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1. Introduction

One of the serious issues regarding the use of RC structures is the 

possibly severe impact of environmental conditions on the 

corrosion of reinforcements leading to early and gradual structural

degradation. Deficiency of our knowledge about the long-term 

performance of RC members and how it is influenced by 

environmental factors is of great concern (Basheer et al., 2001). 

The most important degradation mechanism of the exposed RC 

structures is the corrosion of steel bars by corrosive agents of the 

environments (Ghanooni-Bagha et al., 2018). Typically, the

reinforcements corrode because of exposure to chloride or carbon 

dioxide (CO2) and their corrosive effects in the presence of humidity 

and oxygen (Stewart and Rosowsky, 1998). This corrosion leads to 

concrete member damage through two mechanisms:

1. Corrosion reduces the cross section of rebars.

2. Corroded members often swell creating tensile stress in the 

concrete. 

Because of this tensile stress, the reinforcement cover starts to 

crack and gets delaminated along the rebars, further damaging 

the member’s integrity (Yoon et al., 2006).

High alkalinity of concrete’s pore solution (12.5 and above) 

generally provides good protection against corrosion. This high 

alkalinity leads to creation of a passive layer on the rebar surface 

and inhibits the progress of active corrosion (Ghanooni-Bagha et 

al., 2016). However, degradation of the protective layer by 

aggressive ions (chlorides) or acidification (carbonation) of rebar 

environment can damage this passive phase (Poupard et al., 

2006). A well compacted and cured concrete made with proper 

water-cement ratio will have a low permeability and good 

resistance against the penetration of corrosion initiators such as 

chloride, carbon dioxide, humidity, etc. The high electrical resistivity 

of the concrete may also limit the rate of corrosion by decreasing 

the electrical conductivity between anode and cathode zones 

(Shamsad, 2003). Also, the degree of saturation, as a determinant 

of concrete durability, and temperature, as a significant determinant 
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of electrical resistivity, play critical roles in this discussion 

(Gjørv et al., 1977; Østvik, 2005).

Global warming changes the temperature, humidity, and CO2

concentration of the environment (Bastidas-Arteaga et al., 2009), 

which in turn increases the probability of corrosion in concrete 

structures (Wang et al., 2012). Global warming refers to how climate 

is affected by human activities such as excessive use of fossil fuels 

(coal, oil and gas) as well as large-scale deforestation, which lead to 

elevated accumulation of greenhouse gases like carbon dioxide in 

the Earth’s atmosphere (Bastidas-Arteaga et al., 2009). As a result of 

climate change, the annual CO2 concentration growth rate has 

increased from 1.4 ppm in 1960−2005 to 1.9 ppm in 1995 − 2005 

(IPCC, 2007). Moreover, as mentioned, penetration of environmental

CO2 and chloride into a RC member accelerates the corrosion of its 

reinforcement. Empirical evidence also points to the effect of factors 

such as humidity, temperature and CO2 (chloride) concentration on 

the penetration of CO2 (chloride) into a concrete member (Saetta et 

al., 1993). Therefore, evaluation of the effect of climate change on 

the structural performance through the application of risk analysis 

methods to assess the environmental change induced degradation 

can be of great utility to structural design and maintenance 

(Bjarnadottir and Stewart, 2011).

In a series of studies, Shayanfar et al. and Kaveh et al. used 

meta-heuristic methods to determine the probability of rebar 

corrosion due to chloride diffusion and carbonation in RC 

structures (Kaveh et al., 2014; Shayanfar et al., 2015a; Shayanfar 

et al., 2015b; Shayanfar et al., 2016b). In another study, the effect of 

corrosion initiation on seismic performance of reinforced concrete 

frames were investigated (Ghanooni-Bagha et al., 2019). Shayanfar 

et al. also investigated the effect of corrosion of longitudinal rebars 

on the compressive strength of concrete in RC structures 

(Ghanooni-Bagha et al., 2016; Shayanfar et al., 2016a).

