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ABSTRACT

The present study investigates the effects of pitting corrosion
and welding, both independently and combined, on the buckling
and post-buckling behaviour of extruded aluminium panels. For
this purpose, a finite element model of an aluminium panel made
0of AA6082-T6 extruded profiles is first developed without having
the pitting corrosion and welding effects considered. Then, this
finite element model is upgraded to account for the welding
effects. This is followed by the validation of the upgraded model
against the experimental data obtained from the literature. After
the model validation, a hierarchical stochastic algorithm is
utilised to simulate the pitting corrosion attack as geometrical
defects distributed on the surface of both finite element models,
with and without the welding-induced imperfections. Two
different corrosion scenarios are considered. In the first
scenario, the plating is corroded while the stiffeners remain
intact. In the second scenario, the plating is intact, and the
stiffeners contain pitting corrosion defects. The corroded parts
are modelled with solid, hexahedral elements while shell
elements are employed elsewhere. The effect of element type on
the numerical results is discussed. Ultimately, the results
obtained from the finite element models with and without
corrosion and welding effects are compared in terms of ultimate
strength, post-buckling response and stress/strain distribution.

Keywords: Aluminium; Buckling; Post-buckling; Ultimate
strength; Corrosion; Stochastic algorithm; Welding.

1. INTRODUCTION

Aluminium alloys are increasingly used in marine
structures, mainly due to their high strength-to-weight ratio and
better corrosion resistance compared to steel. Nevertheless,
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corrosion is still an issue and corrosion failures have been
observed in marine aluminium structures. They often corrode by
pitting, one of the most dangerous types of corrosion, rather than
uniform corrosion [1]. Pitting corrosion could reduce both the
durability and strength of the structure by reducing its effective
thickness and promoting stress localization and cracking.
Another issue in marine aluminium structures is the sensitivity
of aluminium alloys to welding, which causes geometrical and
mechanical imperfections.

The ultimate strength of aluminium ship structures with
consideration of the welding effects has been extensively studied
both experimentally and numerically [2-10]. These studies found
that welding could degrade the structural performance of
stiffened aluminium panels. The extent of performance
deterioration depends on the structure topology, material
composition, and welding method. The adverse effects of
welding could be curtailed by utilizing extruded panels [11, 12],
which require fewer welding paths compared to the traditional
built-up panels. However, the literature falls short regarding the
evaluation of buckling and post-buckling behaviour of extruded
aluminium panels, especially when the welding effects are of
concern and corrosion is an issue.

Wang et al. [11] recently investigated the effect of welding
on the buckling behaviour of aluminium panels made of
AA6082-T6 extruded profiles in a systematic study. In this study,
the finite element method (FEM) was employed and the models
were validated against the full-scale experiments carried out by
Aalberg et al [2]. In these experiments, 21 stiffened aluminium
panels, made by welding together extruded profiles with either
closed or open (L-shaped) stiffeners, were tested under uniaxial
compression loading. The panels were mounted vertically in the
test rig with simply supported loading ends as shown in Figure
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1. The present study is based upon one of these tests as discussed
in the next section.
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FIGURE 1: SCHEME OF THE EXPERIMENTAL TEST SET-UP
IN [2].

For the numerical modelling of pitting corrosion defects in
aluminium panels, long-term corrosion data of aluminium alloys
are required. There are very few studies that have investigated
the long-term corrosion behaviour of aluminium alloys,
especially that of the 6xxx series, which are herein of interest.
Two studies on this topic found in the open literature are
conducted by Liang et al. [13, 14]. In these studies, AA6060-T5
alloy coupons were exposed to marine splash, mean tidal, low
tidal and full immersion conditions for 2(+), 3, 3.5 and 4 years.
Detailed analyses of pitting corrosion morphologies and
characteristics were conducted. The general pitting corrosion
morphologies at two different exposure times, shown in Figure
2 [13], are used in the present study as a guide to model the
corrosion damage. The models presented herein are based on the
mass loss and pit depth data obtained from the 4-year full
immersion condition (Table 1).

