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Abstract 

The propagation of deterioration in vital reinforced concrete (RC) structures is a critical issue for infrastructure subjected to 

extreme climate change. Billions of US dollars were spent annually on the rehabilitation of RC structures. Accurate projections 

of future climate data for each city worldwide must consider their influence on RC members. This research will present a review 

of some existing RC structures exposed to CO2 and chloride-induced corrosion. Moreover, this research will discuss methods 

for investigating the projection of extreme climate events, providing a framework for projecting future climate data. The limit 

state functions for carbonation and chloride-induced corrosion are provided for various concrete sections and crack widths to 

predict the reliability index for assessing structural safety. This study will discuss sustainable materials and corrosion mitigation 

strategies to inhibit chloride- and carbonation-induced corrosion. It was deduced that a geopolymer concrete (GPC) material 

composed of 40% fly ash (FA) and 60% slag (SG) shows good resistance to chloride-induced corrosion compared to an ordinary 

Portland cement concrete mix and a GPC mix composed of 50% FA and 50% SG. Furthermore, GPC, which consists of 40% 

FA and 60% SG, will increase the service life of the RC structure compared to a mix composed of 50% FA and 50% SG. Finally, 

a crack width limitation for RC structures located in different climate regions must be assessed in various codes to adapt them 

to the future projection of extreme climates to reduce the risks to RC structures. 
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1. Introduction 

The corrosion of carbon steel rebars embedded in con-

crete members is controlled by the action of the cover depth, 

which acts as an obstacle against the penetration of chloride 

ions, CO2, water, and oxygen required for the corrosion in-

itiation stage. The corrosion of the steel rebars occurs when 

the chloride concentration at the rebars' level exceeds the 

chloride threshold. Moreover, the corrosion of steel rebar 

in concrete is an electrochemical process in which chemical 

reactions occur simultaneously at two regions on the steel 

surface [1-3]. The potential difference can be generated by 

three different methods as follows: (i) potential difference; 

(ii) difference in the concentration of ions in the pore solu-

tion; and (iii) contact of dissimilar metals. With sufficient 

oxygen at the anodic sites, ferrous hydroxide can be further 

oxidized into different corrosion products with volumes 

larger than the original volume, up to six times. An increase 
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in the volume of steel rebar can generate stresses due to 

tension force in the surrounding concrete interface, which 

leads to cracking, spalling, and delamination of the con-

crete cover depth. 

Corrosion in concrete structures is described as a two-stage 

process according to Tuutti [4]. The corrosion of the steel re-

bars is assumed to occur when the chloride concentration at 

the steel rebar level reaches the chloride threshold (Cth) [4]. 

The time at which corrosion initiates is used as a quantitative 

indicator of the service life of reinforced concrete (RC) struc-

tures. Various factors influence the duration of each stage, in-

cluding environmental conditions, concrete properties, expo-

sure time, and chloride diffusion rates [4, 5]. Ideally, corrosion 

initiates at time (Ti) when the chloride concentration at the 

steel surface equals or exceeds the chloride threshold (Cth), as 

calculated using equation (1). Furthermore, the impact of en-

vironmental factors on the time of corrosion initiation due to 

chlorides is shown in equation (2). 

𝑇𝑖 =
𝑥2

4 𝐷[𝑒𝑟𝑓−1×(1−
𝐶𝑡ℎ
𝐶𝑠
)]
2               (1) 

𝑇𝑖 =
𝑥2

4 ×𝐷×𝑓1(𝑇)×𝑓2(𝑡𝑒)×𝑓3(𝑅𝐻)×[𝑒𝑟𝑓
−1×(1−

𝐶𝑡ℎ
𝐶𝑠
)]
2     (2) 

Ti =
x2

4×D×f1(T)×f2(te)×f3(RH)×[erf
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Cth
Cs
)]
2  

Ti =
x2

4×D×f1(T)×f2(te)×f3(RH)×[erf
-1×(1-

Cth
Cs
)]
2  

The cracks generated at the concrete cover for the RC mem-

ber are caused by the occurrence of steel rebar corrosion when 

the expansion force exceeds the tensile strength (ft) of the con-

crete material, according to Andrade and Alonso [6]. The cor-

roded expansion force due to cover cracking is related to the 

reinforcement's corrosion depth. It is known that the rebar's 

corrosion depth is proportional to the corrosion current density 

according to Faraday's law. Additionally, the greater the cor-

rosion current density reaches the steel rebars, the deeper the 

corrosion depth of the steel rebars will be [5, 6]. Therefore, 

the cover cracks when the steel rebar's corrosion depth reaches 

the critical corrosion depth of the concrete cover. 

The durability and resilience of RC structures, especially 

bridge decks, girders, and columns, are fundamental to the in-

tegrity of transportation infrastructure. RC bridge structures 

are increasingly threatened by environmental degradation, 

particularly chloride- and carbonation-induced corrosion. 

Nowadays, climate change events intensify these threats, as 

rising maximum temperatures and increased CO2 concentra-

tions accelerate degradation processes, posing long-term risks 

to infrastructure safety. A recent analysis of the Canadian In-

frastructure Report Card found that nearly 40% of bridges are 

in poor to fair condition, underscoring the pressing need for 

maintenance and rehabilitation. Most Highway Bridge Design 

Codes worldwide specify design parameters based on climatic 

data. These parameters are very important for designing 

bridges that can withstand the impacts of harsh weather con-

ditions. Climate conditions such as fluctuating maximum/ 

minimum temperatures, heavy precipitation, and severe winds 

degrade the durability of RC structures, increasing the possi-

bility of failure [7, 8]. 

The change in extreme weather events, such as maximum 

temperature, relative humidity levels, and freeze-thaw cycles, 

is already challenging; climate change exacerbates these con-

ditions. Projections for increased maximum temperatures in 

regions around the world suggest that RC structures will face 

even greater stresses, with significant implications for the 

lifespan and integrity of these materials. The projections of 

climate data emphasize the urgent need for climate-adaptive 

strategies to protect RC structures from accelerated degrada-

tion. The future impact of climate change on infrastructure is 

largely driven by different emission scenarios of various gases. 

These are critical inputs for global climate models (GCMs). 

Carbon dioxide (CO2), a major greenhouse gas, is the most 

well-known contributor to global warming [9] all over the 

world. The Intergovernmental Panel on Climate Change 

(IPCC) (AR5, 2014) identified several representative concen-

tration pathways (RCPs) that illustrate possible climate fu-

tures based on different emission scenarios. In the worst emis-

sion scenario, RCP8.5, CO2 concentrations are projected to 

exceed 900 ppm, with a global temperature increase within a 

specific range by the year 2100 [9, 10]. Each RCP is charac-

terized by radiative forcing (RF) [10]. These scenarios offer 

insights into the potential influences of human activities on the 

planet’s climate system and the consequent effects on infra-

structure. The sixth assessment report uses shared socio-eco-

nomic pathways that represent a wide range of scenarios, 

which focus on lower degrees of global warming. 

The problem statement is that increased CO2 and extreme 

temperature levels could significantly compromise the dura-

bility of RC structures by accelerating the penetration process 

for either CO2 or chloride ions. In Canada, infrastructure de-

terioration is driven by extreme weather events and inadequate 

maintenance. According to Statistics Canada in 2023, the total 

cost of replacing road and water infrastructure in poor or very 

poor condition is estimated to exceed $350 billion. In a 

broader scope, the total replacement cost of all public infra-

structure in Canada, excluding housing, was estimated at 

around $2.1 trillion in 2020 [10]. Approximately $264.7 bil-

lion is necessary to replace assets in a very poor condition, 

representing a significant portion of Canada's infrastructure 

needs [10, 11]. Extreme weather events have caused substan-

tial damage to bridges, culverts, and other main structures, 

particularly in different provinces of Canada. The impact of 

climate change on infrastructure accelerates deterioration, in-

creases rehabilitation costs, and reduces serviceability. If re-

searchers and civil engineers do not update the specific code 

to account for future climate change projections, particularly 
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for vital RC members in various structures, the long-term vi-

ability of infrastructure will be compromised. The reliability-

based maintenance management for any vital RC structures 

includes the following: condition assessment models, optimi-

zation models, probabilistic deterioration models, and proba-

bilistic risk models. 

