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Abstract: Interlaminar fracture specimens like Double Cantilever Beam (DCB),
End Notched Flexural (ENF), Single Leg Bending (SLB) etc. are widely used for stud-
ying the interlaminar toughness of composite laminates. The aim of this paper is
to analysis delamination specimens within the framework of a meso-level damage
modeling of composite laminates. In this case interlaminar interface is assumed
as a damageable homogeneous layer between adjacent layers of the specimen bulk
material. The degradation of the interlaminar connection can be taken into account
by means either of an appropriate damage initiation criterion and damage evolu-
tion law or using fracture mechanics approach. Onset and growth of the delami-
nation pre-existing crack in the fracture specimens are simulated by using both
modeling possibility within commercial finite element code ABAQUS™. Compari-
sons between numerical predictions of used different finite element models as well
as available experimental data have been performed.

Key words: interlaminar fracture specimens, delamination, ABAQUS, finite
element predictions.

1. Introduction

Nowadays the use of composite materials is growing rapidly around the world.
The composite materials are fallen into structural materials with tailoring facili-
ties for creating high performance structures. This their ability makes such materi-
als more attractive for using in different engineering applications before traditional
structure materials such as metals or concrete. For instance, the composite materials
have been widely used as structural elements of aircrafts, airspace and transport
vehicles, and marine vessels as well as structural materials in civil engineering and
sport inventories, etc. However, because composite materials consist technologi-
cally of different constituent materials they exhibit more sensitivity to damage than
conventional ones.

One of the most frequently encountered problems in composite layered mate-
rials is interface cracking or the loss of cohesion between layers, known as dela-
mination phenomenon. The interlaminar deterioration may occur due to a variety
of reasons, such as high in-service loading and aggressive conditions, low energy
impact, manufacturing defects or high stress concentration at the geometrical or
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material discontinuities (e.g. free edge effects) [1]. This damage mode is particu-
larly important for structural integrity of whole composite structure. Because, dela-
mination leads to the drastic reduction of bending stiffness of composite structure
and promotes local buckling phenomenon [2]. With delamination growth the load
carrying capacity of a delaminated structure is further reduced and may eventually
cause failure. Thus, the safety of using as a structural material of layered composites
is strongly influenced by the quality of the adhesion between their different layers.
To be able to guarantee the advantages of structures made of laminate or sandwich
composite materials it is necessary that this critical damaging mechanism as well as
material characteristics corresponding to fracture toughness of materials were care-
fully studied and analyzed.

Due to the intrinsic complexities of delamination phenomenon regarding its
singular nature, quantitative assessments of the delamination effects on the strength
and lifetime of laminated structures are difficult as well as universal delamination
failure criterions has not yet been established. Analytical efforts and their numeri-
cal implementations to date have only attempted to quantify the effects of ideal-
ized delaminations. Experimental data of the fracture test specimens designed and
loaded so to induce delamination growth close to those idealized situations are
used for these purposes. Then, numerical simulations of the interlaminar fracture
tests may be considered as being useful, at least, for two reasons. The first one, the
numerical simulations or virtual testing replace many expensive and time consum-
ing experiments. In this case, it is the necessity to test the numerical model in situa-
tion in which experimental results are easily available. The second one is connected
with the necessity to build new analytical models, and then the numerical model is
compared to experimental results for the purpose of fitting the correct parameters
of these models.

In the present paper, numerical simulations are conducted to study the dela-
mination growth in fracture test specimens such double cantilever beam and single
le bending that are usually applied for extracting of fracture parameters. Two-
and three-dimensional finite element (FE) analyses with ABAQUS™ code [3] are
carried out. Both the virtual crack closure technique that has been implemented in
ABAQUS™ as package VCCT for ABAQUS™ version 1.2-3 and the modeling with
cohesive elements available in ABAQUS™ element library are applied to predict
delamination growth in the initially delaminated composite laminate specimens.
Delamination growths from finite element analyses are compared between different
finite element models and with experiment data that are available from literature.

2. Interlaminar fracture tests

Over the past two decades it has become common practice to characterize
the resistance to delamination using fracture mechanics approach. In the context
of fracture mechanics, test methods have evolved for measuring the interlaminar
fracture toughness in terms of a critical value of strain energy release rate (ERR), G,
associated with delamination onset and growth. A complete description of inter-
laminar fracture toughness requires characterization of three pure fracture modes,
opening mode I, sliding shear mode II, scissoring shear mode III and their combina-
tions (Fig. 1).
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Fig. 1. Crack growth modes: a) I — opening, b) II - sliding, c) III - scissoring.

