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ARTICLE INFO ABSTRACT

Keywords: An advanced methodology for predicting the residual compressive strength of corroded stiffened plates is
Corrosion developed here using the non-linear finite element method. The non-uniform loss of a plate thickness is
Rgndom field accounted for on a macro-scale. In contrast, mechanical properties are changed using the constitutive model
Stlf‘fened plate to reflect the corrosion degradation impact on a micro-scale. Three different stiffened plate thicknesses are
Ultimate strength . . . s . . . . .
— considered, and ultimate compressive capacity is analysed for different severity of corrosion degradation. First,

the deterministic analysis is performed, and numerical results are validated against the experiment. Then, the
corrosion fields are modelled with the use of random fields. Different statistical characteristics of the generated
random fields are investigated to identify their impact on the resulting structural behaviour. It was found that
severe corrosion degradation could cause an excessive reduction of structural capacity even at 50%. Finally,
the results of the present study are compared with the already studied corrosion models showing a highly non-
conservative solution of the latter, where the plate thickness is reduced only due to the corrosion degradation

progress.

1. Introduction

Ships and offshore structures are subjected to a severe corrosion
environment [1] since there are operating in seawater, which is consid-
ered a highly corrosive environment [2]. Two main types of corrosion
are considered, i.e. pitting and general. Notably, each corrosion type
will have a significant impact on the strength characteristics of different
structural elements as well as on the entire structure.

The investigations of the impact of pitting corrosion on the struc-
tural capacity of different structural components can be seen in [3-8],
including both experimental and numerical analyses. In the case of pit-
ting corrosion, artificial perforation could be made without long-time
corrosion development. However, when dealing with general corrosion,
the only possible method to obtain the corroded samples is to corrode
them in natural or accelerated conditions, as discussed in [9]. The
present work deals with the problem of general corrosion. Thus, the
studies discussed here only relate to this type of corrosion degradation.

Some experiments were carried out, showing the structural be-
haviour of different corroded structural elements. Box girders simulat-
ing the hull girder were investigated in [10-12], showing that corrosion
degradation may cause a tremendous loss of structural capacity. The
stiffened plates subjected to severe corrosion degradation were tested
in [13], revealing that the corrosion degradation impacts the strength
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reduction and structural behaviour, including the post-collapse regime.
Similar observations have been reached by testing other structural el-
ements, such as beams [14]. Further numerical investigations revealed
that two factors cause a structural capacity reduction. The first one is
the thickness loss. The second one is related to the change of mechani-
cal properties due to the irregularities of the corroded plate surface that
are visible on a tiny scale. This phenomenon can be captured when
one tests corroded plate coupons typically used to obtain mechanical
properties. Such tests were performed by different studies, such as
[15-19], including very thin and thick plates. One needs to be aware
that the properties are slightly changed in the material scale. However,
the change of constitutive material models is justified when investi-
gating the mean stress-strain response of a typical coupon used in
engineering applications.

In the work presented in [20], the FE model of stiffened plates
consisting of an averaged plate thickness reduction and mechanical
properties changes was developed and validated using experimental
tests [13], showing a good agreement. The applicability of a similar
model was proven in [14], where the flexural performance of corroded
beams was investigated. The experimental studies were conducted,
including the estimation of mechanical property changes as a result
of the corrosion degradation development of small-scale coupons. The
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FE shell model consisting of coupled thickness changes together with
the mechanical properties changes was adopted showing an excellent
agreement with the experimental results. Apart of that, it seems that
more validation work is still needed.

Only the mean value thickness reduction was considered in the
model presented in [20]. However, it is observed that even when
considering general corrosion, considerable scatter of the thickness
distribution occurs within the single specimen [13,21]. Therefore, cor-
rosion tests are needed to experimentally evaluate such specimens’
ultimate strength [22]. However, there are time-consuming, and a
limited number of samples can be obtained. Thus, efficient methods
to artificially generate the field of corroded plate surfaces are needed.

Random field modelling seems to be the most suitable of vari-
ous methodologies in engineering applications [23]. The examples of
usage of random fields in different engineering applications can be
traced in [24,25]. The possibility of applying this approach to generate
the corrosion degradation distribution within the plate was explored
in [26] and recently in [27]. The random fields related to corroded sur-
faces were applied on a small scale to obtain the mechanical properties
of corroded coupons in [28,29]. The comparison between numerical
calculations with experimental results [17,18] revealed an excellent
agreement.

The presented study shows a novel approach to numerically mod-
elling the structural behaviour of compressed corroded stiffened plates.
Four different models are proposed, considering different thicknesses
and mechanical properties modelling. The results are validated against
experimental results obtained in [30], and the two-stage corrosion
model is the most appropriate. The first stage modifies the general
corrosion loss using measured thickness maps. In the second stage, the
mechanical properties are changed to reflect the non-regularities of the
corroded surface on a micro-scale based on the degradation level of a
particular point of the plate surface. The resulting ultimate compressive
capacity was significantly smaller, showing that the previously devel-
oped models are non-conservative. Then, the thickness distribution was
modelled using a random field considering the statistical descriptors of
corroded plate thickness. The numerical analyses, employing the non-
linear FE method, are performed considering different plate thicknesses
and corrosion degradation levels. The results based on random fields
of corrosion degradation are then compared with the deterministic
solutions, and the applicability of this methodology is verified.

