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Abstract

The paper focuses on the assessment of the hull girder ultimate strength, combined with random pitting corrosion wastage,
by the incremental-iterative method. After a brief review about the state of art, the local ultimate strength of pitted platings
under uniaxial compression is preliminarily outlined and subsequently a closed-form design formula is endorsed in the Rule
incremental-iterative method, to account for pitting corrosion wastage in the hull girder ultimate strength check. The ISSC bulk
carrier is assumed as reference ship in a benchmark study, devoted to test the effectiveness of the incremental-iterative method,
by a comparative analysis with a set of FE simulations, performed by Ansys Mechanical APDL. Four reference cases, with dif-
ferent locations of pitting corrosion wastage, are investigated focusing on nine combinations of pitting and corrosion intensity
degrees. Finally, a comparative analysis between the hull girder ultimate strength, combined with pitting corrosion wastage,
and the relevant values, complying with the Rule net scantling approach, is performed. Based on current results, the modified
incremental-iterative method allows efficiently assessing the hull girder ultimate strength, combined with pitting corrosion
wastage, so revealing useful both in the design process of new vessels and in the structural health monitoring of aged ships.

Keywords Hull girder ultimate strength - Pitting corrosion wastage - Ultimate strength of pitted platings - Modified
incremental-iterative method - Non-linear FE analysis - Benchmark study - ISSC bulk carrier

1 Introduction

Corrosion wastage is one of the key factors to be accounted
in the design process of new ships and in the structural
health assessment of aged structures, in order to keep both
local and global strength check criteria satisfied over time
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o The assessment of the hull girder ultimate strength in presence

of pitting corrosion wastage is investigated by FE analysis and
the incremental-iterative method;

o An approximate formulation is embodied to assess the ultimate
strength of pitted platings under compression;

e A benchmark study, based on the ISSC bulk carrier, is
performed to investigate the effectiveness of the modified
incremental-iterative method;

e A comparative analysis with the net scantling approach is carried
out to provide some guidance useful for the structural health
assessment of aged structures.
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and ensure safety of navigation. Really, age-related effects
were not explicitly accounted in the ship design up to the
1980s, as both local and global scantlings were mainly based
on Rule formulas, implicitly accounting for corrosion wast-
age, thanks to the experience gained on in service ships
(Campanile et al. 2014). Nevertheless, in the last decades,
the interest in developing a more rational approach, devoted
to assessing the structural degradation of ships over time,
grew fast as proved by the variety of research activities,
experimental campaigns and corrosion measurements car-
ried out throughout the world (Herring and Titcomb 1981;
Thayamballi et al. 1987; Guedes Soares and Garbatov 1999;
Paik et al. 2003a, b; Saad-Eldeen et al. 2013).

Based on the main outcomes of past research activities,
in June 2003, the International Association of Classifica-
tion Societies (IACS) agreed to endorse the net scantling
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approach in the first harmonized standards for the structural
design of bulk carriers and oil tankers (IACS 2006a, b), in
order to account for age-related effects in the ship design.
The net scantling approach is mainly based on two corrosion
additions, each one for one side exposure of all structural
elements that, in turn, are deducted from the gross scantling
values. In this respect, both local and global strength check
criteria need to be fulfilled based on the net scantlings, so
accounting for the structural degradation due to corrosion
wastage, expected to occur up to the end of the ship design
lifetime. This approach, which covers the effect of uniform
corrosion wastage, is currently endorsed in the Harmonized
Common Structural Rules for Bulk Carriers and Oil Tankers
(IACS 2020).

Anyway, additional types of structural degradations,
such as pitting, grooving or edge corrosion (DnV 2014),
are commonly experienced by ships. In this respect, pitting
corrosion wastage is generally located on platings and stiff-
ener webs and it mainly consists of a localized non-uniform
distribution of corroded areas, with different extent and
corrosion intensity. In the last years, several attempts were
undertaken to assess the ultimate strength of pitted platings
under uniaxial compression, as proved by the design equa-
tions recently proposed by Rahbar-Ranji et al. (2015), Zhang
et al. (2016 2017), Piscopo and Scamardella (2018, 2020),
among others. Based on the main outcomes of past research
activities, pitting corrosion wastage significantly affects the
local strength of platings under compression, so as it needs
to be included in current design procedures. Nevertheless,
the incidence of such localized random corrosion on the
hull girder ultimate strength has not been systematically
investigated until now, at least to the best of the authors’
knowledge. Hence, current research investigates this matter,
focusing on the following key topics:

