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ABSTRACT

The work presented here investigates the structural response of cleaned corroded plates, subjected to compressive load
in the presence of a locked crack, where the change of mechanical properties as a result of corrosion development and
the cleaning process is also accounted for. A Finite Element model for assessing the compressive strength, considering
geometric and material nonlinearities, is developed, and the analysed plates are compared with the available experimental
data. An experimental design plan is generated using the Design of Experiments techniques, which quantifies the
influence of the governing variables and their interactions with respect to the plate’s ultimate compressive strength.
With a limited number of observations, the most significant effects are identified. The corrosion degradation is revealed
to be the most crucial effect leading to an effective strength reduction. It was found that, in the case of a corroded plate
with a locked crack subjected to a compressive load, the most severe case is when the crack is transversely oriented. The
strength reduction is slightly lower than when the corrosion degradation and the presence of a crack are considered
to be a simple summation of these two effects but acting separately. The outcome of the analysis is the development
of several empirical formulations that allow a fast estimation of the ultimate strength of a corroded plate, subjected

to compressive load in the presence of a locked crack, accounting for different cleaning.
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INTRODUCTION

Structural elements of ships and offshore structures are
degraded during their service life. The main degradation
effects include corrosion degradation, fatigue cracks, and
denting [1], [2]. In corrosion degradation and fatigue cracking,
their existence is somewhat inherent, whereas denting is
rather accidental. Thus, considering these two effects during
ship hull strength evaluation seems necessary, even at the
beginning of the design process.

The ultimate strength of intact structures has been studied
for many years, and some recent studies are presented in [3],
[4]. The impact of corrosion on the load-carrying capacity
of different ship structural elements was studied, both
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experimentally and numerically. Experimental studies on
the box girder, which simulate the real ship cross-section, were
performed [5], [6]. It was found that corrosion degradation
can cause a very significant reduction. In line with these
findings, the analysis performed for other structural elements
show similar behaviour, i.e. for stiffened panels [7], stiffened
plates [1], [8], plates [9] and beams [10]. The two factors cause
capacity loss. Firstly, the apparent reason is the thickness
reduction. Secondly, it was discovered that the mechanical
properties of steel elements with corrosion development are
reduced [11]-[13].

At amicro-scale, the material properties of the steel itself
are not changed by the corrosion development. However,
on a large scale, such as a typical coupon specimen, the



reduction of the mechanical properties is mainly caused
by the nonregularities in the corroded surfaces, which was
shown in different studies for both thin [14], [15] and thick
specimens [16]. These findings are in line with tensile tests
of corroded and cleaned specimens [13], which show that,
when specimens are subjected to different cleaning methods,
the corroded surface becomes smoother and the mechanical
properties are higher than corroded, non-cleaned specimens.
Combining these two phenomena (i.e. subsequent thickness
and mechanical properties reduction) in the Finite Element
model, shows a very good agreement with the experimental
results presented for stiffened plates [1]. Similar observations
could be found in [17]highly ductile member, where the
seismic performance of corroded H-shaped steel columns
was studied. The FE model considering both thickness
reduction and material properties changes, reveals very good
agreement between numerical and experimental results.
Thus, it is concluded that such a model could predict the
strength behaviour of different structural elements subjected
to corrosion degradation, despite the mechanical properties
obtained via testing of small-scale coupon specimens.

Although the cracks should be detected during surveys,
there will always be some level of non-detected cracks [18]
for various reasons, especially in hard-to-reach places. Thus,
cracks should be taken into account during the strength
evaluation of the structural components. Apart from that,
predicting the impact of such phenomena on structural
integrity is valuable in terms of the risk assessment of ageing
ships [19]. The non-propagating cracks (locked cracks) are
usually taken into account in such analysis.

Similar to the corrosion degradation, the influence of
locked cracks on the capacity of structural components was
also investigated. However, in this case, the experimental
studies are somewhat limited. The importance of this problem
was first outlined in [20], [21], where the buckling stress of
transversely cracked plates was evaluated. Furthermore,
in [22], comprehensive elasto-plastic collapse analysis was
performed, both experimentally and numerically. It was
found that the strength reduction of plates can reach alevel of
50%. Additionally, the FE modelling was found to be a useful
tool for predicting such phenomena.

