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Abstract
A ship’s hull inherently contains initial imperfections that develop pitting corrosion over time, particularly in steel vessels. These factors 
directly affect and reduce the ultimate strength capacity of the ship. This study investigates the combined effects of these damage factors on the 
hull girder ultimate strength of double-hull oil tankers. In addition, the study investigates the residual ultimate bending strength of double-hull 
oil tankers under hogging and sagging conditions through a stress distribution method incorporating several modifications. Using the selected 
method, different levels of initial imperfections (including slight, average, and severe levels), and corrosion volume losses (ranging from 0% to 
30%) are considered to represent the damage scenario. The analysis shows that the effect of initial imperfections on the residual ultimate 
bending strength under extreme load was negligible (approximately 8.5% at the severe level); however, when interacting with the pitting 
corrosion, significant reductions of up to 37.17% and 38.50% were observed in the average cases of hogging and sagging conditions, 
respectively. Further evaluation of the safety factors associated with the ultimate bending moment highlights the necessity of improved 
structural evaluation and maintenance to ensure operational dependability and safety.
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1  Introduction

The degradation of aging ship structures has been exten‐
sively studied, revealing various types of damage, includ‐
ing reduced thickness, imperfections, cracking, dents, and 
loss of structural integrity. These damages weaken the ship 
hull by altering its mechanical characteristics, affecting 

operational reliability. To expand this body of knowledge, 
the following section provides an overview of pertinent 
studies that analyzed the effects of these structural impair‐
ments on vessel hull performance.

Tekgoz et al. (2020) investigated the effects of corrosion 
on the strength assessment of aged and damaged ship 
structures. Kim et al. (2014) employed the progressive col‐
lapse analysis method using the ALPS/HULL software to 
evaluate the time-dependent impact of structural damage 
on the ultimate strength of stiffened plates. Their study 
examined three types of floating production storage and 
offloading (FPSO) vessels, incorporating the proposed cor‐
rosion model to assess the ultimate strength of the deck 
and outer bottom panels. A key contribution of this 
research was the development of a new FPSO design 
based on existing FPSO configurations. Yamamoto and 
Ikegami (1998) developed a probabilistic corrosion model 
based on the plate thickness measurement data. Cui et al. 
(2017) investigated the effects of corrosion on the ultimate 
strength of container ships. The study employed nonlinear 
finite element analysis (NFEA) to investigate the com‐
bined influence of corrosion and external loads on struc‐
tural behavior. Key parameters, including initial imperfec‐
tions, element sizes, boundary conditions, bending moments, 
and torsion, were analyzed to evaluate stress and strain dis‐
tributions and to derive stress-strain relationships at the 

Article Highlights

•  The stress distribution method is used to determine ultimate verti‐
cal bending moments with several modifications to consider the 
damage factors.

•  Parameters of initial imperfections and the formula used to deter‐
mine corrosion loss for each structural member are presented.

•  The ultimate bending moments due to single initial imperfections, 
pitting damage, and the combination of pitting damage and initial 
imperfections are collected and presented using equations, dia‐
grams, and tables.

•  The safety factors of ultimate bending moments are presented in 
different cases of damage.

* Van Tuyen Vu
tuyenvv.dt@vimaru.edu.vn

1 Faculty of Shipbuilding, Vietnam Maritime University, Hai Phong 180000, 
Vietnam

2 Department of Naval Architecture and Ocean Engineering, Nha Trang 
University, Nha Trang 625080, Vietnam



Journal of Marine Science and Application 

hull’s critical state.
Paik et al. (2003) employed extensive theoretical, numeri‐

cal, and experimental methods to examine the effects of 
uniform corrosion, pitting corrosion, fatigue cracking, and 
local denting damage on the structural behavior and ulti‐
mate strength of bulk carriers, oil tankers, and FPSO struc‐
tures. In addition, they applied two time-dependent corro‐
sion models to determine the thickness of aged structures 
and used the S-N curve approach to assess the time-depen‐
dent growth of fatigue cracks.

Vu and Yang (2017) conducted a series of studies on 
corrosion effects in ship structures, analyzing their impact 
on various ship types. Specifically, a double-hull very 
large crude oil carrier was used as a case study, and the 
incremental-iterative method (IIM), based on IACS-CSR 
standards, was applied to assess changes in ultimate bend‐
ing moments (UBMs) and cross-sectional geometric prop‐
erties, including the neutral axis position, moment of iner‐
tia, section modulus, and total cross-sectional area. Addi‐
tionally, a double-hull bulk carrier (BC) and a single-hull 
BC were examined to evaluate the impact of three damage 
factors-initial imperfections, residual stresses, and general 
corrosion on the reductions in both the ultimate hogging 
bending moment (UHBM) and ultimate sagging bending 
moment (USBM). This analysis employed a stress distribu‐
tion method at the ultimate state to determine UBMs (Vu 
et al., 2018).

In another study by Vu and Dong (2020), the authors 
assumed that general corrosion affected the deck, bottom, 
and side structures. IIM was applied to calculate UBMs 
and cross-sectional properties of the vessel. Corrosion sce‐
narios were assumed to affect either the longitudinal mem‐
bers or the entire panel. The resulting reductions in UHBM 
and USBM, along with alterations in cross-sectional geo‐
metric properties, were documented and analyzed compre‐
hensively. This study collectively contributes to a deeper 
understanding of the effects of corrosion and structural 
imperfections on the ultimate strength and reliability of 
ship hulls.