Various methods for the calculation of the reliability index 

and their corresponding probability of corrosion were used by 

different researchers as follows: the Monte Carlo Simulation 

Method, First Order Reliability Method, Second Order Relia-

bility Method, and Hasofer-Lind method [1, 11-21]. Probabilis-

tic models, whether for carbonation or chloride-causing corro-

sion, are important steps to quantify the uncertainties involved 

in projecting the deterioration and managing maintenance. Re-

liable service life models are essential for designing resilient 

structures by helping engineers select appropriate materials that 

ensure the service life of the vital RC structures is met. 

This study offers a review of the evaluation framework for 

different existing research studies. Moreover, this study aims 

to compare the effect of various supplementary cementitious 

materials (SCMs) with different percentages in the concrete 

mix on the chloride-induced corrosion initiation stage. Fur-

thermore, choosing the optimum percentages of precursor ma-

terials such as fly ash and slag pozzolanic material as sustain-

able and eco-friendly materials to produce geopolymer con-

crete mixes to inhibit chloride-induced corrosion initiation 

compared to the OPC concrete mix, which is characterized by 

a high CO2 emission scenario. A comparison of crack width 

limits at different country codes will be provided based on the 

climatic region and service life of RC structures in various 

countries to observe the difference between codes. Therefore, 

future studies will assess the effect of crack width limits on 

corrosion due to climate change. Finally, general corrosion 

mitigation strategies will be presented in detail. 

Significant increases in CO2 emissions, increases in maximum 

temperatures, and the utilization of deicing salts have been iden-

tified as the main contributors to accelerated deterioration 

through carbonation/chloride-induced corrosion. The other main 

aim of this research is to show the latest updates related to car-

bonation/chloride-induced corrosion mitigation studies for vari-

ous RC sections, having different types and percentages of sup-

plementary cementitious materials (SCMs), and the interplay be-

tween maximum temperature, relative humidity, and the emission 

scenarios for the CO2 concentrations for mitigating carbona-

tion/chloride-induced corrosion. Moreover, different mitigation 

strategies such as SCMs, geopolymer concrete, corrosion inhibi-

tors, galvanized and stainless-steel reinforcement, water-to-ce-

ment ratio, concrete cover, and crack width limitations would be 

discussed in sequence to mitigate the corrosion effects on struc-

tures made of RC. Therefore, there is an urgent requirement for a 

comprehensive climate-sensitive approach to assess the durabil-

ity of RC structures, ensuring their resilience against the severe 

threat of environmental events, and the crack widths for RC struc-

tures in different countries all over the world. This work will help 

ensure that future infrastructure can withstand the evolving chal-

lenges posed by climate change, thereby reducing maintenance 

costs [22-24]. 

1.1. Corrosion Mechanisms in RC Structures 

1.1.1. Chloride-Induced Corrosion 

Corrosion of steel rebars due to the chloride effect in RC 

members is the main cause of the deterioration process for in-

frastructure in different countries all over the world. Vital RC 

structures exposed to de-icing salts are particularly vulnerable, 

with the damage manifesting as cracking and spalling of the 

concrete cover. Chloride ingress leads to rebar corrosion, which, 

in turn, weakens the structural integrity of bridges [25, 26]. It 

was observed that the annual charges of rebar corrosion due to 

chlorides in US highway bridges are approximately $8.3 billion. 

In Canada, the economic impact of corrosion on RC infrastruc-

ture is also significant due to corrosion- related deterioration. 

The use of SCMs in concrete mixes has shown promise in re-

ducing chloride penetration, thereby enhancing durability. 

A clear example of corrosion-induced damage by the naked 

eye is the highway bridge in Ontario province in Canada, 

which is made of RC members that experience extensive de-

terioration due to the application of chloride deicers during 

winter and extreme temperatures in summer. The elevated RC 

bridge is 18 km long and is composed of more than 500 slabs 

on a girder. This vital RC bridge handles over 140,000 vehi-

cles per day. It was noticed that the RC decks, girders, col-

umns, and retaining walls exhibit significant corrosion dam-

age, as shown in Figure 1. 

 
Figure 1. Corrosion of steel rebars in different members of the highway RC bridge in Canada. 
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Several studies showed that the presence of flaws, mainly 

in the cracked concrete sections, significantly increases the 

amount of chloride and CO2 ions to attack the microstructure 

of concrete pores and the corrosion risk dramatically com-

pared to uncracked concrete sections, according to Park et al. 

[27], Yu and Jin [28], and Hassan and Amleh [15]. 

1.1.2. Carbonation Process for Hardened Concrete 

Carbonation of hardened concrete occurs when atmospheric 

CO2 reaches concrete pores, lowering the pH and thus reduc-

ing the alkaline protection layer surrounding embedded steel 

[11-16]. Carbonation-induced corrosion is affected by envi-

ronmental factors and the properties of the concrete mix. Jiang 

et al. [29] identified internal factors, such as the concrete’s ce-

ment composition, the amount of water and cement in the con-

crete mix, and the degree of hydration [1, 13]. With increasing 

CO2 levels, RC structures in urban environments face a signif-

icant risk. Consequently, concrete quality and other parame-

ters are critical issues in resisting carbonation. 

1.2. Methods of Measuring Chloride/CO2 Ions 

Inside RC Structures 

Various methods were used for measuring chloride ions in 

concrete, including destructive testing (core sampling, powder 

drilling, etc.) to determine water-soluble content in concrete 

microstructure according to ASTM C1152, C1218, AASHTO 

T 260, and non-destructive methods such as electrochemical 

sensors, GPR, and X-ray fluorescence for in-situ, rapid assess-

ment. Moreover, the methods for determining carbonation-in-

duced corrosion in concrete include measuring carbonation 

depth using a 1% phenolphthalein indicator spray on freshly 

exposed surfaces (colorless; pH < 9) and assessing rebars' cor-

rosion using Half-cell potential measurements, electrochemi-

cal impedance spectroscopy, linear polarization resistance, 

and gravimetric mass loss, as shown in Table 1. The factors 

affecting measurements are humidity; higher internal humid-

ity can reduce the carbonation rate. In addition, the time of 

species exposure is a main factor, so carbonation depth in-

creases with the time of exposure. Furthermore, sheltered and 

unsheltered concrete exhibit different rates of carbonation. Fi-

nally, the amount of cement, water, cement type and content, 

SCMs, concrete curing, cracks and microcracks, wet/dry cy-

cles, temperature, and chloride binding capacity are the main 

influences that affect the method of measurement for either 

chloride or CO2 ions penetration inside concrete microstruc-

ture [11-16]. 

 

Table 1. Methods for measuring Chloride and CO2 ions in concrete microstructure. 

Chloride (CL-) Ions CO2 Ions 

Destructive Testing Methods: 

1) Acid-Soluble (Total) Chloride (ASTM C1152/AASHTO T 260): Measures all 

chloride ions, including those bound in the cement paste. 

2) Water-Soluble Chloride (ASTM C1218/AASHTO T 260): Measures only free 

chloride ions, which are primarily responsible for steel rebars' corrosion. 

3) Titration Method: A common, highly accurate laboratory method (potentiometric 

or silver nitrate) to determine the precise chloride concentration. 

4) X-Ray Fluorescence: It is used for high-precision, detailed imaging of chloride pro-

files and concentration levels. 

Non-Destructive/In-Situ Testing Methods: 

These methods allow for rapid, field-based assessment without damaging the struc-

ture. 

1) Electrochemical Sensors: Use ion-selective electrodes or embedded sensors to 

monitor the potential difference, which corresponds to the free chloride ion concen-

tration in the pore solution. 

2) Electrical Resistivity: Measures the corrosion rates due to the penetration of chlo-

ride ions into the concrete microstructure (ASTM C1202). 

3) Silver Nitrate: A qualitative method that changes color to show the depth of chlo-

ride penetration. 

4) Ground Penetrating Radar, microwave spectroscopy, and Nuclear Magnetic Resonance 

1) Phenolphthalein Indicator: The most common 

method; a 1% solution is sprayed on a freshly 

broken concrete surface. Uncarbonated (alka-

line) concrete turns bright pink, while car-

bonated (low pH) concrete remains colorless 

[11-16]. 

