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Abstract

The consequences of climate change on infrastructure, particularly reinforced concrete (RC) bridges, have rapidly increased in recent
years. These consequences are primarily driven by the surge in CO, emissions, which significantly impacts the carbonation depth of
RC structures. This study aims to investigate the probability of carbonation-induced corrosion initiation (PCICI) in RC bridge elements.
To achieve this, the investigation incorporates a range of concrete covers, varying from 30 to 50 mm, and considers different concrete
mixes with cement contents of 400, 350, and 250 kg/m?3. The investigation utilizes the Monte-Carlo simulation method, considering
different representative concentration pathways (RCPs) to account for two emission scenarios: RCP2.6 (low emission scenario) and
RCP8.5 (high emission scenario). By analyzing projected CO, concentrations and maximum temperature, the study provides insights
into the potential corrosion initiation risks in RC bridges. The findings indicated a significant 66.3% increase in PCICI for a cement
content of 250 kg/m?3, compared to 400 kg/m?3, under the RCP8.5 scenario, specifically when using a concrete cover of 30 mm by 2100.

The study also revealed that the PCICI approached an approximate value of zero when concrete covers were set at 45 and 50 mm

regardless of the variations in cement contents and the duration considered, for both the RCP2.6 and RCP8.5 scenarios.
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1 Introduction

Greenhouse gases, particularly CO, emissions, stand as
the primary driver of global warming, as extensively doc-
umented [1]. The rise in atmospheric CO, concentration
plays a pivotal role in the escalating global warming phe-
nomenon, leading to adverse consequences such as tem-
perature escalation and sea level rise, and a reduction in
relative humidity. Consequently, escalating levels of CO,
concentration and temperature have far-reaching impli-
cations for the durability of reinforced concrete (RC)
structures. Carbonation of the concrete cover represents
a paramount durability concern for concrete structures, par-
ticularly in metropolitan environments. The carbonation
process plays a pivotal role in the corrosion of steel rein-
forcement, making it imperative to address and manage this
issue effectively. Carbonation for concrete cover is consid-
ered one of the most crucial durability issues for concrete
structures in metropolitan environments. The carbonation of
concrete is one of the main reasons for the corrosion of steel

reinforcement. The microstructure of concrete consists of
capillary pores; the amount and type of pores depend on
the concrete's quality and the presence of water when mix-
ing concrete [2]. The main factors affecting concrete car-
bonation are the type and the content of the cement, the
water/cement ratio, the degree of hydration, the concen-
tration of CO,, and the relative humidity [3]. The carbon-
ation mechanism for concrete is an integration of physical
and chemical processes [4—6]. Carbonation is a process by
which carbonic acid (H,CO,), and calcium ion (Ca*") react
from the dissolution of hydrated cement products such
as calcium hydroxyl Ca(OH),, calcium silicate hydrates
(C-S-H), and calcium aluminates hydrates (C-A-H) [7, §].
The reactions lead to the formation of calcium carbonate
(CaCO,) which decreases the alkalinity (pH) value of the
hardened concrete [9] and results in a small shrinkage for
RC members subjected directly to CO, emission scenar-
ios [10—13]. The pH value of hardened concrete is generally
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between 12.5 and 13.5, depending on the alkali content of
the cement. However, as the concentration of atmospheric
CO, increases, the pH value of the concrete is reduced to
approximately 9.0 [12, 14—16]. Consequently, the protective
layer around the reinforcing steel is damaged and the steel
is exposed to corrosion [17, 18]. The deterioration of con-
crete structures is further accelerated by climate change,
due to the changing levels of CO, concentration, tempera-
ture, and relative humidity [19].

