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ABSTRACT
The delamination process in notched composite plates under flexural loading has been
investigated using finite element analysis. Cohesive elements implemented in the
commercial finite element package ABAQUS have been used in the region around the
drilled-hole, and positioned between layers where delamination was observed during
experiments presented in an accompanying paper. The delamination initiation and
subsequent propagation was studied between the layers at the tension side separately
and simultaneously. For all FE models, the load displacement curve was in good
agreement with the one from experiments. However, the amount of damage reported
from the fractography study was more extensive than that predicted by the models.
Finally, it was shown that the models with only one cohesive layer show significantly
different results to that of the model with four cohesive layers in terms of size of the
degradation area.
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INTRODUCTION
The use of composite materials for structural parts in the aeronautic industry has
increased tremendously during the last decade. Composite materials are brittle materials
sensitive to stress concentration from notches or damage. In particular, composites are
sensitive to out-of-plane loads causing delaminations [1]. During the design process of a
fibre composite structural part, its damage tolerance behaviour must be considered for
mainly three reasons: to assure the integrity of the part and the safety of the aircraft, to
anticipate failure and to avoid unnecessary replacement of a part which can still fulfil its
structural function. Therefore, studies have focused on the understanding and prediction
of the mechanisms of damage initiation and propagation in notched composite [1], and
on implementing reliable tools in commercial finite element codes to model these
composite structures [2-3].
The objective of this study is to determine the delamination initiation and propagation in
notched composite laminates under flexural loading. The commercial finite element
package ABAQUS [4] is used to carry out the investigation. The study focuses on the
efficient use of commercial cohesive element to model ply delamination in notched
composite laminates. This study will address delamination as the only damage

mechanism. The results from the finite element analysis are compared to experimental
results of four-point bending tests performed in [5] for validation.
INTERLAMINAR DAMAGE MODEL WITH COHESIVE ELEMENTS
Cohesive elements implemented in ABAQUS [4] are a powerful tool to model
delamination onset and growth in composite materials. The theoretical background is
well described in [4] and [2]. The use of cohesive elements together with a bilinear
traction separation law (TSL, Figure 1) is outlined below.
The debonding or delamination processes of composite material occur in two main
steps: damage initiation and damage propagation.
The cohesive laws for mode I and II capture the linear elastic and softening behaviour
before fracture, and can be obtained by performing Double Cantilever Beam tests and
End Notched Flexural beam tests.
Cohesive elements can be defined by a linear elastic response, a strength criteria and a
damage evolution law based on energies. The damage initiates when a quadratic stress
criterion is fulfilled ( δ = ∆0 ), see equation (1). The strength of the composite in the
normal and shear directions are used as input data,
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Figure 1. Bilinear traction separation law.
The damage evolution is governed by a damage parameter which describes the rate of
stiffness softening after damage initiation ( δ = ∆0 ). The damage propagation ( δ = ∆ f )
is studied in terms of energy release rate and fracture toughness. To accurately predict
delamination growth for mode I, mode II loading condition [2], the Benzeggagh-Kenane
criteria are used [3], as expressed in equation (2).
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where GIc and GIIc are the fracture toughness in mode I and II respectively. The
exponent η is chosen to 1.45. β is the parameter determining the mixed mode ratio based
on the current values of the peel and shear opening in the TSL for mode I and II
respectively.

SPECIMENS GEOMETRY AND MATERIALS
Specimens geometry
The geometry of the drilled composite plates is shown in Figure 2. The thickness of the
plate is 4.16 mm. The laminate is quasi-isotropic with the lay-up [(0/90/+45/-45)4]S32.
The ply thickness is 0.13 mm. The test specification and the manufacturing of
specimens were performed by Saab Aerostructures.
Experiments have been carried out on similar specimens with a support span of 390 mm
instead of 410 mm [5]. However, one specimen had a support span of 410 mm and the
loading was stopped before total failure to carry out a fractographic analysis. Therefore,
to allow analysis of the interrupted test, a support span of 410 mm was modelled.

