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Abstract

:

When studying concrete impairment, the carbonation depth of concrete is regarded to be variable. Therefore, a time-varying reliability evaluation is important to perform a structural safety assessment. By analyzing 13,198 data on the carbonation depth of concrete, we propose a time-varying reliability evaluation based on the third-moment (TM) method to predict the service life of concrete. Validated by Monte Carlo (MC) simulation, the errors of the calculated results using time-varying reliability evaluation were within 4%. It is shown that the TM method proposed in this paper is more practical than traditional approaches such as MC simulation and second-moment (SM) methods in probability analysis. In this paper, exponential distribution was used to characterize the distribution of carbonation depths. Since paint was present on the concrete surface, numerous uncarbonized concrete components were found in the experiments; to develop a time-varying model considering the uncarbonized components, a function for evaluating the ratio of carbonized concretes is proposed. Overall, the time-varying TM method provided in this paper can act as a foundation for other investigations on probabilistic analysis, e.g., of compressive strength, deflection, and crack of concrete, which can be used to evaluate the reliability of concrete.






Keywords:


carbonation depth; exponential distribution; concrete paint; failure probability; third-moment method












1. Introduction


Reinforced concretes have been widely applied in structural engineering as building components, tunnel lining, retaining walls, etc. [1,2,3,4,5]. However, structure anomalies overwhelmingly increase under aggressive exposure conditions, and carbonation is one of the most fundamental triggers of steel corrosion in concrete [6,7].



Scientific experiments have been carried out to investigate the carbonation characteristics of concrete [8,9,10]. The multi-physics process of carbonation is complex [11,12,13,14,15], involving chemical reactions of CO2, gas–liquid two-phase flow, dispersion and diffusion of CO2 in water, and temperature propagation. Carbonation is mainly about the reaction of Ca(OH)2 with CO2 in the surrounding environment, which would reduce the pH of concrete, therefore exacerbating the corrosion of the reinforcing steel. Thus, the durability of most reinforced concrete structures is mainly governed by the carbonation rate.



Carbonation depth is a fundamental characteristic that is used to analyze the extent of carbonation-induced corrosion, which is employed to predict concrete service life. Therefore, some prediction models of carbonation depth are proposed [16,17,18,19,20]. In some existing prediction models, carbonation depth is deemed to be a function of the square root of time when carbonation-based corrosion reaches the reinforced steel bars and triggers their impairment [21]. For instance, Zhang proposed a mathematical model of carbonation depth for natural aggregate concrete (NAC) [19]. In order to predict carbonation depth of recycled aggregate concrete (RAC), Xiao investigated predicting functions based on Zhang’s model [22]. To evaluate the carbonation depth of concrete incorporating recycled aggregates, Silva developed a model in which several factors (mixture proportion of the specimen and environmental conditions) are considered [23]. However, most theoretical models are based on the analysis of accelerated carbonation experiments, which seldom consider the variations of material properties and climatic factors.



Due to variations associated with climatic factors (e.g., temperature and humidity), concrete materials properties and geometric configuration [24,25], it is physically impossible to evaluate carbonation depths precisely. Several studies have demonstrated that carbonation depth is characterized by significant dispersion [26,27]. Thus, probabilistic analyses are useful to quantify these unavoidable uncertainties. Hao proposed that the probability density functions of carbonation depth agree well with the lognormal distribution [26]. Meanwhile, Hao found that the average and variance augment with the increase of time. However, paint on the surface of concrete can protect a structure from carbonation-induced deterioration, which is seldom considered in the existing reliability models. Additionally, to acquire accurate results, the Monte Carlo (MC) simulation method is generally applied in probabilistic assessments. Nevertheless, this method has several obvious shortcomings, including the large sample sizes required for obtaining accurate results and the unwieldy size of the resulting data sets [28].



In this paper, most experimental components were found to be uncarbonized because of the presence of paint, and the number of uncarbonized concrete decreased over time. Besides, on the basis of the tested data (excluding uncarbonized concretes) with the service time ranging from 37 to 48 years, it was observed that the probability density function agreed well with the exponential distribution. Then, a model to compute the average of carbonation depth at different service years was developed, with the purpose of obtaining an effective time-varying reliability model. Since the carbonation depth is regarded as variable, a maintenance plan based on time-varying reliability (including the computation of failure probability and reliability index) is reasonable and practical.



