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Composite laminates are characterized by high mechanical in-plane properties while experiencing, on the contrary, a poor out-of-
plane response. The composite laminates, indeed, are often highly vulnerable to interlaminar damages, also called “de-
laminations.” One of the main techniques used for the numerical prediction of interlaminar damage onset and growth is the
cohesive zone model (CZM). However, this approach is characterised by uncertainties in the definition of the parameters needed
for the implementation of the cohesive behaviour in the numerical software. To overcome this issue, in the present paper, a
numerical-experimental procedure for the calibration of material parameters governing the mechanical behaviour of CZM based
on cohesive surface and cohesive element approaches is presented. Indeed, by comparing the results obtained from the double
cantilever beam (DCB) and end-notched flexure (ENF) experimental tests with the corresponding numerical results, it has been
possible to accurately calibrate the parameters of the numerical models needed to simulate the delamination growth phenomenon

at coupon level.

1. Introduction

Despite their high mechanical properties and their low
weight, compared to classic metallic alloys, composite ma-
terial damage behaviour is difficult to predict and control.
The characteristic damage mechanisms of composite ma-
terials can be catalogued in intralaminar damages (fibre and/
or matrix failure) and interlaminar damages (delaminations)
[1-4]. Among all the damage mechanisms, delaminations
can propagate under service load, seriously reducing the
carrying load capability of the overall structure [5, 6]. For
this reason, the mechanical behaviour of composite struc-
ture with interlaminar damages has been widely investigated
in the literature, both experimentally and numerically. In
particular, fracture mechanic has been widely used to model
interlaminar damage evolution through FE-based pro-
cedures such as virtual crack closure technique (VCCT) and
cohesive zone model (CZM) theory [7-12]. Delamination
growth forecasts, obtained with numerical models designed

on the VCCT basis, have shown that they are strongly
dependent on the finite element size along the delamination
front and on the size of the load step [13-15]. On the other
hand, the cohesive zone model-based elements have the
advantage, when compared to the virtual crack closure
technique-based elements, of being almost independent on
the mesh and on the time step. Cohesive elements are
characterized by a traction-separation law, based on quasi-
arbitrary and empirical parameters [16-19], which need an
accurate calibration, from experimental tests, to obtain re-
liable numerical solutions [20]. The main focus of this paper
is to establish a robust numerical-experimental procedure to
correctly set the cohesive element parameters. A bilinear
traction-separation law is used to define the cohesive me-
chanical behaviour. A first linear-elastic law defines the
stiffness of the cohesive interface up to the damage onset,
followed by a progressive stiffness reduction, up to the
complete failure. The parameters involved in the definition
of the traction-separation law are the cohesive element
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penalty stiffness K, the interfacial strength, which is the
damage onset stress, and the fracture toughness. These
parameters can be found by means of three-point bending
(3PB), double cantilever beam (DCB), and end-notched
flexure (ENF) mechanical tests, correlated to numerical
analyses. Finally, a first preliminary validation of the pro-
posed procedure has been carried out thanks to numerical-
experimental comparisons.

2. Theoretical Background

The cohesive zone models represent one of the most evolved
theories in the area of fracture mechanics. These models are
largely used to simulate crack onset and evolution in solids.

Using the cohesive approach, the formation of fractures
is considered as a gradual phenomenon in which the sep-
aration of surfaces, involved by the crack, occurs through an
extension of the crack tip, or cohesive area, and is coun-
teracted by cohesive tractions.

Indeed, the elements introduced in the cohesive zone are
not representative of a physical layer, but they are simply
representative of the cohesive forces occurring when the
crack advances. For this reason, in order to simulate in-
terlaminar damage between two adjacent plies (de-
lamination), the cohesive elements are placed, as shown in
Figure 1(a), in the interface area between the elements of the
two consecutive plies.

CZM-based elements are governed by a law linking the
variation of the tensile force acting on the connected surfaces
(0) to their separation (). This relation can be represented by a
curve called traction (o)-separation (§) curve (Figure 1(b)).

