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Abstract

:

Global warming will increase the rate of chloride ingress and the rate of steel corrosion of concrete structures. Furthermore, in coastal (atmospheric marine) zones, sea level rise will reduce the distance of concrete structures from the coast and increase the surface chloride content. This study proposes a probabilistic model for analyzing the effects of global warming and sea level rise on the service life of coastal concrete structures. First, in the corrosion initiation stage, an improved chloride diffusion model is proposed to determine chloride concentration. The Monte Carlo method is employed to calculate the service life in the corrosion initiation stage; Second, in the corrosion propagation stage, a numerical model is proposed to calculate the rate of corrosion, probability of corrosion cracking, and service life. Third, overall service life is determined as the sum of service life in the corrosion initiation and corrosion propagation stages. After considering the impacts of global warming and sea level rise, the analysis results show that for concrete structures having a service life of 50 years, the service life decreases by about 5%.
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1. Introduction


Chloride-induced corrosion causes various negative effects on coastal concrete structures, such as reductions in the cross sectional area of steel rebar, reductions in loading resistance, and concrete cover cracking. Furthermore, owing to global warming and sea level rise, the rates of chloride ingress and steel corrosion both increase, consequently resulting in a decrease in the service life of the concrete structures. Therefore, it is crucial for durability design of coastal concrete structures to consider the effects of both global warming and sea level rise [1].



Abundant studies have been conducted in regard to chloride ingress and steel corrosion of concrete structures. Martin-Perez et al. [2] and Tang [3] proposed a modified chloride diffusion equation and evaluated the service life of concrete structures considering various chloride binding isotherms. Conciatori et al. [4,5] proposed a numerical procedure for analyzing chloride ingress, water penetration, and carbonation of concrete structures under real climate conditions. However, the studies of Martin-Perez et al. [2], Tang [3], and Conciatori et al. [4,5] do not consider corrosion propagation after corrosion initiation due to chloride ingress. Chen and Mahadevan [6] proposed an integrated model assessing chloride ingress, corrosion initiation, and corrosion crack propagation of concrete structures. Vu and Stewart [7] analyzed the structural deterioration reliability of coastal concrete structures using a time-variant corrosion rate model and a time-variant load model. However, the respective studies conducted by Chen and Mahadevan [6] and Vu and Stewart [7] do not consider the effect of global warming. The effects of temperature rise on chloride diffusivity, rate of corrosion, and service life are ignored in their studies.



Regarding emission estimation methods for chloride-exposed concrete structures, some life cycle assessment (LCA) methods are proposed. Kim et al. [8] analyzed the life cycle CO2 (LCCO2) reduction performance for a chloride-exposed apartment house. LCCO2 emissions of different types of apartment houses were estimated. Demis et al. [9] made a computer-aided model of concrete service life under the chloride ingress condition. Economic costs and environmental costs from concrete production were calculated. Cusson et al. [10] evaluated the benefits of internal curing on the life cycle cost of chloride-exposed high performance concrete (HPC) bridge decks. Compared with normal concrete, internal cured HPC can allow a 63% reduction in life cycle cost. Kim et al. [11] evaluated CO2 emission of marine concrete used at construction sites. A CO2 emission reduction method at the construction stage was proposed. However, these LCA frameworks [8,9,10,11] do not consider the effect of global warming on service life.



In regard to chloride ingress and global warming, den Heede et al. [12] evaluated the chloride penetration service life of blended concrete by considering the effect of global warming on chloride diffusivity. Medeiros-Junior et al. [13] modeled the effect of climate changes (temperature and relative humidity change) on chloride diffusion coefficients. Reductions in service life for different situations were calculated. Bastidas-Arteaga et al. [14,15] modeled chloride-induced corrosion considering the coupling effect among chloride ingress, moisture diffusion, and heat transfer. Crack initiation and propagation for different global warming scenarios were calculated. Stewart et al. [16,17] proposed climate change adaptation strategies for corrosion control of concrete. That study revealed that increasing cover thickness, improving the quality of concrete, and using coatings and barriers can ameliorate the effects of climate change. However, the previous studies [12,13,14,15,16,17] mainly focused on the effect of global warming on chloride ingress. The effect of sea level rise on chloride ingress was not considered in the studies [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. With the rise in sea level, the distance between the coast and structure decreases, the surface chloride concentration increases, and, consequently, the rate of chloride ingress and the rate of corrosion both increase as well.



