Thin-Walled Structures,Volume 143, October 2019, Article number 106231
DOI: 10.1016/j.tws.2019.106231

Numerical FEA parametric analysis of CAI behaviour of CFRP
stiffened panels

Dimitrios G. Gaitanelis?, Ioannis K. Giannopoulos**, Efstathios E. Theotokoglou®

4Centre of Excellence for Aeronautics, School of Aerospace, Transport and Manufacturing, Cranfield University,
Cranfield, MK43 OAL, UK
bSchool of Applied Mathematical and Physical Sciences, Dept. of Mechanics-Lab. of Strength Materials, National
Technical University of Athens

Abstract

This paper examined the effect of numerical modelling parameters on the accuracy and computa-
tional efficiency of Carbon Fibre Reinforced Polymer (CFRP) stiffened panels under Compression
After Impact (CAI). Pristine and damaged CFRP stiffened panels were subjected to compression
in Abaqus® software using Cohesive Zone Model (CZM) method. Various case studies were ex-
amined and the effect of the stiffness parameters of the cohesive elements was critically assessed.
Moreover, the required number of cohesive zones to fully capture the damage mechanisms of the
impacted and pristine panels under compressive loading was examined. The results showed that a
wrong set of parameters can even lead to neglecting the induced damage and can cause severe con-
vergence problems in the numerical model. The importance of the Overall Meshing Factor (OMF)
was highlighted and a user-defined subroutine (USDFLD) was applied to capture the decrease in
the load bearing capability of an impacted panel prior to the compressive loading, since CZM was
found insufficient for this scope. The above-mentioned remarks illustrated the process of inves-
tigating the optimum numerical parameters set to achieve an accurate and efficient finite element
modelling of the stiffened panels structural performance and maximum load-carrying capability,
when subjected to CAI loading.

Keywords: B. Delamination, C. Damage Mechanics, C. Finite Element Analysis, Cohesive Zone
Model (CZM)

1. Introduction

Composite materials are widely applied in structural applications due to their advantageous
mechanical properties. Their beneficial stiffness and strength to weight ratio has enhanced their
use in the aerospace industry as well [1]. Indicatively, more than 50% per weight of the structural
components in Airbus A350 and Boeing 787 are manufactured from composite materials, while
the percentage in McDonnell Douglas DC-9 in the 1960s did not surpass 1% per weight [2].
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In airframe structures, stiffened panels are used in components such as the wing, the fuselage
and the tail. On occasions, the critical loading cases of such structures contain elements of com-
pression which may result in buckling failure. Nonetheless, if such structures are sized properly,
they can have a significant post-buckling reserve strength and the ability to carry loads that exceed
considerably their initial buckling load [3]. CFRP materials, having a high specific stiffness and/or
a high specific strength are ideal for stiffened panels manufacturing [4]. Due to their applicabil-
ity, projects like POSICOSS (Improved Post-buckling Simulation for Design of Fibre Composite
Stiffened Fuselage Structures) [5] and COCOMAT (Improved Material Exploitation at Safe Design
of Composite Airframe Structures by Accurate Simulation of Collapse) [6] were funded from the
European Commission in the early 00’s to investigate the post-buckling and collapse behaviour of
stiffened panels. Those projects focused on improving the applied numerical methods and simula-
tion strategies for the post-buckling and collapse behaviour of the panels. Since then, there have
been many advances in the computational methods and algorithms for simulating the behaviour of
composite structures.

An important drawback of composite stiffened panels is the difficulty in predicting their be-
haviour under the presence of a structural damage. Through experimental testing, it has been
found that damaged panels from impact events can have a much lower residual strength from their
pristine conditioning [7]. The structural performance is highly affected by the existence of a pre
and/or post-service damage, or manufacturing inherited damage [8]. Damage can occur during
maintenance by dropping of tools or due to hail or runway debris, which can lead to collapse due
to disbond, delamination, matrix cracking and fibre fracture [9]. The resulting damage from im-
pact events may be difficult to observe. Provided that a foreign object high-velocity impact (HVI)
can penetrate the panel, the caused damage can be easily noticed during inspection. Low-velocity
impacts (LVI), on the other hand, usually cause barely visible impact damage (BVID) which could
be internal to the structure in the form of delamination, not easily detected and could reduce the
panel’s strength even up to 60% [7].