2. Mechanical properties of corroded plates

The changes in mechanical properties of normal strength steel were
determined using experimental analysis, i.e. by testing tensile coupons
subjected to marine immersed corrosion degradation. The detailed
procedure and corrosion testing results were described in [22], where
coupon specimens were corroded in the same conditions as stiffened
plates. The specimens were made of normal strength steel of thicknesses
equal to 5 mm, 6 mm and 8 mm. In general, the approach controlled
only natural factors during the corrosion degradation process, i.e. tem-
perature (by heating), water velocity (by the circulation of water) and
appropriate oxygenation (by aeration).

As described in [31], the coupon specimens were tested, leading to
slightly different mechanical properties changes. It must be highlighted
that corrosion does not impact the steel microstructure below the level
of the corroded zone. Thus, the changes in material properties are
related to uneven thickness distribution within the specimen and micro
pits resulting in stress concentration points. These effects affect the
mean stress—strain response of the corroded specimen when subjected
to tensile loading. The example of changes in mechanical properties for
6 mm plates is presented in Fig. 1. The functions of changes in mechan-
ical properties for other thicknesses are given in [31]. The changes are
presented in the function of the Degree of Degradation (DoD), which is
the loss of specimen’s mass considered as the fraction of the initial mass
of the specimen. Notably, the presented graph points with the scatter
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are for the grouped results for non-corroded samples and the specimens
with a low, medium and high level of corrosion degradation. For each
thickness, 17 specimens in four groups were tested to achieve reliable
parameters. The mean thickness loss was used to calculate the Yield
stress, ultimate tensile stress and Young’s modulus. Thus, if corrosion
causes, ideally even thinning, no significant changes in mechanical
properties will be visible. It is noted that mechanical properties are
subjected to significant scatter, which is caused due to the variability in
values for non-corroded material (see error bars for DoD=0%) as well
as due to the complexity of the corrosion phenomenon. There are rather
inherent uncertainties.

3. Finite element modelling

The stiffened plates that are the subject of current investigations
are 0.4 m wide, and 1.06 m long with a stiffener of 0.1 m height,
similar to specimens experimentally tested [30]. As already reported,
three different thicknesses were analysed, i.e. 5 mm, 6 mm and 8 mm.
The commercial software ANSYS [32] was employed to investigate the
structural behaviour of corroded compressed stiffened plates.

The more advanced corrosion model considered in the study, and
at the same time, close to reality, is the non-uniform degradation
of the corroded surface. However, we can introduce two types of
non-uniformity, i.e. global and local (see Fig. 2).

The global non-uniformity comes from the different rates of the
corrosion process within the single structural element, and it is typically
captured via ultrasonic measurements. The local non-uniformity, on
the other hand, is very localised and cannot be captured via typical
ultrasonic measurements since the observed non-uniformities (even
below 1 mm) are of a lower scale than the typical size of a gauging
probe. The measurement grid is also relatively scarce (Classification
Societies require three measurement points per square metre [33]).
Additionally, the very detailed surface cleaning and advanced scanning
techniques are the only possible way, which is hard to obtain in in-situ
conditions. Further, to incorporate that in the numerical model, the
very dense FE mesh will be needed, leading to the considerable effort
of both computations and model preparation, which is non-efficient
in engineering practice. Thus, as described in the previous section,
the changes in mechanical properties can capture that effect simply.
To summarise, depending on the corrosion environment and process,
we can get the relatively uniformly corroded element but highly non-
uniform localised corrosion. From another perspective, the corrosion
loss could be subjected to significant scatter, but the corroded surface
can be relatively smooth. Since the mean thickness loss of the specimen
is considered to calculate the mechanical properties, the corrosion
model is coherent. The global thickness variation is modelled by the
mean thickness loss in a larger area (the ultrasonic measurements
could capture that). On the other hand, the mechanical properties are
reduced to account for the localised non-uniformities leading to stress
concentrations.

The SHELL181 elements were used to model both plate and the stiff-
ener. Two types of nonlinearities are considered, i.e. geometrical and
material ones. To reflect the non-linear behaviour, the static implicit
solver is used, employing the Newton-Raphson iterative procedure. The
material model is considered bilinear with hardening, where mechani-
cal properties are taken as given in Section 2. The detailed information
about the considered constitutive model is given in [31] and follows
the equation:

Ee (e <£1)
o1 = Reg(1-0.0061 - DoD) (e =&, = %)
o + (e=€1)(02-01)

£27€]
0y =01 +1.958 - Rey - €154

@
(1 <e<g)
(e=¢)

where ¢, is defined in that the area under the bilinear stress—strain
relationship is equal to the modulus of toughness for the particular
degradation level (see [31]).
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Fig. 1. Mechanical properties as a function of DoD, 6 mm specimens [31].
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Fig. 2. Corrosion model considered in the study.

The mesh convergence studies have been performed, showing that
the element size of 0.02 m will result in the excellent prediction of
the structural response and will provide relatively low computational
time. In Fig. 3 (left), the applied boundary conditions are presented as
similar to the experimental ones. Thus, the loaded edges of the plate
and the stiffener are clamped, whereas unloaded edges are left free.
The experimental stand with the placed specimen is presented in Fig. 3
(right). A specially designed clamping system was used to achieve the
clamped boundary conditions. Initial imperfections based on the pho-
togrammetry measurements were incorporated into the FE model for
the deterministic analysis. Detailed information about photogrammetry
measurements is given in [34], and the generic shape of imperfections
is presented in Fig. 4. The values of considered imperfections are
introduced in Table 1, where symbols are regarding Fig. 4. The welding-
induced distortions are applied by changing the z-coordinate on each
node of the plate element.