Similarly, Bastidas-Arteaga et al. (2010) presented a probabilistic 

method for assessing the effect of global warming on chloride 

diffusion, but this method is entirely focused on the initiation of 

corrosion (Akiyama et al., 2010). Also, Tuutti (1982) presented a 

model for chloride diffusion into a concrete member, but this 

model has some flaws that lead to error in modeling of chloride 

diffusion. Corrosion of reinforcement is a factor of chloride 

concentration at the surface of concrete member as well as other 

factors such as diffusion of chloride into concrete, aging of 

concrete, and its exposure to temperature and humidity variations 

(Val et al., 1998; Ababneh et al., 2003).

Furthermore, estimation of CO2 diffusion risk and the efficacy 

of different preventive and protective measures against CO2

diffusion has been the subject of many studies. Some of these studies 

have also assessed the effect of climate change on structures in 

specific locations (e.g., Stewart et al., 2011; Stewart et al., 2012; 

Wang et al., 2012). Several other studies have analyzed the effect of 

climate change on the corrosion of reinforcements and thus on 

degradation of RC structures in Australia. In these studies, 

degradation has been evaluated by an approximate method, which 

also accounts for climate change (Talukdar et al., 2012). These 

studies reported that at the current CO2 concentration level (about 

380 ppm), the probability of carbonation-induced corrosion is very 

low (Stewart and Rosowsky, 1998; Sudret et al., 2007). But clearly, 

with the rising level of CO2 concentration in the atmosphere, there is 

a good chance of change in this condition. In another study, FIB 

Bulletin 34 has modeled the probability of structural degradation 

due to carbonation-induced corrosion (FIB, 2006). But in this 

model, CO2 concentration was assumed to increase linearly at a rate 

of 1.5 ppm per year until reaching 500 ppm over a period of 100 

years. This is while some studies predict that CO2 concentration will 

reach to as high as 1,000 ppm in the future (IPCC, 2007).

Stewart et al. (2012) stated that CO2 concentration is 5 − 10% 

higher in urban areas than that in rural environments, although this 

statement seems to be inaccurate. They also reported that the main 

sources of CO2 production in urban areas are the vehicles that run on 

fossil fuels (Stewart et al., 2012). Moreover, they assessed the effect 

of climate change on CO2 and chloride concentration and the 

consequent effect on the durability of RC structures. For this 

purpose, they first introduced the processes that contribute to 

degradation of RC structures through chloride or CO2 diffusion 

(Bastidas-Arteaga et al., 2013), and then developed multiple models 

to assess the factors that are influenced by climate change, and are 

effective on degradation of RC structures (temperature, humidity 

and carbon dioxide concentration). Although this article has 

recommended solutions such as the use of stainless steel rebars, 

surface coating, thicker concrete cover, and the use of special 

concrete as the cover, it has not analyzed the impact of these 

solutions on the onset of corrosion and the ensuing degradation of 

RC member (Bastidas-Arteaga et al., 2013).

In another study, Stewart et al. (2011) assessed the reliability 

coefficient of RC structures under the effect of climate change up 

to the year 2100 (Stewart et al., 2011). In this study, the models 

were developed based on temperature and humidity of Sydney, 

Australia (temperate climate) and Darwin, Australia (tropical 

climate), and the results showed that in warm and dry regions of 

Australia, CO2 diffusion can increase degradation probability by 

up to 400% (Stewart et al., 2011).

As noted above, the effect of climate change on CO2 diffusion 

into RC structures and the effect of carbonation on the bearing 

capacity of RC members have been previously studied. The 

exiting literature on this subject provides several solutions for 

mitigating the probability of degradation in RC members and 

improving their resistance against corrosion. However, the 

effects of each solution on the corrosion resistance of RC members, 

corrosion initiation, and ultimately the durability of RC structures 

need to be investigated by numerical modeling and risk analysis 

methodologies. For example, numerical investigation of the 

effect of water-cement ratio on the durability of concrete member 

can contribute to mix design adjustments necessary for achieving 

concrete structure with greater durability under future conditions.

