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Abstract
Structural steel members are subjected to corrosion due to environmental condition. As a result, there is decreasing in the 
cross-section properties of the member. This causes different stability problems and reduction in the load carrying capac-
ity of members. Then, the probability of failure, Pf increases due to corrosion. The need arises to determine expected level 
of safety for such members and systems. Besides, reliability of the steel structure is also effected by the structural stability 
problems that result decreasing in the resistance. Lateral torsional buckling is one of the most encountered problems in steel 
members and affected by the critical moment which is a function of lateral and torsional stiffness. Critical moment depends 
on the material properties, boundary conditions, unbraced length, load pattern, and the member’s cross section. Under the 
corrosion, it is inevitable to observe changing in some of properties. In this study, a damage model to determine the reli-
ability of a corroded I-shape steel member under linear moment gradient is developed considering corrosion exposure time. 
Uniform and varying thickness loss models are considered to show the corrosion effect. Influence of environmental condition 
on the load carrying capacity of the members is considered and their effects on member design is evaluated. As a result, it 
is concluded that load carrying capacity of steel members degrades and safety of them adversely effected. With presented 
formulas, it is ensured that the load carrying capacity and reliability indices of the steel members can be calculated practi-
cally under the examined situations

Keywords Reliability · Corrosion · Lateral torsional buckling · I-shaped steel member · Moment gradient

1 Introduction

I-shaped steel members are widely used as a component of 
structures due to their capacity of bending and shear in the 
plane of the web. Although they present superior flexural 
rigidity in the major principal axis, the same is not neces-
sarily true for the minor principal axis. I-beams subjected 
to bending about its major principle axis have an ordinary 
failure mode that is lateral torsional buckling. The behavior 
of members subjected to lateral torsional buckling changes 
from mainly in plane bending to combined lateral deflection, 
twisting, and finally failure pattern arises lateral deflection 
and twisting in combination with various extents of yield-
ing and flange and/or web local buckling depending on 
the specific member characteristics unless properly braced 

against lateral deflection and/or torsion. On the other hand, 
lateral torsional buckling appears to be a complex problem 
depending on the various parameters, which are not well 
defined at the time of design (Ozbasaran et al., 2015). Thus, 
many different studies have been conducted to understand 
and design against the lateral torsional buckling. Some 
of the major studies on this issue come up with different 
approaches on beam buckling such as Kucukler et al. (2015), 
Valarinho et al. (2016), and Winkler et al. (2017). In order 
to reach more realistic results, finite element approaches 
and experimental studies were performed to assess lateral 
torsional buckling behavior of the members such as Aydin 
(2009), Jankowska-Sandberg and Kołodziej (2013), Wu and 
Mohareb (2013), Ghafoori and Motavalli (2015), and Yang 
et al. (2017).

Because of the observations and experiments that have 
been going on for years, corrosion has been shown to cause 
destructive and harmful effects on steel elements (Chan-
drasekaran & Nagavinothini, 2020; Kayser & Nowak, 1989). 
Detailed study is carried out to provide engineers with data 

Online ISSN 2093-6311
Print ISSN 1598-2351

 * Engin Aktaş 
 enginaktas@iyte.edu.tr

1 Department of Civil Engineering, Faculty of Engineering, 
Izmir Institute of Technology, 35430 Urla, İzmir, Turkey

http://orcid.org/0000-0002-3531-5024
http://orcid.org/0000-0002-5706-2101
http://crossmark.crossref.org/dialog/?doi=10.1007/s13296-021-00516-8&domain=pdf


1479International Journal of Steel Structures (2021) 21(4):1478–1501 

1 3

on thickness loss of structural steel members resulting 
from corrosion by Albrecth (2003). Especially, a reduction 
in fatigue life of corroded steel members are investigated 
experimentally considering numerous specimens taken from 
flanges and webs of corroded steel beams from steel bridges 
and petrochemical sites (Melchers, 1999; Rahgozar 1998; 
Sharifi & Rahgozar, 2009). The main effect of corrosion 
is the abrasions in the section size. This condition causes 
to decrease the structural load carrying capacity and struc-
tural safety to decrease (Sharif & Rahgozar, 2010; Sharifi & 
Rahgozar, 2010a). In order to predict service life and make 
reliable decision for deteriorating steel beams regarding the 
remaining moment capacity and shear failure, percentage 
thickness loss of the corrosion damaged I-beams are inves-
tigated (Sharifi & Rahgozar, 2010b, c). Due to thickness 
loss of flanges and web of the steel sections, section proper-
ties of members change and this cause stability problems 
like lateral torsional buckling (LTB) in the corroded steel 
beams (Melchers, 2003a; Rahgozar et al., 2010). In addi-
tion, there are difficulties in determining the reliability of 
structural performance due to uncertainties caused by the 
deterioration process caused by corrosion. Therefore, many 
studies from different perspectives have been carried out to 
overcome these uncertainties such as Melchers (2003a,b), 
Rahgozar (2009), Saydam and Frangapol (2011), and Sharifi 
and Tohidi (2014). Various factors such as environmental 
effects, load conditions, material properties etc. on corro-
sion resistance and behavior under lateral torsional buck-
ling are investigated in detail by Chandrasekaran (2019), 
Chandrasekaran and Jain (2017), EN (1992), Timoshenko 
and Gere (1985).