To carry out a structural reliability analysis, the most fundamental step is to calculate the failure probability. Difficulty in calculating this probability has resulted in the development of diverse approximations, among which the moment methods [28]. Second-moment (SM) methods have universal applications in reliability assessments, but only the mean value and the standard of deviation are considered, producing inaccurate results. In addition, for some complicated performance functions, SM methods may not be generally used [29]. This paper proposes a more explicit model for computing the reliability index based on a third-moment (TM) method, which reflects the skew of a random variable effectively [28,30,31]. In MC tests, we confirmed that the TM method more accurately evaluates the reliability than an SM method.



Although reliability analyses have been well developed in recent years, few studies have predicted the concrete failure time from a reliability assessment. We suggest that the concrete failure time can be based on the concrete guaranteed rate which can be used to determine concrete quality.




2. Test Specimens and Experimental Result


Most of structural concretes are exposed to environmental factors that cause corrosion. In order to guarantee structural safety, regular testing of structural components are conducted in every three years. In this paper, all data were obtained from these testing and all tested components were NAC, taken from several constructions in Yokohama, Japan, where the average temperature and humidity were 15.208 °C and 69%, respectively. In this experiment, the specimens were cast into cement mortar cylinders 80 mm in diameter and 100 mm in height to measure the material properties. To investigate the carbonation depths of the components, the cylinders were cut into two halves, and the fresh cuts were polished and cleaned. Then, 1% phenolphthalein solution was sprinkled on the cuts to observe the non-carbonated area, identified by pink color, which also reflected the boundaries of carbonated and non-carbonated zones. The carbonation depths of the specimens were obtained by measuring the carbonated area. Each specimen was tested repeatedly 10 times, and the resulting test data were averaged together to improve the measurement precision, which resulted in an accuracy of 0.1 mm.



We obtained 13,198 tested data of carbonation depth from this experiment. Different from the investigations carried out in accelerated experiments, the specimens were taken from the natural environment. Therefore, the experimental results are more convincing, because the environmental factors were considered. In this paper, the data were divided into several groups according to different design values of concrete strength (   f c   ) and service ages, as shown in Figure 1 and Figure 2.



According to the experimental results, it was observed that a large number of specimens were uncarbonized. To investigate the initial carbonation rate, the data were divided into several groups according to    f c    and to whether the concrete was carbonized. Then, the ratio of carbonized concrete to uncarbonized concrete at different service ages was determined, as shown in Figure 3.



According to Figure 3,    f c    had a negligible effect on the carbonation rate, and the carbonation ratio increased over time. The relationship between carbonation rate (CR) and time (t) is expressed as:


  C R ( t ) = 0.0086 t − 0.147  



(1)




where  t  is the service age in years.



To carry out a further analysis of the effect of    f c   , the data of carbonation depth with respect to the service years varying from 42 to 46 years were used to plot the probability density distribution. As shown in Figure 4, the distributions of    f c  = 18   N /    mm   2    and    f c  = 21   N /    mm   2    were in good agreement, showing that the deterioration rates of these two groups were similar.




3. Effect of Carbonation on Concrete Compressive Strength


Carbonation might have positive and negative effects on the compressive strength of concrete. Since the carbonation product, calcium carbonate, occupies numerous concrete pores, the compressive strength and the hardness of concrete may increase [32]. However, carbonation might produce excessive calcium carbonate that exceeds the number of pores, resulting in additional internal pressure and micro-crack [33]. Junior figured out that the longer the carbonation-induced corrosion is, the greater the reduction of compressive strength is [34]. In this paper, to investigate the effect of carbonation depth on compressive strength, 949 data (except data of uncarbonized components) were analyzed, as shown in Figure 5. It was observed that the discreteness of compressive strength decreased with the increase of carbonation depth.



For a further analysis, the data were classified into five groups according to the carbonation depth (the groups were defined at depths of 10 mm from each other) and were employed to obtain a box plot, as shown in Figure 6. Quantity, mean value, and standard deviation of the five data groups are presented in Table 1.



According to Figure 6 and Table 1, the mean value and standard deviation of compressive strength decreased with the increase of carbonation depth. Moreover, it was found that the box dimension declined when the carbonation depth increased, indicating that the data of compressive strength were increasingly centralized. Therefore, it was concluded that carbonation-induced corrosion can result in the decrease of compressive strength of concrete, in agreement with conclusion Zha [35].




4. Distribution Fitting of the Carbonation Depth


To develop a prediction model for the carbonation depth, the probability distribution of the carbonation depth considering service age should be determined. In this paper, the data of carbonized concrete were used to investigate the probability distribution. Since the prediction models based on large data are more accurate than those based on limited data [36], 732 data (carbonated specimen) were divided into 7 groups corresponding to 2 years according to service ages to increase the accuracy of the prediction, as presented in Table 2.