This phenomenon has influenced the existing airworthiness regulations applied on the aircraft
manufacturing industry. Aircraft structures are currently designed considering that BVID is present
in the structure. Therefore, the structural elements must tolerate this damage at ultimate levels of
load without failing. According to the European Aviation Safety Agency (EASA) [10] and Fed-
eral Aviation Administration (FAA) [11] Certification Specifications used in the design of aircraft,
structures must prove their performance levels under in-service loading, while containing vari-
ous types and sizes of damage. The acceptable means for proving structural capability according
to these specifications is mainly physical testing. However, increased cost and complexity are
involved in the structural testing surveys. For the reason stated above, Bisagni et al. [8] have
suggested the use of a single stringer compression (SSC) specimen as an economical representa-
tive solution in investigating the post-buckling behaviour of stiffened panels. Moreover, current
advances in the finite element modelling can reduce the size and scope of physical testing, espe-
cially in the early design stages. Modelling damage initiation and propagation can provide with
meaningful insights to the design, hence reducing the number of articles physically tested.

Many researchers have experimentally and numerically examined the post-buckling behaviour
of pristine and impacted composite stiffened panels subjected to compression [12]- [20]. Numerical
investigations of CAI behaviour can capture the inter-laminar and intra-laminar damage initiation
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and propagation. For the inter-laminar damage, the Virtual Crack Closure Technique (VCCT) and
the Cohesive Zone Model (CZM) are mostly applied. The main disadvantage of VCCT is the lack
of damage initiation criteria [21] contrary to CZM, whose use has been recently boosted for pre-
dicting delamination growth. Despite of the method’s increased application by researchers [3], [9],
[14], [17], [18], [22]-[26] one of the main disadvantages of CZM is the reduced computational
efficiency [9], [14], [18], [22], [23], [26]. Within the public domain literature, the need for fur-
ther investigation in the modelling parameters of CZM application for increasing the accuracy and
computational efficiency was evidenced. Vescovini et al. [26] and other researchers [14], [17]
have managed to achieve efficient models computationally by applying a global/local approach in
examining the damage initiation and propagation in composite structures. This paper aimed at con-
tributing to the investigation of the optimum numerical recipe of CZM and a parametric analysis
was conducted with several models being examined and compared aiming at faster, more robust and
more accurate simulations. Through the comparison, the effect of the parameters of the cohesive
properties under investigation were tested and the results were critically assessed.

The present paper is structured as follows: In the section below, the theoretical background of
the implemented methods in the numerical analysis is explained. In section 3, the exact examined
case study, geometry and material properties of the panel, impact experimental results and main
characteristics of the numerical model are presented. In section 4, the conducted parametric studies
and the followed process are analysed presenting the main results in terms of damage capture and
computational efficiency. Finally, the main conclusions of the study are presented.

2. Theoretical Background

The two main categories of damage that are numerically modelled in laminated fibrous com-
posite structures are intra-laminar and inter-laminar damage. Intra-laminar damage refers to the
damage within a laminate (matrix cracking and fibre breakage) and inter-laminar damage is the
damage caused in the interface area between laminates (debonding and delamination). To capture
the intra-laminar damage in Finite Element Analysis (FEA), elements implementing the Hashin
failure criterion for damage initiation were applied. This criterion, besides the allowable strength
values considers the individual failure modes of the fibre and the matrix separately [27]. Damage
propagation was implemented through a bilinear stiffness degradation law.

2.1. Intra-laminar damage Initiation and Propagation - Hashin failure criterion

In this study, the two-dimensional Hashin failure criterion was applied due to the shell prop-
erty type of the element used. According to Hashin, there is an essential difference between the
failure mechanics and stresses in tension and compression in the direction of fibres as well as in
the transverse direction. As a result, the primary modes are examined separately for compression
and tension [27]. The exact equations that were used in the numerical model for damage initiation
are presented below:

1. Fibre compressive failure (6, < 0)
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Where, 6,,, 6,,,7,, are components of the effective stress tensor &, signifying the stress along
the fiber direction, the stress along the matrix direction and the intralaminar shear stress respec-
tively. The critical strength values X,, X, Y, Y, S;, S correspond respectively at the fibre
tensile, fibre compressive, matrix tensile, matrix compressive, longitudinal and transversal shear
strengths. Finally, coefficient a, which determines the contribution of the shear stress to the fibre
tensile initiation criterion, is equal to 1 in this study.

After reaching the initiation criteria, the failure modes follow a bilinear damage evolution law
which is illustrated in figure 1. This constitutive relation is applied to all the failure modes to
describe the material degradation by means of material stiffness reduction.

In the undamaged region, the stiffness is equal to the initial stiffness K,,,,. Point A is the point
where the Hashin damage initiation criterion is fulfilled. After this point, material degradation
begins and the stiffness (equation 5) is degraded by the damage coefficient d (equation 6).
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Where 52,, is the initial equivalent displacement that corresponds to point A and 6;; is the dis-
placement when the material is completely damaged.