In the light of all these developments, the study discusses 
the lateral torsion buckling of the I-shaped steel members 
and the corrosion effect on stability problem (LTB). Sub-
sequently, the scope of this work is to demonstrate effect 
of corrosion induced deterioration impact on the reliability 
of the steel members. For this purpose, simply supported 
beams under linear moment gradient are investigated con-
sidering two different surface corrosion models that consist 
of uniform and varying thickness loss. Corrosion rates and 
probabilistic characterization have been determined by using 
available data from the literature. The reliability analysis is 
performed using these specified beams considering various 
exposure time and environmental conditions.

2  Resistance Model for Lateral Torsional 
Buckling (LTB)

In Fig. 1, a simply supported I shaped steel member is 
given. Constant end moments,  Mo are applied at the end 
of the beam member. The differential equation representing 

this condition is given in Eq. (1) by Timoshenko and Gere 
(1985).

where, E is the modulus of elasticity, G is the shear modulus, 
J is the polar moment of inertia, Cw is the warping constant, 
 Iy is the moment of inertia with respect to the weak axis, and 
∅ is the twisting angle.

The basic strength, Mocr is the lateral torsional buckling 
resistance of a simply supported beam subjected to uniform 
bending moment along the unbraced length,  Lb. It can be 
described as Eq. (2) and given by Timoshenko and Gere 
(1985) if boundary conditions are assumed as; both ends of 
the beam are not twisted but warped.

The maximum moment on the actual moment distribution 
can be represented by Mcr. Then, this is normalized by using 
a moment modification factor. This factor Cbor

(
C1or�2

)
 can 

be developed to standardize Mocr and  Mcr values and it is 
given in Eq. (3);

The moment modification factor, Cb can be used to decide 
elastic lateral torsional buckling resistance of beam with mul-
tiplying the Cb by the basic strength, Mocr of the member. All 
of the considered design standards and literature approaches 
express Cb, C1, or ω2 values as the moment modification factor. 

(1)
d4�

dz4
−

GJ

ECw

d2�

dz2
−

M2

0

E2IyCw

� = 0

(2)Mocr =
�
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EIyGJ +
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(
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)
=

Mcr
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Fig. 1  Lateral torsional buckling of I-shaped member under uniform 
moment  Mo
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According to design code procedures considered in this study, 
the nominal moment resistance of member subjected to elastic 
lateral torsional buckling can be calculated by using Eq. (4).

In this study, EN 1993-1-1 (1992), BS5950 (2000), AS4100 
(1998), AISC 360-16 (2016), TSDC-2016 (2016) and CSA-
S16 (2014) standards are considered. Moreover, moment mod-
ification factor equations offered in the literature are used and 
a function based on the finite difference approach is proposed 
to calculate the critical moment capacity of the steel members 
under the effect of lateral torsional buckling.

EN 1993-1-1 (1992) defines the critical elastic lateral tor-
sional buckling moment capacity for the case of beams with 
doubly symmetric sections in Eq. (5). In this equation, the 
member is assumed loaded from the shear center.

where:  It is the torsion constant,  Iw is the warping constant, 
 Iz is the second moment of area about the minor axis and L 
is the length of the beam between points which have lateral 
restraint. The effective length factors k and  kw vary from 0.5 
for full fixity to 1.0 for no fixity, with 0.7 for one end fixed 
and one end free. For a case with k is equal to 1.0, the value of 
 C1 for any ratio of end moment loading is given with Eq. (6).

where: Ψ is the ratio of end moment loading.
British code, BS5950 (2000) offers an equivalent uniform 

moment factor with C1 as a function of the maximum moment 
Mmax and moments at the quarter points of the span MA, MB, 
and MC in Eq. (7).

Australian steel design standard, AS4100 (1998) gives 
nominal moment capacity of member under elastic lateral tor-
sional buckling with Eq. (8). AS 4100 specifies an additional 
factors αm and αs in Eqs. (9)–(10).

(4)Mn = [Cbor
(
C1or�2

)
]∗Mocr

(5)Mcr = C1

�2EIz

(kL)2

[(
k

kw

)2
Iw

Iz
+

(kL)2GIt

�2EIz

]0.5

(6)C1 = 1.88 − 1.4Ψ + 0.52Ψ2
≤ 2.70,Ψ =

MR

ML

(7)C1 =
Mmax

0.2Mmax + 0.15MA + 0.5MB + 0.15MC

≤ 2.273

(8)Mb = �m�sMs ≤ Ms

(9)�m =
1.7Mmax√[

M2

A
+M2

B
+M2

C

] ≤ 2.5

where,  Mb is the nominal member moment capacity,  Ms the 
nominal section moment capacity,  Moa is the reference buck-
ling moment.

AISC 360-16 (2016) design specification has an approach 
which defines the critical elastic lateral torsional buckling 
for doubly symmetric sections with Eq. (11).

where, Lb is the unbraced length of the beam member and 
Cb is the moment modification factor.

In addition to design standards and codes, the moment 
modification factor is studied and improved to represent 
capability of lateral torsional buckling behavior of members 
in literature. These factors are summarized below consider-
ing the appropriate literature works.