Despite the great level of irregularities in the morphology of
corrosion pits, they are often modelled by overly simplified 2- or
3-dimensional geometries (e.g., circular holes or hemispherical,
cylindrical, and conical geometries) in numerical and
experimental studies [15-25]. The irregular morphology of
pitting corrosion is often caused by the amalgamation of smaller
pits that have grown and merged into a bigger pit [26-31].
Secondary pits emerge and grow inside an existing pit leading to
the so-called ‘pits-within-pits’ phenomenon contributing to the
surface roughness inside an isolated pit. To model these
characteristics of pitting corrosion morphology, Mokhtari and
Melchers proposed an algorithm, termed ‘hierarchical stochastic
algorithm’ hereafter, that can more accurately model the isolated
pitting corrosion profiles [28-31]. An example of an isolated pit,
automatically developed by a Python code of this algorithm

linked to Abaqus/CAE [32], is shown in Figure 3. To implement
this algorithm for a large surface with many pits, a simplified
version of it is adopted in the present study. More details are
provided in the methodology section.
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FIGURE 2: OVERALL PITTING CORROSION MORPHOLOGY
OF AA6060-T5 COUPONS FOR 2(+) AND 4-YEAR FULL
IMMERSION CONDITION [13].

TABLE 1: PITTING CORROSION DATA FOR 4-YEAR FULL
IMMERSION OF AA6060-T5 ALLOY IN NATURAL SEAWATER.

Average mass  Max. pit Average of 15 Standard
loss (g/m?) depth (mm)  deepest pits deviation (mm)
(mm)
275.77 2.506 1.525 0.346
p 922 um R i B 859 um R
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FIGURE 3: MORPHOLOGIES OF A REAL PIT (BOTTOM [33])
AND AN ARTIFICIAL PIT GENERATED AUTOMATICALLY BY
THE ORIGINAL HIERARCHICAL STOCHASTIC ALGORITHM
(TOP [34)).

Ten different finite element models are developed in this
study to investigate the effects of pitting corrosion and welding
on the buckling and post-buckling behaviour of extruded
aluminium panels. The finite element modelling is explained in
the following section. Then, the results are presented with a
detailed discussion on the ultimate strength, post-buckling
behaviour and stress/strain distribution in the aluminium panel
under different corrosion and welding conditions.
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2. METHODOLOGY

As mentioned earlier, the co-authors of this study developed
a series of finite element models [11] to simulate the
experimental buckling tests carried out by Aalberg et al [2]. In
these finite element models, developed with Abaqus/CAE v2019
[32], the specimens were modelled using shell elements. One of
these models is upgraded in the present study by using a
combination of shell and 3D solid elements, where the solid
elements are utilized to model the pitting corrosion attack as
localised geometrical defects. The model selected for upgrading
is shown in Figure 4. This model consists of three extruded
AA6082-T6 profiles with the cross-sectional geometry schemed
in Figure 5, welded together with metal inert gas (MIG) welding.

The welding introduced mechanical and geometrical
imperfections. Mechanical imperfections include residual
stresses and reduced strength in the heat affected zone (HAZ).
The residual stresses in the plating are 106 MPa in HAZ and
—12.6 MPa elsewhere according to the investigations in [11] (the
negative sign denotes compressive stress). The residual stresses
are applied in the longitudinal direction of the plating (i.e., Z
direction).

Fixed rigid beam

FIGURE 4: DIMENSIONS, HAZ, RESIDUAL STRESS
CONDITIONS, AND THE BOUNDARY CONDITIONS OF THE
FINITE ELEMENT MODEL. RS STANDS FOR RESIDUAL
STRESS, (—) DENOTES COMPRESSIVE STRESS, AND (+)
DENOTES TENSILE STRESS.
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FIGURE 5: CROSS-SECTIONAL GEOMETRY AND
DIMENSIONS OF EACH EXTRUDED ALUMINIUM PROFILE [2].

The mechanical behaviour of the panel is modelled using the
Ramberg-Osgood relationship expressed as

g=g+0.002["]n (1)

Oy

where ¢, o, E, n, and g, are strain, stress, Young’s modulus,
hardening exponent, and the 0.2% offset yield stress. The
Ramberg-Osgood parameters for the stiffener and HAZ
materials as well as the plating parent material are given in Table
2. Young’s modulus and Poisson’s ratio are set to 62.61 GPa and
0.33 for all materials in the panel. These are based on the stress-
strain curves obtained from the uniaxial tensile tests conducted
in [2].

TABLE 2: RAMBERG-OSGOOD MODEL PARAMETERS.