Since the rise in sea level was not taken into account, previous models [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17] underestimate the rates of chloride ingress and steel corrosion and overestimate the service life of coastal concrete. To address the weak points of previous studies [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17], this study considers the effect of sea level rise on service life. A probabilistic model is proposed for evaluating the service life of coastal concrete structures resulting from global warming and sea level rise. The whole service life is determined as the sum of service life in the stages of corrosion initiation and corrosion propagation.




2. Methods and Model


Regarding the corrosion of concrete, the service life consists of the corrosion initiation stage and the corrosion propagation stage. The corrosion initiation stage is defined as the time at which the chloride content at the steel rebar surface reaches a critical value. The corrosion propagation stage is defined as the time at which the degree of steel corrosion exceeds critical steel corrosion at surface cracking of concrete. In addition, there are many uncertain factors in the chloride ingress and corrosion propagation processes. To consider these uncertainties, a probabilistic approach should be used for evaluating service life. Moreover, service life is influenced by changes in climate, such as global warming and sea level rise. Summarily, in this study we propose a probabilistic approach for evaluating the service life stages of chloride-exposed concrete considering global warming and sea level rise.



2.1. Corrosion Initiation Due to Chloride Ingress


The transport of chloride into concrete can take place by several different mechanisms, such as diffusion, convection, and permeation. The diffusion process occurs due to the chloride concentration gradient, convection is driven by the moisture gradient in concrete, and permeation occurs due to hydrostatic pressure [4,5]. Kwon et al. [18] and the Life365 software [19] stated that while the ingress of chloride into concrete involved various physical and chemical processes, it is generally accepted that the diffusion of chloride ions is the main mechanism of chloride ingress beyond the very near-surface zone of concrete. Based on Fick’s second law, one-dimensional chloride diffusion into concrete can be described as follows [18,19]:


      ∂ C   ∂ t   = D ( t )    d 2  C   d  x 2     ,   



(1)




where   C   is chloride content at the distance,   x  , and time,   t  , and    D ( t )    is the time dependent chloride diffusion coefficient.    D ( t )    relates to concrete mixing proportions, environmental conditions, chloride binding condition, and curing ages. Owing to further hydration of binders and the enhanced binding capacity of chloride during the chloride ingress period,    D ( t )    decreases with time.    D ( t )    can be determined as a power law function of time as follows [19]:


    D ( t ) =  D  r e f      (     t  r e f    t   )   m   ,   



(2)




where     D  r e f      is the chloride diffusion coefficient at reference time,     t  r e f      (    t  r e f      = 28 days), and   m   is the diffusion decay index.     D  r e f      decreases with the water-to-binder ratio and can be determined as follows [19]:


     D  r e f   = 10  (    − 12.06 + 2.4 W / B   )   ,   



(3)




where W/B is the water-to-binder ratio. The Life 365 software [19] assumes that fly ash or slag does not affect the early-age chloride diffusion coefficient,     D  r e f     .



The diffusion decay index,   m  , relates to further hydration and enhanced chloride binding capacity during exposure periods. The diffusion decay index,   m  , can be determined as follows [19]:


    m = 0.2 + 0.4 ( % F A / 50 + % S G / 70 )  ,   



(4)




where %FA and %SG are the levels of fly ash and slag in the mixtures, respectively. As shown in Equation (4), the Life365 software [19] considers fly ash and slag impact on the rate of reduction in diffusivity. With increasing slag or fly ash replacement levels, the value of   m   increases, and more reduction in chloride diffusivity occurs.