The area underneath the curve is representative of the
energy required for the separation, i.e., the fracture energy G..
The segment OA is representative of an initial step in which
the material is considered undamaged. Then, the point A
identifies the onset of the damage. The coordinates of point A
are predicted by means of the “quadratic nominal stress”
criterion (QUADS), introduced in the following equation:

2 2 2
(o) ) o) o

According to this criterion, a combination of nominal
and allowable stresses in different directions has been used to
determine the onset of damage. Indeed, Ny, and o, are the
allowable and the nominal stresses in the pure normal mode,
Tnax and oy are the allowable and the nominal stresses in the
first shear direction, and S,,,, and o are the allowable and
the nominal stresses in the second shear direction.

Finally, the damage evolution is described by the
descending segment of the traction-separation curve (AC).
The law adopted to represent this behaviour, which is based
on the energy dissipated during the damage process, is the
“power law” criterion reported in the following equation:

R
GIc GIIc GIIIc

Advances in Materials Science and Engineering

In equation 2, G, Gy, and, Gy are, respectively, the
energy release rates related to the fracture modes I, II, and
III. These values of the energy release rate are calculated by
the numerical software evaluating the displacement and
stress of the nodes for each fracture mode. The experimental
coeficient « can be assumed between 1 and 1.6. In the frame
of the present work, it is assumed to be 1.

The energy Gij. dissipated due to the damage has been
calculated by using numerical-experimental correlations
between the experimental data from three-point bending
(3PB) tests, double cantilever beam (DCB) tests, and end-
notched flexure (ENF) tests, and the corresponding nu-
merical results performed in this work.

3. Cohesive Zone Model

The cohesive zone model is characterized by 9 different
parameters:

(i) Penalty stiffness: k. kg, and ky
(ii) Initial failure parameters: Nia0 Smax and Tiax

(iii) Fracture toughness: Gy, Gy (first shear direction),
and Gy (second shear direction)

These parameters can be reduced to 6, assuming kg, = ki,
Stmax = Tmax and Giie = Gy

In the following paragraphs, a numerical-experimental
methodology for characterising the mechanical properties of
the cohesive layer is presented.

The procedure is divided into three main steps. Each step
is aimed at defining a parameter representative of the co-
hesive behaviour:

(i) Step 1: definition of cohesive stiffness using the 3PB
tests as reference data

(ii) Step 2: definition of normal and shear strength using
DCB and ENF tests as reference data

(iii) Step 3: definition of fracture toughness using DCB
and ENF tests as reference data

Figure 2 shows, schematically, how the final traction-
separation curve is build up step by step.

3.1. Penalty Stiffness Definition: Three-Point Bending Test.
An appropriate definition of the cohesive element penalty
stiffness is mandatory to accurately predict the structural
response of composite parts. Indeed, high cohesive penalty
stiffness induces an early damage onset and a too large
postfailure phase (and relative softening). On the other
hand, if the penalty stiffness is too low, cohesive elements
will deform, resulting in a significant relative sliding and/
or penetration between nodes at the interface. According
to some authors [21-28], the penalty stiffness could be
defined as a function of the interface thickness, t.,,, and
elastic moduli of the interface (E;, G;3, and G,3), as de-
scribed in the following equation:
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FiGure 1: (a) Location of the cohesive elements between adjacent layers and (b) traction-separation law.
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In this work, zero thickness cohesive elements have been
considered. Hence, the penalty stiffness has been determined
by means of a three-point bending test.

The properties of the adopted material system are re-
ported in Table 1, while the geometrical properties are listed
in Table 2.

According to Table 2, a indicates the specimen span
length that is supported, b the specimen width, L the
specimen length, h its total thickness, and #,;, the nominal
thickness of each ply. The number of plies of the whole
laminate is 24, while the stacking sequence is [45°, -45°, 0",
90°]35. The supports and the loading rollers have been
modelled by means of three 5mm radius cylinders.

Two numerical models have been considered: the first
one has been discretized by means of SC8R continuum shell
elements with a reduced integration scheme (CS), while
C3D8I solid elements (SD), with incompatible mode option,
have been used for the second one. Both the numerical
models have been discretized by introducing one element

TaBLE 1: Material properties for 3PB test.

