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Abstract

Nowadays, with the increasing operational life of ships, the aging effects on their structural behavior need to be investigated
precisely. With the corrosive marine environment taken into consideration, one of the important effects of aging that must be
studied is thickness degradation. In this paper, with the use of previously proposed equivalent thickness formulations for corroded
plates, the progressive collapse analysis software HULLST is enhanced, and then, the effects of different corrosion models of
uniform, random, pitting, and tanker pattern types on the ultimate and residual strengths of a floating production, storage, and
offloading vessel hull girder are evaluated for the ages of 0 to 25 years. Results reveal that the uniform corrosion and random
corrosion models have close outcomes. The value of relative reduction in the ultimate strength of ship hull girder (compared with
the intact condition) ranges roughly from 6% for the age of 5 years to 17% for the age of 25 years in the hogging mode. The
relative reduction in the ultimate strength ranges from 4% to 16% in the sagging mode. Pitting corrosion and tanker pattern
(random) corrosion models lead to higher relative reductions in ultimate strength. The pitting corrosion model leads to a 16%—
32% relative reduction in the ultimate strength for the ages of 5-25 years of the ship in either hogging or sagging. The tanker
pattern (random) corrosion model leads to a 6%—37% relative reduction in the ultimate strength in the hogging mode and 3%—
31% in the sagging mode at ship ages of 5 to 25 years.

Keywords Uniform corrosion - Random corrosion - Pitting corrosion - Tanker pattern corrosion - Progressive collapse analysis -
Vertical bending - Ultimate strength - Residual strength

1 Introduction

A ship hull girder is a thin-walled structure formed by plates and
stiffeners, which is mainly influenced by vertical bending as a
result of the action of various forces, including the ship’s own
weight, cargo weight, buoyancy, and wave loads. Typically, the
strength of a ship structure is evaluated and controlled in three
levels, namely, longitudinal strength, transverse strength, and
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local strength. Assessment of the longitudinal strength, or in
other words, the strength of the main hull girder, is the most
important part of strength calculations for ship structures to en-
sure their structural adequacy. When the applied longitudinal
(vertical) bending moment on the ship hull girder reaches or
exceeds its ultimate bending capacity, the ship is likely to col-
lapse in two halves following the occurrence of buckling or
yielding in its deck or bottom regions.

Different simplified methods have been developed to esti-
mate the ultimate strength of a ship hull girder. The first at-
tempt was made by Caldwell (1965). He first replaced any
stiffened panel within the cross section of the ship hull girder
with a plate panel that has an equivalent thickness and then
calculated the fully plastic bending moment of the cross sec-
tion, taking the buckling effects into account. For the buckling
part, the yielding stress was multiplied by a factor demonstrat-
ing strength reduction, a quantity that was not fully known at
that time. The so-called simplified Caldwell’s approach was
thereafter improved by other researchers such as Nishihara
(1983), Mansour et al. (1995), and Paik and Mansour (1995).
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Smith (1977) presented a progressive collapse analysis pro-
cedure to recognize buckling effects more precisely. In
Smith’s method, a ship’s cross section is divided into smaller
elements, including unstiffened and stiffened plates. Initially,
the average stress—average strain relationship is to be deter-
mined for any element within the ship’s cross section under
the in-plane load, with the effects of yielding and buckling
taken into consideration. Then, a progressive collapse analysis
is conducted, assuming that the cross-sectional plane remains
plane during bending and each element behaves according to
its average stress—average strain relationship. Progressive col-
lapse analysis using conventional finite element methods with
the nonlinear effects for both material and geometry taken into
account is possible. However, to achieve reliable results, high
computational and human efforts are needed. After Smith,
many researchers have attempted to derive new methods to
constitute the average stress—average strain relationship for
unstiffened/stiffened plate elements. Yao (1995, 2003) per-
formed a thorough review of research studies on the ultimate
strength assessment of ship hull girders, leading to some fu-
ture research directions.

The subject of strength capacity analysis of aged ships has
attracted the attention of researchers. Gordo et al. (1996) in-
vestigated the effects of four levels of corrosion on the ulti-
mate strength of the hull girder on the basis of simplified
method. Each level of corrosion reduced the thickness of
flange and plating by 0.5 mm and web thickness by 1.0 mm.
They found a 14% reduction in the ultimate bending moment
of a ship section with the corrosion level of 4.

Guedes Soares and Garbatov (1996) presented a time-
variant formulation to model the degrading effect of corrosion
on the reliability of ship hulls. The effect of corrosion was
represented as a time-dependent decrease in plate thickness
that affects the midship section modulus. One repair policy
was considered, and the example results showed the effect of
plate replacement when its thickness reached 75% of the orig-
inal thickness. The example results also illustrated how the
limit value of the thickness in the repair criteria influences
the reliability and the decision on repair actions.

Wirsching et al. (1977) assessed there liability of a ship hull
girder considering the effects of corrosion on the ultimate
strength of the vessel for 20 years of service life. In their work,
the section modulus of the vessel was treated as a random
process with a monotonically decreasing mean value. Also,
a linear relation between the ultimate strength bending mo-
ment and yielding bending moment was assumed. For an ex-
ample tanker, a maximum probability factor of failure 0.012
was obtained for a mean corrosion rate of 0.2 mm/year and
0.0053 for a mean corrosion rate of 0.1 mm/year.

Paik et al. (2003) used a set of time-dependent corrosion
wastage models for 23 different member locations/categories
of bulk carriers. They suggested the nominal design corrosion
values for the primary members on the basis of the annualized

corrosion rates. They also studied the effect of time-variant
corrosion wastage on the ultimate hull girder strength and
the section modulus. The criteria for repair and maintenance
of heavily corroded structural members to keep the ultimate
longitudinal strength at an acceptable level were discussed.

