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Abstract. Atmospheric corrosion is a relevant problem for steel structures and components exposed in aggressive envi-
ronment in case of poor and/or unfeasible maintenance and inspection during service life. As for thin-walled members, the
corrosion hazard can be exacerbated due to the thin thickness of components and the coupled effect between corrosion and
buckling can significantly reduce the structural capacity of such structures. Following these considerations, this paper pre-
sents a study on the reliability of a thin-walled steel section subjected to the damage induced by atmospheric corrosion in
outdoor environments, combining predictive corrosion models for metals with structural reliability applications. A general
procedure for the evaluation of the time variant capacity is proposed and discussed in detail. Finally, an application to a
C-lipped cold formed section is presented and a reliability analysis of the deteriorating section is carried out to evaluate
the coupled effect of corrosion and buckling, according to the proposed procedure.
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Introduction

The durability of thin-walled steel members exposed to
aggressive environments is a relevant problem for a great
number of structures. Cold-formed framings, trussed
roofing structures boldly exposed or partially sheltered in
coastal areas, off-shore structures, foundations and all the
other components that cannot be inspected or maintained,
are typical example of thin walled corrosion prone struc-
tures. The durability of such profiles is usually guaran-
teed by the application of protective coatings, mainly
galvanized coatings, and specific thickness is prescribed
by international standards (ASTM A1003/A1003 2006)
considering the building location, the exposure conditions
and other influencing factors.

As a matter of fact, several threats could affect coa-
tings performances such as improper on-site material
storage, underestimation of the severity of the environ-
ment, or even an inappropriate design of constructional
detailing. In such a case, coating failures let the bare steel
remain exposed to the atmosphere, sharply increasing the
probability of an atmospheric corrosion related failure
(Fig. 1).

From the structural point of view, the thickness loss
of the cross section leads to a smaller resistant area, pro-
ducing a decrease of the structural performances in terms
of strength, stiffness and ductility. Moreover, in case of

cyclic loads, the corrosion phenomenon can produce a
significant reduction in the fatigue strength, mainly in
zones with high stress concentrations.

Mirambell (2004) observed that corrosion related
failures arise mainly because corrosion hazard was not
taken into account in the initial design and this leads to a
“substantial decrease in structural strength and poses an
additional problem in connection with preventative main-
tenance to counter the effects of the corrosion”.

With respect to buildings and civil engineering
works, which are the main focus of this paper, the design
of steel structures under corrosion attack is usually based
on simple criteria and prescriptive rules. Although dura-
bility is listed among the basic requirements that each
construction shall meet during service life, a review of
the design rules and recommendations (Eurocode 2002;
Eurocode 3 2005; Probabilistic model code 2000;
ISO 12944-1 1998; ISO 14713 2009; EN 1090-1 2009;
EN 1090-2 2008), highlights that no mandatory design
procedure is defined to quantify the effects of deteriora-
tion mechanisms and only conceptual guidance — based
on simplified criteria as well as indirect evaluation, and
qualitative and common provisions — is provided.

For example, the Eurocode 3 (2005) suggests in-
cluding “an appropriate corrosion allowance” in the struc-
tural dimensioning of steel members that cannot be in-
spected and maintained during service life. In the same
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way, the Probabilistic model code (Probabilistic model
code 2000) recommends to account for deterioration al-
lowance in the dimensioning of structural elements but
neither the first nor the second code gives calculation
methods.

Other recommendations can be found in ISO 12944-1
(1998) and ISO 14713 (2009) for paint and zinc coatings,
EN 1090-1 (2009) for factors affecting execution of cold-
formed steel (CFS) that need to be specified during design,
and EN 1090-2 (2008) for components less than 4 mm
thick.

On the other hand, quantitative assessment of the
life time performances of metal structures have been
developed in the field of scientific literature (Kaiser,
Nowak 1989; Kulicki ef al. 1990; Prucz, Kulicki 1998;
Sharifi, Paik 2011; van de Lindt, Ahlborn 2005), but most
of these studies deal with steel bridge structures and hot
rolled profiles.

As for thin-walled steel structures, several studies
have been carried out on the durability against corrosion
of cold-formed steel structures (Cissel, Quinsey 1942;
Larson, Usami 2007; Rourke et al. 2007; Popo-Ola et al.
2000) but in this case, no predictive models have been
defined. In particular, a recent AISI project (Steel fram-
ing alliance 2004) investigated the potential for corrosion
of galvanized cold-formed steel (CFS) framing and faste-
ners by exposing several test samples, each representing
typical residential construction.