1. After a brief review about the ultimate strength of pitted
platings under uniaxial compression, the Rule incremen-
tal-iterative method (IACS, 2020) is modified to include
random pitting corrosion wastage;

2. The effectiveness of the modified incremental-iterative
method is checked in a benchmark study, by a compara-
tive analysis with a set of FE simulations, carried out by
Ansys Mechanical APDL. Four reference cases, with
different location and extent of random pitting corro-
sion wastage, are investigated focusing on nine corrosion
wastage scenarios, characterized by different combina-
tions of pitting (DOP) and corrosion (DOC) intensity
degrees;

3. The dependence of the hull girder ultimate strength on
both the location and extent of pitting corrosion wastage
is further discussed, in order to investigate the impact
of localized corrosion on the global strength of aged
ships. In this respect, a comparative study between cur-
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rent results and the sagging/hogging hull girder ultimate
strength values, based on the net scantling approach, is
performed in order to verify the impact of localized cor-
rosion on current design procedures.

All calculations are performed with reference to the well-
known ISSC bulk carrier, recently taken as reference ship in
a wide benchmark study on the hull girder ultimate strength
(ISSC 2012). Before performing the numerical simulations,
additional details about the FE modelling and the selection
of the mesh size, required to ensure the convergence of solu-
tion, are also provided.

2 Theoretical Background
2.1 Ultimate Strength of Pitted Platings

The ultimate strength of platings under uniaxial compression
has been a widely investigated topic since the 40 s, when a
wide series of collapse tests was carried out at the David
Taylor Model Basin of the US Navy. Following the results
of this experimental campaign, the well-known Frankland
(1940) formula, currently endorsed in the Rule incremental-
iterative method (IACS 2020), was derived:

1iff <125
b = 21> 105 M

In Eq. (1) ¢, = 6,/0, denotes the ultimate (o, ) to yield
(Uy) strength ratio, while g = (b/t)4/0,/E is the plating
slenderness, having denoted by b(¢), the plate width (thick-
ness), and E, the material Young modulus.

The first pioneering works, dealing with the ultimate
strength of pitted platings, were carried out slightly later in
the mid-1960s by Chapkis (1967), even if most of current
research activities started in the last two decades only (Paik
et al. 2003a, b). More recently, several attempts have been
performed to evaluate the ultimate strength of pitted plat-
ings by FE analysis and develop practical design formulas
useful for the design of new vessels and the structural health
assessment of aged ships (Khedmati et al. 2012; Jiang and
Guedes Soares 2012; Zhang et al. 2017; Piscopo and Scama-
rdella 2018 and 2020). Following the main outcomes of past
research activities (Nouri et al. 2012; Khedmati et al. 2012;
Rahbar-Ranji et al. 2015; Piscopo and Scamardella 2018),
the ultimate strength of pitted platings mainly depends on
the pitting (DOP) and corrosion (DOC) intensity degrees.
The former is the percentage area of the plate panel affected
by localised random corrosion, as it can be gathered by Fig-
ure 1, which provides the pitting intensity diagrams corre-
sponding to 5%, 10%, 20% and 50% pitting intensity degrees
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Figure 1 Pitting intensity dia-
grams. a 5% scattered. b 10%
scattered. ¢ 20% scattered. d
50% scattered

(DnV 2014). The latter, instead, measures the corrosion loss
in the pitted area region.

Nevertheless, current Rules and guidelines do not pro-
vide any explicit strength check criterion for the ultimate
strength assessment of pitted platings, so as the design for-
mula, recently provided by Piscopo and Scamardella (2018),
is embodied. The design equation was derived for isolated
plate panels, whose ultimate strength capacity is generally
assessed by the well-known Faulkner (1975) formula. Any-
way, it is currently extended to plate panels being part of
grillage structures, whose ultimate capacity is generally pro-
vided by the Frankland formula that allows accounting for
a certain rotational restraint degree along the longitudinal
edges of the plate panels. The validity of this assumption
will be checked in the benchmark study carried out in Sec-
tion 4. Hence, the ultimate capacity of pitted platings under
uniaxial compression is assessed as follows:

Gupit = by (Beg) [1 = 1.5 DOP - DOC] @

In Eq. (2) ¢, is determined by Eq. (1), after replacing
the plating slenderness f by the equivalent slenderness
parameter:

Beg = (b/1eg)\J 0,/ E 3)

which, in turn, depends on the equivalent thickness of the
pitted plate panel:

feq =1+ (1 —DOP - DOC) 4)

By Eqgs. (2) and (4), it is gathered that platings with differ-
ent pitting and corrosion intensity degrees, but with the same
volume loss AV = DOP - DOC in the pitted area region,
exhibit the same ultimate strength capacity. Hence, the ulti-
mate strength format is mainly based on two main features:
(i) the as-built thickness of pitted platings is replaced by the
equivalent thickness according to Eq. (4), depending on the
total volume loss; (ii) the ultimate strength of the pitted plat-
ing is assessed by Eq. (2), so considering a further drop-off

of the plating ultimate capacity, in order to account for the
stress concentrations around the pitted areas.

2.2 Modified Incremental-Iterative Method

The Rule incremental-iterative method (IACS 2020)
is based on the following assumptions: (i) the ultimate
strength is calculated at any transverse section between
adjacent transverse webs; (ii) the hull girder cross-section
remains plane; (iii) the material has an elasto-plastic behav-
iour; (iv) the hull girder cross-section is subdivided into a
set of independent elements, namely hard corners, stift-
eners and transversely stiffened platings. The hull girder
curvature is progressively increased, and at each step, the
vertical position of the cross-section neutral axis is itera-
tively varied until global equilibrium of axial forces occurs,
depending on the stress—strain curves and failure modes of
each structural element. Pitting corrosion wastage can be
addressed in the Rule method by the following two steps,
mainly based on the design equation for pitted platings
under uniaxial compression, discussed in Section 2.1:

(i) The as-built thickness ¢ of each structural element,
affected by pitting corrosion wastage, is replaced by

the equivalent thickness 7,,, according to Eq. (4).

In this way, the plating slenderness f is implicitly
replaced by the equivalent slenderness f,, by Eq. (3);

(ii)) The beam-column buckling mode of shortened
stiffeners (IACS 2020) is updated to account for
the ultimate strength drop-off of the attached plat-
ing, affected by pitting corrosion wastage. In this
respect, the Frankland formula, provided by Eq. (1),
is replaced by Eq. (2), when the Euler column buck-
ling stress is assessed;

(iii)) The plate buckling mode of transversely stiffened
platings (IACS 2020) is similarly updated, after
replacing the Frankland formula with the design
equation for pitted platings provided by Eq. (2).
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Finally, the torsional and web local buckling modes of
longitudinal stiffeners are assessed according to the formulas

bulk carrier

provided by the Rules (IACS 2020), after replacing the as-
built thickness of stiffener webs by the equivalent thickness
according to Eq. (4), in order to account for random pitting

corrosion wastage.

3 Main Data

3.1 The ISSC Bulk Carrier

The vessel, selected as a reference ship in the benchmark
study carried out in Sect. 4, is the Capesize single side skin
bulk carrier, analysed in two past reports by the Interna-
tional Ship Structure Committee (ISSC 2000, 2012). The
ship was also taken as reference vessel in several research
studies, carried out in the last years by Amlashi and Moan
(2008, 2009), Shu and Moan (2012), Campanile et al.
(2014, 2015), Gordo (2017), Kefal et al. (2018), Piscopo

No.  Dimensions Type Yield Stress (MPa)
1 390x27 Flat-bar 392.0
2 333x9+100x16 Tee-bar 352.8
3 283x9+100x14 Tee-bar 352.8
4 283x9+100x18 Tee-bar 352.8
5 333x9+100x17 Tee-bar 352.8
6 283x9+100x16 Tee-bar 352.8
7 183x32.5x9.5 Bulb-bar 235.2
8 283x9+100x17 Tee-bar 352.8
9 333x9+100x18 Tee-bar 352.8
10 333x9+100x19 Tee-bar 352.8
11 383x9+100x17 Tee-bar 352.8
12 383x10+100x18 Tee-bar 352.8
13 283x10+100x21 Tee-bar 352.8
14 300x27 Flat-bar 392.0

Figure 2 Section scheme of the ISSC bulk carrier
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14.5*

Table 1 Main data of the ISSC

Length between per-  285.00
pendiculars (m)