Vu Van and Yang (2017) studied the effect of corrosion on
a VLCC (very large crude oil carrier) hull in the sagging
bending with two levels of corrosion wastage and three coat-
ing lives by using the incremental—iterative method (Smith’s
method). On the basis of their calculations, about 33% reduc-
tion in the ultimate strength of the vessel in the case of severe
corrosion and age of 30 years was observed.

A formulation was presented by Guedes Soares and
Garbatov (1999) for the assessment of the reliability of a ship
hull with respect to the failure of the longitudinal members as
a result of fatigue and corrosion. Their model allowed for the
existence of multiple cracks and accounted for the crack
growth process. The midship section modulus was described
by a stochastic process. A new model was presented for the
effect of corrosion in the framework of a time-dependent pro-
cess with two stages. In the first one, no corrosion occurred
due to the existence of coating protection. Upon failure of the
protection system, the general corrosion was assumed to de-
crease plate thickness and affect the midship section modulus.
The inspection was modeled as a random process. One repair
policy was also considered in the example, which consisted of
plate replacement when its thickness reached 75% of the orig-
inal thickness. The time-dependent degrading effect of corro-
sion and crack growth was also modeled as a random process.
The reliability was predicted by a time-variant formulation.

Hu et al. (2004) proposed a methodology to assess the time-
variant ultimate strength of a ship hull girder under the degrada-
tions of corrosion and fatigue. First, an empirical formula based
on finite element analysis was provided to estimate the ultimate
strength of unstiffened and stiffened plates. Then, a nonlinear
corrosion damage based on Weibull distribution was considered
with an average rate of 0.061 mm/year. Finally, with the use of
the simplified method, the ultimate strength of a ship hull section
was determined. According to their results, the ultimate strength
bending moment reduced by 30% and 37.5 due to crack and
corrosion in the no-repair case for age of 25 years for hogging
and sagging bending modes, respectively.

The objective of this study is to investigate the effects of
different types of corrosion models on the ultimate strength
and collapse behavior of a floating production, storage, and
offloading (FPSO) vessel hull girder in both hogging and sag-
ging conditions. To perform the current investigation, the
computer code HULLST, which was originally developed
and validated by Nikolov and Yao 1991, Nikolov and Yao
1992) based on Smith’s method, is employed. The HULLST
computer code was extended by Yao et al. (2003) so that it
could be applied when assessing the ultimate strength of ship
hull girders considering local pressure loads.
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The procedure implemented into the HULLST computer
code for progressive collapse analysis of a hull girder can be
summarized as follows:

1) The cross section is subdivided into small elements com-
posed of plates and stiffened plates.

2) Their average stress—average strain relationships are de-
rived by the analytical method.

3) The curvature of the cross section in the vertical direction
is given incrementally, assuming that the plane cross sec-
tion remains plane and that bending takes place with re-
spect to the instantaneous neutral axes.

4) At a certain incremental step, the in-plane rigidity of the
elements is obtained using the slope of average stress—
average strain curve at each specified strain.

5) With the use of the in-plane rigidities of individual ele-
ments, locations of the instantaneous neutral axes are de-
termined, and the flexural rigidities of the cross section
are calculated.

6) Increments of bending moment corresponding to the ap-
plied increments of curvature are then obtained. At the
same time, the increments of strains and stresses in indi-
vidual elements are calculated.

7) At the end of each step, increments of curvatures and
bending moments are summed, as well as those of strains
and stresses to provide their cumulative values.

8) The same procedure is repeated from step (3).

With the use of the results of Khedmati et al. (2011) and Nouri
et al. (2012), the HULLST computer code is further enabled to
consider the effects of various types of corrosion (uniform, ran-
dom, pitting, and tanker pattern) when investigating the ultimate
strength of ship hull girders. The procedure to obtain analytically
the average stress—average strain relationships for uncorroded/
corroded steel plates under uniaxial compression is fully demon-
strated by Khedmati and Nouri (2015).

2 Ship Chosen for the Case Study
2.1 Main Dimensions and Structural Scantlings

A double-hull FPSO vessel is selected to investigate the ef-
fects of corrosion on the ultimate strength of the ship hull
girder. The FPSO vessel under consideration has an approxi-
mate length of 300 m, a breadth of 58.5 m, and a height of
32 m. The design draught is 23.5 m, the ballast draught is 8§ m,
and the distance between the main frames is 5 m. The full
specifications of the midship section, including structural
scantlings of the plates and stiffeners, together with the type/
grade of materials can be observed in Figure 1.

The plates and stiffeners of the deck and bottom regions are
made of high-tensile-strength steel of grade AH with the yield

@ Springer

strength of 315 MPa. Fracture-sensitive regions such as the
bilge keel corners are made of high-tensile-strength steel of
grade DH with the yield strength of 315 MPa. Also, the plates
and stiffeners of the side shells and the longitudinal bulkheads,
other than the deck and bottom corners, are made of ordinary-
strength steel of grade B with the yield strength of 235 MPa. In
the places where the side shells are connected to the deck and
the bottom, high-tensile-strength steel of grade AH is used.

Geometrical dimensions and steel grades of the longitudi-
nal stiffeners in the midship section of the FPSO vessel are
summarized in Table 1.

2.2 Discretization of the Midship Section

To employ the HULLST computer code, the midship section
(or any other section under consideration) needs to be
discretized into individual elements, which mostly consist of
unstiffened/stiffened plate elements. In the case of the FPSO
vessel adopted for the analyses herein, a total of 203 elements
are recognized as depicted in Figure 2.

Unstiffened/stiffened plate elements are accompanied with
different components of initial geometrical deflections, as
shown in Figure 3; this is while the effects of residual stresses
are ignored in this study.

The initial deflection of the plate part in Figure 3a is in a so-
called idealized thin-horse mode (Yao et al. 1992) as de-
scribed by Eq. (1)

u TIX . TC
Wy = Z Ao,,,lsinm—sin—y (1)
m=1 a b

where a is the length of the plate, b the breadth of the plate,
and m is the number of longitudinal half-waves in the plate.