Fig. 1. Corrosion attack on cold-formed beam in an urban at-
mosphere, sheltered exposure, Naples (Italy)

It was found that CFS members in the partially shel-
tered exterior exposures (i.e. in the crawl space) showed
initiation of corrosion just after 5 months in the coastal
areas. This condition proceeded rapidly so that by the 28™
month, the exposed floor joists and supporting wall have
experienced complete corrosion of the zinc coating and
formation of significant rust on the steel section. Also
CFS roof framing members and components in vented
enclosed exposures were tarnished (absence of the origi-
nal luster on the zinc galvanizing) with some cuts end
corrosion.

As a matter of fact, corrosion of CFS could be a rel-
evant problem in aggressive environment and in particu-
lar for a component that cannot be easily inspected during
the service life. Indeed, such extreme condition could
lead the coating to fail even before the predicted service

life, thus fatally impairing the structural capacity of such
component.

In addition, the impact of a corrosion threat can be
exacerbated in case of CFS structures due to the thin
thickness of such profiles. Indeed, as CFS are very sensi-
tive to buckling phenomena, a relative small loss of metal
can significantly impair the stability of CFS components.

Following these considerations, this paper presents a
study on the reliability of CFS sections subjected to the
damage induced by atmospheric corrosion in outdoor
environments, combining predictive corrosion models for
metals with structural reliability applications.

The main aim of the study is to present a methodo-
logical approach for the life-cycle design of CFS that take
into account the potential corrosion damage in aggressive
environment.

The methodology shall be adopted to address the
inspection and maintenance operation according to a
quantitative evaluation of a potential attack and/or to
define specific corrosion allowance in the design of key-
component exposed in very-severe corrosion environ-
ment.

Although the present study focuses on CFS, and it is
mainly based on structural component analysis, it would
provide a general framework for the evaluation of durabi-
lity performances of metal structures against atmospheric
corrosion, such as bridges and ship structures. In such a
case, other important factors, relevant to the evolution of
corrosion damage as a consequence of stress state and
cyclic loads, together with the development of system-
based safety measures (Frangopol 2011), shall be careful-
ly taken into account.

In this paper, after an introduction on the general
approach adopted for the study, a brief literature review
on the atmospheric corrosion models, developed in the
framework of international research and standards,
questions related to the damage pattern of structural com-
ponents, as well as the formulation of the basic reliability
problem, are introduced. An application to a C-lipped
cold formed section is presented. The study is carried out
according to simplified assumptions, mainly concerning:
1) the adopted corrosion mechanism, which is only uni-
form corrosion; 2) the analysed loading condition that is
the simple case of pure bending; 3) the selected random
variables. Finally a reliability analysis of the deteriorating
section is carried out to evaluate the coupled effect of
corrosion and buckling according to the proposed proce-
dure.

1. General methodology for the evaluation of
corrosion effects

In this section a general approach to evaluate the effect of
atmospheric corrosion on the time dependant capacity of
a steel section is presented. The method consists of the
following steps:

1. Corrosion susceptibility analysis: in this first step a
qualitative and/or quantitative assessment of the existing
or potential corrosion attack for a given metal in a given
environment is carried out. This step includes the identi-
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fication of the main forms and mechanism of corrosion,
the evaluation of the severity of the environment and the
establishment of a deterioration model at material level.

1. Corrosion damage analysis: in this second step, the
assessment of the damage induced by the identified cor-
rosion mechanism(s) for a given structure and/or structur-
al component is carried out. A set of time points ¢ is de-
fined, covering the entire life cycle interval A7, and
corresponding corroded geometries are identified.

1. Corrosion reliability analysis: in this step the proba-
bility of a corrosion related failure is assessed. Relevant
failure modes are identified and corresponding reduced
capacities are evaluated for each selected point of time. A
structural reliability analysis is carried out, by means of
the definition of reliability indexes B as a function of
time.

1.1. Corrosion susceptibility analysis

Corrosion is the deterioration of a material, usually a
metal, that results from a reaction with its environment
(NACE 2002), causing the degradation of both.

In order to assess the existing or potential corrosion
attack for a given metal in a given environment, three
main items shall be addresses: 1) the form of corrosion;
2) the mechanics of corrosion; 3) the basic variables in-
volved.

As for corrosion forms, only atmospheric corrosion,
which occurs in outdoor and indoor natural environments
as a consequence of wet and dry cycles induced by rain-
fall and condensation, is considered in this study.