Rule length (m) 281.30

Moulded breadth (m) 50.00

Moulded depth (m) 26.70

Block coefficient 0.83

and Scamardella (2019), among others. The hull girder sec-
tion scheme is reported in Figure 2, while the ship main
data are listed in Table 1. In this respect, it must be pointed

out that the scantlings of the transverse web section are
not provided in the ISSC benchmark studies, but they are
reported in the work by Kefal et al. (2018). Besides, trip-
ping brackets are not included in the FE model. Anyway,
this assumption is expected to not particularly affect the
FE simulations, at least for the ISSC bulk carrier, as it will
be verified in Section 3.3, where a set of preliminary FE
simulations is performed.
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Table 2 Convergence of FE analysis

Table 3 Number of shell elements

Mesh Element size Sagging (GNm) Hogging (GNm) Structural element Number of
(mm) and shell ele-
number ments

Very coarse 870 4682 19.120 20.760 Plate width between longitudinal stiffeners 3

Coarse 800 7784 17.480 19.960 Plate width between transverse frames 3

Fine 400 15,144 15.800 18.920 Height of stiffener webs 2

Very fine 300 18,785 15.640 18.720 Width of stiffener flanges 2

Height of girders and beams 10

3.2 FE Modelling

The FE analysis, devoted to investigate the effective-
ness of the modified incremental-iterative method out-
lined in Section 2.2, is performed by a dedicated code
developed in Ansys Mechanical APDL. A Y2—1-%2 bay
model of the hull girder (Paik et al. 2008) is modelled
by the 4-node SHELL181 element, which is suitable
for linear, large rotation and large strain non-linear
applications, involving thin to moderately thick shell
structures (Ansys 2020). Besides, the elastic perfectly
plastic material model is embodied in the analysis,
with no strain hardening effects. Before applying the
hull girder global loads, several initial deflection
modes are also superimposed to the FE model, in order
to enhance the various buckling modes of platings and
stiffeners:

(i) Plate buckling: the deflection mode of each plate
panel is modelled by a double sine trigonometric
function, with one-half wave in the transverse direc-
tion and a number m of half waves in the longitudinal
direction, equal to the minimum integer number sat-
isfying the inequality a < v/m(m + 1) (Timoshenko
and Gere 1982), having denoted by « the panel aspect

Figure 3 Incidence of mesh 25.0
size on the hull girder ultimate 25
strength. a Convergence of
ultimate strength capacity—sag 200 o..
condition. b Convergence of 17.5 ool
ultimate strength capacity—hog — 5o
condition £
O 125
=
= 00
7.5
5.0
25

ratio. The maximum deflection is assumed to be
equal to 0.18%¢ (Yoshikawa et al. 2015), correspond-
ing to an average level of geometrical imperfections
(Smith et al. 1988);

(i1) Beam-column buckling of longitudinal stiffeners:
the deflection mode of each stiffened panel,
comprised between adjacent primary support-
ing members, is modelled by a double sine
trigonometric function, with one-half waves in
both transverse and longitudinal directions. The
maximum deflection is taken equal to /1000,
having denoted by | the spacing between trans-
verse primary supporting members;

(iii) Lateral-torsional buckling of longitudinal stiffeners:
the sideway deflection is assumed to follow a sine
trigonometric function, with a wave number in the
longitudinal direction corresponding to the pre-
dominant tripping deflection mode of the stiffener
between transverse beams (Paik and Thayamballi
2006). The maximum lateral deflection is taken
equal to |/1000;

(iv) Local web buckling of longitudinal stiffeners: the
deflection mode of the stiffener web is modelled by
a double sine trigonometric function, with a wave
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Table 4 Comparative analysis between the gross ultimate strength
(GNm) obtained by FE simulation and the Rule method

Mesh FE simulation Rule method A (%)
Sagging 15.640 15.552 —0.705
Hogging 18.720 18.588 —0.563

number in the longitudinal direction correspond-
ing to the elastic buckling mode of the stiffener web
(Paik and Thayamballi 2006). The maximum deflec-
tion is taken equal to 4,,/200, having denoted by 4,
the height of the stiffener web.

As concerns the boundary conditions, the afterward
cross-section of the FE model is clamped, while all nodes
belonging to the forward section are each other coupled.
Besides, the symmetry condition of the hull girder cross-
section about the longitudinal plane is embodied to speed
up the calculations. The bending moment, applied on a
master node on the hull girder forward section, is pro-
gressively increased until convergence of the solution is
achieved.

