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a b s t r a c t

Pitting corrosion commonly shaped in hull structure due to marine corrosive environment seriously
causes the deterioration of structural performance. This paper deals with the ultimate strength behaviors
of stiffened ship panels damaged by the pits subjected to uniaxial compression. A series of no-linear
finite element analyses are carried out for three stiffened panels using ABAQUS software. Influences of
the investigated typical parameters of pit degree (DOP), depth, location and distribution on the ultimate
strength strength are discussed in detail. It is found that the ultimate strength is significantly reduced
with increasing the DOP and pit depth and severely affected by the distribution. In addition, the pits
including their distributions on the web have a slight effect on the ultimate strength. Compared with
regular distribution, random one on the panel result in a change of collapse mode. Finally, an empirical
formula as a function of corrosion volume loss is proposed for predicting the ultimate strength of
stiffened panel.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Marine structures such as ships are inevitably corroded by air,
seawater and attached sea creatures during the long service period,
leading to the development of various forms of corrosion. The
pitting is one of the most common types of them. It may cause the
local thickness loss of hull structure and adversely affect the ulti-
mate strength. Many scholars have made efforts to reveal the in-
fluence of pitting corrosion on the hull structure ultimate strength.
Paik and Thayamballi (2002) analyzed the ultimate strength of
panels with pitting corrosion damage under axial compressive
loading. The results showed that the position of a single corrosion
pit on the panel has little effect on the ultimate strength reduction,
but has an effect on post-buckling behavior. Later in 2003, Paik et al.
(2003a, 2003b) further analyzed the ultimate strength of steel
panels with pitting corrosion damage closer to the actual ship, in
which the corrosion pits used circular corrosion pits commonly
found in real ships. The complete panel in the continuous stiffened
panel was used as the panel model. The results showed that the

ultimate strength of a pitting corrosion-damaged panel under a
uniaxial compression load is determined by the minimum cross-
sectional area. Dunbar et al. (2004) combined finite element
simulation analysis with experimental methods to discuss the ef-
fects of localized corrosion damage on the stability of typical
compression panels and stiffened panels in hull structures. They
found that a corroded area initially in compression from the re-
sidual stress, gives rise to buckling in this area in the direction of
maximum stiffener imperfection. Local corrosion in these regions
reduces the ultimate load and has a greater effect when the
corrosion occurs near mid-span of the panel. Nakai et al. (2004a,b,
Nakai and Yamamoto, 2007) analyzed the ultimate strength of
panels with pitting corrosion under various loads and proposed a
method for evaluating the residual thickness of internal ribs with
pitting corrosion damage in bulk carriers. Silva et al. (2013) studied
the ultimate strength law of a rectangular steel panel with random
corrosion thickness under uniaxial compressive load and devel-
oped two new approaches to model corroded panel surfaces.
Sultana et al. (2015) used a finite element method to establish a
random local corrosion model to study the effect of corrosion
location on the ultimate strength of panels and stiffeners. It was
found that when the pitting is located at the edge of the panel, it
will cause a severe reduction in the ultimate strength. Ok et. al.
(2007a, 2007b) proposed an expression of artificial neural
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networks to predict the ultimate strength of panels with pit
corrosion. Huang et al. (2010) studied the ultimate strength of the
panel with pitting corrosion under compression by the finite
element method. Cylindrical, hemispherical and conical pit shapes
were studied separately. It was found that different pit shapes have
little effect on the ultimate strength of the same corrosion volume
loss and the corrosion volume is the most important factor to
reduce the ultimate strength of the panel. Rahbar-Ranji et al. (2015)
conducted a large number of nonlinear finite element analyses of
the ultimate strength of uncorroded and pitted plating under
biaxial compression with Ansys Mechanical APDL, and obtained a
series of designed formulas for calculating the ultimate strength of
plating under longitudinal and transverse compression. Zhang
et al., (2017, 2018) studied the effects of different corrosion fac-
tors on the ultimate strength of stiffened panels by means of ex-
periments and numerical calculations. Wang and Shenoi (2019)
performed a detailed numerical and experimental analysis of steel
tubular members containing pitting corrosion under compression.
They found that the random distribution of pit depths and etch pits
had a more pronounced decrease in strength and the loss of
corrosion volume had a major effect on the decrease in strength.
Cui et al., 2019 studied the biaxial ultimate strength of stiffened
panels under local and uniform pitting with probability methods.
They also studied the ultimate strength of randomly distributed
pitting and compared it varying the boundary condition.