2) Carbonation Depth Measurement: Measures the 

distance from the concrete surface to the pink 

boundary, indicating how far CO2 has pene-

trated [11-16]. 

3) Half-Cell Potential Measurements: A non-de-

structive method utilized to estimate the proba-

bility of corrosion for steel rebars. 

4) Linear Polarization Resistance (LPR): Utilized 

to determine the instantaneous corrosion rate of 

the steel rebars. 

5) Electrochemical Impedance Spectroscopy: A 

technique that monitors the rise in concrete re-

sistivity as pores fill with CaCO3. 

6) Gravimetric Mass Loss: A highly accurate 

method used in laboratory settings to calculate 

the precise amount of metal lost to corrosion. 
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Chloride (CL-) Ions CO2 Ions 

are used for quick, non-destructive, and in-situ monitoring of chloride penetration. 

 

1.3. Environmental Impact on RC Structures 

Climate change threatens the safety, functionality, and 

long-term resilience of critical infrastructure. Climate ex-

tremes, including rising temperatures and erratic wind patterns, 

pose mounting challenges to infrastructure resilience in differ-

ent cities all over the world [30-32]. The projected rise in max-

imum temperature levels is concerning for RC structure mem-

bers, as it increases the likelihood of corrosion due to CO2 or 

chloride ions inside the concrete microstructure [1, 12-16]. 

Without accurate projections of future climate extremes, ex-

isting infrastructure design standards risk becoming obsolete, 

potentially leaving cities dangerously underprepared for cli-

mate-related stresses. The Representative Concentration Path-

ways (RCPs) are emission scenarios that provide a wide range 

of emissions due to the influences of severe environmental 

factors. Scenarios like low and high emissions help model the 

effects of temperature and CO2 variations on RC structures. 

A key limitation in climate modeling is the assumption of 

stationarity (climate variables fluctuate within a fixed statisti-

cal range over time). However, mounting evidence contradicts 

this assumption, revealing clear trends in temperature and 

wind extremes [33-35]. Despite this, stationary models remain 

embedded in many engineering design codes, leading to sys-

tematic underestimation of future extremes and potentially re-

sulting in under-designed infrastructure and higher adaptation 

costs [36, 37]. From an engineering perspective, this issue is 

particularly consequential. Climate variables derived from 

historical records are routinely used as inputs to define design 

loads, load combinations, durability models, and service-life 

predictions for infrastructure systems. As a result, errors in the 

statistical characterization of climate extremes can propagate 

nonlinearly into engineering decisions, influencing safety 

margins, durability performance, and long-term asset manage-

ment strategies. Studies have shown that stationary ap-

proaches can underestimate climate extremes by 10–30% [38], 

posing risks to bridges and dams. These projections under-

score the need for climate-adaptive materials and construction 

practices. Numerous studies have demonstrated the presence 

of nonstationarity in climate extremes [37-39]; fewer have ex-

plicitly quantified how much error stationary assumptions in-

troduce into decision-making contexts such as infrastructure 

design and urban adaptation planning. While nonstationary 

extreme value analysis has been widely applied in climate sci-

ence to characterize evolving climate hazards, its implications 

for engineering-relevant climate data inputs remain underex-

plored. 

Climate change may increase their frequency and intensity, 

and infrastructure needs to be adapted accordingly [40, 41]. 

The concept of the return period can be extended to non-sta-

tionary models [42]. It is important to conduct projection mod-

els of extreme events in the future that consider trends and are 

non-stationary, relevant to stochastic processes. The main 

concepts of non-stationary extreme value analysis were stud-

ied by Coles [43]. Various methods for modeling extremes as 

non-stationary models are as follows:(1) the generalized ex-

treme value distribution; (2) the generalized Pareto distribu-

tion; and (3) point process characterizations of extremes [40]. 

To assess whether the climate variables exhibited station-

arity or nonstationarity, two standard series tests were applied: 

1) KPSS Test: Tests the stationarity against the alternative 

of a unit root process [44]. 

2) ADF Test: Tests the null hypothesis of a unit root against 

the alternative of stationarity or trend stationarity [45]. 

3) Mann-Kendall Test: A non-parametric test utilized to 

identify monotonic trends in climate data, suggesting 

non-stationarity. 

The combined application of the KPSS and ADF tests al-

lows for a robust assessment of stationarity by accounting for 

their complementary null hypotheses, thereby reducing the 

risk of misclassification when trends are present in the data. 

By jointly applying tests with opposing null hypotheses, the 

likelihood of false inference due to test-specific bias is re-

duced, providing a more conservative and reliable basis for 

trend identification. From an engineering standpoint, such 

conservatism is essential, as misclassifying nonstationary cli-

mate inputs as stationary can lead to non-conservative design 

assumptions and underestimated risk in infrastructure analysis. 

1.4. Extreme Climate Change Projections Using 

Various Methods 

Accurate climate data projections for the future, such as 

maximum and minimum temperature and relative humidity, 

etc., must be projected carefully via different methods as men-

tioned below. Moreover, without accurate projections for fu-

ture climate data, it would lead to a reduction in the resilience, 

durability, and service life of important existing and new RC 

structures. 

1.4.1. Generalized Extreme Value Distribution 

(GEVD) 

Extreme value theory (EVT), initially introduced by Fisher 

and Tippett [46] and formalized by Gnedenko [47], offers a 

statistical framework for modeling rare events, including cli-

mate extremes and their associated return periods. A central 
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tool in EVT is the GEVD, which is used to analyze block max-

ima, defined as the maximum value within a fixed time block 

(e.g., annually). The data were assumed to be independent, 

identically distributed, and stationary [50] and have been 

widely applied in the environmental and climate sciences [48, 

49]. Although classical EVT assumes stationarity, extensions 

of the GEVD allow for nonstationarity by modeling time-var-

ying parameters, enabling more realistic modeling of climate 

extremes under changing conditions. 

The GEVD, implemented via the block maxima method, is 

widely used in environmental engineering to estimate return 

levels for rare events. It has proven effective in projecting ex-

treme temperatures in climatically sensitive regions, such as 

the Northwest Himalayas [38] and in urban environments [37]. 

Bhattacharya et al. [50] highlighted the importance of inte-

grating such approaches in urbanizing for climate-resilient in-

frastructure planning. 

The GEVD assumes that the maxima Mn = max {X1, X2,..., 

Xn}, where each Xi is a random variable. The cumulative dis-

tribution of Mn is given by equation (3). 

𝑃(𝑀𝑛 ≤ 𝑧) = 𝑃(𝑋1 ≤ 𝑧,… , 𝑋𝑛 ≤ 𝑧) = [𝐹(𝑧)]
𝑛     (3) 

The annual block maxima of each climate variable were ex-

tracted to fit the GEVD models, enabling the estimation of re-

turn levels accompanied by rare climate extremes. This ap-

proach allows quantification of the probability of extreme 

events. Gong [51] and Wambua et al. [52], among others, have 

applied similar models to analyze temperature extremes in 

various regions. The cumulative distribution function (CDF) 

of the GEVD is shown in equation (4). 

𝐹(𝑋; 𝜇(𝑡), 𝜎, 𝜉) = exp (−(1 + 𝜉 (
𝑋−𝜇(𝑡)

𝜎
))
−
1

𝜉
)     (4) 

The modeling approaches in the GEVD model are as fol-

lows: 

1) Stationary GEVD: All parameters (μ, σ, ξ) are assumed 

to be constant over time. 

2) Nonstationary GEVD: The location parameter μ(t) var-

ies with time, allowing the model to explicitly capture 

long-term trends in climate extremes, while the scale and 

shape parameters remain constant. 

Nonstationarity was introduced through the location param-

eter because long-term climate change primarily manifests as 

systematic shifts in the central tendency of extremes, whereas 

allowing scale or shape parameters to vary can lead to overpa-

rameterization and reduced robustness of return level esti-

mates for finite observational records. The time-varying loca-

tion parameter was expressed, as shown in equation (5). 

μ(t) = μ0 + μ1t + μ2t
2 + μ3t

3𝜇(𝑡) =  𝜇0 + 𝜇1𝑡 + 𝜇2𝑡
2 +

𝜇3𝑡
3                       (5) 

where σ and ξ remain constant, according to Panagoulia et al. 

