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1. Corrosion of steel reinforcement

2. Uniform corrosion
3. Pitting corrosion
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7. Average pit depth
8. Corrosion rate
9. initial corrosion time
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4. Reliability analysis
5. Limit state function
6. Hasofer and Lind-Rackwitz and Fiessler (HL-RF)
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10. Pitting factor (rate between pitting and uniform depth)
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15. Cumulative distribution function
16. Failure probability

17. First-order second moment

18. First order reliability method
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12. Maximum likelihood method
13. Monte Carlo simulation
14. K-square statistic
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19. Reliability index
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1. Introduction

The corroded reinforcement bars are the important issue of the concrete permanence due to reduction of
the safety factor of the structure against the applied external loads. Corrosion of steel reinforcement has a
complex process which due to the reduction in the resistance crass sectional area of the reinforced bars and
degradation of concrete structure. Therefore, there are more important that the reinforced concrete
structures are evaluated under corrosion at service loads due to an optimum and robust design to achieve a
good durability and assessed the time-life service. The reinforced concrete beams are a one of most
component that implemented for constructing the reinforced concrete. In the period-times the corrosion, the
concrete beams have variety uncertainties such as model uncertainty, load and resistance uncertainty. These
uncertainties can be considered using a probabilistic model based on the basis of random variables. The
random variables in probabilistic models can be given by several statistical characteristics including
probability density functions and their parameters (e.g. mean and standard deviation). The various methods
including the first-order reliability method (FORM) and the second-order reliability method (SORM)
methods, simulation approach and surrogate-based modeling are used to evaluate the probabilistic model in
reliability analysis (Stewart and Al-Harthy 2008; Dai and Wang 2009; Mohammadi Farsani and Keshtegar
2015). The Monte Carlo simulation (MCS) is widely used in reliability analysis due to simplicity and more
accurately.

In this paper, the MCS was implemented for probabilistic analysis of a reinforced concrete beam under
distributed load. The probability functions and its parameters for corrosion variables such as the corrosion
rate, the chloride diffusion coefficient and corrosion rate are determined by the maximum likelihood method.
The Normal, Lognormal, Gamma, Gumbel and Weibull distribution functions were selected to test the best
probability function in statistical analysis of pitting and general corrosions. In this reinforced concrete beam
example has been illustrated the effect of various variables including the diameter reinforced bar and
corrosion time on the time-variant area of steel reinforcement based on flexural strength in the general and
pitting corrosion. Results illustrated that all of the corrosion variables follow the lognormal distribution
function. The cover depth is important variable in reduction area of the steel reinforcement in general and
pitting corrosion.

2. Methodology of probabilistic analysis

This selection includes two sections: (1) estimating the probability distribution function parameters
(estimated distribution parameters using the maximum likelihood), (2) the MCS to evaluate the reliability
analysis and statistical analysis of corroded parameters.

* Corresponding Author
E-mail addresses: bkeshtegar@uoz.ac.ir (Behrooz Keshtegar), farsanim@yahoo.com (Arash Modhamedi-Farsani),
rahdar@uoz.ac.ir (Hosein Ali Rahdar).
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2.1. Statistical analysis

It is supposed that the corrosion basic random variable (X) follows the continuous probability density
function (PDF) f, (x) The main effort is determined the unknown parameters (&) of distribution function

for the corrosion variables. The Maximum likelihood method can be used to determine the parameters of a
PDF as follows (Gupta 1997):

L(6)= fx(xl,xz,...,xn;a):g £.(x;6) €))

Where |_(9) likelihood function and @ is the probability distribution function parameters which should be

calculated by maximizing the above equation, thus we have for each parameters of PDF an equations as

[8L(t9)=0 6L(¢9)=0 6L(9)=0]T. Therefore, it can be determine the parameters of PDF for each random
06, 00, 7 00,

variable.