The strain energy release rates (fracture toughness parameters) in all the three
modes are usually used in single-mode criteria or combined in a mixed-mode crite-
rion to determine the onset of crack propagation, and these generally require curve-
fitting parameters taken from experimental tests. A number of delamination speci-
mens have been proposed in order to identify fracture parameters in pure mode
I, mode II or in mixed-mode situation. The near pure mode I fracture occurs in
the Double Cantilever Beam (DCB) (Fig. 2a). Hence, the opening ERR G, can be
obtained. The End Notched Flexural (ENF) test configuration is preferred for meas-
uring of pure Mode II ERR, Gyc (Fig. 2b). From results of these pure mode loadings,
the critical Mode I and Mode II fracture toughness parameters can be obtained
according to the following formula:

2
G- d¢
2B da
where P, B and a denote the applied load, the specimen width and the crack length,
respectively, and C is the compliance (load divided by displacement). After compli-

ance calibration (so-called compliance method, e.g. [4]) the formulae for the G, and
Guc can be eventually derived.

(1)

Fig. 2. Fracture test specimens: a) DCB, b) ENF, c) SLB.

In order to generalize failure criterion on the delamination resistance under
combined loadings the mixed-mode tests are needed. The mixed-mode I and II
occurs, for instance, in the Single Leg Bending (SLB) specimen (Fig. 2¢). In order
to separate of total value of ERR into sum of each mode the finite element simula-
tion is necessary. Then, with the critical applied load measured from the test as the
input information for FE analysis, the ERR of each fracture mode can be computed
separately. Several specimens have also suggested for measuring of the Mode III ERR,
Guic, the Split Cantilever Beam (SCB) is one of them. Nevertheless, an interaction
mixed-mode I, II and III criterion has not yet been established [5].
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3. Modeling

Two kinds of approach are now used to study delamination behavior of
layered composites. The first one uses the conception of Fracture Mechanics. In
such approach, delamination growth is predicted when a combination of the
components of the energy release rate is equal to, or greater than, a critical value.
Techniques such as virtual crack closure technique (VCCT) (Irwin [6], Rybicki and
Kanninen [7], Raju [8], Zou et al. [9], Krueger [10]), J-integral method (Rice [11]),
virtual crack extension (Hellen [12]) and stiffness derivative (Parks [13]) have often
been used to calculate the ERR. The second one is developed within the framework
of Damage Mechanics. These models are based on the cohesive zone conception in
which the interface enclosing the delamination is modeled by a damageable mate-
rial. Then, delamination is started when a damage variable reaches its maximum
value (Allix et al. [14], Allix and Corigliano [15], Schellekens and de Borst [16],
Benzeggagh and Kenane [17], Mi et al. [18], Chen et al. [19], Alfano and Crisfield
[20], Camanho et al. [21], Goyal-Singhal et al. [22]). Because, in finite element code
ABAQUS™ has been implemented the virtual crack closure technique as an add-on
capability to ABAQUS/Standard v.6.6 and the cohesive zone approach as 2D or 3D
cohesive elements, these both approaches will be considered below more explicitly.

3.1. Virtual crack close technique

When other material non-linearities can be neglected, methods based on
Linear Elastic Mechanics have been proven to be effective in delamination mode-
ling. In this case, delamination can be considered as a crack in the bond between
two layers and its propagation can be treated as crack growth adopting the concepts
of Fracture Mechanics. Therefore, in order to analyze the delamination growth of
laminated structures it is necessary to determine the stress fields of delamination
front. However, the stress of the delamination front is singular, whereas the ERR,
which indicates intensity of stress fields along delamination front, is a finite value.
The virtual crack closure technique is one of the most commonly applied methods
for determining the components of the strain energy release rate along a crack front.
The VCCT approach was proposed by Rybicki and Kanninen [7] and is based on
two assumptions: 1) Irwin’s assumption that the energy released in crack growth is
equal to the work required to close the crack to its original length, and 2) that crack
growth does not significantly alter the state at the crack tip (self-similarity state).
For example, Fig. 3a illustrates the similarity between crack extension from i to j and
crack closure at j.

