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Abstract: In some extreme corrosion environments, the erosion of chloride ions and carbon dioxide
can occur simultaneously, causing deterioration of reinforced concrete (RC) structures. This study
presents a probabilistic model for the sustainability prediction of the service life of RC structures,
taking into account that combined deterioration. Because of the high computational cost, we also
present a series of simplifications to improve the model. Meanwhile, a semi-empirical method is
also developed for this combined effect. By probabilistic generalization, this simplified method can
swiftly handle the original reliability analysis which needs to be based on large amounts of data.
A comparison of results obtained by the models with and without the above simplifications supports
the significance of these improvements.

Keywords: reinforced concrete; corrosion; chloride ingress; carbonation; probabilistic;
sustainability prediction

1. Introduction

The initiation of corrosion is generally due to the penetration of free chloride ions, carbonation,
or their combined effect [1-6]. Meanwhile, previous studies also showed that the effect of temperature
and humidity on the transport of harmful ions was significant [7-9]. Some works which studied
the whole process of reinforcement corrosion indicate that the load-capacity of RC structures would
decrease rapidly after steel reinforcements get depassivated [10-14]. As we know, the load-carrying
capacity of the entire RC structure reduces seriously only after the extent of corrosion exceeds a certain
limit. This characteristic can be easily represented by defining a probability threshold. Therefore,
probabilistic analysis for the deterioration of corroded RC structures is very useful for service life
sustainability predictions.

The reliability of chloride-induced corrosion was studied in many papers [15-25]. However,
the penetration of harmful ions was only considered with a simple diffusion equation, for the sake
of simplicity. All of these works did not consider the effect of chloride binding capacity, convection,
temperature, and humidity. Meanwhile, the boundary concentration of chloride was only considered
as a normal random variable. This means that none of the above-mentioned probabilistic models can
be used for RC deterioration assessments under a de-icing salt environment. In that particular case,
the chloride concentration on the surface of the concrete should be considered a piecewise function.
Therefore, it is more natural and appropriate to use stochastic processes to model the uncertainties
of time-dependent boundary conditions in probabilistic analyses. Meanwhile, the probability of
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carbonation-induced corrosion was studied in [26—-40]. However, all of these works just predicted the
depth of carbonation based on the empirical formula alone.

As we know, chlorides are the dominant deterioration mechanisms in most cases. However,
in some extreme corrosion environments, such as at the entrance and exit of various types of offshore
tunnels, carbon dioxide pollution and salt spray intrusion are both very serious [31-33]. At some
moments of heavy traffic, the rate of carbonation of concrete will be ten times faster than normal [31].
Another more common case occurs on the concrete bridges in cities. Due to the influence of vehicle
exhaust, the concrete pavement generally suffers from severe carbonation-induced deterioration.
At this point, once de-icing salt is used heavily, severe combined corrosion of concrete will occur.
Our previous observations indicated that the service-life of RC structures under these extreme
environments will be shortened to less than one-third of the design life [32]. At this time, it is
very important to study the deterioration of concrete structures under these special conditions.

Many experiments have shown that the penetration of free chloride ions and moisture are
influenced significantly by carbonation [34—43]. However, most chloride- and carbonation-induced
corrosion is considered independently in all existing probabilistic analyses [15-30], including the
widely recognized FIB model code for service life design [44]. Therefore, we need a more accurate
probabilistic model to calculate the reliability of RC structures with combined deterioration under
extreme environments. The interaction mechanism of carbonation and chloride ingress was studied
recently in other papers of Zhu et al. [32,33]. The influence mechanism can be summarized as:
(1) the reduction in the chloride binding capacity of concrete by carbonation; (2) change in the
critical radius of pores and porosity of concrete; (3) release of free chloride ions from bound chloride;
and (4) the change in the threshold chloride content. Appendix A shows the mineralogical mechanism
of carbonation-induced change of chloride binding capacity and the release of free chloride ions form
bound chloride.