The MATLAB software was used for the analysis of the fitting distributions of data with the sample significance level a = 0.05. Gamma distribution, lognormal distribution, exponential distribution, and normal distribution were used to describe the probability distribution. It was found that the exponential distribution had the best agreement with the probability density distribution, as shown in Figure 7.



The probability distributions of carbonation depth at different service ages are plotted in Figure 8.



Different from what determined by the existing prediction models, the distribution of carbonation depth was found to be represented by an exponential distribution function. This is because numerous existing studies have been carried out using the statistical analysis of accelerated experiments, in which the variables represented by environmental factors are not considered. Additionally, the tested component in this experiment had the characteristic of long service life. Furthermore, the specimens in accelerated experiments are all carbonized, but, actually, numerous concretes are uncarbonized, as shown by the experiment in this paper in natural environment.




5. Assessment of the Mean Value and Variance of Carbonation Depth


In previous studies, the carbonation depth was regarded as a function of the square root of time [36]. However, most models using this function were developed on the basis of accelerated experiments, where the carbonation depth and climatic factors were not regarded as variables, and the methodologies were very complex. To realistically capture the irregularity of carbonation depth, the mean values and variance of the data were analyzed in details. According to the distribution fittings from Figure 8, the mean values and variances of the data were obtained, as presented in Table 3.



From Table 3, it was observed that the mean values and the variance increased with the increase of service time. Figure 9 presents the time-varying model for calculating the mean value of carbonation depth ( μ ), which is expressed as:


  μ ( t ) = 0.992 × exp ( 0.063 × t )  



(2)







On the basis of Figure 9, if the concrete cover is assumed to be 20 mm, it can be predicted that after about 47.6 years (concrete failure time), the carbonation depth of the concrete will probably reach the concrete cover. Therefore, this concrete is suggested to be retrofitted. However, only the mean value was considered in this model, leading to inaccurate prediction of the concrete failure time. To consider both mean value and variance, a reliability method and guaranteed rate were applied in this paper.




6. Time-Varying Failure Probability and Concrete Guaranteed Rate


On the basis of the analysis of the distribution fitting, the exponential distribution describes the data distribution of carbonation depth. To develop a time-varying reliability for the assessment of structural safety, the eigenvalue of the exponential distribution function  λ  at different service ages was investigated. The eigenvalue could be determined from Figure 10 and was utilized to develop a function expressed by Equation (3):


  λ ( t ) = 0.634 × exp ( − 0.052 × t )  



(3)







To propose a time-varying reliability model regarding the carbonation depth, the concrete failure mode was defined as the carbonation depth reaching the concrete cover. The proposed model is presented in the following section.



The exponential distribution function is expressed as:


  f ( x ) =  {    λ exp ( − λ x )   x > 0     0   x ≤ 0      



(4)




where x is the random variable.



By integrating Equation (4), the time-varying failure probability    P f  ( t )   is revealed as:


   P f  ( t ) = exp ( − λ ( t ) × c )  



(5)




where  c  is the thickness of the concrete cover (mm).



However, only the data of carbonized concrete are considered in Equation (5). To have a more accurate evaluation of concrete safety, Equation (1) was considered to determine the failure probability. The formula of time-varying failure probability is:


   P f ′  ( t ) = exp ( − λ ( t ) × c ) × C R ( t )  



(6)




where    P f ′  ( t )   is the time-varying failure probability considering both carbonized and uncarbonized concrete.



On the basis of the building code calibration, concrete quality is determined by the guaranteed rate of above 95% [37]. Therefore, to observe the concrete failure time based on the time-varying failure probability, the guaranteed rate was evaluated in this paper. Concrete failure time can be observed when the qualified rate (   p q   ) is equal to the guaranteed rate (   p g   ). As shown in Figure 11,    p q    is represented by the dimension of the shaded area.



Figure 12 presents the time-varying failure probability of concrete with concrete cover assumed to be 25 mm. Tested by MC simulation, the errors of the calculated results were within 4%. It was found that    P f ′    was far less than    P f   , because the carbonation rate was considered in    P f ′   . If concrete guaranteed rate was presumed to be 95%, the observed limit failure probability was 5%. Therefore, the concrete failure time was easily obtained as 44.3 years.



Figure 13 shows the time-varying failure probabilities with different concrete covers. It indicates that the failure probability decreases with the increase of concrete cover. Moreover, the concrete cover has an effect on the changing rate of failure probability. The concrete failure time of other concrete covers can be predicted on the basis of the methodology applied in this paper.