To model the corrosion degradation, the thickness at each finite
element node is changed based on the measured thickness distribution

Table 1
Initial imperfections of corroded stiffened plates [34].
Thickness [mm] DoD [%] a; [mm] a, [mm] b; [mm] b, [mm] ¢, [mm]
0 2.78 3.37 —6.98 4.49 2.95
5 7 2.37 5.19 -7.98 5.37 1.19
14 2.33 3.49 -5.34 3.95 0.00
21 3.45 3.05 -8.91 9.02 3.35
0 4.01 4.17 3.58 —4.95 0.72
6 7 4.36 3.21 0.63 -5.19 0.60
14 3.73 3.66 3.69 -4.10 2.18
21 4.62 3.12 2.19 -5.01 0.85
0 4.61 5.05 -1.01 -1.07 0.45
s 7 4.31 5.07 -0.25 -0.11 0.44
14 3.77 5.50 -3.01 —2.43 0.22
22 4.25 4.73 1.39 1.46 0.77

(see an example of the thickness map in Fig. 5). Then, the local
degradation level of the element is calculated based on the mean value
of the thickness in four nodes. Furtherly, the mechanical properties of
a particular element are changed based on the local degradation level
according to the constitutive models as presented in Section 2.

4. Deterministic approach
4.1. Comparison between different corrosion models

Before the detailed comparison between numerical and experimen-
tal results, the hypothesis that non-uniform thickness loss and local
changes of mechanical properties are the reason for the impact of
corrosion on the structural behaviour of corroded compressed stiffened
plates is verified. Thus, four different corrosion models are compared
with experimental results:

» non-uniform thickness loss with subsequent mechanical proper-
ties;
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Fig. 3. Applied boundary conditions of the modelled stiffened plate (left) and experimental stand with the placed specimen (right).
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Fig. 4. Initial imperfections [34].

non-uniform thickness loss without changes in mechanical prop-
erties;

uniform thickness loss with subsequent mechanical properties
reduction;

only uniform thickness loss.

The corrosion degradation level, measured as the percentage loss of the
material, was obtained equal to approx. 7%, 14% and 21% for each of
the initial thickness of the plate. For each model, the ultimate strength
values are plotted in function of degradation level. The comparison for
5 mm plates is presented in Fig. 6. It is noted that the closest results to
the experimental ones were observed for the model with non-uniform
thickness reduction and subsequent reduction of mechanical properties.
Although some bias is observed, the inclinations of regression curves
are almost the same. The bias between experimental and numerical
results is also observed for the intact specimen. The possible causes of
this bias could be the non-ideal capturing of natural boundary condi-
tions in the numerical model and uncertainties in capturing mechanical
properties and initial imperfections. The detailed analysis of lateral
plate deflections near the supports and comparison with the FE analyses
with both clamped and simply supported boundary conditions revealed
that fully-clamped conditions were not achieved [35]. Several possible

reasons were identified, including the non-ideal force transition via
the testing machine, the possible eccentricity of axial loading, and
the unfairness of both stiffened plate and supporting structure. It was
concluded that the total restriction of the plate rotation is challenging
in experimental conditions, leading to the possible creation of plastic
hinges. Since there are complex phenomena, the differences between
experimental and numerical results could be different depending on
the initial thickness of the samples. The highest values of the ultimate
strength are observed when only the mean thickness reduction is con-
sidered. The specimens with non-uniform distribution of the thickness
also showed lower results when compared to a uniform model. Fig. 7
compares different models for 6 mm stiffened plates. It is noted that
a very good match has been achieved between experimental results
and the most sophisticated numerical model. All other models over-
estimated the values of ultimate strength. Notably, better results were
achieved, where non-uniform thickness distribution was applied only
compared to a uniform model with subsequent reduction of mechanical
properties. This indicates the crucial role of the actual distribution of
thickness in the stiffened plate. The comparison of the results obtained
for different models for 8 mm specimens is presented in Fig. 8. Similarly
to other thicknesses, the closest results to experimental ones were ob-
tained for the model that considers the accurate thickness distribution
and changes in mechanical properties. The inclination of both curves
is the same; however, slight bias is observed for the non-corroded
specimen. It is noted that concerning other models, close results were
also obtained for a model that considers uniform thickness loss and
reduction of mechanical properties. Where non-uniform thickness loss
is considered only, the results are away from the experiment. Thus, it
was more crucial to consider the mechanical properties reduction rather
than the actual thickness distribution in this case. This analysis shows
that the results are closest to the experiment when considering both
uneven thickness distribution and mechanical properties changes. This
indicates that when the model considers only the uniform thickness
loss, not solely the ultimate strength will be overestimated, but the post-
collapse form will not be captured accurately. For some stiffened plates,
the more crucial was taking into account the changes in mechanical
properties, whereas for others, the proper modelling of thickness dis-
tribution. However, only considering these factors simultaneously will
allow capturing the corroded compressed stiffened plate’s behaviour
most accurately. Thus, this model is chosen for further investigations.
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Fig. 5. Example of thickness distribution within specimen in mm, 5 mm stiffened plate, DoD = 21% [22].
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Fig. 8. Different corrosion models, 8 mm stiffened plates.
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4.2. Detailed validation of numerical model