Nouri and Khedmati (2020) employed a modified stress 
distribution method embedded in the HULLST program to 
analyze the progressive collapse of corroded FPSO hull 
girders. They examined the effects of multiple damage-
related uncertainties, including varying degrees of uniform 
corrosion and random pitting corrosion. These factors 
were analyzed to assess their influence on the UBMs, neu‐
tral axis position, and stress distribution across the struc‐
ture. In a separate investigation, Piscopo and Scamardella 
(2021) explored the degradation of the hull girder ultimate 
strength (HGUS) in a 170 000 DWT BC subjected to pit‐
ting corrosion. The research employed the IIM aligned 
with IACS-CSR standards, together with its implementa‐
tion in ANSYS Mechanical APDL, to evaluate the vessel’s 
UBMs. Pitting corrosion was classified into nine distinct 

levels and assumed to manifest at various structural loca‐
tions, providing comprehensive insights into its impact on 
hull strength.

The HGUS has been extensively analyzed in both war‐
ships and double-hull oil tankers (OTs). For warships, the 
acoustic-structure interaction method, combined with 
NFEA, was employed to evaluate the dynamic response of 
the hull girder under the combined effects of underwater 
explosions and wave-induced loads. This investigation pro‐
vided detailed insights into imperfection patterns and 
stress distributions, with comparative analyses between 
experimental measurements and simulation results, demon‐
strating strong correlations (Zhou et al., 2021). In parallel, 
Putranto et al. (2022) employed an equivalent single-layer 
approach to assess the HGUS of OTs. Their study inte‐
grated three-dimensional finite element modeling with 
IIM, in accordance with IACS-CSR guidelines, to provide 
a robust evaluation of tanker structural performance under 
extreme loading conditions. From another perspective, 
Guedes Soares and Garbatov (1996; 1999) conducted a 
series of studies on the reliability of corroded OTs. Specifi‐
cally, a single-hull OT was used to investigate the effects 
of corrosion and repair policies (Guedes Soares and Gar‐
batov, 1996), as well as the combined impacts of corro‐
sion, cracking, maintenance actions, and loading (Guedes 
Soares and Garbatov, 1999), on the reliability of ship hull 
structures. Kakaie et al. (2026) performed a hull girder reli‐
ability analysis for a double-hull OT. This study proposed 
an approach to assess the time-dependent reliability of 
OTs based on the HGUS.

BCs are among the most studied bulk ship types regard‐
ing corrosion stability assessment. Momčilović et al. (2023; 
2024) performed an advanced study on double-hull BCs to 
assess the influence of pitting corrosion and uniform corro‐
sion on the HGUS. Uniform corrosion was represented by 
a linear decrease in the structural thickness over time, and 
pitting corrosion was incorporated with two main parame‐
ters: the degree of pitting intensity (DOP) and the degree of 
corrosion intensity (DOC). The contribution of the different 
corrosion scenarios was investigated in-depth using the IIM 
and NFEA to provide the moment-curvature curves. A simi‐
lar investigation on single-hull BCs was performed to 
assess HGUS via the combined influence of uniform corro‐
sion and the stiffened components. Faqih et al. (2023) used 
the IIM in accordance with IACS-CSR standards to deter‐
mine the UBMs, which are essential for assessing the struc‐
tural behavior of corroded BCs. These investigations high‐
light the importance of corrosion modeling for evaluating 
the longevity and integrity of ship structures.

Several studies have also investigated the HGUS on OTs. 
Vladimir et al. (2023) analyzed a single-hull OT to calcu‐
late the HGUS and towing in waves. The study further 
investigated the stress contributions from towing forces 
and wave loads on the forecastle deck structure. The Smith 
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method was applied to determine the UBMs of the single-
hull OT. The study included damage progression factors, 
such as corrosion and cracks in plating, to analyze their 
influence on the hull girder structural strength (Ahmadi 
and Ranji, 2024). In a separate study, Woloszyk et al. (2024) 
assessed the potential risks of structural failure related to 
corrosion protection design in aging OTs, using a risk-
based design approach. Specifically, it was conducted on 
two types of large OTs: VLCCs and Handysize OTs, as 
corrosion damage on these vessels can have a major impact 
on structural safety.

Liu et al. (2018) conducted a study on a corroded con‐
tainer ship. In this study, the corroded hull structure was 
assumed to strike a rock during grounding. This scenario was 
used to evaluate the structural crashworthiness of the ship 
hull under extreme conditions. The results indicated that a 
2.0 mm reduction in plate thickness due to corrosion dur‐
ing grounding led to a 33.8% decrease in absorbed energy.

In addition to studies on ships, Saad-Eldeen et al. (2013) 
selected a box girder to evaluate UBMs. This study 
employed two corrosion models-an average corrosion 
model and a realistic corrosion model to investigate their 
effects on the ultimate strength of the box girder structure. 
Numerical and experimental analyses were conducted to 
compare and validate the predicted decreases in UBMs.

Regarding stiffened plates exposed to pitting corrosion, 
previous studies have primarily focused on evaluating the 
structural behavior and ultimate strength of stiffened 
panels under axial or biaxial loading conditions (Cui et al., 
2018). In assessing the influence of pitting corrosion, these 
studies have considered various factors, such as initial 
imperfections, residual stresses (Zhang et al., 2017b), panel 
width-to-thickness ratio, plating thickness, stiffener type 
and dimensions (Rahbar-Ranji et al., 2015), boundary 
conditions, and mesh size and type (Zhang et al., 2017b). 
Regarding pitting corrosion characteristics, the following 
parameters have been investigated: pit shape and pit depth 
(Feng et al., 2020; Rahbar-Ranji et al., 2015; Sultana et al., 
2015; Zhang et al., 2017a, 2017b), pit location (Feng et al., 
2020; Zhang et al., 2017b; Wang et al., 2023), pit diameter 
(Cui et al., 2018; Zhang et al., 2017a), DOP (Cui et al., 
2018; Feng et al., 2020; Rahbar-Ranji et al., 2015; Zhang 
et al., 2017b), and volume loss (Sultana et al., 2015; 
Zhang et al., 2017a; 2017b).