7. Time-Varying Reliability Index Based on the TM Method


One of the most important steps to calculate the failure probability is to analyze the integral of probability density function (PDF), leading to the difficulty in probability computation [28]; thus, approximation methods such as the moment methods are generally applied in reliability analysis. In this paper, the TM method was used to predict the time-varying reliability index. The proposed formula for calculating TM reliability is presented in this paper [38].



The calculation steps of the time-varying TM methods are:


  G   ( x ) = c − x  



(7)






   β  2 M   ( t ) =  μ G  ( t ) /  σ G  ( t )  



(8)






   μ G  ( t ) = c −  1 /  λ ( t )  



(9)






   σ G  ( t ) =  1 /  λ ( t )  



(10)






   α  3 G   = E  [     (    X −  μ G     σ G     )   3   ]   



(11)






   β  3 M   ( t ) = −    α   3 G     6  −  3   α  3 G     ln ( 1 −  1 3   α  3 G    β  2 M   )  



(12)




where G(x) is the performance function, c is the concrete cover, x is the random variable of carbonation depth,    β  2 M     is the second-moment reliability index,    μ G    is the mean value of of G(x),    σ G    is the standard deviation of G(x),    α  3 G     is the skewness observed by MC simulation,    β  3 M     is the expression of the TM method.



Figure 14 presents the time-varying TM reliability index calculated by Equations (7)–(12). The calculated results were tested by MC simulation. The calculated errors are shown in Table 4. In this example, the concrete cover was presumed to be 35 mm. Meanwhile, all skewness values were close to −2. Other TM reliability values with different concrete covers can be computed using the same method.



On the basis of Figure 14 and Table 4,    β  3 M     and MC simulation are in good agreement and therefore this formula was used for calculating the TM reliability in this paper. Obviously, from Figure 14,    β  3 M     has a better agreement than    β  2 M     because skewness was taken into consideration in    β  3 M    . Figure 15 shows the different TM reliability indices with a concrete cover presumed to be 25 mm. On the basis of Figure 14 and Figure 15,    β  3 M     can be used to precisely determine time-varying TM reliability with different presumed concrete covers.



Since the failure probability and reliability index are equivalent methods to carry out the assessment of structural safety, the concrete failure time obtained by time-varying failure probability can be combined with the time-varying reliability index, aiming to obtain the limit reliability index of a certain concrete cover. According to Figure 13, the concrete failure time of concrete covers with thicknesses c = 20 mm, c = 25 mm, c = 30 mm, and c = 35 mm were observed to be 41.2 years, 44.1 years, 46.8 years, 49.1 years, respectively. Then, the corresponding limit reliability indices were calculated as 0.756, 0.838, 0.886, and 0.926, respectively, as shown in Figure 16. The limit reliability indices of other concrete covers can be computed using this method.




8. Example


In order to appraise the structural safety and carry out an optimum maintenance plan, several concrete beams from a building in Yokohama, Japan, were tested. Table 5 shows detailed information for these tested components.



On the basis of the analysis in this paper, the effect of    f c    on carbonation depth was negligible. Therefore, the concrete failure time of the beams was determined by the service age and concrete cover. The failure mode of concrete beam is defined as the predicted carbonation depth reaching the corresponding concrete cover. The analysis of structural safety is presented below.



Calculation I:



Using Equation (2), the mean values of carbonation depth of six concrete beams were predicted as:





	    μ I  = 17.99   
	    μ II  = 16.89   
	    μ III  = 15.86   



	    μ IV  = 16.89   
	    μ V  = 17.99   
	    μ VI  = 17.99   






According to the failure mode, when the carbonation depth was determined only by its mean value, all concrete beams were still in service.



Calculation II:



On the basis of the analysis in this paper, exponential distribution was applied to describe the distribution of the carbonation depth. Using Equations (1), (3), and (6), the corresponding failure probabilities were calculated as:





	    P  f I  ′  = 0.059   
	    P  f II  ′  = 0.071   
	    P  f III  ′  = 0.034   



	    P  f IV  ′  = 0.053   
	    P  f V  ′  = 0.079   
	    P  f VI  ′  = 0.033   






According to the concrete guaranteed rate of 95% obtained in the building code calibration, the limit failure probability was considered 0.05. Hence, beam III and beam VI were in service, while the other beams had been destroyed.



Calculation III:



Using Equations (3), (7)–(12), the corresponding reliability indices were calculated as:





	    β  3 M − I   = 0.726   
	    β  3 M − II   = 0.539   
	    β  3 M − III   = 1.057   



	    β  3 M − IV   = 0.784   
	    β  3 M − V   = 0.485   
	    β  3 M − VI   = 1.117   






According to the corresponding limit reliability indices, the results of the safety evaluation coincided with those obtained in Calculation II.




