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Abstract: Chloride-induced corrosion is a severe form of corrosion for vital reinforced concrete (RC) structures
subjected to extreme climate change, compared to carbonation-induced corrosion.This research aims to determine
the influence of various environmental variables on chloride-induced corrosion, in terms of the reliability,
durability, and service life of RC structures. This research employs the Monte Carlo Simulation method to
evaluate the probability of corrosion initiation (PCI) under future climate scenarios for a North American
province. The average diffusion coefficient of chloride ions in concrete considers the influence of maximum
temperature and relative humidity levels. The PCI is evaluated at different concrete covers and chloride
concentrations at two Representative Concentration Pathways for the low emission scenario (RCP2.6) and high
emission scenario (RCP8.5). The results of this research indicate that as the concrete cover for the RC deck
increased beyond 70 mm instead of 30 or 40 mm, there was a marked reduction in PCI across all RCPs and
humidity levels, confirming the protective effect of a thicker concrete layer. This study provides valuable insights
into the assessment and management of RC bridges under climate change and offers a predictive model for
assessing the risk of corrosion for RC decks.
Keywords: Climate change, Chloride-induced corrosion, Concrete cover, Maximum Temperature, Relative humidity level,
Probability of corrosion.

1. Introduction
Chloride-induced corrosion is an electrochemical process initiated when chloride ions penetrate the concrete cover,
leading to the breakdown of the protective layer around steel rebars [1-7]. This breakdown allows moisture and
oxygen to reach the steel surface, resulting in expansion and cracking as corrosion by-products accumulate. The use
of supplementary materials, such as fly ash (FA) and slag (SG), in concrete mixes has shown promise in reducing
chloride penetration, thereby enhancing the durability and safety ofreinforced concrete (RC) structures. Hassaan et
al.[8], Hassaan et al. [9], and Hassaan et al. [10] showed that the effect of cracks increases the rate of corrosion in
heavyweight concrete.
RC bridges are vital components of infrastructure systems, yet the impacts of climate change increasingly threaten
their durability. Rising CO- emissions, fluctuating temperatures, and the increased use of deicing salts have been
identified as key contributors to accelerated deterioration, particularly through chloride-induced corrosion. There is
an urgent need for a comprehensive, climate-sensitive approach to assess and manage the durability of RC bridges,
ensuring their resilience against the evolving threat of climate change. Chloride ions can penetrate the concrete
cover through different transport mechanisms, such as diffusion, absorption, permeation, convection, and dispersion
[11, 12]. The convection is driven by the moisture gradient in concrete, and permeation occurs due to hydrostatic
pressure. Moreover, adsorption occurs in concrete surface layers that are subjected to wetting and drying cycles, and
it only affects the exposed concrete surface down to 10-20 mm. Chloride diffusion (i.e., concentration gradient) is a
transfer of free chloride ions by random motion in the pore solution, resulting in a net flow from higher to lower
concentration regions. The various factors influencing chloride ion transmission to the concrete microstructure are
explained in detail, as shown in Table 1. The rate of chloride ingress is proportional to the concentration gradient and
the diffusion coefficient of the concrete according to Fick's first law of diffusion [13]. When chlorides reach the steel
rebars, they can break the protective passive film around the steel rebars, making them susceptible to corrosion. This
will lead to the formation of corrosion products that occupy a larger volume than the original steel; as a result,
expansive pressures are generated within the concrete, leading to the generation of cracks inside the concrete
structure. Free chloride is responsible for the reinforcement corrosion. The bound chloride either is physically
adsorbed within the pores or chemically reacts with the hydrated products. Chloride binding in concrete affects the
rate of chloride ingress, which in turn determines the initiation of chloride-induced corrosion.
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Table 1.Influencing factors affecting chloride ion transmission in concrete microstructure.

Factors for chloride ion transmission in Discussion
concrete

A higher water-cement ratio will increase the porosity, which
directly leads to the acceleration of the chloride migration rate
in concrete. The relationship between chloride diffusivity and
1. Water-Cement Ratio the water-cement ratio (W/C) in the OPC concrete is shown in
equation (1).

w
D,y = 10—12.06+(2.4><?) 1)

Where D, is the chloride ion diffusivity (m%/s).