Assuming that the initial chloride content is zero and chloride content at the surface,     C s    , is constant, Equations (1) and (2) can be expressed as follows:


    C ( x , t ) =  C s  [ 1 − e r f (  x  2    D m  t     ) ]  ,   



(5)




where    e r f    is the error function,     D m     is the averaged diffusion coefficient and can be calculated as follows [18]:


      ( 6 )      D m  =    D  r e f     1 − m      (     t  r e f    t   )   m        t <  t R   ,       ( 7 )      D m  =  D  r e f   [ 1 +    t R   t   m  1 − m   ]    (     t  r e f      t R     )   m        t ≥  t R   ,      








where     t R     denotes the time when chloride diffusion coefficient is assumed to be constant (    t R     = 30 years) [18].



There are different exposure conditions in marine environments, such as submerged zone, tidal zone, splash zone, and atmospheric zone. The scope of this study is a coastal concrete structure in the atmospheric zone. Regarding the atmospheric marine zone, the chloride content on the surface relates to the distance from the coast. Vu and Stewart [7] proposed that the surface chloride content,     C s     (kg/m3), can be determined as a step functions as follows:


      ( 8 )      C s  ( d ) = 2.95       d < 0.1   km  ,       ( 9 )      C s  ( d ) = 1.15 − 1.81 ×   log   10   ( d )       0.1   km < d < 2.84   km  ,       ( 10 )      C s  ( d ) = 0.03       d > 2.84   km  ,      








where   d   (km) is distance from the coast.



The corrosion initiation time denotes the time at which chloride content on the surface of steel rebar reaches a critical value. As proposed by Kwon et al. [18] and the Life365 software [19], chloride content of concrete (1.2 kg/m3), is used as the threshold chloride content (    C  i n     ). The carbon steel reinforcement is considered in the calculations.



Based on IS92a global climate change scenario [20], in the 21st century, the environmental temperature rises about 2.5 °C due to global warming (shown in Figure 1), and the sea level rises about 49 cm in the next 100 years (shown in Figure 2).



Life365 [19] proposed that the dependence of chloride diffusivity on temperature can be described by using Arrhenius’s Law as follows:


    D ( T ) =  D  r e f   exp  [  β  (   1   T  r e f     −  1 T   )   ]   ,   



(11)




where     D  r e f      (m2/s) is the chloride diffusivity at reference temperature,   β   (1/K) is the activity energy of chloride diffusion (  β   = 4300 [18,19]),     T  r e f      (298 K) is the reference temperature, and   T   (K) is the environmental temperature. In this study, the average temperature over the time period is used to consider the global warming effect.



When the sea level rises, it will have two effects. First, some of the lower land and river banks will be submerged. Therefore, the coastline will erode inland. Second, as the sea level rises, the ocean’s waves will cause additional erosion of the coast. The eroded coastline can be determined using Bruun’s rule [21,22] as follows:


    Δ d ( t ) =  L   h b  + h   S ( t )  ,   



(12)




where    Δ d ( t )    (m) is the eroded distance of the coastline,     h b     (m) is the height of the beach,   h   (m) is the depth of sea water,   L   (m) is the lateral distance from the beach to the offshore with depth   h  , and    S ( t )    (m) is the sea level rise. Generally,     L   h b  + h      can be replaced by     1  tan ( θ )      (where    tan ( θ )    is the average slope near the beach). The average slope generally ranges between 1/50 and 1/150 [21,22]. When the average slope is 1/100, Bruun’s rule can be simplified as follows:


    Δ d = 100 S ( t )  .   



(13)







The time-average surface chloride concentration     C m     can be determined as follows:


     C m  =      ∫ 0 t    C s  ( t ) d t     t   .   



(14)







The details about calculating the time-averaged surface chloride content are shown as follows: First, by using the climate change scenario about sea level rise (Figure 2), the time-dependent sea level rise can be determined. Then, by using Bruun’s rule (Equation (13)), eroded distance of the coastline can be calculated. Finally, by using Equations (8)–(10), the surface chloride content, Cs(t), can be determined as a function of distance from the coast. As shown in Equations (8)–(10), as the surface chloride concentration increases, the distance between the coast and the concrete structure decreases.



In this study, the year 2000 is the original point of time period. This original point of time can be taken into account by using Equation (14). In the numerator of Equation (14), the lower bound of the integral represents this original point of time period; therefore, a value of “0” refers to the year 2000. In the denominator, the value of t refers to the time period (t − 0 = t). Equation (14) can, therefore, be changed to allow for a different original time condition. For example, when the original time is changed to the year 2010, the lower bound of the integral in the numerator should be revised to “10”, and the denominator part should be revised to t − 10.