2. Modeling of CO2 Diffusion into a Concrete 
Beam

In the presence of humidity and oxygen, diffusion of atmospheric 
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CO2 into concrete leads to production of carbonic acid and 

reduction of concrete alkalinity (pH). Corrosion begins when 

carbonation depth becomes as large as concrete cover depth. or 

to put it differently, when CO2 reaches the surface of rebars and 

their protective layer starts to deteriorate (Shayanfar et al., 

2015b). The carbonation depth (Xc in cm) can be calculated by 

Eq. (1) (Bastidas-Arteaga et al., 2013).

(1)

In the above formula, CCO2 is the concentration of CO2 in the 

environment (in kg/m3 multiplied by 10−3), K is the factor of 

adjustment for variation of CO2 concentration in different 

environments (Stewart et al., 2011), nm is the concrete age factor 

incorporated to account for the ambient temperature variations 

(Bastidas-Arteaga et al., 2013), and t0 denotes the first year. CO2

diffusion coefficient DCO2 (t) and a can be obtained from Eqs. (2) 

and (3), respectively.

(2)

In Eq. (2), DCO2(t) is the time-dependent coefficient of CO2

diffusion into concrete (Stewart et al., 2011). nd is a dimensionless 

constant, and D1 is the CO2 diffusion coefficient of one year old 

concrete member. Both nd and D1 vary with water-cement ratio. 

The values of these parameters at 20°C and 65% humidity for 

different water-cement ratios are presented in Table 1 (Bastidas-

Arteaga et al., 2013). As it can be inferred from Eq. (2), CO2

diffusion into concrete decreases with time.

(3)

(4) 

In Eq. (3), Ce is the amount of cement used in making concrete 

member (in kg/m3) (Bastidas-Arteaga et al., 2013), CaO is 0.65 

(Stewart et al., 2011), αH is the degree of hydration, obtained from 

Eq. (4) (Yoon et al., 2007). MCaO and MCO2 are 56 and 44 

respectively (Bastidas-Arteaga et al., 2013). In this formula, w/c 

denotes the water-cement ratio (Stewart et al., 2011).

Equation (1) is based on the assumption of constant CO2

concentration, thus it cannot be applied for the scenarios where 

this concentration is increasing. To use this formula for such 

scenarios, it must be adjusted with a conservative estimate of 

CO2 concentration, that is, the peak forecast of CO2 concentration 

over the lifetime of concrete member. This adjustment can also 

be made based on an optimistic estimate of CO2 concentration, 

which is the lowest forecast of CO2 concentration over the lifetime

of concrete member, or based on the average of the aforementioned

forecasts. Yoon et al. (Yoon et al., 2007) has proposed Eq. (5) for 

adjustment of carbonation depth for changes in CO2 concentration.

(5)

To correct the errors of the previous models, Stewart et al. 

(2011) have proposed the following equation for adjustment of 

carbonation depth for changes in CO2 concentration over the 

lifetime of concrete structure:

(6)

All the parameters of Eqs. (5) and (6) are similar to those in Eq. 

(1), except f(t) which is used to allow the formula to account for the 

effect of temperature on diffusion coefficient and thus on carbonation 

depth (Bastidas-Arteaga et al., 2013). f(t) can be obtained from Eq. 

(7), which is based on the Arrhenius equation (Lindvall, 1998; FIB,

2006; Wang et al., 2012;  Shayanfar et al., 2015a). 

(7)

(8)

In Eqs. (7) and (8), f(t) represents temperature at time t, E is 

the activation energy of the corrosion process (E = 40) (Yoon et 

al., 2007), and R is the gas constant (R = 8.314 × 10−3) (Bastidas-

Arteaga et al., 2013).