The coefficients of this mode (Ay,,;) are given in Table 2
(Yao et al. 1992) as functions of the plate aspect ratio and its
slenderness. The coefficients are scaled that the maximum
magnitude of initial deflection, wy max, 1S

Womax = 0.053%¢ (2)
where ¢ is the uncorroded thickness of the plate.
The slenderness parameter is defined as

b Oy

The initial deflection for the stiffener is expressed by Eq.
(4) and represented by Figure 3b

wyo = (0.0025 x a)sin (%) (4)

The initial angular distortion of the stiffener is taken as
(Figure 3c)
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Figure 1 Scantling of the midship section of the FPSO vessel

ol = (0.0025 x a)sin (%)

where A, is the height of the stiffener web.

3 Corrosion Conditions Considered
for the Progressive Collapse Analyses

The effects of different types of corrosion covering uniform
corrosion, random corrosion, pitting corrosion, and tanker

29200 OFF C.L.

pattern (random) corrosion with a lifetime of 5, 10, 15, 20,

and 25 years on the ultimate strength of the studied ship were
investigated using expanded HULLST software in both hog-
ging and sagging conditions. The procedure for calculating
the equivalent corrosion depth considering no repair is de-
scribed in the following for each of the corrosion conditions.

3.1 First Condition: Uniform Corrosion

In this condition, the equivalent corrosion depth is calculated
using the corrosion relationship proposed by Melchers et al.

@ Springer
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Table 1  Geometrical dimensions and steel grades of the longitudinal stiffeners in the midship section of the FPSO vessel (unit: mm)

No. Web &, x t,, Flange byx t, Type Steel grade No. Web &, x t,, Flange bsx t, Type Steel grade
1 1240 x 17.0 175 %25 Tee B 20 500 x 12.0 150 x 20 Tee B

2 1340 x 17.0 175 %25 Tee B 21 525x12.0 150 x 20 Tee B

3 1345 x 15.0 175 %25 Tee B 22 525x12.0 150 x 15 Tee B
4 1420 x 16.5 175 %25 Tee AH 23 550 % 12.0 150 x 20 Tee B

5 1420 x 17.0 175 %25 Tee B 24 550 % 12.0 175 %20 Tee B

6 1550 x 21.0 175 %25 Tee B 25 575x12.0 150 x 20 Tee B

7 1600 x 17.0 175 %25 Tee AH 26 575x12.0 175 %20 Tee B

8 350 x 12.0 150 x 15 Tee AH 27 600 x 12.0 175 %20 Tee B

9 350 x 12.0 150 x 20 Tee AH 28 600 x 12.0 175 %25 Tee B
10 375x12.0 150 x 15 Tee AH 29 600 x 12.0 175 %20 Tee AH
11 375x15.0 15015 Tee AH 30 600 x 15.0 200 % 15 Tee AH
12 400 % 12.0 15015 Tee B 31 650x12.5 175 %25 Tee B
13 400 x 15.5 150 x 20 Tee AH 32 675x13.0 175 %25 Tee AH
14 400 x 22.0 150 x 22 Tee AH 33 675x%13.0 175 %25 Tee B
15 400 x 25.0 150 x 21 Tee AH 34 700 x 13.5 175 %25 Tee AH
16 425x12.0 150 x 15 Tee B 35 725 % 14.0 175 %25 Tee B
17 450 x 12.0 150 x 15 Tee B 36 725 % 14.0 175 %25 Tee AH
18 475x12.0 150 x 15 Tee B 37 800 x 15.5 150 x 20 Tee AH
19 500 x 12.0 150 x 15 Tee B

Notes: 4, is the height of the stiffener web, #, is the thickness of the stiffener web, b,is the breadth of the stiffener flange, and #is the thickness of the
stiffener flange

(2010) for the studied midship section considering the ages 5, 1= 0.201; for £;<1.3 [year]

10, 15, 20, and 25 years. The corrosion equation developed by P - (6)
» 192U, : : pw=0.13+0.10; for# > 1.3 [year]

Melchers et al. is as follows:

he
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Figure 2 Element numbers of the midship section of the FPSO vessel
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Figure 3 Different components of initial geometrical imperfections. (a) Initial deflection of the plate, (b) initial deflection of the stiffener and (c) initial

angular distortion of the stiffener

1 where and ¢; are the average depth of corrosion and age in a
year, respectively.

3.2 Second Condition: Random Corrosion

Khedmati et al. (2011) performed a series of nonlinear elastic—
plastic finite element analyses on the plates in different con-
ditions of uncorroded, uniformly corroded, and randomly cor-
roded. The plates were subjected to in-plane compression
load. Full-range average stress—average strain relationships
of the plates were derived considering the changes in plate
aspect ratio, plate slenderness or thickness, mean corrosion
depth, and standard deviation of random thickness variation.
The aspect ratio, thickness, and random corrosion parameters
have different effects on the strength characteristics of the
corroded plate. Random corrosion has weakening effects on
the buckling and ultimate strengths of the plate, while uniform
corrosion leads to an intermediate condition for the plate with
different probable random thickness variations.

To investigate the strength characteristics of the randomly
corroded plate under longitudinal in-plane compression, with-
out any modeling of the random thickness variations, the

following simple equation was derived to reach an equivalent
thickness assuming a standard deviation of 0.2 mm:

HRandom = M + S (7)

where S is the standard deviation.

