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ABSTRACT: Corrosion of reinforcement is the main deterioration mechanism of concrete structures. Although models for initiation phase of corrosion is well developed but there is little in the literature regarding
analytical models for propagation phase, including cover crack width. Furthermore considering spatial variability of deterioration has the advantage of estimation of probability and extent of deteriorated area which is
a more valuable indicator in infrastructure maintenance planning and management. In this paper some mechanistic analytical models in literature has been reviewed and then using random fields the probability and extent of failure of corrosion affected concrete structures under some serviceability limit state, e.g. critical crack
width, is estimated. Finally expected life cycle costs of inspection and repair intervention is calculated with
event based Monte Carlo method for various inspection intervals and acceptable extent of deterioration.
1 INTRODUCTION
Corrosion induced deterioration of RC structures,
especially bridges due to frequently applied deicing
salts, is the main challenge of civil asset managers
worldwide. In most Bridge Management Systems
condition ratings are based on visual inspections and
then Markov chain models used to predict the future
bridge conditions. There is a high degree of uncertainty in deterioration mechanisms and also inconsistency exists in inspectors’ judgments. This was
the motivation for most researchers in the past decade to apply reliability methods for evaluation of deterioration of RC bridges. In the past decade proposed reliability based maintenance management
systems mechanistic deterioration models in probabilistic framework are utilized to account for temporal variations of strength and loads (Frangopol et
al. 1997).
Although considerable research is accomplished
regarding reliability based maintenance planning of
bridges but limited research exists in literature considering spatial variability of corrosion. The fact that
in concrete structures, due to the spatial variability
of workmanship and environmental factors, the material and dimensional properties are not homogeneous and consequently corrosion damage has a spatial
variability motivated some researchers to study the
effects of spatial variation on reliability models (Li
et al. 2004, Vu & Stewart 2005, Karimi et al. 2005,
Sudret 2008). These works revealed the utility of
considering spatial variability of corrosion parameters in prediction of extent and likelihood of corrosion induced damage in RC structures. Most of these

models assume that "failure" occurs when corrosion
is initiated or use empirical models for prediction of
crack width increase with time. In propagation phase
after initiation of surface cracking their width will
increase with time to a limit that spalling of concrete
is prone. In recent years several efforts have been
made to model analytically the propagation phase of
the corrosion.(Liu & Weyers 1997, Li et al. 2006, El
Maaddawy & Soudki, 2007). In this paper the model
proposed by Li et al. (2006) is used for crack initiation and propagation with time.
Extent of damage is an important factor in actual
repair and maintenance strategy selection. On the
other hand serviceability limit states, e.g. cracking,
delamination, spalling, etc., in contrast to strength
limit states occur earlier in service life of a bridge
and demand more for repair and maintenance interventions. So extent of cracked, spalled or delaminated area (length) seems an appropriate indicator of
bridge condition and reliability.
In this paper a two-dimensional spatially variable
time-dependent reliability analysis is developed to
predict the likelihood and extent of cracking for RC
deck top surface exposed to deicing slats. Spatial
variability of parameters is modeled using random
fields, discretized with midpoint method. This model
will consider the random spatial variability of concrete material properties, concrete cover and surface
chloride concentration. For repair and maintenance
optimization purpose a method considering acceptable levels of extent of damage and inspection and
maintenance intervals yielding to minimum life cycle costs is introduced.

2 CORROSION MECHANISM
2.1 General
Corrosion of steel in reinforced concrete structures is
one of the major causes of their deterioration over
time. In bridge decks ingress of chlorides from deicing salts through the concrete cover deactivates the
natural protective oxide layer formed around the reinforcements by the strong alkalinity of pore solution. Once the protective layer has dissolved, if chloride concentration exceeds a threshold value and
enough oxygen and moisture are present, corrosion
is initiated. In propagation phase since the corrosion
products have a volume of three to six times greater
than the original steel tensile stresses within the concrete increase which in turn result in longitudinal
cracking and spalling at the surface.
2.2 Initiation Phase
Numerous studies have found that the penetration of
chlorides through concrete can be best represented
by a diffusion process if the concrete is assumed to
be relatively moist. In this case, the penetration of
chlorides is given empirically by Fick's second law
of diffusion if the diffusion is considered as onedimensional in a semi-infinite solid; this is expressed
as Equation 1:
(1)
Crank’s solution to Fick’s second law of diffusion is represented as Equation 2 (ACI 365 1R-00):
(2)
In general, the chloride concentration profiles obtained under different climates are used in mathematical models for obtaining parameters of Equation
2. A plot of chloride concentration vs. penetration
depth can often be closely described by Crank’s solution to Fick’s second law of diffusion. The curvefitting results in these parameters: apparent diffusion
coefficient, Da, apparent surface chloride concentration, Csa and the original chloride concentration,
C0 then C(x,t) express the chloride content in depth
of x at time t. Apparent diffusion coefficient (Dap)
reflects the influence of all possible transport
mechanisms that have contributed to the chloride
profile and it is the mean value of the actual coefficient over the period between the initial exposure to
the chloride-laden environment to sampling.
The corrosion of reinforcements is initiated when
the chloride content, in steel bars embedment depth,
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(9)
temperature, and λ is the heat conductivity; in this