A probabilistic generalization for this combined action was presented based on that theoretical
model [45]. However, the complexity of that model causes increased computational cost, meaning
that the probabilistic study is expensive, and only the Monte Carlo method is applicable. Therefore,
the theoretical model will be further simplified, and a series of approaches is presented to simplify
the solution procedure and the limit state functions. Meanwhile, a new semi-empirical method is
developed specially to swiftly calculate the probability of deterioration under the combined action,
when large amounts of data are needed.

Following this introduction, the reliability model for the combined deterioration is reviewed
in Section 2. Then, Section 3 provides further simplification by combining the limit state functions
to be one for the original probabilistic model. Two simplified approaches for the solution of the
comprehensive probabilistic model are given, too. A new semi-empirical method for the approximate
reliability study of this combined deterioration is proposed in Section 4. An example is discussed in
Section 5, and the conclusion follows in Section 6.

2. Review of the Reliability Model of Combined Deterioration

2.1. Governing Equation and Limit State Functions

In previous studies [1,46—49], the transport of free chloride ions in concrete is considered as
meeting Fick’s second law of diffusion. The one-dimensional solution of the partial differential
diffusion with Crank’s error is widely used. Similarly, the depth of carbonation was interpreted to
be linearly proportional to the square root of time. Then, it was used to predict the probability of the
carbonation-induced corrosion initiation by comparing with the thickness of the concrete cover [26-30].
However, none of these models can consider the coupling effect of carbonation and chloride attack.

To improve the shortcoming of the analytical one-dimensional probabilistic analysis,
a comprehensive probabilistic model of reinforcement corrosion is developed in [45]. The governing
equation of the transport of free chloride ions with carbonation can be given by [32]
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where Cfc is the content of free chloride ions (\% binder wt.), Q. is the release rate of free chloride

ions at the carbonation interface, / is the humidity, Ccp; is the CO; concentration in the pore of

concrete, Qy is the consumption rate of hydration product in the reaction process of carbonation,

involved Ca(OH), and CSH et al. [32], DJ"}‘?, D;" and Dco; are the apparent diffusion coefficients of
free chloride ions, humidity and CO, with the influence of carbonation.

Then, two limit state functions are introduced to calculate the probability of corrosion initiation

due to the combined action of chloride ingress and carbonation, i.e.,

=V (Dco2VCco2) — Qu 2)

g1(x,t) =n(x, t)Cfc,th - Cfc(xlt) 3)

820 1) = pH(x 1) — pHy, @

where x is a vector reflecting the random variables Cgy, is the threshold chloride content;
n10t) = Copa/[Cenalo is a correction coefficient depending on the degree of carbonation; C, 4 and
[Cenalo are the instantaneous and initial concentration of dissolved calcium hydroxide during the
process of carbon dioxide intrusion, respectively; pH(x,t) is the instantaneous pH value; and pHy, is the
critical pH value which can cause the initiation of reinforcement corrosion.

Because the individual action of both agents can cause corrosion initiation, the failure domain
under this combined action should be defined as the union of the corrosion domain due to chloride
ingress and the corrosion domain due to carbonation, as shown in Figure 1. Then, the probability of
corrosion initiation under the combined action pgop at time ¢ can be given by:

pf,comb(t) = / f(X,t)dX )

§1(x1)<0 or g2(x,t)<0

The stochastic processes with Karhunen-Loeve expansion are used to model the random nature
of the environmental parameters varies with exposure time, including, boundary temperature T},
boundary humidity /;,, boundary chloride concentration Cy., and boundary carbon dioxide Cco -

For detailed information, refer to [45-47].
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Figure 1. Prediction of corrosion initiation under the combined action.
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2.2. Reduced Number of Random Variables

However, the comprehensive coupling model which simulates the combined action of chloride
ingress and carbonation is very complex; it contains nine important control equations and more than
one hundred parameters [32]. Therefore, the computational cost of that theoretical model is very high.
Due to the complexity of the basic theoretical model, each deterministic case that is solved consumes a
lot of time in the Monte Carlo method, for an actual problem.