Then, assuming that the crack closure is governed by linear elastic behaviour,
the energy to close the crack and, consequently, the energy to open the crack, is
calculated from the following equations:

1 AU

AA=6bab (2)

2 A4 7
where F;, AU, éa, B and G, denote node reaction force at j, displacement between
released nodes at i, crack extension as the length of the element at the crack front,
the width and the energy release rate.
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Fig. 3b illustrates the use of (2) in the case pure Mode I loading. Then, nodes
2 and 5 will start to release when is true the following inequality (crack growth
criterion):

1E,,v
_ - 2, 1.6:G>G

2 bd re=e (3)

where G, is the Mode I fracture toughness parameter (critical ERR).
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Fig. 3. VCCT approach for pure Mode I: a) crack extension and closure, b) crack growth criterion.

Similar arguments and equations can be written in two dimensions for Mode
II and for three-dimensional crack surfaces including Mode III. In the general case
involving Mode I, II, and III a node at the crack tip will separate when the equivalent
strain energy release rate at the crack tip exceeds the critical strain energy release rate
for the bond or the material. That is, the crack extends when G, > G, ., where G,,
is the equivalent strain energy release rate at a node, and G, is the critical equivalent
strain energy release rate calculated based on the some mixed-mode criterion [3].
It should be noted, that the use of VCCT is advantageous as it allows the strain energy
release rates to be determined with simple equations from a single (FE) analysis [8],
but pre-existing of the initially debonded surfaces along a predefined delamination
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front is compulsory. Moreover, to date, the VCCT for ABAQUS™ does not support
3D models with contact pairs involving higher-order underlying elements and is
confined by static, quasi-static and coupled thermal-stress analyses.

3.2. Cohesive crack model

Some difficulties of the implementation of the VCCT into FE codes can to be
overcome by using cohesive zone approach within a so-called cohesive element.
Cohesive models offer the advantages of incorporating both initiation and growth of
delamination in such a way that the damage is initiated by using a strength criteria
and the final separation is governed by fracture mechanics parameters. All proposed
now cohesive-zone models start from the assumption that one or more interfaces
can be defined, where delamination propagation is allowed by the introduction of
a possible discontinuity in the displacement field. The interface can be deduced
a priori by means of physical observations. Then, considering delamination as a
progressive loss of cohesion between adjacent layers of solid, it can be modeled as a
deterioration of the interlaminar connection between the layers.

In finite element method cohesive zone models is implemented as interface
(cohesive) elements which are compatible with regular solid finite elements. In two
dimensions, the cohesive interface elements are composed of two line elements
separated by a thickness (Fig. 4a). In three dimension problems they consist of two
surfaces separated by a thickness (Fig. 4b). The relative motion of the bottom and
top parts of the cohesive element measured along the thickness direction represents
opening or closing of the interface. And, the relative motion of theses parts with
respect to the element mid-plane is qualified as the transverse shear behaviour of
the cohesive element. The stretching and shearing of the element mid-plane are
associated with membrane strains [3].

a) b)

n Solid element

3 4

*
— — ———————— < Interface clement >

2

Solid element

Fig. 4. Schematics of cohesive elements: a) 2D 4-noded, b) 3D 8-noded.

The constitutive response of theses elements depends on the specific appli-
cation and is based on certain assumptions about the stress strain states that are
appropriate for each application area. The nature of the delamination phenomenon,
as was above mentioned, may be modeled based on a traction-separation descrip-
tion of the interface. Originally the traction-separation model in ABAQUS™ assumes
linear elastic behaviour. It is written in terms of an elastic constitutive tensor K° that
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relates the nominal stresses (traction vector) t'=(z,, 7,, 7, to the nominal strains
(opening displacement vector) A"=(5,, &, 6, across the interface. Damage of the
traction-separation response is defined within the general framework of Continuum
Damage Mechanics used for conventional materials. According to that, the combi-
nation of several damage mechanisms acting simultaneously on the same material
are possible and each failure mechanism consists of a damage initiation criterion,
a damage evolution law, and a propagation condition. Fig. 5 shows a graphic inter-
pretation of a simple bilinear traction-separation law written in terms of the effec-
tive traction 7 and effective opening displacement 6.
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Fig. 5. Bilinear traction — separation constitutive law.