The diffusion rate for chloride ions in cementitious material is
related  tocement  hydrationand  time.Thomas and
Bamforth [14] developed the relationship between chloride
diffusivity and time of chloride exposure, as shown in equation
(2), based on the age factor.

t,\"
2. Exposure Time fe= (7) (2)

Where: f; is the parameter considering the effect of time on
chloride migration; (#,) is the reference time, 7, =28 days,
according to Engelund et al. [15].

Binding chloride is developed by the chemical binding of
cement hydration. The total chloride content is equal to the free
chloride content and the chloride binding content, as shown in
equation (3).

Ce = weCs + Gy 3

3. Chloride Ion Binding Effect Where: C,is the total chloride content (%); C;is the free
chloride content (%); Cyis the content of bound chloride
(%); we is the ratio of the volume of evaporable pore to the
concrete volume, generally taking 8%.

It is important to consider the effect of chloride binding as
follows:

(1) Only free chlorides are responsible for the corrosion of
steel rebars [16],

(2) The chemical binding of chloride ions with C;A and C4,AF
results in the formation of calcium chloroaluminate hydrate,
which is known as Friedel’s salt, which has a less porous
structure and slows down the transport of chloride ions, as
shown in equations (4) and (5).

Ca(OH), + 2 NaCl - CaCl, + 2 Na + 2 OH 4)
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CsA + CaCL, + 10H,0 — C;A. CaCl,. 10 H,0 5)

The corrected chloride diffusion coefficient, which includes the
effect of the temperature f|(T), the equivalent maturation time
fo(t.), and relative humidityf;(RH), is studied in various
research [3, 5] based on equation (6).

D. =Dy, X f;(T) X f,(te) x f;(RH) (6)

Where D, (mz/s) and D, (mz/s) are the average chloride
diffusion coefficient and the corrected chloride diffusion
coefficient changing over time.

Temperature significantly affects chloride ion diffusion. High
temperatures accelerate chloride diffusivity and reduce

4. Maximum Temperature ) o ) )
chloride binding capacity (see equation (7)).

1 1

fo=exnlg < (5 -7)] M
Where: fris the temperature coefficient on chloride diffusion
coefficient; T is the ambient temperature (°C); T, is the initial
temperature  (°C), G is theideal gas constant,
8.314J/(mol K™"); Uis the activation energy in the diffusion
process, and its values are based on W/C ratio according to
Page et al.[17].

Bazant and Najjar [18] proposed the effect coefficient (fzy) of
relative humidity on chloride migration (see equation (8)).

1

. - 1—RH\*]
5. Relative Humidity — <_)
fru [1 Tk (8)

Where: RH is the relative humidity (%); RH.is the critical
relative humidity (75%).

Chloride-induced corrosion of steel rebars in RC members is one of the primary causes of deterioration in North
American infrastructure. Bridges and parking garages exposed to de-icing salts are particularly vulnerable, with the
damage manifesting as cracking and spalling of the concrete cover. Chloride ingress leads to steel rebar corrosion,
which weakens the structural integrity of RC bridges [19]. In Canada, the economic impact of corrosion on RC
infrastructure is also significant, due to corrosion-related deterioration. Upgrading Canada's distressed infrastructure,
particularly in road transportation and water systems, is estimated to require a substantial financial commitment. As
of the latest data, 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. This estimate emphasizes these critical sectors'
substantial wear and funding deficit over time. This ongoing challenge highlights the need for substantial investment
to maintain and upgrade the foundational infrastructure supporting Canada's economy and quality of life. Extreme
weather events have caused substantial damage to bridges and culverts, particularly in regions such as Manitoba,
Saskatchewan, and the Atlantic provinces. In 2003, Hurricane Juan in the Atlantic region caused extensive damage
to infrastructure, with rehabilitation costs reaching 200 million CAD. The impact of climate change on infrastructure
accelerates deterioration, increases rehabilitation costs, and reduces serviceability. Reliable service life models are
essential for designing resilient structures by helping engineers select appropriate materials and concrete covers that
ensure the bridge’s design life is met.