In the corrosion initiation stage, the durability failure criterion is defined as the point at which the chloride concentration exceeds the threshold chloride concentration. The chloride concentration prediction involves various uncertainties, such as statistical uncertainty, physical uncertainty, decision uncertainty, and model uncertainty [18]. Considering the uncertainties of the chloride concentration prediction and by using the Monte Carlo simulation method [18], the durability failure probability in the corrosion initiation stage can be determined as follows:


    g ( t ) = C ( C V , t ) −  C  i n    ,   



(15)






     p f  =   n  (  g ( t ) > 0  )   N   ,   



(16)




where    C ( C V , t )    is the chloride concentration at the cover depth (   C V   ) of concrete,    g ( t )    refers to the durability failure criteria, and     p f     is the failure probability of the chloride ingress durability. The function,    n  (  g ( t ) > 0  )    , refers to the number of chloride ingress durability failures out of a total number of   N   trials. In the corrosion initiation stage, the service life of concrete is the time of failure probability to reach 10% [18].




2.2. Corrosion Propagation Stage


Owing to global warming, the environmental temperature increases with time and the corrosion current increases correspondingly. The dependence of corrosion current on temperature   T   (°C) is shown as follows [16]:


     i s  ( t ) =  i  s − 20   [ 1 + k ( T ( t ) − 20 ) ]  ,   



(17)




where     i  s − 20      (μA/cm2) is the corrosion current density at 20 °C (shown in Table 1);   k   = 0.025 if    T ( t )    < 20 °C and   k   = 0.073 if    T ( t )    > 20 °C [16]. For chloride-induced corrosion, after the initiation of corrosion, chloride concentration at the steel rebar position continuously increases due to on-going chloride ingress. The corrosion rate shown in Table 1 does not consider the effect of chloride concentration on corrosion current. Jung et al. [23] measured the corrosion rate of steel rebar in concrete with different levels of chloride ion concentration (0.0%–12.8% by % weight of cement). Jung et al. [23] found that the corrosion rate of steel rebar increases with chloride concentration, and the revised corrosion rate considering chloride concentration can be empirically written as is × (2C/Cin − 1).



By using Faraday’s law and the corrosion current density, the corroded depth of steel rebar can be determined as follows [24,25]:


    χ =    i s  t  M F    2.5 F  ρ F     ,   



(18)




where   χ   (m) is the corroded depth of steel rebar,   t   (s) is the corroded time,     M F     (g/mol) denotes the atomic weight of iron corroded,   F   (C/mol) denotes Faraday’s constant, and     ρ F     (kg/m3) denotes the density of iron.



The corrosion of steel rebar is not uniform and generally occurs on the side of chloride ingress. On the backside of chloride ingress, the corrosion of steel rebar is marginal [26,27]. Considering the non-uniform corrosion of steel rebar, the degree of corrosion can be calculated as follows [24]


    η =  χ   R 0     ,   



(19)




where   η   denotes the degree of corrosion, and     R 0     denotes the radius of the steel rebar.



Once steel corrosion begins, the corrosion products will expand freely until the porous zone is filled, after which the expansion pressure will begin to develop around the surrounding concrete. With the progress of corrosion, the expansion pressure will cause tensile stresses and strains in the adjacent concrete. When the critical steel corrosion is reached, surface cracking of the concrete cover begins to occur. Wei et al. [25] conducted a numerical analysis of the propagation of non-uniform cracks in the concrete cover. The numerical analysis considered the filling of the porous zone by corrosion products and the development of tensile stress. The critical corrosion for surface cracking of concrete is calculated via the numerical analysis as follows [25]:


     η  c r   =   4  δ 0  + 0.0624  f t 0.91     (  1 +   C V   2 ×  R 0     )   1.98    ( 2  R 0  )  0.96    ( ρ − 1 ) ( 2  R 0  )    ,   



(20)




where     η  c r      is the critical steel corrosion at surface cracking of concrete,     δ 0     (μm) denotes the thickness of the interfacial transition zone (ITZ) (    δ 0     = 12.5 μm) [25],     f t     (MPa) denotes the tensile strength of concrete, and   ρ   denotes the volumetric ratio of steel corrosion products to original steel (  ρ   = 2.17) [26,27].



