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SUMMARY 
 
The objective of this work is to investigate the reliability of corroded stiffened plates subjected to compressive uniaxial 
load based on the progressive collapse approach as stipulated by the Common Structural Rules for Bulk Carriers and Oil 
Tankers, employing the limit state design. Two different models are investigated, where in the first one, the corrosion 
degradation leads to uniform thickness loss, whereas the mechanical properties are unchanged, as given in the Rules. In 
the second one, the plate thickness degradation is followed by subsequent mechanical properties reduction. The 
uncertainties related to the mechanical properties, thicknesses and initial imperfections of the corroded stiffened plate are 
taken into account. Several initial design solutions of stiffened plates, as well as different severity levels of corrosion 
degradation, are investigated. Discussion about the uncertainties, their origin and confidence are presented, and several 
conclusions are derived. 
 

1. INTRODUCTION 
 
Recently, more attention is paid in investigating the 
influence of the degradation phenomena to the structural 
behaviour of ship and offshore structures. One can 
distinguish different ageing mechanisms, such as 
cracking, corrosion and local denting. From all of them, 
the corrosion seems to be the most common one. 
The corrosion influence to the load-carrying capacity of 
different structural elements was studied, both 
experimental and numerical domain, i.e., steel box girders 
in (Saad-Eldeen, et al., 2012, 2013), stiffened panels (Shi, 
et al., 2018), stiffened plates (Garbatov, et al., 2017; 
Woloszyk, et al., 2018; Woloszyk and Garbatov, 2019b), 
plates (Paik, et al., 2003; Silva, et al., 2013; Zhang, et al., 
2016) and beams (Wang, et al., 2020). Additionally, there 
was discovered that not only the thickness reduction 
causes the capacity loss, but the mechanical properties 
could also be significantly reduced (Garbatov, et al., 2014; 
Wang, et al., 2017). The combination of these two factors 
can be critical. In the study of (Woloszyk, et al., 2018), 
where several FE models with a subsequent thickness and 
mechanical properties reduction caused by corrosion were 
presented and validated with experimental results, and the 
agreement was good. 
Nowadays, the reliability analysis is widely used in ship 
and offshore structures. The first applications in ship 
structural design related to the safety of hulls subjected to 
a vertical bending moment were made in (A. E. Mansour, 
1972; A. Mansour, 1972) and (Mansour and Faulkner D., 
1972). Furtherly, more improved methods to asses the 
reliability of the ship hull girder were presented (Parunov, 
et al., 2007; Gaspar and Guedes Soares, 2013; Chen, 
2016). The reliability assessment considering the 
corrosion influence was performed as well, with regards 
to single structural elements such as plates (Guedes Soares 
and Garbatov, 1999a; Silva, et al., 2014) or web frames 
(Huang, et al., 2014) as well as ship hulls (Wirsching, et 
al., 1997; Guedes Soares and Garbatov, 1999b; Zayed, et 
al., 2013; Zhu and Frangopol, 2013).  

In (Woloszyk and Garbatov, 2019a) a reliability analysis 
of a corroded tanker ship hull was performed, which was 
based on both FE and experimental results. In both cases, 
to estimate the ultimate structural capacity accounting for 
the existing uncertainties, it could be a time-consuming 
process which differs as a function of the size of structural 
components. In this way, the fast and practical tools for 
design purposes were already developed. In the present 
study, the method based on analytical equations that may 
be found in (Gordo and Guedes Soares, 1993) and adopted 
in Common Structural Rules (International Association of 
Classification Societies, 2018), are employed. The 
analysed stiffened plate is 1.06 m long, 0.4 m wide with a 
flat bar stiffener of a 0.1 m height. The thickness ranges 
between 5 up to 8 mm for both plate and stiffener. 
 
 
2. ULTIMATE STRENGTH 
 
The method used to estimate the ultimate structural 
capacity may be found in detail in Common Structural 
Rules (International Association of Classification 
Societies, 2018). Nevertheless, the main assumptions are 
briefly introduced. Four different failure modes of the 
stiffened plate element, which is the typical part of ship 
cross-section can be distinguished: beam-column buckling 
(CR1), torsional buckling (CR2) and web local buckling 
of the stiffener (CR3). The ultimate limiting capacity will 
be the minimum from the above three modes: 

𝜎 = min(σ , 𝜎 , 𝜎 ) (1) 

The beam-column buckling failure mode is estimated as: 
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where 𝜎  is the elastic Euler column buckling stress equal 
to: 
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𝐴
(3) 

where 𝐼  is the moment of inertia of stiffener with a 
plating of width 𝑏  and 𝐴  is the net sectional area of 
stiffener with a plating of a width 𝑏 . Both of widths 𝑏  
and 𝑏  dependent on the plate slenderness ratio. 