[53]. This formulation balances model flexibility with param-

eter stability, reducing overfitting while capturing nonstation-

ary behavior. 

Non-stationarity was introduced through a time-varying lo-

cation parameter μ(t), while the scale (σ) and shape (ξ) param-

eters were assumed to be constant. This modeling approach 

follows established practices in nonstationary extreme-value 

analysis [53] and aims to capture systematic shifts in the cen-

tral tendency of climate extremes while maintaining parame-

ter stability. Allowing all parameters to vary with time can 

lead to overparameterization and reduced robustness of return 

level estimates, particularly for relatively short observational 

records, whereas a time-varying location parameter provides 

a parsimonious and decision-relevant representation of evolv-

ing climate extremes. 

The formulation of the GEVD was first introduced by Jen-

kinson [54], who unified three types of extreme value distri-

butions [55-57]. These represent the limiting distributions for 

the maxima. The analytical forms of both the CDF and PDF 

for each distribution type are detailed in Table 2. 

Table 2. The CDF and PDF expressions for the three GEVD types. 

Type of Distribution Shape Parameter  CDF PDF 

Type I (Gumbel) ξ = 0 𝑒𝑥𝑝 [−𝑒𝑥𝑝 (−
𝑋−𝜇

𝜎
)]  

1

𝜎
× 𝑒𝑥𝑝 [−

𝑋−𝜇

𝜎
− 𝑒𝑥𝑝 (−

𝑋−𝜇

𝜎
)]  

Type II (Fréchet) ξ ˃ 0, X > µ exp (− (
𝜎

𝑋−𝜇
)
𝜉
)  (

𝜉

𝜎
) (

𝜎

 𝑋−𝜇
)
(𝜉+1)

exp (− (
𝜎

𝑋−𝜇
)
𝜉
)  

Type III (Weibull) ξ ˂ 0, X < µ 1 − exp (− (
𝑋−𝜇

𝜎
)
𝜉
)  (

𝜉

𝜎
) (

 𝑋−𝜇

 𝜎
)
(𝜉−1)

exp (− (
𝑋−𝜇

 𝜎
)
𝜉
)  

 

Return levels are defined as the value expected to be equal 

to or exceeded once every return period (T). The return period 

(T) (years) is calculated based on the non-exceedance proba-

bility (p), as shown in equation (6). 
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𝑇 =
1

1−p
                        (6) 

Therefore p = 1-1/T 

The corresponding return level (qp) is derived from the 

GEVD quantile function, as shown in equation (7). 

𝑞𝑝 = ((
−1

ln 𝑝
)
𝜉

− 1)
𝜎

𝜉
+ 𝜇                (7) 

1.4.2. Generalized Pareto Distribution (GPD) 

The utilization of the GPD, along with the block maxima 

approach for parameter estimation, involves using only one 

data point from each block, representing the highest value. 

The data utilized treats all observations (yi) above a high 

threshold (u), representing extreme events. The distribution 

function of Y = (y-u) conditional on (y > u) asymptotically 

approaches (u), increasing the GPD, as illustrated by equation 

(8) [45]. 

𝐻(𝑦) = 1 − (1 + 𝜁 × (
𝑦

𝜓
))

−1

𝜁
             (8) 

In practice, changing the block size (n) affects the values of 

the GEVD parameters, while the parameters of the corre-

sponding GPD remain unchanged. In the case of the non-sta-

tionary variable, the parameters of the GPD may be treated as 

functions of time [45]. 

1.4.3. Point Process Characterization of Extremes 

(PPE) 

The statistical approach to model extreme events is based 

on the combination of the GEVD and the GPD approaches to 

obtain a PPE. This is achieved by introducing a bivariate pro-

cess (t, Z), where Z is a random variable representing values 

of (Xi) above a high threshold (u), while a random variable (t) 

is the time at which such events (Xi> u) occur. It can be shown 

that if the maximum of (Xi’s) follows the GEVD in equation 

(9). 

𝜆(𝑡, 𝑍) =
1

𝜎
[1 + 𝜁 × (

𝑍−𝜇

𝜎
)]

−1

𝜁−1              (9) 

2. The Limit State Functions for the 

Corrosion Initiation Due to 

Carbonation and Chlorides 

The limit state function for the carbonation-induced corro-

sion initiation stage is illustrated in Table 3 for various RC 

sections, considering the uncertainty of various random vari-

ables defined in the limit state functions. Furthermore, the 

limit state function for the chloride-induced corrosion initia-

tion, the resistance term is represented by the threshold level, 

and the load term is represented by the concentration of chlo-

ride at the steel level, as shown in Table 4. Furthermore, the 

limit state functions consider the impact of environmental fac-

tors such as CO2 concentration, maximum temperature, and 

relative humidity, reflecting their effect on the effective diffu-

sion coefficient for either carbonation- or chloride-induced 

corrosion initiation stages. In addition, the influence of vari-

ous crack width ranges on the diffusion coefficient for cracked 

concrete is illustrated in detail, as shown in Table 3 and Table 

4. 

Table 3. Limit state functions for the corrosion due to carbonation at various RC sections. 

Limit State Functions Types of RC Sections References 

G=CV −√
2×𝐷𝑒,𝐶𝑂2×(

𝐶𝑂2
100
)×𝑡

0.218×(𝐶+𝑘𝑃)
  

𝑓 (𝑇) = exp [
𝑈𝑐

𝑅
× (

1

𝑇𝑟
−
1

𝑇
)]  

f(RH) = (1 − (RH/100))2.2 

Un-cracked Concretes 

[16] 

G = CV-√
2fT(t)×Dco2(t)

a
Kurban ∫ Cco2(t)dt

t

2000
𝐺 = 𝐶𝑉 −

√
2 𝑓𝑇(𝑡)×𝐷𝑐𝑜2(𝑡)

𝑎
𝐾𝑢𝑟𝑏𝑎𝑛 ∫ 𝐶𝑐𝑜2(𝑡) 𝑑𝑡

𝑡

2000
  

𝑓𝑡(𝑡) = 𝑒
𝐸

𝑅
×(

1

293
−

1

273+𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (𝑡)
)
  

𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (𝑡) =
∑ 𝑇(𝑡)𝑡
𝑖=2000

𝑡−1999
 ft(t) = e

E

R
×(

1

293
-

1

273+Taverage(t)
)
 

[13, 16, 58, 59] 

𝐺 = 𝐶𝑉 − 𝑋𝑐(𝑡) = √
2 𝐷𝑐𝑜2(𝑡) 

𝑎
𝐾𝑢𝑟𝑏𝑎𝑛𝐶𝑐𝑜2 (𝑡 − 1999)  [13, 58, 59] 
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Limit State Functions Types of RC Sections References 

G= CV−(√
2×𝐷𝑒,𝐶𝑂2×(

𝐶𝑂2
100
)×𝑡

0.218×(𝐶+𝑘𝑃)
× (2.816 × √𝑊𝑐 + 1))  

Cracked Concrete 

[16, 60] 

G=CV−

(

 √
2×𝐷𝑒,𝐶𝑂2×(

𝐶𝑂2
100
)×𝑡

0.218×(𝐶+𝑘𝑃)
× (11.4 × √𝑊𝑐 + 1)

)

   

𝑓 (𝑇) = exp [
𝑈𝑐

𝑅
× 𝑏 × (

1

𝑇𝑟
−
1

𝑇
)]  

f(RH) = (1 − (RH/100))2.2  

[30] 

Table 4. Limit state functions for the corrosion due to chloride at various types of RC sections. 