The aforementioned studies have investigated the effect 
of damaging factors on ship hull structures; however, vari‐
ous scenarios still require further investigation. For instance, 
pitting corrosion has generally been modeled only on the 
deck, sides, and bottom structures, with volume losses 
(ΔV) between 0.5% and 16.0%, and is often treated as dis‐
continuous. However, the combined effect of extensive pit‐
ting corrosion throughout the entire structure and initial 
imperfections remains unstudied. Therefore, this study 
attempts evaluate three varying levels of initial imperfec‐

tions. In addition, the corrosion of pitting as a function of 
ΔV between 0% and 30% is investigated. Specifically, 
interaction between pitting corrosion and initial imperfec‐
tions is highlighted as a key factor in guiding the assess‐
ment of structural performance through HGUS quantification.

In addition, this study makes a significant contribution 
to structural engineering because it offers important infor‐
mation related to the effects of common damage elements, 
such as initial deviations and pitting corrosion, on the 
load-carrying capacity of ship hull forms. These insights 
enable scientists to understand the impacts of such factors 
and provide ship owners with scientifically grounded guid‐
ance for optimizing vessel operations and maintenance 
management.

2  Application of methodology

2.1  Method for determining UBMs

In this study, a stress distribution assumption across the 
cross-section at the ultimate limit state is employed to 
determine the UBMs under both hogging and sagging con‐
ditions. Figure 1 illustrates this assumed stress distribu‐
tion. Accordingly, the cross-sectional stresses are catego‐
rized into three zones: the yield stress zone (σy), the ulti‐
mate stress zone (σu), and the elastic stress zone. These 
stress values depend on the external bending moments, 
resulting in the hull experiencing either hogging or sag‐
ging. Based on this distribution, structural elements in the 
tensile zone may reach the yield stress state, whereas 
elements in the compressive zone may reach the ultimate 
stress state. Notably, structural elements aligned with 
the horizontal neutral axis exhibit zero stress (Paik and 
Mansour, 1995).

The stress equilibrium is Equation (1).

∫σxdA = 0 (1)

Figure 1　 Assumed stress distributions at the ultimate limit state 
(Paik and Mansour, 1995)
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where ∫dA is the integration across the entire cross-sec‐

tion of the hull, and σx is the stress of the element.
The position of the neutral axis, gu, at the limit state is 

expressed by Equation (2), as follows:

gu =
∑
i = 1

n

|| σxi ai zi

∑
i = 1

n

|| σxi ai

(2)

where zi is the distance from the ship’s baseline (reference 
position) to the horizontal neutral axis of the ith structural 
component, σxi is the longitudinal stress of the ith struc‐
tural component following the presumed stress distribu‐
tion, ai is the cross-sectional area of the ith structural com‐
ponent, and n is the total number of structural components, 
gu is denoted as gus under sagging conditions and by guh 
under hogging conditions.

The ultimate vertical bending moment, M v
u , is expressed 

by Equation (3), as follows:

M v
u =∑

i = 1

n

σxiai( )zi − gu (3)

where M v
u  is denoted by M v

uh (positive value) under hogging 
conditions and by M v

us (negative value) under sagging con‐
ditions. These parameters are determined by Equations (4) 
and (5), respectively.

Muh = AD gσyD + AB(D − g )σuB + A'B(D − g − DB )σ'uB +
AS

D (D − H ) (D + H − 2g )σuS +
AS H
3D [ (2H −

3g )σuS − (H − 3g )σyS ] (4)

Mus =  −AD(D − g )σuD − AS

D (D − H ) (D + H − 2g )σuS −
AB gσyB +

A'B
H (g − DB )[ DBσuS − (H − DB )σyS ] −

AS H
3D [ (2H − 3g )σuS − (H − 3g )σyS ] (5)

where AB, A′B, AS, and AD are the total area of the cross-sec‐
tion of the bottom, inner bottom, side, and deck panel, 
respectively; g is the horizontal neutral axis of the cross-
section; σyB, σ′yB, σyS, and σyD are the yield stresses of the 
bottom, inner bottom, side, and deck panel, respectively; 
D and DB are the hull depth and double bottom height, 
respectively; and σuB, σ′uB, σuS, and σuD are the ultimate 
stresses of the bottom, inner bottom, side, and deck panel, 
respectively.

2.2  Method for determining the ultimate stress 
of structural elements

To determine the UBMs, the entire cross-section is divided 
into two types of structural elements: plate elements and 

plate-stiffener combination elements. The ultimate stresses 
for these elements are calculated as described below.