The review of the ultimate strength of cracked structural
elements in ships was carried out in [23], showing examples
of experimental studies with regards to plates [22], [24]
and stiffened plates [25]. Much greater attention was paid
to numerical studies [26]-[29]. The studies revealed the
governing factors that play the most significant role in
reducing the structural capacity, i.e. crack length and crack
orientation. The most severe case was found to be a transverse
crack in the loading direction. Some empirical formulations
to assess the ultimate strength of cracked plates were derived
[22], [30], [31].

However, no studies analysed the ultimate strength of
plates subjected to general marine corrosion and locked
cracks. Recently, some preliminary studies have examined
simultaneous pitting corrosion and locked cracks [32], where
it was found that these two degradation effects can occur
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simultaneously and may cause a very significant reduction
in the plate’s ultimate strength. However, it needs to be noted
that pitting corrosion is a lot different from general marine
corrosion.

The presented study aims to analyse the simultaneous
corrosion and locked cracks, associated with the ultimate
strength of plates subjected to compressive loadings. In terms
of corrosion degradation, the subsequent thickness reduction
and changing mechanical properties are considered. To
analyse the mutual effect of the considered design variables,
Design of Experiments techniques were used to make a proper
experimental plan. Based on this, information about the most
critical factors and their interactions were established. Finally,
the simple formulations for a fast estimation of ultimate plate
stress, in the presence of cracks and corrosion degradation,
were obtained.

MECHANICAL PROPERTIES OF
CORRODED PLATES

The experimental results presented in [12], were used to
model the mechanical properties of corroded steel plates by
considering different cleaning methods. The constitutive
models of the mechanical properties change as a function
of the degradation level, and they were developed based on
the best-fit curves, as shown in Fig. 1 and 2
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Fig. 1. Young’s modulus (left) and tensile strength (right) as a function
of Degree of Degradation [12] (A - corroded non-cleaned, B - corroded
sandblasted, C - corroded sandpaper cleaned).

300 25

yC=-0.0255x + 1.8107x+ 235
L

|_naB-C-A|

m

]
h
(=]

¥C=0.0023x*-0.3607x + 22
R = 0.6178

wn

Yield stress, MPa
~
8
-
=]

150

Total uniform elongation, %

w

0 20 40 60 80 0 20 40 60 80
Degree of degradation, D% Degree of degradation, D%
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of Degree of Degradation [12] (A - corroded non-cleaned, B - corroded
sandblasted, C - corroded sandpaper cleaned).



As can be seen, all mechanical properties are reduced
by corrosion development and this is measured in terms of
a Degree of Degradation level (DoD), which is defined as
the volumetric loss of the material, given as a percentage of
the initial volume of the item. However, it needs to be noted
that the yield stress is not reduced in the region between 0%
and 25%. This is not in line with the findings of [15], [16],
where a reduction of between 10% and 20% was observed for
that region. The reason is that, in [11], the initial mechanical
properties of non-corroded material was unknown and the
minimum required properties for normal strength steel were
considered. The minimum necessary yield stress for normal
strength steel was equal to 235 MPa. To meet those criteria,
during steel production, much higher yield stress values are
typically observed, considering different uncertainties related
to the fabrication process. The multiple tensile tests of normal
strength steel, fabricated during the last couple of years and
with a total number of 5,493 observations, were performed
in [33]. These showed a mean value of yield strength equal to
284.5 MPa. With a significantly lower number of observations,
the mean value of the yield stress was equal to 400 MPa [34].

To show real behaviour, it is assumed that the initial
material properties are unknown, and they are established
from extrapolation from other measured points (see Fig. 3).
Based on this, the obtained value for DoD equal to 0 is taken
as the initial yield stress (284.4 MPa). This is in line with the
typically observed yield stress values of normal strength steel
[33]. Additionally, the reduction of the yield stress for DoD
equal to 25% is at the level of 15%, similar to observations
made by other researchers [15], [16].
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Fig. 3. Adjusted yield stress model as a function of DoD.