Limit State Functions Types of RC Sections References 

𝑔(𝐶𝑠,  𝑥, 𝐶𝑡ℎ, 𝐷𝑐) = 𝐶𝑡ℎ − 𝐶𝑠 [1 − erf (
𝑥

2√𝐷𝑐×𝑡
)]  

𝐷c = 𝐷 × 𝑓1(T) × 𝑓2(te) × 𝑓3(RH)  

𝑓1(𝑇) = Exp [
𝐸𝑎

𝑅
(
1

𝑇1
−

1

𝑇2
)]  

𝑓2(𝑡𝑒) = 𝜉 + (1 − 𝜉) (
28

𝑡𝑒
)

1

2
  

𝑓3(𝑅𝐻) = [1 +
(1−𝑅𝐻)4

(1−𝑅𝐻𝑐)
4]
−1

  

Uncracked concrete [14, 15, 61] 

𝑔(𝐶𝑠,  𝑥, 𝐶𝑡ℎ, 𝐷𝑐) = 𝐶𝑡ℎ − 𝐶𝑠 [1 − erf (
𝑥

2√𝐷𝑐𝑐×𝑡
)]  

𝐷𝑐𝑐 =
(𝐴×𝐷𝑎)+(𝐴𝑐𝑟×𝐷𝑐𝑟)

(𝐴+𝐴𝑐𝑟)
  

{
𝐷𝑐𝑟 ≈ 2 × 10

−11𝑤 − 4 × 10−10 30 𝜇𝑚 ≤ 𝑤 ≤ 80 𝜇𝑚

𝐷𝑐𝑟 ≈ 14 × 10
−10𝑤 > 80 𝜇𝑚

  

𝐷𝑎 = 10
−6.77×(

𝑊

𝐶
)
2
+10.10×(

𝑊

𝐶
)−14.64(𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝑆𝐶𝑀)  

𝐷𝑎 = 10
−0.79×(

𝑊

𝐶
)
2
+3.40×(

𝑊

𝐶
)−13.10(𝑤𝑖𝑡ℎ𝑆𝐶𝑀)  

Another Performance Function Method: 

𝑔(𝐶𝑠,  𝑥, 𝐶𝑡ℎ, 𝐷𝑐) = 𝐶𝑡ℎ − 𝐶𝑠 [1 − erf (
𝑥

2√𝐷𝑐×𝑡
)]  

𝐷c = 𝐷 × 𝑓1(T) × 𝑓2(te) × 𝑓3(RH) × f(w)  

f(w)=1+347.85w-1642.57w2+4189w3 (w ranges from 0.1 to 0.4 mm) according to Park et al. 

[27]. 

Cracked concrete [14, 62, 63] 

 

The limit state function for carbonation-induced corrosion 

initiation determines when the passive protective layer of steel 

in concrete is destroyed. It is reached when the carbonation 

depth equals or exceeds the concrete cover. The limit state 

function for chloride-induced corrosion initiation evaluates 

the time when chloride ions breach the concrete cover and 

reach the steel surface in concentrations sufficient to break 

down the protective passive layer. Table 5 shows a compari-

son between carbonation and chloride-induced corrosion ini-

tiation stage limit state functions, according to assumptions, 

sources of uncertainty, and practical applications. 

Table 5. Comparison between carbonation and chloride-induced corrosion initiation according to the limit state functions. 

Key Factors Chloride-Induced Corrosion Carbonation-Induced Corrosion 

Assumptions 
Diffusion-Dominant Transport: It is assumed that chloride 

ingress is governed primarily by Fickian diffusion in saturated or 

Sharp pH Front: The model assumes the carbonation 

front represents a sharp, distinct drop in the pore 
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Key Factors Chloride-Induced Corrosion Carbonation-Induced Corrosion 

partially saturated pores, ignoring convective transport 

mechanisms (e.g., absorption during wet-dry cycles). 

Homogeneous Matrix: The model assumes a homogeneous 

concrete matrix and uniformly distributed concrete cover, often 

ignoring micro-cracks and localized defects. 

solution's pH from above 12 down to approximately 9, 

at which point the passive film on the steel becomes 

unstable. 

Diffusion-Based Progress: CO2 transport is treated as a 

diffusion-driven process described generally by Fick’s 

laws. 

Sources of Un-

certainty 

Critical Chloride Threshold: It is highly variable. Depending on 

the steel type, cement chemistry, and the local pH of the pore so-

lution, the threshold fluctuates widely, making it one of the larg-

est sources of epistemic uncertainty in service-life modeling. 

Environmental / Exposure Conditions: Surface chloride concen-

tration (Cs) and the aging factor rely heavily on microclimates, 

wetting-drying cycles, and temperature, all of which exhibit in-

trinsic statistical randomness (aleatoric uncertainty). 

Model Accuracy: Analytical equations, including the error-func-

tion solution, contain simplification errors. Using deterministic 

constants for naturally convoluted physicochemical processes 

necessitates the use of partial safety factors or full probabilistic 

frameworks (like Monte Carlo simulations) to account for scat-

ter. 

Model Uncertainty: Standard equations rely on empiri-

cal simplifications (such as the square-root-of-time 

law) that cannot perfectly map non-linear microcli-

matic shifts and unpredictable weather changes. 

Material Variability: The permeability and alkalinity of 

concrete can vary significantly batch-to-batch, and 

cast-in-place concrete properties rarely match idealized 

laboratory conditions. 

Climate Change: Projected increases in atmospheric 

(CO2) and shifting global temperatures directly alter 

carbonation rates, making historic baseline averages 

unreliable. 

Practical Appli-

cations 

Probabilistic Design: Used in modern structural design codes 

(such as the fib Model Code for Concrete Structures) and ISO 

standards to perform full-probabilistic service life design. Engi-

neers set a target reliability index (often targeting a failure prob-

ability of 10% to 7% for serviceability to determine the required 

concrete cover thickness and maximum allowable diffusion coef-

ficients. 

Practically, carbonation-induced corrosion is consid-

ered a Serviceability Limit State (SLS). Since cross-

sectional loss is generally negligible in the absence of 

chlorides, the primary structural threat is expansive 

cracking and concrete spalling resulting from rust ac-

cumulation. Thus, the function is applied during the 

structural design phase to specify adequate concrete 

cover and concrete mix qualities, or during the assess-

ment of existing structures to plan preventative mainte-

nance and surface treatments. 

Because of the high uncertainties, engineers rarely use 

this limit state function with single deterministic val-

ues. Instead, they apply probabilistic methods (like 

Monte Carlo Simulations within the fib Model Code 

framework) to calculate the Probability of Corrosion 

Initiation (usually aiming for a target reliability index 

(β= 1.3) for depassivation). 

 

In addition to durability deterioration mechanisms, the ro-

bustness of RC structures under extreme actions should also 

be considered within the broader framework of infrastructure 

resilience. Kılıçer [64] evaluated the progressive collapse per-

formance of an RC structure using the enhanced local re-

sistance method and compared the requirements of UFC 4-

023-03 with the Turkish Earthquake Code 2018. 

3. Materials and Corrosion Mitigation 

Strategies 

Mitigate corrosion in RC structures by limiting moisture 

and oxygen ingress inside the concrete microstructure. Use 

supplementary cementitious materials (e.g., silica fume or fly 

ash) to reduce permeability. Apply migrating corrosion inhib-

itors and hydrophobic surface treatments (silanes). For severe 

environments, implement cathodic protection and corrosion-

resistant reinforcement (GFRP or epoxy-coated rebar). To 

mitigate chloride- and carbonation-induced corrosion in RC 

structures, strategies include deploying SCMs and increasing 

concrete cover. Projected extreme climate change factors such 

as increased ambient temperatures, fluctuating humidity, and 

elevated CO2 accelerate the penetration of aggressive agents 

and exacerbate structural degradation rates. 

Elevated temperatures increase the diffusivity of aggressive 

agents. A +2°C temperature rise can increase corrosion rates 

by up to 15%. Moreover, higher atmospheric CO2 levels ac-

celerate the rate of carbonation. Increased moisture evapora-

tion and cyclic wetting/drying patterns accelerate chloride ac-

cumulation, doubling the diffusion rate in severe projections. 
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Without adaptation, extreme climate projections are expected 

to shorten the operational lifespan of RC infrastructure by up 

to 50%. 

3.1. Utilization of SCMs 

CO2 emissions are the most critical parameter in global 

warming associated with RC production, contributing to 

roughly 8% of global anthropogenic CO2 emissions [65]. RC 

production heavily contributes to global warming, responsible 

for up to 10% of global anthropogenic CO2 emissions. The 

cement component (specifically clinker production) is the pri-

mary driver, accounting for roughly (85%-90%) of total emis-

sions. Table 6 divides the life-cycle assessment (LCA) em-

bodied carbon emissions for 1 cubic meter of RC into modules 

A1-A3. It was observed that the aggregates (sand and gravel) 

have relatively low carbon footprints, but the steel reinforce-

ment in RC structures drastically increases embodied carbon, 

as shown in Table 6 [66]. 