Al-Ameeri et al. [20] developed an integrated carbon-
ation model to predict the depth of carbonation in con-
crete in different climates based on the properties of con-
crete, concentrations of CO,, temperature, and humidity.
The model was verified by experimental results and found
that the worst-case scenario of RCP8.5 could have a sig-
nificant impact on the durability of concrete structures in
the long term. Climate change mitigation measures should
be considered to avoid expensive repair and maintenance
costs in the future. Great efforts have been made in recent
years to reduce the CO, concentration in the atmosphere,
and one of the most efficient proposed solutions is geo-
logical storage. However, progress in geological storage is
still slow due to gaps in existing monitoring methods such
as seismic methods where full waveform inversion [21]
and seismic wave attenuation [22] are proposed as poten-
tial methods, but they work with several assumptions.
Mizzi et al. [23] investigated how future climate change
will affect concrete structures in Malta through carbon-
ation-induced corrosion. Thirteen structures were ana-
lyzed retrospectively to validate two carbonation depth
prediction models, and these models were used to evalu-
ate the effects of various climate change scenarios on the
concrete carbonation depth. It was found that, under the
worst-case scenario, there could be an increase in carbon-
ation depth of up to 40% by 2070, reducing the service life
of concrete structures.

Carbon dioxide concentrations for four different RCPs
are based on simulations from five different earth system
models [24]. In this article, the climate scenarios used to
project the probability of carbonation-induced corrosion
initiation (PCICI) in the future are RCP2.6 and RCPS.5,
which are considered the lowest and highest emission sce-
narios among the different RCPs. RCP8.5 is the worst emis-
sion scenario chosen for the concentration of CO, [25-27]
as shown in Fig. 1.

Carbonation depth depends on many parameters such
as concrete quality, concrete cover, relative humidity, and
ambient CO, concentration. The impact of carbonation
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Fig. 1 Projection of atmospheric CO, for different emission scenarios [24]

on the environment has been studied by several research-
ers [28-30]. The influence of the urban environment on
atmospheric CO, concentrations should be considered
for most infrastructure in urban environments. George
et al. [31] found that CO, concentrations in an urban site
were on average 16% higher than those in a rural site.
Atmospheric CO, concentrations in urban environments
would be increased by the (kurban) factor. Similar to
Stewart et al. [29], in this research article, the kurban fac-
tor is assumed to be normally distributed with a mean of
1.15 and a coefficient of variation of 0.10.

Stewart et al. [29] examined the effects of climate change
on corrosion risks for existing concrete infrastructure in
Australia. It was found that carbonation-induced damage
risks can increase by over 400% by 2100 in inland arid
or temperate climates. Risks of chloride-induced corrosion
increased by no more than 15%, while corrosion loss of
reinforcement amounted to no more than 9.5%. The results
were most sensitive to increases in atmospheric CO,.
Structures located in inland arid or temperate climates may
require adaptation measures to mitigate damage.

Moreover, Stewart and Peng [32] outlined a method
based on reliability to forecast the likelihood of corrosion
beginning and causing severe cracking, as well as the rec-
ommended increase in design cover needed to offset the
increased CO, levels and temperatures. A life-cycle costs
analysis was conducted to compare the costs of building
with the existing covers and the costs of raising design cov-
ers, as well as repair and maintenance costs, over the course
of a century under the various IPCC carbon dioxide emis-
sion scenarios. It was concluded that although the height-
ened environment of greenhouses will lead to more corro-
sion in reinforced concrete structures, it may not be worth
increasing the concrete covers in terms of the overall cost.



This paper aims to examine the potential effects of cli-
mate change on the probability of carbonation-induced
corrosion initiation to enhance our understanding of this
critical issue. To achieve this objective, the study uses
the Monte Carlo simulation method (MCS) to project the
PCICI over time, considering various influential factors
such as different concrete covers, cement contents, emis-
sion scenarios for CO,, and maximum temperatures in
Toronto. Additionally, the article will assess the effect of
varying concrete covers (30 to 50 mm) on the PCICI for
different emission scenarios and cement contents. By sys-
tematically analyzing the impact of these variables, the
study strives to provide valuable insights into the complex
relationship between climate change and PCICI. Finally,
the study will evaluate the difference in the PCICI between
the highest emission scenario (RCP8.5) and the lowest
emission scenario (RCP2.6) across different years, consid-
ering various concrete covers and cement contents. This
comparison will offer a comprehensive understanding of
the potential consequences of divergent emission scenarios
on carbonation-induced corrosion initiation and emphasize
the importance of adopting sustainable practices to miti-
gate climate change effects on infrastructure durability.

