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Abstract

The purpose of this research is to evaluate the carbonation depth and the probability of carbonation-induced corrosion initiation
(PCICI) values across various temperature levels for concrete mixes, including various percentages of fly ash (FA). The concrete
sections are subjected to a combination of severe peak temperatures and CO, concentrations. Moreover, the maximum
temperature levels varied from 25°C to 45°C, reflecting their effects on the diffusion coefficient. The concrete cover (CV)
thicknesses used in the probabilistic corrosion model range from 40 mm to 70 mm. The width of the crack (CW) variability
ranges from 0.05 to 0.25 mm for cracked sections to determine their effect on probabilistic corrosion initiation. The concrete
mixes include various percentages and types of FA, ranging from 5% to 30%, as supplementary cementitious materials (SCMs).
The Monte Carlo simulation method is used in conducting the probabilistic corrosion model due to its accuracy. It was deduced
that, for a cracked concrete section with a CV of 70 mm and a CW of 0.1 mm, PCICI is significant at 5% when low-calcium fly
ash (LCFA) is utilized in the concrete mix, exposed to various severe temperature levels exceeding 30°C. Finally, the impact of
using 30% LCFA as SCM poses a high risk on PCICI for uncracked CV of 45 mm, when subjected to maximum temperatures
ranging from 35°C to 45°C.
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1. Introduction

Carbonation of concrete cover (CV) is considered a critical
durability issue for existing concrete structures in metropoli-
tan environments. Carbonation is the chemical reaction be-
tween carbonic acid and calcium ions from calcium hydroxide,
calcium silicate hydrates, and calcium aluminate hydrates.
CO, is consumed by the Ca (OH), within the concrete, leading
to its depletion. This is followed by the consumption of CO»

by the C-S-H and C-A-S to densify the microstructure of ce-
ment products. The reactions leading to the formation of cal-
cium carbonate (CaCOs) [1, 2] result in a shrinkage for con-
crete members exposed to CO, emission scenarios [3, 4]. As
the concentration of atmospheric CO, increases, the pH value
of the concrete is reduced to approximately 9.0 [3, 5]. Then,
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the steel rebars are exposed to corrosion. Carbonation of con-
crete depends mainly upon the availability of CO, and water
to form calcium carbonate. Fick’s first law assumes a constant
supply of CO,, and the diffusion through the surface of the
concrete is constant over time. Diffusion, by its definition, is
the mass transportation of CO, down a concentration gradient.
The diffusion of CO; is based on the steady-state diffusion of
CO; ions in porous materials, as shown in equation (1).

X(t) = kvt (1
where: k is the carbonation rate (mm/\/;), and t is the time of
CO; exposure (years).

Greenhouse gases, particularly CO, emissions, are the pri-
mary driver of global warming [6]. CO: is the largest contrib-
utor to the historical and projected change in radiative forcing,
followed by methane and nitrous oxide [7]. Hassaan [8]
showed that geopolymer concrete, including nanoparticles,
exhibits good resistance to carbonation.

The main influencers for concrete carbonation are the type
of cement and its content, the water/cement ratio, and the de-
gree of hydration [9]. The carbonation mechanism for con-
crete is the integration of physical and chemical processes [10,
11]. The internal factors affecting concrete carbonation are
(i.e., cement type, cement content, degree of hydration, (w/c)
ratio, types and percentages of supplementary cementitious
materials (SCMs), coarse and fine aggregates, chemical ad-
mixtures, amount and types of fibers. However, the external
factors affecting concrete carbonation are environmental con-
ditions (e.g., CO; concentration, relative humidity, maximum
temperature, freeze-thaw cycles, etc.).

The severe concentration of CO> in the atmosphere affects
the carbonation depth (CD) of concrete. The non-steady state
of diffusion using Fick's second law has been the focus of at-
tention in recent literature, as shown in equation (2).

2
%(Ccoz) = Deo, ;7 (Ceo,) @)
where: Dcoy is the CO, diffusion coefficient, Ccoz is the at-
mospheric CO; concentration measured as%.