The equivalent corrosion depth for the second condition, or
the so-called random corrosion, is determined using a combi-
nation of Egs. (6) and (7) for the midship section under study
at different ages of 5, 10, 15, 20, and 25 years

=020t +S
=013 +0.10 + S

for £;<1.3 [year] (8)
for ¢; > 1.3 [year]

3.3 Third Condition: Pitting Corrosion

A series of validated nonlinear elastic—plastic finite element
analyses on the plates in different uncorroded and pitted con-
ditions, subjected to in-plane compression load, was later con-
ducted by Nouri et al. (2012). Full-range average stress—
average strain relationships of the plates were derived consid-
ering the changes in plate aspect ratio, plate slenderness or

Table 2 Coefficients of thin-horse mode initial deflection as a function of plate aspect ratio (Yao et al. 1992)

a/b Ao/t A/t Aot Aot Agst Aoe/t Ao/t Aot Agolt Aoio/t Ao/t

1<4< V2 11158 —0.0276  0.1377 0.0025 —00123 —0.0009 —0.0043 0.0008  0.0039 —0.0002 —0.0011
V2<i< 6 11421 —0.0457 02284 0.0065 00326 —00022 —0.0109 0001  —0.0049 —00005  0.0027
V6<t< /12 11458  —00616 03079 00229  0.146 —0.0065 00327  0.000 0000  —0.0015 —0.0074
V<4< v/20 11439 00677 03385 00316 0579 —00149 00743 00059 00293 00012  0.0062
V20<4< /30 11271 00697 03483 00375 0787 —00199 00995 00107 00537 -0.0051  0.0256
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thickness, density of cone-type pitting, pit diameter, and ratio
of pit diameter to the depth of the pits.

To assess the strength characteristics of the one-side pitted
plate under longitudinal in-plane compression without any
modeling of the pitting, they developed a practical proposal
to calculate the effective thickness of the plate. This was
achieved through replacement of the pitted plates with their
equivalent uncorroded plates, considering two conditions to
be fulfilled. The first condition was that the ultimate strength
of the pitted plate equals that of the uncorroded plate. The
second condition was that the final residual strength of the
pitted plate equals that of the uncorroded plate.

The equivalent thickness formulation proposed by Nouri
et al. (2012) in the case of one-side pitting corrosion has the
following form:

Kpiting = 1.511+ 1.68 (9)

The equivalent corrosion depth for the third condition in
this study, or the so-called pitting corrosion, is determined
using a combination of Egs. (6) and (9) for the midship section
under study at different ages of 5, 10, 15, 20, and 25 years

for £;<1.3 [year]
for # > 1.3 [year]

(10)

= 1.51x (0.20¢) + 1.68
p=1.51x (0.13 +0.105) + 1.68

3.4 Fourth Condition: Tanker Pattern (Random)
Corrosion

Corrosion in a ship hull structure is related to a variety of
factors, including temperature, travel direction, and loading
condition. On the basis of the study by Zayed et al. (2018),
the tanker structure can be divided into different regions ac-
cording to their differences in loading conditions (Figure 4).
Region A in both fully loaded and ballast conditions is under
the influence of air from both sides. Region B is in the ballast
condition under the influence of air from both sides and is
submerged from both sides in the fully loaded condition.
Region C in the fully loaded condition from both sides is
submerged, but its internal surface is in contact with the air
and the external surface is in contact with sea water in the
ballast condition. Region D is considered submerged from
both sides in both fully loaded and ballast conditions.

Zayed et al. (2018) and Guedes Soares et al. (2008) inves-
tigated the corrosion behavior of steel tankers on the basis of a
new nonlinear standardized corrosion model considering the
effects of various environmental factors, which is described in
the form of

dn(t) = {dw[l-exp(-(ti—Tc)/Tt)] for t; > 7. (1)

0 for ;<.

@ Springer

Figure 4 Division of FPSO vessel structure on the basis of corrosion
behavior (Zayed et al. 2018)

where d,, is the depth of corrosion (function of time), d., is the
long-term depth of corrosion, 7, is the coating life in a year,
and T is the transition time in a year.

The methodology behind the above-described model is that
the corroded thickness of each particular region is seen in the
short term in an effective time interval, and finally, a long-
term corrosion model is obtained with the accumulation of
their corroded thicknesses.

Figure 5 demonstrates the corrosion behavior in different
regions of the FPSO vessel under consideration on the basis of
the so-called tanker pattern corrosion model (Zayed et al.
2018; Guedes Soares et al. 2008). The coating life in this case
is taken as 4 years.

In summary, in the fourth condition corresponding to the
case of tanker pattern (random) corrosion, the results of stud-
ies of Zayed et al. (2018) and Guedes Soares et al. (2008) are
combined with Eq. (7) proposed by Khedmati et al. (2011).
Accordingly, the corrosion depth is calculated for the ages of
5, 10, 15, 20, and 25 years of the ship under assessment,
assuming a so-called tanker pattern (random) corrosion
behavior.

or
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Figure 5 Corrosion behavior in different regions of the FPSO vessel on
the basis of the tanker pattern corrosion model
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4 Results and Discussions
4.1 Case of Intact FPSO Vessel

Progressive collapse analysis is conducted on the intact FPSO
vessel hull girder in both hogging and sagging conditions
using the modified version of HULLST computer code.
Changes in the vertical bending moment and the height of
the neutral axis as functions of vertical curvature are shown
in Figure 6. Figure 7 presents the stress distributions at differ-
ent stages of progressive collapse analysis. Notably, the trian-
gle (A) and circle (o) symbols placed on some elements within
the stress plots in Figure 7 indicate the onset of yielding and
occurrence of buckling, respectively, in that element. The re-
sults of progressive collapse analysis of the intact FPSO vessel
hull girder are summarized in Table 3.