The deterioration process of steel rebars corrosion includes the following stages: depassivation of the steel rebars
(stage 1), formation of cracks (stage 2), spalling of the concrete cover (stage 3), and collapse of the structure through
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either bond failure(stage 4). The first stage is related to chloride-induced corrosion initiation, while the second
through fourth stages are related to corrosion propagation due to chlorides. The probability of corrosion for stage 4
is significantly lower than that of stage 1 (depassivation of the reinforcement). The changes in the reliability index
and failure probability are marginal from stage 1 to stage 2. The likelihood of corrosion can be investigated by
utilizing the Monte Carlo simulation method [1-7].
The resilience of RC structures, particularly bridge members, is fundamental to the integrity of transportation
infrastructure. As critical components in supporting the mobility of people and goods, these structures are
increasingly threatened by environmental degradation, primarily due to chloride and carbonation-induced corrosion.
Climate change intensifies these threats, as rising temperatures and increased CO: concentrations accelerate
degradation processes, posing long-term risks to infrastructure sustainability and safety. Bridges are critical
components of transportation networks, providing essential connectivity and enabling the efficient movement of
goods and people.
The reliability-based maintenance management for RC bridge structures encompasses the following components:
condition assessment models, probabilistic deterioration prediction models, probabilistic risk assessment models,
and maintenance optimization models, as outlined by Lounis and Daigle[20]. The probabilistic deterioration model
and risk assessment were developed for the corrosion initiation stage [1-5]. Such probabilistic corrosion initiation
models, for chloride-induced corrosion, are necessary steps to address the uncertainties involved in predicting
deterioration and managing maintenance.
Incorporating SCMs, such as FA, silica fume (SF), and SG, into concrete mixes can enhance durability [21] (see
Table 2). The diffusion rate in concrete using OPC could be reduced to 2-5 times using mineral admixtures,
especially SG cement. These materials fill concrete pores and create a denser structure, helping to mitigate corrosion
in future climates.

Table 2. Impact of various SCMs on the chloride penetration depth.

SCMs Chloride Penetration Depth

The addition of FA significantly reduced the penetration of chloride ions into concrete pores [22-24].

FA Ampadu et al.[25] found that replacing 40% of the cement in the mix with FA yields the best results
regarding chloride diffusivity through cement-FA pastes. Using FA will also increase the service life of
structures exposed to chlorides.

Utilizing dispersed SF in the concrete mix will result in a dramatic reduction in chloride penetration into
concrete pores. Bentz et al. [26] found that replacing SF with 10% OPC would reduce chloride
diffusivity by15 times compared to the mix without SF.For concretes exposed to chloride environments,
SF adding SF will significantly increase the service life predicted by the life-365 model [27].A 10% to 20%
replacement of micro-silica in cement resulted in a 2 to 11 times reduction in the chloride diffusion
coefficient compared to that of OPC concrete, due to the development of secondary calcium silicate
hydrate.

SG enhances the resistance of concrete pores to chloride penetration [21,28]. Zhao et al.[21] found that

concrete specimens with higher percentages of SG exhibited greater resistance to the combined effects

SG of chloride ion attack and freeze-thaw exposure.

To mitigate the consequences of chloride-induced corrosion in RC structures, specific requirements are
recommended in the future:

. Using supplementary cementitious materials (SCMs) in the concrete mix, such as FA, SG, silica fume
(SF), etc.
. Providing adequate concrete cover for the reinforcement that satisfies specific minimum requirements

according to the standard code (i.e., minimum 50 mm for RC members made of geopolymer concrete
(GPC) to sustain the temperature and relative humidity according to Amleh et al.[5].

. Galvanized steel or stainless steel rebars should be utilized instead of carbon steel rebars to inhibit the
corrosion of steel rebars. Moreover, the combination of corrosion-resistant nickel with oxidation-
resistant chromium yields an alloy suitable for use in both oxidizing and reducing chemical
environments.
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Utilizing geopolymer concrete (GPC) made of sustainable materials instead of normal concrete for RC
members exposed to extreme environmental conditions to increase the service life and durability of the
RC structures, according to Amleh et al.[5].