Figure 4 Comparative analysis 207
between the FE simulation and 18l
the Rule method. a Moment/
curvature diagram—sag
condition. b Moment/curvature 14
diagram—hog condition. ¢

Longitudinal stress distribution E 12
at the ultimate strength—sag S 10
condition. d Longitudinal stress =7 sl
distribution at the ultimate

strength—hog condition 61

3.3 Preliminary FE Analysis

Before investigating the incidence of pitting corrosion
wastage on the hull girder ultimate strength, a set of
FE simulations is preliminarily performed, based on
the gross scantlings of all structural members. In this
respect, Table 2 provides the sagging/hogging ultimate
strength capacities, corresponding to four mesh sizes,
ranging from 870 to 300 mm, while Figure 3a and b plot
the hull girder ultimate strength versus the total element
number.

Based on current results, the very fine mesh, correspond-
ing to a 300 mm mean element size, ensures the convergence
of solution, so as it is selected in the FE simulations. In this
respect, Table 3 also provides the number of shell elements
of the main structures modelled in the FE analysis:

After selecting the mesh size, the gross ultimate
strength capacities, assessed by the incremental-iterative
method (IACS, 2020), are compared with the FE values,
in order to verify that effectiveness of the Rule procedure.
By the comparative analysis reported in Table 4, the Rule
method (IACS, 2020) underestimates the hull girder ulti-
mate strength by less than 1%, as regards the FE results.
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Table 5 (a) Ultimate strength

assessment—case I: sag a. boC DOP
condition (%). (b) Ultimate 5
strength assessment—case I: FE
hog condition (%). 10 15.520
20 15.440
40 15.160
b. DOC DOP
5
FE
10 18.600
20 18.480
40 18.080

15.453
15.328
15.067

18.499
18.408
18.196

10 20

Rule FE Rule FE Rule
15.400 15.328 15.240 15.067
15.200 15.067 14.720 14.537
14.600 14.537 13.600 13.476
10 20

Rule FE Rule FE Rule
18.520 18.408 18.360 18.196
18.240 18.196 17.760 17.719
17.560 17.719 16.520 16.691

Figure 4a and b plot the sagging/hogging ultimate strength
capacities versus the hull girder curvature, obtained by the
incremental-iterative method and the FE simulations, in the
latter case up to the ultimate strength only, as the assessment
of the post-ultimate regime is not required to evaluate the hull
girder ultimate strength. Besides, Figure 4c and d provide the
longitudinal stress distribution, obtained by FE analysis, at the
hull girder ultimate strength. In this respect, it is also pointed
out that the maximum values of longitudinal stresses are slightly
higher than the yield ones. This outcome is widely predictable,
as the von-Mises criterion is endorsed in the FE model, so as the
positive-defined von-Mises stress field needs to fulfil the yield-
ing condition. Current results confirm that the Rule method is
effective for practical design purposes.

4 Benchmark Study

The main aim of the benchmark study is to investigate the
effectiveness of the modified incremental-iterative method,
in presence of pitting corrosion wastage. In this respect,

Figure 5 Drop-off of the hull 17.01
girder ultimate strength—case 1. 1651
a Sag condition. b Hog condi-

tion 16.0

four reference scenarios, characterized by different loca-
tions and extent of pitting corrosion wastage, are selected
as follows: (i) all platings and girders; (ii) all platings of
double bottom, hopper side tank and girders; (iii) all plat-
ings of main deck and top side tank; and (iv) all platings,
girders and longitudinal stiffener webs. Besides, nine com-
binations of pitting (DOP) and corrosion (DOC) intensity
degrees are selected for each reference case. The DOP
degree ranges from 5% up to 20%, while the DOC degree
lies between 10 and 40%. All combinations do not require
any structural replacement, according to the commonly
embodied renewal criteria for structural elements affected
by pitting corrosion wastage (DnV 2014).

Localized corrosion is included in the FE model by properly
reducing the thickness of a random subset of shell elements,
belonging to the structural members affected by pitting corro-
sion wastage, based on the assigned DOP and DOC degrees.
In this respect, the thickness of a selected number of shell ele-
ments, belonging to each pitted plating, is properly reduced
depending on the DOC degree, so as stress concentrations
are implicitly included in the FE model. The number of shell

E
z
)
<
----- v
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Table 6 (a) Ultimate strength

assessment—case II: sag a.DOC DOP
condition (%). (b) Ultimate 5
strength assessment—case 11: FE
hog condition (%). 10 15.640
20 15.638
40 15.636
b. DOC DOP
5
FE
10 18.680
20 18.600
40 18.360