In Figure 6, e is the height of the neutral axis, D is the
height of the ship, My is the resultant bending moment acting
on the cross section, and M,y is the initial yielding bending
moment of the intact cross section

Points C and H on the curves of vertical bending moment—
vertical curvature (or simply speaking, the moment—curvature
curves) shown in Figure 6 correspond to the ultimate strength
levels at hogging and sagging conditions, respectively. On the
one hand, the moment—curvature curves generally have an
ascending trend until the ultimate strength level, while they
follow a descending trend in the post-ultimate-strength re-
gions. On the other hand, after the ship attains its ultimate
strength, the height of the neutral axis (measured from the ship
bottom) increases in case of the hogging condition and de-
creases in case of the sagging condition (Figure 6).
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Figure 6 Changes in vertical bending moment and height of neutral axis
as functions of vertical curvature (intact FPSO vessel hull girder)

A decrease in the bending capacity of the ship cross section
and a change in the height of its neutral axis should be
interpreted in conjunction with the stress distributions extract-
ed and shown in Figure 7. Smith’s method adopted in the
HULLST computer code is inherently a curvature-controlled
procedure.

An incremental growth of the curvature of FPSO vessel
hull girder in the hogging/sagging conditions leads to the in-
crease in the tensile stress for deck/bottom elements and the
compressive stress for bottom/deck elements, respectively. In
turn, excessive tensile/compressive stresses in the hogging/
sagging conditions may finally result in yielding of the deck/
bottom members and buckling of the bottom/deck members,
respectively. With the progressive buckling of the bottom/
deck members in the hogging/sagging conditions and the re-
duction of their in-plane stiffness (reflected in the form of
negative slopes of the member’s average stress—average strain
curve), the neutral axis of the ship cross section moves up-
wards/downwards, respectively.

Figure 7 shows that for the hogging mode, in step A, no
(buckling/yielding) failure is observed in the cross-sectional
members. Instep B, some of the deck members that have the
biggest distance to the neutral axis fail. In step C, which cor-
responds to the ultimate strength level, the failure pattern of
cross-sectional members does not change considerably.
However, according to the behavioral curves of the contribut-
ing members, the maximum bending capacity is attained. In
steps D and E, following the ultimate strength level, all the
deck members and some of the members in both side shells
and longitudinal bulkheads fail under tension. Furthermore,
buckling failure is propagated in a number of members in
the bottom, side shells, and longitudinal bulkheads. A cumu-
lative consequence of extensive buckling/yielding failures in
the ship cross section appears in the form of a sharp drop in its
bending capacity in the post-ultimate-strength region of the
moment—curvature curve indicated in Figure 6.

Different steps of progressive collapse analysis of the ship
cross section for the sagging mode are also depicted in
Figure 7. As can be confirmed, in step F, no failure takes
place. In step G, the first trace of the failures appears in the
form of buckling in a number of inner side shell members
located near the deck owing to the relatively lower grade of
the material. The ship cross section reaches its maximum
strength in step H when the deck members are fully buckled.
In steps I and J, failures further develop, thereby expanding
the buckling in some members of the side shells and longitu-
dinal bulkheads. In addition, yielding in the remaining mem-
bers of bottom, side shells, and longitudinal bulkheads is ob-
served. As a result, the strength of the ship cross section is
significantly reduced according to the trends revealed in the
moment—curvature curves shown in Figure 6.

Table 3 categorizes the values of bending moments and
curvatures of the ship cross section corresponding to different
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Figure 7 Stress distributions at
different stages of progressive
collapse analysis (intact FPSO
vessel hull girder)
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My (N*m) = 3.4516E+13, x;y [ 1/m] = 0.00047686,  is the curvature

Table 3  Results of progressive collapse analysis of intact FPSO vessel hull girder
Point My (Nem) K (1/m) e/D My/IMy KKy Description
Hogging condition
A 1.30E+13 0.000180 0.4985 0.3772 0.3775 Before initial collapse
B 326E+13 0.000452 0.4991 0.9457 0.9475 Initial collapse
C 3.48E+13 0.000535 0.4944 1.0085 1.1213 Ultimate strength
D 3.09E+13 0.001120 0.6100 0.8964 2.3487 After ultimate strength
E 2.62E+13 0.002475 0.7305 0.7594 5.1902 Final plotted point
Sagging condition
F —1.30E+13 —0.000180 0.4984 0.3772 0.3775 Before initial collapse
G —1.85E+13 —0.000257 0.4982 0.5371 0.5379 Initial collapse
H —3.16E+13 —0.000463 0.4809 0.9161 0.9718 Ultimate strength
I —2.69E +13 —0.000899 0.3169 0.7779 1.8844 After ultimate strength
J —2.01E+13 —0.002248 0.1867 0.5826 47142 Final plotted point

My [N.m] = 3.4516E + 13, #;y [1/m] = 0.00047686
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steps shown in Figure 6. Values of the initial yielding bending

moment (M;y) related to the state of initial yielding of the ship

cross-sectional members, which were determined based on the
simple beam theory, and their corresponding curvature (x;y)
are presented in Table 3. As can be understood, the ultimate
bending strength of the intact FPSO vessel hull girder in the
hogging condition is greater than that in the sagging condition.
The normalized ultimate bending moment is 1.00 in the hog-
ging condition and 0.91 in the sagging condition.

Figure 8 Changes in vertical
bending moment as a function of
vertical curvature at different ages
(corroded FPSO vessel hull
girder)
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4.2 Case of Corroded FPSO Vessel

The summary of the outcomes related to the progressive col-
lapse analysis of the FPSO vessel hull girder with the assump-
tion of different corrosion conditions for the lifetimes of 5, 10,
15, 20, and 25 years is presented in this section.
Moment—curvature curves are summarized in Figure 8 for
the corroded FPSO vessel hull girder in different corrosion
conditions. The ultimate strength of the FPSO vessel hull
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girder is reduced with the increase in age. The reduction is
relatively slight for both uniform corrosion and random cor-
rosion (with a standard deviation of 0.2 mm) conditions, while
it is significant in cases of pitting corrosion and tanker pattern
(random) corrosion.