2.2. Inter-laminar damage Initiation and Propagation - Cohesive zone model

Delamination is a common inter-laminar failure mode, and according to Liu et al. [28] is
favoured by mismatching bending stiffnesses between neighbouring plies that do not have the same
fibre orientation. For example, in the event of a LVI being induced on a laminated fibrous compos-
ite, the small cracks between the interfaces and shear stresses can lead to delamination.

Cohesive zone modelling, which is used in numerical simulations to capture delamination, is
based on constitutive models that combine strength parameters to model damage initiation and
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fracture energy parameters to model damage propagation [29]. The constitutive law of CZM em-
ployed in this study, was based on an uncoupled linear-elastic traction separation law that consists
of an elastic region and a softening region (figure 2).

The peak point in figure 2 corresponds to the peak values of traction. When the critical val-
ues of normal and shear traction N, ,y, Sy, 4x> Tarax are reached, damage initiates and material
degradation commences. At this point ¢,,,, 1s the displacement where the degradation of the ele-
ment begins. After this point the elements are in the softening region until 6., where the elements
will assume zero stiffness. Fracture toughness G- is equal to the total work done until degradation.
The equation that governs the traction-separation law in the softening region is the following:

| (a-bk, 0 0 5,
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Where, t is the nominal traction stress vector and 7, 7,, 7, are the out-of-plane normal stress
and transverse shear stresses respectively. K corresponds to the penalty stiffness vector and K,,,
K., K,, are the normal, shear & tearing stiffness. Moreover, § is the relative displacement vector
and o, d,, 6, are the normal, shear & tearing displacements respectively. Finally, D is the damage
parameter (O < D < 1) and when it is equal to O no damage has occurred and the element is still in
the elastic region. When D equals to 1 the element has failed.

The implemented criteria in this study for damage initiation and propagation are the quadratic
nominal stress criterion and the Benzeggagh-Kenane criterion (B-K) respectively. Damage initi-
ates when the the quadratic interaction function that involves the nominal stress ratios reaches the
value of one (equation 8) and it propagates, based on fracture energy (equation 9). Benzeggagh-
Kenane criterion is used when the critical fracture energies along the first and the second shear
directions, G¢ and Gy have the same value [30]. The governing equations of the applied criteria
are the following:

e Quadratic Nominal Stress Criterion - Governing equation
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In equation 9, Gg= G{+G7 and Gy= G +G:. Finally, 7 is a cohesive property parameter, the
value of has been read from reference [31].



3. Materials & Methods

3.1. Panel characteristics & impact experimental results

In order to investigate an efficient modelling approach for CAI loading scenario, a stiffened
panel with 4 I-type stiffeners was examined. The exact geometry is presented in figure 3. The ap-
plied materials were UD carbon fiber/epoxy resin BA9916-1I/HF10A-3K prepreg and plain woven
BA9916-1I/HFW220TA with a nominal thickness of 0.125mm and 0.23mm respectively. The above
materials were used in the study of Feng et al. [32] where a CAI loading scenario was examined
experimentally. The properties of the applied materials and the ply sequence are given in tables 1
and 2. The symbol * stands for the woven material in table 2.

The experimental impact results of Feng et al. [32] were used. In this study, 12 composite
panels were manufactured and 9 of them were impacted with 50 J impact energy. The panels were
impacted in the mid-length of the panel in three different positions as shown in figure 3.

3.2. Numerical Model

The panels were modelled in Abaqus software and the effect of the impact damage on the failure
initiation and propagation and overall CAI panel strength was examined. Dynamic implicit anal-
ysis was chosen as the optimal simulation scheme. The implicit analysis is unconditionally stable
while the simulation is governed by the compressive displacement in terms of step sequencing,
which would render an explicit scheme a more costly process due to the minimum time step re-
quired. The dynamic component in the implicit scheme aided with convergence issues encountered.
Continuum shell elements were used for the skin and the stiffeners (linear hexahedral elements of
SC8R type). The cohesive zones were modelled with cohesive elements COH3D8 with a finite
thickness equal to 0.01mm and were connected to the three-dimensional shell elements with TIE
constraints. Quasi-static loading was applied with a displacement of 10mm. To improve conver-
gence behaviour, viscous regularization scheme was used, with a viscosity parameter equal to 103
[14].