Plate elements (Paik et al., 2004):
For a/b ≥1,

σ U
x

σyp

=

ì

í

î

ïïïï

ïïïï

− 0.032β4 + 0.002β2 + 1.0,  for β ≤ 1.5

1.274/β,  for 1.5 < β ≤ 3.0

1.248/β2 +0.283,  for β > 3.0

(6)

For a/b < 1,

σ U
x

σyp

=
a
b
σ *

xu

σyp

+
0.475
α2 (1 − a

b ) (7)

σ *
xu

σyp

=
ì

í

î

ïïïï

ïïïï

−0.032α4 + 0.002α2 + 1.0,  for α ≤ 1.5

1.274/α,  for 1.5 < α ≤ 3.0

1.248/α2 + 0.283,  for α > 3.0

β =
b
t

σyp

E
;  α =

a
t

σyp

E
where σ U

x  is the ultimate compressive stress of the plate 
element in the x direction, σyp is the yield stress of plating, 
a is the length of the plating, b is the width of plating, t is 
the thickness of plating, β is the plate slenderness ratio, α 
is the column slenderness ratio, and E is the modulus of 
elasticity.

Plate-stiffener combination elements (Hughes and Paik, 
2010):

σ U
x

σyeq

=
1
2 (1 +

1 + η
λ2

e ) − é

ë

ê
êê
ê
ê
ê1

4 (1 +
1 + η
λ2

e ) 2

− 1
λ2

e

ù

û

ú
úú
ú
ú
ú

0.5

(8)

where σyeq is the equivalent yield stress, λe is the effective 
column slenderness ratio, σxE is the elastic stress, woc is the 
column-type initial imperfections of the stiffener, zc is the 
distance from the elastic neutral axis to the outermost fiber 
on the compressed side, re is the effective radius of gyra‐
tion of the cross-section of the element, Ie is the effective 
moment of inertia, As is the cross-sectional area of the ele‐
ment, z0 is the neutral axis of the element, be is the effec‐
tive width of the attached plating, hw is the stiffener web 
height, tw is the stiffener web thickness, bf is the stiffener 
flange width, tf is the stiffener flange thickness, and σys is 
the yield stress of the stiffener without an attached plate. 
These parameters are given by

σyeq =
btσyp + (hwtw + bftf )σys

bt + hwtw + bftf

λe =
σyeq

σxE

σxE =
π2 EIe

a2 As
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η =
woc zc

r 2
e

re =
Ie

As

As = bt + hwtw + bf tf

z0 =
0.5bet

2 + hwtw( )t + 0.5hw + bf tf ( t + hw + 0.5tf )

bet + hwtw + bf tf

Ie =
bet

3

12
+ bet ( )z0 − t

2

2

+
h3

wtw

12
+ hwtw( )z0 − t − hw

2

2

+

bf t
3
f

12
+ bf tf( )t + hw +

tf

2
− z0

2

2.3  Checking criteria of UBMs

The UBMs of a vessel at any given cross-section are 
evaluated using the following Equation (9) (IACS, 2024).

Mu ≥ γRM (9)

where:

γR = γMγDB

M = γSMsw + γw fβMwv

γM is the partial safety factor for the vertical hull girder’s 
ultimate bending capacity, encompassing uncertainties in 
material, geometric, and strength prediction, γM = 1.1; γDB 
is the partial safety factor for the vertical hull girder’s 
ultimate bending capacity, encompassing the double bot‐
tom bending effects, with γDB = 1.10 for hogging, and γDB = 
1.0 for sagging; γS is the partial safety factor for the still 
water bending moment, γS = 1.0; γw is the partial safety fac‐
tor for the vertical wave bending moment, γw = 1.2; fβ is 
the heading correction factor, fβ = 1.05; M is the vertical 
bending moment; Msw is the permissible still water bend‐
ing moment determined as follows.

Hogging conditions:

Msw − h = fsw(171Cw L2 B (CB + 0.7)10−3 − Mwv − h )
Sagging conditions:

Msw − s =  −0.85fsw(171Cw L2 B (CB + 0.7)10−3 + Mwv − s )
Mwv is the vertical wave bending moment.

Hogging conditions:

Mwv − h = 0.19fnl − vh fm fpCw L2 BCB

Sagging conditions:

Mwv − s =− 0.19fnl − vs fm fpCw L2 BCB

3  Damage factors and selected vessel

3.1  Pitting corrosion

Corrosion in ship structures may arise from various 
causes, such as friction, chemical reactions, cavitation, 
operational conditions, structural design flaws, and fabrica‐
tion processes. Common types of corrosion observed in 
marine structures include general, pitting, differential aera‐
tion, galvanic, stress, and non-uniform corrosion. The spe‐
cific type and location of corrosion in ship structures are 
determined by their underlying causes and affected areas. 
Among these, pitting corrosion is the most prevalent, 
appearing early and frequently in ship hulls, particularly in 
cargo holds, ballast tanks, and fuel tanks (Vu and Dong, 
2020).

Key characteristics of pitting corrosion include pit depth, 
pit width, pit shape, the DOP, DOC, and ∆V. Numerous 
studies have evaluated the impact of these characteristics 
on plate structures, plate-stiffener combinations, and entire 
ship hulls. In these analyses, the DOP is typically assumed 
to be 5%, 10%, 20%, 30%, and 40%, and the DOC is 
modeled at 10%, 20%, and 40%. The combination of the 
DOP and DOC defines ∆V according to Equation (10) 
(Momčilović et al., 2023), with values between 0.5% to 
16%, and is usually considered discontinuous (Piscopo 
and Scamardella, 2021).

∆V = DOP ⋅ DOC (10)

Two primary approaches exist for representing pitting 
corrosion in structural parts. The first involves numerical 
simulation, in which pitting corrosion is represented as dis‐
crete pits on the plate surface with various shapes, such as 
spherical, cylindrical, or conical, and characterized by dif‐
ferent parameters, including diameter, depth, and DOP 
(Feng et al., 2020; Zhang et al., 2017a, 2017b). The sec‐
ond approach entails 3D scanning the surface of the cor‐
roded plating and reconstructing it for subsequent analysis 
(Zima et al., 2025). In this study, a theoretical method is 
adopted rather than a numerical simulation approach, 
which does not allow for modeling individual corrosion 
pits within the structure. Therefore, a practical solution is 
required to integrate the effect of localized pitting corro‐
sion into the ship hull structure. To address this, the con‐
cept of equivalent thickness is employed to determine the 
thickness of the corroded plate (Figure 2) (Woloszyk and 
Garbatov, 2023).