Al-Ameeri et al. [12] developed an integrated carbonation
model to predict the CD in concrete in different climates based
on the properties of concrete, concentrations of CO,, temper-
ature, and relative humidity. The impact of carbonation on the
environment has been studied by several researchers [13-15].
The determination of the carbonation degree based on the pH
indicator is considered a simple and effective method. The
most known indicator used to observe the CD is phenolphtha-
lein [16], followed by thymolphthalein, alizarin yellow R,
aqueous ethanol, and tropaeolin O. Wang et al. [17], Seo et al.
[18], Lee et al. [19], Li and Li, [20], Steiner et al. [21], and
Silva et al. [22] used phenolphthalein as the main indicator to
determine the carbonation front in which concrete is car-
bonated. The two new reactants, which show color change at
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a higher pH scale, to prevent the disadvantages of phenol-
phthalein: (i) alizarine yellow R, and (ii) indigo carmine.
These new indicators could give higher accuracy in alkalinity
measurement of the partially carbonated zone since they could
detect carbonated hazards that the traditional indicator can't
distinguish. A non-destructive testing method can also detect
the degree of carbonation in concrete, according to Hassaan et
al. [23].

Mineral admixtures act as pozzolanic materials as well as
fine fillers; thereby, the microstructure of the hardened cement
matrix becomes denser and stronger [24]. Most of the mineral
admixtures are involved in the hydration process through the
pozzolanic reaction (Pozzolan + Ca (OH), +H,O—C-S-H, in
which C-S-H is the calcium silicate hydrate. The FA presence
in concrete may accelerate carbonation and increase the car-
bonated zone [25]. This relates to the shortage of Ca (OH)»
used for the pozzolanic reaction, which affects a deeper diffu-
sion of CO, due to the concentration gradient. However, the
addition of FA prevents the penetration of free chloride ions
into concrete and reduces the corrosion of steel rebar, leading
to higher durability. This property is inhibition, which relates
to the denser microstructure of the cement paste due to the
physical effect of fine grains of ash.

The Monte Carlo simulation (MCS) was utilized in differ-
ent research to determine the probability of carbonation/chlo-
ride-induced corrosion at different times of exposure as a reli-
able tool due to its high accuracy compared to other reliability
methods [26-34].

The main problem for the current research is the increase in
the maximum temperature levels and CO, concentrations due
to climate change. The increase in the combined effect of max-
imum temperature levels and CO, concentrations will lead to
a significant increase in the CD, a reduction in the durability
of concrete structure members, and serviceability of concrete
members. The research gap assesses the optimum percentage
of either high- or low-calcium FA that can sustain the com-
bined impact of severe CO, concentrations and maximum
temperature levels for uncracked and cracked concrete sec-
tions having various crack widths (CW) across various CVs at
different times of exposure. This research aims to assess the
probability of corrosion and the reliability index for concrete
sections subjected to a combination of severe maximum tem-
perature levels and CO; concentrations applied on the top part
of the uncracked and cracked concrete sections across differ-
ent CVs. The concrete sections are composed of various per-
centages and types of fly ash (FA). The research novelty is to
find the projection of the CD values, which are subjected to
different maximum temperature levels for the uncracked and
cracked concrete sections, including various types and per-
centages of FA. Furthermore, assessing a range of CVs on the
probability of carbonation-induced corrosion initiation
(PCICI) for different concrete sections, including various per-
centages of either high- or low-calcium FA, subjected to the
impact of various temperature levels at different times of ex-
posure. Finally, assessing the optimum percentages of either
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high- or low-calcium FA utilized in uncracked and cracked
concrete sections with a constant CV, subjected to severe max-
imum temperature levels and CO; concentration.

2. Research Methodology

The projection of the CD using the Papadakis and Tsimas
[35] model for uncracked concrete and the Al Ameeri et al. [12]
model for cracked concrete sections is discussed below.

Papadakis and Tsimas [35] proposed an empirical equation
to calculate the effective diffusivity of CO, (D¢, coz2) in con-
crete based on the amount of water, amount of cement, amount
of supplementary cementitious materials utilized in the mix,
densities of water and cement, as illustrated in equation (3).
Moreover, equation (3) considers the impact of relative hu-
midity. Moreover, relative humidity impacts the diffusivity of
CO; penetration inside the concrete.

[w—-0.267C—0.267 kP]
1000
C+kP
T+
Pc

3
Decop = 6.1 X 107 x ( ) X f(RH) (3)

Pw

Where: w is the water content in fresh concrete (kg/m?), C
is the cement content (kg/m?), (p.) is the density of cement
and it was assumed to equal 3100 kg/m*® according to Papa-
dakis and Tsimas, [35], k is the efficiency factor for FA type;
where ((FH): is high-calcium FA was set at 0.7 and low cal-
cium FA was set at 0.5; P is the amount of supplementary ce-
menting materials used in concrete (kg/m?) and f (RH) is the
relative humidity factor.