Firstly, the force-displacement curves are adjusted, leading to the
ultimate point being observed for the same longitudinal displacement.
The comparison between numerical and experimental results for 5 mm
plates is presented in Fig. 9. All cases generally have an observed bias
between numerical and experimental results. A similar difference has
been observed for an intact case, and possible reasons were discussed
in the previous section. However, the curves are pretty similar in
terms of pre-and post-collapse behaviour. It is noted that the initial
inclination of curves is significantly lower in the case of an experiment,
and after crossing 0.5 mm of displacement, the inclinations are similar
to numerical predictions. The comparison between the numerical and
experimental results for 6 mm plates is presented in Fig. 10. In the case
of ultimate strength, the higher values are observed for the experiment
in 7% and 14% of degradation level, whereas the lower value is ob-
served for 21% of DoD. The force-displacement path is almost identical
between the experiment and numerical predictions for the specimen
with the lowest corrosion diminution. In other specimens, the initial
slope of the experimental curves is shallow due to fixing the specimens
in the supports. However, apart from that, pre-collapse behaviour is

somewhat similar. The significant differences after the collapse are
observed only for the specimen with a medium level of corrosion
severity. The comparison between numerical and experimental results
for 8 mm plates is presented in Fig. 11. It is noted that in the case
of 7% and 21% degradation levels, the ultimate strength is almost the
same in the case of experimental and numerical results. However, some
difference has been obtained for a degradation level of 14%. In pre-and
post-collapse behaviour, the curves are very similar for 14% of DoD. For
21% of DoD, before reaching the ultimate point, the experimental and
numerical path is very similar, whereas post-collapse behaviour is more
dramatic for a numerical one. The most visible differences are observed
for a degradation level of 7% within the entire force-displacement
relationship. The comparison of lateral displacements in the mid-cross
section between experimental and numerical results is presented in
Fig. 12 regarding 5 mm specimens. The displacement gauge’s positions
are presented in Fig. 3 (right). It is noted that excellent convergence
has been obtained between the FE model and experiment. In each
case, the displacements in both sides of the stiffener (ud2 and ud4)
increased in the opposite direction, indicating local plate bending
from the beginning of the loading process. Simultaneously, the lateral
mid-displacement (ud3) was close to zero, indicating that local plate
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buckling and stiffener tripping were the dominant failure modes. The
only significant displacements in the connection of the plate and the
stiffener were noted in a specimen with a 14% of degradation level.
However, it was captured only in an experimental domain. For all
cases, the lateral displacements increased when ultimate capacity was
reached and stayed constant after crossing that point. Fig. 13 shows
the lateral displacements for 6 mm specimens. It is observed that for
DoD equal to 7% and 14%, the experimental readings and numerical
predictions are similar. However, higher displacement values are noted
in the case of an experiment. In these cases, the readings increased up
to the level of ultimate strength value and then stabilised at a constant
level. This indicates that the plate-induced buckling was the leading
cause of the collapse. However, for a specimen with a degradation level
of 7%, some global buckling occurred too in a tested specimen, which

is noted in slightly increasing lateral mid-displacement. This was not
observed in the FE model. In the case of a most severely corroded
specimen, the global collapse mode has been observed in an experi-
ment. The lateral displacements after collapse increased significantly
in the same direction. However, the numerical model predicted another
failure mode, similarly to previous specimens. Fig. 14 shows the lateral
displacements obtained for 8 mm specimens. It is noted that there was
no local plate bending at the beginning of the loading process, and all
displacements were very close to zero. However, with the corrosion
development, the plate on both sides of the stiffener starts to buckle
faster, and this was observed for both numerical and experimental
investigations. This observation is easily understandable since with the
increase of the corrosion level, the mean plate thickness decreases
and the slenderness ratio increases. Thus, the plate is more prone to