The torsional buckling failure mode is estimated as: 
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where 𝜎  is the elastic Euler torsional buckling stress 
equal to: 

𝜎 =
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𝑙
+ 0.385𝐼 (5) 

where 𝐼  and 𝐼  are polar and sectional moments of the 
inertia of the stiffener, respectively, about the point that 
the stiffener is welded to the plate and 𝐼  is the Saint 
Venant’s moment of inertia of the stiffener. 

The web local buckling mode is estimated as follows: 
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where 𝜎  is the elastic Euler buckling stress of the 
stiffener: 

𝜎 = 160000
𝑡

ℎ
(7) 

where 𝑡 and ℎ are the thickness and height of the stiffener, 
respectively. 

All three critical stresses will be as a function of both 
geometrical dimensions of the stiffened plate together 
with the mechanical properties of the steel. In the case of 
the main dimensions, the thickness is only treated as a 
random variable, whereas length, breadth and height of the 
stiffener are deterministic variables. In the case of the 
mechanical properties, both yield stress and Young 
modulus are random variables. As a result, the ultimate 
capacity will be a random variable too. 

3. RELIABILITY ANALYSIS 
 
3.1 LIMIT STATE FUNCTION 
A well-known fact is that the initial imperfections cause 
the reduction of the ultimate capacity (Dow and Smith, 
1984). In the analytical model, introduced in Section 2, 
one cannot control the initial imperfections level. The 
assumption of the mean level of the initial imperfection is 
incorporated in the model. However, it was shown in 
(Woloszyk and Garbatov, 2019b), that the variations of 
the initial imperfections cause significant variations in the 

ultimate capacity as well. Due to that fact, it cannot be 
neglected in the reliability analysis. 

Since the uncertainty of initial the imperfection cannot be 
implemented directly, it can be introduced as a normal 
random variable (𝑋 ). The mean value and standard 
deviation of initial imperfections uncertainty are assumed 
to be equal to 1 and 0.05, respectively. 

Together with initial imperfections, welding-induced 
residual stresses can also cause a reduction in the ultimate 
capacity. However, the level of the reduction will depend 
on the size of the stiffened plate and the level of residual 
stresses. Some studies related to this topic may be found 
in (Gannon, et al., 2013; Tekgoz, et al., 2013), where the 
influence of the residual stresses on the strength of a flat-
bar stiffened plates was studied. The capacity reduction 
varied between 5 and 16.5 %. As proposed in (Gordo and 
Guedes Soares, 1993), the maximum capacity reduction of 
the stiffened plates caused by the welding-induced 
residual stresses is about 10 %. In the presented study, the 
uncertainty level related to welding-induced residual 
stresses is introduced by a normal random variable (𝑋 ). 
The mean value is assumed to be equal to 0.95 and 
standard deviation is taken as 0.05. 

Based on the presented assumptions, the limit state 
function is defined as follows: 

𝑔 = 𝑋 𝑋 𝜎 − 𝜎 (8) 

The acting stress (𝜎 ) is assumed to be a normal random 
variable with the coefficient of variation (CoV) equal to 
10%. The ultimate capacity is a log-normal random 
variable, with the CoV resulting from the uncertainties 
related to the thickness, yield stress and Young modulus: 

𝜎 = 𝑓 �̃�, 𝑅𝑒, 𝐸 (9) 

The uncertainty assessment of these random variables was 
done in (Woloszyk and Garbatov, 2019b), based on the 
experimental results presented in (Garbatov, et al., 2014). 
The mechanical properties and thicknesses for the various 
levels of corrosion degradation are summarized in Table 
1. 

 

 

 

 

 

 

 

 

 

 



Table 1. Random variable descriptors. 

DoD 
[%] 

Thickness t 
[mm] 

Yield Stress 
Re [MPa] 

Young 
modulus E 

[MPa] 
Mean 
value 

St. 
dev. 

Mean 
value 

St. 
dev. 

Mean 
value 

St. 
dev. 