The basic variables affecting the corrosion rate of a
given metal in a given corrosive environment are function
of material related factors (such as the effective electrode
potential of a metal in a solution, the composition of the
metal, the chemical and physical homogeneity of the
surface, etc.), and factors related to the atmosphere. As
key environmental factors, Vernon (1935) identified the
time of wetness (that is the average period of time during
which the electrolyte is on the corroding surface (Ro-
berdge 2000)) also defined as the number of hours, du-
ring which the relative humidity is greater than 80% and
the average temperature T >0° (UNI EN 12500 2002),
and the concentration of contaminants, such as sulphur
dioxide and chlorides.

In order to assess the severity of an outdoor envi-
ronment a qualitative and/or a quantitative assessment
can be carried out (UNI EN 12500 2002; ISO 9224
1992). In any case, climatic and meteorological data for
the project site are required. According to the ISO classi-
fication system (ISO 9223 1992), five “corrosivity clas-
ses” (C1-CS5) are defined and corrosivity charts are pro-
vided, reporting guiding values of TOW, sulphur dioxide
concentration and the chloride deposition rate. The corro-
sivity categories defined in the standard are really suitab-
le for engineering purpose because the corrosion property
of the atmosphere is expressed by means of influence
parameters in a quantitative approach.

As for prediction models, in the following study on-
ly models for uniform corrosion, that is a kind of general
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corrosion that proceeds at the same rate onto the metal
surface, will be considered.

A corrosion model suitable for structural enginee-
ring application should provide information concerning
the thickness loss by a metal over time as a function of
the mechanics of the phenomena and the influencing
parameters (i.e. the specific material under investigation,
the exposure atmosphere...). The model should also pro-
vide the statistical variation of variables.

A literature review (Cascini et al. 2008; Landolfo
et al. 2010) revealed that models for uniform corrosion
provide the corrosion rate as the mass loss per unit area
per unit time, or as the rate of penetration, by means of
the thickness loss. Corrosion models usually describe the
corrosion depth as a function of time in the form of a
power model:

d(t) = A%, (D

where: d(t) is the corrosion depth [um, g/m?]; ¢ is the
exposure time [years]; A is the corrosion rate in the first
year of exposure; B is the corrosion rate long-term de-
crease.

Because of the formation of corrosion products on
the metal surface, the initial corrosion rate usually dec-
reases on long term period. If B is smaller than 0.5, the
corrosion products show protective, passivating characte-
ristics, otherwise B is greater than 0.5. Some simplified
models have been proposed, which take into account the
environmental effects influencing the corrosion rate by
means of constant values of coefficients 4 and B. Such
models express the thickness loss only as a function of
time and are usually calibrated on data obtained from
short and long term field test exposure. As a
consequence, if they are used for environments which
differ from the one where the model has been calibrated,
the predicted value of the corrosion rate is often inaccura-
te. A first attempt to develop general models has been
provided by International Standard ISO 9224.

The International Standard ISO 9224 (1992) speci-
fies the long term corrosion rates for standard structural
materials in the five corrosivity classes C1-C5. Accor-
ding to the Standard, the average corrosion rate of each
material follows a bi-linear law. During the first 10 years
(i.e. for if 1 <10 years), the corrosion depth is given by
the equation:

() =141, 2

where: d(f) is the corrosion depth after the first 10 years
of exposure (micrometers); r,, is the average corrosion
rate (micrometers per year); ¢ is the time at which the
exposure ends.

After 10 years of exposure (for £ > 10 years) the cor-
rosion rate is assumed to be constant with time and the
thickness loss is given by the equation:

d([)zrav'10+'7in(t_10): 3)

where: d(¢) is the corrosion depth for the considered time
interval (micrometers); r;;, is the steady state corrosion rate
(micrometers per year); ¢ is the time in the linear region of
the curve of uniform corrosion as function of time.
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Fig. 2. A comparison between the corrosion rate of carbon steel
and zinc in a medium corrosivity class C3 according to
ISO 9224 (1992)

Among others, the standard provides the guiding va-
lues of both r,, and r;, for carbon steel and zinc (Fig. 2).

Some adjustment to these corrosion laws have been
reported in Albrecht and Hall (2003). A new bi-linear
model has been proposed, which accounts for a modified
corrosion rate during the first year of exposure and a
steady state during the subsequent years.

Recently, different models have been developed
with the aim to generalize the corrosion loss over time for
different environments, reporting the climate and pollu-
tants variables as independent factors. Klinesmith et al.
(2007) developed a model for the atmospheric corrosion
of carbon steel, zinc, copper and aluminium, taking into
account the effects of the time-of-wetness, the sulphur
dioxide concentration and the chloride deposition rate.
Further details concerning these models can be found in
(Klinesmith et al. 2007).