For instance, a beam with fly ash concrete is taken as an example to study its corrosion-induced
failure probability in Section 5. That model is divided into 461 2D quadrilateral elements with 536 nodes
and 21,516 degrees of freedom. We use a commercial finite element software COMSOL Multiphysics to
solve each sample of the deterministic theoretical model. Then, by linking with Matlab, the numerical
results obtained by COMSOL are used for the probability calculation.

In a personal computer, it takes approximately 70 s per computer run of the original basic
theoretical model. When we adopt the conventional solution procedure based on the Monte Carlo
method, even if only eight of the most sensitive parameters are selected as independent random
variables, and all of them are divided as five equal intervals, a computer still needs a very long time to
solve this 2D reliability model. Therefore, it is necessary to further simplify the original basic theoretical
model and develop some simplified approaches for the solution process of the probabilistic model.

Note that not all of the parameters meaningfully influence the results of the calculation in actual
problems. To reduce the computational cost of the probabilistic model, we also reasonably reduce
the random variables. Here, a sensitivity analysis is conducted for the 24 most important parameters.
The specific analysis process, environmental condition, and concrete composition and reference value
are introduced in our previous work [45]. With each key parameter increased and decreased by 20% of
their original value, the tornado diagram of the changes in the initiation time of corrosion is shown
in Figure 2.
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Figure 2. Change of initiation time of corrosion if each key parameter is increased and decreased by 20%.
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The parameters are sorted from high to low sensitivity as follows: Cfc,th/ Ct, Pre,0, 4, kg, Dt ref,
[Ccaolo, Pesh, Br, ar, €, Dyref, Ien, Icsh, La, ¢q, Aq, [Cendlo, 7p,0, and pHy,. These all are the parameters in
our proposed comprehensive theoretical model for predicting the combined deterioration of chloride
ingress and carboantion. The meaning and explanation for those parameters can be found in the
literature [32]. Parameters Cyy, Ccoz,p, T, and hy, are used to determine the boundary conditions in all
the cases; their sensitivity is not involved in the comparison and sorting.

In this study, only seven key parameters are selected as random variables for probabilistic analysis.
These seven were selected based on the test results for one-way sensitivity, including Cfc,th, Cts Pe,0, 4,
kg, Dt refr [Ccaolo- Compared to a case that considers all 20 parameters to be random variables, it can
be found that computational cost based on the conventional Monte Carlo method is reduced by a
factor greater than 200 million.

3. Other Further Improvements for the Probabilistic Model of Combined Durability

3.1. Single Limit State Function

Because there are two limit state functions in the original probabilistic model, we cannot use other
simple solution methods to solve the original model aside from the complicated Monte Carlo method.
Here, a step function B(x,t) is introduced to reflect the contribution of carbonation on the corrosion
initiation, instead of a separate limit state function. Then, Equations (3) and (4) are integrated to be one
limit state function, i.e.,

g3(xt) = B(x, H)n(x, t)Cfc,th - Cfc(xrt) (6)
_J 1 for pH(x,t)—pHy >0
Pl t) = { 0 for pH(x,t)— pHy <0 @

Furthermore, we found that the value of B(x,t) is highly coincident with the value of #(x,t).
Therefore, B(x,t) X #(x,t) can be directly replaced by 7(x,t), for simplicity. Then, the failure probability
under the combined deterioration can be further simplified and adjusted as:

t) = / ‘ X, t)dx 8
pf,comb( ) . gl(x,t)<0f( ) (8)

With this simplification, it is possible to use of other analytical methods, such as the response
surface method, to solve this probabilistic model.

3.2. Simplification for the Algorithm of Conventional Solution Procedure

The computational cost of the previous method is still very expansive, even when the random
variables were reduced and the original two limit state functions were combined. Here, a simplification
method for the solution procedure of the probabilistic model is also provided. This method was firstly
proposed by Bazant in [48]. In the process of Latin hypercube sampling, all of the random variables
are divided as n intervals. During the solving procedure, only one sample is randomly selected from
the sample array of each random variable and used in one computer run. In this simplified method,
the total times of runs for the theoretical deterministic models are the divided intervals of the random
variables n.