Material properties

E;; (MPa) E,, (MPa) G, (MPa) wv;, Ply thickness (mm)
140000 7930 3900 0.31 0.187
TABLE 2: Geometry data for 3PB test.
Geometrical properties
L(mm) a(mm) b(mm) h(mm) r(mm) ¢t (mm)
100 80 4.53 4.45 5 0.186

per ply through the thickness. A 4 mm displacement has
been applied on the loading cylinders.

The numerical models have been validated through
experimental data comparison, in terms of load as a function
of the applied displacement. The experimental tests have
been performed in CIRA, using the electromechanical
testing system INSTRON 4505 and the standard fixture for
three-point bending test. The crosshead rate applied was
0.5 mm/min.

In Figure 3, it is possible to appreciate the good
agreement between the numerical stiffness, obtained for
both continuum shell (CS) and solid (SD) formulation
without cohesive elements, and the experimental ones.
Therefore, both element formulations are suitable for this
kind of problem, and they can be adopted to describe the
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FIGURE 3: 3PB test: experimental-numerical comparison. (a) Continuum shell element and (b) solid elements.

damage behaviour of the specimens according to the ana-
lyses reported in the next section.

After the preliminary stage, aimed to the validation of
the global stiffness, the cohesive element penalty stiffness has
been investigated by inserting a cohesive interface between
each ply. In particular, the response of the structure, varying
the penalty stiffness of each one of three different fracture
modes, has been assessed.

3.1.1. Normal Direction. The first set of analyses has been
focused on the effects of variation of the parameter kg,
(normal stiffness). According to the analyses, low values of
knn result in the interpenetration between adjacent plies
located in the region below the loading cylinders, while the
external sides of the structure, which are loaded in tension
(thought the thickness), will experience the separation be-
tween the adjacent plies.

Furthermore, low values of k,, can promote numerical
errors related to the computer precision. The optimum value
needs to be high enough to correctly represent the mechanical
behaviour of the cohesive element, avoiding effects like surface
interpenetration and/or separations between adjacent plies or,
at least, making them negligible. Moreover, it should not be
too high, in order to avoid a premature failure onset and the
following increasing of the postfailure regime.

For a complete analysis of the parameters representing
the stiffness of the cohesive layers, the parameters have been
reported in logarithmic scale. Hence, the parameters SFK,,,
SFK,, and SFK;, have been used to scale, respectively, the
parameters K, ks, and ki in the logarithmic graph.

Figures 4 and 5 show that values of SFK,, equal to 10 or
higher result in low penetration. Therefore, in this work, the
interpenetration has been assumed negligible for SFK,, = 10.
The ply thickness is in the order of 10~ mm, and thus, it was
considered acceptable to set the threshold of the in-
terpenetration in the order of 10~ mm.

3.1.2. First Shear Direction. The second set of analyses has
been focused on the k¢ parameter, which influences the

sliding between adjacent plies along the X-axis, as shown in
Figure 6. The figure shows a very clear and widespread
sliding among all plies.

Also in this case, several analyses have been performed
by varying the SFK; parameter and evaluating both the
sliding (along the X-axis) and the global stiffness of the
model.

According to Figures 7 and 8 for both the CS and the SD
models, for SFK = 10, the maximum sliding value along x is
about 107> mm, hence negligible according to the consid-
erations on the threshold drawn in the previous section.

3.1.3. Second Shear Direction. This third and last set of
analyses has been focused on the ki parameter, which in-
fluences the sliding between adjacent plies along the Y-axis,
as shown in Figure 9. Also in this case, the figure shows a
very clear and widespread sliding, and in the same image,
some ply interfaces are highlighted.

This last set of analyses has been performed by varying
the SFK; parameter and evaluating both the sliding (along
the Y-axis) and the global stiffness of the model.

From Figures 10 and 11, for both the CS and the SD
models, the value of ki has been found not influencing in a
significant way the relative displacements at interfaces. For
this reason, cohesive penalty stiffness values have been set as
SFK,. = 10.

In Tables 3 and 4, the results obtained for both the
discretized models (continuum shells and solid elements)
are summarised.

The next subsection focuses on the parameters of co-
hesive elements governing the failure initiation and
evolution.