2.2. Probabilistic analysis

The probability of failure can be estimated based on the limit state function g(R,Q):R—Q by the
following relation (Mohammadi Farsani and Keshtegar, 2015):

P [Q>R]= ﬂwo fo (0, r)dadr (2)

Where for(a.1) the joint probability is function and 9 —r > 0 is the failure domain. Determining the

probability of failure using the equation (2) is difficult. Thus, the simulation method is more accurately
provided a failure probability in complex problems with nonlinear limit state functions. The MCS is used to
simulate the random variables of a limit state function,. Then, the limit state function was randomly

computed based on a counter function I [X] and generated basic random variable ( X; ) using cumulative
probability density function (FX (xi)) as F,(x)=V, = X = FX’l(vi) and v, =[0,1]. Therefore, the limit state
function can be described by the following relation in MCS.

0 g(x)>0 (3)
1 g(x)<0

Counter function has the value of 1 in failure domain and 0 in safe domain. Therefore, the probability of
failure can be written as following (Dai and Wang, 2009):

I[X]—{

_ i _1d 4)
Pr= [ g, O )0, = [ 1K, O X, )00, = DI

g9(x)<0 -0 -

3. The probabilistic model of corroded beam

The reliability analysis can be utilized for a reinforced concrete beam with rectangular cross section by
MCS. The probabilistic model for reliability analysis of beam concrete under corrosion defects is defined as:

A ®)-f,
b.f

G(X)=nAMf,(d-K )—AM, (5)

Where, A (t) is the corroded cross-sectional steel bars which is defined for general corrosion as
A, (t)=7/4(D,—2P,)? [4] and pitting corrosion as A, (t) = A, — A (t) (Vidal et al. 2004; Stewart and Al-
Harthy, 2008).

4. Results and desiccation

All corrosion random variables are dependent to the corrosion initiation time. Therefore, the probability
distribution function of corrosion initiation time based on 10000 Mont Carlo simulations was evaluated. The
parameters of the PDF for corroded parameters i.e. chloride diffusion coefficient (Dc), corrosion initiation
time (To) and initiate corrosion rate (icorr (1)) in reinforcing bars are listed in Table 1 which the lognormal
distribution with is selected on the basis of the chi-square test for all corroded parameters. Then, the
statistical characteristics of the corrosion rate at the start of corrosion propagation was studied which best
probability distribution function for this corrosion rate was obtained the lognormal distribution function
with the mean and Coefficient of Variation (CoV) of 2.12 pA/cm? and of 0.33, respectively.
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The effects of the bar diameters on failure probability in pitting and general corrosions are shown in Fig.
1., the failure probability is decreased when the bar diameter is increased in general and pitting corrosions. It
is concluded that the diameter of bars have more significantly effect in capability of the reinforced concrete
beams at the time periods T>30 and T>50 years in general and pitting corrosions, respectively. The bars with
ordinary diameters (D>®18) are a suitable applied way to increase service life-time of the beams in corroded
environment and lead to decrease failure of reinforced concrete beam with corroded defects.

Table 1. The distribution corrosion variables
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* The bold font numbers have the best statistic among the other PDFs
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Fig 1. The effects of bar diameters in different corrosion of concrete beam

5. Conclusions

The statistical analysis was used to evaluate the best PDF step by step using the empirical and analytical
relations of corrosion. The Gama, Gumbell, Normal, Lognormal and Weibull were examined to select the best
PDF of corroded variables using k-square statistic. The Lognormal distribution function was obtained the best
among other PDFs for the threshold chloride concentration, corrosion initiation time and corrosion rate.

Based on probabilistic analysis of corrosion variables, a reinforced concrete beam under distributed was
studied using Mont Carlo simulation for time-depended reliability analysis in general and pitting corrosions.
The flexural limit state function was defined that was included model, resistance and load uncertainties. The
results indicated that the failure probability of the concrete beam were increased and decreased by
increasing the bar diameter and corrosion time period, respectively. The effects of reinforcing bar diameter
on the failure probability are more than the time since corrosion initiation.
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