In the corrosion propagation stage, the durability failure criterion is defined as when the degree of steel corrosion exceeds the critical steel corrosion at surface cracking of concrete. The durability failure probability is expressed as follows [24]:


   g ( t ) = η −  η  c r   .   



(21)







The deterioration process of reinforcement corrosion includes the following stages: depassivation of the reinforcement (stage 1), formation of cracks (stage 2), spalling of the concrete cover (stage 3), and collapse of the structure through either bond failure or through the reduction in cross sectional area of the loading bearing reinforcement (stage 4). Stage 1 belongs to the corrosion initiation period and stages 2, 3, and 4 belong to the corrosion propagation period. From stage 1 to stage 4, because a failure of the system may cause more severe consequences, the reliability index should increase, and the failure probability should decrease. The failure probability of stage 4 (collapse of structure) is significantly lower than that of stage 1 (depassivation of the reinforcement) [26,28]. On the other hand, Marques et al. [29,30] proposed that from stage 1 (corrosion initiation period) to stage 2 (formation of cracks), the changes in the reliability index and failure probability are marginal. Hence, in this study, in both stage 1 (corrosion initiation period) and stage 2 (formation of cracks in propagation period), a failure probability of 10% is used. Similarly, the probability of corrosion cracking can be determined by using the Monte Carlo simulation method [24].




2.3. Summary of Service Life Prediction Model


The flow chart of service life prediction is shown in Figure 3. As shown in this figure, for chloride-induced corrosion, the service life includes two stages, i.e., the corrosion initiation stage and the corrosion propagation stage.



In corrosion initiation stage, based on the improved chloride diffusion model considering global warming and sea level rise, chloride concentration at the cover depth is calculated. Then, by using the Monte Carlo method, the probability of the corrosion initiation is calculated, and service life in the corrosion initiation stage is determined.



In the corrosion propagation stage, by using Faraday’s law and the temperature dependent corrosion rate, the degree of corrosion of steel rebar is calculated. Durability failure occurs when the degree of corrosion exceeds the critical steel corrosion at surface cracking.



The whole service life is equal to the sum of the service life in the corrosion initiation stage and in the corrosion propagation stage.



Although fundamental studies have been conducted on chloride-exposed concrete structures, these previous studies do not consider the effects of sea level rise on chloride ingress and on the service life of concrete structures. To fill this gap, we proposed a probabilistic model to assess the impacts of sea level rise and global warming on service life. The effect of sea level rise on eroded distance of the coastline is considered using Bruun’s rule. Furthermore, surface chloride content is determined using distance from the coast.



In the next section, we will show illustrative examples of the individual effects of sea level rise and global warming on service life in the corrosion initiation stage, the corrosion propagation stage, and in the whole life stage. Through these illustrative examples, we will show that the sea level rise presents a significant influence on the service life of concrete structures.



The presented model has some limitations. First, the rate of corrosion is related to many factors, such as the properties of the concrete materials (concrete strength, cover depth, and cracks), environmental conditions (temperature, relative humidity, and exposed environment), and period of corrosion. Further studies evaluating the rate of corrosion are necessary; Second, the current model about surface cracking (Equation (20)) does not consider concrete creep or the migration of corrosion products into the crack space.





3. Illustrative Examples


In this study, parametric studies are conducted to demonstrate the impacts of global warming and sea level rise on service life. Table 2 shows the parameters that are related to material properties and environmental conditions. From a material properties standpoint, two water-to-cement ratios, 0.4 and 0.5 (no Fly Ash or Slag is considered in the concrete mixture) and two concrete cover depths, 45 mm and 55 mm, are used. From an environmental conditions standpoint, the exposure class is Cl3 (airborne sea water), the distance from the coast is 500 m, the slope of the beach is 1/100, and the initial temperature is 20 °C. Table 3 shows the statistical parameters used for making service life predictions. The uncertainties associated with concrete cover depth, chloride diffusion coefficient, surface chloride content, chloride diffusivity decay coefficient, threshold chloride content, concrete strength, corrosion current density, temperature rise, and sea level rise are considered. For temperature rise or sea level rise, the coefficient of variance increases with time. At the start time, the coefficient of variance is zero, and at 100 years, the coefficient of variance is 0.06 [16].