3.2. Cohesive Strength Definition. In this subsection, co-
hesive interfacial strengths are investigated. These values
represent the stresses at the interface between two adjacent
plies, which influence the onset of an interlaminar damage.
A numerical-experimental correlation based on DCB and
ENF tests has been performed in order to determine the
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FIGURE 5: Penetration (a) and global stiffness (b) as a function of k,,, (SD model).

FIGURE 6: Sliding between adjacent plies along x direction.

cohesive element interface strength for each damage mode.
All experimental tests have been performed in CIRA, using
the electromechanical testing system INSTRON 4505 and
the standard fixture as requested by correlated test
specifications.

3.2.1. Normal Strength Definition: Double Cantilever Beam
Test. According to the experimental test procedure ASTM
D5528 [29], the average value of 0.288 N/mm has been found
for the Mode I interlaminar fracture toughness (10 speci-
mens have been tested). In this phase, the cohesive element

interfacial opening strength is set by means of a numerical-
experimental correlation based on a DCB test. The in-
vestigated specimens are 14-ply unidirectional (0°) lami-
nates. The nominal thickness of each ply is 0.186 mm.
Figure 12 shows the geometrical dimension of the in-
vestigated specimens.

The two loading blocks have been modelled as discrete
rigid bodies by means of R3D4 elements, while the specimen
has been modelled by means of SC8R elements. MPC tie
constrains have been used to bond the loading block on the
specimen. The specimen is divided, ideally, into two sub-
laminates (the upper and the lower one). Between the two
sublaminates, the debonding region has been modelled by
using cohesive surfaces and cohesive elements, both based
on the traction-separation law. A 10mm opening dis-
placement has been imposed. Three different mesh dis-
cretizations have been considered for the cohesive interfaces:
in particular, 4mm, 2mm, and 1 mm elements have been
used. Besides, the effect of the viscous regularization on the
different models has been assessed as well. Indeed, the
viscous regularization introduces a fictitious viscosity in the
cohesive layer useful to cover convergence difficulties [30].
For such a reason, the different models have been tested with
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SFK vs global stiffness-CS
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FIGURE 9: Sliding between adjacent plies along y direction.

a viscous regularization parameter set equal to 0 and to
0.001.

The numerical results, considering the different mesh
discretizations, the cohesive models, and the values of the
viscous regularization, have been compared to the experi-
mental ones, in terms of load-displacement curve.

For each mesh size, the procedure, aimed at defining the
cohesive parameters for the cohesive surface, is divided into

SFK vs global stiffness-SD
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three steps: maximum stress setting, evolution option in-
fluence, and viscous stabilization definition.

Therefore, in the first step, the load related to the fracture
onset has been found by varying iteratively the parameter
Ninax- In this first step, the damage evolution and the viscous
stabilization have been disabled. In the subsequent second
step, the damage evolution has been considered. Finally, in
the third step, the effects due to the viscous stabilization have
been taken into account. These steps have been performed
considering both cohesive element and cohesive interface
configurations, for each of the three cohesive interface
discretizations. In Figures 13 and 14, the results obtained by
considering the mesh size equal to 4 mm are reported.

In Figure 13(a), the experimental results are compared to
the numerical ones, adopting the cohesive surface approach
and considering different values of Ny,., parameter and
neglecting both the damage evolution option and the viscous
stabilization. According to the numerical analyses, the value
of Np.x which best fits the experimental curve maximum
load is 4.9 N/mm?®. In Figure 13(b), the experimental results
are compared to the numerical ones obtained for
Niox = 4.9 N/mm? where, respectively, both evolution and
stabilization are neglected, only evolution is considered, and
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TaBLE 3: Summary of three-point bending numerical test results (CS model).
Numerical three-point bending test (continuum SFK, = 10 SFK, =10 SFK, = 10
shell)
Penetration (mm) 1.880E - 03 2.000E— 05 2.000E - 05
First direction shear sliding (mm) 2.330E-05 1.619E - 03 2.330E-05
Second direction shear sliding (mm) 4.611E-05 4.611E-05 3.057E-03
Global stiffness (N/mm) 194.4 189.5 194.6
TaBLE 4: Summary of three-point bending numerical test results (SD model).
Numerical three-point bending test (solid element) SFK,=10 SFK,=10 SFK, =10
Penetration (mm) 1.890E - 03 2.000E - 05 2.000E - 05
First direction shear sliding (mm) 2.510E - 05 1.902E-03 2.510E-05
Second direction shear sliding (mm) 3.872E-05 3.872E-05 2.746E - 03
Global stiffness (N/mm) 199.41 194.00 198.91