The significance of this study lies in the integration of
the reliable Monte Carlo simulation method, the consid-
eration of multiple influencing factors, the assessment of
varying concrete covers, and the comparison of emission
scenarios to comprehensively analyze the potential effects
of climate change on the probability of carbonation-in-
duced corrosion initiation. By addressing these aspects,
the paper significantly advances the understanding of
the complex relationship between climate change and
the durability of concrete structures, providing practical
insights for designing resilient infrastructure in a chang-
ing climate. These findings emphasize the need for imple-
menting effective strategies to mitigate the associated
risks, ensuring RC bridge structures' long-term durability
and functionality in the face of climate change challenges.

2 Research methodology

The carbonation depth models recommended by Yoon et
al. [28], and others consider a wide range of influencing
parameters. Moreover, it is predicted as a diffusion pro-
cess. The carbonation depth over time is calculated using
Eq. (1). Moreover, the diffusion coefficient over time is
investigated using Eq. (2). Parameter (a) which considers
the effect of cement content, and the degree of hydration is
calculated using Eq. (3).
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where (f) is defined in years starting from the year 2000;
Ccoz(t) is the time-dependent mass concentration of CO,
(I ppm = 0.0019 x 107 kg/m’); K, ~is a factor that
accounts for increased CO, levels in urban environments;
Do, (0) is the CO, diffusion coefficient in concrete; D, is
the CO, diffusion coefficient after one year; n, is the age
factor for the CO, diffusion coefficient; ¢_is one year; C, is
the cement content (kg/m?); CaO is the calcium oxide con-
tent in cement (0.65); a,, is the degree of hydration; M,  is
the molar mass of the calcium oxide (56 g/mol), and MCOZ
is the molar mass of CO, (44 g/mol). The age factor for
microclimatic conditions (n,) is equal to 0 for sheltered
outdoors, and 7, is equal to 0.12 for unsheltered outdoors.
This research study considered the microclimatic condi-
tions as sheltered outdoors, thus (n, = 0).

The mean values for the diffusion coefficients (D,) and
age factor (n,) are shown in Table 1 [33, 34]. These param-
eters are based on temperature (T = 20°C) and relative
humidity (RH = 65%).

The degree of hydration for ordinary Portland cement
after more than 400 days is calculated through Eq. (4)
according to de Larrard [34].

ayg ~1 _673.38W/C (4)

The higher temperature will cause an increase in the
diffusion coefficient leading to increased carbonation
depths [6, 35]. The effect of temperature on the diffusion
coefficient is modeled using the Arrhenius law [6, 35, 36].
Precisely, the factor of the temperature used is calculated
using Eq. (5). However, the impact of the cracks generated
in the concrete on the diffusion coefficient is neglected
in this research for conducting the PCICI. The projected
annual mean maximum temperature values used in this
research are considered for Toronto City at different RCPs
as shown in Fig. 2. The two RCPs used in the projection

Table 1 Mean parameter values for the diffusion coefficient and age
factor [33, 34]

wiC D, x10°* (cm?/s) n,
0.45 0.65 0.218
0.55 2.22 0.240
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Fig. 2 Projection of annual maximum temperature for Toronto City at
different RCPs [37]

for the annual mean maximum temperature are RCP2.6
and RCP8.5. Canada's Changing Climate Report (CCCR)
conducted the projection for the annual mean maximum
temperature [37].

EX[L_;J
R (293 273+Tav(t
e (1) and
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where: T(¢) is the temperature (°C) at a time (¢), E is the
activation energy of the diffusion process (40 kJ/mol), and
R is the gas constant (8.314 x 107 kJ/mol K).

The carbonation depth at a time (¢) assumes that CO,(?)
is constant for all times up to time (f) using Yoon's equation

®)

which is given by Eq. (1); that is, a point-in-time predictive
model. Additionally, it will result in an overestimate of
the carbonation depth as the CO, concentration will grad-
ually increase with time up to the peak value of CO,(¥).
Stewart et al. [38] considered this phenomenon and cal-
culated carbonation depths due to enhanced atmospheric
CO, concentrations using the average CO, concentration
over time. Moreover, Eq. (1) can be rewritten as in Eq. (6).

t
X, (6) = |2 (£)% Doy (1) % (17 2) X Ky X jcwz(z)dt
2000

x(1/(1=1999))™, t>2000 ©)