According to equations (4) and (5), it was found that as the
percentage of both high calcium fly ash (HCFA) and low cal-
cium fly ash (LCFA) increases in the concrete mix, the effec-
tive diffusion coefficient of CO; increases. The relative hu-
midity is assumed to be equal to 70% to calculate the effective
diffusion coefficient of CO,, and the cement content used for
the existing concrete member is assumed to be equal to 460
kg/m?. Hassan et al. [26] showed that the relationship between
the effective diffusion coefficient for CO based on equations
(4) and (5) at different percentages for the FA is a second-de-
gree polynomial function for HCFA and LCFA. Second-de-
gree polynomial functions were deduced from the least
squares regression method to obtain equations of the effective
diffusion coefficient for CO; as a function of various FA types
and percentages ranging from 0% to 30% as SCM with the
total amount of cement (C=460 kg/m?) used in the concrete
mix for concrete sections according to Hassan et al. [26].

De. co2 = (6% 10" 3x(%FA))+ (6x1071x(%FA)) + 3x10°  (4)

De, co2 = (2x10712x(%FA)?)+ (9x107 ' x(%FA)) + 3x10°  (5)
% of FA ranges from 0% to 30%.
Equations (6) and (7) allowed the prediction of the depth of
the carbonation, for the uncracked concrete according to Pa-
padakis and Tsimas [35], and for cracked concrete according
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to Al Ameeri et al. [12], respectively.

x.(t) = \/

where: De, coz is the effective diffusion coefficient of CO;
(m?/s); CO, is the CO; content in the ambient air at the con-
crete surface (%).

For cracked concrete, cracks lead to faster carbonation,
quantified by Al Ameeri et al. [12], at which the CW in equa-
tion (7) ranges from 0.05 mm to 0.35 mm.

2 De,coz X(CO2/100)x t
0.218x(C+kP)

(6)

2 Degcoz X(CO2/100)X t
0.218X(C+kP)

Xc (t) = (11.4 xJCW + 1)><\/ (7)

The Arrhenius equation is modified as shown in equation
(8) using an adjustment factor (b), which is calculated from
the experimental data for cracked prisms using non-linear re-
gression analysis according to Al Ameeri et al. [12].

1 1

@ =ew [ (22

- (®)

Where: b is the adjustment factor, equal to (0.322), Uc is
the diffusion of activation energy for CO, diffusing in concrete,
R is the gas constant (8.314 J/mole. K), T, is 298 K, and T is
the real temperature (K).

The parameters used for probabilistic corrosion models in
the performance function to predict the PCICI, for the
uncracked and cracked concrete, are defined in this study ac-
cording to Hassan et al. [26]. Moreover, the W/C ratio used in
the uncracked and cracked concrete sections is set at 0.4. The
total amount of cement used in the concrete mix is 460 kg/m?.
Moreover, the amount of SCMs across various percentages of
FA content in the concrete mix is defined according to Hassan
et al. [26].

The MCS method was utilized in this research to assess the
PCICI across various maximum temperature levels for con-
crete mixes, including various percentages and types of FA in
different concrete sections.

3. Analysis of Results

3.1. Validation of the CD and PCICI for the
Uncracked Concrete Section

The projection of the CD values versus future years was val-
idated and compared in this research with the results of the CDs
over time conducted by Teply et al. [36] and Hassan et al. [26].
Moreover, the recent CD model used in the validation is based
mainly on Papadakis and Tsimas's [35] carbonation model. The
results obtained from the validation model were compared to
the results obtained by Teply et al. [36] and Hassan et al. [26]
for LCFA as an SCM in concrete mixes. Furthermore, the re-
cent model utilized for the validation deals with the uncertainty
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of the random variables, as in the Teply et al. [36] and Hassan
et al. [26] probabilistic carbonation-induced corrosion model.
Therefore, the recent CD model and probabilistic corrosion

5
45 —e—Teply et al. (2010)
= 4 ~>¢Hassan et al. (2024) g
E 3': —a&—Recent Model %
s 3
[~ 1 S
0.5
0 L N L N N L L L ,
10 20 30 40 50 60 70 80 380 100
Time (Years)
(a) Projection of CD

model coincide with the results obtained from Teply et al. [36]
and Hassan et al. [26], which proves the robustness of the recent
model, as shown in Figure 1.