both evolution and stabilization are considered. According
to Figure 13(b), the viscosity stabilization increases the peak
load. Hence, the use of large values of the stabilization
parameter can cause a toughening of the material response.
Moreover, it can produce a stable propagation of de-
lamination in the case of unstable delamination growth.
Figure 14 shows the results obtained by considering
cohesive elements instead of cohesive surfaces. According to

Figure 14, the delamination onset occurs for a smaller load,
compared to the experimental one. However, both the
models show a final peak load very close to the experimental
one. Finally, the cohesive element approach seems to be less
influenced by the viscosity stabilization parameter.

In particular, Figure 15(a) shows a comparison between
the experimental and numerical results obtained using the
cohesive surface approach. The numerical results have been
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FIGURE 13: DCB test: cohesive surface approach (element size 4 mm).
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FIGURE 14: DCB test: cohesive element approach (element size 4 mm).

obtained by varying the N,,,x parameter and disabling the = of the numerical-experimental curves is obtained for a value
damage evolution option and thus neglected the viscous of Npay equal to 12 N/mm?. In Figure 15(b), the different
stabilization. Moreover, Figure 15(a) shows that the best fit numerical results, obtained for N, =12N/mm? and by
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FIGUure 15: DCB test: cohesive surface approach (element size 2 mm).

neglecting both evolution and stabilization, considering only
evolution, and considering both evolution and stabilization,
are compared with the experimental ones. The same con-
siderations made for the model with 4 mm cohesive element
size can be repeated for the model with 2 mm cohesive el-
ement size.

Finally, Figure 16 shows the results of the cohesive el-
ement model.

In Figures 15 and 16 the results obtained by considering
2mm element size are reported.

According to Figure 16, the delamination onset occurs
for a lower load compared to the experimental one. How-
ever, both the models show a final peak load very close to the
experimental one.

In Figures 17 and 18, the results obtained by considering
the mesh size equal to 1 mm are introduced.

In Figure 17, the experimental results are compared to
the cohesive surface numerical ones, obtained by neglecting
both the damage evolution and the viscous stabilization for
different values of N,,.. The best numerical results have
been obtained considering Ny =25 N/mm?>. As for the
4mm and 2 mm mesh size models, damage evolution and
viscous stabilization influence the model response, as shown
in Figure 17.

According to Figure 18, a similar behaviour is ob-
tained for the cohesive surface and cohesive element
models, considering the same interfacial opening
strength. Moreover, the resulting load-displacement
curve is in good agreement with the one obtained
from the cohesive surfaces by neglecting the viscous
stabilization.

Finally, Figure 19 compares the deformed shapes of the
experimental and numerical results corresponding to the
most accurate numerical parameter set.

3.2.2. Transverse Strength Definition: End-Notched Flexure
Test. According to the experimental test procedure prEN
6034 [31], several tests have been performed in order to
evaluate the Mode II fracture toughness. The experimental
mean value, considering the 10 tested specimens, is equal to
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FIGUre 16: DCB test: cohesive element approach (element size
2 mm).

0.610 N/mm. Here, a numerical analysis representing the
end-notched flexure test is performed. The numerical results
are then compared to the experimental ones to set the
transverse strength interface parameters to be adopted by
both cohesive surface and cohesive element approaches.

As for the DCB test, different models have been used to
simulate the ENF test. For all the models, continuum shell
SC8R elements with a reduced integration scheme have been
used. A discretization of one element per sublaminate along
the thickness has been adopted. Crack propagation has been
modelled again by using two different techniques: cohesive
surfaces and cohesive elements.

The investigated specimens are 14-ply unidirectional (0°)
laminates. The nominal thickness of each ply is 0.186 mm.
The specimen dimensions are reported in Figure 20.