10 20
Rule FE Rule FE Rule
15.549 15.638 15.545 15.636 15.540
15.545 15.620 15.540 15.600 15.533
15.540 15.600 15.533 15.560 15.509
10 20
Rule FE Rule FE Rule
18.538 18.640 18.484 18.440 18.344
18.484 18.440 18.344 18.120 17.950
18.344 17.920 17.950 17.200 16.998

elements, belonging to the same plate panel and affected by
localized corrosion, is assessed in compliance with the DOP
degree, while the relevant pattern over the pitted plate panel is
randomly selected. This modelling solution reveals to be suit-
able for practical purposes, provided that the distribution of pit-
ting corrosion wastage and the size of each pitted area play an
almost negligible role on the ultimate strength drop-off of pit-
ted platings under uniaxial compression, as stressed by Zhang
et al. (2017), who investigated the incidence of different pitting
distribution models on the plating ultimate capacity. Really,
an alternative solution to account for random pitting corrosion
wastage would be based on the endorsement of 3D elements,
but this modelling technique, which reveals to be generally suit-
able when the ultimate strength of isolated pitted platings needs
to be assessed, reveals to be almost unfeasible when the entire
hull girder cross-section needs to be modelled.

Before performing the benchmark study, it was also
verified that the hull girder ultimate strength, in presence
of pitting corrosion wastage, is almost independent of the
random distribution of pitted areas, so confirming one of
the main outcomes stressed by Piscopo and Scamardella

(2018, 2020) with reference to the local ultimate strength
of pitted platings under uniaxial and biaxial compression.
Indeed, the hull girder ultimate strength depends on the
pitting and corrosion intensity degrees, independently of
the random corrosion wastage pattern generated on each
structural element.

4.1 Case l: Pitting Corrosion Wastage on All Platings
and 4.1.1. Girders

Pitting corrosion wastage is located on all platings and gird-
ers. Table 5 provides the sagging/hogging ultimate capacities,
assessed by the FE simulation and the incremental-iterative
method. The same results are plotted in Figure 5a and b,
where the dashed, pointed and pointed-dashed lines refer to
the modified incremental-iterative method, while the point
values to the FE analysis. Based on current results, the ulti-
mate strength capacities, determined by the modified incre-
mental-iterative method, comply with the FE values, with a
maximum error equal to about 1%. Besides, the hull girder
ultimate strength, based on different DOP and DOC degrees,

Figure 6 Drop-off of the hull 17.0 20.0
girder ultunatf.: §trength—case 165 195
II. a Sag condition. b Hog
condition 160
©
15.5 2 8
2 150
z
O 145
=
= 140
B37 o Rule-pOC-10% 1657 5 Rule-DOC-10%
o Rule- DOC=20% o Rule - DOC=20%
13.0F v Rule- DOC=40% 1601 ¢ Rule - DOC=40%
----FE - DOC=10% ----FE - DOC=10%
125 v FE - DOC=20% e FE - DOC=20%
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Table 7 Itim. rength
a::)e:sme(lft)—Uc;seaitﬁzsiaeg # a.DOC DOP
condition (%). (b) Ultimate 5 10 20
strength assessment—case I11: FE Rule FE Rule FE Rule
hog condition (%). 10 15.520 15.457 15.400 15337 15.200 15.086
20 15.400 15.337 15.080 15.086 14.760 14.577
40 15.120 15.086 14.520 14.577 13.640 13.551
b. DOC DOP
5 10 20
FE Rule FE Rule FE Rule
10 18.680 18.550 18.640 18.510 18.600 18.431
20 18.600 18.510 18.520 18.431 18.240 18.271
40 18.440 18.431 18.240 18.271 17.880 17.956

but with the same DOP « DOC product, is almost comparable,
so proving that the drop-off of the hull girder ultimate capacity
mainly depends on the total volume loss due to the corroded
pitted areas, no matter which combination of DOP and DOC
degrees is recognized on each plate panel. This outcome can
be stressed also for the other cases analysed in the following.

4.2 Case ll: Pitting Corrosion Wastage on Platings
of Double Bottom, Hopper Side Tank
and Girders

Pitting corrosion wastage is located on all platings of the
double bottom, hopper side tank and longitudinal girders.
Table 6 provides the ultimate strength capacities, while
the comparative analysis between the incremental-iterative
method and the FE simulations is performed in Figure 6 a
and b. Almost the same outcomes, already stressed in Sec-
tion 4.1, can be highlighted. In fact, a very good agreement
between the FE results and the incremental-iterative method
is recognized, with a maximum percentage error equal to
about 1%. Finally, the sagging ultimate strength is almost
independent of pitting corrosion wastage, as discussed in
Section 5.