http://mostwiedzy.pl

/\_/__\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

K. Woloszyk and Y. Garbatov Thin-Walled Structures 183 (2023) 110380

40 30
- DoD =7% DoD = 14%
E _______ E 20 e o s e
= 20 - < 10
§ § 0
s 0 k] 10 0 ] 3 4
a 0 B 3 4 Q. -
g 10 2
T 5o —ud2, exp. T 20 —ud2,exp\ S=—==—"""" " "~ - T 777
[ (7]
+ = =ud2, num. —— = 30 — —ud2, num.
= -30 ——ud3, exp. == = ——ud3, exp.
40 ud3, num. 40 ud3, num.
——ud4, exp. Displacement [mm] ——ud4, exp. Displacement [mm]
— —ud4, num. — —ud4, num.
25
20 = DO\D =21%
il e e e e
£ 15
dq:: 10
£ 5
FRE S
a 50 2 3 4
= 10 ~
8 15 ——ud2, ex[\).
S-15 — NN —
o —~ —ud2, num. .~ _—=----
-20 ——ud3, exp.
-25 ud3, num. Displ £
uda, exp. isplacement [mm]
= =ud4, num.
Fig. 12. Comparison of lateral displacements, 5 mm specimens.
50 40 =149
DoD = 7% DoD = 14%
T 0
£ 30 En DA ==
P e " i e e B i S S o
& c 10
g 10 E
o o
s 8 100 3 4
2100 3 4 g 10
s 3 -20
TN Trmmmemmm - T —_—ud2,exp. N T Tt memmmm = ———
530 ud2, exp. 8-30 ' _yd2, num
s —= =ud2, num. ] 2 =
-40 - ——ud3, exp.
——ud3, exp.
-50 ud3, num. : -50 ud3, num. Dol
—— ud4, exp. Displacement [mm] ——ud4, exp. isplacement [mm)]
= =ud4, num. = —ud4, num.
50 =——ud2, exp.
= —ud2, num. DoD =21%
) 40 ——ud3, exp.
E 30 ud3, num.
2 —ud4, exp
o 20 = —ud4, nu
£ S S S HE S S N S e s
8
g 10
i
5 0 m————
™ 0 1 ¥ ] 3 4
:“-‘J -10 T
320 e e et e e e
-30 5
Displacement [mm]
Fig. 13. Lateral displacements, 6 mm specimens.
buckle. For the specimen with a level of degradation of 21%, the plate Nevertheless, the buckling moment is slightly different for the FE
is subjected to local bending almost from the beginning, similarly to model and tested specimens considering 14% and 21% of the degrada-
stiffened plates of lower thickness values (5 mm and 6 mm). tion levels. In terms of lateral mid-displacement (ud3), some differences
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Fig. 14. Lateral displacements, 8 mm specimens.

could be noted too. In the case of the experiment, some level of global
bending occurred during failure, which was not captured in the FE
model. Although the experimental displacements are slightly higher
than the numerical ones, it could be concluded that a very good match
has been achieved. Finally, the post-collapse shapes of tested specimens
[30] are compared with the results of the FE analysis. The failure modes
from FE analysis for 5 mm specimens are presented in Fig. 15. Similarly
to the tested specimens, the post-collapse forms are unsymmetrical
and not observed when thickness distribution is uniform. The primary
cause of the collapse is identical for both the experiment and numerical
model, i.e. local plate buckling followed by stiffener tripping. It is noted
that only in a specimen with a 14% degradation level the post-collapse
forms are almost identical. In a specimen with a 7% degradation level,
the region with the highest plastic deformations is closer to the upper
support. For the specimen with a 21% level of degradation, the critical
cross-section is on the opposite side compared to the experiment. The
possible cause of differences could be the non-ideal capturing of an
actual thickness distribution due to the uncertainty of the measuring
technique. Secondly, the uncertainty in capturing the distribution of
mechanical properties could be the reason.

Fig. 16 presents the post-collapse shapes of 6 mm specimens ob-
tained via the numerical tool. Compared with failure modes observed in
tested specimens, almost identical forms were observed for specimens
with DoD levels of 7% and 14%. Thus, the local plate buckling followed
by stiffener tripping caused the collapse, and the highest deformations
were noted near the lower support. However, in the most severely
corroded stiffened plate, the global buckling was primarily visible in
a tested specimen, which was not captured in a numerical model.
Nevertheless, both cases observed local plate buckling near the upper
support.

Fig. 17 shows the failure modes of the 8 mm specimens from
numerical analysis. It is noted that the post-collapse shapes are similar
and unsymmetrical. In all cases, the local plate buckling was a pri-
mary cause of the collapse, which was also observed experimentally.

However, in the latter case, some global buckling was also observed.
Nevertheless, the shapes of collapsed plates, including critical cross-
sections, were almost identical to those observed in tested specimens.
In all cases, the highest plastic deformations occurred near the lower
support.

The presented comparison shows that the FE model, which includes
real thickness distribution and changes in mechanical properties, cor-
rectly simulates corroded stiffened plates’ behaviour. As a result of
the FE estimations, the achieved ultimate strength was very close to
the experimental one. Only for 5 mm specimens, some bias in the
ultimate strength value was observed. However, for all thicknesses,
there were notable differences between both force-displacement curves
and failure modes. The first possible reason is related to the non-ideal
clamped boundary conditions in the experimental testing, which was
already discussed in Section 4.1. This could be the reason behind the
differences in the initial inclination of the force-displacement curves
(fixing of the specimens in the supports) and differences in post-collapse
shapes (e.g. positions of the cross-section with highest deflections).
The upper and lower support could act slightly differently, especially
since the upper support was subjected to hydraulic pressure. However,
as found in [35], both the upper and lower cross-sections of the
specimen are restrained from out of plate rotation, and the shape of
the stiffened plate resulted in solid support. It was concluded that the
clamped boundary conditions, as defined in the present study, have
been achieved in restraining the stiffened plate cross-sections from
rotation in the supports. Although some local rotation of plating was
observed, applying a special supporting system has minimised the gap
between the support and specimen.

Further, the upper and lower supports could not ideally be in
the same line due to manufacturing tolerance, leading to initial ec-
centricity not modelled in the FE code. The thickness distribution
of specimens could also be different due to the uncertainty of the
measuring technique. This could lead to a difference between real
thickness distribution and those modelled numerically; consequently,
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Fig. 15. Post-collapse shapes, 5 mm specimens (DoD = 7% - left, top, DoD = 14% - right, top, DoD = 21% - bottom).

a post-collapse form could be slightly different. Finally, as noted in
Fig. 2, the mechanical properties are subjected to scatter even for non-
corroded samples. This could lead to the different spatial distribution
of mechanical properties in a tested sample compared to the numerical
model. This would have an impact on both the force-displacement
relationship and failure mode. Although there were various uncertainty
sources, in almost all cases, the force-displacement relationships, lat-
eral displacements and post-collapse forms generally agreed between
the numerical model and experiment.