The applied boundary conditions aimed to reproduce the experimental procedure as realisti-
cally as possible [32]. For the reason stated above, the left and the right edges of the panel were
constrained in the Y direction of the panel (figure 3). One end of the panel was fixed in all the
three directions and the loaded end was constrained along the X and Y direction. In all the panels,
a preliminary linear buckling analysis was conducted for incorporating imperfections in the form
of panel shape distortions [8], [13]. Twenty eigenvalues were extracted from the analysis and an
initial geometrical imperfection was applied as the 10% fraction of the first normalized eigenmode
to resemble the imperfections caused by materials processing. The normalization process assigned
the value of unity at the eigenmode maximum out of plane deformation. The experimental impact
results of Feng et al. [32] were implemented in the numerical model by removing a rectangular co-
hesion zone. For positions A, B and C the dimensions of the rectangle shape were 30mm x 15mm,
S56mm x 22mm and 12mm x 8mm. Finally, the values of the damage evolution in the composite
material (GCC, Gch’ G¢ G[T[C) were the following: G,CC = Gch = 12.5 N/mm and G,C,c =GT =

Ilc’ Ilc —

1.0 N/mm [3], [33].



4. Results & Discussion

Even though stiffened panels CAI numerical studies have been undertaken by many researchers
[3], [9], [14],[17], [18], [22]-[26], the inefficient convergence behaviour of the CZM method is
emphasised in many studies [9], [14], [18], [22], [24], [26]. In this paper, parametric analyses
were conducted to investigate the optimum CAI modelling strategy and the effect of the critical
parameters involved on the accuracy and computational efficiency.

e Effect of the parameters of the cohesive elements

The parameters that define the traction-separation law of the cohesive elements are those that
influence the efficiency and the accuracy of the simulation the most. Throughout this investiga-
tion, various combinations of the properties of the cohesive elements were tested. The stiffness
of the cohesive elements, the values that fulfil the nominal quadratic stress criterion and different
properties for the damage evolution law were examined and the effect of these values was analysed.

e Required number of cohesive zones within the numerical model

The required number of cohesive zones that lead to an accurate simulation was questioned. In
similar CAI studies, the most common method is to use cohesive elements in the interface between
the skin and the stiffener as shown in figure 10 [3], [9], [17]. On the other hand, in impact studies,
cohesive elements may be applied even between all the adjacent plies [34], nevertheless, the scope
of these is different to the CAI simulations. To examine the optimum strategy in CAI modelling,
several models were examined with increasing complexity. The simplest models had cohesive
elements only between the interface area of the skin and the stiffeners. The most complex models,
besides the elements in the interface area had up to 3 cohesive zones within the skin.

e Effect of the Overall Meshing Factor (OMF)

OMF is the ratio between the mesh size of the shell elements and the mesh size of the cohe-
sive elements. In general, cohesive elements require a finer mesh to ensure the efficiency of the
method [3], [9], [14], [35]. Different OMF were examined within the same model to investigate
the importance of this particular parameter in the final results.

e [oad - bearing capability of the pristine and impacted panels

The method for numerically implementing pre-existing material degradation caused by the im-
pact, apart from layer decohesion, was investigated.

4.1. Eigenvalue/eigenmode analysis

To examine the post-buckling behaviour of the stiffened panel under compression, it is a good
design practice, prior to establishing the non-linear finite element model with progressive dam-
age, to understand the way the stiffened panel is expected to behave deformation-wise in the post-
buckling region, meaning the buckling mode shapes. For that purpose, a linear eigenvalue/eigenmode
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study can reveal the deformation pattern the panel would ideally like to assume in the post-buckling
region under compression.

In the existing literature, various researchers have addressed the effect of the initial imperfec-
tions on the post-buckling behaviour of a composite structure and have produced optimisation tools
that consider this effect on the design process. An interesting study of Barbero et al. [36] intro-
duced a novel methodology for the analysis of slender elastic structures using Koiter’s asymptotic
approach accompanied with the Monte Carlo method. With this method, the researchers performed
an imperfection sensitivity analysis and within a few seconds managed to detect the worst imper-
fection considering a large number of modes and the various possible interactions between them.
With this tool, they were able to evaluate statistically the effect of the imperfection on the load ca-
pacity as well as the sensitivity to the amplitude of the worst imperfection. With a similar strategy
based on stochastic simulations, Liguori et al. [37], produced a tool to optimise the stacking se-
quence of slender composite shells detecting both the best layup and the worst shape of geometrical
imperfection and its effect on the collapse load. Moreover, in their most recent work, Liguori et
al. [38] applied this Koiter-inspired method, coupled with Monte-Carlo and stochastic algorithm,
to optimise the post-buckling behaviour of a variable angle tow (VAT) wingbox. As a matter of
fact, they achieved more than 80% reduction in the out-of-lane displacement in the post-buckling
regime of the examined structure.