5 mm plate 

0 5 0.0685 235.0 7.11 196.0 23.1 

10 4.5 0.0771 238.3 7.11 185.7 23.1 

25 3.75 0.0897 234.6 7.11 170.1 23.1 

6 mm plate      
0 6 0.0822 235.0 7.11 196.0 23.1 

10 5.4 0.0925 238.3 7.11 185.7 23.1 

25 4.5 0.1077 234.6 7.11 170.1 23.1 

8 mm plate 

0 8 0.1096 235.0 7.11 196.0 23.1 

10 7.2 0.1233 238.3 7.11 185.7 23.1 

25 6 0.1435 234.6 7.11 170.1 23.1 
 

The limit state function together with the procedure for 
calculating the ultimate capacity was adopted in the 
STRUREL software (RCP Consult GmbH, 2018), and the 
FORM method (Hasofer and Lind, 1974) is used to 
estimate the Beta reliability index. 

Two different models are analyzed considering the 
corroded degradation conditions measured by the Degree 
of Degradation between 0 and 25 %. In the first model 
(model A), the thickness change is only considered, which 
is, in fact, already adopted in the Classification Society 
rules. Usually, the ultimate capacity check is performed 
for the net section without the half of corrosion additions. 
In this model, the mechanical properties are independent 
on DoD, and there are kept the same as for intact 
conditions. In the second model (model B), the thickness 
reduction is followed by subsequent mechanical 
properties reduction.  

Usually, the loads for stiffened plate elements, that are 
composing the ship hull cross-section are coming from 
still water and wave-induced bending moments. However, 
in the presented study, only one stiffened plate element is 
analysed. For that reason, the acting stress is found to 
satisfy the initial level of the Beta reliability index. 
According to DnV (DnV, 1992), the target reliability level 
for a designed structure for a severe consequence of failure 
should be equal to 3.71. The loading that satisfies the 
target reliability value for the intact conditions is 
presented in Table 2 for various plate thicknesses. 

 

 

 

Table 2. Acting stresses for different thickness levels. 

Thickness t 
[mm] 

Acting stresses 𝜎  
[MPa] 

Target 
reliability 
index [-] Mean 

value 
Standard 
deviation 

5 95.64 9.56 3.71 
6 105.3 10.53 3.71 
8 120.9 12.09 3.71 

 

The results of the analysis are presented in Figure 1, where 
the Beta reliability index is in a function of DoD for both 
models, and different thicknesses of the stiffened plate. 

 

 

Figure 1. Reliability index values in function of DoD, t=5 
mm (up), t=6 mm (mid) and t=8 mm (bottom). 

As it can be noticed, for all thicknesses, with the increase 
of DoD, the reliability level decreases. Additionally, for 
the higher values of DoD, the differences between model 
A and model B becomes significant. In this case, when the 
mechanical properties variations in the corrosion 
development are also taken into account, the Beta 
reliability level is significantly lower in comparison to the 



stiffened plate with a reduced thickness only. The 
differences between model A and model B are quite 
similar for each case of the stiffened plate. Nevertheless, 
for an 8 mm plate, the reliability index values are higher 
for the same DoD comparing to the thinner plates.  

 
3.2 IMPACT OF CORROSION MEASUREMENT 
DATA 
 

The reliability analysis results presented in section 3.1 are 
based on the thickness measurements related to small-
scale specimens corroded in laboratory conditions. Due to 
that, the thickness standard deviation is relatively low. 
Additionally, in this case, the standard deviation is related 
to a particular Degree of Degradation. In normal ship 
exploitation conditions, such direct measurements are 
impossible. The corrosion measurements are reported 
during inspections, and there are followed in specific time 
frames. Due to that, in practice, the time-dependent 
corrosion degradation models are commonly used. 

To estimate the corrosion degradation propagation, the 
nonlinear time-dependent model presented in (Guedes 
Soares and Garbatov, 1998) is used. The corrosion depth 
in a function of time is estimated as follows: 

𝑑(𝑡) =
𝑑 1 − exp −

𝑡 − 𝜏

𝜏
, 𝑡 > 𝜏

0,                                                     𝑡 ≤ 𝜏
 (10) 

 

where 𝑑  is the long-term corrosion depth, 𝜏  is the 
coating life and 𝜏  is the transition time. 

Eqn 4 represents the mean value of corrosion depth as a 
function of time. In the presented study the parameters are 
calibrated to reach the maximum corrosion depth after 25 
years without considering the coating life (𝜏  = 0). The 
estimated long-term corrosion depth is 3.55 mm, and the 
transition time is 17.5 years. Accordingly, for any specific 
DoD, the time values are found. 