Although several models have been developed with
the aim to predict the corrosion rate of a given metal in a
give environment, so far it is still possible to observe a
large scatter in the prediction of corrosion rate, and sev-
eral uncertainties arise for the correlation of material
corrosion rates with environmental parameters. In line
with that, Knotkova et al. (2010) are reviewing the corro-
sion models and rates provided by the ISO standards
aiming to provide new “basis for the classification of
corrosivity according to the C1 to C5 categories”. So far,
a new series of these standards is under development
having the goal to provide “new procedure for assessing
guiding values for corrosivity categories after longer
exposure times” as well as “standardized measurement
methods were extended and adjusted”.

1.2. Corrosion damage analysis

The description of the corrosion damage at component
level should include the location along the structure, the
potential area affected by corrosion, the velocity of the
attack, as well as the probability of damage occurrence
within a given period of time.

Most of the corrosion models presented in the pre-
vious section have been calibrated on the basis of field
test exposure of flat or helix small samples of different
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metals. As a matter of fact, the corrosion rate estimated
from measures performed on small samples could be very
different from the corrosion rate of a structural member
as a whole. That is mainly because, at component level,
the deterioration of a metal structure is strongly influen-
ced by both the local exposure condition and the steel
construction details.

As for steel structures exposed to outdoor environ-
ment, it has been noted that uniform corrosion is one of
the most form of degradation affecting the structural
component.

At component level corrosion is most likely to occur
in zones where moisture and dirt shall be entrapped, as in
cavity, or where the water drainage is not efficient, in
case of open crevices. In order to model the damage pat-
tern at component level, consideration concerning the
specific structural component under investigation shall be
made, and the damage pattern due to corrosion shall be
defined according to visual inspection, past experience
and observation of similar structures.

Czarnecki and Nowak (2008) found that, in case of
steel bridges, “field survey results indicate that corrosion
is most likely to occur along the top surface of the bottom
flange, due to traffic spray accumulation, and over the
entire web near the support, due to deck leakage”.
Sarveswaran et al. (1998) developed a cross sectional
damage pattern of four beams recovered from a chemical
plant founding that corrosion is most likely to appear in
the lower flange of the IPE beam and up to 1/4 of the web
height.

In addition to the local exposure and the steel const-
ruction details, other important factors, related to the
loading condition and the stress states of components,
shall be considered for the proper definition of damage
models.

As an example, the combined effect of static tensile
stress and corrosive environments may lead to stress cor-
rosion cracking — a form of corrosion that affect, in parti-
cular, metal characterized by low fracture resistance —
and involves the initiation of cracks and their propagation
in metal, which may occur even in very short time. Besi-
des, also the effect of cycling loading may be exacerbated
in a corrosive environment. Indeed, in case of fatigue
corrosion, the fatigue-crack-growth rate is enhanced by
corrosion and a reduction in the fatigue life is generally
observed (Kaiser, Nowak 1989; Fisher et al. 1998).

The effect of loading and unloading process combi-
ned with corrosion was recently investigated by Melchers
and Paik (2010). The authors found that the corrosion rate
of steel plates exposed to marine environment may inc-
rease of above 10-15%, respect to the corrosion loss
curve reported in the literature, when combined with
flexure, thus fatally impairing the performance of structu-
ral component.

As a matter of fact, the problem of modelling the
damage due to corrosion involves several questions.

In the following application, considering that speci-
fic studies on CFS are missing, a simplified corrosion
damage model will be formulated on the basis of corro-
sion models developed for steel structures.
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1.3. Corrosion reliability analysis

The problem of assessing and evaluating the lifetime
performance of deteriorating structures arise as a new
challenge for structural engineers. Several studies have
been developed in the field of reinforced concrete struc-
tures (Biondini et al. 2006; Biondini, Frangopol 2008,
2009), considering both the damage induced in aggres-
sive environments and the corresponding effect on struc-
tural reliability.

As for steel structures, few studies (i.e. Cascini ef al.
2012; Ivanov 2009; Kaiser, Nowak 1989; Kulicki et al.
1990; Landolfo ef al. 2011; Prucz, Kulicki 1998; Reid
2009; Sharifi, Paik 2011; van de Lindt, Ahlborn 2005)
are devoted to the evaluation of life time performance of
metal structures according to a reliability based approach.

In order to evaluate the effect of the deterioration
induced by atmospheric corrosion, a deterministic appro-
ach is seldom feasible, due to the inherent uncertainties
related to the variables involved in the problem. Indeed a
probability based design approach is a more coherent way
to solve the problem. In such a case, the basic variables
(action and environmental influences, properties of mate-
rials, geometrical parameters, etc.) are identified and
modelled as random variables or stochastic processes.
Each basic variable is thus defined by a number of para-
meters such as mean value, standard deviation, etc. (Pro-
babilistic model code 2000; ISO 2394 1998), which desc-
ribe the proper probability distribution.