3.3. Response Surface Method

In some actual problems, maybe there are only a few random variables have different mean
values and variances, such as some concrete components with different mix proportions in the same
environment. Then, it is not necessary to run the expansive Monte Carlo method to solve individual
problems. Instead, the response surface model can be adopted. For a set of models in which only a few
random variables differ, this response surface method will greatly simplify the calculation process.
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According to the sampling points of primary random variables, the Monte Carlo result can be
fitted and converted to the sample space of a response surface model. Based on this response surface
result, the new probabilities of corrosion initiation in other cases can be easily obtained by changing
the mean values. The calculation procedure is as follows:

1. The probability of corrosion initiation of a reference specimen is calculated using the Monte
Carlo method.

2. The Monte Carlo result for the above reference specimen is used to build a response surface.

3. By changing the mean value of reach random variable, the probabilities of corrosion initiation in
other specimens can be calculated by the above mentioned response surface.

4. Semi-Empirical Approach for the Probabilistic Study of Combined Durability

4.1. Concentration Distribution of Free Chloride ions Considering Carbonation

Here, we also provide a simple semi-empirical method for this combined deterioration problem.
Except for the reliability analysis, its simple equations are also particularly suitable for some special
circumstances of the application, such as the compilation of design specifications. According to the
coupling mechanism of carbonation and chloride ingress [32] and the chemical reaction mechanism
of carbonation [49,50], we believe that the influence of chloride ions concentration for the rate of
carbonation reaction is negligible. The classic expression of carbonation depthwith +/# is still applicable
in this combined durability problem.

Here, a partial carbonated depth (carbonation-process zone) is introduced to optimize Papadakis’
analytical formula [49], i.e.,

2
500 |C
0 fOI' t < ZDpur[ E‘ﬂO]O
o c02Ccozp )
car 2Dco2Ccozp°t for t> 2ar[Ceaolo

[Ccaolp 2Dco2Cco2p

where cqr and ¢y are the fully and partial carbonated depth.

Previous studies have shown that the reaction rate of carbon dioxide with Ca(OH), is much
faster than with CSH and Friedel’s salt. That means that the release phenomenon of free chloride ions
from the Friedel’s salt should be mainly after Ca(OH);, is completely consumed by carbon dioxide.
Therefore, the critical degree of carbonation corresponding to this moment is significantly meaningful
for the combined deterioration caused by chloride with carbonation. Here, the partial carbonated zone
is defined as the degrees of carbonation in the following range:

1—Pesg <ac <1 (10)

By analyzing the numerical results and experimental data in [32,34,36,38], it shows that the value
of ¢yar depends on the diffusion coefficient of carbon dioxide. This is determined by the mechanism of
this partial carbonation phenomenon. If carbon dioxide is transported too fast, the calcium hydroxide
and CSH at the reaction interface cannot absorb it completely in time. Then, part of the carbon dioxide
passes through the interface and continues to transport to the interior of the concrete. Its formula can
be fitted as a cubic polynomial function, i.e.,

Cpar = 0.0158D° — 0.3702D° +36656D +5.945 for 0.1 <D < 10 (11)

where D = Dcpy/ Dz%z is a dimensionless parameter, Dgéz =1 x 1078 m?/s is a reference value for
the diffusion coefficient of CO,.

Then, we can decouple the combined effect of carbonation and chloride ingress with a
semi-empirical model. The transport of free chloride ions is considered as a separate diffusion
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phenomenon. The completely and partial carbonated zones of concrete are both removed, and the
front surface of carbonation is reset as the new boundary for the transport of chloride ions into the
internal concrete.

Note that the value of the new boundary condition is also changed because of the
carbonation-induced release of free chloride ions. It can be regarded as a linear relationship with
the depth of carbonation. The slope of this line can be determined by the mixture proportions of
concrete. The theoretical mechanism of that semi-empirical approach is as follows: generally, the depth
of carbonation interface is very small and close to the concrete boundary; once a large number of free
chloride ions are released at the carbonation interface, a rapid reverse diffusion process will be formed
from the carbonation interface to the concrete boundary; and, the peak value of chloride concentration
at the carbonation interface is only related to the mineralogical characteristic of concrete and the
diffusion rate of chloride ions.