In Equation. (9), the key variables are the thickness of corrosion products ds, which is directly related to the corrosion rate (icorr), and the stiffness reduction factor α, which is related to stress conditions
and concrete property and geometry. Equation 8
which is used in this paper has been verified by both
numerical and experimental results (Li et al. 2006).
In using this equation one needs to calculate time
dependent variables α and ds. The former is determined solving simultaneous equations derived in Li
et al.( 2006) which are not repeated here for briefness purposes, while the later is calculated according
to Equation 4.
2.4 Effect of Concrete Quality
Various mechanical properties of concrete are usually correlated to compressive strength of concrete, a
parameter which can be easily measured in practice.Refer to ACI 318-05 the concrete tensile
strength and modulus of electricity is related to
compressive strength as:
(10)
(11)
The other important influencing parameter in
studying corrosion in RC structures is the chloride
diffusion coefficient. Several models have been developed to consider the influence of mix proportions
on chloride diffusion coefficient (Bamforth & Price
1996 & Papadakis et al. 1996). But Stewart and Vu
(2000) comparing reported data in literature concluded that the model developed by Papadakis et al.
(1996) appears to be the best fit to available literature which is represented as:

(12)
In this model a/c is the aggregate-to-cement ratio,
ρc and ρa are the mass densities of cement and aggregates respectively and DH2O is the chloride diffusion coefficient in an infinite solution (=1.6×10-5
cm2/s for NaCl). The water-cement ratio is estimated
from Bolomey's formula for Ordinary Portland Cement (OPC) concretes as below:
(13)
where
is the concrete compressive strength of a
standard test cylinder in MPa.
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
Figure 2. Random Realization of spatially variable cover depth
2.2 Temperature evolution
of concrete deck.

Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature,
and λ is the heat conductivity; in this
Figure 3. The effect of considering spatial variability on estimated probability of failure.

4.2 Timing of the first repair
In the hypothetical example for every discretized
element the crack width was calculated 1000 times
to simulate the statistical description of extent and
likelihood of failure. According to Equation. 19 reliability analysis in the series system of these elements will result in the probability of failure in at
least on element. This sophisticated analysis will
calculate the probability of inception of deck failure
but with due consideration to spatial variation of
corrosion phenomenon parameters. As per Figure. 3
the probability of severe cracking considering the
spatial variation is extremely higher than the case of
considering the whole deck as one element. In the
other words ignoring spatial variability will result to
substantial underestimation of the probability of
failure. For example in year 20 the simple reliability
analysis predicts that there is just less than 10 percent probability of failure, while considering spatial
variation will result in more than 90 percent of failure probability.
The result of this Monte Carlo analysis is depicted again in Figure 4 where a random realization
of the crack width increase in the elements of the
bridge deck system is represented. It is obvious that
in every cycle of Monte Carlo simulation another realization may occur. The proportion of the failed
area to whole deck area in every cycle of Monte
Carlo simulation results in a random variable X
which is representing extent of damage. In Figure 5
the simulated histograms and fitted density function
of the extent of failed area of bridge deck are illustrated in 30, 50, 70 and 100 years of its lifetime.

Figure 4. Random realization of spatial variation of crack width
increase with time.

As another important result of time-dependent
spatial reliability analysis is that the probability of
exceeding the extent of failure from an acceptable
threshold can be calculated. In Figure. 6 the results
of such an analysis is represented for various acceptable limits of X. In risk-based maintenance management of bridges this can be a rational criterion in
selecting optimum life cycle repair and maintenance
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
Figure 7. Effect of acceptable extent of cracked area on Life
cycle cost.

2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this
Figure 8. Effect of inspection interval period on life cycle cost.

5 CONCLUSION
The importance of considering spatial variability of
material properties and environmental factors emphasized. In this regard the closed form analytical
model for crack width increase with time, based on
concrete fracture mechanics, was incorporated into
spatial-temporal Monte Carlo analysis.
The results of such an analysis can be beneficial
in determining the extent and likelihood of damage
and plan for inspection and repair more realistically.
It is showed that when this reliability analysis be
coupled with life cycle cost analysis a more solid
and informed decision analysis can be accomplished.
The shortcoming of time-consuming event-based
Monte Carlo analysis for maintenance planning can
be overcome with the aid of artificial intelligence,
e.g. ANN and GA. This is a demanding filed of research.
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