Figure 2. Geometry of the notched composite plate (mm)

Materials
The material used was Hexcel HTA/6376C carbon fibre epoxy unidirectional prepreg.
The mechanical properties of the ply are reported in Table 1. The values in Table 1 and
2 are approximate.
Table 1. HTA/6376C - Mechanical properties

Composites: Engineering constants ([GPa] (except Poisson’s ratios))
HTA/6376C

E11

E22

E33

G12

G13

G23

υ12

υ 13

υ 23

140

10

10

5.0

5.0

3.0

0.30

0.30

0.50

The material parameters for the cohesive layer are reported in Table 2. The stiffness of
the elastic part of the traction separation laws is calculated using the stiffness of the
composite and the thickness of the cohesive layer [4].
Table 2. Cohesive layer properties

Interface: Cohesive properties
σˆ (MPa)
τˆ (MPa) GIc (J/m2) GIIc (J/m2)
20

30

300

700

FINITE ELEMENT MODEL
Element type, mesh, boundary condition and applied load
The model was divided into a maximum of 12 different parts: two roller supports, a
composite laminate part with a cut in the vicinity of the hole, 5 composite laminate parts
in the vicinity of the hole and the cohesive layers were inserted between the layers
where delaminations were observed [5].
The elements used in the FE-models are reported in Table 3:
Table 3. Elements type and number

Cohesive layer
Element type
Number

Cohesive
COH3D8
3276

Composite
laminate
around the
hole
Continuum
shell SC8R
3276

Composite
laminate

Support

Continuum
shell SC8R
7352

Linear brick
C3D8R
1392

The mesh and the assembly of the different parts considered in the model are shown in
Figure 3 below. All parts were joined by surface to surface tie constraints.

Figure 3. Mesh of the whole model
To reduce the computing time, symmetry is often used to model a half or a quarter of
composite laminates loaded in bending. The quasi-isotropic lay-up considered in this
study does not offer this possibility because of the unsymmetrical ± 45° layers.
The loading was applied through a controlled displacement of 80 mm. All nodal
displacements on the bottom surface of the roller support were restrained.

Assumption and particular settings
The roller supports used on the 4-point bending experiments are often neglected in FE
models and replaced by boundary conditions restricting nodal displacement along the
contact line. Due to large displacements during the experiments (deflection over
80 mm) and large sliding of the specimen on the roller supports this assumption is
invalid as it does not capture the correct reaction forces. Consequently, the roller
support has to be modelled explicitly. This introduces a cost demanding contact

interaction in the FE-model. Since the objective is to determine the delamination onset
and growth, the contacts were defined with a coarse mesh to decrease the computing
time. In ABAQUS, the interaction “composite laminate – steel support” was defined
using a finite sliding formulation together with a node to surface discretization method.
Non linear effects due to large deformations were taken into account in the FE-model.
Damage models where material softening occurs are often generating convergence
difficulties in ABAQUS standard. Therefore, it is useful to include artificial damping in
the model in order to overcome these problems. In all models, a damping value of 3.10-4
was used. By comparison of the viscous damping energy with the total strain energy, it
was verified that the artificial damping does not yields inaccurate solutions.

Method
Four models employing one cohesive layer were analysed. In these models, the
cohesive layer was positioned at the first interface on the tension side in the first model,
at the second interface in the second model, and so on.
In a fifth model cohesive layers were placed at the first four interfaces on the tension
side, see Figure 4.
Model 1, with cohesive elements at the first interface, i.e. between the 0° and 90° layers
on the tension loaded side, has been run with 3 different element sizes for the cohesive
elements: 0.5 mm, 0.25 mm and 0.125 mm.

Figure 4. The five models with cohesive elements positioned at different composite
layer interfaces on the tension side

RESULTS
Structural response
The experimental result for the 410 mm load span specimen reported in [5] is presented
in Figure 5-a.
The computed load displacement curves for all five models are plotted in Figure 5-b.
The deflection w was recorded at a node at the compression side under the loading line
(see Figure 2) and the load was recorded at the support. Due to the large deformation,
the x-component of the load increases significantly under loading.
It can be seen that there is no difference between the 5 models in terms of loaddeflection behaviour of the specimen in bending. The maximum load obtained from FE
models is 3.8 kN (at w = 80 mm), which is in good agreement with the experimental
result of 3.9 kN at the same deflection.
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Figure 5. Load-displacement curves – a) Experiment [5]; b) FE models

Delamination
The damage initiation criterion and the delamination growth are investigated along the
holes edges. The polar position used is referring to the position of the nodes as
described in Figure 6.