. Precursor Materials like FA and SG in GPC exhibit high durability, improved strength, and greater
resistance to high temperatures and chloride penetration [29-35].
. Increasing the concrete cover to at least 50 mm for RC members made of GPC would lead to a

significant reduction in the probability of corrosion at low and intermediate temperature levels,
according to Amlehet al. [5].
. Using calcium nitrite-based corrosion inhibitors associated with the optimum percentage of FA
(approximately 20%).
This manuscript thoroughly investigates the effects of climate change on infrastructure, with a specific focus on the

potential for chloride-induced corrosion initiation in North American infrastructure. A detailed mechanistic
probabilistic model was conducted using Monte Carlo simulation across diverse RCP scenarios. The findings can
inform urban planning, influence construction choices, and shape safety standards, potentially offering economic
advantages by minimizing repair expenses and bolstering community safety. The importance of this study lies in
offering a model that can be applied globally, emphasizing the importance of robust urban infrastructure in the face
of climate challenges.

2. Research Methodology

This methodology provides a comprehensive, data-driven, and statistically robust framework for determining and
predicting the impact of climatic changes on the structural integrity of RC structures, with a specific focus on
Toronto's urban environment. This study utilizes a Monte-Carlo simulation method to determine the probability of
corrosion initiation (PCI) for RC structures at different RCPs, which reflect potential future greenhouse gas emission
scenarios, converging upon the envisioned climatic trajectory for the projected maximum temperature in the future
for Toronto city. Focusing on two distinct RCPs (RCP2.6 and RCP8.5) and several concrete covers ranging from 30
mm to 70 mm. In addition, the PCI will be conducted across different chloride concentrations (6, 8, 10, 12, 14, 16,
and 18 kg/m’) at different timelines, using the following steps:

1-Data Collection and Calculation: In this study, the projected maximum temperature data across different RCPs,
especially RCP2.6 and RCP8.5, for Toronto City will be collected annually starting from the year 2000 till the year
2100 to see the trend of the levels in the future. The relative humidity will be assumed in most cases to be equal to
65% and 70%. The average diffusion coefficient over time and the chloride concentration data will be determined
through detailed calculations.

2-Monte-Carlo Simulation Model Development: The Monte-Carlo simulation model will be developed to predict the
PCI for RC structures. The model will consider the impact of various projected maximum temperature levels in the
future across various RCPs, concrete covers, chloride concentrations, diffusion coefficients, and time. The model
will use the collected and calculated data to simulate different scenarios and predict the PCI for each scenario.

3-Simulation Process and Iteration: The Monte Carlo simulation process will be conducted to generate random
samples from the input distributions. The model will then calculate the predicted PCI for each sample, and the
simulation will repeat this process 100,000 times to generate an accurate result, ultimately enabling a comprehensive
investigation of potential outcomes.

4-Analytical Evaluation: The results of the Monte-Carlo simulation will be analyzed to determine the PCI for each
scenario. The analysis will include statistical measures such as the mean, standard deviation, coefficient of variation,
and distribution for each random variable.

Chloride Penetration Depth Model: Considering Environmental Factors

For the initial condition C; (d>0, t=0) =0 and boundary condition C; (d=0, t>0) =constant, an equation for the
conduction of the free chloride concentration can be obtained as shown in equation (9).
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C(d,t)=c/ [1 - erf( 9)

2,/D, X t)
Where: C¢(d,t) is the chloride concentration (kg/m3) at depth (x) and time (t);Cg is the surface content of free

chloride (kg/m3).Da is the apparent chloride diffusion coefficient (mzls), and d is the concrete cover thickness (m).

Chloride Ingress Modeling: The chloride ingress into RC structures due to de-icing salts is transported by
severalmechanisms, such as water surface absorption in partially saturated concrete and ionic diffusion in saturated
concrete. In modeling chloride transport to the steel rebars embedded inside concrete, the process of ionic diffusion
is considered.

2.1. Calculation of The Average Chloride Diffusion Coefficient for Various Types of Concrete

Over time, the average chloride diffusion coefficient is an essential parameter for estimating the service life of RC
structures exposed to severe environmental conditions. The reference chloride diffusion coefficient (Dyy) is a
constant value, calculated using equation (10) according to Bentz and Thomas [36], who proposed a relationship
between D,.;and the water-to-cement ratio (W/C) of concrete.

Dref=10(-12‘06+2A4W/C) (10)

Where: Dref is the reference chloride diffusion coefficient (mz/s), and W/C is the water-to-cement ratio used in the
concrete mix.