3.1. Service Life in Corrosion Initiation Stage


To illustrate the effects of global warming and sea level rise on service life, parametric studies are carried out for three cases: no climate change (case 1), considering global warming (case 2), and considering global warming and sea level rise (case 3). By using the Monte Carlo method, the probability of corrosion initiation for the three cases is calculated and shown in Figure 4. For case 2 and case 3, the probability of corrosion initiation is higher than that of case 1. Especially when the effect of sea level rise is considered, the increase in the probability of corrosion initiation becomes more obvious. When the water-to-cement ratio increases (from Figure 4a–c, and from Figure 4b–d), the probability of corrosion initiation also increases. When the cover depth increases (from Figure 4a,b, and from Figure 4c,d), the probability of corrosion initiation decreases.



In the corrosion initiation stage, the time of probability of corrosion initiation to reach 10% is regarded as the service life [18]. Based on the relationship between the probability of corrosion initiation and the exposure period, the service life can be determined by using an interpolation method. Table 4 presents the service life of the concrete structure. In this study, “former service life” means the service life in the condition of no climate change, “modified service life” means the service life in the condition of climate changes (global warming and sea level rise), and “relative service life” means the ratio of the modified service life to the former service life. As shown in Table 4, the former service life shows reductions due to climate change. In particular, as the former service life increases, the reduction ratio of former service life increases. Hence, climate change shows more influences on the service life of durable concrete structures, such as concrete structures with lower water-to-cement ratio and higher cover depth.



Figure 5 shows the relative service life for case 2 (considering global warming) and case 3 (considering global warming and sea level rise). Linear regressions of service life are carried out for case 2 and case 3. The slopes of the regression equation for case 2 and case 3 are −0.0005 and −0.0013, respectively. Hence, sea level rise presents significant effects on service life, which show similarity with the trends shown in Figure 4. For concrete with a former service life of 50 years in the corrosion initiation stage, after considering global warming and sea level rise, the reduction ratio of former service life is about 6.5%.




3.2. Service Life in Corrosion Propagation Stage


In the corrosion propagation stage, the durability failure criterion is defined as when the degree of corrosion exceeds the critical steel corrosion at surface cracking. By using the Monte Carlo method, the probability of corrosion cracking is calculated and shown in Figure 6. For cases of no climate change (case 1), considering global warming (case 2), and considering global warming and sea level rise (case 3), the difference of service life is marginal. This is because the corrosion current is high for chloride-induced corrosion. After the initiation of corrosion, the surface cracking generally occurs in a few years. With the increasing water-to-cement ratio (from Figure 6a–c, and from Figure 6b–d), the probability of corrosion cracking increases. Moreover, with increasing concrete cover depth (from Figure 6a,b, and from Figure 6c,d), probability of corrosion cracking decreases.



Table 5 shows the service life in the corrosion propagation stage. For case 2 (considering global warming), and case 3 (considering global warming and sea level rise), the reduction in service life is marginal. For concrete with different material properties, the service life ranges between 5 years and 9 years. This generally agrees with studies conducted using the Life365 software. In the current version of the Life365 software, the duration of corrosion propagation is assumed to be 6 years [19]. This value was selected on the basis of the studies conducted by Weyers [31] who determined that the length of the time period between corrosion initiation and cracking varied from 3 to 7 years for bridge decks in the USA. The Life365 software also indicated that the propagation period is a function of many parameters such as rate of corrosion, temperature, moisture content, and the quality of the concrete; therefore, 6 years is a simplified value for the corrosion propagation period.



Figure 7 shows the relative service life in the corrosion propagation stage. For concrete with a former service life of 10 years in the corrosion propagation stage, after considering global warming and sea level rise, the reduction ratio in former service life is about 1%.




