mm),
and h2 = 4.875 (mm).

extended almost to the entire delaminationsize, whereas for the ge-
ometrical con� gurationsof Figs. 8 and 9 the contact zone is located
near the delamination front. For all of the analyzed geometrical
con� gurations, growth has been found only for the delaminations
located deeper in thickness (second delamination) because of the
high amount of load needed by these delaminations to reach the
local buckling (Table 3). The consequent increase of tip stresses,
needed to get the momentum equilibrium, leads to an increase
of ERR near the delamination front. Contacts between sublam-
inates also in� uence the ERR distributions along the delamina-
tions front, bringing down the G I (fracture mode I) values as it
can be seen from Figs. 11–14, where the GI and G II distribu-
tions along the delamination front at the growth initiation phase are
shown.
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Table 3 Summary of the numerical investigation

Local Local Growth Max
buckling buckling initiation growth
load, N, load, N, load, N, load, N,

delamination delamination delamination delamination
Specimen 1 2 2 2

D1 D 40 mm 11,521 35,194 84,178 83,430
D2 D 80 mm
h1 D 0:375 mm
h2 D 1:125 mm
D1 D 60 mm 6,776 25,523 68,192 67,598
D2 D 80 mm
h1 D 0:375 mm
h2 D 1:125 mm
D1 D 70 mm 4,986 21,281 62,834 62,386
D2 D 80 mm
h1 D 0:375 mm
h2 D 1:125 mm
D1 D 40 mm 15,973 41,767 86,154 86,154
D2 D 80 mm
h1 D 0:375 mm
h2 D 1:125 mm

At growth initiation the maximum ERR values should ful� ll rela-
tion (2) with the condition Ed D 1; nevertheless,both GI and GII in
Figs. 11 and 14 are substantiallyhigher than in Figs. 12 and 13. This
discrepancy is caused by the FEM discretization (1a) used in the
model. Ad hoc analyseshave shown that, for some geometricalcon-
� gurations, the delaminationgrowth is strongly unstable23;24 so that
it should be necessary to use a very � ne mesh near the delamination
front to ful� ll the Ed D 1 condition.However, the overestimationof
the growth initiation, obtained by using the actual mesh, has been
found not in� uent on the overall unstable growth simulation.

In all of the specimens (Figs. 11–14), contact phenomena
caused by the orthotropy of material in� uence the delamination
growth of second delamination bringing down the values of G I for
45 deg · 2 · 90 deg. This behavior is the same as the one observed
for the panelwith one delaminationinvestigatedin Ref. 24 (Fig. 15).

In the � rst three specimen (Figs. 11–13) contacts keep down the
GI along the whole front of the � rst delamination. On the contrary
largervaluesof G II were observedalong the � rst delaminationfront,
as a result of the extendedcontact area between the buckleddelami-
nated plies. Because of its particulardelaminations’positions along
the thickness, the last specimen, D1 D 40 (mm), D2 D 80 (mm),
h1 D 0:375 (mm), and h2 D 4:875 (mm), exhibits an independent
local buckling of the two delaminations that makes them both ex-
hibit the same behavior (Fig. 14) as the single delaminatedpanel of
Ref. 24.

For all of the analyzed cases, the GIII was found insigni�cant
if compared to GI and GII as in Refs. 14 and 16; hence, it is not
presented.This is also the reason why the G IIIc value was not given
in Table 1.

As summary of the numerical investigations,in Table 3 the char-
acteristic loads for all of the analyzed geometrical con� gurations
are shown. The last two columns of Table 3 show also that the max-
imum growth load is higher than the growth initiation load; this loss
of capability to sustain compressive load is typical of delaminated
panels showing unstable delamination growth. Table 3 also points
out the in� uence of the delamination size and positionon the whole
compressive behavior of the investigated delaminated panels.

B. Comparison Between Contact and No-Contact Approaches
To point out the importance of contact phenomena on the com-

pressive behavior of delaminated panels and in particular on the
embedded delamination growth, a comparison between a con-
tact and no-contact approach has been carried out for the speci-
men with D1 D 40 (mm), D2 D 80 (mm), h1 D 0:375 (mm), and
h2 D 1:125 (mm). In Fig. 16 the deformed shape and the growth of
bothdelaminationsatmaximumcomputedgrowthfor theno-contact
approach are shown. In this � gure the wide penetration zones be-
tween sublaminates are clearly visible. Comparing Fig. 16 with
Fig. 7, we can have a measureof the in� uenceof contactphenomena
on our investigations.

a)

b)

Fig. 11 ERR mode I (G1) and mode II (G2) values along the delam-
ination front at growth initiation load for a) � rst delamination and
b) second delamination in specimen with D1 = 40 (mm), D2 = 80 (mm),
h1 = 0.375 (mm), and h2 = 1.125 (mm).

a)

b)

Fig. 12 ERR mode I (G1) and mode II (G2) values along the delam-
ination front at growth initiation load for a) � rst delamination and
b) second delamination in specimen with D1 = 60 (mm), D2 = 80 (mm),
h1 = 0.375 (mm), and h2 = 1.125 (mm).
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a)

b)

Fig. 13 ERR mode I (G1) and mode II (G2) values along the delam-
ination front at growth initiation load for a) � rst delamination and
b) second delamination in specimen with D1 = 70 (mm), D2 = 80 (mm),
h1 = 0.375 (mm), and h2 = 1.125 (mm).

a)

b)

Fig. 14 ERR mode I (G1) and mode II (G2) values along the delam-
ination front at growth initiation load for a) � rst delamination and
b) second delamination in specimen with D1 = 40 (mm), D2 = 80 (mm),
h1 = 0:375 (mm), and h2 = 4.875 (mm).

Fig. 15 ERR mode I (G1) and mode II (G2) values along the delami-
nation front at growth initiation load in specimen with D = 80 (mm) and
h = 1.125 (mm).

a) Deformed shape (ampli� cation = 7)

b) First delamination size

c) Second delamination size at maximum computable growth

Fig. 16 Specimen with D1 = 40 (mm), D2 = 80 (mm), h1 = 0.375 (mm),
and h2 = 1.125 (mm): no-contact approach.
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a)

b)

Fig. 17 Out-of-plane displacement as a function of compressive
load for a) contact and b) no-contact approach in specimen with
D1 = 40 (mm), D2 = 80 (mm), h1 = 0.375 (mm), and h2 = 1.125 (mm).

A measure of the penetration between plies can also be obtained
from Fig. 17, where the out-of-plane displacements of the control
nodes (introduced in Fig. 6), as a function of the compressive load
for contact and no-contact approaches are shown.

IV. Conclusions
A numerical investigationon composite panels with two circular

embedded delaminations has been presented. All of the numerical
resultshavebeen found by usinga nonlinearFEM code.The penalty
method has been used for contact analysis, and the modi� ed virtual
crack closure techniquehas been used for strain energy release rate
calculation. A parametric analysis has been performed to show the
high in� uence of contact phenomena on physics of compressionof
composite delaminated panels. The remarkable importance of con-
tact phenomenahas been pointedout also by means of comparisons
between contact and no-contact approaches.
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