The formula used to account for the age factors (m) that describe the percentages of SCMs (e.g., specific
percentages of FA up to 50% or SG up to 70%) used as a partial replacement with the total amount of cement used in
the concrete mixes depending on mix proportions is expressed as in equation (11) according to Bentz and Thomas,
[36].

m = 0.2 + 0.4(%FA/50 +%SG/70) (11

Where m is a constant representing the age factor depending on the percentage of either FA (%FA) or SG (%SG), or
a combination of both, used partially to replace the total cement used in the concrete mix.

The average chloride diffusion coefficient (D,,) at a particular time (t) (m2/s) is calculated using equations (12) and
(13).

Dye tre
Dy = 2L (Zhym t < tp(12)

t m t m
Dy = Dyey [1 + (TR x— m)] (;—;f) t>tp (13)

Where tg=30 years, t.;=28 days, D,, is the average chloride diffusion coefficient at a particular time (m2/s), and (t) is
time (years).

Figure lillustrates the decreasing trend in the average chloride diffusion coefficients over time. Both FA and SG
concrete demonstrate improved resistance against chloride ions, often with average diffusion coefficients falling
below 1072 m?¥s. In later exposure stages, FA can significantly decrease the diffusion rate of chloride ions in
concrete. FA decreases the diffusion coefficient of chloride ions by 15%-50% according to Oh and Jang [37],
thereby extending the expected service life of concrete structures. The results indicate that a combined mix
containing an optimal percentage of FA and SG, specifically (50% FA and 50% SG) as shown in Figure 1, leads to
lower average chloride diffusion coefficients over time compared to the mix that incorporates 0% FA and 0% SG.
Therefore, the mix that contains 50% FA and 50% SG reduces the average chloride diffusion coefficients by a range
varying from 1/4 to 1/19 times the average diffusion coefficients from mixes that do not incorporate these
proportions of FA and SG, as shown in Figure 1. This research sets the water-to-cement ratio at 0.4 to assess the
probability of chloride-induced corrosion initiation at different relative humidity levels in various future years.
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Figure 1. Average chloride diffusion coefficient (D,,) values across various years for two different concrete mixes.

2.2.Performance Function (PF) For the Chloride-Induced Corrosion for Uncracked and Cracked Concrete
Sections
Considering the uncertainties in chloride concentration prediction, the Monte Carlo simulation (MCS) method is the
most widely used approach. The C, prediction encompasses various uncertainties, including statistical, physical,
decisional, and model uncertainties. The probability of corrosion can be estimated using various reliability methods
as follows:
MCS Method
First Order Reliability Method (FORM)
Second — Order Reliability Method (SORM)
Advanced First Order Reliability Method
For a prescribed PF(g) is the difference between a term that is equivalent to a resistance and a term that is equivalent
to a load effect, expressed as shown in equation (14). The term resistance can be used to refer to the chloride
threshold level, which defines the resistance of the concrete cover to corrosion-induced cracks, spalling, or
delamination. Similarly, the term load effect refers to the chloride concentration at the steel level, spalling, etc. The
probability of failure is equal to the area of the frequency distribution for which g < 0, where gis calculated using
random values of R and Q.
g=R-Q (14)
Therefore, the PF for corrosion initiation due to chlorides can be formulated as a function of four variables, as in
equations (15) and (16).
g(Co, d, D, Cy) = Cy- Ca(Co, d, D, 1) (15)

g(CS! d: D: Cth) = Cth — Co (1 — erf(

Methods for Predicting the Probability of Corrosion

2 X \Z)—xt» (16)

3. Analysis of Results
3.1. Validation of the Chloride-Induced Corrosion Initiation Model
The proposed probabilistic approach aims to predict the probability of chloride-induced corrosion initiation over
time at various relative humidity levels and concrete cover depths. Its application is demonstrated on a real RC deck
of a highway bridge exposed to de-icing salts. The input parameters are sourced from field data, as documented by
Saassouh and Lounis [38], and are summarized in Table 3. The table elaborates on the statistical mean, coefficient of
variation, and distribution of different random variables, including Cy,, C,, and d.

Table 3. The mean and coefficient of variation for different random variables for RC bridges subjected to chlorides.