Through the literature review, it can be seen that the ultimate
strength of steel unstiffened corroded panels was more concerned
by the scholars and they have provided a series of instructive
conclusions. However, there are inadequate investigations on the
stiffened cases, especially random distribution. In order to enrich
the research on this regard, the present study focuses on the ulti-
mate strength characteristics of three stiffened panels with pitting
corrosion distributed on both plates and webs. Meanwhile, the
random distribution of the corrosion is also considered in this pa-
per. Influences of different studied parameters on the ultimate
strength is demonstrated according to a large number of no-linear
finite element analyses. Finally, based on the numerical results, an
empirical formula is proposed for predicting the ultimate strength
of the stiffened panel.

2. FEM analysis procedures

2.1. FE models and boundary conditions

Three types of stiffened panels adopted in the present study are
taken from Zhang and Khan (2009), and their geometric di-
mensions are presented in Table 1. A model with 1/2 þ 1þ1/2
transverse frame spacing and 10 stiffeners was used for nonlinear
FE analysis in this paper. According to symmetry principle, only a
half model, shown in Fig. 1, is enough for analysis. The element type
used in ABAQUS software is S4R, which is suitable for analyzing
large deformation problems of thin-shell structures. Thematerial of
the panels for all FE models is HT32 steel with a yield stress
sy ¼ 315 N/mm2, Young’s modulus E ¼ 205,800 N/mm2, Poisson
ratio y ¼ 0.3 and no material hardening effect is considered.

The boundary conditions are set as follows. The longitudinal
edges A1-A2 and B1eB2 are set to simply supported and y-
displacement of edge B1eB2 is constrained to prevent the rigid
bodymotion. At the transverse edge A2-B2, the boundary condition
is set to be symmetrical along the x axis. To simplify modeling and
calculation, the transverse frame is replaced by the corresponding
boundary conditions. The vertical displacement of the panel and
the sideway displacement of the web are limited at the location of
the transverse frame. As shown in Fig. 1, all nodes along transverse
edge A1-B1 are coupled together to keep an equal displacement
along x-axis during the non-linear FE analyses. Detailed settings of
the boundary conditions in Fig. 1 are described below, where ux, uy,
and uz represent displacements along the x, y, and z axis, respec-
tively; qx, qy, qz represent the rotation angles around the x, y, and z
axis, respectively.

A1� A2 : uy ¼ uz ¼ 0; qy ¼ qz ¼ 0;

B1� B2: uz ¼ 0; qy ¼ qz ¼ 0;

A1� B1: coupled ux ¼ u*; qy ¼ qz ¼ 0;

A2� B2: ux ¼ 0; qy ¼ qz ¼ 0;

Tran. Frame: uz ¼ 0 for the panel, uy ¼ 0 for the web;Where u*
represents the applied displacement load along x axis.

2.2. Geometrical initial imperfections

The geometric initial imperfection is the small deflection of the
structure during processing, transportation and service, which has
an important influence on the post-buckling deformation and ul-
timate strength analysis of the structure. The initial geometric
imperfections of stiffened panel are considered as the combination
with the initial geometric imperfections of the stiffener and the
attached panel. Referring to Zhang and Khan (2009), the initial
imperfection shapes can be divided into local mode and global
mode, which are illustrated in Fig. 2. The local mode of initial im-
perfections is shown in Fig. 2a, the panel has a vertical displace-
ment wp1 and the web has a lateral displacement ww1. The global
mode of initial imperfections is shown in Fig. 2b, the panel has a
vertical displacement wg1 and the web has a lateral displacement
wy1. Their expressions are as follows:

ww1 ¼ww cos
�mpx

a

�
sin

�
npz
hw

�
(1)

wp1 ¼wp cos
�mpx

a

�
sin

�npy
b

�
(2)

wg1 ¼wg cos
�px
a

�
sin

�py
B

�
(3)

Table 1
Geometric dimensions of the three stiffened panels.