This research uses the MCS as a computational method
to develop a stochastic model for time-dependent reliability
analysis. This method is chosen due to its accuracy and suit-
ability for long-term predictions. By increasing the number
of samples in the MCS, the accuracy of forecasts improves,
allowing for more precise predictions of the probability

of corrosion initiation over extended periods. This aligns
with the nature of the carbonation-induced corrosion ini-
tiation model, where long-term predictions are crucial.
For each interval of time, the time-varying probability of
carbonation-induced corrosion initiation is predicted in
this research using the MCS with 100,000 samples, assum-
ing the random variables follow a normal distribution.
Furthermore, in this study, all parameters are assumed to be
independent and follow normal distribution functions.

Additionally, reliability serves as a vital indicator of
the quality of specialized structures, such as RC bridges,
that are exposed to extreme environmental conditions rep-
resented by different CO, emission scenarios. Reliability
is defined as the probability of a performance function,
denoted as g(x), exceeding zero (P{g(x) > 0}). Conversely,
the probability of failure is defined as P{(g(x) < 0)}.
Typically, the complement of the probability of failure is
calculated to determine reliability. This measure of reli-
ability plays a critical role in assessing the performance
and durability of structures subjected to challenging envi-
ronmental conditions, ensuring their ability to meet spec-
ified standards and requirements.

The MCS method is a powerful numerical technique
for accurately estimating the probability of carbonation or
chloride-induced corrosion initiation [29, 30, 39]. The mod-
eling was performed in this research using MATLAB.
Additionally, the MCS method requires the generation of
many random numbers [40] and involves three basic steps:
(1) selecting the appropriate distribution type for each ran-
dom variable; (2) generating random numbers based on the
selected distribution; and (3) conducting simulations based
on the generated random numbers [41]. The limit state
function (LSF) is then evaluated for the generated ran-
dom numbers, where each random number corresponds to
a value of the LSF. Finally, an estimation of the probability
of corrosion is obtained by counting the number of LSF
values less than zero and dividing the count by the total
number of data points.

The performance function is generated, as the differ-
ence between a term equivalent to resistance and another
term equivalent to the load effect. The term resistance
is used to refer to the concrete cover that resists corro-
sion-induced cracking. The term load effect is represented
by the carbonation depth calculated over time or the cor-
rosion-induced stresses that lead to cracking. The value of
the parameters for the carbonation depth (X (9)) are func-
tions of several variables such as (Age factor (n ), Diffusion
coefficient (D)), and K

urban

). Therefore, the performance



function for corrosion initiation due to CO, is formulated
as shown in Eq. (7). Corrosion initiation is generated when
the carbonation depth exceeds the concrete cover thick-
ness as illustrated in Eq. (7).

g(CVyDlsKurbansnd) =CV - X (t)(DlaKurbansnd) 5 (7)

where:

gCv,D,K , . n)=0 (limit state),
gCV,D,K, ,. .n,)>0 (un-corroded state),
gCV,D,K , ,n)<0 (corrosion state).

The MCS method is used to estimate the probability of
carbonation-induced corrosion. The LSF is calculated as
shown in Eq. (8).

t
LSF =CV = [2 £ (1)% Doy (1) % (1/2) % Ky < [ Cuna (0)

2000
®

where: (CV, D, n,, and K _, ) are random variables fol-
lowing normal distribution function.

Generally, corrosion occurs when the carbonation depth
reaches the surface of the reinforcing bar. The cumulative
probability of corrosion initiation at a time (f) is expressed
as in Eq. (9).

P(t)=Pr[CV - X.(t)<0] , ©)

where: X (¢) is the carbonation depth obtained from equa-
tion (6), and P (¢) is the probability of carbonation-induced
corrosion initiation over time.

Furthermore, the parameters for the carbonation depth
equation (CO, is dependent on time) follow a normal distri-
bution function as shown in Table 2. The water-to-cement
ratio used in the concrete mixes is equal to 0.45. The mean
and the standard deviation for each random variable depend
on Stewart et al. [29] assumptions as illustrated in Table 2
for the carbonation-induced corrosion initiation model [42].

The probability of failure in the n-dimensional condi-
tion is based on the reliability theory and it can be written
using multi-integration on joint probability density func-
tion as in Eq. (10) [41, 43].