The supports and the loading nose, shown in Figure 20,
have been modelled as discrete rigid bodies by using R3D4
elements. The support radius is 5 mm, while the loading nose
radius is equal to 6.25 mm. The lower supports have been
fixed, while a 10 mm displacement has been applied on the
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FiGURE 17: DCB test: cohesive surface approach (element size 1 mm).
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FIGURE 18: DCB test: cohesive elements (element size 1 mm)—damage evolution.

loading nose in the laminate thickness direction. The
strategy adopted to evaluate the interfacial shear strength is
the same that the one adopted in the DCB test.

In Figures 21 and 22, the results obtained with 4 mm
element size are reported.

From the Figures 21 and 22, it is possible to notice that
for a value Sy =45N/mm?, the numerical results are in
good agreement with the experimental ones with damage
evolution and with no viscosity by adopting 4 mm cohesive
elements instead of cohesive surfaces. Since the de-
lamination growth in the ENF test is quite fast, the load goes
down abruptly. Therefore, also the use of no-evolution
option provides good results in terms of postfailure (de-
lamination growth) behaviour. The most accurate results are
obtained by considering the evaluation without viscous
stabilization, which led to a more sudden delamination
growth.

The cohesive element approach seems to be less influ-
enced by the viscous stabilization and thus gives good results
using both parameters.

In Figures 23 and 24, the results obtained with 2mm
element size are reported.

According to Figures 23 and 24, it is possible to notice
that for a value S, = 80 N/mm? the numerical results are in
good agreement with the experimental ones with damage
evolution and with no viscosity by adopting 2 mm cohesive
elements instead of cohesive surfaces.

Also for a mesh size equal to 2 mm, the two numerical
curves are very similar, meaning that the numerical results
are minimally influenced by the viscous stabilization when
the cohesive element approach is adopted.

Unfortunately, the ENF model with 1 mm element size
presented convergence problems when no damage evolution
was specified; for this reason, the approach above presented
could not be applied. In this case, the approach followed is to
directly model delamination with damage evolution and a
viscosity coefficient of 0.0001 in order to not influence the
model response significantly and try the interfacial shear
strength values which give the best load-displacement curve
compared to the experimental data. In Figure 25, the results
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FIGURE 19: DCB: experimental and numerical deformed shape.
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FIGURE 20: ENF: geometrical description.

obtained for 1 mm element size are introduced, using the
cohesive surface and cohesive element approach.

According to Figure 25, it is possible to notice that for a
value S, = 110 N/mm?, the numerical results are in good
agreement with the experimental ones with damage evo-
lution and with no viscosity by adopting 1 mm cohesive
elements instead of cohesive surfaces. Reducing up to 1 mm
the element size, unfortunately, leads to convergence
problem for all models, and further, it does not produce an
improvement on the quality of the results.

Finally, in Figure 26, the experimental deformed shape is
compared with the numerical predicted one, corresponding

to the numerical model with the most accurate parameter
set.

3.2.3. Results Summary. In Table 5, a summary of the
fracture toughness, evaluated by means of the experimental
campaign, is reported. Gy has been assumed equal to Gyy.

In Table 6, a summary of the material interfacial
strengths, evaluated by means of the numerical-experi-
mental procedure, is reported.

Finally, the interfacial strengths as a function of the in-
plane element size are introduced in Figure 27.
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Ficure 23: ENF test: cohesive surface approach (element size 2 mm).
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TaBLE 5: Material fracture toughness.
Gic (N/mm) Giie (N/mm) G (N/mm)
0.288 0.61 0.61

TABLE 6: Material interfacial strength.

DCB and ENF tests Niax Siax Tnax
(continuum shell elements) (N/mm?)  (N/mm?)  (N/mm?)
Element size 4 mm 4.9 45 45
Element size 2 mm 12 80 80
Element size 1 mm 25 110 110

Interfacial strength dependence on mesh

Interfacial strength (MPa)

0 t t t t t t
1 1.5 2 2.5 3 3.5 4 4.5

Element size (mm)

max

Smax

FIGURE 27: Interfacial strength dependence on in-plane element
size.

4. Conclusions

The main purpose of this work is to present a robust ex-
perimental-numerical procedure which is useful to define
the cohesive interface parameters to simulate the de-
lamination onset and its evolution, adopting the most used
numerical approaches available in the Abaqus FE envi-
ronment: contact surface with cohesive behaviour option
and cohesive elements.