Table 2 presents the mean, coefficient of variation, and 

probability distribution function of probabilistic parameters 

required for calculations.
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Table 2. Required Statistical Values

Variable Units Mean COV Distribution Reference

Dc,ref m2/s 3 × 1011 0.20 Log-normal Engelund et al. (2000)

Cth Wt.%cem. 0.50 0.20 Normal Yoon et al. (2007)

ct mm 30 0.25 Normal Val and Trapper (2008)

cq J/kgoc 1,000 0.10 Beta on [840; 1170] Val and Trapper (2008)

ρc kg/m3 2,400 0.04 Normal Engelund et al. (2000)

fc MPa 40 0.15 Normal Vu and Stewart (2000)

fy MPa 600 0.10 Normal Neville (1981)

Table 1. nd and D1 for Different Water-Cement Ratios 
(Bastidas-Arteaga et al., 2013)

W/C D1 × 10
−4 cm2 s−1 nd αH

0.45 0.65 0.218 0.78

0.50 1.24 0.232 0.81

0.55 2.22 0.240 0.84
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Finally, assuming C as the concrete cover depth and Xc(t) as 

the carbonation depth at time t, the limit state is defined.

The limit state corresponds to the borderline of desirable and 

undesirable performance at G(t) = 0. When G(t) > 0, corrosion 

has not started yet, and otherwise it is already underway.

In the present study, research objectives were pursued through 

using the Monte Carlo simulation with one million samples. To 

calculate the probability of corrosion, the number of samples in 

which G(t) < 0 was divided by the total number of samples 

(Shayanfar et al., 2016b). It should be noted that the modeling 

was performed in MATLAB.

3. CO2 Concentration Variations

CO2 concentration growth is very difficult to model as it depends on 

the forecasts of population growth, economic condition, and the use 

of clean technologies among many other factors (Bastidas-Arteaga et 

al., 2013). Fig. 1 shows two CO2 concentration forecasts 

recommended by IPCC in 1990 (Val and Trapper, 2008). In this 

diagram, CO2 concentration has been predicted based on two 

different assumptions regarding the Earth’s future. In the A1F1 state, 

it is assumed that strong economic development and high population 

growth will continue until the mid-21st century and the use of fossil 

fuels will continue as before. In contrast, the A1B state assumes that 

by that time, the common sources of energy will be clean. In other 

words, A1F1 gives a pessimistic prediction of CO2 concentration in 

the future while A1B gives an optimistic one. One can use either of 

the curves plotted in Fig. 1 to calculate the probability of corrosion 

over an extended period of time.

4. Results and Discussion

Determinants of carbonation or concrete durability can be 

classified into three main groups: 1) external factors or environmental 

conditions, 2) concrete’s internal or structural factors, and 3) 

construction and operation conditions (Ramezanianpour, 1992).

4.1 Effect of Environmental Factors
In section 2, we described three formulas, namely Eqs. (1), (5) 

and (6), for calculation of carbonation depth. In Eq. (1), CO2

concentration is assumed to be constant, and the impact of its 

variations on the carbonation depth is neglected; while in Eq. (5) 

proposed by Yoon and Eq. (6) suggested by Stewart, this effect is 

considered. It was also observed that CO2 concentration may 

change as pessimistically predicted in A1F1 or as optimistically 

predicted in A1B, depending on the future conditions. Fig. 2

compares the results of Eqs. (5) and (6) for the change in CO2

concentration. These results are for a concrete member made 

with cement content of 370 kg/m3 and water-cement ratio of 0.45 

(nd  = 0.2, D1 = 0.22), and is located in an unprotected environment

(nm = 0). It is also assumed that there will be zero change in the 

ground temperature, and CO2 concentrations will change as 

predicted in A1F1.

As it can be seen, the carbonation depth given by Yoon’s 

formula is always greater than the output of Stewart’s formulation. 