The first step in applying probabilistic methods is to
decide on what constitutes unsatisfactory performance.
Mathematically, this is achieved by defining a perfor-
mance function g(X) where X is a vector of n-basic ran-
dom variables (X;...X,,), including resistance parameters,
load effects, geometry parameters and modelling uncer-
tainties. The structure is considered to survive if g>0
(satisfactory performance), otherwise to fail (g <0 defi-
nes unsatisfactory performance or failure). The attain-
ment of a limit state is represented by the following
equation (the so-called limit state equation):

g(X)=g(Xq,....X,,)=0. “)

A measure of the structural reliability is obtained
through the performance function as the probability of
failure according to Eqn (5):

Prair :P{g(Xi)§0}~ (%)

In the case of time-dependent variables, the mini-
mum of g with respect to time should be considered.

The failure probability, P, shall be also evaluated
by means of a reliability index, (3, that is defined as:

B=-0(Pr). ©)

where @ is the inverse standardized normal distribution.
In order to overcome the difficulties related with the
numerical solution of Eqns (5) and (6), in case of a large
number of variables, unavailable information and/or lack
of data on the probability distribution functions of the
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basic variables, approximated methods shall be used
(Melchers 1999).

As for practical life cycle reliability assessment, se-
veral methods have been developed in the framework of
scientific literature. In this paper an application of me-
thods developed by Frangopol ef al. (Frangopol 2011;
Saydam, Frangopol 2011; Okasha, Frangopol 2010) will
be adapted to the reliability evaluation of the cold-formed
structures under progressive corrosion damage. The pro-
posed method consists in the following steps:

Definition of the life-cycle;

Definition of the limit state(s) of interest;
Benchmark deterministic structural analysis;
Probabilistic life-cycle reliability analysis.

SW N —

In the first step, the period of time to be considered
in the analysis shall be identified. That may include the
entire life-cycle, which is the period of time from the
construction stage to the end of life of the construction
work, or just a part of it. The reference time period is
modelled as a discrete set of relevant time points
t = [to......14], each corresponding to a significant event of
the life cycle (i.e. a planned maintenance operation, an in-
situ inspection, the attainment of a given deterioration,
etc.). For each time point ¢* the damage scenarios
D; = D(t*) shall be defined by means of deterioration of
materials and damage of components.

As for the definition of the limit state(s) of interest,
several references can be found in the international stan-
dard and codes considering both the structure under in-
vestigation and the specific performance to be achieved
(i.e. ISO 2394 1998 for building and other civil enginee-
ring works; ISO 18072-1 for ship structures, etc). Gene-
rally speaking ultimate limit states, serviceability limit
states, fatigue limit states and accidental limit states can
be considered. With respect to durability performance
over time, specific reference will be made to ISO 13823
(2008) on the “General principles on the design of struc-
tures for durability”. According to ISO 13823 (2008), the
performance objective shall be defined by means of dura-
bility limit states. Those refer to the attainment of a speci-
fic basic requirement taking into account the degradation
mechanism induced by the environment. According to the
standard, three durability limit states are defined, namely:
ultimate durability limit state (ULS-D), if the material
deterioration results in a capacity loss that impairs the
safety of the people and/or of the structure; serviceability
durability limit state (SLS-D), when local damage and/or
relative displacement affect the functionality and/or the
appearance of the construction; initiation limit state (ILS)
corresponding to the initiation of significant deterioration.
In particular, the ultimate durability limit state shall be
defined as the condition beyond which the capacity of the
component or structure, R(¢), becomes equal to — or less
then- the demand, E(7), acting on it.

In the third step, the benchmark deterministic struc-
tural analysis is performed. At this stage, the numerical
model of a structure is generated in the deterministic
domain, with the mean (or nominal) value of the basic
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variables. Then, for each time point #* of the life cycle,
the structural analysis is repeated, and a sub-set of the
basic variables, to be modelled as random, is identified.
Those can be material properties, geometries, deteriora-
tion rates, damage pattern, action effect, etc. The probabi-
listic domain is formulated assuming a proper probability
distribution for each basic variable X;. In this way, for
each time point ¢~ of the life cycle 7, the vector of random
input X is defined:

X(t*) = X[X, (), ... X, (t9)] . (7

Once the input is defined, a random sampling is per-
formed with the Latin hypercube sampling method one of
the most efficient importance sampling method usually
adopted for structural reliability analysis (Olsson et al.
2003). For each time point ¢ of the life cycle ¢, the per-
turbation technique leads to a set of m combinations of
the random variables:

X0 = X[X,0, X, ..x,0]
Vitet '

®

The structural analysis is repeated m-times, at the
pre-determined values of the random variable. The pro-
bability distribution of the structural response, R(X), is
then approximated using statistical methods on the results
of the repeated structural analysis. The capacity of the
structure, and the probability distribution of the output,
are obtained by fitting the outcomes of the numerical
model as a function of the input random variables.