Plating parent material HAZ Stiffener
oy(MPa) n oy(MPa) n oy(MPa) n
254 16 1524 8.51 270 20

The geometrical imperfections are modelled using a single half-
sinusoidal wave in the longitudinal direction of the plating and
stiffeners. The amplitudes of the sinusoidal waves are taken from
the reference study [2]. They resulted from measuring the initial
longitudinal bow amplitudes (i.e., in Y direction) of each
extruded profile at the midspan of the plating side and initial
sideways bow (i.e., in X direction) of the L-shaped stiffeners at
the flange tip. The resultant geometrical imperfection fields in X
and Y directions are illustrated in Figure 6.

FIGURE 6: GEOMETRICAL IMPERFECTION FIELDS IN THE X
AND Y DIRECTIONS.

The bearing systems at the top and bottom ends of the panel
in Figure 1 are modelled using rigid beams (see Figure 4). These
rigid beams control the movements of the panel nodes at the top
and bottom edges of the panel using the kinematic coupling
constraint in Abaqus [32]. In Figure 4, the height h and the

Copyright © 2023 by ASME

€202 JaquianoN g0 uo Buepn Buojux Jexeolqig sieysiaaun NNLN Ad Jpd 8050 L-€2029BWO-090BZ0I200A/L98070./090VZ0.LZ00// L¥898/€202AVINO/APA-sBuIpasdoid/3yINO/Bi0 awse uonos|joojenbipawse//:d)y woly papeojumoq



distance d are consistent with those in the experimental test [2].
All degrees of freedom of the rigid beams are closed except for
rotation about the X-axis. This will provide simply supported
boundary conditions. The load is applied by moving one of the
beams in the Z direction under displacement-controlled
condition. The quasi-static analysis of the dynamic implicit
solver of Abaqus was adopted, based on the parametric study
performed in [11] that determined the appropriate solver for the
problem discussed herein. In the quasi-static analysis, the speed
of the moving rigid beam is set to 1.0 mm/minute, which is
consistent with the reference experiment.

To model the pitting corrosion attack, a simplified version
of the hierarchal stochastic algorithm [28-31] is employed. The
algorithm, written in Python and linked with Abaqus/CAE,
incrementally cuts spherical caps from the model surface to
generate a coalescence of pits in three hierarchical levels. In the
first level, large broad pits, also known as ‘historical pits’, are
cut from the intact surface. Pit parameters (i.e., depth, radius, and
centre coordinates) follow stochastic distributions. The pit depth
is assumed to have a Gaussian distribution with the distribution
parameters given in Table 1 while the pit radius and centre
coordinates are uniformly distributed. In the second and third
levels, smaller and sharper pits with radii downscaled by factors
of 1/6 and 1/15, respectively, with respect to the historical pit
radii are cut from the corroded surface generated in the first level.
This will generate secondary pits inside the existing historical
pits. The resultant corroded surface is shown in Figure 7.
Although the pit depth in each level could have a probability
distribution other than Gaussian such as lognormal or extreme
value, they are deemed to have a negligible effect on the results
of this study.

SEC A-A T~ /'r '
‘Pits-within-pits’

FIGURE 7: THE PLATING WITH PITTING CORROSION

DEVELOPED BY A SIMPLIFIED VERSION OF THE

HIERARCHICAL STOCHASTIC ALGORITHM IN [30, 31].

Two different scenarios of corroded panels are studied, first
a corroded plating with intact stiffeners and second an intact
plating with corroded stiffeners. This is to determine the
condition under which the panel's structural behaviour is more
affected by corrosion. For the first scenario, the corroded plating
is modelled with 119200 linear hexahedral elements with
reduced integration (C3D8R) while 5400 linear quadrilateral
shell elements with reduced integration (S4R) are used to model
the intact stiffeners. In the second scenario, two different cases
with different solid element types for the stiffeners are

considered. In the first case, the intact plating and the corroded
stiffeners are modelled with 17910 S4R and 26992 C3D8R
elements, respectively. In the second case, the element type of
the stiffeners is changed to quadratic with full integration
(C3D20) from linear with reduced integration (C3D8R). The
reason is discussed in the following section. In both corrosion
scenarios, four elements are employed along the thickness of the
parts with solid elements. Mesh configurations of the models are
shown in Figure 8. The intact counterparts of the corroded
models are also developed to compare each corroded case with
its intact counterpart. This is to ensure that the conclusions are
independent of the element type. To generate these intact models,
the nodes of the corroded surface are projected onto the initial
intact surface thereby removing the corrosion defects.
Subsequently, the mesh configuration of the intact and corroded
models is almost the same. Each model is run with and without
welding effects. In addition, the original all-shell-element model
developed in [11] is also considered in this study to investigate
the effect of element type on the results. Altogether, 10 different
finite element models are included in the study with the
conditions listed in Table 3.