This seems a logical difference, since to calculate the carbonation 

depth of a specified period, Yoon’s formula uses the last CO2

concentration of that period as the reference. For example, to 

calculate the carbonation depth of a structure fifty years after its 

construction, Yoon’s formula uses the CO2 concentration predicted

for the 50th year, which is very conservative given that CO2

concentration gradually moves toward that concentration. Therefore, 

this formula can be expected to result in overestimation. However, 

in the method proposed by Stewart et al., to calculate the carbonation

depth of a specified period, CO2 concentration predictions will 

be integrated with respect to the time. In other words, in this 

method, carbonation depth estimated for the end of a period 

depends on the CO2 concentrations predicted for every single 

year of that period.

As it is evident from the above, the formula proposed by 

Stewart et al. has the most perfect formulation among the existing

methods and can be expected to give realistic estimations of 

carbonation effects.

4.2 Effect of Concrete’s Structural Factors

4.2.1Water-Cement Ratio
The most important structural factors affecting the carbonation 

Fig. 1. CO2 Concentration Forecasts for a 100-Year Period
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Fig. 2. Outputs of the Formulas Proposed by Yoon and Stewart: (a) Carbonation Depth, (b) Corrosion Probability

Fig. 3. Effect of Water-Cement Ratio on Carbonation Depth and Corrosion Initiation Probability: (a) Effect of Water-Cement Ratio on Carbonation 
Depth, (b) Effect of Water-Cement Ratio on Corrosion Initiation Probability
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depth and ultimately the concrete durability are the concrete’s 

cement content and water-cement ratio. This section discusses 

the effect of these factors on the durability of concrete structures.

One of the key structural factors affecting the durability of 

concrete is its water-cement ratio. As previously noted, the 

parameters nd and D1 used in calculation of CO2 diffusion 

coefficient and eventually the carbonation depth depend on 

water-cement ratio.The values of nd and D1 for three different 

water-cement ratios are provided in Table 1. According to this 

Table, the values of these coefficients for water-cement ratios of 

0.30 to 0.55 can be obtained by linear interpolation.

In Fig. 3, corrosion initiation probability given by Stewart’s 

formula is plotted against water-cement ratio. It should be noted 

that each of these curves represents the variations in the 

probability of corrosion initiation in a particular year for different 

water-cement ratios. As can be seen, 10 curves has been obtained 

for the years 2010, 2020, 2030, ... , and 2100. Obviously, since 

both carbonation depth and chance of corrosion increase with 

time, the highest curve, which represents the highest likelihood 

of corrosion, belongs to the year 2100, and the lowest curve 

(lowest probability of corrosion) pertains to the year 2010. 

 According to these results, as water-cement ratio increases, 

concrete permeability and in turn, carbonation depth and corrosion 

probability increase and, as a results, concrete durability decreases. 

As it can be observed, the increase in the probability of corrosion 

may reach up to 40% by 2100. Table 3 shows the carbonation 

depth and corrosion probability at different years for six different 

water-cement ratios. As it is evident, for water-cement ratios of 

less than 0.6, corrosion probability in 2060 is less than 10%. It 

should be noted that the Monte Carlo simulation is not suitable 

for determination of very small probability values (Shayanfar et 

al., 2016b), but in the present study, the calculated probability 

values are large enough to assure that Monte Carlo simulation is 

reliable.

With water-cement ratios of less than 0.5, corrosion probability 

over the 100 year period remains less than 10%. This probability 

remains less than 22% for water-cement ratios of less than 0.55. 

As pointed out by (Bastidas-Arteaga et al., 2013), in the low-

water to cement ratios, the rate of CO2 penetration into the 

concrete member is lower; in this regard, to calculate the 

coefficients D1 and nd, the linear interpolation was performed. 

The growth rate of these two parameters was considered in the 

range of 0.3 − 0.45 less than the range of 0.45 to 0.55; in other 

words, two different interpolations was performed for the two 

mentioned intervals, which eventually led to the fracture of the 

graph in Fig. 3.

4.2.2 Cement Content
Another determinant of durability of a RC structure is the 

concrete’s cement content. As seen in Eq. (3), concrete’s cement 

content affects the carbonation depth through the coefficient a. 