4.3 Case lll: Pitting Corrosion Wastage on Platings
of Main Deck and Top Side Tank

Pitting corrosion wastage is located on all platings of the
main deck and topside tank. The ultimate strength capacities
are listed in Table 7 for the sagging and hogging conditions
respectively and they are further plotted in Figure 7a and
b. A very good agreement is recognized again between the
iterative method and the FE analysis, with extremely low
errors.

4.4 Case IV: Pitting Corrosion Wastage on All
Platings and Webs of Longitudinal Stiffeners

Pitting corrosion wastage is located on all platings and stiffener
webs. This case, even if only theoretical, allows further test-
ing of the effectiveness of the modified incremental-iterative
method outlined in Section 2.2. The results, listed in Table 8
and further plotted in Figure 8a and b, confirm the main out-
comes already stressed with reference to the previously ana-
lysed reference cases. In fact, a very good agreement with the
FE simulations is always recognized, with errors generally less
than 1% for both sagging and hogging conditions.

Figure 7 Drop-off of the hull 1707 200
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Table 8 (a) Ultimate strength

assessment—case I'V: sag a.DOC DOP
condition (%). (b) Ultimate 5 10 20
strength assessment—case I'V: FE Rule FE Rule FE Rule
hog condition (%). 10 15.440 15.434 15.360 15.288 15.080 14.982
20 15.360 15.288 14.920 14.982 14.520 14.361
40 14.880 14.982 14.280 14.361 13.120 13.125
b. DOC DOP
5 10 20
FE Rule FE Rule FE Rule
10 18.600 18.481 18.520 18.373 18.280 18.120
20 18.480 18.373 18.200 18.120 17.640 17.570
40 18.000 18.120 17.440 17.570 16.320 16.407
5 Discussion degrees, is comparable with the net scantling values,
as depicted in Figure 9a and b for the sagging and
As stressed in Section 1, the local and global strength hogging conditions;
check criteria, endorsed in the Rules (IACS 2020), do not (i) If pitting corrosion wastage is located on all platings
explicitly account for pitting corrosion wastage, while of the double bottom and hopper side tank, the
the net scantling approach is embodied to account for sagging ultimate strength is almost independent of
the uniform corrosion the ship is expected to suffer up to pitting corrosion wastage, as depicted in Figure 10a,
the end of its design lifetime. In this respect, it is useful while the hull girder hogging capacity is comparable
to compare the hull girder ultimate strength capacities, with the values gained in the previous corrosion
combined with pitting corrosion wastage, with the net wastage scenario, as it can be gathered by Figure 10b;
scantling values, in order to provide some guidelines (iii) If pitting corrosion wastage is located on all platings
and suggestions useful for the design of new vessels and of the main deck and topside tank, the hogging
the structural health assessment of aged ships. In this ultimate strength is slightly dependent of pitting
respect, Figures 9, 10, 11 and 12 provide a comparative corrosion wastage, as depicted in Figure 11a, while
analysis between the ultimate strength capacities, based the hull girder sagging capacity is comparable with
on the pitting corrosion wastage scenarios investigated the values gained in the first reference scenario, as it
in Section 4, and the sagging/hogging hull girder net can be gathered by Figure 11b;
scantling values, equal to 12.941 and 16.452 GNm, (iv) If pitting corrosion wastage is located on all platings

respectively. The following main outcomes are achieved:

(1) If pitting corrosion wastage is located on all platings,
the hull girder ultimate strength drop-off of the ISSC
bulk carrier, combined with 20% DOP and 40% DOC