The initial values are similar to the typically observed
values in other mechanical properties and there is no need
for adjustment.

FE ANALYSIS OF ULTIMATE STRENGTH
OF NON-CORRODED PLATE

To analyse the behaviour of a corroded and cracked plate
subjected to compressive loads, the nonlinear Finite Element
Method (FEM) was employed, considering both geometrical
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and material nonlinearities. The material model is considered
to be bilinear with hardening. As shown in the previous
section, the mechanical properties depend on the Degree of
Degradation level (the percentage of mass plate reduction
regarding the intact condition), considering the adjusted
yield stress curve. The commercial software ANSYS [35] was
used with the static implicit solver, employing the Newton-
Raphson iterative procedure. SHELL181 elements were used
to model the plate, and contact between the cracked edges
was modelled using CONTACS52 elements. When the gap
between crack edges was closed for a particular pair of nodes,
the contact bonds their displacement in the longitudinal
direction.

These are modelled as a half-sin wave, as suggested by
Smith [36], to consider the initial plate imperfections. The
average level of imperfections can be regarded as 0.13t*, where
B is the plate slenderness ratio and is equal to:

Re

- (1

b= 1F

w
t

where w is the plate width, t is the plate thickness and Re,
and E are yield stress and Young’s modulus of the material,
respectively. It needs to be noted that the initial thickness of
the plate and the initial mechanical properties were taken
into account when the initial imperfections were estimated.
These originated from the welding process, and it is assumed
that there are no changes in corrosion development.

The plate considered in this study is part of a ship
hull, which is spanned between transverse girders in the
longitudinal direction and between two stiffeners in the
transverse direction. Usually, the transverse girders are very
rigid, and the behaviour of loaded edges can be considered to
be something between clamped or simply supported boundary
conditions. In the presented study, the loaded edges were
regarded as clamped. In the case of unloaded edges, the side
stiffeners were not very rigid and simply supported conditions
were assumed. Additionally, the longitudinal displacement of
one of the loaded edges was considered to be coupled. The FE
model of the corroded and cracked plate considering applied
boundary conditions, is presented in Fig. 4.
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Fig. 4. FE model of the cracked and corroded plate with applied boundary
conditions.

Convergence studies needed to be performed to find the
optimum mesh density. The initial analysis parameters are



presented in Table 1. The FE runs for the different element
sizes were performed. In terms of crack modelling, the
cracked edges gap is considered equal to 2 mm and crack
tips are regarded as semi-circular ones. The crack length is
considered to be 1/3 of the plate width. It is known that when
the crack length exceeds a certain level, it is unable to stop
propagating [22].

Tab. 1. Initial parameters of the analysis.

Parameter Symbol Value Unit
Plate length 1 1.5 m
Plate width w 0.6 m
Plate thickness t 10.5 mm
Crack length CL 0.2 m
Crack orientation o 0 degrees
Corrosion degradation level DoD 12.5 %

The mesh convergence results are presented in Fig. 5. In the
vertical axis, the normalised ultimate strength, which is the
ultimate stress divided by the material’s yield stress, is shown.
At this point, and in further analysis, the initial yield stress
of the non-corroded plate is considered for the calculation
of the normalised ultimate capacity and initial thickness for
the ultimate stress. Because of this, the corrosion influence
on the load-carrying capacity, regarding the initial design
conditions, is highlighted. Regarding the mesh refinement
analysis, with a finite element size of 20 mm, one can get very
close results to the model with the smallest element size of
5 mm. With further mesh refinement, one gets only slightly
improved results with a significantly increased computational
time. For these reasons, the 20 mm element size is considered
in further analysis.
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Fig. 5. Mesh refinement studies.

The welding-induced, residual stresses are not considered
in the present study. However, the plate ultimate strength
can be reduced in intact conditions [36]. It was shown in [37]
that, when the plate is subjected to multiple loading cycles
(asitisin ship structures over a couple of years of operation),
the residual stresses are released. This phenomenon is
known as a shakedown effect. In the case of both cracks
and corrosion, their existence may be considered in ships
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operating for a relatively long time. Based on that information,
the simultaneous existence of degradation effects and residual
stresses may be neglected.