Random Variables Mean Value () C0efﬁc1e(r(1:t (())fv Yarlatlon Distribution
Chloride Concentration (C,) 6 30%
(kg/m’)
Concrete Cover (d) (mm) 70 20% Log-normal
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Chloride threshold (Cy,) (kg/m3) 0.7 20%

Saassouh and Lounis [38] conducted projections of the probability of corrosion initiation for the RC bridge deck
member subjected to deicing salts using Monte Carlo simulation (MCS) at every interval of time. Moreover, all the
random variables, including concrete cover (d), chloride concentration (C,), and chloride threshold (Cy), were
assumed to follow a lognormal distribution. Saassouh and Lounis [38] found that the probability of corrosion
initiation at a specific time, especially at 23 years and 10 months, was around 45%. The current model is compared
with the results obtained by Saassouh and Lounis [38] for the RC bridge deck data mentioned in Table 3 using the
MCS consisting of 100,000 simulations, and it was found that the results of the current model coincide with the
results conducted by Saassouh and Lounis [38].

3.2. Interaction Between Relative Humidity, Concrete Cover, and Probabilities of Chloride-Induced
Corrosion for Various RCP Scenarios

The MCS method, utilizing 100,000 samples, provided a thorough analysis of the probability of chloride-induced
corrosion initiation under varying conditions. This included multiple concrete covers ranging from 30 to 70 mm in
this case, evaluated at different RCPs for the projected maximum temperature for Toronto city, and two relative
humidity levels (RH=65% and RH=70%) to deduce a comparison between the values of the PCI obtained for the
corresponding RH=70% and the PCI obtained for the corresponding RH= 65%. For consistency in comparison, the
average diffusion coefficient (D,,) remained fixed at a W/C ratio of 0.4. Meanwhile, the chloride concentration (C,)
was set at 6 kg/m3, while the chloride threshold (Cy,) was established at 0.7 kg/mS.

Key Observations:

* For a concrete cover (CV) of 30 mm and RH=65%, the PCI values were found to be 51% and 74% for RCP2.6 and
RCP8.5, respectively (see Figure 2 and Table 4).

* An increase in relative humidity to 70% at a CV of 30 mm led to a rise in PCI to 84% and 95% for RCP2.6 and
RCP8.5, respectively (see Figure 3 and Table 4).

* As the CV increased to 70 mm, there was a marked reduction in PCI across all RCPs and humidity levels,
confirming the protective effect of a thicker concrete layer.

* There was a substantial decrease in PCI as CV changed from 30 mm to 70 mm: from (51% to 0.01%) and from
(74% to 0.1%) for RCP2.6 and RCP8.5, respectively, at RH=65% and from 84% to 0.3% and from 95% to 2% for
RCP2.6 and RCPS8.5, respectively, at RH=70%.

Table 4. Probability of chloride-induced corrosion initiation across various concrete covers, relative humidity levels
at different RCPs in 100 years of chloride exposure.

Concrete Cover RH=65% RH=70%
(CV) (mm) RCP2.6 RCPS.5 RCP2.6 RCPS.5
30 51% 74% 84% 95%
40 1% 27% 40% 65%
50 1% 6% 11% 28%
60 0.10% 0.80% 2% 8%
70 0.01% 0.10% 0.3% 2%
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Figure 2. Influence of different concrete covers on the corresponding PCI in different years, considering
RH=65% impacting the chloride diffusion coefficient: (a) Year 50, (b) Year 100.
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Figure 3. Influence of different concrete covers on the corresponding PCI in other years, considering RH=70%
impacting the chloride diffusion coefficient: (a) Year 50, (b) Year 100.

This analysis highlights the significance of concrete cover thickness and relative humidity in influencing the
probability of chloride-induced corrosion, especially in varied climatic scenarios represented by RCPs.

3.3. Impact of Varying Chloride Concentrations on the PCI across Diverse Concrete Covers

The study examined the consequences of fluctuating chloride concentrations on the PCI for a concrete mixture
containing 460 kg/m’ of cement within the structural framework of RC. Again, this evaluation utilized MCS with a
sample size of 100,000. With the W/C ratio set at 0.4, the average diffusion coefficient (D,,) was determined. The
chloride threshold was capped at 0.15% of the weight of the cement in line with the CSA A23.1-14 standards, as
shown in Table 5. There is a huge variability in the surface chloride concentration applied on the RC bridge deck
between one region and another; it can vary from 0 to 25 kg/m’. The chloride concentrations (C,) applied to the RC
deck’s surface ranged from 6 to 18 kg/m’, which is linked to the use of de-icing salts, as shown in Table 5. A
constant relative humidity of 70% was maintained throughout this scenario.
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Random Variables