3.3. Whole Effects of Global Warming and Sea Level Rise on Service Life


By using the service life in the corrosion initiation stage (Table 4) and in the corrosion propagation stage (Table 5), the whole service life of the concrete structure is calculated and shown in Table 6. Figure 8 shows the relative service life versus the former service life. For concrete with a former service life of 50 years, after considering both global warming and sea level rise, the reduction ratio of former service life is about 5%. In contrast, if only considering global warming, the reduction ratio of service life is about 2%. Hence, the service life of concrete structures is significantly influenced by sea level rise.



In this study, the environmental database and material database are from other studies and databases. When the proposed model in this study is adopted for other regions/countries, the users should select the appropriate environmental database and material database according to real conditions, such as the global warming scenario (Figure 1), sea level rise scenario (Figure 2), corrosion rate (Table 1), and listing of input parameters (Table 2).



In addition, further studies are necessary to validate the proposed model for different environmental and material databases. For example, climate change closely relates to greenhouse gas emissions. In this study, the IS92a global climate change scenario is used to describe global warming and sea level rise. When the local greenhouse gas emissions are different from IS92a, the appropriate local climate change scenario should be used [32]. In addition, blended cement concrete has a lower chloride diffusivity and corrosion rate than those of Portland cement concrete. If blended cement concrete is used, the service life of concrete structures will increase.





4. Conclusions


This study proposes a probabilistic model for analyzing the service life of coastal concrete structures considering the effects of global warming and sea level rise. The specific contribution of the present study is that it considers the influence of sea level rise on service life. We analyze the individual effects of sea level rise and global warming on service life in the corrosion initiation stage, the corrosion propagation stage, and whole life stage.



First, in the corrosion initiation stage, an improved chloride diffusion model is proposed to determine chloride concentration. The effect of global warming on the chloride diffusion coefficient is considered using activation energy. With rising sea levels, the distance between concrete structures and the coast decrease, and, consequently, surface chloride concentration increases. The effect of sea level rise on surface chloride concentration is considered using Bruun’s rule. The Monte Carlo method is used to calculate the probability of corrosion initiation. Service life is determined based on the interpolation of the probability of corrosion initiation.



Second, in the corrosion propagation stage, a numerical model is proposed to calculate the rate of corrosion, probability of corrosion cracking, and service life. For chloride-induced corrosion, the corrosion current is high, and surface cracking generally occurs within a few years after the initiation of corrosion. After considering global warming and sea level rise, the reduction in service life is marginal.



Third, the whole service life is determined as the sum of service life in the corrosion initiation and corrosion propagation stages. For concrete structures with a service life of 50 years, after considering the impact of global warming and sea level rise, the service life decreases by about 5%. In contrast, if only considering global warming, the reduction ratio of service life is about 2%. Based on the numerical results shown in this paper, we can see that sea level rise presents a significant influence on the service life of concrete structures.
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Figure 1. Global warming. 
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Figure 2. Sea level rise. 
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Figure 3. Flow chart of service life prediction. 
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Figure 4. Probability of corrosion initiation. 
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Figure 5. Relative service life in the corrosion initiation stage. 
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Figure 6. Probability of corrosion cracking. 
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Figure 7. Relative service life in the corrosion propagation stage. 
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Figure 8. Relative service life of concrete. 
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Table 1. Chloride-induced corrosion rates (    i  s − 20     ) for various exposures [16].







Table 1. Chloride-induced corrosion rates (    i  s − 20     ) for various exposures [16].







	
Exposure Class

	
Mean (μA/cm2)

	
Standard Deviation (μA/cm2)

	
Distribution






	
Cl1 wet-rarely dry

	
0.345

	
0.258

	
lognormal




	
Cl2 cyclic wet dry

	
2.586

	
1.724

	
lognormal




	
Cl3 airborne sea water

	
2.586

	
1.724

	
lognormal




	
Cl4 submerged

	
-

	
-

	
-




	
Cl5 tidal zone

	
6.035

	
3.448

	
lognormal
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Table 2. Listing of parameters.







Table 2. Listing of parameters.