and stiffener webs, no substantial variations, as regards
the first reference scenario, are recognized, as it can be
gathered by Figure 12a and b, so proving that localized
corrosion of stiffener webs has a moderate impact on
the drop-off of the hull girder ultimate strength.
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Figure 9 Comparative analysis 20 201
between pitting corrosion . 18 8L T m— —
wastage and the net scantling o
approach—case I. a Sag condi- e - 16 -
tion. b Hog condition " — — 1l
712 T 127
Z Z
Q 10 O 10t
= = gl
6 6F
4 4+
[CIDOC=10% [CDOC=10%
2 [ 1DOC=20% 2r [ IDOC=20%
C_1DOC=40% C_1D0C=40%
0 B S I N 0 L L | I I
DOP=5% DOP=10% DOP=20% DOP=5% DOP=10% DOP=20%
(a) (b)
Figure 10 Comparative analysis 20 207
between pitting corrosion 18 A i —
wastage and the net scantling
approach—case II. a Sag condi- e L . 16+
tion. b Hog condition 14 1l
7 12 e 127
Z Z
QS 10 9 10+
= =
S S gl
6 6F
4 4+
[CDOC=10% [CDOC=10%
2 [ IDOC=20% 2f [ 1DOC=20%
C_1D0C=40% C_1DOC=40%
0 L L I TTTT I 0 | I
DOP=5% DOP=10% DOP=20% DOP=5% DOP=10% DOP=20%
(a) (b)
Figure 11 Comparative analysis 20 201
between pitting corrosion . 18 sl BT ——— e
wastage and the net scantling
approach—case III. a Sag con- ter - 167
dition. b Hog condition 14 — — 1al
g 12 g 12+
4 4
© 10 © 107
= g S gl
6 6F
4 4t
CIDOC=10% CIDOC=10%
2 [ IDOC=20% 2r [C_IDOC=20%
[ 1DOC=40% [__1DOC=40%
s s I T 1T T ' L I T 1T I
DOP=5% DOP=10% DOP=20% DOP=5% DOP=10% DOP=20%

(a)

(b)

@ Springer



488 Journal of Marine Science and Application
Figure 12 Comparative analysis 207 201
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Based on previous remarks, pitting corrosion wastage, with
20% DOP and 40% DOC degrees, corresponding to a mean
volume loss equal to 8%, leads to a drop-off of the hull girder
ultimate strength that is comparable with the net scantling
values. This outcome suggests that localized corrosion wastage
should be included in the Rule strength check criteria for the
design of new vessels and for the structural health assessment
of aged ships. Obviously, these outcomes can be stressed
with reference to the ISSC bulk carrier and need to be further
verified. Anyway, current results confirm that random pitting
corrosion wastage needs to be included in the Rule strength
check criteria.

6 Conclusion

The paper focused on the hull girder ultimate strength
assessment of a bulk carrier, in presence of random pitting
corrosion wastage, by the incremental-iterative method and
the FE analysis. After a brief review about the ultimate
strength assessment of pitted platings under uniaxial
compression, the design equation, recently proposed by
Piscopo and Scamardella (2018), was outlined and endorsed
in the incremental-iterative method, in order to account
for pitting corrosion wastage. The ISSC bulk carrier was
taken as reference ship in a benchmark study devoted to
investigate the effectiveness of the modified incremental-
iterative method by a comparative analysis with a set of
FE simulations, performed by a code purposely developed
in Ansys Mechanical APDL. Four reference cases, with
different locations of pitting corrosion wastage, were
selected and combined with nine corrosion wastage
scenarios, characterized by different combinations of pitting
and corrosion intensity degrees.
The following main outcomes have been achieved:

@ Springer

(b)

(i) A modified form of the incremental-iterative method
was outlined in Section 2.2, in order to account for
pitting corrosion wastage on platings and stiffener
webs;

(ii) The effectiveness of the modified incremental-itera-
tive method was investigated in Section 4, where the
benchmark study, based on the ISSC bulk carrier,
was carried out. In this respect, the maximum error
on the hull girder ultimate strength, as regards the FE
values, was equal to about 1% independently of the
location and intensity of pitting corrosion wastage;

(iii) The dependence of the hull girder ultimate strength
on the location and extent of pitting corrosion wast-
age was further investigated in Section 5, where a
comparative analysis with the net scantling approach
was performed.

Based on current results, the modified incremental-
iterative method seems to be effective for the reliable
assessment of the hull girder ultimate strength in presence
pitting corrosion wastage. Indeed, localized corrosion
plays a fundamental role and it can yield a consistent drop-
off of the hull girder ultimate strength. In this respect, it
was verified that the hull girder ultimate strength of the
ISSC bulk carrier, in presence of random pitting corrosion
wastage, is comparable with the net scantling values, if the
total volume loss due to the pitted areas is equal to 8%.
The encouraging outcomes of current research cannot be
obviously generalized and they should be further checked,
focusing on different ship types. The investigation of
localized corrosion patches, characterized by different
combinations of DOP and DOC degrees, on the hull girder
ultimate strength drop-off of additional reference ships will
be the subject of future works.
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