Moment modification factor, Cb is first studied by Salva-
dory (1955) with Eq. (12), Kirby and Nethercot (1979) pre-
sented an equation for Cb, which is applicable for any shape 
of moment diagrams. This equation is given in Eq. (13) and 
is accepted by AISC 360-16. Serna et al. (2006) proposed 
an alternative moment modification factor given in Eq. (14) 
using finite element techniques. Wong and Driver (2010) 
offered an equation given in Eq. (15) for moment modifica-
tion factor by improving quarter-point formula.

CSA-S16 (2014) use a similar approach specifies a factor 
ω2, instead of Cb, which for nonlinear moment gradients. 
Expression of ω2 in CSA-S16 is the same as that proposed 
by Wong and Driver.

TSDC-2016 (2016) has an approach for determining 
the lateral torsional buckling effects for the steel members 
and this approach is same to that of AISC 360-16 (2016). 
TSDC-2016 (2016) categorizes elastic and inelastic buckling 
considering unbraced length limits. Elastic lateral torsional 
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buckling may occur when unbraced length exceeds unbraced 
length limit, Eqs. (16)–(17) are used for calculating Mn.

where: Fcr is the critical yielding point, Wex is the elastic 
section modulus about the strong axis, J is the polar moment 
of inertia, ho is the distance between the flange centroids and 
i2
ts
=
√
IyCw∕Wex.

2.1  Finite Difference Approach for Lateral Torsional 
Buckling Calculation

A beam with unbraced length, Lb and subjected to uniform 
moment, Mo is considered in order to validate the finite dif-
ference approach to the solution of the fourth order differen-
tial equation of lateral torsional buckling in Eq. (1) by Uzun 
and Seçer (2019). The first term of the Taylor series of each 
derivative is used and the member is divided equal spaced 
grid points to obtain a numerical solution of Ø. Each of the 
length is Δz. Illustration of grid points used in finite differ-
ence approach is given in Fig. 2.

The derivatives of Ø (z) at the point z =  zi can be 
described as Eqs. (18)–(21).

There are three constants determined by Eq. (22) and 
used to obtain finite difference description of differential 
equation at any arbitrary point i. Then, the equation becomes 
as Eq. (23).

(16)Mn = FcrWex ≤ Mp

(17)Fcr =
Cb�

2E
(

Lb

its

)2

√
1 + 0.078

Jc

Wexho

(
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)2

(18)��
i
=

1

2Δz

(
−�i−1 + �i+1

)

(19)���
i
=

1

Δz2

(
�i−1 − 2�i + �i+1

)

(20)����
i

=
1

2Δz3

(
−�i−2 + 3�i−1 − 3�i+1 + �i+2

)

(21)�����
i

=
1

Δz4

(
�i−2 − 4�i−1 + 6�i − 4�i+1 + �i+2

)

Suppose that the beam is divided into ten segments and 
Eq. (23) is calculated at grid points i = 0, 1, 2, …, 10 so 
there are eleven equations. The boundary conditions at the 
two ends (z = 0 and z = L) are defined in Eq. (24).

Equation (24) can be written in the form as in Eq. (25) 
in the finite difference approximation. In here, the beam is 
divided into m segments.

In this study, a member that is subjected to unequal 
end moments shown in Fig. 3 is investigated. M is chosen 
the larger absolute end moment and Ψ is accepted chang-
ing from − 1 to + 1 in order to consider possible cases of 
member end moments. The bending moment equation for 
the examined case is given in Eq. (26).

(22)a =
ECw

Δz4
b = −

GJ

Δz2
c = −

M2

0

EIy

(23)
a
(
�i−2 − 4�i−1 + 6�i − 4�i+1 + �i+2

)
+ b

(
�i−1 − 2�i + �i+1

)
+ c�i=0

(24)� = 0

||||| z = 0, z = L
and

d2�

dz2
= 0

||||| z = 0, z = L

(25)
�i = 0

�i−1 − 2�i + �i+1 = 0

|||||
z = 0 → i = 0

z = L → i = m

(26)M0 = M − (1 + Ψ)
M

L
.z

Fig. 2  Example of grid points in 
finite difference approximation

Fig. 3  Bending moment diagram in a member subjected to unequal 
end moments
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Equation (26) can be described as Eq. (27) for finite differ-
ence approach.

By substituting moment, M0 in Eq. (27) into Eq. (1), the 
differential equation used in the finite difference approach for 
investigated load case becomes as Eq. (28).

Finite difference calculation procedure is used for calculat-
ing the differential equation in Eq. (28). In the analyses, the 
member is considered divided into 300 elements. In order to 
satisfy accuracy of analysis results, MATLAB (2018a) soft-
ware is used. Afterward, critical moment values caused lat-
eral torsional buckling in the member is determined. Moment 
modification factor value, Cb that is used to adjust the lateral 
torsional buckling equations is presented for each moment 
gradient value. Outcomes from the finite difference analysis 
are given in Fig. 4.

The relationship between moment modification factor, Cb 
and Ψ values of the end moments are generated using analysis 
results and given in Eq. (29).