Figures 9, 10, 11, and 12 show a collection of the cross-
sectional stress distributions at the ultimate strength level for
different ages of the FPSO vessel hull girder suffering from the
presumed corrosion conditions. In general, the ultimate strength
amounts are close to each other in two cases of uniform corro-
sion and random corrosion due to the low difference in the
corrosion depths. The composition of failure of the members
in the ultimate strength step is completely changed because of
earlier buckling of the members in the pitting corrosion condi-
tion. The situation for the failure of the members is even worse

than in the other conditions, such as in the tanker pattern cor-
rosion condition, because of the high rate of corrosion in the
bottom members considering the environmental factors.
According to Figure 9, for the case of uniform corrosion in
the hogging condition, the ultimate strength level failure pat-
tern of the cross section at the age of 10 years is more expand-
ed than that at the age of 5 years, while the ultimate strength
level failure patterns of the cross section are similar at the ages
of 10, 15, 20, and 25 years. When the FPSO vessel hull girder
bends in a sagging way, for all the analyzed ages (e.g., 5, 10,
15, 20, and 25 years), the cross-sectional members fail at the
ultimate strength level with almost the same pattern. At the
ultimate strength step of the hogging mode, the members of
the deck yielded and the members of the bottom buckled, but
in the ultimate strength step of the sagging mode, only the
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members of the deck buckled and no yielding happened in the
bottom. This condition could reflect the inappropriate design
of the deck members and the reason for the lower ultimate
bending strength of the sagging condition in comparison with
that of the hogging condition.

The results in Figure 10 for the random corrosion condition
reveal that the failure pattern of the cross-sectional members at
the ultimate strength step for various ages of 5, 10, 15, 20, and
25 years is almost unchanged for both hogging and sagging
modes of bending. However, in the sagging condition, only
buckling damage of the deck members is observed.

As shown in Figure 11 for the pitting corrosion condition,
the failure pattern of the cross-sectional members at the ulti-
mate strength level is not constant in the hogging mode; thus,
the number of yielded deck members decreased at ages 10, 15,

20, and 25 years in comparison with that at 5 years of age.
Moreover, the combination of buckling failure for the mem-
bers of the bottom does not change considerably. In the sag-
ging mode, similar to the conditions of uniform corrosion and
random corrosion, only buckling occurs for the deck members
in a way that the number of buckled members is partially
reduced at the older ages.

Stress distributions that correspond to the tanker pattern
corrosion condition at the ultimate strength step are shown
in Figure 12. In the case of hogging, the number of failed deck
members decreases with increase in the age of the vessel, so
that yielding is not seen any more at the age of 25 years.
Buckling is observed at all ages for the members of the bottom
and some members of side shells and longitudinal bulkheads.
In the sagging mode, similar to the conditions of uniform,
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random, and pitting corrosion, only buckling of deck mem-
bers takes place and no significant change occurs in the pattern
of failure of the members at older ages.

The results of the progressive collapse analysis for the
corroded FPSO vessel hull girder are summarized in
Tables 4, 5, 6, and 7. The value of residual strength factor
(RF) is calculated in those tables using the following
equation:

M ultimate
M design

RF = (12)
where Mjimate 18 the ultimate bending moment of the
section (also called My,ax) and Mesign is the design bend-
ing moment.

On the basis of the RU-SHIP standard (DNVGL 2011) and
also Sun and Bai (2000), the following calculations are made:

* The still-water bending moment is

Mo — —0.065C,L*B(Cp +0.7)  for sagging
w = i ! (13)
CwL"B(—0.15Cg + 0.1225) for hogging

* The wave bending moment is

for sagging

_ 2
M, = 0.11CwL°B(Cg + 0.7) i (14)
for hogging

0.19C,L*B(Cg)

where L is the length of the ship, B is the breadth of the ship,
Cjy is the block coefficient of the ship, and
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* The design bending moment is finally obtained as

Mdesign:Msw + M, (16)

The values of the design bending moments for the studied
FPSO vessel are determined as follows:

—15326 MN for sagging

M gesign = { +15329 MN for hogging (7

According to the summarized results of the uniform
corrosion condition (Table 4), compared with the intact
condition, the ultimate strength at the age of 25 years is
reduced by 16.2% and 14.96% for the hogging mode and
the sagging mode, respectively. The minimum value of RF
in the hogging mode is 1.90 for 25 years of age; for the
intact case, this factor is 2.27 at that age. The correspond-
ing values of this factor are 1.75 and 2.06, respectively, for
the sagging mode.

Table 5 summarizes the results for the second condition of
corrosion. In the random corrosion condition with a standard
deviation of 0.2 mm, a slight difference in ultimate strength
values is observed from those in the uniform corrosion condi-
tion. At the age of 25 years, the ultimate strength reduction
was about 1.54% compared with the uniform corrosion
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Table 4 Summary of results of progressive collapse analysis of FPSO vessel hull girder and values of residual strength factor in case of uniform

corrosion

Uniform corrosion—hogging condition

__jintact
M itimae =M,

f design
Mutimate=M g o M imae =M,

Age Thickness reduction M, (Nem) W“""“‘e x 100 R rokimate. 5¢ 100 e X 100 RF Kmax (1/m)
(year) t. (mm) ultimate ulimate ulimate

0.00 3.48E+10 0.00% 0.00% 127.09% 227 S535E-04
5 0.63 3.30E+10 —5.34% 0.00% 114.95% 215 S555E-04
10 1.13 3.20E+10 —8.10% 0.00% 108.69% 2.09 5.55E-04
15 1.63 3.10E+10 —10.83% 0.00% 102.49% 202 5.51E-04
20 2.13 3.01IE+10 —13.47% 0.00% 96.49% 1.96 S540E-04
25 2.63 2.92E+10 -16.20% 0.00% 90.29% 1.90 532E-04
Uniform corrosion—sagging condition

0.00 —-3.16E+10  0.00% 0.00% 106.31% 206 —4.63E—04
5 0.63 -3.06E+10 —3.13% 0.00% 99.85% 200 —4.55E-04
10 1.13 —297E+10 -6.07% 0.00% 93.79% 194 —447E-04
15 1.63 —287E+10 -9.11% 0.00% 87.52% 1.88 —4.44E-04
20 2.13 —278E+10 —12.14% 0.00% 81.26% 1.81 —438E-04
25 2.63 —2.69E+10 —14.96% 0.00% 75.45% 1.75 —438E-04

condition and 17.49% compared with the intact condition.
Those in the sagging mode are 1.64% and 16.35%, respec-
tively. The minimum values of RF are 1.87 and 1.73 for the
hogging mode and the sagging mode, respectively, both at the
age of 25 years.