In this study, a simpler approach is followed to examine the criticality of the location and the
size of the induced damage on the post-buckling behaviour of the stiffened panels.

The first eigenmode can resemble the initial buckling deformation pattern on cases where
there is no buckling mode interaction in the vicinity of the first eigenvalue. The locations of ten-
sion/compression/shear based on the eigenmode shape, will indicate the location which will more
severely affect the panel structural performance. For example, in the modelled cohesive zone, mod-
elling a pre-existing damage in the areas under tension will be more detrimental to the overall panel
strength. The panel design in terms of symmetric or un-symmetric stiffeners, the torsional stiffness
of the stiffener-panel skin assembly, the stiffness ratio between the panel bays and stiffeners, will
sketch out the locations on the panel of severe tension and/or shear. The effect of existing damage
on the stiffened panel can affect the linear eigenvalue/eigenmode solution, mainly depending on
their relative size in relation to the panel as well as the panel’s design parameters. In short, the
eigenvalue solution can readily provide with some insights to whether the location and the size of
an introduced damage is critical for the damage to propagate from the implanted damage location
in the impacted case-study compared to the pristine case. For instance, the areas under critical
loading may have been shifted in location or altered altogether due to the pattern of the assumed
buckled shape being affected by the implanted damage (figure 4).

In figure 4, the effect of the size of the de-cohered area on the eigenvalue/eigenmode is shown.
Depending on the size of the damage mainly but also on the panel design/stiffness parameters, the
structural performance of the panel will be more severely affected. Bisagni et al. [8] applied initial
imperfections in their models associated with an eigenvalue analysis and observed that minor im-
perfections can influence the post-buckling mode and can also affect the initiation and propagation
of the skin/stringer delamination. In this study, in position C, the size of the induced damage did not
affect the eigenvalue/eigenmode analysis contrary to position B, which shows that the implemented
damage in this location is not that critical.



As mentioned above, it is a good design strategy to examine the eigenmode shapes of the un-
damaged panel for tracking the locations where implanting a damage will more severely affect the
panel structural performance. Also, examining the eigenmode shapes of a panel with an induced
damage, for enquiring the damage effect on the buckling shapes compared to the pristine case, will
provide some insight on the criticality of the size of the induced damage.

In all, these studies can be useful to assess the most critical set of impacted cases considering
the number, relative sizes and damage implantation location on the panels with a low computational
cost. It is the author’s opinion that more holistic tools [36], [37], [38] could be implemented for
achieving the optimum structure considering the initial imperfection. However, this is beyond the
scope of this study and a simpler eigenvalue/eigenmode analysis is applied to obtain an insight on
the criticality of the induced damage on the post-buckling behaviour of the examined panels.

4.2. Effect of the parameters of the cohesive elements

Impacted panel in position C was examined (figure 3) and several models were tested with
different properties of the cohesive elements. In table 3 the properties of the initial four examined
cases are presented. The applied values were derived from specific studies of other researchers and
in those models the same values for the damage evolution were applied.

It was found that the properties of the cohesive elements can even sideline the induced delami-
nation located to the mid-length of the panel in the numerical model. The results shown in figure 5,
indicated that the properties of the cohesive elements were responsible for the initial buckling shape
deviation, hence the different location in the matrix damage initiation and subsequent propagation,
but not on the overall failure load. Model 1 had the optimum convergence behaviour, models 1
and 2 were further examined in order to improve the accuracy of model 1 and the computational
behaviour of model 2. Models 5, 6 & 7 are variations of model 1 and model 8 is a variation of
model 2.

In model 1, even though the damage initiated from the impact point, the damage propagation
was stable after a specific point of the simulation. Three versions of model 1 were examined with
the same elastic properties. Damage initiation criteria of models 2 and 3 (table 3) were implemented
in the first two new versions and in the third model different properties for the damage evolution
were applied [3]. A version of model 2 with those damage evolution properties [3] was examined
as well to improve its convergence behaviour. The exact properties of the four new models are
presented in table 4.

Elements that fulfil the quadratic nominal stress criterion are presented to illustrate the model’s
damage behaviour. In figures 6 and 7, the cohesive element with the induced damage in the interface
area of the skin and the stiffener is presented for the examined models. The red colour corresponds
to the elements that have reached the peak values and when an element reaches 99% of its initial
stiffness, element deletion is applied. In figure 6, it is observed that in models 5 and 6 damage
initiates from the impact point but does not propagate. The same behaviour was noticed in model
1 of table 3. Hence, applying different damage initiation values did not affect the accuracy of the
simulation.