(27)M0 = M
[
1 − (1 + Ψ)

i

L
⋅ Δz

]

(28)
d4�

dz4
−

GJ

ECw

d2�

dz2
−

M2

E2IyCw

[
1 − (1 + Ψ)

i

m

]2
� = 0

(29)Cb =
−1.63Ψ + 3.69

Ψ2 − 2.27Ψ + 2.03

2.2  Finite Element Buckling Analysis

Finite element based software can be useful in order to deter-
mine the load carrying capacity of members. They have high 
processing capacities in the analyses. Moreover, geomet-
ric and material nonlinearities in the analyses steps can be 
induced by them. Therefore, ANSYS (2015) software is used 
to analyze I-shaped steel members. Model is considered as 
symmetric. The web and both flanges of steel member are 
modelled using four side shell elements SHELL 43 from 
the ANSYS element library. Mesh sizes are generated about 
40 × 40 mm.

Translations ux, uy, uz and rotations �x,�y,�z are related 
to global coordinate system. Boundary conditions of both 
end of the beam examples are modeled as uy = uz = �x = 0 . 
This condition is illustrated in Fig. 5.

2.3  Validation of Proposed Method

A laterally unrestrained steel beam IPE500 subjected to the 
static bending moment around its major axis is selected for 
validation of the proposed method and shown in Fig. 6.

In order to investigate the structural behavior and the effi-
ciency of the proposed formula, various end moment ratios 
−1 < Ψ < 1 are considered in the present study. Moreover, 
design code procedures for EN 1993-1-1 (1992), BS5950 
(2000), AS4100 (1998), AISC 360-16 (2016), TSDC-2016 
(2016) and CSA-S16 (2014) and recommended moment 
modification factor equations by the researchers such as Sal-
vadory (1955), Serna et al. (2006), Wong and Driver (2010) 
are considered in the analyses. Outcomes of proposed and 
other methods are compared with each other.

Fig. 4  Moment modification 
factors, Cb for a beam subjected 
to unequal end moments, Ψ 



1483International Journal of Steel Structures (2021) 21(4):1478–1501 

1 3

In order to carry out the comparison of results, the 
curves are plotted in Figs.  7, 8. These curves include 
moment capacities standardized by dividing Mcr by the 
theoretical elastic buckling strength, Mocr in horizontal 
axes and the various end moment ratios, Ψ in vertical axes.

Calculated moment modification factor values (Mcr / 
Mocr) indicate that, AS4100 are relatively low when com-
pared to other design code and literature approach results. 
Therefore, AS4100 gives more conservative results than 
the other approaches. In addition, BS5950 gives approxi-
mately same results with AISC360-16 and CSA-S16. EN 
1993-1-1 gives very close values with results of FEM and 
the proposed method equation.

3  Corrosion Effect

The effects of corrosion on metals have been studied by 
researchers for many years through studies conducted in 
various environments. From data comes from these studies 
showed that corrosion loss follow an exponential function 
given in Eq. (30) (Komp, 1987).

where: C represents the average corrosion penetration (μm), 
t is the number of years, A and B are the parameters deter-
mined from the analysis of experimental data. In Table 1, A 
and B values are given.

In order to show deterioration effect of corrosion on the 
steel members, corrosion penetration versus time graphic is 
plotted and given in Fig. 9.

3.1  Corrosion Loss Model

Corrosion model is required the information about the loca-
tion where the corrosion occurs and the types of corrosion. 
There are five main forms of corrosion, which can affect 
a steel girder (Albrecht & Hall, 2003). The most common 
form of corrosion caused damage in the steel members is 
surface corrosion. This form leads to the gradual destruction 
and thinning of members (Fontana, 1987).

Two different corrosion models have been emphasized in 
the literature. These are uniform and varying thickness loss 
models. Uniform thickness loss model is applied to whole 
section of the model. However, actual corrosion damage is 

(30)C = AtB

Fig. 5  FEM model of the beam 
members and boundary condi-
tions

Fig. 6  Simply supported beam 
under linear moment gradient
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Fig. 7  End moment ratio (Ψ) 
versus Mcr / Mocr considered 
design codes

Fig. 8  End moment ratio (Ψ) 
versus Mcr / Mocr considered 
literature work
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locally and not uniform. Therefore, it would be more accu-
rate to use varying thickness loss model. In this way, results 
that are more realistic can be achieved.

Since the two models have been examined in the liter-
ature, both of them are investigated in the study and the 
results are given for comparison. For this purpose, the corro-
sion decay model developed by Rahgozar (2009) for uniform 
and varying thickness loss model sections are considered 
and given in Figs. 10 and 11.

After a structural steel member is exposed to, the cor-
rosion for a certain time, basic changes in the member is 
expected. Material loss and reduction in the section property 
are the most important problems encountered. A reduction in 
the cross-section values of the member is one of the topics 
that this study examines because the important geometric 
properties (moment of inertia, torsion constant, warping 
constant etc.) of section are changed. In addition, buckling 
capacity of members is expected to decrease dramatically 
due to these changes.

IPE section type steel elements, which are commonly 
used, have been chosen in order to investigate and deter-
mine the capacity reduction of I-shaped steel elements due 
to corrosion. Selected IPE sections and their properties are 
given in Table 2.