R(X) = fIR(X )]
Vecet

(€)

Once the statistical distribution of the structural ca-
pacity has been obtained, a limit state equation is formu-
lated (Eqn (10)), introducing the statistical distribution of
the load-effect £. The point in time reliability index 8 is
evaluated through approximated methods and/or accor-
ding to Eqn (11):

2(t*)= R(t*) - E(t*) <0 Vi*et; (10)

ug(*)—pg ()
\JOR(*) +0%.(1%)

In the following sections, an application of the pro-
posed approach to the probabilistic time variant asses-
sment of cold formed members in bending, under corro-
sion attack, is presented.

B(r*) = Vi*et. (11)

2. Application: structural analysis of corroding
cold-formed C-lipped beams

As an example of application of the proposed procedure,
in this section, the ultimate flexural strength capacity of a
galvanized cold-formed C-lipped section is evaluated as a
function of the deterioration induced by atmospheric
corrosion. The application is carried out in order to assess
the coupled effect of corrosion and buckling, with the aim
to quantify the effect of corrosion on the structural capac-
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ity over time. As for the corrosion susceptibility analysis
and corrosion damage analysis, literature data will be
adopted. The corrosion reliability analysis is carried out
according to the methodology presented in Section 1.

The main input of the analysis are: the cross section
dimensions in the as-built configuration, the corroded
geometries for a discrete set of percentage of thickness
lost, and the material properties.

The dimensions of the cross-section and the material
properties in the as-built configuration are summarised in
Table 1:

Table 1. Cross section dimensions in the as-built configuration
and material properties

Nomenclature Symbol Dimension
Total height h 400 mm
Total width of upper flange b, 150 mm
Total width of bottom flange b, 150 mm
Total width of upper edge fold ) 50 mm
Total width of bottom edge fold Cy 50 mm
Steel core thickness Sy 4 mm
Basic yield strength fiq 235 N/mm?>
Modulus of elasticity E 210000 N/mm?

The damage at cross section level is represented by

a dimensionless parameter §(f) that is the percentage of

thickness lost by the metal with respect to the initial
thickness s,.

i)

O)=—.

S0

(12)

It is assumed that the zinc coating is not in service.
Corrosion refers to the bare structural metal directly ex-
posed to the atmosphere, and the progressive thickness
lost ranges from 0.1% up to 40% of the initial thickness.
As for cross section damage, it is assumed that the uni-
form corrosion is distributed along the bottom flange up
to % of the web height (Fig. 3), according to Sarveswa-
ran’s model (Sarveswaran et al. 1998).

b, b,

H H
Co

h,

a)

Fig. 3. The investigated C-lipped cross section: a) the as-built
configuration; b) the assumed damage model at cross section
level
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2.1. Benchmark deterministic analysis

The ultimate flexural capacity of the beam is evaluated in
the as-built configuration and for different damage stages.
As for computation methods, the Direct Strength Method
is applied (Schafer 2006). This methods leads to the defi-
nition of the elastic buckling load for global, local and
distortional buckling. This information along with the
load that causes first yield is then employed in a series of
simple equations to “directly” provide the strength pre-
diction (Schafer 2006).

An elastic buckling analysis has been performed for
a set of discrete time points, each corresponding to an
increase of the percentage thickness lost due to corrosion.
The buckling analysis were carried out by the finite strip
method [CUFSM VERSION 3.12] (Schafer, Adani 2006;
Li, Schafer 2010). The cross-section geometry is model-
led with ten nodes and nine elements. At each step of the
analysis, the thickness of the corroding elements has been
reduced according to the adopted damage model, being
the other elements undamaged.

For each step of the analysis, load factors corres-
ponding to the relevant buckling modes have been obtai-
ned. Then, the Direct Strength expressions have been
used to provide the strength in local buckling (M,;) and
distorsional buckling (M,,,).