9. Conclusions


	(1)

	
On the basis of the statistics (13,198) carried out from existing buildings, the concrete failure time was obtained by employing time-varying reliability.




	(2)

	
Compared with the SM method, we recommend the TM method for its higher accuracy, in which skewness, the third dimensionless central moment, is involved.




	(3)

	
Tested by MC simulation, the prediction model of time-varying reliability based on the TM method was accurate, and the errors were within 4%.




	(4)

	
Different from accelerated experiments, the carbonation depths analyzed in this paper were obtained considering the effects of the natural environment. Therefore, the environmental factors were considered, leading to more persuasive results.




	(5)

	
In this study, the relation between carbonation depth and compressive strength was investigated, indicating that carbonation-induced corrosion might cause the decline of the compressive strength of concrete.




	(6)

	
In light of the probability density distribution of carbonation depth, exponential distribution, compared with gamma distribution, normal distribution, and lognormal distribution, is more appropriate to describe the distribution of carbonation depth.
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Figure 1. Statistics of carbonation depth (   f c     = 18   N / mm   2   ). 
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Figure 2. Statistics of carbonation depth (   f c       =   21   N / mm   2   ). 
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Figure 3. Rate of carbonized concrete to uncarbonized concrete. 






Figure 3. Rate of carbonized concrete to uncarbonized concrete.



[image: Applsci 09 05116 g003]







[image: Applsci 09 05116 g004 550] 





Figure 4. Probability distribution of the carbonation depth. 
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Figure 5. Relation between carbonation depth and compressive strength (scatter plot). 
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Figure 6. Relation between carbonation depth and compressive strength (box plot). 
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Figure 7. Distribution fitting of carbonation depth. 
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Figure 8. Exponential distribution fitting with the acceptable R-square: (a) t = 37; (b) t = 39; (c) t = 41; (d) t = 43; (e) t = 45; (f) t = 47; (g) t = 49. Note: t is the service age of the buildings in years. 
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Figure 9. Time-varying model of the mean value of carbonation depth. 
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Figure 10. Fitting of the eigenvalue of the exponential distribution function. 
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Figure 11. Exponential distribution of   λ = 0.084  . 
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Figure 12. Time-varying failure probability, Monte-Carlo simulation, and concrete guaranteed rate. 
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Figure 13. Time-varying failure probabilities of different concrete covers. 
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Figure 14. Time-varying reliability indices with concrete cover thickness c = 35 mm. 
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Figure 15. Time-varying reliability indices with concrete cover thickness c = 25 mm. 
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Figure 16. Time-varying reliability indices with different concrete covers. 
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Table 1. Quantity, mean value, and standard deviation of the five data groups.
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	Range of Carbonation Depth (MPa)
	Quantity
	Mean Value (MPa)
	Standard Deviation





	0–10
	534
	25.6
	8.37



	10–20
	146
	24.6
	7.39



	20–30
	107
	22.2
	6.56



	30–40
	85
	21.1
	7.18



	40–50
	40
	20.1
	5.35
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Table 2. Service age, representative age, and sample size.
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	Service Age (Year)
	Representative Service Age (Year)
	Total Sample Size





	37–38
	37
	88



	39–40
	39
	65



	41–42
	41
	106



	43–44
	43
	173



	45–46
	45
	104



	47–48
	47
	135



	49–50
	49
	61










[image: Table] 





Table 3. Service age, mean value, and variance.
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	Service Age (Year)
	Mean Value (mm)
	Variance





	37
	10.81
	116.84



	39
	13.61
	185.38



	41
	12.44
	154.57



	43
	13.05
	170.43



	45
	16.21
	262.82



	47
	19.07
	363.84



	49
	22.93
	525.79
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Table 4. Different time-varying reliability indices with concrete cover thickness c = 35 mm.
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	Service Age
	    Error   (  β  3 M   )    
	Skewness





	37
	31.8%
	2.01



	39
	1.80%
	1.99



	41
	1.15%
	1.96



	43
	1.10%
	2.02



	45
	0.23%
	2.01



	47
	0.60%
	2.00



	49
	1.23%
	1.97
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Table 5. Detail information for the tested components.
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	Beam Number
	Service Age (Year)
	     f c         ( N /   mm  2  )    
	Concrete Cover (mm)





	I
	46
	18.8
	25 mm



	II
	45
	21.0
	20 mm



	III
	44
	23.1
	30 mm



	IV
	45
	27.5
	25 mm



	V
	46
	25.3
	20 mm



	VI
	46
	31.8
	35mm











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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