ID Panel Stiffener web Stiffener flange Stiffener type

a (mm) b (mm) t (mm) hw (mm) tw (mm) hf (mm) tf (mm)

1 3500 810 15 300 11 90 16 L
2 4300 815 18 463 11 172 17 T
3 5500 910 19 400 12 100 18 L
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wy1 ¼ z
ws

hw
cos

�px
a

�
(4)

Where, ww ¼ hw/200, hw is the height of the stiffener web; a is the

length of the stiffener panel; m, n are half wave numbers, here
m ¼ a/b, n ¼ 1; wp ¼ b/200; b is the width of the attached panel;
wg ¼ ws ¼ a/1000; B is the width of the stiffened panel (in this
paper, B ¼ 11b).

Fig. 1. Boundary conditions of No. 2 stiffened panel.

Fig. 2. Geometric initial imperfections shapes for a stiffened panel.
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The geometric initial imperfections in this paper are imple-
mented by a general analysis step of ABAQUS. In this analysis step,
the geometric initial imperfections are loaded onto the attached
panels and stiffener webs by displacement boundary conditions,
and the distribution of amplitude and direction is defined by the
analytical fields. The expressions of the analytical fields are given by
Eq. (1) -(4). The deformation produced by this analysis step is
introduced as the geometric initial imperfection into the subse-
quent buckling strength analysis. The geometric initial imperfec-
tion of No. 2 stiffened panel is shown in Fig. 3.

2.3. Convergence study and non-linear FE analysis results
calibrations

In this paper, grid convergence is performed on No. 1 stiffened
panel. As shown in Table 2, the finite element results tend to be
stable when the mesh size is reduced to 50 mm. When the mesh
size is larger than 50 mm, the finite element result tends to be
unstable. This may be because the number of elements in the
height direction of the stiffener web in the model is too small to
correctly represent its initial imperfection (Fig. 4), which in turn
causes the finite element model to not correctly represent the
collapse mode of the structure. The convergence study of corroded
stiffened panel is also performed on No.1 stiffened panel, as shown
in Table 3. Considering the computing time, the grid size of 30 mm
is selected in this paper.

Table 4 shows the FE results of this paper and Zhang and Khan
(2009). It can be seen from Table 4 that the results are in good
agreement, indicating that the calculation results in this paper are
persuasive.

3. Influence of pitting corrosion factors on ultimate strength
of stiffened panels

Common corrosion parameters include degree of pit corrosion
intensity (DOP, which is defined as the ratio of corrosion area to
panel area, DOP¼Acorrosion/Apanel), pit shape, pit diameter, pit depth,
and pit distribution. According to Daidola et al. (1997), the
maximum corrosion area allowed is 30% of the intact panel. In this
paper, DOP is set to 5.98%, 11.96% and 23.72%. Huang et al. (2010)
obtained that under the condition of equal corrosion volume loss,
the shape of the pit, such as conical shape, hemispherical shape and
cylindrical shape, has a slight influence on the ultimate strength.
Thus, the pit shape of cylinder is adopted for study in this paper. In
this paper, the diameter of the pit is 60 mm when the pits are
evenly distributed, and the diameter is 50 mm, 60 mm, and 70 mm
when randomly distributed. In addition, pitting corrosion is also

introduced into the web of the stiffener to further study the effect
of corrosion on the ultimate strength of the entire stiffened panel.
The pit depth is set to 0.33t0, 0.67t0, and 1.0t0 (t0 represents the
intact thickness). Therefore, when the pits are rule-distributed, a
stiffened panel has a total of 81 (3*3*3*3) cases, then a total of 243
cases for three stiffened panels. A python script is written and used
to implement the repetitive calculation.

Detailed corrosion parameters of the panel and theweb for No.1
stiffened panel are shown in Table 5, similar to No. 2 and No. 3
stiffened panels. Geometric and material properties of the three
stiffened panels are presented in Table 6.

3.1. Effect of DOP

Degree of pit corrosion intensity (DOP) can significantly influ-
ence the ultimate strength of stiffened panel under corrosion. It is
easy to accept that as the corrosion area increases (the DOP in-
creases), the load bearing strength of the structure decreases. The
values of DOP are designed to be 5.98%, 11.96% and 23.72%. The
average strain-stress curves under of the three stiffened panels
shown in Table 1 are presented from a to c in Fig. 5, respectively.
The average stress is calculated from the total compressive force
divided by the total intact cross-section area and the average strain
is calculated from the shorten displacement divided by the total
length of the stiffened panel along the compressive direction. For
clarity, only the image near the peak of the curve is plotted to
highlight the difference in the values of the three stiffened panels
and the colors of blue, red and green are respectively used to
represent the resulting curves for stiffened panels 1, 2 and 3. The
ultimate strength reduction rate(Eq. (5)) curves are presented in
Fig. 5d.