If pitting corrosion develops in the structures of ships, 
the thickness of the structural components will be less than 
the original value for attached plating, web plates, and 
flange plates. If these conditions are met, the equivalent 
thickness (teq) is used to assess the effective thickness of 
corroded structural elements, according to Equation (11) 
(Momčilović et al., 2023).
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teq = t (1 − ∆V ) (11)

where t is the original thickness of the attached plating.

Pitting damage can appear in any area of a ship hull 
with different DOP and DOC values. Over time, both the 
DOP and DOC increase, leading to a gradual increase in 
ΔV. Therefore, in this study, ∆V is assumed to incremen‐
tally increase from 0% to 30% to assess the impact of pit‐
ting damage on the HGUS of double-hull OTs. The analy‐
sis further assumes that pitting damage is uniformly dis‐
tributed across all structural elements of the hull.

3.2  Initial imperfections

Initial imperfections usually appear after the ship is con‐
structed, caused by undesirable welding and assembly 
operations. The six common types of initial imperfections 
are as follows:

Initial imperfection of the plating between the stiffeners,

wopl = A0 sin
mπx

a
sin

πy
b

woc = B0 sin
πx
a

sin
πy
B

Sideways initial imperfection of the stiffener,

wos = C0

z
hw

sin
πx
a

Residual stress in the plating between the stiffeners, σ p
rc 

(compressive) or σ p
rt (tensile).

Residual stress in the stiffener web, σ s
rc (compressive) or 

σ s
rt (tensile), and Softening in the heat-affected zone.
A0 is the maximum magnitude of initial imperfection, as 

specified in Table 1; B0 and C0 are shown in Figure 3 and are 
assigned a value of 0.001a; σrtx is tensile stress, with σrtx =
σy.

These six types of initial damage are classified into two 
groups: initial imperfections and residual stresses (ISSC, 
2012).

The imperfections during the ship construction are struc‐
tural irregularities caused by cutting, forming, bending, 
assembly, and welding processes. These imperfections typ‐
ically occur in plating between stiffeners, slide-way mis‐
alignments of stiffeners, and column-like imperfections of 
stiffeners, as illustrated in Figure 3 (ISSC, 2012).

Residual stresses are generally due to the welding used 
to join the stiffeners to the plating. This relief fails, and 
subsequent molding through the gating of the stiffeners 
leads to stresses in the plating that surround the weld lines 
of the stiffeners during plating. As shown in Figure 4, the 
distribution of the residual stress is a compressive zone and 
tensile zone on both sides of the weld line (ISSC, 2012).

The maximum levels of initial imperfections of the 
structural components are summarized in Table 1.

3.3  Vessel application

To investigate the resonance effects of the aforemen‐
tioned damage factors on ship hull strength, a double-hull 
OT was selected as the case study. This vessel has princi‐
pal dimensions of 315 m in length between perpendicu‐
lars, 58 m in breadth, 30.3 m in depth, and a deadweight 

Figure 3　Initial imperfections (ISSC, 2012)

Figure 2　Concept of equivalent thickness due to pitting corrosion 
(Woloszyk and Garbatov, 2023)

Table 1　Initial imperfection levels (ISSC, 2012)

Levels

Slight

Average

Severe

A0 (mm)

0.025β2t

0.1β2t

0.3β2t

σrcx (MPa)

−0.05σy

−0.15σy

−0.3σy

Figure 4　Residual stresses (ISSC, 2012)
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capacity of 313 000 t. The vessel features a double bottom, 
double side, and longitudinal bulkhead structural configu‐
ration. The materials utilized include regular and high-
strength steel, with yield stresses of 313.6 MPa for the 
steel plates and 313.6 MPa and 352.8 MPa for the longitu‐
dinal members. Figure 5 depicts the midship cross-sec‐
tional structure, providing detailed material yield strengths 
(ISSC, 2012).

In Figure 5, the numbers 1 through 47 represent the clas‐
sification of stiffeners, the dimensions of which are pro‐
vided in Table 2.

3.4  Modifications of the method

To evaluate the behavior of aged ship structures, the 
potential damage must be assumed and included in the struc‐
ture. Equations (4) and (5), which determine the UBMs, 
and Equations (6)‒(8), which calculate the ultimate stress 
of the structure, were developed, neglecting the initial 
imperfections and pitting damage. Therefore, it is neces‐
sary to modify these equations to incorporate these dam‐
ages for each structural element. The following sections Figure 5　Midship scantlings (ISSC, 2012)

Table 2　Longitudinal stiffeners’ dimensions (ISSC, 2012)

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Dimensions (mm)

300 × 90 × 13/17

350 × 100 × 12/17

400 × 100 × 11.5/17

400 × 11 + 150 × 12

400 × 11 + 150 × 14

450 × 11 + 150 × 12

450 × 11 + 150 × 14

450 × 11 + 150 × 16

450 × 11 + 150 × 19

450 × 11 + 150 × 22

450 × 11 + 150 × 25

500 × 11 + 150 × 28

500 × 11 + 150 × 30

500 × 11 + 150 × 32

500 × 11 + 150 × 34

550 × 12 + 150 × 30

550 × 12 + 150 × 25

350 × 100/12/17

550 × 12.5 + 150 × 32

500 × 11.5 + 150 × 30

500 × 11.5 + 150 × 28

500 × 11 + 150 × 25

450 × 11 + 150 × 28

250 × 12.5

Type

AB

AB

AB

T

T

T

T

T

T

T

T

T

T

T

T

T

T

AB

T

T

T

T

T

FB

σy (MPa)

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

313.6

352.8

352.8

352.8

352.8

352.8

313.6

No.