Table 6. LCA for different production phases of reinforced concrete. 

Production Phase Sub-phase and Details 
Approx. (CO2) 

Share 
Main Drivers and Processes 

A1: Raw Material 

Supply 

Cement/Binder 82% - 89% 
Calcination of limestone comprises ~50% of CO2, and fossil fuel 

combustion for rotary kilns consumes about ~40% of CO2. 

Steel Rebar 7% - 11% Primary steel manufacturing from iron ore and scrap in blast furnaces. 

Aggregates 2% - 4% Quarrying, crushing, and washing coarse and fine aggregates. 

A2: Transport Material Delivery 2% - 4% 
Diesel is consumed in transporting raw materials (aggregates, cement, 

steel) to mixing plants. 

A3: Manufacturing Mixing & Processing 1% - 2% 
Electricity and fossil fuels are utilized at the ready-mix or precast con-

crete plant. 

 

To reduce the environmental impact, the construction and 

design sectors increasingly utilize specific emission-reduction 

strategies: 

1) Supplementary Cementitious Materials (SCMs): Substi-

tuting a portion of Portland cement with industrial by-

products like fly ash or ground granulated blast-furnace 

slag (GGBS) can reduce embodied carbon by 25% to 

50%. 

2) Portland Limestone Cement (PLC): Replacing clinker 

directly with finely ground limestone lowers the carbon 

footprint of the cement itself. 

Therefore, calculating the precise structural load limits and 

using high-strength concrete can dematerialize the project, re-

quiring less total amount of concrete and steel in the construc-

tion project sector. 

Incorporating fly ash, silica fume, and slag into concrete 

mixes improves the concrete microstructure durability in the 

case of carbonation/chloride-induced corrosion [64]. Silica 

fume can reduce carbonation depth. Elevated temperatures in-

crease corrosion processes, reinforcing the urgency of design-

ing with resilience. It is not recommended to use 30% of low-

calcium fly ash (LCFA) as SCMs in mixes for cracked con-

crete with a crack width of 0.2 mm or more, when the RC 

member is exposed to CO2 ranging from 600 to 1200 PPM 

[16]. 

Figure 2 shows the decreasing trend of the chloride diffu-

sion coefficients across the percentages of the fly ash or slag 

used in concrete mixes, in different years of exposure. FA sig-

nificantly decreases the average chloride diffusion coefficient 

of chloride ions in concrete as the percentage of FA in the con-

crete mix increases compared to SG, which acts as an SCM 

with the total amount of cement used in the mix. The water-

to-cement ratio is set at 0.4 for a concrete mix utilized in the 

RC members for the bridge decks. In addition, the calculation 

of the average chloride diffusion coefficient is conducted us-

ing equations adapted from Hassan [11]. Finally, it was de-

duced from Figure 2 that the relationship between various per-

centages of either fly ash or slag utilized as SCMs, ranging 

from 5% to 50% in the mixes, and the corresponding average 

chloride diffusion coefficients is a decreasing exponential 

function in different years [11]. 
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Figure 2. Relationship between chloride diffusion coefficient values and the corresponding percentages of fly ash and slag utilized in concrete 

mixes. (a) T = 50 Years, (b) T = 100 years. 

3.2. Geopolymer Concrete (GPC) 

GPC structures reduce production-phase carbon emissions 

by 40% to 90% compared to ordinary Portland cement (OPC) 

concrete structures. However, OPC concrete derives its high 

carbon footprint, emitting approximately 0.8 tonnes of CO2 per 

ton of cement production from limestone and fuel combustion. 

Validating sustainability and economic claims requires im-

plementing a harmonized Life Cycle Assessment (LCA) and 

Life Cycle Cost Analysis (LCCA). LCA is the standardized 

methodology used to evaluate the environmental burdens as-

sociated with a product, process, or infrastructure system 

across its entire lifespan (often referred to as "cradle-to-grave" 

or "cradle-to-cradle") [67, 68]. These frameworks translate 

qualitative sustainability goals into measurable, quantitative 

evidence. Regarding CO2 concentration reduction, it evaluates 

embodied carbon and operational carbon. For instance, com-

parative studies show that adopting recycled construction ma-

terials or geopolymers can reduce CO2 emissions by over 45% 

compared to traditional cement-based methods [68]. For ser-

vice-life extension: by modeling deterioration curves, LCA 

determines how delayed reconstruction reduces overall envi-

ronmental burdens and resource consumption. 

GPC is a sustainable type of concrete these days, instead of 

OPC concrete, especially in chloride-rich environments. GPC 

exhibits high durability, improved strength, and greater re-

sistance to high temperatures and chloride penetration [69-72]. 

These attributes make GPC a promising material for future RC 

infrastructure in harsh environments [62, 63]. The influence of 

temperature values ranging from 25°C to 45°C on the reliability 

index for RC bridge decks made of GPC composed of 50% FA 

and 50% SG with different concrete cover thicknesses, having 

various coefficients of variation (dealing with the sensitivity 

analysis), was assessed in different years according to Amleh et 

al. [14]. Utilizing GPC instead of normal OPC concrete for RC 

members exposed to extreme environmental conditions is rec-

ommended to enhance the serviceability of the RC structures, 

according to Amleh et al. [14]. Moreover, Amleh et al. [14] 

showed that the utilization of GPC with 50% FA and 50% SG 

significantly inhibited chloride-induced corrosion compared 

with normal concrete at different temperature levels. 

A GPC composed of 40% FA and 60% SG exhibits lower per-

meability, attributed to the higher binding capacity of the hy-

drotalcite phases and the greater degree of geopolymerisation in 

blended FA and SG, as shown in Figure 3. The main advantage 

of selecting the GPC consisting of 40% FA and 60% SG is the 

significantly longer time to corrosion initiation of the rebar, com-

pared with OPC concrete and a GPC mix consisting of 50% FA 

and 50% SG (as shown in Figure 3). This is due to the presence 

of slag in GPC, which provides better protection against rebar 

corrosion than OPC concrete when the concrete is subjected to 

high levels of chloride concentrations, as shown in Table 7. The 

adoption of GPC in the construction industry should be consid-

ered to enhance the durability of urban infrastructure. 

Table 7. Chloride diffusion coefficient for mix proportions. 

Mix Proportions Apparent Chloride Diffusion Coefficient (Do) ×10−12 (m2/s) 

50/50 FA/SG 2.38 

40/60 FA/SG 1.01 

OPC 6.70 

Where: OPC is the ordinary Portland cement concrete. 
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Figure 3. Diffusion coefficients for chloride over time for different types of concrete. 

3.3. Corrosion Inhibitors 

There are different types of corrosion inhibitors as follows: 

1) Using a calcium nitrite-based corrosion inhibitor accom-

panied by the optimum percentage of FA. 

2) Anodic inhibitor (calcium nitrite) creates a passive film. 

It is highly effective at chloride-to-nitrite ratios > 1.5. 

3) Amines and fatty acid derivatives (i.e., organic inhibitors) 

that form a hydrophobic barrier on steel. 

4) Molybdates: Inorganic compounds that also create a pro-

tective layer. 

Based on Casanova et al. [73], ascorbic acid, cymbopogon 

citratus extract, licorice extract, and maize gluten meal are 

considered alternative inhibitors against nitrites in terms of in-

hibition efficiency and corrosion completeness. 

3.4. Galvanized Steel / Stainless Steel 

Stainless steel offers superior, long-term corrosion re-

sistance, making it ideal for harsh, wet, or marine environ-

ments, as shown in Table 8 [74]. However, galvanized steel 

(zinc-coated) provides excellent, economical, moderate corro-

sion protection, perfect for dry or structural applications, but 

struggles with long-term exposure to salt or high humidity. 

For maximum durability, especially in harsh conditions, stain-

less steel is the better choice. For projects with moderate en-

vironmental exposure and tighter budgets, galvanized steel is 

a reliable alternative. 

Table 8. Comparison between galvanized steel and stainless steel [74]. 