In model 7, with a different set of damage evolution parameters, damage initiated from the
impact point and propagated throughout the entire simulation, contrary to models 5 and 6. How-
ever,the damage propagated with a higher rate on the quarter length of the panel comparing to the
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impacted region (figure 7). This does not necessarily lead to the conclusion that the model is inac-
curate. From the experimental impact results in position C, the measured crater depth and damage
area were even equal to O for one of the tests. Hence, impacting position C for the experimental
study did not affect the panel essentially. In all, an induced delamination of 12mm x 8mm in po-
sition C in the numerical model might not suggest a severe enough damage scenario to drive the
damage initiation and global failure propagation of the panel.

Models with higher elastic properties had a different behaviour. It was observed that by in-
creasing the elastic properties, damage propagated more globally within the model. In model 8,
damage initiated from the impact point but the peak vales were reached in various regions within
the model, where element deletion took place as well (figure 8).

Both of the models in figures 7 and 8 provide meaningful predictions for the damage initiation
and propagation. In the first model, the induced delamination does not define the damage mechan-
ics of the panel while in model 8 the damage propagated more globally. In our study, the implanted
delamination damage was at a different location than the ones indicated as critical by the eigen-
value/eigenmode study (figure 4). That served the purpose of monitoring the superimposed effect
and the bridging of defects between the implanted damage and the delamination emanating from
the critical location. The size of the damage was found to be an important parameter as experienced
in the numerical models B, C. The existing delamination in position B (56mm x 22mm) had a much
more important effect than the damage size in position C (12mm x 8 mm) shown in figure 3, since
it compromised the panel structural integrity at the stiffener location.

Considering the computational efficiency of the simulations, it was observed that increasing
the elastic parameters of the cohesive elements, the models become computationally inefficient.
In table 5, the examined models of table 3 are presented. All of those models followed the same
damage evolution law parameters and had increasing elastic properties.

In the examined models, each time step increment corresponded to ten increments in the re-
quested field output. It was evident, that as the cohesive elements get stiffer, the convergence issues
increased. For instance, model 4 with the highest elastic parameters achieved 0.24% increase in
2200 increments. On the other hand, model 1 had already surpassed 52.5% of the total simulation
step at time increment 1050. In order to strengthen this conclusion the quadratic nominal stress
criteria of models 3 & 4 are presented in figure 9.

Comparing the quadratic nominal stress criterion plots for the presented models, it was noticed
that by increasing the elastic parameters of the cohesive elements, the number of elements that
reached the critical values increased (red colour in figures 6 - 9). By increasing the elastic param-
eters, the majority of the elements of the cohesive zones reached the critical values of degradation
simultaneously which lead to non convergent models (figure 2). On the other hand, models with
smaller elastic properties degraded in local regions. As a result, a smaller number of elements
reaches the critical values for damage initiation and the computational behaviour is improved (fig-
ures 6 - 7).

4.3. Required number of cohesive zones within the numerical model

In order to produce the optimum CAI model the number of cohesive zones within the model
was assessed. For this case-study impacted model A was examined. This panel is impacted in the
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unstiffened region, in the middle skin bay of the panel. Schematic figures of the examined models
are presented below (figure 10).

Two different models were examined. Model A-1 with one cohesive zone within the skin and
model A-2 with three cohesive zones within the skin and cohesive elements in the interface area
between the skin and the stiffeners. The cohesive zones within the skin were located between
adjacent plies with different fibre orientations in the two models. The scope of this study was to
examine the required complexity of a model in order to capture the propagated damage.

As it was expected, the more complex model A-2 captured the damage mechanics in a greater
detail. However, the computational efficiency was reduced. From figure 11, it is clear that in
order to capture more accurately the stiffener’s breakage in a model, cohesive elements must be
implemented in the interface area of the skin and the stiffeners. The damage in the middle stiffeners
in model A-1 that had no interface elements was not fully captured. Hence, interface elements are
necessary in this area. As far as the cohesive elements within the skin are concerned, the results
showed that, for model A-2 the greatest damage was captured in the cohesive zone within the top
plies of the skin.

From figure 12, it can be seen that the cohesive elements in the middle and bottom plies had
no elements that reached the critical values for damage initiation (red colour). Applying cohesive
elements in this particular areas was redundant and the computational cost was greater than the
increase in accuracy. To sum up, the optimum strategy to model CAI behaviour when the damage
is induced in the unstiffened area of the skin is to apply one cohesive zone within the top plies of
the skin and cohesive elements in the interface area of the skin and the stiffeners.