The standard deviation of corrosion depth will depend on 
the corrosion measurement technique. In inspection 
practice, the thickness of the structural component is 
measured with the use of NDT (non-destructive testing), 
especially with consideration of ultrasonic equipment. 
Additionally, the results are sensitive concerning such 
factors as lighting, cleanliness, inspector experience and 
type of inspected area (Zayed, et al., 2008). Due to that, 
the in situ measurements will be subjected to scatter 
compared to laboratory conditions considerably higher. 
According to (Garbatov, et al., 2006), the standard 
deviation value of corrosion depth will be time-dependent 
and can be determined as (for coating life equal to 0 
years): 

𝑆𝑡𝐷𝑒𝑣(𝑡) = 0.384 𝐿𝑛(𝑡 + 10.54) − 0.71 (11)  

It can be noticed, that with the time increment, the 
standard deviation increases as well. The following 

equation is determined based on the real thickness 
measurements during tanker ships inspections. Based on 
Eqns 4 and 5, the standard deviations of corrosion depths 
of the analyzed plates are shown in Table 3. There can be 
noticed that the uncertainties are significantly higher 
compared to those from section 3.1.  

Table 3. Standard deviations of corrosion depth. 

DoD [%] 
Initial 

thickness 
[mm] 

Corrosion depth [mm] 

Mean value 
Standard 
deviation 

0 5 0 0.19 

10 5 0.5 0.28 

25 5 1.25 0.40 

0 6 0 0.19 

10 6 0.6 0.30 

25 6 1.5 0.45 

0 8 0 0.19 

10 8 0.8 0.33 

25 8 2.0 0.53 

 

The corrosion depth is modelled as a log-normal 
distribution (Guedes Soares and Garbatov, 1998). 
Accordingly, the reliability limit state function is updated. 
The random variable of plate thickness is replaced as 
follows: 

�̃� = 𝑡 − 𝑑 (12) 

where 𝑡  is the initial plate thickness. 

The reliability analysis is carried out, and the differences 
for model B in the case of the standard deviation of 
thickness measurements based on the experimental 
investigations and in situ measurements are presented in 
Table 4. 

Table 4. Reliability index as a function of thickness 
uncertainties 

DoD 
[%] 

Initial 
thickness 

[mm] 

Reliability index [-] 
Differ
ence 
[%] 

Experi
ments 

Real 
measuremen

ts 

0 5 3.71 3.72 0.2 

10 5 3.16 3.09 2.0 

25 5 2.02 1.88 6.9 

0 6 3.71 3.72 0.2 

10 6 3.17 3.14 1.2 

25 6 2.04 1.92 6.0 

0 8 3.71 3.72 0.2 

10 8 3.24 3.23 0.3 

25 8 2.16 2.07 4.2 



As it can be noticed, in the case of non-corroded plates, 
the thickness standard deviation is not influencing the 
Beta reliability index. However, with corrosion 
development, the differences are growing. In the case of 
severely corroded plates, the probability of failure 
significantly increases for plates that the thickness is 
measured with higher uncertainties. Nevertheless, it could 
be observed that the differences are smaller for the higher 
initial thickness of the plate.  

 

Figure 2. Sensitivity factors of reliability analysis, 
laboratory (up) and in situ (bottom) measurements. 

To show the influence of corrosion standard deviation to 
the reliability estimates, the sensitivity factors for specific 
analysis are presented in Figure 2, where the sensitivity 
factors for a 5 mm plate with a 25 % od DoD are plotted 
in both cases. Figure 2, left shows the initial model where 
the sensitivity factor concerning the thickness (t) is equal 
to 0.13, and it is relatively low with comparison to other 
factors. Figure 2, right shows the model with a corrosion 
depth based on real measurements and the sensitivity 
factor concerning the corrosion depth (d) is equal to -0.53. 
It could be concluded, that with the increase of the 
thickness standard deviation, the thickness related random 
variable becomes more critical in the reliability analysis. 

Based on the presented results, it may be noticed that the 
reliability analysis results are strongly dependent on the 
origin and level of uncertainties that are taken into 
account.  

 
3.3 PROBABILITY OF DETECTION 
INFLUENCE 
 

In both models, as presented in sections 3.1 and 3.2, the 
resulting reliability index was based on the assumption 
that there are no inspections carried out. However, in 
normal conditions, if the significant corrosion degradation 

exceeding the allowable level is found, such a structural 
component is replaced. In this way, only structural 
components that will be omitted during an inspection may 
fail. 