5. Random field approach
5.1. Modelling

Due to the complexity of methods for measurements of different
structural imperfections, such as corrosion degradation, initial distor-
tions, etc., random field modelling [23] seems to be a powerful tool
for such imperfections. The spatial distribution of irregularities of the
corroded surface may be modelled by the random field approach as the
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Fig. 16. Post-collapse shapes, 6 mm specimens (DoD = 7% - left, top, DoD = 14% - right, top, DoD = 21% - bottom).

one that is the most suitable for this purpose due to the set of an infinite
number of spatially correlated random variables. Thus, for engineering
applications, the discretisation technique needs to be applied to be
suitable as an input for numerical modelling, e.g. the FE method.
Different discretisation methods exist, and pieces of information can be
easily found in different sources, e.g. [36,37]. The Karhunen-Loeave
expansion [36] is employed in the presented work, and the Gaussian
random field is considered. The field is assumed to be homogeneous
and stationary, and it is fully described by its mean value u (x), variance
62(x) and autocovariance function C(x, x’). There are different types of

auto covariance functions and the exponential one is used in the present
study:

"\2
C (x,x') =exp <—(x_xz ) > (2)
0

where (x — x’) is the absolute distance between any two points in the
meshed corroded plate surface and x, is the correlation length.

The correlation length is the parameter that primarily governs the
spatial variation of the random field. When the correlation length is
higher, the field is strongly correlated and becomes smooth. Similarly,
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Fig. 17. Post-collapse shapes, 8 mm specimens (DoD = 7% - left, top, DoD = 14% - right, top, DoD = 21% - bottom).

with the decrease in the correlation length, the field is only slightly
correlated, and the surface is more irregular than the highly corre-
lated field. The fields representing different levels of correlation are
presented as an example in Fig. 19.

To generate the random field for the specific mesh and with differ-
ent statistical characteristics (standard deviation, correlation length),
the MatLab software [38] is used, employing a specially developed
code [39]. The random field’s standard deviation is taken as presented
in Table 2, which was taken based on the measurements carried out
in corroded stiffened plates [22]. The correlation length and standard

deviation of the corrosion fields are considered identical for the plate
and the stiffener when considering a single stiffened plate. Similarly,
the mean thickness loss is also the same in both plates and the stiffener
for the particular value of DoD. Further, the random fields in the plate
and stiffener were generated separately. For generated thickness distri-
bution, the mechanical properties will vary depending on the corrosion
degradation of any particular finite element. Thus, the approach is
similar to the deterministic analysis presented in Section 3. The changes
in mechanical properties were also based on the experimental results
described in Section 2 and differed depending on the initial thickness.
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Table 2
Statistical descriptors of residual corroded plate thicknesses.
DoD [%] Initial thickness [mm] Corrosion depth [mm]
Mean value Standard deviation
10.5 5 0 0.251
21 5 0.525 0.419
10.5 6 1.05 0.587
21 6 0 0.251
10.5 8 0.63 0.452
21 8 1.26 0.654

Fig. 18. The model of initial imperfections used for the random approach.

Since, in the case of the random approach, a higher number of cases
is analysed with regards to the deterministic approach, the level of
initial imperfections is assumed to be constant for specific plate slen-
derness, leading to the same shape of imperfections for the particular
plate thickness. Thus, the effect of corrosion could be captured without
the uncertainty related to different imperfection shapes within consid-
ered cases. The model suggested by Smith [40] and further explained
in [41] is adopted to model the welding-induced initial imperfections.
The imperfections are modelled as a superposition of global column
imperfections ¢, and local plate imperfections 6, (see Fig. 18). The local
plate distortions are a function of plate slenderness ratio g:

p=t\E

where w is the plate width, and ¢ is the plate thickness. The average
level of local plate imperfections is considered as 0.167%. The global
column imperfections are taken as 0.0015 /, where / is the length of
the stiffened plate. The sideways stiffener imperfections were modelled
as well, with the amplitude equal to c,.

3)

5.2. Sensitivity studies

A sensitivity analysis is performed to investigate the impact of a
random field’s governing characteristics. The stiffened plate of a 6 mm
thickness and with DoD = 21% is chosen to analyse the influence of the
parameter variations on the resulting ultimate compressive strength.
Two different characteristics of the random field are considered: cor-
relation length and standard deviation. Additionally, the convergence
studies were performed to see how many random field realisations
concerning one case are enough to provide a stable mean value.

The correlation length was investigated between 7 mm and 316 mm.
The minimum level is related to the mesh discretisation since the
correlation highly below the element size will not be traced, and the
thickness of the following two nodes will not be correlated. On the
other hand, the corrosion depth changes above a certain correlation
length level cannot be more distinguished. Thus, the maximum appli-
cable correlation length was estimated at 316 mm. The examples of
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random fields with different levels of correlation considering both the
plate and the stiffener are presented in Fig. 19. It needs to be noted that
the random fields for the plate and stiffener are generated separately.