4.4. Effect of the overall meshing factor (OMF)

The final analysis took place to examine the effect of the OMF in the accuracy of the CZM
method. It was found that an OMF equal to 4 produced accurate results and that ratio was used in
the models. A greater refinement produced an increased computational cost rather than achieving
a greater accuracy. One of the impacted models in position C is presented to illustrate the effect of
the OMF on the damage capture in the numerical model (figure 13).

Within the same model, cohesive zones with different overall meshing factors were imple-
mented. The parameters of the cohesive zones were derived from the sensitivity analysis of section
4.2. In all the cohesive zones the parameters of model 7 of table 4 were used. For an OMF equal
to 4 the damage initiated and propagated as in figure 7. For the cohesive zones within the skin, in
the top plies with an OMF equal to 2 the method produced results but the damage did not initiate
from the impacted point (figure 14). For an OMF less than 2 the method was unsuccessful (figure
15).

As aresult, it is clear that cohesive elements require a denser mesh compared to the mesh of the
shell elements for the CZM method to function properly. In this study, as in the study of Akterskaia
etal. [14], an OMF equal to four produced the optimum results while a greater refinement increased
the computational cost. On the other hand, a reduced refinement lead to neglecting the induced
damage in the examined models.
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4.5. Load-bearing capability of the pristine and impacted panels

For impact energies up to 50 J and for stiffened panel geometries similar to the ones modelled,
modelling impact damage as a de-cohered area is not sufficient to capture the decrease in the load
bearing capability of an impacted panel prior to the compressive loading. As it can be seen in
figure 16 the impacted and pristine panel reached a failure load close to 1016k N. The similar
failure loads showed that the load-bearing capability of the examined panels was not affected by
the induced delamination.

To achieve an accurate CAI model, a user-defined subroutine (designated as USDFLD in Abaqus)
was applied to consider the material degradation in the impacted region apart from the de-cohered
area. A material damage degradation coefficient d equal to 0.1 and 0.4 along the fibre direction was
used in the shell elements of the skin and the bottom flange of the stiffener in the impacted area,
same in size and location as the modelled de-cohered area. The force - displacement diagrams for
the impacted panel in position B with and without the material degradation are presented in figure
17.

When d = 1 and the impacted region has not been degraded, the failure load is equal to the
pristine panel’s (1016 kN). On the other hand, when d = 0.4 the failure load is 979 kKN and
when d = 0.1 the failure load is 915 kN, achieving a 3.6% and 10% reduction in the load bearing
capability respectively. This latter assumption in the damage coefficient produced numerical results
that correctly captured the 10% in the CAI strength decrease of the impacted panel in position B,
where the average failure load was reduced from 956 kN (pristine) to 861.3 kN (10% decrease)
[32].

5. Conclusions

The conducted investigation exposed in this paper, presented a parametric analysis which re-
sulted in suggested optimum modelling methodology and parameters for simulating CAI behaviour
of damaged composite stiffened panels utilising current commercial packages, Abaqus® in this
case. Existing experimental results were cross-referenced [32] and the numerical models were as-
sessed in accuracy and computational efficiency. The resulting CAI strength reduction from the
numerical models correlated well with the experimental results of Feng et al. [32]. More pre-
cisely, similar structural performance trends were seen and the percentage in the reduction of the
pristine stiffened panel’s strength was verified. From this process, some interesting observations
were made, aimed at raising the awareness and summarizing the importance of the major parame-
ters affecting the simulation and structural performance prediction results of CFRP stiffened panels.
Finally, an interaction between the damage size and location implanted with the modes of buckling
was observed. The main conclusions are presented below.

e Effect of the cohesive properties

It was found that a wrong combination of CZM properties can even lead to neglecting the pres-
ence of an existing delamination within the model. Also, higher elastic parameters of the cohesive
elements lead to convergence issues. Stiffer cohesive elements tend to distribute the damage glob-
ally rather than in local areas. As a result, the majority of the elements reaches the critical values
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for material degradation simultaneously. This parallel material degradation of the elements (due
to the traction-separation law) leads to inefficient computational behaviour. Material modelling
parameters are very sensitive and only experimental results can be used for model verification.
Correlation with the experimental results is necessary to ensure the accuracy with the numerical
model.

e Effect of the number of the cohesive zones within the numerical model

Modelling the interface area of the skin and the stiffeners with cohesive elements is required
to capture accurately failure modes such as the stiffener’s breakage. Moreover, the maximum de-
lamination propagation was captured in the cohesive zone located within the top plies of the skin.
The middle and bottom cohesive areas had a reduced effect and can be considered redundant. In
all, increasing the number of cohesive areas within the model increases the accuracy; however, this
particular benefit does not offset the computational disadvantages.

e Effect of the OMF

Properties of the cohesive elements are strongly dependent on the OMF and should be varied
according to the applied mesh ratio. In this study, after a sensitivity analysis, an OMF equal to four
produced accurate results with a reduced computational cost.

e [oad-bearing Capability

CZM method does not capture fully the material degradation caused by an impact. For the rea-
son stated above, tools like the user-defined subroutine USDFLD was implemented in the model
to capture the decrease in the load-bearing capability caused by the impact. Damage degradation
coefficients 0.4 and 0.1 lead to a 3.6% and 10% reduction in the load bearing capability respectively.