Ultimate strength reduction rate¼sðintactÞ � sðcorrodedÞ
sðintactÞ

� 100%

(5)

It can be seen from Fig. 5a, b and 5c that as the pitting depth
increases, the ultimate strength of the three stiffened panels de-
creases significantly, which is also clearly shown in Fig. 5d: the
ultimate strength reduction rate increases significantly as the
pitting depth increase (especially under high DOP). It can be also
obtained from Fig. 5d that the ultimate strength reduction rate
increases as the DOP increases, especially when pitting depth is
large. When the DOP is small (<7%), the influence of the pitting
depth has slight influence on the ultimate strength of the three
stiffened panels (<10%). Moreover, Fig. 5d shows that the ultimate
strength reduction rate tends to be stable under the same corrosion
parameters (DOP, pitting depth) regardless of the size parameters
of the stiffened panels, which is especially obvious when the DOP is
small (even if the DOP is close to the critical value, the error is less
than 20%). This phenomenon indicates that the reduction rate of
the ultimate strength of different stiffened panels can be described
by a function related only to “these corrosion parameters”, which
will be discussed later in this paper.

3.2. Effect of pitting depth

To study the effect of pitting depth on the ultimate strength of
stiffened panels, the pitting depths are designed to be 0.33t0, 0.67t0
and 1.0t0 (t0 is the thickness of panel or web). As shown in Fig. 6a, b
and 6c, the influence of the pitting depth on the ultimate strength
of stiffened panels is similar to that of DOP, and the ultimate
strength decreases as the pitting depth increases. Comparing
Figs. 5d and 6d, the ultimate strength reduction rate increases with
the increase of DOP and pitting depth, while their rising trends are

Fig. 3. Geometric initial imperfection of No. 2 stiffened panel (Deformation scale
factor ¼ 30).
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Table 2
Grid convergence analysis on No. 1 intact stiffened panel.

ID a (mm) b (mm) t (mm) hw (mm) tw (mm) hf (mm) tf (mm) grid size (mm) volume loss (%) ult. str. (MPa) relative error (%)

C-1 3500 815 15 300 11 90 16 200 0.00 245.70 3.66
C-2 3500 815 15 300 11 90 16 150 0.00 238.53 0.76
C-3 3500 815 15 300 11 90 16 100 0.00 233.00 �1.59
C-4 3500 815 15 300 11 90 16 70 0.00 230.69 �2.61
C-5 3500 815 15 300 11 90 16 50 0.00 236.54 �0.07
C-6 3500 815 15 300 11 90 16 30 0.00 236.71 0
C-7 3500 815 15 300 11 90 16 20 0.00 236.68 �0.01

Fig. 4. Three element models of No. 1 stiffened panel with different grid size.

Table 3
Grid convergence analysis on No. 1 corroded stiffened panel (volume loss ¼ 5.91%).

ID a (mm) b (mm) t (mm) hw (mm) tw (mm) hf (mm) tf (mm) grid size (mm) volume loss (%) ult. str. (MPa) relative error (%)

C-1 3500 815 15 300 11 90 16 150 5.91% 210.43 �1.25
C-2 3500 815 15 300 11 90 16 100 5.91% 208.81 �2.04
C-3 3500 815 15 300 11 90 16 70 5.91% 207.82 �2.52
C-4 3500 815 15 300 11 90 16 50 5.91% 212.71 �0.17
C-5 3500 815 15 300 11 90 16 30 5.91% 213.06 0
C-6 3500 815 15 300 11 90 16 20 5.91% 212.67 �0.18

Table 4
Comparison of ultimate strength between FE results and results of Zhang and Khan (2009).

ID Panel Stiffener web Stiffener flange Stiffener type FE results (MPa) Zhang and Khan’s results (MPa) Relative error (%)

a (mm) b (mm) t (mm) hw (mm) tw (mm) hf (mm) tf (mm)

1 3500 810 15 300 11 90 16 L 236.54 251.37 �5.8
2 4300 815 18 463 11 172 17 T 265.56 271.53 �2.2
3 5500 910 19 400 12 100 18 L 251.66 253.89 �0.9

Table 5
Detailed corrosion parameters of the panel and the web for No. 1 stiffened panel.