20
18
16 f
14}
12
10 F —e—Teplyetal. (2010)
8 F —<—Hassan et al. (2024)
6 —A— Recent Model
4 F
2k
0
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Time (Years)
(b) Reliability index

Figure 1. Comparison of the recent CD and reliability index across various times of CO: exposure with different resources.

3.2. Impact of Severe Temperature on the CD of
Concrete Sections, for Mixes, Including
Various Percentages and Types of FA

The impact of various maximum temperature levels varying
from 25°C to 45°C on the CD of concrete was studied using
the Al-Ameeri et al. [12] mathematical model for cracked con-
crete with various CWs and uncracked concrete sections com-
posed of multiple types and percentages of FA. The impact of
the maximum temperature value on the effective diffusion co-
efficient for CO» is modeled using the Arrhenius law. The im-
pact of various CWs is considered as a factor for cracked con-
crete sections, affecting the projection of the CD values across

—8— Uncracked cocrete

140.0 —d—Cracked Concrete (CW=0.1 mm)
21200 F
g —#—Cracked Concrete (CW=0.25 mm)
51000 |
j= 9
5 80.0 67.1 69.8 72.5
. 60.0
o
_8 40.0
S 20.0 9.3 105 11.9 135 15.2
p—eo—o—o 9O
0.0 2 2 2 ']
25 30 35 40 45
Maximum Temperature (*C)
(a) 0% FA

maximum temperature levels. Moreover, the CWs used in the
projection of the CDs are 0.1 mm and 0.25 mm to observe
their effect on the CD, including various percentages and
types of FA. Figure 3 and Figure 4 show the projection of the
CD values across various maximum temperature values at a
certain time of CO; exposure equal to 100 years, for concrete
members exposed to 500 PPM and 1000 PPM of CO,, respec-
tively. For uncracked concrete, it was deduced that the CD in-
creased slightly when the maximum temperature changed
from 25 to 45°C at various FA percentages utilized as SCMs
in concrete mixes, as shown in Figures 3 and 4. However, for
cracked concrete, it was observed that the projected CD in-
creased sharply compared to the uncracked concrete CD
across different maximum temperature levels (see Figure 3
and Figure 4).
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Figure 2. Impact of various temperature values on the concrete CD for concrete sections subjected to a CO: concentration of 500 PPM.

A first-degree polynomial function (i.e., based on the root mean square error) was deduced between the projection of the CD
values, for uncracked and cracked concrete sections, and maximum temperature levels across different percentages and types of
FA, as shown in Tables 1 and 2.

Table 1. Polynomial functions for predicting CD as a function of the maximum temperature levels for various concrete sections subjected to a
CO: concentration of 500 PPM at T= 100 years of exposure.

Various Concrete Sections

% FA
Uncracked Concrete Cracked Concrete (CW=0.1 mm) Cracked Concrete (CW=0.25 mm)
0% FA CD=(0.2958xT)+1.7242 CD=(0.3667xT)+33.306 CD=(0.5336xT) +48.458
’ (R2=0.997) (R>=1) (R>=1)
CD=(0.3546xT)+2.0673 CD=(0.4397xT)+ 39.934 CD=(0.6398xT)+58.102
15% HCFA
(R?=0.997) (R?=1) (R*=1)
CD=(0.4223xT)+2.4617 CD=(0.5236xT)+ 47.552 CD=(0.7618xT)+ 69.186
30% HCFA
(R?=0.997) (R?=1) (R*=1)
15% LCFA CD=(0.3987xT)+2.3245 CD=(0.4944xT)+44.902 CD=(0.7193xT)+ 65.329
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Various Concrete Sections

% FA
Uncracked Concrete
(R?=0.997)
CD=(0.5274xT)+3.0745
30% LCFA

(R?=0.997)

Cracked Concrete (CW=0.1 mm)
(R>=1)

CD=(0.6539xT) + 59.389
(R*=1)

Cracked Concrete (CW=0.25 mm)
(R>=1)

CD=(0.9514xT) + 86.407
(R*=1)

Where: CD is the carbonation depth value (mm), T is the maximum temperature level, ranging from 25°C to 45°C.
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Figure 3. Impact of various severe temperature values on the CD for concrete sections exposed to a CO: concentration of 1000 PPM.
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Table 2. Polynomial functions for predicting the CD as a function of the maximum temperature levels for various concrete sections subjected

to a CO: concentration of 1000 PPM at T= 100 years of exposure.