It is obviously that the relationship the effective traction and effective opening
displacement is defined by three parameters, two of which uniquely define the frac-
ture process. These parameters are the peak traction (local strength of the material,
7,), a characteristic opening displacement at fracture (8,,), and the energy needed for
opening the crack (area under the traction-displacement curve, G,,) (Fig. 5). Several
damage initiation criteria are available in ABAQUS™ code [3]. Once the correspond-
ing initiation criterion is reached, the specified damage evolution law will describe
the rate at which the material stiffness is degraded. A scalar damage variable D
(0 <D< 1) represents the overall damage in the material and captures the combined
effects of all active degradation mechanisms. To describe the damage evolution in
general case under a combination of normal and shear deformations across the
interface, the different mode-mix laws defined in terms of energies and tractions
are suggested by ABAQUS™ [17, 21]. When the overall damage variable reaches
its limit D,,, at all of its material points the cohesive element can be removed that
corresponds to complete fracture of the interface between layers and is consid-
ered as delamination propagation. Interpenetration of the two adjacent layers after
complete debonding is prevented by modeling of contact properties.

3.3. Some numerical issues

In non-linear numerical analyses is usually solved by directly applying an inter-
active procedure, such as the Newton-Raphson method, in which the load is a known
quantity and displacement vector is only unknown. The modeling of progressive
damage is generally characterized by anisotropy, softening and irreversibility. These
features originate the main difficulties connected with a convergence in an implicit
solution procedure. Moreover, non-uniqueness of solution and localization prob-
lems can completely falsify the results. Several methods are available in ABAQUS™
to help avoid these problems. Using viscous regularization allows improving the
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convergence for theses kinds of problems. A useful method to avoid divergence due
to local instabilities is using automatic stabilization. Both the dissipation energy
and damping factor magnitudes can be used. Finally, nondefault solution control
parameters can be used to control non-linear equation solution accuracy and time
increment adjustment a well as to activate the line search technique [3].

4. Numerical predictions

The numerical simulation of delamination processes assumes that the potential
surface of separation corresponding to the interlaminar interface is a priori known.
Hence, in the case of the VCCT approach, FE modeling is made based on the intro-
duction of double nodes across the potential debonding surface. The modeling with
cohesive elements assumes the discretization of the defined interface by compatible
cohesive elements, the nodes of which coincide with nodes of solid elements or are
tied to sides of solid elements of adjacent layers of bulk material.

4.1. Double Cantilever Beam specimen model

The DCB specimen has a span 2L of 228.6 mm and a rectangular cross-section
with width B of 25.4 mm and height 2/ of 10.15 mm (Fig. 2a). This specimen consists
of two identical adherents (arms or legs), with the Young’s modulus E=55.158 GPa
and Poisson’s ratio v=0.3 of isotropic bulk material. These adherents are joined by
an adhesive layer with the thickness. One end of the beam is fixed, and the other
end is loaded with an external force with the same magnitude but opposite direction
as shown in Fig. 2a. This self-equilibrated pair of forces was modeled by prescribed
displacements (#=4.064 mm) resulting in an opening (mode I) loading mode. The
spatial discretization of the DCB specimen was done for both two dimensional (2D)
and three dimensional (3D) models. The 2D model used a finite element mesh of
4-noded bilinear plane strain quadrilateral incompatible mode elements, CPE4l.
The 3D model was discretized by 8-noded solid brick incompatible mode elements,
C3D8I, or by 4-noded fully integrated first-order shell elements, S4.