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Dimensions (mm)

250 × 90 × 12/16

450 × 11 + 150 × 22

450 × 11 + 150 × 19

450 × 11 + 150 × 16

450 × 11 + 150 × 14

450 × 11 + 150 × 12

450 × 11 + 150 × 14

400 × 100 × 11.5/16

350 × 100 × 12/17

300 × 90 × 13/17

850 × 17 + 150 × 19

250 × 90 × 12/16

300 × 90 × 12/16

400 × 11 + 150 × 14

450 × 11 + 150 × 12

450 × 11 + 150 × 14

450 × 11 + 150 × 16

450 × 11 + 150 × 19

450 × 11 + 150 × 22

450 × 11 + 150 × 25

450 × 11 + 150 × 28

500 × 11 + 150 × 25

500 × 11 + 150 × 28

Type

AB

T

T

T

T

T

T

AB

AB

AB

L

AB

AB

T

T

T

T

T

T

T

T

T

T

σy (MPa)

313.6

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8

352.8
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will discuss techniques to solve the above issue.
Initial imperfections distort attached plating and plating 

between stiffeners, which may result in dimensions larger 
or smaller than the original. Therefore, considering the influ‐
ence of initial imperfections, the effective width (be ) of the 
attached plate is used for the initial attached width, as fol‐
lows (Vhanmane and Bhattacharya, 2008):

Equation (12) is used to determine the attached width as 
classified in subsection 2.2, as follows:

be

b
=
σxav + σrx

σxmax

(12)

where σrx denotes the welding-induced residual stress 
inside the plating, σxmax denotes the maximum value of 
axial compressive stresses, and σxav denotes the mean axial 
compressive stress value.

The σxmax is determined at y = bt or y = b − bt (Figure 4), 
as follows (Hughes and Paik, 2010):

σxmax = σxav + σrtx − Em2π2

8a2
A(A + 2A0 )cos ( 2πbt

b ) (13)

The breadth of the tensile residual stress zone (Figure 4), 
bt, is obtained by equilibrium condition, as follows (Hughes 
and Paik, 2010):

2bt

b
=

σrcx

σrcx − σrtx

(14)

where A is the unknown amplitude of the added imperfec‐
tion, and m is the buckling mode half-wave number in the 
x direction.

Conversely, according to the assumptions, pitting corro‐
sion decreases the thickness of the entire structural ele‐
ments in the affected regions. Therefore, to incorporate the 
effects of corrosion, the thicknesses of the attached plate 
(tp), stiffener web (tw), and stiffener flange (tf) are modi‐
fied. Equation (11) is thus rewritten as follows:

tp = tp_ini( )1 − ∆V (15a)

tw = tw_ini( )1 − ∆V (15b)

tf = tf_ini(1 − ∆V ) (15c)

where tp_ini denotes the plate’s original thickness, tw_ini rep‐
resents the stiffener web’s initial thickness, and tf_ini repre‐
sents the stiffener flange’s initial thickness.

In Equations (3)- (8), the parameters including the ini‐
tial attached width (b), attached plate thickness (tp), web 
plate thickness (tw), and flange plate thickness (tf), are sub‐
stituted by the effective width (be), calculated according to 
Equation (12), and the equivalent thickness, defined by 
Equation (15).

4  Results

For intact structures, UHBM and USBM are obtained 
using Equations (4) and (5). These parameters are com‐
pared with the results in the ISSC (2012) report, as pre‐
sented in Table 3.

Table 3 shows that the largest deviation of UHBM is 
≤6.7%, whereas the value of USBM is ≤9.1%. This proves 
that the method applied in the paper achieved suitable and 
reliable results.

4.1  Case of initial imperfections

The hull is inevitably affected by initial imperfections. 
This effect is illustrated in Figure 6, where the UBMs are 
reduced to varying degrees depending on the magnitude of 
the imperfections. For minor defects, the UBMs are almost 
untouched, resulting in a small reduction of approximately 
0.03% concerning the healthy structure. However, the 
greater the severity of any imperfections, the more pro‐
nounced the reduction in UBMs: ∼ 1.18% at the average 
level of damage. The biggest reductions are noted under 
severe imperfections, when the UBMs are reduced by 
8.48% in hogging and 7.88% in sagging. These results 
highlight the extent to which extreme imperfections can 
severely compromise the hull strength.

Figure 6 shows that the values of UBMs are all greater 
than the values of the required bending moments for all 
cases of damage levels on the structure. This concludes 
that the initial imperfections do not reduce the strength of 
the ship below the allowable level. The ship’s structure is 
still guaranteed to be durable and reliable in operation.