Table 6 lists the results for the third case of corrosion. In the
pitting corrosion condition, the ultimate strength reduction

Table 5
corrosion

rate is much more severe than that in the uniform corrosion
condition, so that for a 25-year-old ship, an ultimate strength
reduction of about 20% is observed relative to the uniform
corrosion condition and about 32% relative to the intact con-
dition in both hogging and sagging modes. The minimum
acquired RF is 1.54 for the hogging mode and 1.40 for the
sagging mode.

Summary of results of progressive collapse analysis of FPSO vessel hull girder and values of residual strength factor in case of random

Random corrosion—hogging condition

Age Thickness reduction M, (Nem) Mi"'";;'f"?f siimse 5 100 Mi”""““'f;ﬁ;ﬁl“‘t’i"m x 100 Mi““"‘“";;,ﬁf e x 100 RF Kmax (1/m)
(year) fer (Mm) e e uimae

0.00 348E+10 0.00% 0.00% 127.09% 227 5.35E-04

0.83 3.24E+10 —6.87% -1.61% 111.49% 2.11 5.50E—04
10 1.33 3.15E+10 —9.65% —1.69% 105.17% 2.05 5.35E—-04
15 1.83 3.07E+ 10 —11.86% —-1.16% 100.14% 2.00 5.34E-04
20 233 297E+10  —14.68% ~139% 93.75% 194  525E—04
25 2.83 287E+10 - 17.49% ~1.54% 87.36% 187  S531E-04
Random corrosion—sagging condition

0.00 —3.16E+ 10 0.00% 0.00% 106.31% 206 —4.63E—04
5 0.83 —3.03E+10 —430% -1.21% 97.44% 1.97 —448E—-04
10 1.33 —293E+10 —727% —-1.28% 91.31% 1.91 —445E-04
15 1.83 —284E+10 —10.28% —-1.29% 85.11% 1.85 -441E-04
20 2.33 —275E+10 —13.19% —-1.19% 79.11% 1.79 —438E-04
25 2.83 —265E+10 —1635% —1.64% 72.58% 1.73 —436E—-04
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Table 6 Summary of results of progressive collapse analysis of FPSO vessel hull girder and values of residual strength factor in case of pitting

corrosion

Pitting corrosion—hogging condition

. _pintact
M utimae—M,

Age Thickness reduction My, (Nem) o M 100 Mo MR 100 M MBS L 100 R e (1)
(vea) e (mm) s s

0.00 348E+10 0.00% 0.00% 127.09% 227  535E-04
5 2.63 292E+10 —16.20% —-11.47% 90.29% 190 532E-04
10 3.39 2.76E+10 —20.63% —13.63% 80.25% 1.80 5.34E-04
15 4.14 2.62E+10 —24.71% —15.56% 70.98% 1.71 5.02E—-04
20 4.90 2.50E+10 —28.33% - 17.16% 62.76% 1.63  5.07E—04
25 5.65 235E+10 —32.38% -19.30% 53.57% 1.54 498E-04
Pitting corrosion—sagging condition

0.00 —3.16E+10  0.00% 0.00% 106.31% 206 —4.63E-04
5 2.63 —269E+10 —14.99% —12.24% 75.39% 1.75 —438E-04
10 3.39 —254E+10 —19.58% —14.38% 65.93% 1.66 —432E-04
15 4.14 —240E+10 —24.04% —16.42% 56.73% 1.57 —432E-04
20 4.90 —-227E+10 —28.12% —18.18% 48.31% 148 —429E-04
25 5.65 —-2.14E+10 —3238% —20.49% 39.50% 139 —425E-04

A summary of the results obtained for corrosion in the
fourth condition (random corrosion with tanker pattern) is
presented in Table 7. At the age of 25 years, the reduction in
ultimate strength in the case of hogging is about 25% com-
pared with the uniform corrosion condition and 37% com-
pared with the intact condition. These values are 19% and

Table 7
(random) corrosion

31%, respectively, for the sagging case. The minimum RF in
both cases of hogging and sagging is 1.43.

Figures 13 and 14 present the values of the ultimate
strength obtained from 52 progressive collapse analyses for
different corrosion conditions, including uniform corrosion,
random corrosion, pitting corrosion, and tanker pattern

Summary of results of progressive collapse analysis of FPSO vessel hull girder and values of residual strength factor in case of tanker pattern

Tanker pattern (random) corrosion-hogging condition

Age Thickness reduction M, (N*m) % x 100 % x 100 %W x 100  RF Fomax (1/m)
(year) ter (mm) ulimate ulimate ulimate

Variant 348E+10 0.00% 0.00% 127.09% 227 535E-04

326E+10 —6.26% -0.97% 112.86% 213  546E-04

10 2.76E + 10 —20.86% —13.88% 79.72% 1.80  5.26E-04
15 243E+10 -30.22% -21.75% 58.46% 1.58 5.44E-04
20 228E+10 —34.53% —24.34% 48.67% 149 527E-04
25 220E+10 —36.89% —24.68% 43.32% 143  535E-04
Tanker pattern (random) corrosion—sagging condition