No. Pits on panel Pits on web of stiffener Pit shape Pitting distribution

DOP (%) Depth(%t) Dia.(mm) DOP (%) Depth(%tw) Dia.(mm)

1 5.98 33 60 6.46 33 60 Cylinder Rule
1 11.96 67 60 11.85 67 60 Cylinder Rule
1 23.72 100 60 22.42 100 60 Cylinder Rule
Total 3 3 1 3 3 1 1 1

Table 6
Geometric and material properties of the FEM.

Stiffener panel size a*b*t þ hw*tw þ hf*tf (mm) 3500*815*15 þ 300*11 þ 90*16,
4300*815*18 þ 463*11 þ 172*17, 5500*910*19 þ 400*12 þ 100*18

Shape of pits Cylinder
DOP (%) 5.98, 11.96, 23.72 for panel

6.46, 11.85,22.42 for web
Depth of pit (%) 0.33t0, 0.67t0, 1.0t0 (through thickness)
Diameter of pit (Dia./mm) 60
Material properties E ¼ 205.8 GPa, y ¼ 0.3, sy ¼ 315 MPa
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different. The increase of strength reduction rate gradually slow
down with the increase of DOP, but faster with the increase of
pitting depth. In addition, it can be seen from Fig. 6d that the DOP
has a relatively small influence on the ultimate strength (around
10%) when the pitting depth is small (�0.33t0).

3.3. The effect of pitting location

According to the calculation conditions described above, there
are 9 different corrosion volume losses for theweb and the panel. In
order to study the influence of corrosion on the web and the panel
on the ultimate strength of the stiffened panel, respectively, Fig. 7
shows the ultimate strength curves of the three stiffened panels
under different corrosion volume losses of the web and the panel.
The y-axis in Fig. 7 represents the ratio of the ultimate strength of
the corroded stiffened panel to the intact one, which is represented
as su/su0.

It can be seen from Fig. 7 that corrosion on the webs and panels
weakens the stiffened panels’ ultimate strength, but the degree of

influence varies from one to another. Conclusion can be made from
Fig. 7a1, 7b1, and 7c1 that the influence of web corrosion on the
ultimate strength is relatively slight, and the ultimate strength drop
caused by it generally does not exceed 8%. This may be due to the
small cross-sectional area of the web. However, it can be seen from
Fig. 7a2, 7b2 and 7c2 that the influence of panel corrosion on the
ultimate strength is severe, and the ultimate strength drop caused
by it can be as close as 20%.

3.4. The effect of pitting distribution

In the previous study, the pits on the stiffened panel were
regarded as rule distributed to simplify the modeling and calcula-
tion. However, it should be noted that the actual distribution tends
to be a random distribution in different regions of the stiffened
panels, as shown in Fig. 8. It can be considered that the random
distribution (Fig. 9a) of the pits causes the ultimate strength to be
reduced on a rule basis (Fig. 9b). Further, this reduction can be
expressed by a distribution coefficient h in Eq. (6).

Fig. 5. Average axial compressive stress-strain curves and ultimate strength reduction rate of three stiffened panels for DOP.
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h¼sRandom
sRule

� 100% (6)

Where, sRandom is ultimate strength of corroded stiffened panel
with random distributions, sRule is ultimate strength of corroded
stiffened panel with rule distributions.

In order to study the effect of the random distribution of pits on
the panels and the webs, different distribution areas on the panels
and webs should be considered separately. At the same time,
considering that the corrosion of the stiffened panels is mainly
from the panels, here the panels are divided into 8 different
corrosion areas, and the webs are divided into 3 different corrosion
areas, as shown in Fig. 11 and Fig. 12, respectively. In addition,
considering the uncertainty of the results caused by the random
distribution of the pits, three cases are calculated under each
combination of panel andweb distribution, and the average value is
taken as the ultimate strength of the stiffened panel under the
random distribution combination. According to the above situation,
the calculation case number of one stiffened panel is 72 (3*8*3),
then a total of 216 cases need to be calculated for the three stiffened
panels. In this article, it is a repetitive and computationally inten-
sive project to manually calculate these cases, so a Python-based

ABAQUS development script was written and used to perform a
large number of repetitive calculations.