Funding: This study did not receive any specific financial support for the conduct of the research
and preparation of the article.
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Table 1: Material properties of UD BA9916-1I/HF10A-3K and plain woven BA9916-1I/HFW220TA

UD BA9916-1I/HF10A-3K

E,//MPa 124.000 E,,/MPa 10.000 E;;/MPa 10.000 G,,/MPa 4510

G/ MPa 45100 G,;/MPa 3260 (I 0.16 U3 0.16
Vo3 0.2 X,/MPa 1448 Y,/M Pa 55 X/MPa 1172

Y./M Pa 172 S|,/M Pa 90 S/ MPa 161 S,s/MPa 161

Plain Woven BA9916-II/HFW220TA

E,/MPa 55000 E,/MPa 52000 E;;/MPa 56000 G,, /MPa 4140

G/ MPa 4140 G,;/MPa 3760 Vs 0.28 V3 0.28
0y3 0.30 X,/M Pa 600 Y,/M Pa 540 X,/MPa 631

Y./M Pa 584 S,,/M Pa 60 S3/M Pa 60 S,/ MPa 116
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Table 2: Ply sequence and thickness of the examined skin & stiffener

Ply sequence Total No. of plies Total thickness (mm)
Skin [45%/45/0/0/0/-45/90/0/90], 18 2.46
Stiffener [-45/0/0/45/0/0/-45/0/0/45/90] 22 2.75
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Table 3: Examined properties

P Kyn KSS = Krr Nyrax Syax =Thax
arameters
(N/mm?) (N/mm?) (N/mm?) (N/mm?)
Model 1, [39] 3,250 24,920 54 80
Model 2, [34] 240,000 86,000 64 121
Model 3, [17] 1,000,000 1,000,000 60 90
Model 4, [3] 1,150,000 600,000 54 80
G,.=0325 N/mm, Gy, =Gy, =2492 Nimm, n=2.193
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Table 4: Properties of the new examined models

Models

Elastic Parameters

Damage Initiation

Damage evolution

Kyn Kgs=Krr  Nyax Svax = Tyax G Gr1e=Gypre n
(N/mm®)  (N/mm3)  (N/mm?) (N/mm?) (N/mm)  (N/mm)
Model 5 3,250 24,920 60 90 0.325 2.492 2.193
Model 6 3,250 24,920 64 121 0.325 2.492 2.193
Model 7 3,250 24,920 54 80 0.243 0.514 4.6
Model 8 240,000 86,000 64 121 0.243 0.514 4.6
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Table 5: Convergence behaviour of the 4 initially examined models

Parameters Model5 Model 8 Model 3 Model 4

Kyn 3,250 240,000 1,000,000 1,150,000
Ko, Kpr 24,920 86,000 1,000,000 600,000
Increment 2450 1140 1430 1270

Time step 0.6802  0.4737 0.4563 0.4555
Increment 1050  0.5256  0.4677 0.4518 0.4531
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Figure 1: Intra-laminar damage initiation and propagation - Schematic Figure
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Figure 4: First eigenvalue/eigenmode of the pristine and impacted panels B & C
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Figure 5: Matrix compression damage in the models of table 3
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Figure 6: Quadratic nominal stress criterion in models 5 & 6
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Figure 7: Quadratic nominal stress criterion in model 7
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Figure 8: Quadratic nominal stress criterion in model 8 for four indicative applied displacements
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Figure 9: Quadratic nominal stress criterion in model 3 and 4
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Figure 10: Schematic figure of examined impacted models in position A
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Figure 11: Tensile matrix damage in models A-1 & A-2
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Figure 12: Quadratic nominal stress criterion within the skin in model A-2
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Figure 13: Schematic figure of the OMF model
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Figure 14: Quadratic nominal stress criterion with an OMF equal to 2
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Figure 15: Quadratic nominal stress criterion with an OMF less than 2
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Figure 16: Force - Displacement diagrams for the pristine & impacted panels
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Figure 17: Force - Displacement diagrams for position B with damage degradation coefficient equal to 0.1, 0.4 & 1
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