Table 3　Validations of the results (ISSC, 2012)

Method

Current study

ABAQUS (CR)

ANSYS (ISR)

CSR (CR)

Muh (MN⋅m)

29 066

31 006

30 106

29 847

Dev. (%)

6.7

3.6

2.7

Mus (MN⋅m)

27 504

24 995

28 175

25 014

Dev. (%)

9.1

2.4

9.1

Figure 6　UBMs-Case of initial imperfections
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4.2  Case of pitting corrosion

In the case of pitting corrosion, the UBMs under both 
hogging and sagging conditions are significantly reduced. 
The reduction in UBMs is proportional to the increase in 
ΔV. Specifically, when ΔV reaches 30%, UBMs decrease 
by approximately 23%, compared to the intact structure 
case (Figure 7). A notable point in the results shown in 
Figure 7 is that the failure point of the UHBM is earlier 
than that of USBM. More specifically, UHBM equals the 
required bending moment when ΔV = 19.9%, whereas 
USBM equals the required bending moment when ΔV = 
24.7%. This suggests that pitting corrosion presents a 
more significant threat to the hull’s ultimate strength, espe‐
cially when the ship is at a wave peak.

Pitting corrosion has a more pronounced impact on the 
ultimate hull strength than initial imperfections. The maxi‐
mum initial imperfection level only reduces the UHBM by 
approximately 8.5%, while a ΔV of about 7.4% due to cor‐
rosion results in a comparable reduction. At ΔV = 30%, the 
UBMs decrease by more than three times compared to the 
structure with the highest level of initial imperfections.

4.3  Case of pitting corrosion and initial 
imperfections

In practice, ship hull structures are typically subject to 
multiple damage types simultaneously. This study specifi‐
cally examines the synergistic effects of initial imperfec‐
tions and pitting corrosion on the residual capacity of dou‐
ble-hull oil carriers. The following sections present the 
UBM degradation results under two wave conditions.

Figure 8 illustrates the relationship between UHBM and 
ΔV, showing that the presence of pitting damage and initial 
imperfections causes a gradual decreasing trend in the 
curves, observed for a combination of pitting damage with 
slight or moderate initial imperfections. Meanwhile, for 
the Muh−ΔV curve in the case of pitting damage combined 
with severe initial imperfections, UHBM decreases steadily 

as ΔV increases from 0% to 23%, but exhibits a slight 
increase when ΔV increases from 23% to 30%. The fluctu‐
ation of UHBM indicates the pronounced impact of severe 
initial defects on the structure’s response.

The maximum deviations of UHBM and the points at 
which the required UBM is met are summarized in Table 4. 
Accordingly, the largest reduction in UHBM, approxi‐
mately 37.17%, occurs for the structure with pitting corro‐
sion (ΔV = 30%) combined with average initial imperfec‐
tions. When the structure contains pitting damage and 
severe initial imperfections, UHBM decreases by 31.33% 
at ΔV = 23% relative to its initial value. Table 4 presents 
the unsatisfactory points of UHBMs. Specifically, UHBM 
first meets the required UBM at ΔV = 10.84% for the case 
of severe initial imperfections and latest when ΔV = 19.92% 
for the case of the structure with single pitting damage.

Similarly, the results for USBM are illustrated and pre‐
sented in Figure 9 and Table 5, respectively. The variation 
trends of USBM are similar to UHBM fluctuations, but the 
reduction rate is larger. Specifically, the largest reduction 
of USBM is 38.5% (Table 5), compared to the value of 
37.17% of UHBM (Table 4). The results in Table 5 indi‐
cate that USBM reaches the required value of UBM more 
slowly than UHBM. Specifically, USBM equals the required 
UBM when ΔV changes from 16.38% to 24.29% depend‐
ing on the damage cases.

It is interesting to note that the curves of UHBM vs ΔV 
(Figure 8) and USBM vs ΔV (Figure 9) for the case of 
pitting corrosion and severe initial imperfections recover 
when ΔV is greater than 22%. This is because when the 
initial imperfections are severe, the effective attached 
width (be) increases and can be larger than the initial one 
(b), particularly in structural elements belonging to the 
inner side and longitudinal bulkheads. Consequently, 
UHBM and USBM will increase accordingly.

Figure 7　UBMs-Case of pitting corrosion

Figure 8　UHBM-Case of pitting corrosion and initial imperfections

Table 4　Deviations of UHBM

Level of imperfections

Maximum deviations of UHBM (%)

UHBMs meet the requirement at ΔV (%)

Intact

34.59

19.92

Slight

34.77

19.79

Average

37.17

18.10

Severe

31.33

10.84
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4.4  Safety factors of UBMs

UBM safety factor is used as a significant index for 
evaluating the residual strength of ship hull structures. 
Higher residual strength corresponds to increased vessel 
reliability, and an operational factor of 1.0 means that 
UBMs are equal to the regulatory bending moments from 
the regulations, with any further increase potentially caus‐
ing structural failure. Tables 5 and 7 show the safety fac‐
tors for the structures subjected only to initial imperfec‐
tions and the combined effects of pitting corrosion and ini‐
tial imperfections, respectively.

For imperfect structures, the safety factor decreases with 
increased imperfection severity, from 1.30 to 1.19 in the 
hogging condition and 1.41 to 1.30 in the sagging condi‐
tion. As summarized in Table 6, in the case of the most 
extreme level of initial imperfections, the safety factor is 
still approximately 1.2, which suggests that the ship hull 
has enough residual strength to satisfy the need for use.

In critical scenarios, when preparing for unreliable struc‐
tures including both pitting corrosion and initial imperfec‐

tion, the safety factor for UBMs is significantly reduced 
and even falls below 1.0 in certain situations, as indicated 
in Table 7. Grounded by deviations, at average-level initial 
imperfections, the safety factor decreases to 0.81 when 
ΔV = 30% of the threshold (ΔV ) values at which the safety 
factor = 1.0 for eight damage scenarios are further delin‐
eated in Table 7. The key ΔV values vary between 10.84% 
and 24.29%, depending on the combination of pitting cor‐
rosion and initial imperfections.