The random field methodology is advantageous. However, it re-
quires a specific number of realisations. Although the two random fields
of corrosion degradation, considering both the plate and the stiffener,
will have identical statistical characteristics (correlation length and
standard deviation), the resulting compressive ultimate strength of stift-
ened plate may be different. Thus, instead of one specific realisation,
the mean value from several of them will be much more representative.
The so-called convergence studies are performed to find the proper
number of realisations that will result in a stable mean value. The
analysis is performed for a correlation length of 0.1 m. With the
increase in the number of realisations, the mean value is calculated as:

n

Fol 4

. ; . )
where n is the number of realisations and x; is the ultimate compressive
strength for a specific realisation. Fig. 20 shows the mean value of the
ultimate strength considering an increasing number of realisations. It
can be noticed that three realisations start to provide a stable mean
value. Within the range between 3 and 9 realisations, the mean value
changes within the margin of +1%, which could be considered a tiny
error in that type of computation. Nevertheless, for better convergence,
nine cases are considered in further studies. The ultimate normalised
strength as a function of the correlation length is presented in Fig. 21,
which is estimated as the ultimate force divided by cross-sectional
area and yield stress. The normalised capacity is calculated always
considering the initial values of the thickness and yield stress, even
when corroded specimens are evaluated. For each correlation length,
the box and whiskers plot is presented.

It is noticed that when the corrosion fields are more correlated, the
reduction of ultimate strength is more significant. Within the range of
the correlation length between 0.1 m up to 0.316 m, the mean value of
ultimate strength is quite similar. Additionally, for a lower correlation
length, the scatter of the resulting ultimate capacity is lower. The
most critical case appeared to be for the correlation length of 0.1 m,
which results in a minimum mean value. However, the most critical
case was captured within the highest correlation value in terms of a
single realisation. Finally, it is noticed that the ultimate strength of
corroded stiffened plates is subjected to relatively high uncertainty. The
maximum and minimum point difference within all realisations reaches
20% of the mean value. The resulting ultimate strength is governed
not only by the degradation level, but the thickness distribution within
the specimen is an essential parameter that changes the structural
behaviour, which was also observed for the deterministic approach.

In the case of a lower correlation length, the areas of high corrosion
diminutions will be smaller compared to a more extended correlation,
which can be observed in Fig. 19. This leads to a different structural
response. Actually, with a very high correlation, even the entire cross-
section may have a smaller thickness concerning the mean value of
corrosion degradation, leading to the premature collapse of the entire
specimen.

This phenomenon can also be captured when one compares the
post-collapse shapes, as presented in Fig. 22, for some selected cases
of different correlation lengths. It is distinguishable that the position
of the collapsed cross-section is quite different. In the case of higher
correlation, the collapse may be very close to the loaded edges if the
region of the reduced thickness occurs in that place. Nevertheless, the
failure mode is quite similar for all cases, and it is caused by the local
plate buckling followed by stiffener tripping. The differences will also
occur when comparing the force-displacement curves.

The standard deviation of the random field is assumed based on
the measurements, as presented in Table 2. However, the actual scatter
of the plate thickness may be different in some cases, depending on
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Fig. 21. Box and whiskers plot of normalised ultimate strength.

the corrosion environment [42]. Thus, the thickness standard deviation
level is investigated to see the possible impact on the ultimate strength
reduction. In each case of correlation length, the representative random

14

the dependency is more non-linear, and the reduction of the ultimate
strength tends to be more rapid with the increase of the standard
deviation.

The sensitivity analysis will be used in further analysis to obtain
the optimum values of random field characteristics. Based on the con-
vergence studies, the nine realisations of the random field for specified
values of the standard deviation and correlation length were revealed
to be enough to provide a stable mean value. The correlation length
of 0.1 m was revealed to have the most severe impact on the ultimate
strength reduction, and thus it will be considered in further studies.

6. Impact of initial plate thickness

The structural behaviour of corroded stiffened plates considering
different thicknesses of the plate and the stiffener is studied in this
section. Three different thicknesses are taken into account together
with their statistical descriptors, as presented in Table 2. Two different
levels of corrosion degree of degradation are considered, namely 10.5%
and 21%. Figs. 24-26 show the force-displacement curves considering
5 mm, 6 mm and 8 mm thickness stiffened plates, respectively. The
upper bunch of curves in each Figure represent the 10.5% level of
corrosion degradation, whereas the lower bunch represent the high
value of corrosion diminution.

Notably, the behaviour is almost identical to the bifurcation point in
all cases where buckling occurs. From that point, some scatter in terms
of force value starts to be visible. After reaching the bifurcation point,
the curves are scattered, considering particular degree values of degra-
dation. However, the highest scatter is observed in the region where
a stiffened plate reaches its maximum capacity, leading to significant
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Fig. 22. Post-collapse shapes of specimens with low correlation (left up), moderate correlation (right up) and higher correlation (bottom), normal stresses [Pa].
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Table 3
Ultimate strength of corroded stiffened plates.
Thickness [mm] DoD [%] Mean ultimate force Normalised ultimate strength [-]
[kN] Mean value St. Dev. COV [-]
5 10.5 297.1 0.414 0.014 0.035
21 214.0 0.298 0.022 0.072
6 10.5 412.7 0.484 0.016 0.034
21 303.1 0.355 0.023 0.064
8 10.5 727.4 0.504 0.014 0.028
21 501.0 0.347 0.017 0.049
differences in ultimate strength values and post-collapse behaviour. 450
Depending on the particular thickness distribution on the plate, which
is correlated with the distribution of mechanical properties, the plate 400
will collapse in different positions of the cross-section concerning its Z 350 ’
longitudinal direction, which was already observed in Fig. 22. One 5
. . . . = .
also needs to notice that with the increase of plate thickness, the £ 300 I S e
scatter of ultimate strength becomes smaller. Apart from the thickness g
standard deviation being higher for thicker plates, the uncertainty level, £ 250 Alum - tancom.- max A
compared to initial thickness, is lower for thicker plates. The statistical > Num - random - mean
descriptors of the normalised ultimate strength are summarised in 200
Table 3 Num - random - min
: 150
Based on the presented results, one can conclude that with the 0 5 10 15 20 25