Values

Mean for chloride threshold (Cy,) (kg/m3)
Mean (p)
COY for (Cy,)

Distribution for (Cy,)

0.15% of the weight of the cement (CSA A23.1-14)
(0.7 kg/m*)
20%

Log-normal Distribution

Chloride Concentration (C,)

COV for (C,)

Range (6-18) (kg/m®)

30%

Volume 31, Issue 12, 2025 30

Distribution for (C,) Log-normal Distribution

For a 40 mm concrete cover and a 6 kg/m’ of chloride concentration, the computed PCI values for RCP2.6 and
RCP8.5 stood at 41% and 65%, respectively, for a 100-year timeline, for a chloride concentration equal to 6 kg/m’,
as illustrated in Table 6. However, a rise in the CV to 60 mm witnessed a sharp reduction in PCI values to 2% and
8% for the respective RCP scenarios, as shown in Table 6.

With a higher chloride concentration of 10 kg/m3 , at a CV of 40 mm, the PCI rose to 67% for RCP2.6 and 86% for
RCP8.5. A subsequent increment of the CV to 60 mm reflected a sharp drop in PCI values, settling at 8% for
RCP2.6 and 22% for RCP8.5, as shown in Table 6. Progressing with a chloride concentration of 18 kg/m’, the PCIs
reached 86% and 96% for the two RCP scenarios at CV=40 mm, as shown in Table 6. This trend reversed with a CV
increase to 60 mm, culminating in PCI values of 20% and 43% for RCP2.6 and RCP8.5, respectively, as illustrated
in Table 6.

Table 6 illustrates the increase in the PCI when the chloride concentration changed from 6 to 18 kg/m’ across
various RCP scenarios and concrete covers. In-depth data analysis indicated that the PCI changed significantly from
41% to 86% for RCP2.6 and from 65% to 96% for RCP8.5, when the C, changed from 6 to 18 kg/m’, at a CV equal
to 40 mm. Concrete cover requirements across chloride concentrations and RCP scenarios for 50- and 100-year
projections are detailed in Table 6. Moreover, the PCI increased from 2% to 20% and from 8% to 43% for RCP2.6
and RCP8.5, respectively, when the chloride concentration changed from 6 to 18 kg/m’, when a CV equals to 60
mm.

Table 6. Probability of chloride-induced corrosion initiation at different CVs and C, values across various RCPs
at T=100 years of chloride exposure.

C,=6 kg/m’ C,=10 kg/m® C,=18 kg/m®
(CV) RCP2.6 RCPS8.5 RCP2.6 RCPS8.5 RCP2.6 RCPS8.5
(mm)
40 41% 65% 67% 86% 86% 96%
60 2% 8% 8% 22% 20% 43%

The influence of various chloride concentrations on the PCI is deduced from Figure 4, considering the highest and
lowest emission scenarios (RCP2.6 and RCP8.5) at multiple years for CVs equal to 40 mm and 60 mm, and
distinctly captures the influence of varying chloride concentrations on the PCI. It is evident that RCP8.5’s PCI, when
taking a concrete cover of 40 mm, consistently surpasses that of a concrete cover of 60 mm. Furthermore, for
RCP8.5 at a 50-year marker, the PCI increased by approximately a range of 50% to 60% as the chloride
concentration changed from 6 kg/m® to 18 kg/m™ as shown in Figure 4 (a). However, as the concrete cover increased
to 60 mm, the change in the PCI isn’t significant (i.e., low impact on PCI) as the chloride concentration varied from
6 kg/m’® to 18 kg/m’ at 50 years of chloride exposure (see Figure 4 (a)). Finally, it was noticed that the values of the
PCT at 100 years of exposure to concrete covers of either 40 mm or 60 mm used in RC decks across various RCPs
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are significantly higher than their values at 50 years of chloride exposure (see Figure 4 (b)) at different chloride

concentrations.
—e— CV=40 mm (RCP2 6)
12 . —®—CV=40 mm (RCP2.6) 1.2 , —M—CV=40 mm (RCP§.5)
—— CV=40 mm (RCP8.5) —&— CV=60 mm (RCP2.6)
I —e—CV=60 mm (RCP26) 1 —a— V=60 mm (RCPS.S)
08  —&—CV=60mm (RCP8.5) 0.8
C —
< 0.6 Q0.6
0.4 0.4
0.2 0.2
0 ‘M . M
6 8 10 12 14 16 18 6 8 10 12 14 16 18
C, (kg/m*) C, (kg/m?)