Figure 6. Nodal cylindrical coordinate system at the periphery of the hole
Delamination initiation
The delamination initiation load (i.e. the load at which δ = ∆0 ) is investigated for all FE
models. In models where cohesive layers are studied separately (models 1-4), the
damage criteria is fulfilled at 0.7 kN, 0.9 kN, 0.7kN and 0.45 kN for the models with
cohesive elements positioned at interfaces 1, 2, 3 and 4 respectively. In the model where
four cohesive layers are considered (model 5), damage onset is predicted in cohesive
layers at interfaces 1, 2 and 4 at 0.9 kN. The criterion is fulfilled at a load of 1.0 kN at
interface 3. Consequently, model 5 predicts damage initiation at slightly higher loads
than models 1-4, which only consider delamination at a single interface.
The predicted angle, θ, where delamination initiates varies slightly between models 2-5
and 3-5. The results are reported in table 4. The discrepancies are however small enough
to consider that prediction is not influenced by the number of cohesive layers.
Table 4. Delamination initiation: angular position (θ)

Interface
1
2

Model 1
66° and 114°
-

Model 2
90°

3

-

-

4

-

-

Model 3
104°, then 63°
dominant
-

Model 4
-

Model 5
66° and 113°
104°

-

62°

73°

74°

Delamination growth
The delamination growth is monitored in ABAQUS by controlling the value of the
stiffness degradation, which takes the value 1 at δ = ∆ f (see Figure 1).
Figure 7 shows contour plots of the delamination growth for each cohesive layer at
3.8 kN. If comparing these contour plots, it can be shown that the damaged area is
smaller in the cohesive layers of the model with 4 cohesive layers (highly damaged area
are represented in dark grey).

1st Interface
layers 1-2
(0°/90°)

2nd Interface
layers 2-3
(90°/+45°)

3rd Interface
layers 3-4
(+45°/-45°)

4th Interface
layers 4-5
(-45°/0°)

Figure 7. Delamination growth around the hole at P = 3.8 kN. Models with one cohesive
layer on the upper line, and model with 4 cohesive layers on the lower line
It was verified that the size of the cohesive elements does not influence the structural
response of the laminate.
The delamination initiation at maximum load is investigated from the results of the
element size parametric study. Paths are created around half the circumference of the
hole (Figure 6). The stiffness degradation at the edge of the hole, as a function of the
polar position of the nodes is plotted in Figure 8-a. All models predict delamination
growth in the region ranging from θ ≈ 45° to θ ≈ 135° . Only an increase of the
stiffness degradation, from 0.78 to 0.85, due to higher stress level in smaller elements, is
registered close to the 0° and 180° polar positions.

The shear stresses have been plotted along a path created in the areas where large
delamination is observed. As expected, the shear stress slightly increases while
decreasing the element size. The shear stress level at the edge of the hole, where
elements are almost fully damaged is slightly lower in the model with 0.125 mm
element size. Additionally, it can be noticed that the shear stress decreases along a
shorter distance after the peak value is reached while decreasing the element size
(Figure 8-b), which means that higher stresses are predicted ahead the crack tip when
coarser mesh is used.
The element size parametric study shows that there is no need in this particular case to
use element smaller than 0.5 mm, since no significant differences have been observed.
An explanation is the predominance of mode II, where larger cohesive zone allow

coarser mesh to be used. The mode mix ratio, β, is estimated to be greater than 95 %
(see Equation 2).

a)
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Figure 8. a) Delamination around the hole at P=3.8 kN and b) shear stresses along a
radial path where first delamination occurs

COMPARISON WITH EXPERIMENTAL OBSERVATIONS
Some results of the fractography analysis carried out in [5] are reported in Figure 9.
Delaminations were observed between multiple layers at the tension side (between
layers 1-2, layers 2-3, layers 4-5, layers 7-8 and layers 9-10 (see Figure 8 in [5]).

a)

Model 1

b)