Remaning capacity (RC) of different IPE shape steel 
members are investigated considering corrosion loss models 
for various environment conditions. The moment capacities 
of the sections are taken as the basis in the analyses and 
losses of the web thickness are considered. Results are given 
in Figs. 12, 13, 14 for uniform thickness loss model and 
Figs. 15, 16, 17 for varying thickness loss model.

According to analysis results, it is observed that % RC 
for IPE section beams dramatically decrease depend on the 
environmental conditions and the years of corrosion expo-
sure. Ultimate reductions in capacity based on 50 years are 
given in the Table 3 for uniform thickness loss and Table 4 
for varying thickness loss model.

Table 1  Average values for corrosion parameters A and B for carbon 
and weathering steel (Kayser & Nowak, 1989)

Environment Carbon steel Weathering steel

A B A B

Rural 34.0 0.65 33.3 0.5
Urban 80.2 0.59 50.7 0.57
Marine 70.6 0.79 40.2 0.56

Fig. 9  Corrosion penetration versus time (year) for carbon steel con-
sidering different environment

Fig. 10  Corrosion loss model 
for uniform thickness loss
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The ultimate capacity decrease of all sections (except 
IPE500) at the end of 50  years corrosion exposure are 
compared with the ultimate capacity decrease of IPE500 
in 50 years. Results are illustrated in Figs. 12, 13, 14, 15, 
16, 17 as % Difference. According to this, ultimate capacity 
reduction becomes higher as the cross-section properties of 
the I-shaped beams decrease. Moreover, it can be concluded 
that I-shaped steel beams, which have smaller cross-section 
properties, are suffered more by corrosion.

The thickness loss in the flanges and web due to cor-
rosion, results in reduction in the moment capacity of the 
member. Besides this, the loss of thickness may change the 
class of an element (plastic, compact, semi-compact or slen-
der) from one to another. However, all sections are examined 
accordingly and not all of the sections exposed to corro-
sion for 50 years show change in their class. Despite very 
close limit values for IPE100 and IPE200, the desired range 
has been maintained. In addition, the reduction in moment 
capacity is linearly proportional to the flange thickness loss 
like the web thickness loss of the members.

Varying thickness loss model cause to locally and not 
uniform damage. However, uniform thickness loss model 

cause uniform damage in the section due to corrosion. 
Therefore, capacity decreasing in the sections reaches very 
high levels for uniform section loss model.

In addition, changes in capacity depending on the cor-
rosion environment and time exposure can give an idea to 
the designer when building an engineering structure that 
is prone more to damage due to corrosion.

4  Reliability Analysis of I‑Shaped Steel 
Beams

The strength, R of a structural member that is referred 
resistance and the load effect, Q cannot be precisely deter-
mined so they are both random variables. The probabilistic 
description of strength and load effect is given in Fig. 18.

If Q ≤ R , structural behavior is satisfactory. However, 
Q > R is undesirable. The reliability of a structure or 
structural component corresponds to its ability to safely 
withstand the imposed actions and fulfill requirements of 
serviceability and durability. The aim of using probabil-
istic methods is determining the probability of failure and 
reliability index, β. In Fig. 19, identical representation of 
probabilistic description is given.

Since the probabilistic distributions of R and Q are not 
known exactly, First-Order Second-Moment (FOSM) reli-
ability method has been used to operate only mean and 
standard deviation of the random variables (Ellingwood 
et  al., 1980). According to the first-order probabilis-
tic method, reliability index, β can be determined using 
Eq. (31) if the resistance and the load effect are assumed 
to distribute lognormally.

Fig. 11  Corrosion loss model 
for varying thickness loss

Table 2  IPE section properties

Section type Dimensions (mm)

H B Tf Tw

IPE500 500 200 16 10.2
IPE400 400 180 13.5 8.6
IPE300 300 150 10.7 7.1
IPE200 200 100 8.5 5.6
IPE100 100 55 5.7 4.1
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where, R and Q are the mean values of the resistance and 
load effects and  VR and  VQ are the coefficient of variations. 
The mean strength and the coefficient of variation (COV) of 
a compact beam are given in Eqs. (32) and (33).

where: �M, �P, and �F are material, professional, and geom-
etry bias coefficients. The final bias factor for resistance λR is 
calculated as �R = �M�P�F .  Rn is the nominal strength and 
can be described as  Cb*Mocr in this study. Reliability indices 
were calculated by Galambos (2004), that result in λR = 1.05, 
 VR = 0.1 for a uniform moment and λR = 1.23,  VR = 0.14 for 
beams subjected to moment gradients, with a lognormal 
distribution. Detailed information for random variables for 
resistance and load are given in Table 5.

(31)� =
ln

(
R∕Q

)
√

V2

R
+ V2

Q

(32)R = Rn

(
�M�P�F

)

(33)VR =

√
V2

M
+ V2

P
+ V2

F

The nominal resistance Rn is determined using proposed 
method and have to be equal to load effect that is specified 
by ASCE 7–10. The load effect is determined using follow-
ing Eqs. 34–35.

where: Dn is defined as nominal dead and Ln is defined as 
nominal live load for 50 year periods by Galambos et al. 
(1982). D = 1.05Dn , VD = 0.1 and L = Ln,VL = 0.25 . Galam-
bos (2004) assumed live load distribution as lognormal for 
ease of calculation. Therefore, live load is taken as a lognor-
mal distribution in this study. Moreover, it can be said that 
the results are relatively affected by live load distribution 
(Eamon et al., 2017).