5  Discussions

The results obtained in this study elucidate the pro‐
nounced influences that pitting corrosion and initial imper‐
fections have on the RUBS of double-hull OTs. Besides, 
this study contributes to the structural mechanics under‐
standing of the aging ship hull and leads to considerable 
guidance for their maintenance strategies and safety man‐
agement in the marine field.

The effects of initial imperfections on RUBS are aggra‐
vated by the early pitting corrosion discussed in our study. 
Although individual micro-initial defects have a negligible 
effect in slight conditions, the combination of the micro-
initial defects and pitting corrosion can considerably decrease 
RUBS, particularly in hogging and sagging moments. This 
result highlights the importance of consideration for thresh‐
old damage factors in the structural assessment of ships for 
their safety and reliability.

The research identifies cross-over points after which 
RUBS fails to meet design specifications. For instance, under 
simple pitting conditions, RUBS could not satisfy the needed 
moment of bending when the corrosion ΔV reached 

Table 6　Safety factors for the case of initial imperfections

Ratios

Muh/Muh−req

Mus/Mus−req

Levels of imperfection

Intact

1.30

1.41

Slight

1.30

1.41

Average

1.28

1.39

Severe

1.19

1.30

Table 7　Safety factors of UBMs

Ratios

Muh/Muh_rep

Mus/Mus_req

Cases of pitting corrosion and varying 
levels of initial imperfections

Intact

Slight

Average

Severe

Intact

Slight

Average

Severe

Max. Ratios (at ΔV = 0%)

1.30

1.30

1.28

1.17

1.41

1.41

1.39

1.28

Min. Ratios (at ΔV = 30%)

0.85

0.85

0.81

0.89

0.90

0.90

0.87

0.96

ΔV when ratios = 1 

ΔV = 19.9%

ΔV = 19.79%

ΔV = 18.10%

ΔV = 10.84%

ΔV = 24.29%

ΔV = 24.16%

ΔV = 22.39%

ΔV = 16.38%

Figure 9　USBM-Case of pitting corrosion and initial imperfections

Table 5　Deviations of USBM

Level of imperfections

Maximum deviations of USBM (%)

USBMs meet the requirement at ΔV (%)

Intact

35.90

24.29

Slight

36.07

24.16

Average

38.50

22.39

Severe

31.95

16.38
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19.9%. This threshold drops markedly, to ΔV = 10.84%, 
when this is paired with extreme initial imperfections. 
These threshold values are necessary indicators to trigger 
the maintenance and inspections, providing practical value 
for the ship operators and engineers.

This study calculated safety factors, and the results show 
that RUBS experiences severe degradation during com‐
bined damage scenarios. Here, for instance, with average 
initial imperfections, the safety factor drops to 0.81, which 
is under a threshold of 1.0 at ΔV = 30%, indicating struc‐
tural failure. The present results also underscore the imme‐
diate need for enhanced maintenance tactics and tracking 
systems for operational safety.

Future studies should extend the range of this study to 
include other ship types, including BCs and container ves‐
sels, and investigate the influence of environmental aspects, 
such as variable ambient conditions and seawater chemis‐
try, and dynamic loading, such as wave-induced loading. 
Model reliability can be continuously improved through 
experimental validation via lab testing and field opera‐
tional data. Predictive tools using machine learning are 
also important for real-time damage assessment and esti‐
mating the remaining useful life of the structure. Alleviat‐
ing such damage, through innovative protective solutions 
such as improved coatings, structural reinforcements, and 
new maintenance protocols, is another area of research 
focus, to increase the resilience of ship hulls

6  Conclusions

This study proposed a method for determining UBMs 
by incorporating the effects of initial imperfections and 
pitting corrosion. An OT was used as a case study to evalu‐
ate the resonance effects of these damage factors. The UBMs 
and their corresponding safety factors were calculated, ana‐
lyzed, and discussed, yielding the following key findings:

First, the effect of initial imperfections on UBMs was 
minimal under most conditions, with significant reductions 
observed only at the highest severity level, resulting in 
an 8.5% decrease in UBMs.

Second, pitting corrosion led to a gradual decline in 
UBMs. When ΔV reached 30%, UHBM decreased by 
23.0%, while USBM decreased by 23.8%, indicating that 
USBM is more sensitive to pitting corrosion.

Third, the combined effect of pitting corrosion and ini‐
tial imperfections resulted in greater substantial reductions 
in UBMs than the impact of either factor alone. The most 
significant decrease occurred at ΔV = 30%, with an aver‐
age level of initial imperfections, where UHBM was 
reduced by 37.17% and USBM by 38.50%.

Fourth, the critical thresholds for UBMs differed depend‐
ing on the damage scenario. For UHBM, the required bend‐
ing moment was achieved at ΔV = 19.9% for pitting corro‐

sion alone and ΔV = 10.84% when combined with severe 
initial imperfections, whereas for USBM, these thresholds 
occurred at ΔV = 24.7% and ΔV = 16.38%, respectively.

Finally, the safety factors for UBMs decreased signifi‐
cantly under combined damage scenarios, as detailed in 
Tables 6 and 7. These reductions underscore the importance 
of careful monitoring and maintenance to ensure the struc‐
tural integrity and operational safety of the hull.

These findings emphasize the critical importance of 
evaluating the combined effects of multiple damage fac‐
tors, offering valuable insights for researchers and ship 
owners to enhance structural resilience and safety during 
OT operations.
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