The interface of the potential debonding (Fig. 2a) in VCCT approach was
modeled by nodes having same coordinates but belonging to different elements
(double nodes) on the upper and lower surfaces of the delaminated interface. Then,
the crack propagation was simulated based on the Benzeggagh-Kenane mixed-mode
failure criterion with power 1.75 at the given fracture toughness parameters of the
interface (Gi=1.2 N/mm, Gpc= Guec=6 N/mm). The cohesive zone approach was
realized by embedded into the 2D mesh of 4-noded cohesive elements, COH2D4,
and into the 3D mesh of 8-noded cohesive elements, COH3D8, which are available
in ABAQUS™. The cohesive elements similar as for the VCCT model use to present
the bonded part of the DCB while cracked portion (pre-existing crack) between
two interfaces did not contain these elements. The cohesive elements had share
nodes with adjacent solid elements, presenting the bulk isotropic material. Param-
eters of the damage initiation criterion and damage evolution law as well as elastic
interface constants were specified for the cohesive element to correspond to the
debonded features of the interface layer using for crack growth analysis with VCCT.
The elastic properties of the cohesive material are specified in terms of the traction-
separation response with stiffness values E=80 MPa, G,=80 MPa, and G,=80 MPa.
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The maximum nominal strain failure criterion for the given peak values of the nomi-
nal strain g,=¢=£=9x107 is selected for damage initiation in the cohesive elements
and a mixed-mode energy-based damage evolution law based on B-K law crite-
rion is selected for damage propagation. The relevant material data are as follows:
Ny=0.8 MPa, T,=0.8 MPa, S,=0.8 MPa and n=1 (the notations from [3]).
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Fig. 6. The deformed shape of the DCB models using: a) solid elements, b) shell elements.

Fig. 6 shows a contour plot of Misses stress that illustrates the debonding
growth in the 3D models of the DCB specimen at the end of the analysis. Load-dis-
placement responses predicted by the different FE models are shown in Fig. 7. Here,
the results from the 3D analyses are compared with the results from 2D analyses.
These analyses are performed using both the VCCT and cohesive elements. From
the calculated results the critical force corresponding to debond initiation in the
DCB district from theoretical one obtained by Mabson [23] within of 3-7%.
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Fig. 7. Load displacement curve.

4.2. Single Leg Bending specimen model

The next example illustrates the prediction of debond growth in a single leg
bending specimen which usually uses for study of a mixture of opening and shear-
ing loading modes. The calculations were done using VCCT for ABAQUS™. The
geometry parameters of SLB specimen (Fig. 2c) were the following: 2L.=152.4 mm,
B=25.4 mm, q=30.48 mm, a=37.34 mm. The top part of the specimen was compos-

ite of 24 layers with lay-up [45°/0°/45°/0°/45°/0°/45°/0°/45°/0°/45°/0° |5 of the
total thickness /7,=5.034 mm. The bottom part consisted of 8 layer with lay-up

[45°/0°/45°/ 0° |5 of the total thickness h,=1.687 mm. The bulk material properties
were adopted as the following: E;=9.1 GPa, E,=1.49 GPa, E;=9.1 GPa, v;,=0.51,
v;3=0.06, v,;=0.0835, G;,=0.4 GPa, G;=0.7 GPa, and G,;=0.4 GPa for material rein-
forced in the direction of angle 45°, and E;=2.466 GPa, E,=1.49 GPa, E;=2.466 GPa,
v1,=0.1371, v;5=0.7473, v,;=0.0835, G;,=0.4 GPa, G;5=0.429 GPa, and G,;=0.4 GPa
for material reinforced in the direction of angle 0°. The 2D model uses a finite
element meshes 24x200 and 8x160 of 4-noded plane strain quadrilateral, incom-
patible mode elements, CPE4], for the top and bottom parts, respectively. The 3D
models use fully integrated first-order shell elements, S4, and linear brick solid,
incompatible mode elements, C3D8I with the composite option for the cross-sec-
tion description. A displacement (#=8.128 mm) instead a load is applied on the top
part of the specimen at the location shown in Fig. 2c.

Fig. 8a,b show the deformed shape of the 3D models at the end of the analy-
ses. Fig. 9 compares the results of load displacement responses from the 2D and
3D analyses obtained with VCCT for ABAQUS™ with the results of the analysis
performed using interface elements discussed in Mabson [23]. The comparison
indicates that the solutions are quite close.
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Fig. 8. The deformed configuration: a) 3D model with shell elements, b) 3D model with solid
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4.3. Double cantilever problem II : Alfano-Crisfield problem

This example verifies and illustrates the use of ABAQUS to predict mixed-mode
multi-delamination in a layered composite specimen. Cohesive elements or double
nodes are used to represent the bonded interfaces. The problem studied is the one
that appears in Alfano [20]. The results presented are compared against the exper-
imental results included in that reference, taken from Robinson [24]. The prob-
lem geometry and loading are depicted in Fig. 10: a layered composite specimen,
L=200 mm long, with a total thickness H=3.18 mm and a width B=20 mm, loaded
by equal and opposite displacements in the thickness direction #=2 mm at one end.
The thickness direction is composed of 24 layers. The model has two initial cracks:
the first a; (of length 40 mm) is positioned at the midplane of the specimen at the
left end, and the second a; (of length 20 mm) is located to the right of the first and
two layers below. The distance between two initial cracks a;, is equal 20 mm.

u A A-A

\ 2
W"W

[
\
—
u A ‘ B
a a . «— >
a, 2| 3 | Cohesive elements

L

Fig. 10. Model geometry for the Alfano multi-delamination problem.