Properties Galvanized Steel (GS) Stainless Steel (SS) 

Mechanism Sacrificial zinc coating (cathodic protection). Forms a protective passive oxide film 

Corrosion Resistance Less Superior compared to SS. Superior 

Cost (1000-1300 USD)/ ton in the USA (2500-4000 USD)/ ton in the USA 

Durability Less Robust compared to SS. More Robust 

 

3.5. Reduction in the Water-to-Binder Ratio for 

the Concrete Mix 

Lowering the w/c ratio restricts void formation in the con-

crete microstructure. The resulting denser, less permeable 

structure hinders the penetration of external harmful agents 

such as sulphate ions, chloride ions, and carbon dioxide, etc. 

The w/c ratio in the concrete mix must be low to produce du-

rable concrete and a more resistant microstructure against dif-

ferent types of ions that lead to corrosion [1, 11-16]. Further-

more, a lower w/c ratio minimizes excess water in the mix, 

resulting in a denser, less permeable, and more compact mi-

crostructure with fewer capillary pores. A denser structure 

with a low w/c ratio directly reduces the chloride/CO2 diffu-

sion coefficient, meaning chloride or CO2 ions penetrate the 

concrete more slowly. Furthermore, a low w/c ratio, below 0.4, 

for concrete mixes results in higher electrical resistivity, 

which restricts the flow of current between anodic and ca-

thodic regions on the steel surface, significantly slowing the 

corrosion process. Finally, a low w/c ratio strengthens the in-

terfacial transition zone between cement paste and aggregate, 

therefore slowing down aggressive agent penetration. 

Recommendations are associated with the implementation 
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of a concrete mix with a low w/c ratio. To achieve these ben-

efits, the following procedures are necessary: 

1) High-range water reducers (superplasticizers) must be 

utilized to ensure proper workability and compaction to 

maintain workability without increasing the water con-

tent. 

2) Proper curing (at least 7–14 days) is essential to avoid 

premature self-desiccation and cracking, which would 

counteract the benefits of the dense mix. 

3) The optimum w/c ratio should be below 0.40 or 0.39, es-

pecially in harsh environments (e.g., marine environ-

ments), to guarantee excellent chloride resistance. 

4) Lower w/c ratios (ranging between 0.3-0.4) will lead to 

significantly lower carbonation depths compared to 

higher w/c ratios (w/c>0.5) over a certain period. 

3.6. Concrete Cover Limitation 

Optimizing adequate concrete cover surrounding the steel 

rebars that satisfy specific minimum requirements and climate 

change according to the country standard code is a critical is-

sue nowadays. In North America, Hassan et al. [16] recom-

mend a 70 mm concrete cover for RC decks to help cracked 

concrete with a 0.2 mm crack width withstand the impacts of 

climate change. However, for uncracked concrete with a 40 

mm depth, the likelihood of carbonation-induced corrosion re-

mained nearly zero across different fly ash percentages of ei-

ther low- or high-calcium fly ash, changing from 5% to 30% 

at 100 years of CO2 exposure, indicating a low risk to the ser-

vice life of the RC structure. Amleh et al. [14] recommend 

increasing the concrete cover to 50 mm at least for new and 

existing RC bridge decks made of GPC in North America. 

This assessment will enhance the resistance of RC structures 

against the impacts of rising maximum temperatures and chlo-

ride ion penetration. 

4. Significance of Crack Width and 

Limitations on Risk of Steel Rebar 

Corrosion 

Concrete cracks accelerate the initiation phase of corrosion 

by providing direct, preferential pathways for aggressive 

agents like chlorides and carbon dioxide to reach the steel re-

inforcement. While crack width directly influences the speed 

of penetration, it has less of an effect on long-term propaga-

tion. Cracks in hardened concrete are generated due to shrink-

age, corrosion of the steel rebars, maximum temperature, and 

relative humidity. Crack width limitations across different 

types of RC structures subjected to various environmental ex-

posures in various countries are listed below, as in Table 9, 

which will be studied further due to climate change. Design 

codes specify maximum allowable crack widths to protect var-

ious RC structures from rapid corrosion. Consequently, stud-

ying chloride and CO2 ion transport through cracks is essential. 

Strict crack width limits in construction and maintenance are 

critical to ensuring structural longevity, particularly in cli-

mates with heavy use of deicing salts. 

Cracks in concrete significantly reduce the time for chlo-

ride-induced corrosion to occur by providing pathways for ag-

gressive agents like sulphates or chloride/CO2 ions to pene-

trate the microstructure of concrete. Some studies treated 

cracks as part of the concrete matrix and calculated diffusion 

coefficients for cracked concrete [63]. Kušter Maric et al. [75] 

deduced that the influence of the wetting–drying cycles in the 

chloride ingress model for cracked sections will result in a sig-

nificant penetration of chloride ions. Moreover, Kušter Maric 

et al. [75] deduced that the chloride content at the average con-

crete cover depth of 30–50 mm is doubled if the wetting–dry-

ing cycles and non-uniform surface chloride concentration 

over the year take place, compared to the model that doesn’t 

consider the impact of the wetting– drying cycles and with 

constant surface chloride over time. Liu et al. [76] investigated 

the impact of various crack characteristics on chloride 

transport, and the coupling between cracking and chloride in-

gress, as well as other environmental factors, is significant. 

Hassan, [12] showed that the influence of various crack 

widths, for either 0.05 mm or 0.1 mm, had a low effect on the 

likelihood of carbonation induced corrosion conducted using 

the Kwon and Na [60] model across different percentages of 

either high or low calcium fly ash, ranging from 5% to 30% in 

the mixes for RC members with a mean concrete cover depth 

of 70 mm. Moreover, the impact of the high calcium fly ash, 

varying from 5% to 15% in the mixes for cracked RC decks 

with a crack width of 0.05 mm, would have a negligible effect 

(low impact) on the likelihood of carbonation-induced corro-

sion, as reported by Hassan et al. [16]'s model. A crack width 

of 0.1 mm in the RC members would have a severe effect on 

the likelihood of carbonation-induced corrosion, as shown by 

the Al-Ameeri et al. [30] model compared to the Kwon and 

Na [60] model, when the percentage of low calcium fly ash 

ranges from 5% to 30%. 

Table 9. Crack width limitations for concrete members subjected to various environmental exposures in different countries. 

Country code Crack width limitation 

Canadian Code 

(CSA A23.3-19) 

[77] 

Based on CSA A23.3-19, the acceptable crack widths in RC are generally designed based on exposure conditions to 

ensure durability and prevent corrosion (CSA A23.3): 
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Country code Crack width limitation 

1) Interior Environment: 0.40 mm. 

2) Exterior Environment: 0.30 mm to 0.33 mm. 

3) Corrosive Environment: 0.15 mm to 0.20 mm.  

4) Water Retaining Structures: (<0.2 mm).  

The Canadian climate necessitates a focus on Freeze-Thaw (F-classes) and Chloride/De-icer exposure (C-classes) for 

RC structures having a fixed service life (e.g., 50 or 75 years). 

Egyptian Code of 

Practice (ECP 203) 

[78] 

Under the Egyptian Code of Practice (ECP 203), crack width limits are not explicitly determined by broad geographic 

climate regions. Instead, the code defines limits based on the specific environmental exposure conditions (humidity, 

presence of aggressive chemicals) and the structure's vulnerability. The Standard target service life is conventionally 

assumed to be 50 to 75 years for typical concrete buildings. 

According to the Egyptian Code of Practice (ECP 203), the allowable crack width in RC structures typically varies 

from 0.1 mm to 0.3 mm, depending on environmental exposure conditions and structural type. 

Environmental Exposure: 

1) Aggressive Environments: Often limited to 0.1 mm. 

2) Normal Environments: Generally limited to 0.2 mm–0.3 mm. 

3) Water tanks: the allowable crack width is often 0.1 mm or 0.2 mm. 

American Concrete 

Institute (ACI-

224R-01) [79] 

ACI-224R-01 establishes tolerable crack widths based purely on environmental exposure and aesthetic needs, rather 

than strict service life. Standard design service life for permanent structures is typically 50 to 120 years, but ACI's 

crack limits are defined by the severity of the surrounding climate. 

Acceptable crack widths in concrete vary from 0.1 mm to 0.41 mm, depending on the exposure condition (ACI 224R-

01/ACI 350-06). 

1) Protective membrane: 0.41 mm. 

2) Humidity, moist air: 0.30 mm. 

3) Deicing chemicals: 0.18 mm. 