ASCE/SEI 7-10 (2010) specifies dead and live load fac-
tors of 1.2 and 1.6 for the combination of dead and live 
loads. In this study, the reliability is considered only load 
combination of 1.2DL + 1.6LL because Galambos (2004) 

(34)Q = D + L

(35)�2

Q
= D2

n

[
(1.05 ∗ 0.1)2 +

(
Ln

Dn

∗ 0.25

)2
]

Fig. 12  % Remaining capacity versus % Loss of web thickness due to corrosion for IPE sections in rural environment
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shows that this load combination gives the most critical 
reliability index values, β.In order to ensure safety of the 
member, Eq. (36) have to be satisfied.

In this study, First-Order Second-Moment (FOSM) reli-
ability method is used to evaluate reliability index values. 
Besides, Monte Carlo Simulations (MCS) are used to verify 
the results. Reliability index values of FOSM and MCS are 
in good agreement.

AISC (LRFD) defines the target reliability index as 2.6 
for a live to dead load ratio (Ln/Dn) of 3. Also, (Galambos, 
2004) presented that the reasonable lower bound reliability 
index for these types of member is 2.6, when the discrimi-
nation error is not taken into account. Besides, White and 
Kim (2008) stated that the reliability index corresponds to 
2.6 according to the ASCE 7 load model and elastic LTB.

In Fig. 20 reliability indices are calculated using the 
mentioned resistance statistics by Galambos (2004). The 
use of these values in Eq. (31) along with a resistance factor 
Ф = 0.9 and an assumed live to dead load ratio (Ln/Dn) of 3 
gives β equal to 2.6. As expected, this value is approximately 

(36)�Rn ≥ 1.2Dn + 1.6Ln

same to the targeted reliability index defined in Galambos 
(2004). In addition, this figure gives information about LTB. 
In this case, analytical methods applied to determine the 
elastic LTB capacity are not applied. In this case, instead 
of the analytical methods used to determine the elastic 
LTB capacity, a fixed bias factor is used, as in the reliabil-
ity studies previously mentioned in the study. In this way, 
conceptual reliability level in AISC (LRFD) is represented 
in Fig. 20.

In this study, effect of corrosion on the reliability of the 
steel members is investigated. Therefore, corrosion loss 
parameters A and B are mentioned in the previous section 
determined from the analyses of experimental data. These 
parameters are assumed lognormal variables. Therefore, the 
actual corrosion loss, C is also a random variable. In order 
to investigate corrosion effect on the steel members, mean 
(μ) and coefficient of variation (COV) values are given in 
Table 6.

Consequently, the limit state function for beam members 
subjected to LTB and corrosion can be expressed as follow.

(37)Z(x) = Mcr −MDL −MLL

Fig. 13  % Remaining capacity versus % Loss of web thickness due to corrosion for IPE sections in urban environment
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where: Z(x) is the safety margin, Mcr is a random vari-
able representing the resistance ultimate strength of mem-
ber, MDL and MLL are random variables for dead and live 
loads.

Mcr can be estimated by an analytical procedure that 
includes section properties of section depend on thick-
nesses (J, polar moment of inertia, Iw, warping constant, 
and Iz, second moment of area about the minor axis), and 
Cb which is directly depend on end moment ratio (Ψ). Mcr 
can be described as

In addition to these, the thickness values of the mem-
bers at any specific time due to corrosion (depend on envi-
ronment type) are expected to change. Therefore, A and 
B, which are the parameters of the corrosion rate, are also 
considered random variables.

Here, the obtained capacity ratios are similar for most 
beam sizes and spans exposed to elastic LTB, but capacity 
ratios are expected to differ depending on the effects of 
corrosion on cross sections.

In order to show research methodology of this study, a 
flowchart is generated and given in Fig. 21.

(38)Mcr = Mcr

(
t,Cb

)

4.1  Reliability Analysis for End Moment Ratios, (Ψ)

The estimated reliability index, β values are obtained using 
the mentioned approaches. Graphic is plotted to illustrate 
β values for live to dead load ratio (Ln/Dn) of 3 and end 
moment ratios, Ψ of −1 ≤ Ψ ≤ 1. Results are plotted and 
given in Fig. 22.

Analyses results show that change in end moment ratios, 
Ψ effect significantly reliability of the member. This result 
is expected because the steel beams exposed to the lin-
ear moment gradient (change in Ψ) reduce or increase the 
strength. Moreover, different beam sizes (examined IPE 
sections in this study) and unbraced lengths (Lb = 8, 10, 12 
and 16 m) exposed to elastic LTB are investigated and same 
reliability values are obtained from the analyses.

Moreover, formulation is created in order to calculate 
reliability index for I-beams subjected to elastic LTB and 
given in Eq. (39).