FIGURE 8: THREE DIFFERENT MESH CONFIGURATIONS
INCLUDED IN THE STUDY.
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TABLE 3: MODEL ABBREVIATIONS AND CONDITIONS.

Model # Plating Stiffener Plating Stiffener Welding
condition condition eclement element effect
type type
IP-IS-S4S4-W  Intact Intact S4R S4R Yes
IP-IS-C8S4-W Intact Intact C3D8R S4R Yes
CP-1S-C8S4-W Corroded Intact C3D8R S4R Yes
IP-IS-C8S4 Intact Intact C3D8R S4R No
CP-1S-C8S4 Corroded Intact C3DS8R S4R No
IP-IS-S4C8-W Intact Intact S4R C3D8R  Yes
IP-IS-S4C20-W Intact Intact S4R C3D20 Yes
IP-CS-S4C20-W Intact Corroded S4R C3D20 Yes
1P-IS-S4C20 Intact Intact S4R C3D20 No
IP-CS-S4C20  Intact Corroded S4R C3D20 No

3. RESULTS AND DISCUSSION

Figure 9 shows the response curves (i.e., axial load vs. end-
shortening) for all the uncorroded models with consideration of
the welding effects plotted together with the experimental data.
All the curves follow almost the same path up to the ultimate
load and exhibit a mostly linear trend. After the critical
displacement corresponding to the ultimate load, D, the
response curves diverge from one another. The response curves
by the models with S4R stiffeners drop abruptly and significantly
at D, while the experimental curve shows a smoother reduction
of load. This has caused large underestimations of the post-
buckling strength by these models with S4R stiffeners. On the
other hand, the model with C3D8R stiffeners has overestimated
the post-buckling strength. However, the smooth reduction of the
response load by this model is more consistent with the
experimental data. These findings demonstrate that the
numerical results are very sensitive to the element type used for
modelling the stiffeners, and hexahedral elements may be better
candidates for the stiffeners as opposed to the shell elements. To
improve the numerical results while keeping the same mesh
configuration, the C3D8R elements of the stiffeners were
replaced with C3D20 elements. By doing so, the results have
significantly improved although there is still a considerable
difference between the numerical and experimental post-
buckling response that increases with the axial displacement.

The simulations with S4R stiffeners in Figure 9 took
substantial computation effort due to numerical instabilities
caused by dynamic stiffener tripping, vibrations and/or other
dynamic actions. The time increment dropped below 0.001 and
became as small as 10~ for hundreds of increments. Although it
is often computationally cheaper to use shell elements in
modelling thin-walled structures as opposed to 3D solid
elements, the numerical instability caused by the shell elements
used to model the stiffeners significantly inflated the
computational effort in this study (Table 4).

The effect of welding on the response curves under the
uncorroded surface condition is shown in Figure 10. The
welding-induced imperfections have a negligible effect on the
initial, linear and post-buckling response of the panel. However,
in the nonlinear stage before the ultimate load is reached, the
effect of welding becomes increasingly evident as the

displacement approaches D.,. It has already been demonstrated
that welding-induced imperfections can decrease or increase the
ultimate strength of panels depending on their slenderness ratio
[11]. Results in Figure 10 demonstrate that the welding has
increased the ultimate strength of the panel studied herein by
around 9.5%. This was found to be predominantly caused by the
geometrical imperfection via a parametric study, in which the
effects of residual stress, material softening, and geometrical
imperfection were investigated separately.

0 e O Ultimate load at D,
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Axial displacement, D (mm)
FIGURE 9: THE EFFECT OF ELEMENT TYPE USED TO MODEL

THE PLATING AND STIFFENERS ON THE PANEL RESPONSE
CURVE UNDER THE UNCORRODED SURFACE CONDITION.

TABLE 4: CPU TIME SUMMARY FOR THE MODELS IN FIGURE
9 BY AMD EPYC 7713 64-CORE PROCESSOR.