According to large amounts of data, the slope of the linear change of chloride concentration in the
carbonated concrete zone, B, can be fitted as:

Be = —0.004f3, +0.048f2,, — 0.147 .0 +0.201 for 1.5< fo0r <5 (12)
for the ordinary Portland Concrete, and
Be = —0.009f3, +0.089f2, — 0.340f5r +0.399 for 1.5< fo0r <5 (13)

for fly ash concrete; where f.;, is the comprehensive influence function of carboantion for the apparent
diffusion coefficient of free chloride ion, and its estimated method can be found in [32]. Here, the unit
of carbonation depth should be taken as centimeters (cm).

Then, a semi-empirical formula for predicting the chloride concentration considering the effect of
carbonation can be expressed as:

Cre(y) = (1 +Be - y)Crep (14)

for y < cear + Cpar; and

Cre(y) = Cron + [(1+ Be¥)Cron — Cpeol |1 - erf | L (15)
2\/ Dfcapp -t

for y > ccar + cpar; Where y shows the position of the calculating point, and Cy, ¢ is the initial condition
for the chloride concentration.

The advantage of this semi-empirical method is that the formula of chloride concentration
distribution considering the effect of carbonation can be obtained directly, instead of solving the
complex and complicated partial differential equations. This will enable the engineers and designers
to directly use the simple expression function to predict the combined deterioration of structures.

4.2. Experimental Verification and Comparison with the Comprehensive Combined Model for the
Semi-Empirical Solution

Here, an alternating test of carboantion and chloride penetration is used to verify this proposed
semi-empirical solution [38]. In this test, three Ordinary Portland concrete with different mix
proportions are subjected to carbonation for three days by placing in a carbonation chamber.
These specimens are named as D-1, D-2, and D-3. For D-1, D-2, and D-3, the vaules of w/b are 0.45,
0.50, 0.55, respectively; and the vaules of a/b are 0.45, 0.50, 0.55, respectively. Before the alternating
test, three Ordinary Portland concrete specimens have been used to test the diffusion coefficient of free
chloride ions without carbonation. For D-1, D-2, and D-3, their apparent chloride diffusion coefficients
are 3.8 x 10712,4.5 x 10712, and 5.6 x 10712 m?/s, respectively.
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Then, the volume fraction of CO, was set to be 5%, and the temperature and humidity were
also set to be constants, 20 °C and 65%, respectively, for the testing chamber. After three days of
carbonation, those specimens are then placed in a NaCl solution with 0.5 M. A year later, these two
procedures were alternately carried out 120 times.

The distribution of free chloride ions from the alternating test, the comprehensive combined
model, and the proposed semi-empirical solution, are shown and compared in Figure 3. It can be
found that the peak value of chloride ions content appeared on the carbonation interface, rather than
the boundary surface, which is due to the carboantion-induced release of free chloride ions from the
bound chloride. The results calculated by the semi-empirical solution are close to the alternating
experimental results and the comprehensive combined numerical results.

0.25 0.25
O O O Experimental data from [Yoon (2007)] 0O O O Experimental data from [Yoon (2007)]
i -« Results by Zhu-Zi's comprehensive model [Zhu (2016)] 4 -------- Results by Zhu-Zi's comprehensive model [Zhu (2016)]
~ Results by our new semi-empirical solution —~ Results by our new semi-empirical solution
02— zZ 02
g ]
2 2
g 5 1
8 8
&2 015 2 0154
S S
N | B .
€ =
g 014 g 0.1+
g | i
2 2 ]
S 0.05 5 0.054
= 2 0.05
< &)
Specimen: D-1 - 7 Specimen: D-2
0 LA B R B I N 0 R T B e S
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Depth (mm) Depth (mm)
(a) (b)
0.25
O O 0O Experimental data from [Yoon (2007)]
B EEEEEET R Results by Zhu-Zi's comprehensive model [Zhu (2016)]
= Results by our new semi-empirical solution
z 0.2
Q
g i
2 .-
S [ung
2 0154
5]
e\z 4
=
2 0.1
=
S
o
b 4
2
5 0.05-
=
© .
7 Specimen: D-3
0 T T T T T T T T T T T T
0 5 10 15 20 25 30
Depth (mm)
(©)