4) Seawater, wetting/drying: 0.15 mm. 

5) Water-retaining structures: 0.10 mm. 

American Associa-

tion of State High-

way and Transpor-

tation Officials 

(AASHTO) [80] 

AASHTO sets a default design life of 75 years for concrete bridges. While the specifications establish limits based on 

exposure classes, they do not directly classify crack widths by regional climate. Instead, maximum crack width (w) is 

tied to specific environmental exposure conditions. 

AASHTO specified crack width limitations to 0.4 mm for Class 1 (severe exposure/deicing chemicals) and 0.3 mm 

for Class 2 (moderate exposure) to ensure durability. These limits help control reinforcement corrosion, particularly in 

bridge decks and superstructure components. 

Saudi Building 

Code (SBC 304) 

[81] 

The Saudi Building Code (SBC 304) relies on American Concrete Institute (ACI 318) methodologies but features cus-

tomized durability requirements suited for Saudi Arabia’s severe climate. Crack width limits primarily depend on the 

environmental exposure class rather than just the geographic region or target service life. Under the Saudi Building 

Code, standard structures are typically designed for a target service life of 50 years, while major infrastructure pro-

jects (bridges, high-rises) are typically designed for 100 years. 

The acceptable crack width in concrete according to SBC 304 depends on the environmental exposure conditions, 

with a common maximum limit of 0.30 mm to 0.40 mm for general RC members under service loads.  

1) Moderate Exposure: Maximum crack width is often taken as 0.40 mm. 

2) Severe Exposure: Maximum crack width is restricted to 0.30 mm. 

3) Water Retaining Structures: For enhanced watertightness, more restrictive limits are applied, often requiring crack 

widths to be less than 0.2 mm. 

British Standard 

European Norm 

(BS EN 1992-1-

1/Eurocode 2) and 

BS 8110 [82] 

Under both British and European structural concrete standards, allowable crack width limits (Wmax) are primarily 

governed by exposure severity, durability, and the likelihood of steel corrosion [83-90], rather than a specific target 

service life (which is typically assumed to be 50 to 100 years depending on the structure's design class). 

The generally accepted maximum crack width for RC members is 0.3 mm for most structural applications. This limit 

is primarily for aesthetics and serviceability; tighter limits of 0.1 mm to 0.2 mm are required for severe, aggressive, or 

watertight environments. 
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5. Conclusions 

Based on the material selection to mitigate the corrosion 

process for the steel rebars embedded inside concrete, the fol-

lowing recommendations are as follows: 

The GPC mixes utilized in this research, compared to the 

OPC concrete mix, are (40% FA and 60% SG) and (50% FA 

and 50% SG). 

1) Utilization of GPC, consisting of 40% FA and 60% SG, 

results in a significantly longer time to corrosion initia-

tion of the rebars, compared with OPC concrete and a 

GPC mix consisting of 50% FA and 50% SG, when the 

concrete is subjected to high chloride concentrations. 

2) A GPC composed of 40% FA and 60% SG shows that 

the apparent chloride diffusion coefficient is approxi-

mately 2.38 and 6.70 times lower than that of the appar-

ent chloride diffusion coefficient for a GPC composed of 

50% FA and 50% SG and an OPC concrete mix, respec-

tively. 

3) It is recommended to utilize a GPC composed of 40% 

FA and 60% SG as a more sustainable and resistant ma-

terial against severe chloride environments instead of 

utilizing OPC or GPC concrete mixes with a percentage 

of slag less than 60% SG. 

4) It is not recommended to utilize 30% FA as SCMs in 

mixes for cracked concrete with a width of 0.2 mm or 

more, when it is subjected to a CO2 change from 600 

PPM to 1200 PPM and severe maximum temperature be-

yond 35°C. 

5) The average chloride diffusion coefficient for fly ash is 

lower than the average chloride diffusion coefficient for 

slag across various percentages of SCMs ranging from 

5% to 50% in the concrete mixes, which is composed of 

a water-to-cement ratio of 0.4 and cement content of 460 

kg/m3 at different times of chloride exposure. 

6) Slag pozzolanic material has a severe effect on the car-

bonation of concrete compared to fly ash. 

7) As the percentages of fly ash or slag increase in the 

mixes from 5% to 50% in the concrete mix, the average 

chloride diffusion coefficient decreases nonlinearly and 

dramatically, approximately from 2.5 ×10-12 m2/s to 

0.5×10-12 m2/s at 50 years of chloride exposure. 

8) For RC bridges, nuclear power plants, and other vital 

structures, it is recommended to use stainless steel in-

stead of carbon steel rebars, which offer superior long-

term corrosion resistance and a reduction of rehabilita-

tion costs along service life for vital RC structures lo-

cated in harsh environments. 

9) The optimum W/C ratio in concrete mix should be op-

timized below 0.39, especially for RC structures lo-

cated in harsh environments, to guarantee excellent re-

sistance against carbonation and chloride-induced cor-

rosion. 

6. Recommendation 

1) In North America, it is recommended to have at least 70 

mm of clear concrete cover for RC decks to help decks 

withstand the impacts of climate change. However, it is 

also recommended to limit the concrete cover to at least 

50 mm for new and existing RC decks made of geopoly-

mer concrete composed of fly ash and slag in its mix when 

the RC member is exposed to severe temperature levels. 

2) It is recommended to utilize a 40% FA and 60% SG as a 

geopolymer concrete mix to withstand the effects of de-

icing salts in North America instead of a geopolymer 

concrete mix consisting of an amount less than 60% to 

inhibit chloride-induced corrosion. 

3) Climate change projections for different cities all over 

the world must be developed accurately to withstand the 

effects of severe climate change on existing and new RC 

structures. 

4) In future studies, design codes for RC members must be 

updated with new maximum allowable crack widths to 

protect various RC structures against rapid corrosion 

driven by severe climate change. Strictly enforcing crack 

width limits in construction and maintenance is critical 

to ensuring structural longevity, particularly in climates 

with severe chlorides, freeze-thaw cycles, CO2 concen-

trations, and other harmful gases. 

To mitigate carbonation and chloride-induced corrosion in 

RC structures, civil engineers utilize a dual-phased attenuation 

policy: proactive design for new builds and tailored retrofit-

ting for existing assets. The main pathways where corrosion 

mitigation addresses these durability challenges are as follows: 

1) For new structures: Utilizing SCMs, increasing the rein-

forcement cover, applying epoxy-coated or galvanized 

reinforcement. 

2) For existing structures: Applying hydrophobic impreg-

nations (e.g., silanes, siloxanes) or elastomeric coatings; 

applying cathodic protection actively reverses the corro-

sion process in steel; encapsulating severely damaged 

structural members with fiber-reinforced polymers. 

Abbreviations 

A Area of Uncracked Concrete (mm2) 

Acr Area of the Crack (mm2) 

Cth Chloride Threshold Level (kg/m3) 

Cs Surface Chloride Concentration (kg/m3) 

CV Concrete Cover for the rc Deck 

Dc Corrected Chloride Diffusion Coefficient (m2/s) 

D Chloride Diffusion Coefficient (m2/s) 

Da Apparent Chloride Diffusion Coefficient (m2/s) 

Dcr Chloride Diffusion Coefficient Inside the Crack 

(m2/s) 

http://www.sciencepg.com/journal/ajset
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Dcc Total Diffusion Coefficient for Cracked 

Concrete (m2/s) 

E Activation Energy of the Diffusion Process (40 

kj/mol) 

f1(T) A factor that Represents the Maximum 

Temperature 

f2(te) A factor that Represents the Equivalent 

Maturation Time of Concrete 

f3(RH) A factor that Represents the Influence of 

Relative Humidity 

G Performance Function for the Carbonation-

Induced Corrosion Initiation Stage 

R Gas Constant (8.314 × 10−3 kj/mol k) 

Ti Time of Corrosion Initiation due to Chlorides 

(years) 

T(t) Temperature at time t (°c) 

w Crack Width (mm) 

x Concrete Cover Depth Surrounding the Steel 

Rebar (mm) 

X Climate Variable that will be Considered 

μ Location Parameter in gevd 

μ(t) Time-varying Location Parameter 

σ Scale Parameter 

ξ Shape Parameter 

ψ Scale Parameter 
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