To quantify the probability of corrosion degradation 
detection, the mathematical models as presented in 
(Zayed, et al., 2008) could be used. The conditional 
probability of detection consists of two terms. The first 
one is the probability of inspection (POI), and it is related 
to the probability that some structural components will be 
inspected. Typically, during the inspection, only selected 
areas are checked, which are chosen as places most 
probable to have big corrosion diminutions. Nevertheless, 
some locations may be omitted. The second term is the 
unconditional probability of detection, which is related to 
the inspection itself. The corrosion degradation may be 
detected when it exceeds some threshold level 𝑑 , which 
is related to testing equipment accuracy and 
environmental factors. The POD is given by: 

𝑃𝑂𝐷(𝑡) = 𝑃(𝑑(𝑡) ≥ 𝑑 ) = 1 − 𝐹 ( )(𝑑 ) (13) 

When corrosion depth is given by log-normal distribution, 
the probability from Eqn 7 can be expressed as follows: 

𝑃𝑂𝐷(𝑡) = 0.5 − 0.5 erf  
ln(𝑑 ) − 𝜆 ( )

𝜀 ( )√2
(14) 

where 𝜆 ( ) and 𝜀 ( ) are defined as follows: 

𝜆 ( ) = ln

⎝

⎜
⎛ �̅�(𝑡)

1 +
𝜎 ( )

�̅�(𝑡)

.

⎠

⎟
⎞

(15) 

𝜀 ( ) = ln 1 +
𝜎 ( )

�̅�(𝑡)
(16)

 

where �̅�(𝑡) and 𝜎 ( ) are the mean value and standard 
deviation of the corrosion depth for a particular time. 

Based on this, the conditional probability of detection 
results from the multiplication of POI and POD(t) as: 

𝑃𝑂𝐷 (𝑡) = 𝑃𝑂𝐷(𝑡) ⋅ 𝑃𝑂𝐼 (17) 

The structural members that could be omitted during the 
inspection are those that cannot be detected. The 
conditional probability of non-detection is then: 

𝑃𝑁𝐷 (𝑡) = 1 − 𝑃𝑂𝐷 (𝑡) (18) 

The probability of failure of the structural component 
considering only the non-detected severely corroded 
plates is defined as: 

𝑃 (𝑡) = 𝑃 (𝑡) ⋅ 𝑃𝑁𝐷 (𝑡) (19) 

where 𝑃 (𝑡) is the probability of failure as calculated in 
reliability analysis. 



Based on the probability of failure calculated by Eqn 13, 
the corrected Beta index can be calculated. To investigate 
the impact of the probability of detection on the resulting 
reliability index, the model from section 3.2 is analysed. 
The assumed probability of inspection is taken as 0.3, and 
the corrosion depth threshold value is taken as 0.8 mm. 

The resulting 𝑃𝑂𝐷 (𝑡) curves are shown in Figure 3 for 
three different plate thicknesses. Since the curves are 
shown in the DoD domain, the time values are estimated 
using Eqn 4 based on the assumptions of the corrosion 
process as given in section 3.2. 

 

Figure 3. Conditional probability of detection. 

As can be observed, the higher plate thickness leads to a 
higher probability of detection. This is related to the 
corrosion detection threshold level. In the case of a 5 mm 
plate, the 25 % degradation results in a 1.25 corrosion 
depth, wheres in the case of an 8 mm plate the same 
degradation level leads to a 2 mm corrosion depth. In the 
first case, the relation between corrosion depth and 
threshold level is significantly lesser compared to the 
latter one. The influence of the probability of detection to 
the resulting Beta index is presented in Figure 4. 

 

 

 

Figure 4. Reliability of corroded plates with and without 
consideration of corrosion detection. 

As can be noticed, in all cases, the reliability increase is 
higher for high DoD levels. This is related to the 
probability of detection, which increases for higher DoD 
values, as presented in Figure 3. Additionally, the highest 
increase of the reliability index is observed in case of 8 
mm plate. 

5. CONCULSIONS 

The presented study introduced a simplified method to 
assess the reliability of corroded stiffened plates. The 
methodology, used here, is found to be fast and practical, 
compared to advanced nonlinear FE analysis. It may be 
concluded, that when not only the thickness change due to 
corrosion degradation is taken into account, but a 
subsequent decrease of mechanical properties too, the 
reliability index is significantly lower. In the second case, 
for severely corroded plates, the reliability index maybe 
even 50% smaller compared to the intact plates. 



Nevertheless, it was found that the outcome of the 
reliability assessment is very sensitive to the initially 
defined random variables and especially their 
uncertainties. Different standard deviations of thickness 
led to quite different reliability estimates. In many cases, 
the initial uncertainty level is assumed, so further studies 
concerning the uncertainty qualification are needed. 
Lastly, it was presented, that when the probability of 
detection of corroded components, during the inspections, 
is taken into account, the reliability index is slightly higher 
with comparison to the reference model. 
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