It is assumed that the ultimate flexural strength of
the cold-formed beam (M,,), for each instant of time ¢, is
the minimum moment among the moment at first yield,
M,, the nominal flexural strength for local buckling M,
and the nominal flexural strength, for distortional buck-
ling M.

M,4(8) = min[M,(E), M (€), Mg (E)].

As for global buckling, the beam is assumed to be
fully laterally braced, thus the global buckling strength
M, is simply the moment at first yield, M,.

As for local and distortional buckling strength, the
AISI equations for the design of cold-formed steel beams,
using the direct strength method, have been used (North
American Specification 2004).

In Figure 4 the moment at first yield, A,, the nomi-
nal flexural strength for local buckling A/, and the nomi-
nal flexural strength, for distortional buckling A, are

(13)

x 107

Flexural capacity [Nmm]

4 L L L L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Thickness lost [%]

Fig. 4. The evolution of the moment at first yield, M,, the nomi-
nal flexural strength for local buckling M,, and the nominal
flexural strength, for distortional buckling M, as a function of
the dimensionless deterioration &(¢)
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Fig. 5. A sensitivity analysis on the corrosion height h,

plotted as a function of the dimensionless deterioration
(9. It is interesting to note that the buckling phenomena
exacerbate the effect of corrosion on the capacity over
time above the 50% of initial capacity. Besides the in-
creasing damage causes an inversion of the predominant
buckling mode from distortional to local.

2.2. Reliability analysis: evaluation of failure
probability and reliability index

In this section, the structural analysis have been repeated
following the life-cycle reliability methods presented in
Section 3.

In order to evaluate the time-dependant reliability of
the analysed cross section overt time, the limit state equation
has been formulated in terms of random variables:

8(& f,)=Mpp(E. f,)~ M) =0. (14)
The time variant reliability index B(¢) is evaluated
over a life time of 50 years by assuming the steel strength
J, and the corrosion thickness loss as random variables.
The yield strength of the steel £, is modelled by a
time-invariant normal distribution. As for deterioration
modelling, the life-cycle interval Az has been divided in a
set of six time points #; where each step corresponds to a
time length of 10 years. The lower bound of the time step
is assumed to be the initiation time of degradation that is
the instant of time corresponding to the zinc coating failu-
re; the upper bound is the end of life cycle, corresponding
to a service life of 50 years. It is assumed that in a corro-
sivity class C3 the corrosion rate of the bare materials is
represented by the upper bound of corrosion rates provi-
ded by the standard for carbon steel. Due to the uncertain-
ties related to corrosion models, the corrosion rate of steel
is modelled as a random variable, normal distributed,
with mean value given by the ISO corrosion model the
coefficient of variation being constant. The dimensionless
the percentage of thickness loss &(#) is now related to the
corrosion rate of the carbon steel according to Eqn (15):

E()=d(t)/ s, . (15)

The dimensionless percentage of thickness loss is
thus modelled as a random variable (Figs 6—7), normal
distributed, with mean and standard deviation given in
Table 2.
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Table 2. Random variables used in the reliability analysis of
cold-formed C-lipped section
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Table 3. The mean values and standard deviations of the
assumed deterioration model
t d(t) N [mm] E() N [%]
[years] " o u o
0.1 0.003 0.0015 0.08% 0.0004
10 0.300 0.1500 7.50% 0.0375
20 0.500 0.2500 12.50% 0.0625
30 0.700 0.3500 17.50% 0.0875
40 0.900 0.4500 22.50% 0.1125
50 1.100 0.5500 27.50% 0.1375
Hp: it is assumed that COV[d(t)] = cost = 0.15
0.1 0:2 03 0!4 0!5 0!6 0.7
Thickness loss [%]
Fig. 6. The probability density function of the dimensionless
corrosion damage &(¢) as a function of time ¢
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Fig. 7. The dimensionless corrosion damage &£(#) as a function of
time ¢

The ultimate flexural strength of the cold-formed
beam M, is computed according to Eqn (16):

Mpp (1) = f1E0). /)]

In order to find a proper statistical distribution for
the output, the finite strip element analysis have been
repeated in a reduced space of random variables by using
a Latin hypercube sampling of the basic variables for
each time set of the life-cycle ¢ (Fig. 8). Then for each
identified damage scenario the output distribution has
been identified (Fig. 9).

(16)
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Fig. 8. The time dependant ultimate flexural strength of the
beam as a function of the corrosion damage
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Fig. 9. Two plots of the time-dependant PDF of the capacity for

a mean steel strength f,= 235 N/mm? and a mean thickness loss
of 10% (grey line) and 35% (black line)

The simulations reveal a distribution for M, that look
normal in shape with the parameters given in Table 4.