To investigate the effect of this factor on carbonation, the 

probability of corrosion in different years was obtained for 

different cement contents with water-cement ratio fixed at 0.55. 

The results are plotted in Fig. 4. These results are also based on 

Stewart’s method as well as the assumptions that CO2 concentration 

will change as predicted in A1F1, there will be zero change in 

ground temperature, and the member will be located in an 

unprotected environment.

In Fig. 4, the probability of corrosion initiation at different 

years is plotted against the water-cement ratios based on which 

they were obtained. Again, each of the 10 curves in Fig. 4

represents the variations in the probability of corrosion initiation 

by a particular year (2010, 2020, 2030, ... , and 2100) for 

different cement contents.

According to the results presented in Fig. 4 and Table 4, for a 

fixed water-cement ratio, as the concrete’s cement content 

increases, both carbonation depth and corrosion probability 

decrease. In explanation of this result, it can be argued that the 

increase in mix design’s cement content decreases the porosity of 

the resulting concrete member, which makes it more resistant to 

CO2 diffusion, leading to lower depth of carbonation. In addition, 

the increase in cement content increases the alkalinity of 

concrete matrix, causing a slower rate of carbonation.

Table 3. Carbonation Depth and Corrosion Probability for Different Water-Cement Ratios

W/C 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

0.30 C.D1 = 2.87 mm 3.48 3.87 04.16 05.03 05.24 05.87 06.43 06.94 07.19

C.I.P2 = 0.00 0.00 0.00 00.00 00.00 00.00 00.00 00.00 00.00 00.00

0.35 C.D = 3.03 mm 3.87 4.04 04.58 05.24 05.97 06.53 07.09 07.69 07.95

C.I.P = 0.00 0.00 0.00 00.00 00.00 00.00 00.00 00.00 00.00 00.00

0.40 C.D = 3.17 mm 4.07 4.63 05.94 06.34 06.93 07.74 07.98 08.33 08.47

C.I.P = 0.00 0.00 0.00 00.00 00.00 00.00 00.00 00.00 00.00 00.01

0.45 C.D = 3.28 mm 4.43 5.35 06.15 06.9 07.63 08.34 09.04 09.75 10.47

C.I.P = 0.00 0.00 0.00 00.00 00.00 00.01 00.01 00.02 00.02 00.03

0.5 C.D = 4.71 mm 6.35 7.65 08.79 09.85 10.87 11.87 12.87 13.87 14.88

C.I.P = 0.00 0.00 0.01 00.02 00.03 00.04 00.05 00.06 00.09 00.11

0.55 C.D = 5.74 mm 7.71 9.26 10.63 11.91 13.13 14.33 15.52 16.72 17.93

C.I.P = 0.00 0.01 0.02 00.03 00.05 00.07 00.10 00.12 00.17 00.19

1Carbonation Depth
2Corrosion Initiation Probability
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Moreover, as shown in Table 4, the maximum depth of 

carbonation and the highest probability of corrosion during the 

100-year period are 20.33 mm and 33% respectively and pertain 

to cement content of 300 kg/m3 (with w/c = 0.55). But with the 

same water-cement ratio (w/c = 0.55), using a cement content of 

500 kg/m3 will decrease the maximum carbonation depth and 

corrosion probability to 15.75 mm and 11%, respectively. In 

other words, these results show that, with water-to-cement ratio 

fixed at 0.55, the cement content can be adjusted so that 

corrosion probability will reduce by two thirds (from 33% to 

11%).

4.3 Effect of Construction and Operation Conditions
Concrete cover depth and surface protection state are among the 

most determinants of carbonation depth and durability of concrete 

members. This section discusses the effect of these factors on the 

durability of concrete structures.

4.3.1 Cover Depth
Concrete cover depth has a significant influence on the durability 

of concrete member. As can be expected, an increase in concrete 

cover depth will result in higher durability of concrete member. 