In our previous work [31], the validation of the FE model of
the intact plate was performed, and showed good agreement
with available experimental data and empirical formulations.
In the case of degradation effects, the corrosion model was
already verified in [1], where subsequent thickness reduction
and changes in mechanical properties were adopted in the
FE model of stiffened plates, showing good agreement with
experimental results. In terms of a cracked plate, the use of
FE analysis was verified by experimental results in different
studies, such as [22].

EMPIRICAL ULTIMATE STRENGTH
ASSESSMENT OF CORRODED PLATE

Having two effects that can influence the ultimate strength,
one needs to choose the proper experimental techniques. The
One Factor Ata Time (OFAT) [39] analysis is performed in the
classical approach. In that case, the initial design parameters
are unchanged, and only one factor is varied to show its
influence on the response. However, in that case, possible
interaction between factors cannot be traced.

Additionally, it requires quite a significant number of
observations. Experimental planning, based on the Design
of Experiments (DOE) [40] techniques, seems to be more
suitable to avoid that. When using this methodology, all
relevant factors can be investigated in one experiment,
which leads to the quantification of factor importance and
the interactions between them.

Firstly, a proper design plan needs to be adopted. In this
way, the Full Factorial Design (FFD) [38] was revealed to
be an excellent option, especially when investigating some
phenomena for the very first time. In that case, the 2/ cases
were analysed, where fis the number of considered factors
that influence the response. The considered factors and their
symbols, together with the considered ranges of variability,
are presented in Table 2.

Tab. 2. Factors considered in DoE.

_ = g
| 2| 2| %
Bl =} =
Factor E E 2 5

@ = =
Plate aspect ratio (I/w) A 1 4 -
Plate slenderness ratio () B 1.524 2.857 -

Crack orientation () C 0 90 degrees

Degree of Degradation (DoD) D 0 25 %

Plate aspect ratio and slenderness ratio are general design
parameters that typically influence the ultimate strength.
Thus, the minimum and maximum aspect ratios were taken
as 1 and 4, respectively. As presented in [42], the statistics
for various types of ships were performed regarding the plate
slenderness ratio. The typical value of the plate slenderness



ratio varies between 1.4 and 2.5, considering the design
values of mechanical properties. In the present study, the
thickness was considered from 8 mm (f = 2.857) up to
15 mm (f = 1.524). The 0° orientation crack corresponds
to the transverse crack’s loading direction, and the 90°
crack corresponds to the longitudinal crack. In corrosion
degradation, the 25% value is the level that is accepted to
exist by the Classification Societies. Above that level, the
plates are usually replaced. The thickness of the corroded
plate was calculated based on the DoD value, assuming that
it will result in a uniform loss of material. Subsequently, the
changes in mechanical properties were taken into account.

In the full factorial matrix, the 2* = 16 number of cases
was computed, and four factors considered. In this type of
experiment, only the maximum or minimum values of the
factors are considered. It can be seen that the linear behaviour
between the extreme values is assumed. The assumption will
be further validated with an additional number of cases. The
upper and lower limits of the variables were considered to
be equal to +1 and -1, respectively. The full factorial matrix
for the FFD experiment is presented in Table 3, and the
ultimate stress, as an output of FE analysis, is shown for
each considered case.

Tab. 3. Full factorial test matrix with normalised ultimate stress.
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L E & 3w 3 e g 5 —
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© 5 5 g | A3
~ ~ S a
A B C D
1 -1 -1 -1 -1 0.739
2 -1 -1 -1 1 0.433
3 -1 -1 1 -1 0.894
4 -1 -1 1 1 0.498
5 -1 1 -1 1 0.578
6 -1 1 -1 1 0.341
7 -1 1 1 -1 0.623
8 -1 1 1 1 0.351
9 1 -1 -1 -1 0.762
10 1 -1 -1 1 0.476
11 1 -1 1 -1 0.999
12 1 -1 1 1 0.604
13 1 1 -1 -1 0.726
14 1 1 -1 1 0.327
15 1 1 1 -1 0.725
16 1 1 1 1 0.318

The DOE provides experimental plans that are very
effective and contains the statistical tools to evaluate the
importance of each considered factor and the interaction
between them, which are based on the Analysis of Variance
(ANOVA) [39]. Furtherly, the statistical analysis regarding
the results presented in Table 3 is presented.