P, :P[G(x)SO]:IG(X)SOf(x)dx, (10)

where: x is the random vector which represents random
variables and f{x) is the joint probability density function
of variables. The reliability index (f) is defined as the
shortest distance between the space center of the problem
and the limit state function in standard normal coordinates
according to Hasofer and Lind [43].
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Table 2 Mean, and standard deviation, for random variables related to

the carbonation deterioration model

Random variables CV (mm) D, (mm?/s) n, b
I CrV+6mm  0.65x 1072 0.218 L.15
o 1.5mm[42] 0.15x102% 0.02616 0.115

where: 4 is the mean, and o is the standard deviation for each random
variable.

In simple terms, when all the variables follow the nor-
mal distribution and are independent of each other, the
failure probability is calculated as in Eq. (11).

Pr=¢(=p), (11)

where: ¢(f) is the cumulative distribution function and f
is the reliability index.

3 Analysis of results

3.1 Prediction of the PCICI for concrete including
different concrete covers and cement contents

Stewart and Peng [32] investigated the probability of cor-
rosion initiation in an RC structure with a 30 mm con-
crete cover, assuming the structure was sheltered outdoors
to mitigate environmental exposure. Their study revealed
that the probabilities of corrosion initiation consider-
ing a water-to-cement ratio of 0.45 and a 30 mm cover,
reached values of 0.016 and 0.038 in the year 2100, for the
low-emission scenario (Bl) and the high-emission sce-
nario (A1F1), respectively. In the current study, the MCS
method uses a robust sample size of 100,000 to assess the
probabilities of corrosion initiation for the same perfor-
mance function associated with carbonation-induced cor-
rosion initiation. Our findings verified those of Stewart
and Peng [32], with corrosion initiation probabilities of
0.015 and 0.031 for the low and high-emission scenar-
ios, respectively, in 2100, using concrete with a water-to-
cement ratio of 0.45 and a 30 mm concrete cover. These
results, as depicted in Fig. 3, reaffirm the consistency and
agreement between our study and the previous findings by
Stewart and Peng [32].

In addition, the probabilities of corrosion initiations
were conducted in this research using the MCS consist-
ing of (100,000) samples for the same performance func-
tion related to the carbonation-induced corrosion initiation.
Finally, it was verified that the probabilities of corrosion
initiations reached values of 0.015 and 0.031 which are
almost as same as the values obtained by Stewart and
Peng [32], for concrete with a water-to-cement ratio of 0.45
and a concrete cover of 30 mm in 2100, for the low and
high-emission scenarios, respectively as clarified in Fig. 3.
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Fig. 3 Probabilities of carbonation-induced corrosion initiations at

different emission scenarios

A parametric study was performed using an MCS
method consisting of 100,000 samples for each random
variable defined in the model to determine the PCICI for
different cement contents and RCPs. The CVs used in this
study ranged from 30 to 50 mm, with a W/C of 0.45 for
both RCP2.6 and RCP8.5, as shown in Fig. 3. For a CV of
30 mm and cement contents of 250 kg/m? and 400 kg/m?,
the corresponding PCICI values for RCP2.6 and RCP8.5 in
the year 2100 were found to be 0.71 x 1072 and 0.49 x 1072,
and 1.43 x 1072 and 0.86 x 1072, respectively, as illustrated
in Fig. 4(a) and (b). Moreover, when the CV was increased
to 35 mm, the PCICI values for RCP2.6 and RCP8.5 in 2100
were determined to be equal to 2.1 x 10 and 1.3 x 10~ and
4.6 x 107 and 2.4 x 1073 for cement contents of 250 kg/m?
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Fig. 4 Probabilities of carbonation-induced corrosion initiations for concrete including different concrete covers, and cement contents at different
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and 400 kg/m?, respectively, in 2100, as shown in Fig. 4(c)
and (d). Finally, for the CV of 40 mm and cement contents
of 250 kg/m? and 400 kg/m?3, the PCICI values for RCP2.6
and RCP8.5 in 2100 were calculated to be 0.47 x 10~ and
0.23 x 107 and 1.2 x 10 and 0.6 x 107, respectively, as
illustrated in Fig. 4(e) and (f).