The Alfano-Crisfield problem is modeled in two dimensions with top part of
the specimen consisting of 12 layers (of thickness /;,=1.59 mm), the middle section
of 2 layers (of thickness /,=0.265 mm) and the bottom part of 10 layers (of thickness
h1p=1.325 mm). Each part was separately meshed with a mesh of 1x200 for both the
plain strain 2D CPE4I elements and the 3D C3DS8I elements. Two debond inter-
faces are defined, one between the 10® and 11 layers and the other between 12
and 13™ layers, counting from the bottom, to identify the potential delamination.
For modeling delamination growth the layers of the cohesive elements COH2D4 for
2D discretization or COH3D8 for 3D one were embedded at these interfaces. The
response of the cohesive elements in the model is specified through the cohesive
section definition as a “traction-separation” response type. The elastic properties of
the cohesive layer material are specified in terms of the traction-separation response
with stiffness values E=850 MPa, G,=850 MPa, and G,=850 MPa. The quadratic
traction-interaction failure criterion is selected for damage initiation in the cohe-
sive elements; and a mixed-mode, energy-based damage evolution law based on
a power law criterion is selected for damage propagation. The relevant material
data are as follows: Ny=3.3 MPa, Ty=7.0 MPa, Sy=7.0 MPa, G;=0.33x10° N/m,
Grc=0.8x 10° N/m, Gpc=0.80 x 10°* N/m, and n=1. For the VCCT approach, using
double nodes for representation of debond interfaces, the Benzeggagh-Kenane
mixed-mode failure criterion is used to determinate growth of delamination
based on the critical fracture toughness of the delamination interfaces. The mate-
rial data for the bulk material composite are adopted as in [20]: E;=115.0 GPa,
E2=8.5 GPa, E3=8.5 GPa, V12=O.29, V13=O.29, V23=0.3, G12=4.5 GPa, G13=3.3 GPa, and
G23=4.5 GPa.



FE modeling of delamination growth in interlaminar fracture specimens. 107

Fig. 11a shows a contour plot of the Misses stress indicating the growth of
delamination in both debond interfaces at the end of the analysis. The plot of the
prescribed displacement versus the corresponding reaction force for the delamina-
tion problem is presented in Fig. 11b, where the results calculated on the basis of the
different FE models are compared between themselves and with the experimental
results obtained in [20]. Both the ABAQUS/Standard and VCCT for ABAQUS™ results
display in the graph. Good agreement is observed between the numerical predic-
tions and the experimental results up to an applied displacement of approximately
20 mm. As seen from Fig 11b, a sharp drop in the reaction force is predicted at the
point approximately 10 mm by the ABAQUS analysis, after which the reaction force
values appear to be underpredicted by approximately 30% when compared to the
experimental data. The reason for this deviation, which appears to coincide with
the simultaneous propagation of both the cracks, is related to the sudden failure of
a relatively large number of cohesive elements in a very short period of time. While
the VCCT approach does not has such feature. Because, the release of the critical
pair nodes occurs sequentially one-by-one.
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Fig. 11. Prediction results: a) contour plot of Misses stress for the deformed shape of the 3D model,
b) load-displacement responses.
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5. Conclusions

Finite element analysis was conducted for interlaminar fracture specimens.
Those specimens were selected because of them debonding data during testing is
available in the literature. Two dimensional and three dimensional models were
constructed using commercial code ABAQUS™. The interlaminar debond was
modeled using either cohesive elements that are available in ABAQUS™ or the
virtual crack closure technique that is implemented in ABAQUS™ by add-on pack-
age VCCT for ABAQUS™, Several example problems were considered and of them
results were briefly discussed.
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