To show the impact of each factor and their interactions,
the effect values are calculated based on the average responses:
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Y. Response, ) Response_

Eff = 2

n, n_

where Response,_ is the response for the positive value of
afactor or their multiplication, and Response_is the response
for the negative value of a factor or their multiplication.
Accordingly, n_ is the number of cases with a positive value
and n_is the number of cases with a negative value. In this
study,n, =n_=8.

Four main effects (A, B, C, and D) and 11 interaction
effects (AB, AC, BC, AD, BD, CD, ABC, ABD, ACD, BCD,
and ABCD) exist, so the total effects number is 15. The factor,
or their interaction, is more important when the absolute
value of the effect is higher.

To distinguish if the effect is essential or not, several
techniques may be utilised. One possible technique is to
sort the effects and calculate their cumulative probability
values [40]. Furthermore, the half-normal probability plot
is prepared, as shown in Fig. 6. The detailed procedure for
the generation of such plots are found in [40]. The significant
effects are those that lie on the right-hand side of the dashed
line. Eventually, the effects that lie directly on the line may
be influential, which needs to be judged. In principle, the line
distinguishes the essential effects from those with a lower
value than the statistical deviation of the results. The following
factors were relevant, based on the presented half-plot: A, B,
C, D, BC, AD, CD, ABD.
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Another possible way to distinguish the significant and
insignificant effects, is to perform the t-test for each considered
effect. An example of this type of analysis may be found in [31].
Usually, both methodologies lead to the same conclusions.
The significant effects, ranked from most important to least
important, are presented in Table 4.

Tab. 4. Effect ranking.

Rank Effects Absolute value of effect [-]
1 D (degree of degradation) 0.3371
2 B (plate slenderness ratio) 0.1767
3 C (crack orientation) 0.0786
4 BC 0.0676
5 A (plate aspect ratio) 0.0601




Rank Effects Absolute value of effect [-]
6 ABD 0.0395
7 AD 0.0346
8 CD 0.0302

The study shows very interesting results that need to
be discussed. The most important factor is the degree of
degradation, which reveals that corrosion degradation is the
most dangerous ageing phenomenon. The results show that
the plate with the considered level of corrosion degradation
of 25% may have a reduced capacity of up to 56%, and the
mean level of capacity reduction is equal to 45%.

The next most-influential parameter is the plate slenderness
ratio, and it is known that the ultimate strength is reduced
at higher values of this parameter. This is explained by the
fact that more slender plates have a lower value of theoretical
buckling stress, and so they are more prone to premature
failure than stockier plates.

The third most important factor is crack orientation. When
the crack orientation is longitudinal, no significant reduction
of the capacity is observed [31]. The most dangerous are the
transverse cracks. Based on the results, the most important
difference between the ultimate stress for the longitudinal
and transverse crack position reaches 23%, and the mean
level of the capacity reduction is about 10%.

The least influential main effect is the plate aspect ratio.
In general, the ultimate strength is higher for higher values.
Furthermore, it was found that the failure mode will differ,
mainly depending on the plate slenderness ratio. For a high
slenderness ratio, the ultimate strength will be caused
primarily by elastic buckling and, usually, several half-
sin waves of loss of stability in the post-collapse form will
be observed. In this case, ultimate strength will be lower.
For a low slenderness ratio, the ultimate strength will be
dominated by the plastic collapse and only one half-sin wave
in post-collapse form is observed. For this case, higher values
of ultimate strength will be observed. No significant influence
of the corrosion degradation level was found on the failure
mode.

