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Abstract: Reinforced Concrete (RC) structures in marine environments 

deteriorate rapidly due to chloride-induced corrosion, requiring performance-

based mix and cover design for environmental sustainability and reduced life-

cycle costs (LCC). A probabilistic performance-based framework is presented 

in this study to predict and compare the service life, LCC and equivalent 

carbon dioxide emissions (CO2-e) of concrete mixes with different binder 

compositions in harsh marine exposures. Concrete mixes with varying 

proportions of supplementary cementitious materials (SCMs) like fly ash and 

slag were tested for strength, chloride diffusion, and electrical resistivity. 

Using the results, a probabilistic analysis was conducted on a typical coastal 

structure with a 50-year design service life considering a range of commonly 

practiced covers. The time-dependent failure probabilities for initiation and 

propagation were evaluated using Monte Carlo Simulation, applying patch 

repair when the first corrosion-induced crack appears. Material Sustainability 

Indicators (MSI) were assessed in terms of LCC and lifetime carbon emissions. 

The findings demonstrate that a 25% fly ash replacement notably enhanced 

the cost-effectiveness of structures by delaying the time to cracking and 

reducing the repair frequency. Combined with larger cover, high volume 

replacement led to a reduction of around 60% in CO2 emissions. This research 

highlights the need for performance-based mix designs to minimize long-term 

costs and environmental impact for RC structures in harsh, marine exposure. 
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1 Introduction  

Chloride induced corrosion is one of the frequent and major causes of reduction in service lives 

for Reinforced Concrete (RC) structures, which can lead to premature failure and economic liability 

due to excessive unforeseen repair and maintenance [1, 2]. The staggering annual cost of corrosion 

damage around the world is approximately US$2.5 trillion [3], underscoring the necessity for 

construction practices that will ensure durable and long-lasting structures. Most RC structures 

worldwide are approaching or exceeding 50 years of service, with those in marine environments 

exhibiting faster deterioration, often reaching serviceability and durability limit states such as cover 

cracking, spalling. Moreover, human-induced climate change will cause the eventual reduction in 

service lives of coastal RC structures [4]. This challenge is more severe in countries like Bangladesh, 

where the absence of durability oriented building codes and high climate vulnerability make RC 

structures in marine environments particularly prone to chloride ion ingress [5], ultimately causing 
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reinforcement corrosion and subsequent damage.  

Service lives of RC structures subjected to chloride induced corrosion comprise two phases: the 

initiation phase (Ti) and the propagation phase (Tcr) [6]. The initiation phase, Ti, denotes the time needed 

for chloride ions to reach the critical concentration [7], leading to de-passivation of the protective 

alkaline layer around the reinforcement, therefore, initiating corrosion. After initiation, the propagation 

phase, Tcr, marks the time period during which corrosion continues and cumulation of corrosion induced 

damage occurs until a limit state of cracking is reached, signifying the termination of the structureôs 

service life, or the need for repair work to ensure continued functionality [8]. For maintenance 

operations, typical patchwork is common, where the cracked cover is replaced with pristine concrete. 

However, this approach is viable only up to a certain degree of degradation of the corroded 

reinforcement. Beyond this threshold, replacement of the damaged reinforcement becomes imperative 

for sustained operation. While this strategy is systematic, the cumulative costs and equivalent carbon 

emissions (CO2-e) can become substantial depending on the frequency of required repairs throughout 

the structure's lifespan. It can be assumed that once corrosion initiates, it can continue indefinitely, 

resulting in the reinforcement area being reduced significantly. 

Concrete is the most widely produced solid material globally, with its primary component, 

Ordinary Portland Cement (OPC), accounting for about 5-7% of annual global CO2 emissions [9]. The 

global warming potential of concrete can be reduced significantly with the replacement of OPC with 

Supplementary Cementitious Materials (SCMs) such as fly ash and slag [10]. However, such strategies 

involving binder replacement may not be enough for the reduction of global CO2 emissions caused by 

concrete production. Improper selection of binder materials can necessitate frequent repair operations, 

escalating long-term costs and carbon emissions. Effective corrosion management strategies are 

essential to extend the service life of RC structures and ensure reduced repair frequency. However, in 

order to assess the effectiveness and efficiency of these strategies, their life-cycle costs (LCC) and 

lifetime CO2 emissions must be evaluated in the long run. 

Typical strategies for extending service lives of RC structures and minimizing repair operations 

fall into two categories: preventing corrosion by use of corrosion-resistant reinforcement (epoxy-coated 

steel, stainless steel, fiber reinforced polymer composites (FRPC), etc.) [11] and delaying the onset of 

corrosion by employing alternative binder replacements (fly ash, slag, silica fume, etc.) [11, 12]. The 

effectiveness of these strategies in reducing the LCC for RC structures has been evaluated in existing 

literature in both deterministic and probabilistic terms. Some studies [9,13-15] adopted deterministic-

based approaches in their repair frequency computations for different corrosion management strategies, 

without explicitly considering the uncertainties associated with service life analysis. In contrast, time-

variant stochastic approaches incorporate these uncertainties more comprehensively, offering a broader 

perspective for designers and owners to select corrosion protection schemes based on chosen risk 

thresholds [16, 17]. Full probabilistic assessment of different reinforcement and binder alternatives has 

shown the effect of optimal binder selection in reducing the repair frequencies and consequently, the 

LCC and CO2-e of RC structures in harsh environments [11, 12]. Crack repair by fly ash concrete has 

also been shown to lengthen the remaining service life and reduce the repair frequencies in RC 

structures [18]. Increasing concrete cover is also a crucial measure for improving the service life of RC 

structures in saline environments. Concrete cover acts as a cost-effective tool and is the most important 

parameter in reducing the number of repairs and extending the service lives of coastal structures [19], 

resulting in reduced life-cycle costs and environmental impacts [20]. Val and Stewart [21] have 

concluded that concrete cover can be a pivotal tool in reducing life-cycle costs for RC structures in 

coastal regions. However, there is a paucity in available published studies that have quantitatively 

examined the effects of supplementary cementitious materials (SCMs) combined with various clear 

covers in lengthening the lifespan of RC infrastructure and thereafter reducing their LCC and emissions 

in terms of equivalent carbon dioxide emissions (CO2-e). 

In this study, a comprehensive assessment of the suitability of some common concrete binders has 

been carried out in terms of service life, LCC, and CO2-e of resulting RC structures in saline exposure. 

Lack of any performance-based guidelines in local codes [22-24] of the country for RC structures in 

harsh, marine environments has been a prerequisite for carrying out this research. The primary goal of 

this study is to compare the cost-effectiveness and environmental impact of local mixes combined with 