(@) (b)
Figure 4.Projection of the PClIs across different chloride concentrations, RCPs, and concrete covers in various years:
(a) Year 50, (b) Year 100.

4. CONCLUSION

The urban landscape of certain cities in Ontario province, susceptible to the severe forces of varied climate change
impacts. Utilizing the Monte Carlo simulation across diverse RCPs to gauge the consequences of climate change on
the likelihood of chloride-induced corrosion initiation within the confines of Toronto City. The concrete mix used for
the deck of the RC bridge contains an optimal percentage of FA and SG, specifically (50% FA and 50% SG), which
leads to lower average chloride diffusion coefficients by a range of 1/4 to 1/19 over time compared to the average
chloride diffusion coefficients for the corresponding concrete mix that doesn’t includes any percentages of SCMs to
conduct the PCI. In addition, the water-to-cement ratio used in the concrete mix is set at 0.4. Moreover, the corrected
chloride diffusion coefficient used in the performance function considered the impact of the maximum temperature,
maturation time of concrete, and relative humidity to conduct the PCI over time.

The primary conclusions drawn from our analysis are:

1) The projections of the PCIs reached maximum values at concrete covers of 30 mm and 40 mm at
different RCPs and RH%, including (65% and 70%), in various future years.
2) There was a marked decrease in PCI as CV changed from 30 mm to 70 mm for the lowest and highest

emission scenarios of maximum temperature, at RH=65% and 70%. Therefore, as the CV increased to
70 mm or beyond, there was a marked reduction in PCI across various RCPs and relative humidity
levels, confirming the protective effect of a thicker concrete cover for the RC members.

3) Chloride Concentration's Role in Corrosion Dynamics: The study reveals that chloride concentrations
significantly influence corrosion initiation probabilities. The increase of the chloride concentrations
from 6 kg/m’ to 18 kg/m’ applied on the RC deck leads to a significant increase of the PCI values from
(65% to 96%) and (8.2% to 43%) for the following concrete covers of 40 mm and 60 mm, respectively,
for the high emission scenario (RCPS8.5) in year 100. The second-degree polynomial function
relationship between projected PCI values and distinct chloride concentrations for concrete covers of
40 and 60 mm is deduced in this research in chloride-rich environments applied on the top part of the
RC deck.

4) More sustainable construction materials, instead of FA and SG, should be adopted in the future for use
in the members subjected to extreme chloride environments, accompanied by extreme climate change,
to further enhance the resilience of infrastructure.

Limitations and Recommendations: The relative humidity used in this research is set at 70% in most cases to
conduct the PCI, while the comparison study was conducted to see the impact of two relative humidity levels on the
PCI were set at 65% and 70%. The external chloride concentration applied to the surface of the RC bridge deck,
which ranged from 6 to 18 kg/m’, is related to the use of deicing salts on the RC bridge deck. According to the
results, this research recommends increasing the concrete cover for the new and existing RC bridge decks in Ontario
province by a minimum value of 70 mm instead of 30 mm and 40 mm to successfully resist the effect of deicing
salts and the increase in the maximum temperature levels in the future across various emission scenarios. The
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limitation of this research should be extended to the uncertainties in climate projections, variability in field
conditions (e.g., cracks, workmanship, etc.), and the assumption related to FA and SG proportions in the concrete
mix and its variability.

This research is a wake-up call for engineers, urban planners, and policymakers in Toronto and beyond. There's a
pressing need to recalibrate construction standards, material choices, and maintenance regimes in alignment with the
insights from such studies. The connection between climate change, material science, and urban infrastructure
warrants a multidisciplinary approach, and this manuscript is a stepping-stone in that overarching journey. Finally,
maintenance optimization models should be developed so that decision-makers can take quick actions regarding
retrofitting RC structure members that are subjected to extreme climate change.
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