The most interesting part of the results is related to the
revealed interaction effects. The most significant interaction
effect is the interaction between the plate slenderness ratio
and crack orientation. When the slenderness ratio is low, the
influence of the crack orientation on the ultimate strength is
very high. However, the ultimate strength is not so severely
reduced with different orientation angles for the slender
plates. It may be concluded that crack existence is much more
dangerous for stocky plates. Another significant interaction
effect is the interaction between three factors: the plate aspect
ratio, plate slenderness ratio and degree of degradation. Due
to the involvement of the three factors, the interpretation is
not straightforward. However, based on the analysis of the
results, the ultimate strength is higher when plate slenderness
ratio and aspect ratio have different signs for a high level of
corrosion degradation. For example, for a low aspect ratio
and slenderness ratio, the ultimate strength is lower than
the plate with a low aspect ratio and a high slenderness ratio.
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Furthermore, the interaction between the plate aspect ratio
and corrosion degradation level was found. The ultimate
strength is more reduced when corrosion exists for plates with
a high aspect ratio than the plates with a low aspect ratio.
Finally, the interaction effect between the crack orientation
and corrosion degradation was found. From analysis of the
results, it can be seen that, when there is a simultaneously
high degradation level and transverse crack orientation, the
ultimate strength is slightly higher than a simple superposition
of these two degradation effects. In first case, the reduction of
ultimate strength is equal to 51% and it is less than the sum
of the mean reductions of the capacity caused by the crack
(10%) and corrosion degradation (45%). Nevertheless, it is
noted that the plate capacity is most severely reduced when
considering these two effects simultaneously.

A simple regression model (Response Surface) can be
obtained based on the results. This formula is beneficial at
the design stage, to avoid complicated analysis and allow for
the first estimation of considered strength. In the case of FFD,
the Response Surface takes the form of a linear regression
model. When considering the main effects and interaction
of two or three effects, the model will take the general form:

f f
Z ZBl'jxix]‘ + Z ZBijkxix]‘XK (3)

f
y=Bo+ ) Bux+
i=1 i<j=2 i<j<k=3
where x, are the model variables and the parameters B, B,
B, are the linear coefficients. There are equal to half of the
previously obtained eftect values. However, one needs to
be aware that the absolute values of effects were considered
in importance analysis. In linear coefficients, they can be
positive or negative, depending on their influence on the
response value. The value of B is taken as a mean value from
all analysed cases.
To normalise the variables, which were taken in the range
between -1 and 1 in DoE analysis and are different from the
real variable ranges shown in Table 2, the following values

were calculated:
(L) —25
_\w

X1 = 15 (4)
_B-219
X2 = 70,666 %)
a — 45
X3 = T (6)
_ DoD —125
=708 ™

The parameters of the response surface are B = 0.5871,
B, = 0.03007, B, = -0.08836, B, = 0.03928, B, = -0.1686,
B,,=-0.03379, B, = -0.01732, B,,= -0.01511, B, = -0.01977.



The final response surface takes the form:

Y1 = 0.5871+0.03007 x; — 0.08836 x; +0.03928 x5 ~ 0.1686 x4 + (g)
—0.03379 x,%5 — 0.01732 2,20, — 0.01511 x5, — 0.01977 x, %%,

Eq. (8) gives a fast estimation of the ultimate strength when
corrosion and cracking in the compressively loaded plate are
considered. However, the following model only considers
a linear relationship between the factors and response. This
may be different when compared with the exact FE solutions.
To get a better estimation level, the Central Composite Design
(CCD) can be considered. In this experimental plan, extreme
values of the variables were considered at a central point (all
variables equal to 0) and axial points (only one variable is
equal to 1 or -1, where others are equal to 0). This allows for
the derivation of a quadratic response surface. In this case,
the total number of considered cases is equal to 2/ + 2f + 1,
so it is equal to 25 in the analysed problem.

To see whether the more advanced formulation is needed
or not, additional FE runs for axial and central points were
performed, and the results compared to the estimation using
Eq. (8). The results for additional points, together with the
factorial matrix, are presented in Table 5.