Figure 3. Distribution of the chloride ions for (a) D-1, (b) D-2, and (c) D-3.

4.3. Probability Calculation

According to above-mentioned semi-empirical formulae, the beginning time of corrosion is
defined as when the chloride content around the steel rebar exceeds the threshold concentration,
or the length of ccr + cpar larger than the thickness of concrete cover. Then, the limit state functions is
formulated by:

ga(xt) = y(x, t)Cfc,th - Cfc(X/ t) (16)
85(x,t) = ct — cear(X, t) — Cpar(X, t) 17)

where (x,t) is a dimensionless parameter reflecting the carbonation-induced decrease of the threshold
value of chloride concentration.
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As we know, the new value of chloride threshold content depends on the content of calcium
hydroxide. The front of the partial carbonated zone should be taken as the interface. In the range of
carbonation-process zone, the change of y(x,t) is assumed as linear, for simplicity. Then, y(x,t) can be
formulated as:

0 for Yy < Cear (X/ t)
Y(x,t) = m[y —cear(X, 1)) for cear(x,t) <y < cear(X,£) + Cpar(X, t) (18)
1 for Y > Cear(X, 1) 4 Cpar(X, t)

Similar to the discussion in Section 3.2, the contribution of carbonation on the initiation of
corrosion also has been reflected in the parameter y(x,t). Then, g5(x,t) can be ignored. The probability
of this combined deterioration should be approximately given as:

pf,comh(t) = / f(X,t)dX (19)

84 (X,t)<0
5. Illustrative Example and Parametric Study

5.1. Problem Description

A concrete beam with 300 mm x 500 mm is used for the parametric study. For the concrete,
we assume that the a/b =4, w/b = 0.45, and FA = 10%. Four steel reinforcements with 22 mm are
set in the bottom of this beam. It is assumed that this beam is under severe salt fog environment.
Tpmax = 30 °C and Tj i, = —10 °C are defined as the maximum and minimum mean values of
environmental temperature, with the correlation length 1 year. Iy, 5, = 80% and hy, 5, = 70% are
defined as the maximum and minimum mean values of environmental relative humidity, with the
correlation length 0.001 year. The effect of saturation on the transport rates of chloride and carbon
dioxide is taken into account in their diffusion coefficients by a correction function of relative humidity.
Table 1 summarizes the parameter characteristics of random variables for this illustrative example,
as suggested by our previous work [32,45].

Table 1. Parameter characteristics of random variables for this illustrative example.

Variable Mean Value cov Distribution

Crep 0.75% binder w. t. 0.2 Log-Normal
Ccozp 0.02 mol/m? of pore air 0.1 Normal
Cfc,th 0.4% binder w. t. 0.2 Normal
Cct 40 mm 0.2 Normal

Dy ref 6.5 x 10712 m?2/s 0.2 Log-Normal
Phe,0 0.5 0.3 Normal
[Ccaolo 3000 mol/m? of concrete 0.05 Normal
d 0.9 0.05 Normal
ke 0.2 0.1 Normal

For the prediction of corrosion initiation of steel reinforcement, previous study indicated that
numerous parameters can affect the threshold concentration of chloride ions, and many of them are
interrelated [51]. This leads to that the overall trends are not visible for the changing of threshold
chloride content. Among so many factors, the influence of the steel-concrete interface is considered
the most significant [52-56]. In this example, the threshold chloride content is defined as the chloride
content required for depassivation of the steel. The ribbed steel bars are taken as the reinforcements.
Some pores exist between reinforcement and concrete due to the low workability. The reinforcement
and the surrounding concrete are always in the tension state. All these assumptions mean that the
threshold chloride content should take a small value, as given in Table 1.
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5.2. Result Discussion