Various Concrete Sections

% FA

Uncracked Concrete

(0.4183xT)+2.4384 (0.5186xT)+47.101
0% FA

(R2=0.997) (R*=1)

(0.5015%T) +2.9236 (0.6218xT) + 56.475
15% HCFA

(R?=0.997) (R*=1)

(0.5972xT)+3.4814 (0.7405xT)+ 67.249
30% HCFA

(R2=0.997) (R*=1)

(0.5639xT) + 3.2873 (0.6992xT)+63.501
15% LCFA

(R2=0.997) (R*=1)

(0.7458xT)+4.348 (0.9248xT) + 83.989
30% LCFA

(R2=0.997) (R*>=1)

Cracked Concrete (CW=0.1 mm)

Cracked Concrete (CW=0.25 mm)

(0.7546xT)+ 68.53
(R*=1)

(0.9047xT)+ (82.168)
(R*=1)

(1.0774xT) + 97.844
(R*=1)

(1.0173xT)+ 92.39
(R=1)
(1.3455xT)+122.2
(R*=1)

Where: CD is the carbonation depth value (mm), T is the maximum temperature level, ranging from 25°C to 45°C.

3.3. Influence of CVs on the PCICI for Concrete
Sections, Including Percentages and Types
of FA, Subjected to Temperature Levels

The performance function for cracked concrete is generated
using the mathematical model by Al Ameeri et al. [12], which
accounts for the effect of maximum temperatures on the effec-
tive diffusion coefficient of CO,. Moreover, CO> is equal to
1000 PPM in the conductance of the PCICI analysis across
various maximum temperature values at 100 years of CO, ex-
posure. For concrete mixes including 0% FA utilized in the
concrete sections, it was deduced that the impact of various

maximum temperature values ranging from 30°C to 45°C ap-
plied on the concrete sections has a significant impact on the
PCICI at a cracked CV of 60 mm or less, and also as the CWs
change from 0.05mm to 0.25 mm, as shown in Figure 4. It was
observed that a CW of 0.05 mm or less and a CV of 70 mm or
more have a negligible impact on the PCICI, regardless of the
maximum temperature level, as shown in Figure 4. However,
as the CW exceeded 0.05 mm and the CV for concrete sections
varied from 40 mm or less to 75 mm, this would have a severe
impact on the PCICI, as the maximum temperature exceeded
30°C, as shown in Figure 4. Finally, increases in the percent-
ages of either HCFA or LCFA above 1%, accompanied by ris-
ing maximum temperature levels, will reduce the service life
and durability of vital concrete structures.

1.00 - T=30°C" —— T=30°C
0.90
¢ - =35°
0.5 T=35°C 100 —4—T=35°C
0.70 —m—T=40°C 3'@3 e
— 0.60 ' — 450
E T—45°C 0.70 ——T=45°C
5 0.50 £0-60 —o— Without the Effect of
A 0.40 —e— Without the effect of Maximum E0-50 l;x,':lm z‘m;;:uwc
0.30 Temperature 040
0.30
0.20 0.20
0.10 0.10
0.00 0.00 L . !
0 50 60 70 80 40 50 60 70 80
CV (mm) CV ()

(a) CW=0.05 mm
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1.00 —&—T=30°C
090 ——T=35°C
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0.70 —8—T=40°C
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& 0.50 —4-T=45°C
®040
0.30 —&—Without the effect of the
020 F Maximum Temperature
0.10 F
0.00 L L L s
40 50 60 70 80
CV (mm)

(c) CW=0.25 mm

Figure 4. The effect of various cracked CVs having different widths in concrete sections on the probability of corrosion initiation for a concrete

member subjected to the impact of different maximum temperature levels.