In Fig. 5, the probability of corrosion initiation by different years 

Fig. 4. Effect of Cement Content on Carbonation Depth and Corrosion Initiation Probability: (a) Effect of Cement Content on Carbonation Depth, 
(b) Effect of Cement Content on Corrosion Initiation Probability

Table 4. Carbonation Depth and Corrosion Probability for Different Cement Content

Ce

(kg/m3)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

300 C.D = 6.49 mm 8.75 10.5 12.06 13.5 14.69 16.25 17.6 18.96 20.33

C.I.P = 0.00 0.00 00.01 00.03 00.05 00.08 00.12 00.18 00.25 00.33

340 C.D = 6.12 mm 8.25 09.90 11.32 12.68 13.99 15.26 16.51 17.83 19.07

C.I.P = 0.00 0.00 00.01 00.02 00.04 00.06 00.10 00.14 00.19 00.25

380 C.D = 5.78 mm 7.80 09.36 10.72 12.01 13.23 14.42 15.64 16.84 18.09

C.I.P = 0.00 0.00 00.01 00.02 00.03 00.05 00.07 00.11 00.15 00.20

420 C.D = 5.50 mm 7.40 08.89 10.02 11.42 12.57 13.73 14.87 16.02 17.16

C.I.P = 0.00 0.00 00.00 00.01 00.02 00.04 00.06 00.08 00.12 00.16

460 C.D = 5.25 mm 7.06 08.50 09.75 10.9 12.01 13.12 14.19 15.29 16.43

C.I.P = 0.00 0.00 00.00 00.01 00.01 00.03 00.05 00.07 00.10 00.13

500 C.D = 5.04 mm 6.77 08.14 09.34 10.46 11.53 12.59 13.63 14.68 15.75

C.I.P = 0.00 0.00 00.00 00.00 00.01 00.02 00.04 00.05 00.08 00.11
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is plotted against the cover depth. The mean, coefficient of 

variation, and distribution of relevant statistical variables can be 

found in Table 2. Again, all calculations are based on the 

assumptions that CO2 concentration will change as predicted in 

A1F1, there will be zero change in ground temperature over the 

100-year period, water-cement ratio is 0.55, the cement content 

is 370 kg/m3, and nm = 0.

As shown in Fig. 5, with the increase in effective cover depth 

(actual cover depth - 25 mm) from 0 to 50 mm, the probability of 

corrosion decreases. In some cases, a 10 mm increase in the 

Fig. 5. Effect of Concrete Cover Depth on the Probability of Corrosion Initiation

Fig. 6. Effect of Surface Protection on Concrete Durability: (a) Effect of Surface Protection on Carbonation Depth, (b) Effect of Surface Protection on 
Corrosion Initiation Probability
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cover depth leads to 35% reduction in the probability of 

corrosion by the year 2100. Overall, it can be concluded that for 

a concrete member with water-cement ratio of 0.55 and the 

cement content of 370 kg/m3, the use of an effective cover depth 

of 35 mm will reduce the probability of corrosion over the 100-

year period to less than 10%.

4.3.2 Coating and Surface Protection
Another factor associated with the durability of concrete is the 

level of surface protection (coating). A layer of coating can 

increase the durability of concrete member by protecting its 

surface against direct exposure to environmental elements. In 

other words, a protective layer such as finishing material that is 

applied on RC member inhibits the CO2 diffusion into concrete, 

thus increasing its durability.

As noted above, surface protection can be provided by finishing 

and facade materials, or alternatively, by positioning of a member in 

a place away from the direct exposure to environmental elements. 

For example, an RC column that is positioned in the interior of a 

building is not directly exposed to CO2 diffusion. To put it 

differently, the extent of surface protection (nm) depends on all 

the factors that prevent a direct contact between CO2 and 

concrete member.

Considering the above-mentioned, concrete surface protection

can be provided at different levels and may vary with the 

member function and position. In the description of Eq. (1), we 

discussed the concrete age factor nm that allows the formula to 

account for the changes in the member’s surrounding environment. 