increasing level of corrosion degradation, the resulting uncertainty of
ultimate strength increases. This is related to the increasing thickness
variation with corrosion development. The Coefficient of Variation is
between 2.8% and 7.2%, which can be classified as relatively high. The
highest uncertainties are observed for the ultimate strength of 5 mm
thick stiffened plates, whereas the capacity of 8 mm plates is subjected
to the lowest uncertainty level. With the increase of plate thickness,
the ultimate normalised strength also increases, which is related to the
plate slenderness ratio. Compared to the intact specimens, the ultimate
strength reduction for severely corroded stiffened plates reaches 50%.

7. Comparison with exact numerical results

In the presented section, the results of ultimate strength predictions
that incorporated the random fields of corrosion are compared with
numerical investigations that considered actual corrosion fields as anal-
ysed in Section 4. Namely, the maximum, mean and minimum results
from random field analysis are compared with the exact FE analysis.

Fig. 27 presents the computations for 5 mm stiffened plates. It is
noted that the results obtained via generated random fields are lower
concerning the exact FE results, and there is also observed quite a
high scatter of random results. The closest results regarding accurate
FE analysis were obtained for maximum values of ultimate strength
from random field analysis. However, the random field analysis was
performed for correlation length that produced the lowest ultimate
strength values. Probably, in an experiment, other correlations were
observed.

The comparison for 6 mm plates is presented in Fig. 28. In this case,
the results obtained from accurate FE analysis are close to the mean
values of ultimate strength resulting from computations with randomly
generated corrosion fields. This indicates that the random fields show
the possible case of a real corrosion distribution. Fig. 29 shows the
comparison made for 8 mm stiffened plates. It is noted that similarly to
5 mm plates, the exact results are closest to the maximum values from
random field analysis. However, the numerical results for generated
corrosion fields are not subjected to very high scatter in this case.

Based on the presented analysis, it is observed that the exact FE
results and results based on the random field analysis are close to
each other. Nevertheless, some differences are observed. The main
reason should be the difference in thickness distributions since the
mechanical properties were the same within the considered models.
Thus, the corrosion fields generated randomly resulted in lower values
of ultimate strength in general. This indicates that more significant
areas of high thickness reductions existed when the corrosion field was
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Fig. 27. Random field analysis and exact FE computations, 5 mm stiffened plates.
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Fig. 28. Random field analysis and exact FE computations - 6 mm stiffened plates.
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Fig. 29. Random field analysis and exact FE computations — 8 mm stiffened plates.

generated compared to measured ones in corroded specimens. Although
for 5 mm and 8 mm plates, the measured corrosion fields seem to be not
so critical for the reduction of ultimate strength compared to randomly
generated fields, there seems to be reasonable from the safety point of
view to take into account the representative random fields that result
in the mean value of ultimate strength reduction. Especially in 6 mm
plates, the exact FE analysis results were close to the mean ultimate
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strength values from random field analysis. Thus, such corrosion fields
could exist in real conditions.

8. Conclusions

The presented study investigated the impact of general corrosion
degradation on the ultimate strength of stiffened plates. A newly de-
veloped model was proposed, which includes the spatial variation
of thickness reduction in a macro-scale and subsequent reduction of
mechanical properties to reflect the corrosion degradation impact on a
micro-scale.

The model considering a uniform thickness reduction in corrosion
degradation was revealed to be a non-conservative one in comparison
to the model, taking into account the non-uniformity of the thickness
of the corroded plate. When only thickness change is considered with
corrosion development, the ultimate strength values can be overesti-
mated by up to 30%. It needs to be noted that this type of model
is commonly used in design practice. It has been shown that only
when the non-uniform distribution of the thickness and changes in
mechanical properties are considered in the numerical model are the
results similar to those obtained via experiment. Nevertheless, some dif-
ferences concerning the experiment were still visible due to the various
sources of uncertainties (boundary conditions, mechanical properties,
thickness measurements). Thus, implementing other effects, such as
the eccentricity of the applied load, could be beneficial in the future.
Additionally, the thickness distribution could be captured in more
detail, and surface scanning (e.g., photogrammetry) could be employed.

Random field modelling was an excellent tool for simulating the
actual fields of corrosion. This technique generates many cases without
time-consuming, long-lasting, and difficult corrosion tests. Further,
by generating many cases, some more sophisticated studies showing
uncertainty levels could also be conducted. However, further validation
studies are needed since there was observed bias between the exact
numerical model and the random field approach. This should lead to
a better representation of actual thickness distribution. The obtained
uncertainties related to the ultimate capacity of corroded stiffened
plates have the potential to be incorporated in the reliability analysis
of such structures.
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