5.2.1. Probability

The failure probabilities of corrosion-induced deterioration due to the combined action,
penetration of chloride and carbonation calculated by our model can be found in Figure 4.
A comparison of Figure 4a with Figure 4b,c shows that the corrosion-induced failure probability
considering the influence of carbonation is significantly larger than the probability without
considering carbonation.
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B B Corner Reinf. g | - Corner Reinf.
2] g
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= g
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(c)

Figure 4. Probability of corrosion initiation calculated by our model (a) due to the combined action of
chloride penetration and carbonation, and (b) only due to the ingress of chloride, and (c) only due to
the carbonation.

5.2.2. Effect of Reducing Limit State Functions

The probabilities with and without reducing the limit state functions are both shown in Figure 5.
It can be seen that the results considering this simplification method are almost identical to the original
results. This indicates that the method provided in Section 3.1 is feasible for this comprehensive
probabilistic model.
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Original result:

“| © © O Bottom Reinf
U O U Corner Reinf.

With simplification:
Bottom Reinf.

-=====Corner Reinf.

Probabilities of corrosion initiation

0 20 40 60 80 100
Time (years)

Figure 5. Probabilities with and without the reduction of limit state functions for the bottom
reinforcement and the corner reinforcement.

5.2.3. Effect of Simplified Solution Procedure

The comparison of corrosion initiation probabilities with and without the simplified solution
procedure are shown in Figure 6. In the simplified approach, all of the random variables is divided
into 1000 intervals by the Latin hypercube sampling. It was found that the corrosion-induced failure
probabilities calculated by the conventional solution procedure, and the method with simplification,
are close. Here, an average error, e, for checking the difference between corrosion probabilities
with and without this simplification is introduced here, and its calculation equation is defined in
Appendix B. It is found that the average error is 0.0124 and 0.0254 for the bottom reinforcement and the
corner reinforcement, respectively. This accuracy is acceptable for the reliability analysis of a concrete
durability problem.

g Conventional solving result g Conventional solving result
g [3---EF--£3 With simplification-B 8 [3---£2--£3 With simplification-B
S T .«—: 7 Yo CIE[X]Z]3:9:8
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Figure 6. Corrosion-induced failure probabilities with and without the simplification for solution
procedure for the (a) bottom and (b) corner reinforcement.

5.2.4. Application of the Response Surface Method

Here, three fly ash concrete and three ordinary Portland concrete sections are used to explain the
application of the above mentioned response surface method in the Section 3.3, and verify its accuracy.
Their mix proportions are given in Table 2. They are applied to the estimation of parameters for the
theoretical model. The mean values of random variables of each specimen are calculated according
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to [32]. The results from the FAC-1 specimen calculated by the Monte Carlo method are taken to build
the reference response surface.

The probabilities of the corrosion initiation obtained by the Monte Carlo method and the response
surface method are shown and compared in Figure 7. It shows that the results calculated by these two
methods closely concur. The average error is 0.0120, 0.0139, 0.0343, 0.0345, and 0.0285 for specimens
OPC-1, OPC-2, OPC-3, FAC-2 and FAC-3, respectively. However, the amount of calculation will be cut
by several orders of magnitude if this response surface method is obtained instead of the conventional
Monte Carlo method.

Table 2. Mix proportions of concretes.

. . Specimen
Mix Proportions
FAC-1 (Ref.) OPC-1 OPC-2 OPC-3 FAC-2 FAC-3
w/b 0.45 0.35 0.35 0.55 0.45 0.45
a/b 4 4 6 4 4 4
1 1 -
a Specimen: OPC-1 a Specimen: FAC-1
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Figure 7. Comparison of the Monte Carlo result and the response surface result for concrete specimens
with different mix proportions.
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5.2.5. Discussion for the Semi-Empirical Probabilistic Model

The accuracy and error calculated by the semi-empirical probabilistic method is discussed in this
section. The parameter characteristics of the selected random variables in the study with semi-empirical
method is shown in Table 3. Here, the COVs of B. and ¢, are fitted by the numerical results of the
comprehensive model. The range of each random variable is also divided as five intervals for Latin
hypercube sampling.