Once the cross section capacity has been established
it has been compared with a time invariant acting bending
moment defined as to meet, at the beginning of service
life (¢ = 0), the basic reliability index defined in the Euro-
code for a 50 years design working life (Bug = 4.7). The
acting moment is assumed to be normally distributed with
a mean value ., = 6.83E + 07 and a standard deviation
Oned = 3.21E+06.
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Tables 4. The statistical parameters of the ultimate flexural
strength of the cold-formed beam

&) [%] My [Nmm]

u c 1 | c
0.000 0.000 1.03E+08 5.21E+06
0.100 0.015 9.24E+07 4.88E+06
0.150 0.023 8.70E+07 4.95E+06
0.200 0.030 8.15E+07 5.15E+06
0.250 0.038 7.61E+07 5.42E+06
0.300 0.045 7.06E+07 6.22E+06
0.350 0.053 6.45E+07 7.38E+06
0.400 0.060 5.84E+07 7.97E+06

The reliability index B(f) is evaluated according to
Eqn (11) and then compared with the target reliability
index (Fig. 10).

Target reliability indexes P« have been selected
assuming the same values that are usually adopted in the
ordinary mechanical design the structural codes (Euroco-
de 2002; Probabilistic model code 2000). Following the
recommendations given in (Eurocode 2002), for reference
periods not reported in the codes, the target reliability
index has been obtained rearranging Eqn (17):

D(PB,) =[PP, amn

where: @ (.) is the standard normal function of the relia-
bility index B; B, is the reliability index for a reference
period of 1 year; and 3, is the reliability index for a refer-
ence period of » years.

Tables 5. The target and computed reliability indexes as a func-
tion of time

t a (t) Btarget B
[years] %
0 0.000 4.7 4.70
10 0.075 4.21 3.76
20 0.125 4.05 3.00
30 0.175 3.95 2.20
40 0.225 3.88 1.40
50 0.275 3.83 0.60
- ' I I ' I p— Talrget relialbilityincliex I_
45 e —— Computed reliability index
JdoONTTT—
= 35F
% 250
g of
1.5
1k
0. 50 .’I) 1I0 1I5 2IO 2I5 3I0 3I5 4I 0 4I5 50
time [years]

Fig. 10. The reliability indexes plotted versus time. A compari-
son between the target reliability index (dashed line) and calcu-
lated reliability index (solid line)

Conclusion

In this paper a general procedure for the evaluation of the
time variant capacity of cold-formed steel members in
bending under atmospheric corrosion attack has been
presented. The methodology is based on a simplified
probabilistic approach in order to take into account the
uncertainties related with deterioration process. The
method has been presented and discussed in detail and an
application of a time dependant reliability analysis to a
corroding cold-formed section has been carried out. The
beam under investigation is a C-lipped beam. The corro-
sion model for the structural material as well as the dam-
age pattern at cross section level have been selected ac-
cording to the models presented in the scientific
literature. Different corroded geometries have been de-
fined for a time set of six time points, ranging from 0 to
50 years. The evaluation of the ultimate flexural strength
of the beam over time has been assessed by means of an
elastic buckling analysis performed for each step of the
time set. In order to consider the uncertainties related to
the basic variables involved in the assessment, two ran-
dom variables, which are the percentage of thickness loss
over time and the yield strength of the steel, have been
considered. For each time points of the life cycle interval,
the distributions of the ultimate flexural strength of the
beam has been then obtained by repeated structural anal-
ysis. Finally, assuming a time-invariant bending moment,
characterised by a normal distribution, a reliability index
B has been computed and then compared with the target
levels defined in the Eurocode (2002).

The study revealed that, although the reduction of
the ultimate flexural strength of the beam may not appear
extreme, the probability of failure sharply increase with
time.

The proposed methodology shall be applied to
quantify the corrosion allowances in the structural dimen-
sioning of steel members that cannot be inspected and
maintained during service life, according to a reliability
based design approach.

In particular, the redundancy of the member shall be
evaluated on the basis of the service life of the structure
and of the likely reliability reduction evaluated as pre-
sented in the paper.

This study, gaining together the results of different
studies carried out in the field of material deterioration,
structural design and reliability based design, can be con-
sidered as a first attempt to evaluate, in a common
framework, the time dependant performance of CFS,
according to a quantitative approach. Of course, further
developments are required for the application of the pro-
posed approach to complex structures. Those may include
the evaluation of other relevant likely failure modes at
component level, the development of corrosion damage
models considering the effect of the stress state and stress
history of structural components, the extension of the
developed application to whole structures, according to
the system-based analysis approach.
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