The performance function is conducted for uncracked con-
crete using the mathematical model by Al Ameeri et al. [12],
which considers the impact of temperatures on the effective
diffusion coefficient of CO,. CO; is assumed in the probabil-
istic model to be equal to 1000 PPM across various tempera-
ture values at t= 100 years of exposure. For different concrete
mixes including (0% FA, 15% LCFA, and 30% LCFA) used
in the concrete members, it was observed that the impact of

various temperature levels ranging from 30°C to 45°C applied
on the concrete members, separately, has a negligible effect on
the PCICI for unracked CV of 40 mm including 0% FA in its
concrete mix, as shown in Figure 5(a). The impact of 30% of
LCFA utilized as SCM in the concrete mix has a severe impact
on PCICI for uncracked CV of 40 mm and 45 mm when it is
subjected to temperature levels varying from 35°C to 45°C or
beyond, as shown in Figure 5(c).
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. 020 f A= T=35°C 0.20
[8) —e—T=30°C
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Figure 5. Effect of various CVs used in uncracked concrete members on the probability of corrosion initiation for concrete mix, including
various percentages of LCFA, exposed to the effect of various temperature levels.
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3.4. Impact of Percentages of FAs on the PCICI
for Various Concrete Sections, Subjected to
Maximum Temperature Levels

0.00016 r —@—Without Temperature
0.00014 | —+—T=30°C
_ 000012 | —4—T=40°C
@]
= 00001 f
™ 0.00008 }
0.00006 |
0.00004 |
0.00002 }
0 1 o—o—0—0
0 5 10 15 20 25 30
% LCFA

Figure 6. Impact of various percentages of LCFA on the PCICI for
uncracked concrete sections subjected to the impact of severe tem-
perature levels.

The PCICI is conducted for uncracked concrete across var-

1.00 —o— Without Temperature

0.90
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7 0.60
3 0.50
A4 0.40
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0.10

—h—T=30°C
——T=40°C

ious percentages of LCFA using the mathematical model pro-
posed by Al Ameeri et al. [12], considering the impact of max-
imum temperatures on the effective diffusion coefficient of
COs. For an uncracked concrete section having a CV of 70
mm subjected to the effects of CO; equal to 1000 PPM at 100
years of exposure, it was observed that the impact of various
temperatures for either 30°C or 40°C on the PCICI (PCICI al-
most equal to zero values) is negligible across various percent-
ages of LCFA, as shown in Figure 6.

Figure 7 shows that the impact of 30% LCFA utilized in the
concrete mixes for cracked concrete sections with CWs of ei-
ther 0.05 mm or more has a severe impact on the PCICI, re-
gardless of the temperature value of either 30°C or 40°C. It
was deduced that the impact of 0.5% to 5% of LCFA as SCMs
in the concrete mix had a negligible effect on the PCICI for
concrete members subjected to a maximum temperature of ei-
ther 30°C or 40°C for a cracked CV of 70 mm having a CW
of 0.05 mm or less, as shown in Figure 7(a). However, in the
case of a CW of 0.1 mm, the PCICI is significant at 5% or
more of LCFA, and when the temperature exceeds 30°C on
the upper part of the concrete member (see Figure 7(b)). Fig-
ure 8 shows the decreasing trend of the reliability index as the
percentages of LCFA change from 5% to 30% in concrete
mixes that are subjected to different temperature levels.
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Figure 7. Effect of various percentages of LCFA on the PCICI for cracked concrete members having various CWs.
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Figure 8. Impact of various percentages of LCFA on the reliability index for cracked concrete sections having various CWs.
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The change of the HCFA from 0% to 30% used in the con-
crete mixes for cracked concrete members with CWs of 0.05
mm led to an increase in the PCICI from 0.73% to 27% and
from 2% to 45.4% when the concrete member is subjected to
temperature values of 30°C and 40°C, respectively, as shown
in Figure 9(a). Moreover, the increase of the HCFA from 0%
to 30% used in the mixes for cracked concrete members with
CWs of 0.10 mm, led to a sharp increase in the PCICI from
12% to 87.7% and from 23.7% to 96.5% when the concrete
member is subjected to temperature values of 30°C and 40°C,
respectively, as shown in Figure 9(b). Therefore, the impact of
HCFA has a low significant impact on the PCICI at various
cracked concrete sections having different CWs compared

1.00
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0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10

—e— Without Temperature

—&—T=30°C

—B—T=40°C

PCICI

with the same percentages of LCFA used in the mix. The dif-
ference between the LCFA and HCFA reached a maximum
value of 54.25% and 47.9% at 30% of FA, when the cracked
concrete surface with a 0.05 mm width is subjected to 30°C
and 40°C of temperature, respectively. For cracked concrete
with a 0.1 mm width subjected to temperature values of 30°C
and 40°C, it was observed that the difference between the
LCFA and HCFA reached a maximum value of 12.24% and
3.52% at 30% of FA, respectively. Figure 10 shows the de-
creasing trend of the reliability index as the percentages of
HCFA change from 5% to 30% in concrete mixes that are sub-
jected to different maximum temperature levels.
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Figure 9. Effect of various percentages of HCFA on the PCICI for the concrete members having various CWs, subjected to various temperature

levels.
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Figure 10. Impact of various percentages of HCFA on the f for cracked concrete sections with various CWs.