Model 5

Interface 1

Model 2

Model 5

Interface 2

Figure 9. a) Damage observed by ultrasonic C-Scan microscopy at interface 1 and b)
interface 2. Predicted damage from FE models are shown on the right.
From the ultrasonic C-scan study, the size and the direction in which the damage
propagates are clearly identified. Figure 9-b shows an extensive delamination damage
area at the second interface, i.e. between 90° and 45° layers. Delamination have grown
in the transverse direction to the load, with a delaminated area extended 20 mm from the
hole edges at a maximum load of 3.9 kN. The results from the FE models 1, 2 and 5
show delamination direction of growth in good agreement with the experiment.
However, the size of the delaminated area, which is represented in light grey in Figure
9, is much smaller, extended at its maximum 2 to 3 mm from the edges of the notch.

Regarding the comparison between FE model 5 and FE models 1, 2, 3 and 4, it can be
seen that the number of cohesive layers being modelled influence the amount of damage
and the size of the delamination at similar load levels. This is resulting from the
distribution of damage in all cohesive layer in model 5, while damage is concentrated in
one cohesive layer only for models 1 to 4.
The FE models conducted in this study underestimate the damage area compared to the
experimental results. The difference can be explained by the fact that intralaminar
damage like matrix cracking, which contributes to the delamination process, has not
been addressed as a possible damage mechanism in the present FE study. Shear cracks
are observed in the first 90° layer on the tension side [5]. These cracks run through the
layer and delaminations are observed on both sides of the layer (between the layers 1
and 2 and layers 2 and 3). Another explanation is the modelling of all cohesive layers
using fracture toughness values for delamination in unidirectional laminates (i.e. 0°/0°).
The laminate used in the study shows delaminations between layers with different
orientation angle where the fracture energy may be lower [6], which influence the
delamination onset and growth.
A particular feature of delamination in multidirectional laminates, not considered in this
study, is the possibility for the crack to migrate from one interface to another, since the
change in fibre orientation does not confine the crack at the interface where it initiated
[7]. This delamination mechanism (multi-plane delamination) interacts with
intralaminar damage. Without considering it, the delamination has no longer the
possibility to grow through the weakest region of the laminate. This artificial restriction
would probably yield accurate results for particular loading modes and laminate lay-up,
where in-plane damage is not a driving damage mode. In the present case of notched
multidirectional laminates loaded in bending, considering delamination only is not
sufficient.
Previous papers [8-9] have pointed out the complexity of predicting interacting
intralaminar and interlaminar damage growth. The finite element models are either
conducted by implementing user-defined commands in finite element codes, or
restricted to predefinition of possible failure regions.

CONCLUSION
The delamination onset and growth in notched composite laminates has been
investigated using finite element analysis and compared to experimental results. From
experimental C-scan and microscopic study of a tested specimen presented in an
accompanying paper, the delaminated and damaged areas were determined. Cohesive
elements have been used to model delamination onset and growth between the observed
delaminated layers of the notched laminate under flexural load.
The influence of the number of delaminated areas modelled is shown by five different
models with either cohesive elements positioned between different layers or with
cohesive elements positioned between all layers subjected to delamination. The models
with only one cohesive layer show different results than the model with four cohesive
layers in terms of the size of the delaminated area. No significant influence on the load
displacement curves is noticed. The delamination process is probably too local to
globally influence the behaviour of the composite plate.

The element size parametric study showed that there is no need in this particular case to
use element smaller than 0.5 mm, since no significant differences in terms of loaddisplacement behaviour, size of the damage area or stresses have been observed. All
models predict delamination to initiate in the region ranging from θ ≈ 66° to θ ≈ 114° .
Predicted position of delamination initiation and direction of growth correspond to
experimental observations for all models. However, the extent of delamination growth
is significantly underestimated for the second interface (90º/45º) on the tension loaded
side. This discrepancy may be explained by an overestimate of the fracture toughness
for the 90º/45º interface, employing fracture toughness data for a 0º/0º interface.
In-plane damage like matrix cracking occurs prior to delamination and was also
observed experimentally. It is therefore not enough to consider a FE model with only
cohesive element to model the delamination process in notched composite plate. There
is a need to model simultaneously progressive damage and delamination to accurately
capture damage initiation and growth in notched composite plate under flexural loading.
To predict final collapse it is also necessary to include in-plane fiber failure.
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