Both approaches require to setting nine parameters in
order to correctly simulate the delamination onset and its
propagation. These parameters can be divided into three
groups, which are related to the structural behaviour, i.e., the
stiffness in three directions (normal and the other two or-
thogonal directions classified as shear directions), to the
delamination onset, i.e., the strength of the cohesive layer in
three directions (normal and shear strengths), and to the
delamination growth, i.e., the fracture toughness energies
related to each damage mode. Generally, only the last group
is defined by means of experimental tests, while the stiffness
and the strength parameters are set according to the matrix
properties. Unfortunately, this approach can result in un-
realistic results, and thus, in order to have reliable results, it
is mandatory to calibrate the numerical models using spe-
cific reference data. Furthermore, both procedures (cohesive
surface and cohesive elements) are mesh-sensitive; hence,
the parameters have to be chosen according to the used
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computational mesh. The procedure, here proposed, takes
advantage from the results of three types of experimental
tests to set all the numerical parameters: three-point bending
test, double cantilever beam test, and end-notched flexure
test.

In particular, cohesive penalty stiffness has been set by
means of experimental three-point bending tests, while the
cohesive interfacial strengths and the fracture toughness
have been defined by means of experimental double can-
tilever beam (Mode I) and end-notched flexure tests (Mode
10).

The 3PB test allows the introduction of a deformation
state which produces both sliding and interpenetration/
separation between adjacent plies. Therefore, the test has
been used as reference data for numerical analyses focused to
define the cohesive stiffness. Ideally, such parameters should
be very high, in order to not influence the structural be-
haviour of the component, but at the same time, very large
value leads to convergence issue and an anticipate failure
(delamination onset). Therefore, the most suitable values
correspond to lower ones which guarantee a reduced sliding
and penetration. In this work, the threshold was fixed in the
order of 107> mm that is much lower than the ply thickness
(in the order of 10~ mm).

The DCB and ENF tests have been used as reference in
order to define the best set of parameters related to the
cohesive interface strength and to the fracture toughness
(Gic and Gyy). The numerical analyses have been performed
adopting both the cohesive surface and the cohesive element
approach. For each approach, several mesh sizes have been
considered, in order to highlight the mesh dependency. For
each mesh size, it is possible to define the best set of pa-
rameters which allow simulating, adequately, the de-
lamination onset and propagation. In particular, the
cohesive strength decreases as the mesh size increases. These
data represent the stress achieved in the elements along the
delamination front, and their sum is equal to the applied
load (at any time increments). Since, for a well-defined
specimen and material system, the load generating a de-
lamination onset is fixed, the introduction of a higher
number of nodes results in the distribution of the same force
on a greater number of nodes, thus reducing the force acting
on each node.

Both approaches are suitable enough to simulate these
kinds of problems. However, the cohesive surface approach
is more easy to implement (it is managed as simple contact
between bodies) and it is more stable compared to the
cohesive element approach. Unfortunately, the delamination
growth path depends on the mesh discretization, since any
delamination increment is equal to the element size of the
plies. Usually, different mesh discretizations can be adopted
for the elements of the laminate and the elements of the
cohesive layer. However, this option was not considered in
this context, and the same discretization has been used for
both the composite laminate and the cohesive layer.
Therefore, in order to reduce the computational cost, it is
possible to define a coarse mesh for the bodies and a finer
mesh in the cohesive layer and thus a smother delamination
path.
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Nomenclature

kn.y:  Cohesive penalty stiffness—pure normal mode
ks:  Cohesive penalty stiffness—first shear direction
ke Cohesive penalty stiffness—second shear direction
SFK,: k ., scale factor

SFK: k g scale factor

SFK: k y scale factor

0,:  Nominal stress—pure normal mode

o Nominal stress—first shear direction
o Nominal stress—second shear direction

Nmax: Allowable stress—pure normal mode
Allowable stress—first shear direction
Tax: Allowable stress—second shear direction
G Mode I fracture toughness

Gue:  Mode II fracture toughness

Guie:  Mode III fracture toughness

teon:  Interface thickness.
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