4. Conclusions

1) First-degree polynomial functions were deduced be-
tween the projection of the carbonation depth values, for
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uncracked and cracked concrete sections, and maximum
temperature levels across different percentages and types
of FA used as SCMs in the concrete mix.

2) A cracked concrete cover of 70 mm, having a CW of 0.05
mm, has a negligible impact on the PCICI, regardless of
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various maximum temperature levels that impact con-
crete sections that include zero percentage of FA.

3) As the CW increased beyond 0.05 mm for the cracked
concrete cover sections that varied in thickness from 40
mm to 75 mm, it would lead to a severe impact on the
PCICI, as the maximum temperature increased beyond
30°C, impacting the concrete section that consists of 0%
of FA.

4) The increase in percentages of either HCFA or LCFA by
a percentage beyond 1%, accompanied by the rise in the
maximum temperature levels above 30°C, will lead to a
reduction in the durability of cracked concrete.

5) The impact of 30% of LCFA utilized as SCM in the con-
crete mix has a severe impact on PCICI, for an uncracked
concrete cover of 45 mm, when it is subjected to maxi-
mum temperature levels ranging from 35<C to 45<C.

6) For an uncracked concrete cover of 70 mm subjected to
the combination effects of CO, equal to 1000 PPM at a
100-year CO, exposure, and the impact of various tem-
perature levels of either 30°C or 40°C has a negligible
impact on the PCICIs across various percentages of
LCFA.

7) The impact of 0.5% to 5% of LCFA as SCMs in the con-
crete mix had a negligible impact on the PCICI for
cracked concrete cover of 70 mm having a CW of 0.05
mm or less, when it is subjected to a maximum temper-
ature of either 30°C or 40°C. However, in the case of a
cracked concrete section with a CW of 0.1 mm or more,
the PCICI is significant at 5% of LCFA, and when the
upper part of the concrete cover is subjected to maxi-
mum temperature levels exceeding 30°C.

8) Finally, the influence of HCFA has a low significant im-
pact on the PCICI at various cracked concrete sections
having different CWs compared with the same percent-
ages of LCFA used in the mix.

Limitations and Recommendations. The total amount of ce-
ment used in various concrete mixes is 460 kg/m>. The per-
centages of either high or low calcium FA vary from 5% to 30%
as SCMs, with the total amount of cement used in the concrete
mix. RH% is assumed to be equal to 70% in most of the car-
bonation models. Furthermore, the temperature levels vary
from 25°C to 45°C, impacting their effect individually on the
effective diffusion coefficient for CO,. Moreover, the CO;
concentration is assumed to be 1000 parts per million in most
carbonation-depth models and in probability-of-corrosion
models. The CWs range from 0.05mm to 0.25 mm in the
cracked concrete cover. The CV is assumed to be equal to 70
mm, dealing with the uncertainty, in the probabilistic corro-
sion model.

For uncracked concrete sections, it is recommended to pro-
vide concrete cover beyond 65 mm and reduce the LCFA con-
tent below 30% as SCM when subjected to a CO; concentra-
tion of 1000 PPM and a temperature of 40°C. For cracked con-
crete sections, with a concrete cover equal to 70 mm having a
CW of 0.05 mm, it is recommended to lower the percentages
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of LCFA below 5% as SCM with the total amount of cement
used in the concrete mix for concrete sections subjected to a
combination of a temperature of 40°C and a CO, concentra-
tion of 1000 PPM.

Abbreviations
CD Carbonation Depth
Ccv Concrete Cover
Ccw Crack Width
FA Fly Ash
HCFA High Calcium Fly Ash
LCFA Low Calcium Fly Ash
MCS  Monte Carlo Simulation
PCICI  Probability of Carbonation-Induced Corrosion
Initiation
PPM Parts Per Million
SCMs  Supplementary Cementitious Materials
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