Model # No. of time increments  CPU time (s) X10°
[P-IS-S4S4-W 8219 1.8
IP-IS-C8S4-W 1942 3.8
IP-IS-S4C8-W 363 0.15
IP-IS-S4C20-W 417 0.97
250 /4/"-_\ - — = = IP-IS-C8S4-W

~ \ IP-IS-C8S4
z 200 \ — - — IP-IS-S4C20-W
S NN IP-IS-S4C20
g N
€ 100 *
3 e
Z 50

0

0 1 2 3 4 5

Axial displacement, D (mm)

FIGURE 10: THE EFFECT OF WELDING ON THE RESPONSE
CURVE UNDER THE UNCORRODED SURFACE CONDITION.

Figure 11 compares the response curves of the corroded
panels with those of their uncorroded counterparts with and
without the welding effects considered. In all the models, the
stiffener surface condition governs the overall panel response
such that when the stiffeners are intact the response curves
remain almost unchanged regardless of the plating surface
condition. Note that this does not mean the corroded plating does
not deteriorate the panel's structural performance because the
pits could still induce significant stress concentrations and
reduce the fatigue life of the panel (Figure 12). Contrary to the
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corroded plating condition, corroded stiffeners always reduce the
overall strength of the panel during the nonlinear response in
both buckling and post-buckling stages. This has caused around
10% reduction in the ultimate strength of the panel. The
reduction in strength escalates in the post-buckling stage until it
reaches 37% shortly after the critical displacement. Then, it
gradually diminishes with displacement.

250
| IP-IS-C8S4-W
Z 200 /r | S, CP-IS-C854-W
2 \\ = = =IP-IS-84C20-W
A 150 N IP-CS-S4C20-W
kS S
£ 100 < =~
= = =~ ~a< o
With Welding effects
0
0 1 2 3 4 5
Axial displacement, D (mm)
250 IP-1S-C8S4
U > o N T CP-IS-C8S4
g 200 N — — = IP-IS-S4C20
A 150 N\ “ IP-CS-S4C20
k=) ~
< ~
< 100 \{ ~< .
= ~ S - o
= \
<>C< 50 /
4 Without Welding effects
0

0 1 2 3 4 5
Axial displacement, D (mm)

FIGURE 11: THE EFFECT OF CORROSION ON THE PANEL
RESPONSE CURVE.

The stress localization at the corrosion pits significantly
changed the stress distribution pattern in both the plating and
stiffeners. The stress distributions in the plating and stiffeners at
the critical displacement point, D, are displayed in Figures 12
and 13. The models in these figures have no welding-induced
imperfections such that the effect of pitting corrosion on the
stress distribution pattern can be studied without the residual
stress fields obstructing the visualization of the stress pattern
induced by the corrosion damage. In Figure 12, the maximum
stress in the plating at D.- has increased by 50% compared to its
intact condition. This increase in the maximum stress due to
corrosion is smaller for the stiffeners in Figure 13 (around 12%).
This is because the maximum stress in the intact stiffeners just
before buckling is around 270 MPa which is their yield strength,
and in the plastic regime stress elevates much lower with strain
compared to the elastic phase. However, with the pitting
corrosion damage applied to the stiffeners, they undergo
localized plastic deformations at multiple pit sites experiencing
noticeable plastic strains, up to 1.5% at D.- (Figure 14). Plastic
strains in the intact stiffeners at D.- were negligible and thus not
shown in Figure 14.

IP-IS-C854

S, Mises

(Avg: 75%)
+4.910e+401
+4.660e+01
+4.411e+01
+4.161e+01
+3.912e+01
+3.662e+01
+3.413e+01
+3.1632+01
+2.914e+401
+2.664e+01
+2.415e+01
+2.165e+01
+1.915e+01

CP-IS-C854

S, Mises

(Avg: 75%)
+7.042e+01
+6,5632+01
+6.085e+01
+5.606e+01
+5.127e+01
+4.648e+01
+4.170e+01
+3.691e+01
+3.212e+01
+2.733e+01
+2.255e+01
+1.776e+01
+1,2972+01

FIGURE 12: VON MISES STRESS DISTRIBUTION IN THE
CORRODED  PLATING (RIGHT) AND ITS INTACT

COUNTERPART (LEFT) AT D, WITHOUT WELDING EFFECTS
CONSIDERED.