Some sources recommend that this factor should be set to zero 

for unprotected members and 0.12 for protected members 

(Bastidas-Arteaga et al., 2013), but other sources suggest that it 

should be less than 0.3 without specifying an exact value 

(Stewart et al., 2002).

In any case, we first determined the carbonation depth and 

corrosion initiation probability over the next 100 years for nm = 0 

and nm = 0.12 (Fig. 6), and then estimated these parameters for 

the nm values of between 0 and 0.5 (Fig. 7).

Also as shown in Fig. 6, carbonation depth of the year 2100 is 

approximately 2 mm (10%) less when nm = 0.12 than when nm = 

0, and this corresponds to 12% less corrosion initiation probability in 

that year. Moreover, as it can be seen in Table 5, even a minimal 

surface protection (nm = 0.05) will reduce the risk of corrosion 

over the next 100 years to less than 11%. Accordingly, exposed 

concrete members are recommended to be covered with finishing

and facade material in order to provide a surface protection 

against corrosive elements and improve the durability of the 

structure.

As it is observed from the available models for evaluating the 

durability of concrete structures, many factors affect the durability of 

these structures. In one hand, due to the importance of durability 

against CO2 ingress in some structures, it is necessary to specify 

clear criteria for assessing the durability of structures and to 

consider the design of concrete mix design and on the other 

hand, there are so few studies on the design of structures for 

durability. As a proposal, structures based on durability can be 

categorized as follows (Table 6). It should be noted that the 

Fig. 7. Effect of Surface Protection on Concrete Durability: (a) Effect of Surface Protection on Carbonation Depth, (b) Effect of Surface Protection on 
Corrosion Initiation Probability
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effective depth of the cover above stirrups is assumed to be 35 

mm. In Table 6, it was tried to classify concrete members based 

on durability through using three parameters of water-to-cement 

ratio, cement content and surface protection. However, it is 

noteworthy that due to the complexity of the proposed models 

for the durability of concrete structures and the variety of factors 

affecting the durability of concrete members, the proposed 

classification is an initial proposal and needs to be further 

elucidated in subsequent studies.

5. Conclusions

There are several methods for estimating the carbonation depth 

over a given time period andsome of these methods utilize a 

constant (time invariant) CO2 concentration for their estimations. 

We observed that among the existing methods, the results given 

by Stewart’s formulation are more realistic.

It was found that using a higher water-cement ratio results in 

easier CO2 diffusion into concrete and, consequently, accelerated 

corrosion of RC member. The results also showed that for a fixed 

water-cement ratio, the use of a greater cement content in mix 

design leads to improved concrete durability. Besides, the findings 

illustrated that an increase in mix design’s cement content from 

300 to 500 kg/m3 will reduce the carbonation depth and probability 

of corrosion initiation by 100th year from 20.33 mm and 33% to 

15.75 mm and 11%, respectively.

Our assessment of the effect of construction and operation 

factors on the durability of concrete showed that using a thicker 

concrete cover will improve the durability of RC member. It was 

also observed that members that are not directly exposed to CO2

in the environment are less likely to experience carbonation-

induced corrosion. The results showed that increasing the effective 

cover depth to 35 mm will result in the reduction in the probability 

of corrosion initiation over the next 100 years to less than 10%. For a 

specific mix design, the carbonation depth and corrosion initiation 

probability estimated for 100 year of operation without surface 

protection (nm = 0) were 18.02 mm and 18% respectively, but the 

assumption of a minimal surface protection (nm = 0.05) decreased 

these estimates to 16.03 mm and 11%, whereas the assumption of 

proper surface protection (nm = 0.15) could decrease these estimate 

even further to 12.75 mm and 3%, respectively.

After analyzing the results of this study, the criteria of the 

structures were classified into two categories of high durable and 

moderate durable structures, and numerical values for the 

identification of high durability structures were presented. Finally, it 

is suggested that, by conducting further research and considering 

all the factors affecting the durability of concrete, the classification 

given for structures based on durability be completed.
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