(39)

�(Ψ) =
−0.2814Ψ4 + 0.5076Ψ3 + 2.776Ψ2 − 3.249Ψ + 1.112

Ψ2 − 1.126Ψ + 0.3862

Fig. 14  % Remaining capacity versus % Loss of web thickness due to corrosion for IPE sections in marine environment
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4.2  Reliability Analysis for Years of Corrosion 
Exposure and End Moment Ratio, (Ψ = 1)

Corrosion effects the members load carrying capacity 
depend on the environment and time. In addition, it is 
stated in the previous sections that the sections with differ-
ent dimension properties are affected by corrosion differ-
ently. Section properties of the member (J, polar moment 
of inertia, Iw, warping constant, and Iz, second moment of 
area about the minor axis etc.) change differently depend 
on the corrosion exposure time and environment. Accord-
ingly, it is expected that the reliability index values vary 
for each section. In order to show this changes, results are 
given in Figs. 23, 24, 25 for uniform thickness loss model 
and in Figs. 26, 27, 28 for varying thickness loss consider-
ing only one type of end moment ratio, (Ψ = 1) case and 
live to dead load ratio is assumed as Ln/Dn = 3.

According to the analyses results, safety level of all of 
the I-beams are effected dramatically by corrosion espe-
cially for beams, which have smaller cross section proper-
ties. In addition, it is seen that marine environment have a 
high damage affect compared other environments before 
reaching the 10 years.

4.3  Reliability Analysis for Years of Corrosion 
Exposure and End Moment Ratios, (Ψ)

The cross-section values of structural member are a func-
tion of two parameters, A and B that is used to calculate 
corrosion rate. Therefore, these parameters are assumed 
lognormal variables in the analyses. Mcr is estimated by an 
analytical calculation procedure, which includes the cross-
sectional properties, modulus of elasticity, and end moment 
ratios. Consequently, the load carrying capacity (Mcr), load 
effects, and cross-section properties of the member are also 
assumed as random variables in the analyses.

Reliability analyses are performed to determine the safety 
of I-shaped steel members under the linear moment gradi-
ent by corrosion effect. Three types of environment condi-
tion are considered in here. Besides, end moment ratios for 
−1 ≤ Ψ ≤ 1 are taken into account in the analyses and live to 
dead load ratio is assumed as Ln/Dn = 3. Results are given in 
Figs. 29 and 30 for rural, urban and marine environment type 
and uniform and varying thickness loss models, respectively.

The parameters used to calculate resistance of the mem-
ber are estimated and therefore they include uncertainty. 
When the values comes from created surfaces are examined 

Fig. 15  % Remaining capacity versus % Loss of web thickness due to corrosion for IPE sections in rural environment
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in detail for the 50-year period, it can be concluded that 
these parameters have an important effect on reliability of 
the member. Reliability index, β values are influenced sig-
nificantly due to these parameters. However, here the most 
effective parameter appears to be B. A has a minor effect 
compared to B.

Corrosion models show that the rural environment has 
the most negligible effect on safety among three different 
environments. Moreover, end moment ratios also influ-
ence directly the safety of the member. Especially, range 
of −1 ≤ Ψ ≤ 0 has a negative effect on the reliability of the 
member.

Uniform corrosion cause the loss of material that results 
decreasing in the geometric properties of the member (cross 
sectional area, moment of inertia, section modulus, polar 
moment of inertia, warping constant, etc.). Thickness loss 
in the both the flanges and web of the member due to corro-
sion induce reduction in the moment capacity. Moreover, the 
stiffness of the members is expected to decline significantly 
and this may cause too many deflections in the member. In 
addition, uniform surface corrosion loss has an effect com-
pression strength of the member due to buckling.

In here, it is not complicated to predict the probability of 
I-beams subjected to elastic LTB and corrosion for different 

environments. Therefore, formulations are created for all 
examined section depend on the applied end moment ratio 
and corrosion exposure time. Thus, instead of calculating 
the design values of I-beams, it is convenient to determine 
reliability indices of members. This helps the designer make 
quick structural decisions in the design process. The pro-
posed formulation is given in Eq. 40.

For all examined I-shape section and environment con-
ditions, constants in the formulation are given in Table 7 
uniform thickness loss model and in Table 8 varying thick-
ness loss model.

5  Conclusions

In this study, elastic lateral torsional buckling behavior of 
doubly symmetric I-shaped steel members is investigated 
considering different approaches from codes and literature. 
A specific function that accounts for moment gradient and 
moment modification factor, Cb is proposed. Moreover, 
reliability analyses are performed in order to determine the 

(40)�(Ψ, t) = a + b ∗ Ψ + c ∗ t + d ∗ Ψ ∗ t + e ∗ t2

Fig. 16  % Remaining capacity versus % Loss of web thickness due to corrosion for IPE sections in urban environment
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safety of the beam members by corrosion, as well. In this 
way, the conditions of the beams exposed to corrosion under 
the effect of lateral torsion buckling have been investigated.

Results from the proposed method is relatively closer to 
finite element analysis than any other approaches, especially 
code-based approaches. Moreover, analyses results show 
that the proposed method and generated moment modifica-
tion factor expression, Cb can be practically used to express 
accurately the load carrying capacity of the member for 
examined cases in this study.