FIGURE 13: VON MISES STRESS DISTRIBUTION IN THE
MODEL WITH CORRODED STIFFENERS (BOTTOM) AND ITS
INTACT COUNTERPART (TOP) AT THE CRITICAL
DISPLACEMENT, D., WITHOUT WELDING EFFECTS
CONSIDERED. LIGHT GREY COLOUR SHOWS THE YIELD
MATERIAL.
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PEEQMAX

(Avg: 75%)
+1.511e-02
+1.385e-02
+1.25%-02
+1.133e-02
+1.008e-02
+8.816e-03
+7.557e-03
+6.297e-03
+5.038e-03
+3.778e-03
+2.519e-03
+1.25%-03
+0.000e+00

FIGURE 14: PLASTIC STRAIN DISTRIBUTION IN THE MODEL
WITH CORRODED STIFFENERS AND WITHOUT WELDING-
INDUCED IMPERFECTIONS, IP-CS-S4-C20, AT Dy.

All investigated cases experienced a similar failure/collapse
mechanism, which was initiated with the global buckling of the
panel, corresponding to the onset of the nonlinear portion of the
response curves in Figures 9-11. As the compressive load
increased following the global buckling, the stiffeners underwent
local buckling, as depicted in Figure 15, resulting in the load
drop at D. in the response curves. Welding-induced
imperfections and corrosion did not affect the buckling mode
shapes of the panel. However, for the corroded cases, material
yielding at the pit sites occurred before the ultimate load was
reached as previously discussed. The presence of pitting
corrosion in the stiffeners amplified local deformations, leading
to sharper bendings at the local buckling zones compared to the
intact models due to the thinner cross-section areas at the pit
sites. Consequently, the panel with corroded stiffeners exhibited
a reduction of approximately 10% in ultimate strength compared
to the intact panel.

Out of plane
displacement (mm)

-8.104e-01

-2.790e+400
-4.770e+00
-6.7492+00
-8.7292+00
-1.071e+01
-1.269e+01
-1.467e+01
-1.6652+01
-1.863e+01
-2.061e+01
-2.259e+01
-2.457e+01

FIGURE 15: TYPICAL BUCKLING MODE SHAPE OF ALL THE
CASES INVESTIGATED IN THE PRESENT STUDY
IMMEDIATELY AFTER D.. THE FIGURE WAS OBTAINED
FROM IP-IS-C8S4 MODEL. THE CONTOUR PLOT SHOWS THE
OUT-OF-PLANE DISPLACEMENT.

Deformation Scale Factor: 10X

4, CONCLUSION

The effect of welding-induced imperfections and pitting
corrosion damage on the buckling and post-buckling behaviour
of an AA6082-T6 extruded panel was studied using FEM. A
mass loss of 275.77 g/m? due to pitting corrosion was assumed.

This is equivalent to approximately 4 years of full immersion in
seawater and longer under other exposure conditions. The main
conclusions are as follows:

e The overall buckling and post-buckling behaviour of the
panel was mainly governed by the stiffeners response.
Consequently, numerical results were found to be very
sensitive to the element type used to model the stiffeners.
Hexahedral elements with four elements along the thickness
provided significantly faster solutions as opposed to shell
elements by facilitating more stable solutions. Models with
quadratic hexahedral elements returned the closest
correlation between the experimental and numerical post-
buckling response curves.

o Since the stiffener behaviour controls the general response of
the panel, pitting corrosion damage in the plating with intact
stiffeners did not affect the response curve either before or
after the buckling. However, it significantly changed the
stress distribution in the plating such that the maximum stress
was increased by 50% compared to the intact plating
condition. This could significantly reduce the fatigue life of
the plating.

e Pitting corrosion damage in the stiffeners reduced the
ultimate strength of the panel by around 10%. The post-
buckling strength was also reduced by up to 37%. Besides,
multiple pit sites experienced noticeable plastic deformations
before the onset of buckling while the plastic strain in the
intact stiffeners before buckling was negligible.

e Welding-induced imperfections increased the ultimate
strength of the panel by around 9.5%. This was found to be
predominantly caused by the geometrical imperfection.
However, the welding did not influence the initial, linear
behaviour and the post-buckling nonlinear response of the
panel.

It should be noted that the conclusions presented above are
valid for the specific panel investigated in the present study and
may not be generalizable to other panels with different
dimensions, materials, and/or corrosion characteristics.
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