As shown in Figs.11 and 12, the pits will be randomly distributed
in different areas on the panel and the web. In order to simulate the
actual situation, the diameters of the pits are no longer consistent
60 mm, but three different diameters: 50 mm, 60 mm and 70 mm,
and their number is consistent in different distributions (Table 7). A
MATLAB script was used to randomly generate three different di-
ameters but fixed number of pits in different areas of the panel and
the web. Fig. 10 shows a flowchart of an algorithm for generating
randomly distributed pits in the defined area A. The basic idea is to
use the random function to generate a limited number of circles
with different diameters within the defined area A, and to ensure
that the center distance of any two circles is greater than the sum of
their radii.

Fig. 13 shows a random distribution of the No. 2 stiffened panel
at pitting distribution 1e2 (panel pitting distribution 1 and web
pitting distribution 2).

Tables 8e10 show the distribution coefficients of the three
stiffened panels at the DOP of 5.98%. It is worth noting that the data
in tables is derived from the mean of the three cases under the
same conditions. It can be seen that the distribution coefficients of

Fig. 6. Average axial compressive stress-strain curves and ultimate strength reduction rate of three stiffened panels for pitting depth.
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Fig. 7. The effect of pitting location on the ultimate strength of the stiffened panels (when the pits are located on the webs and the panels, respectively).
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the three stiffened panels under the same pit distribution are
basically equal, so they can be summarized in the same table.
Table 11 shows that under the same type pit distribution of panel,
the change in the pit distribution of web has little effect on the
ultimate strength. It can also be found that different pit distribu-
tions on the panel have a greater influence on the ultimate strength.
When the pits are randomly distributed in the area of panel indi-
cated by the distribution 4, the ultimate strength reduction rate is
the highest, which can reach 12.36%.

Compared with the rule distribution, the random distribution of
pits in different areas will also cause changes in the collapse mode
of the stiffened panel. Fig. 14 illustrates the collapse modes and
membrane stress distributions of the No. 2 stiffened panel (at the
Ultimate Limit State) under complete, regular pitting and randomly
distributed pitting. Compared with the intact stiffened panel, the
deformation and the membrane stress are hardly changed due to
the rule distribution of pits (Fig. 14a and b). However, when the pits
are randomly distributed in different area combinations, the
membrane stress and deformation of the stiffened panel are
severely changed compared to the rule distribution (Fig. 14c).

4. Proposed formula

Although nonlinear finite element analysis is a powerful tool for
assessing the ultimate compressive strength of stiffened panels, it
must be recognized that its results and reliability depend heavily on
the operator’s software skill. Therefore, a formula that can quickly
and reasonably predict the ultimate strength of a stiffened panel
can provide great convenience for practical applications.

According to the previous study (Figs. 5d and 6d), it is found that
the strength reduction rates of the different stiffened panels are
substantially equal when the DOP and the pit depth are fixed (the
corrosion loss volume is fixed). The ultimate strength reduction
factor is defined as the ratio of the ultimate strength of the pitting
stiffened panel to the intact, so a formula for the ultimate strength
assessment of a stiffened panel with rule pitting corrosion based on

the intact one is described in Eq. (7).

su
su0

¼ � 1:68
DV
V0

þ 1 (7)

Where, su is ultimate strength of a stiffened panel with pit corro-
sion, su0 is ultimate strength of an intact stiffened panel, DV is
corroded volume loss, V0 is original volume of stiffened panel.

The result comparisons are reproduced in Fig. 15a with corre-
lation coefficient 0.970 and coefficient of variation (COV) 0.004.
Fig. 15b shows the error bands between the proposed formula and
all FE results, it can be seen that the error of 95.53% cases is within
±5%, and the error of all cases is within ±10%.

The ultimate strength of corroded stiffened panel with random
distribution should be corrected by distribution coefficient h on the
basis of Eq. (7). Table 11 shows the distribution coefficients of the
stiffened panel’s ultimate strength under different pitting
distributions.

5. Conclusion

A series of nonlinear finite element analysis for the ultimate
strength of stiffened panels with pitting corrosion under uniaxial
compression loads has been conducted in this paper. DOP, pitting
depth, pitting location and pitting distribution were studied as the
main factors, which revealed the influence of the ultimate strength
reduction of stiffened panels. Based on the nonlinear numerical
results in this paper, the following conclusions can be drawn.