Variant —-3.16E+10  0.00% 0.00% 106.31% 206 —4.63E-04
5 -3.07E+10 —-291% 0.23% 100.31% 200 —453E-04
10 —2.66E+10 —15.84% —10.40% 73.62% 1.74 —448E-04
15 —239E+10 —24.45% —16.88% 55.88% 1.56 —449E-04
20 —228E+10 —28.02% —18.07% 48.50% 149 —452E-04
25 —2.19E+10 —30.87% -18.71% 42.63% 143 —446E-04
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Figure 13 Changes in ultimate strength as a function of age (hogging
condition)

corrosion. These figures show that the values of ultimate
strength in two cases of uniform corrosion and random corro-
sion (with a standard deviation of 0.2 mm) are similar to each
other, and their differences in hogging and sagging modes are
almost constant. The behaviors are different in the pitting cor-
rosion and tanker pattern corrosion conditions. The reduction
of the ultimate strength bending moment is more pronounced
in both hogging and sagging modes for the pitting corrosion
and tanker pattern corrosion conditions. In the hogging ode,
for the age of less than 10 years, the ultimate strength of the
pitting corrosion condition is lower than that of the tanker
pattern corrosion. After 10 years to 25 years of life, the tanker
pattern corrosion produces a lower ultimate strength than the
pitting corrosion condition. This phenomenon occurred due to
the high rate of corrosion in the ship bottom in the tanker
pattern corrosion. In the sagging mode, for less than 15 years
of life, the pitting corrosion condition gives a lower ultimate
strength than the tanker pattern corrosion. After 15 years of
life up to 25 years, the two corrosion conditions have an al-
most similar ultimate strength.

Figures 15 and 16 present the changes in RF versus age for
the conditions of uniform corrosion, random corrosion, pitting
corrosion, and tanker pattern corrosion in both hogging and

-2.001
-2.201
—_ -2.40r
£
Z -2.60f
= -2.80}
Uniform corrosion-Hog
-3.00+ ;
-=- Random corrosion-Ilog
-320% + Pitting corrosion-Hog
3.40 -« Tanker pattern corrosion-Hog
"0 5 10 15 20 25 30
Age (Yr)

Figure 14 Changes in ultimate strength as a function of age (sagging
condition)
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Figure 15 Changes in residual strength factor as a function of age
(hogging condition)

sagging modes of bending. The vessels are normally designed
for 25 years of life, and values of RF less than 1.50 are not
allowed (Amdahl and Skallerud 2002; Paik and Thayamballi
2003). The tanker pattern corrosion condition and, with some
degree of caution, the pitting corrosion lead to RFs less than
the permissible level when the age of the vessel is 20 years and
above.

Nouri (2011) provides thorough insights into the analyses
performed and reported herein.

5 Conclusions

Some simplified approximations developed by the authors in
their previous research outputs were implemented into the
computer program HULLST, an in-home computer code writ-
ten to perform progressive collapse analysis of ship hull
girders. The code is now further enabled to assess the analyses
under longitudinal bending considering different types of cor-
rosion in ship cross-sectional structural members. The average
stress—average strain relationships for unstiffened/stiffened
plate elements subjected to in-plane tensile/compressive loads

257
1.5 —
=
- Uniform corrosion-Hog
1.0} -= Random corrosion-Hog
-+ Pitting corrosion-Hog
0571 -« Tanker pattern corrosion-Hog
Minimum allowable RF

0 5 10 15 20 25 30
Age (Yr)

Figure 16 Changes in residual strength factor as a function of age
(sagging condition)
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are derived in an analytical manner by employing the authors’
simplified approximations.

The modified HULLST code is applied to the progressive
collapse analysis of an FPSO vessel hull girder. Forty-two
analyses were performed on the FPSO vessel hull girder con-
sidering different corrosion scenarios, including uniform cor-
rosion, random corrosion, pitting corrosion, and tanker pattern
corrosion. The analyses were conducted on the bending of the
ship hull girder in both hogging and sagging conditions. The
following outcomes can be drawn:

* The responses in vertical bending are almost the same for
the cases of uniform corrosion and random corrosion (with
a standard deviation of 0.2 mm) in either hogging or sag-
ging conditions. A monotonic decrease in the ultimate
strength of the ship hull girder is observed as the age of
the ship increases.

* Both uniform corrosion and random corrosion models
have close outcomes. The value of relative reduction in
the ultimate strength of the ship hull girder (compared
with the intact condition) ranges roughly from 6% for
the age of 5 years to 17% for the age of 25 years in the
hogging mode. The relative reduction in the ultimate
strength ranges from 4% to 16% in the sagging mode.

* The pitting corrosion and tanker pattern (random) cor-
rosion models lead to higher relative reductions in
ultimate strength. The pitting corrosion model leads
to a 16%-32% relative reduction in the ultimate
strength for ship ages of 5-25 years in either hogging
or sagging mode. The relative reduction of the ulti-
mate strength ranges within 6%—-37% in the hogging
mode and 3%-31% in the sagging mode when the
tanker pattern (random) corrosion model is employed
at ship ages of 5 to 25 years.

* The tanker pattern random (corrosion) condition (or mod-
el), which divides the tanker structure into different re-
gions according to their differences in loading conditions,
is believed to reflect the most realistic condition for the
corrosion in similar ship structures to the FPSO vessels.

* Atship ages below 5 years, simpler uniform corrosion and
random corrosion models lead to ultimate strength values
that are similar to those obtained for the tanker pattern
random corrosion model.

* The ultimate strength values for the pitting corrosion
model approach those obtained for the tanker pattern
random corrosion model for ship ages above
10 years.

*  When the ship ages are between 5 and 10 years, the tanker
pattern random corrosion model has a unique effect on the
ultimate strength value, where it cannot be exactly simu-
lated by the other three corrosion models.

*  Further research is proposed to study the corrosion phe-
nomena and their influences on the ultimate strength

behavior of vessels, especially those aged above 20 years,
considering planned repairs.
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