Tab. 5. Factorial matrix for additional design points.

g - o g ~
-8 5 g o ° § o i L ] 9 % -
- o = o= —
SE | 25 |25 B2 | &% EEZ
HEHEEHEH D TR
2o = = 3 = A RERZ
@) Ay ) e} =] Z
A B C D FEM Eq. (8)
17 0 0 0 0 0.628 0.587
18 1 0 0 0 0.536 0.557
19 1 0 0 0 0.628 0.617
20 0 -1 0 0 0.654 0.675
21 0 1 0 0 0.528 0.499
22 0 0 -1 0 0.593 0.548
23 0 1230 1 0 0.689 0.626
24 0 0 0 -1 0.781 0.756
25 0 0 0123123 1 0.454 0.419

The comparison of the exact FE results and estimated
values from Eq. (8) is presented in Fig. 7. In the case of FFD
points, the regression line is plotted, showing excellent
performance with the R? value 0f 0.992. In this case, the mean
error of the estimation is 2.4%. In the case of additional CCD
points, it can be seen that the points lie below the curve. This
means that, in general, the formula underestimates the value
of the ultimate strength for those points. The mean error of
the estimation is 5.4%. This lead to the conclusion that the
derivation of a quadratic response surface may reduce the
uncertainty level for those points.
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Fig. 7. Comparison between response surface estimation and exact solution.

In this case, when values from the CCD plan are considered,
the response surface takes a general form of:

f f f f
=By + Z Bix; + Z Byx? + Z Z Bijxixj + Z Z Bijexixix,  (9)
f=) = '

i<j=2 i<j<k=3

By analysing the results, it was found that three of the four
variables influence the response in a nonlinear way: plate
slenderness ratio, plate aspect ratio and crack orientation. The
new response surface, based on the CCD experimental results,
was established with three new coefficients and changed B,
value:

¥ = 0.6173 + 0.03007 x; — 0.03348x% — 0.08836 x;, — 0.02448x2 + 0.03928 x; + (10)
40.02552x% — 0.1686 x4 — 0.03379 x,x3 — 0.01732 x;x, — 0.01511 x3x, — 0.01977 x,2,%,

To compare the improved formulation from Eq. (10), the
estimated ultimate strength results are again compared with
the exact FE solutions, as presented in Fig. 8.
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Fig. 8. Comparison between improved response surface estimation and exact
solution.



One can see that, in the FFD points, the plot is similar to
that in Fig. 7. However, the estimated results for additional
CCD points are much closer to those obtained from the FE
computations. In this case, the mean error of the estimation
for all cases is about 2.4%.

As can be seen, the two simple formulations were derived
based on 16 cases for a linear approximation and 25 cases for
a quadratic approximation. Nevertheless, with the limited
number of FE analysis runs, the impact of the governing
factors, together with their interactions, was obtained. This
number of cases seems to be reasonable even when performing
physical tests.

EMPIRICAL ULTIMATE STRENGTH
ASSESSMENT OF CLEANED CORRODED
PLATES METHODS

Similar to the methodology presented in the previous
section, two design curves were developed, considering
the corroded plates cleaned by sandblasting and sandpaper
cleaning techniques. The mechanical properties were deemed
to be present in the second section, and design variables
were taken to be as shown before. In both cases, the CCD
experimental plan was applied, leading to quadratic response
surfaces; similar effects were revealed to be the most important
ones. As a result, two solutions were established. The
normalised ultimate strength, considering the sandblasted
surface of the corroded plate, is defined as:

¥5 = 0.6343 + 0.0331 x, — 0.03673x2 — 0.08617 x, — 0.0212x% + 0.0424 x; +
+0.0273x2 — 0.1537 x4 — 0.0346 x,x3 — 0.0155 x;x, — 0.0135 x3x, — 0.0191 x, 2%,

(11

The normalised ultimate strength, considering the
sandpaper-cleaned surface of the corroded plate, is defined by:

V2 = 0.6276 + 0.0278 x; — 0.019 x7 — 0.0952 x, — 0.0215 xZ + 0.0381 x5 + 12)
+0.028 x — 0.1571 x4 — 0.0331 x5 — 0.0217 x;x4 — 0.0174 x5, — 0.0258 x;x,%,

o © o o ©
P w (a)] =] oo
L L L

Normalized ultimate strength [-]

o
w

20 28
Plate slenderness ratio [-]
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To analyse the impact of mechanical property changes,
considering different types of surface cleaning, a reference
model considering only the thickness reduction due to
corrosion development, without considering the difference
in the mechanical properties, is provided as:

V5 = 0.6692 + 0.0328 x, — 0.03688 x2 — 0.09278 x, — 0.02738 x2 + 0.0421 x5 +
+0.0246 x2 — 0.132 x, — 0.03575 x,x; — 0.0168 x,x, — 0.01338 x5, — 0.02263 x,2,x,

(13)

It can be seen that the plate slenderness ratio and degree
of corrosion degradation are primary factors that govern the
ultimate compressive strength. To analyse the differences
between the studied solutions, the plate aspect ratio is
considered to be 1, and only one transverse crack is assumed.
Furthermore, plots comparing the reference model, which
does not account for the mechanical property changes, are
compared to those that account for mechanical property
change, due to the corroded plate surface cleaning presented
in Fig. 9.

There are significant differences between the case when only
the thickness reduction of the corroded plate is considered in
the ultimate strength assessment, compared to the mutual
effect of the thickness reduction and mechanical property
changes, as a result of corrosion degradation. In general, the
ultimate strength drops with the increase of both degrees of
degradation and plate slenderness ratio, for all cases. In terms
of cleaning methods, sandblasting only results in a slightly
higher ultimate strength than the uncleaned corroded plate.
However, the resulting ultimate strength is closer to the case
where the mechanical property change is not considered in
sandpaper cleaning. The ultimate strength of non-cleaned
corroded surfaces is lower compared to cleaned ones. This
is caused by the lower reduction of mechanical properties in
cleaned plates and smoothing of the level of sharpness of the
pits by cleaning (see Fig. 3).

The presented formulations can be adopted for assessing
the compressive strength of corroded, cleaned plates as
a function of the degree of degradation and cleaning approach.
Additionally, based on the developed formulation for corroded
cleaned plates, one can define the most appropriate cleaning
method, from the point of view of compressive strength.
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Fig. 9. Normalised ultimate strength: (non-cleaned corroded surface), (corroded and sandblast-cleaned surface), (corroded and sandpaper-cleaned
surface); (non-cleaned corroded surface, without considering the change in mechanical properties).
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CONCLUSIONS

The objective of this study was to analyse the mutual effects
of corrosion degradation and the presence of a locked crack,
where the change of mechanical properties (as a result of
corrosion development) is also accounted for, leading to
a significant decrease in the ultimate strength of a plate
subjected to compressive load. Besides the degradation
effects, the plate slenderness ratio and plate aspect ratio
were considered to be design variables. An experimental
design plan was performed with the use of DoE techniques,
considering both Full Factorial Design, as well as Central
Composite Design. The workflow of computations showed
that, with a properly designed experiment, one can obtain
information about the impact of each governing factor and
their interactions in a straightforward way. Nevertheless,
the computational effort is somewhat limited concerning
the information obtained.

Regarding the ultimate compressive strength, the degree
of corrosion degradation was the most critical factor. The
second influential factor was the plate slenderness ratio,
followed by locked crack orientation and plate aspect ratio.
Additionally, four interaction effects were found to be
important. The corrosion degradation, as a separate effect,
lead to approximately 45% strength reduction, whereas
transversely oriented cracks lead to 10% ultimate strength
reduction. When significant corrosion degradation and
locked cracks are acting simultaneously, the compressive
strength reduction is about 51%, which is less than the simple
sum of their impact. Nevertheless, the existence of these two
factors at one time is the most critical case.

Two empirical formulations were developed for the fast
estimation of the ultimate strength of a plate, subjected to
compressive load in the presence of alocked crack and corrosion
degradation. The second formulation is based on the quadratic
approach and showed an excellent performance in the entire
design space. Nevertheless, further studies relating to the
applicability of the developed formulations still need to be carried
out before they can be used directly in practical applications.

In addition, the developed empirical formulations for the
ultimate compressive strength, considering different types of
corroded plate surface cleaning approaches, are compared
with a reference model, where no mechanical property changes
were considered. It was concluded that sandpaper cleaning
is a more effective method, in terms of ultimate compressive
strength resilience. The developed formulation for corroded
and cleaned plates can define the most appropriate approach
for cleaning from a compressive strength point of view.
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