(1) A series of ultimate strength numerical analysis for three
types of stiffened panels with typical dimensions in common
ship structures were performed by ABAQUS software. These
analyses provide a reference for further research on the ul-
timate bearing of stiffened panels with pitting corrosion.

(2) The increase in DOP and pitting depth reduces the ultimate
strength of the stiffened panels, which is especially signifi-
cant when they are at high values (DOP is close to 30% or the
pitting depth is close to 1.0t0). The increase of strength

Fig. 8. Random pitting distribution of a panel.

Fig. 9. Different pitting distribution of No. 2 stiffened panel (DOP ¼ 5.98%).

Table 7
The number of pits with different diameters under random distribution
(DOP ¼ 5.98%).

ID pit diameter on the panel pit diameter on the web

50 mm 60 mm 70 mm 50 mm 60 mm 70 mm

NO.1 20 30 12 6 8 8
NO.2 24 28 24 14 20 10
NO.3 36 40 32 16 20 12

L. Feng et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 699e710 707



reduction rate gradually slow downwith the increase of DOP,
but faster with the increase of pitting depth. Meanwhile,

when one of the DOP or pit depths is small (DOP is less than
7% or the pit depth is less than 0.33t0), the reduction of the
ultimate strength of the stiffened panels by another param-
eter will not exceed 10%.

Fig. 11. Different distribution areas on panel.

Fig. 12. Different distribution areas on web.

Fig. 13. A random distribution of the No. 2 stiffened panel at distribution 1e2.

Table 8
Distribution coefficients of No. 1 stiffened panel.

Panel
Web

1 2 3 4 5 6 7 8

1 97.40% 92.79% 100.06% 89.18% 96.23% 90.24% 95.69% 93.79%
2 97.97% 92.75% 100.64% 90.70% 96.84% 89.89% 95.62% 94.39%
3 98.17% 92.90% 100.82% 90.31% 96.80% 90.51% 96.16% 94.64%

Fig. 10. Algorithm flow chart for generating randomly distributed pits with different numbers and diameters in the defined area A.
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(3) It can be found that the corrosion on the web of the stiffened
panel has slight effect on the reduction of the ultimate
strength, and the reduction caused by the corrosion is
generally less than 8%. Similarly, the ultimate strength of the
stiffened panels is not sensitive to the distribution of pits on
the web.

(4) Compared with the rule pitting distribution, the ultimate
strength is further reduced due to the random pitting dis-
tribution on the stiffened panel, and the collapse mode and
stress distribution of the stiffened panel are also changed. On
the basis of regular distribution, the ultimate strength
reduction rate caused by the random pitting distribution can
be close to 13%.

(5) It has been found that the ultimate strength reduction of
stiffened panels with pitting corrosion is related to the
corrosion volume loss. Based on this, an empirical formula
for the ultimate strength reduction factor of stiffened panels
with pitting corrosion is proposed. The derived formula is
quite accurate.
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Fig. 14. Membrane stress distribution and deformation of No. 2 stiffened panel under different random pitting distributions (at the ULS).

Table 9
Distribution coefficients of No. 2 stiffened panel.

Panel
Web

1 2 3 4 5 6 7 8

1 95.20% 88.29% 98.82% 86.86% 96.03% 86.67% 94.99% 91.67%
2 95.03% 88.99% 98.33% 86.46% 96.10% 86.84% 94.40% 91.69%
3 94.08% 87.63% 97.00% 85.95% 94.59% 86.21% 93.14% 90.83%

Table 10
Distribution coefficients of No. 3 stiffened panel.

Panel
Web

1 2 3 4 5 6 7 8

1 94.82% 89.28% 98.80% 86.88% 96.28% 87.83% 95.22% 91.65%
2 95.49% 89.44% 99.12% 87.01% 96.55% 87.78% 95.37% 91.77%
3 95.04% 89.69% 99.02% 86.68% 96.67% 88.24% 95.25% 92.01%

Table 11
Average distribution coefficients of three stiffened panels.

Panel
Web

1 2 3 4 5 6 7 8

1 95.81% 90.12% 99.23% 87.64% 96.18% 88.25% 95.30% 92.37%
2 96.16% 90.39% 99.37% 88.06% 96.50% 88.17% 95.13% 92.62%
3 95.77% 90.07% 98.95% 87.65% 96.02% 88.32% 94.85% 92.49%
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