The probabilities obtained by the comprehensive model and the proposed semi-empirical method
are compared in Figure 8. It shows that the probability curves obtained by these two approaches
are very close. The average error is about 0.049; this can meet the needs of the accuracy for the
actual project.

Table 3. Parameter characteristics of the selected random variables in semi-empirical probabilistic study.

Variable Mean Value cov Distribution

Cfc,b 0.75% binder w. t. 0.2 Log-Normal
Ccozp 0.02 mol/m? of pore air 0.1 Normal
Cre,in 0.4% binder w. t. 0.2 Normal
Ct 40 mm 0.2 Normal

D ref 6.5 x 10712 m?/s 0.2 Log-Normal

Dcoz 3 x 1078 m?/s 0.2 Log-Normal
[Ccaolo 3000 mol/m? of concrete 0.05 Normal
B 0.15 0.1 Normal
Cpar 15 mm 0.05 Normal

=] Result_our model
] g i s .
= | ----- Result_Semi-empirical formula
<
= 0
.8
= =t
@]
‘s 0.6
o
£ i
o
[5)
b~ —
5 04
w
5] 4
E
5 0.2+
<
e} 4
o
£
0 7 T T T T T T T T

0 20 40 60 80 100
Time (years)

Figure 8. Corrosion-induced failure probabilities calculated by the comprehensive model and the
proposed semi-empirical method.

5.2.6. Comparison with the Conventional One-Dimensional Solution

The failure probabilities of corrosion-induced deterioration obtained by our model and the widely
used analytical one-dimensional method are compared in Figure 9. We can find that the difference of
these probability results are significant. This indicates that the influence of the uncertainty of chloride
binding capacity, convection, temperature, and humidity should be considered in the probabilistic
analysis for a more accurate result. Only using the analytical one-dimensional simplified method to
estimate the reliability of the durability of reinforced concrete structure is not rigorous for some cases.
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0.6 0.6
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Figure 9. Corrosion-induced failure probabilities obtained by the comprehensive model and the
conventional one-dimensional solution under the (a) penetration of free chloride ions, (b) carbonation,
and (c) their combined effect.

6. Conclusions

1. A comprehensive model is reviewed to calculate the reliability of corrosion deterioration due to
carbonation, chloride penetration, and their combined effect.

2. Two simplified approaches for the solution procedure of this probabilistic model are provided.

3. A semi-empirical method is developed to approximately predict the concentration distribution of
chloride ions, and swiftly calculate the probability of combined deterioration.

4. Comparison to the original non-simplified model shows that all of these improved approaches
can greatly simplify the computational cost, and that the accuracies are acceptable.
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Appendix A. Mechanism of Chemical Link between Carbonation and Chloride Movement

With the ingress of free chloride ions, the Friedel’s salt (bound chloride) is formed in concrete.
That chemical reaction process can be depicted by

Ca4A1H6 + CaC12 + H,O — 3CaO-A1203-CaC12~10H20

Noted that the process of carbonation is much slower than the movement of chloride. Once carbon
dioxide comes into contact with the formed Friedel’s salt, free chloride ions will be released at the
carbonation interface with the following chemical reaction

3Ca0-Al,O03-CaCl,-10H,0 + 3CO, — 3CaCO3 + 2A1(OH); + CaCl, 4 7H,0

Appendix B. Calculation of Average Error e

The average error e within y years is given by

y ’Pf,sim(ti) —prolti)

o= 3.

fi=1 y

(A1)

where y is an integer showing the number of exposure years, py;n(t;) is the probability of corrosion
initiation at different time nodes ¢; after simplification and p(#;) is the initial probability of corrosion
initiation at different time nodes t; without any simplification.
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