	
Material Properties

	
Environmental Conditions




	
Water to Cement Ratios

	
Concrete Cover Depth

	
Diameter of Steel Rebar (mm)

	
Exposure Class

	
Distance from Coast

	
Slope of Beach

	
Initial Temperature (°C)






	
0.4, 0.5

	
45 mm,

55 mm

	
16

	
Cl3 airborne sea water

	
500 m

	
1/100

	
20
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Table 3. Statistical parameters.







Table 3. Statistical parameters.







	
Parameter

	
Mean

	
Coefficient of Variance

	
Distribution






	
Concrete cover depth (   C V   )

	
45 mm

	
0.2 [7]

	
Normal




	
55 mm




	
Chloride diffusion coefficient

	
    D  r e f   = 10  (    − 12.06 + 2.4 W / B   )    

	
0.2 [7]

	
Normal




	
Surface chloride content

	
    C m  =      ∫ 0 t    C s  ( t ) d t     t    

	
0.1 [18]

	
Normal




	
Time exponent

	
0.2

	
0.2 [18]

	
Normal




	
Threshold chloride content

	
1.2

	
0.2 [18]

	
Normal




	
28 days’ compressive strength (MPa)     f  c 28     

	
   128 exp  (  − 2.63  W   C 0     )     [22]

	
0.15 [26]

	
Normal




	
28 days’ tensile strength (MPa)

	
   0.69    f  c 28       

	
0.15 [26]

	
Normal




	
Rate of corrosion (μA/cm2)

	
2.586

	
0.667 [16]

	
Lognormal




	
Sea level rise

	
   S ( t )   

	
COVmax(t) = 0.06 [16]

	
Normal




	
Temperature rise

	
   Δ T + 20   

	
COVmax(t) = 0.06 [16]

	
Normal
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Table 4. Service life in the corrosion initiation stage.
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W/B

	
Cover Depth (mm)

	
Service Life in the Corrosion Initiation Stage (Years)

	
Service Life Reduction




	
No Global Warming or Sea Level Rise

	
With Global Warming

	
With Global Warming and Sea Level Rise

	
Effect of Global Warming

	
Effects of Global Warming and Sea Level Rise






	
0.4

	
45

	
35.443

	
34.596

	
33.552

	
0.976

	
0.946




	
0.4

	
55

	
56.468

	
54.969

	
52.431

	
0.973

	
0.928




	
0.5

	
45

	
17.802

	
17.548

	
17.268

	
0.985

	
0.969




	
0.5

	
55

	
29.163

	
28.687

	
28.071

	
0.983

	
0.962
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Table 5. Service life in corrosion cracking propagation stage.







Table 5. Service life in corrosion cracking propagation stage.







	
W/B

	
Cover Depth (mm)

	
Service Life in the Corrosion Initiation Stage (Years)

	
Service Life Reduction




	
No Global Warming or Sea Level Rise

	
With Global Warming

	
With Global Warming and Sea Level Rise

	
Effect of Global Warming

	
Effects of Global Warming and Sea Level Rise






	
0.4

	
45

	
6.616

	
6.596

	
6.568

	
0.9969

	
0.9926




	
0.4

	
55

	
9.058

	
9.006

	
8.976

	
0.9942

	
0.9909




	
0.5

	
45

	
5.633

	
5.619

	
5.600

	
0.9976

	
0.9942




	
0.5

	
55

	
7.709

	
7.678

	
7.652

	
0.9958

	
0.9925
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Table 6. Whole service life of concrete.







Table 6. Whole service life of concrete.







	
W/B

	
Cover Depth (mm)

	
Service Life (Years)

	
Service Life Reduction




	
No Global Warming or Sea Level Rise

	
With Global Warming

	
With Global Warming and Sea Level Rise

	
Effect of Global Warming

	
Effects of Global Warming and Sea Level Rise






	
0.4

	
45

	
42.059

	
41.192

	
40.121

	
0.979

	
0.954




	
0.4

	
55

	
65.526

	
63.976

	
61.407

	
0.976

	
0.937




	
0.5

	
45

	
23.435

	
23.168

	
22.868

	
0.989

	
0.976




	
0.5

	
55

	
36.873

	
36.365

	
35.724

	
0.986

	
0.968
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