The PCICIs for cement contents equal to 250 kg/m?
and 400 kg/m?, respectively, were found to be 1.0 x 10~*
and 0.4 x 10, for RCP2.6 and CV of 45 mm in 2100,
when the CV is equal to 45 mm as shown in Fig. 4(g).
Similarly, for RCP8.5 when using a 45 mm concrete cover,
the PCICI would be 1.8 x 10~* and 1.2 x 10~ for cement
contents equal to 250 kg/m?, and 400 kg/m?, respectively,
in 2100, for RCP8.5, as shown in Fig. 4(h). Furthermore,
the PCICI would be 2.0 x 10~ and 0 for 250 kg/m? and
400 kg/m? cement contents to 250 kg/m? and 400 kg/m’,
respectively, in 2100 when the CV is equal to 50 mm for
RCP2.6, as indicated in Fig. 4(i). In addition, when the
CV is equal to 50 mm, the PCICI would be 5.0 x 10~ and
2 x 107° with 250 kg/m3 and 400 kg/m? cement contents,
for RCP8.5, respectively, in 2100, as shown in Fig. 4(j).

The results show that the PCICI values for cement
contents equal to 350 and 250 kg/m?, respectively for
both RCP2.6 and RCPS.5, in 2100, changed significantly
when the CV reduced from 50 to 30 mm. For RCP2.6, the
PCICI changed from (0 and 2.0 x 107) to (0.57 x 102 and
0.71 x 1072). Similarly, for RCP8.5, the PCICI altered from
(4.0 x 10° and 5.0 x 1075) to (0.98 x 1072 and 1.43 x 1072).
Additionally, the PCICI for cement content equal to 250
kg/m?, when the CV is equal to 30 mm, in 2100, increased
drastically by 45% for RCP2.6 and 66% for RCPS.5,
in comparison to 400 kg/m>.

3.2 Effect of different concrete covers and cement
contents on the PCICI for different emission scenarios
The PCICI for a cement content of 250 kg/m?3 increased
significantly when compared to 400 kg/m? for both 2025
and 2100 under the RCP2.6 scenario. In particular, the
PCICI increased by 19% when the CV was 30 mm in
2025, as shown in Fig. 5(a). In 2100, the PCICI increased
by a staggering 45% when the CV was 30 mm, as shown
in Fig. 5(b). It was observed that the PCICI remained
almost constant, approximately equal to zero when using
45- and 50-mm CVs as illustrated in Fig. 5, regardless of
the cement content or the year, for the RCP2.6 scenario.
The observed trend in the PCICI values changed signifi-
cantly with a decrease in the cement contents (i.e., PCICI
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values for cement content of 400 kg/m? are lower than the
PCICI values for cement content of 250 kg/m?) for differ-
ent concrete mixes in both the years 2025 and 2100. Addi-
tionally, the PCICI values increased by 30% with cement
content equal to 250 kg/m3 compared to 400 kg/m? for the
year 2025 when the CV is equal to 30 mm as shown in
Fig. 6(a) for RCP8.5. Similarly, the PCICI values increased
by 66.3% with cement content equal to 250 kg/m* com-
pared to 400 kg/m? for the year 2100 when the CV is equal
to 30 mm as shown in Fig. 6(b) for RCP8.5. Furthermore,
it was found that the PCICI values remain almost constant
(approximately equal to zero) for concrete covers of 45 and
50 mm, including different cement contents for both the
years 2025 and 2100, as observed in Fig. 6 for RCP8.5.



64 Hassan and Amleh
Period. Polytech. Civ. Eng., 68(1), pp. 57-67, 2024

=7
(=)

——250 kg/m*3

=
>

~8—350 kg/mA3
~&—400 kg/m*3

PCICI(1072)
o -
[} e N

o
o

e
>

16
~—— 250 kg/mA3
14 ~8— 350 kg/m*3
P — A
12 400 kg/mA3
= 1
=]
)
=08
=4
Q
& 06
04
0.2
0
30 35 40 45 50
CV (mm)
(b)

Fig. 6 Probabilities of corrosion versus different CVs for different cement
contents in different years for RCP8.5; (a) Year 2025, (b) Year 2100