Fig. 17  % Remaining capacity versus % Loss of web thickness due to corrosion for IPE sections in marine environment

Table 3  Ultimate capacity decrease of IPE sections for different envi-
ronments and uniform thickness loss model in 50  years’ corrosion 
exposure

Section type Environment

Rural Urban Marine

% Capacity decrease at 50 years

IPE500 6.87 13.61 29.88
IPE400 8.04 15.93 34.95
IPE300 9.94 19.68 43.15
IPE200 12.58 24.89 54.48
IPE100 18.33 36.17 78.79

Table 4  Ultimate capacity decrease of IPE sections for different envi-
ronments and varying thickness loss model in 50  years corrosion 
exposure

Section type Environment

Rural Urban Marine

% Capacity decrease at 50 years

IPE500 6.77 12.62 28.90
IPE400 6.88 13.55 30.50
IPE300 8.96 16.93 35.72
IPE200 10.63 20.62 43.14
IPE100 14.75 28.33 57.99

Fig. 18  Probabilistic description of resistance and load effect
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It is expected that elastic moment capacity of the beam 
subjected to lateral torsional buckling is decreased signifi-
cantly by increases in the unbraced length, Lb. Furthermore, 
in order to decide exactly elastic moment a good estimation 
of the member under linear moment gradient depends on 
determination of moment modification factor, Cb.

According to the results of the analysis, the existing 
design code procedures used to determine the LTB capac-
ity directly depend on the moment modification factor but 
far from demonstrating the actual strength of the elements. 
Therefore, this provides room for improvement in determin-
ing reliability of the member subjected to elastic LTB.

Corrosion models for examined steel beams are con-
sidered for years of corrosion exposure and three differ-
ent environments as well. It is observed that the corroded 
steel beams have significantly drop in their reliability 

depending on the corrosion exposure time. Especially, 
capacity decreasing in the sections reaches very high lev-
els for uniform section loss model. Their reliability level 
equally effected compared to varying thickness loss model. 
In this point, it has to be known that actual corrosion dam-
age is local and not uniform and corrosion model should 
be selected reaching the more realistic solution.

According to analysis results, it can be concluded 
that the structural steel elements need to be repaired or 
renewed under the prescribed corrosion model within a 
certain time and depending on the environment in which 
they are located or precautions against corrosion should 
be taken rigorously. These cases will also constitute the 
future subject of the study.

Fig. 19  Probabilistic description of resistance and load effect

Table 5  Random variables by Galambos (2004)

Random variable Bias factor(λ) COV Distribution

Resistance
 Professional, P
  Uniform moment 0.99 0.06 Normal
  Moment gradient 1.16 0.12 Normal
  Elastic LTB 1.03 0.09 Normal
  Fabrication, F 1.00 0.05 Normal

 Material, M
  Yield 1.06 0.06 Normal
  Elastic LTB 1.00 0.06 Normal
  Uniform moment, Mcr 1.05 0.10 Lognormal

Derived resistance
 Moment gradient, Mcr 1.23 0.14 Lognormal
 Elastic LTB 1.03 0.12 Lognormal

Load
 Dead load 1.05 0.10 Normal
 Live load 1.00 0.25 Gumbel

Fig. 20  Assumed code reliability level

Table 6  Random variables for A 
and B (Kayser & Nowak, 1989)

Carbon 
Steel

Weathering 
Steel

A B A B

Rural environment
μ 34.0 0.65 33.3 0.5
COV 0.09 0.1 0.34 0.09
Urban environment
μ 80.2 0.59 50.7 0.57
COV 0.42 0.4 0.30 0.37
Marine environment
μ 70.6 0.79 40.2 0.56
COV 0.66 0.49 0.22 0.1
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Consequently, identified corrosion models of the steel 
beams are investigated from different perspective. For-
mulations are generated in order to determine safety level 
of these beams depend on the corrosion exposure time 
and environment. It is presented that there are signifi-
cant changes in the capacity that occur on a single beam 
element in the study. Therefore, more detailed structural 
investigations are recommended. However, it is believed 
that obtained analysis results and assessments will help 
designers and structure engineers to develop maintenance 
plans that would allow to keep safety at an acceptable 
level at low cost against coupled LTB and corrosion 
threat.

Fig. 21  A flow chart for research methodology

Fig. 22  Reliability index for end 
moment ratios and Ln/Dn = 3



1495International Journal of Steel Structures (2021) 21(4):1478–1501 

1 3

Fig. 23  Reliability index for end 
moment ratio Ψ = 1 versus years 
of corrosion exposure (uniform 
thickness loss) for rural environ-
ment

Fig. 24  Reliability index for end 
moment ratio Ψ = 1 versus years 
of corrosion exposure (uni-
form thickness loss) for urban 
environment
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Fig. 25  Reliability index for end 
moment ratio Ψ = 1 versus years 
of corrosion exposure (uniform 
thickness loss) for marine 
environment

Fig. 26  Reliability index for end 
moment ratio Ψ = 1 versus years 
of corrosion exposure (varying 
thickness loss) for rural environ-
ment
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Fig. 27  Reliability index for end 
moment ratio Ψ = 1 versus years 
of corrosion exposure (vary-
ing thickness loss) for urban 
environment

Fig. 28  Reliability index for end 
moment ratio Ψ = 1 versus years 
of corrosion exposure (vary-
ing thickness loss) for marine 
environment
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Fig. 29  Reliability index for end moment ratios versus years of corrosion exposure time for a rural b urban c marine environment
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Fig. 30  Reliability index for end moment ratios versus years of corrosion exposure time for a rural b urban c marine environment
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