3.3 Difference (A) between the PCICIs of RCP8.5 and
RCP2.6 for concrete having different concrete covers,
and cement contents in different years

It was noticed that the difference between the PCICIs of
RCPS8.5 and RCP2.6 significantly decreased when the con-
crete cover changed from 30 to 50 mm for different cement
contents as illustrated in Fig. 7. It was concluded that the
difference between the PCICIs of RCP8.5 and RCP2.6
in 2025 decreased sharply from (7 x 1074, 4 x 1074, and
3 x 107%) to zero values for the following cement contents
equal to 250 kg/m?, 350 kg/m?, and 400 kg/m?, respec-
tively, when the CV changed from 30 to 50 mm, as shown
in Fig. 7(a). Similarly, the difference between the PCICIs of
RCP8.5 and RCP2.6 decreased from (7.2 x 1073, 4.1 x 1073,
and 3.7 x 10%) to (0.03 x 1073, 0.04 x 1073, and 0.02 x 107%)
for the following cement contents equal to 250 kg/m?3, 350
kg/m3, and 400 kg/m?, respectively when the CV changed
from 30 to 50 mm, in 2100, as illustrated in Fig. 7(b).
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Fig. 7 Difference in the probabilities of corrosion initiation between
RCP8.5 and RCP2.6 for different concrete covers and cement contents
in different years; (a) Year 2025, (b) Year 2100

Furthermore, the difference between PCICIs of RCP8.5
and RCP2.6 reached a minimum value when the CVs are
equal to 35 mm and 40 mm for different cement contents
in 2025, as shown in Fig. 7(a). The difference between
the PCICIs reached 2.5 x 103 and 0.73 x 1073, for CVs
equal to 35 mm and 40 mm, respectively, when the cement
content equals 250 kg/m? in 2100, as shown in Fig. 7(b).
Additionally, the difference between the PCICIs of
RCP8.5 and RCP2.6 reached 1.1 x 1073 and 0.37 x 1073,
when the concrete covers equal to 35 mm and 40 mm,
respectively, for cement content of 400 kg/m? in 2100, as
shown in Fig. 7(b). Finally, it was deduced that the differ-
ence between the PCICIs of RCP8.5 and RCP2.6 attained
minimum values (approximately equal to zero) when the
CVs are equal to 45 mm and 50 mm including different
cement contents at different years as shown in Fig. 7.



4 Conclusions
This research study has furthered the understanding of
concrete carbonation as a critical deterioration model that
occurs in the elements of the RC bridge and its potential
effects on steel reinforcement corrosion. By considering
different cement contents, including 400 kg/m?, 350 kg/m?,
and 250 kg/m3, as well as a water-to-cement ratio of
0.45 and RCP2.6 (low-emission scenario) and RCP8.5
(high-emission scenario) for the concentration of CO, and
temperature. The MCS was conducted using 100,000 sam-
ples. The results of this study provide a comprehensive
overview of the probability of carbonation-induced corro-
sion initiation in concrete structures.
1. It was deduced that the PCICI for a cement con-
tent equal to 250 kg/m? compared to the PCICI for
a cement content of 400 kg/m? increased by 19%
and 45%, when the CV is equal to 30 mm for 2025
and 2100, respectively, under the RCP2.6 climate
scenario. Furthermore, the probability of corrosion
initiations increased dramatically by 30% and 66%
when the cement content decreased from 400 kg/m?
to 250 kg/m?* with 30 mm concrete cover thickness
for the RCP8.5 scenario in 2025 and 2100, respec-
tively. Thus, decreasing the cement contents in the
concrete mixes will significantly increase the prob-
ability of carbonation-induced corrosion initiation.
2. Ananalysis of the data collected showed that the cor-
rosion initiations' probabilities were almost constant
(approximately equal to zero) when the CVs were set
to 45 and 50 mm, regardless of various cement con-
tents and emission scenarios (RCP2.6 and RCP8.5)
in 2025 and 2100.
3. The projected difference between the PCICIs of
RCP8.5 and RCP2.6 scenarios decreased from
7.2 x 1073 to 3.7 x 107 when the cement contents
increased from 250 kg/m? to 400 kg/m?3, respectively,
for concrete cover equal to 30 mm in 2100.
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