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Abstract: The increase in CO2 concentrations and global warming will increase the carbonation
depth of concrete. Furthermore, temperature rise will increase the rate of corrosion of steel rebar
after carbonation. On the other hand, compared with normal concrete, high volume fly ash (HVFA)
concrete is more vulnerable to carbonation-induced corrosion. Carbonation durability design with
climate change is crucial to the rational use of HVFA concrete. This study presents a probabilistic
approach that predicts the service life of HVFA concrete structures subjected to carbonation-induced
corrosion resulting from increasing CO2 concentrations and temperatures. First, in the corrosion
initiation stage, a hydration-carbonation integration model is used to evaluate the contents of the
carbonatable material, porosity, and carbonation depth of HVFA concrete. The Monte Carlo method
is adopted to determine the probability of corrosion initiation. Second, in the corrosion propagation
stage, an updated model is proposed to evaluate the rate of corrosion, degree of corrosion for cover
cracking of concrete, and probability of corrosion cracking. Third, the whole service life is determined
considering both corrosion initiation stage and corrosion propagation stage. The analysis results
show that climate change creates a significant impact on the service life of durable concrete.
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1. Introduction

To achieve sustainable development of the modern concrete industry, high volume fly ash (HVFA)
concrete, which contains more than 50% fly ash in the binder, is widely used. The HVFA presents
many advantages, such as improving the workability, minimizing the thermal cracking, and enhancing
durability to sulfate attack and alkali-silica expansion [1,2]. However, HVFA concrete shows greater
carbonation depth than normal concrete [1,2]. In particular, owing to an increase in CO2 concentrations
and global warming, the rate of carbonation of concrete and rate of corrosion of steel rebars increases.
Consequently, the service life of concrete structures decreases [1,2].

Numerous models have been proposed to evaluate the service life of concrete structures.
Jiang et al. [3] proposed a mathematical model for the carbonation depth of HVFA concrete by
considering mixing proportions, curing periods, and environmental conditions. Han et al. [4] evaluated
carbonation depth and probability of corrosion initiation in harbor concrete structures. Taffese et al. [5]
evaluated the carbonation depth by using machine learning methods that consisted of neural networks,
decision trees, and ensemble methods. Marques et al. [6,7] proposed a carbonation service-life model
considering the initial period and propagation period after carbonation. However, one element
that has been missing in carbonation depth analysis and service life assessment of concrete in the
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aforementioned studies [4–7] is the effect of factors attributed to climate change, such as increases in
the CO2 budget or changes in temperature.

With regard to the effect of climate change on the service life of concrete, Yoon et al. [8]
proposed a model considering the effect of increase in CO2 concentration on the carbonation
of concrete. The effects of water-to-cement ratio and exposure conditions on carbonation were
considered. den Heede et al. [9,10] proposed a model by considering the effect of global warming
on the carbonation of HVFA concrete. However, Yoon et al. [8] and den Heede et al. [9,10] did
not consider the corrosion propagation period after carbonation. Talukdar et al. [11,12] proposed
a carbonation model for concrete in different cities, such as Mumbai, London, New York City,
Sydney, Toronto, and Vancouver. Furthermore, a service life model of concrete, considering
corrosion initiation, propagation period, and climate change, has also been proposed [13].
Stewart et al. [14,15] evaluated the effect of climate change on the service life of concrete for chloride or
carbonation-induced corrosion. The evolution of corrosion-induced damage was calculated. However,
Talukdar et al. [11–13] and Stewart et al. [14,15] mainly focused on the service life of Portland cement
concrete. The effect of mineral admixtures, such as HVFA, on service life was not considered.
In addition, Talukdar et al. [11–13] and Stewart et al. [14,15] did not consider the non-uniform corrosion
in concrete structures.

Summarily, because climate changes, corrosion propagation stage, and types of binders, are not
taken into consideration by the current models, they cannot be used to evaluate the carbonation service
life of HVFA concrete with climate change. To address the drawbacks in the current models [3–15], this
study presents a probabilistic approach that predicts the service life of concrete structures subjected
to carbonation-induced corrosion. The effects of concrete material properties, curing conditions, and
climate change on service life are considered. The service life is determined considering the corrosion
initiation stage and the corrosion propagation stage.

2. Carbonation Service Life of HVFA Concrete

2.1. Corrosion Initiation Due to Carbonation

Carbonation can be affected by both concrete properties and environmental conditions during the
service life. The amount of carbonatable materials such as calcium hydroxide (CH) and calcium silica
hydrate (CSH) in concrete depends on the binder content in concrete mixing proportions and reaction
degree of the binders. In our previous study [16], a blended-cement hydration model was proposed to
simulate the kinetic hydration process of cement-fly ash blends. The volumetric phase fractions of
hardening blended concrete are evaluated using reaction degrees of the binders. For cement-fly ash
blends, the CH content can be determined as follows [16]:

CH(t) = C0 × CHCE × α− P× νFA × αFA (1)

where C0 is the mass of cement, CHCE is the mass of CH produced by the hydration of unit mass of
the cement, α denotes the degree of hydration of cement (C0 × CHCE × α considers the production
of CH from cement hydration), P is the mass of fly ash, νFA is the stoichiometric ratio of the masses
of CH and fly ash (vFA = 0.845− 0.7× P

P+C0
[16]), and αFA denotes the degree of reaction of fly ash

(P× νFA × αFA accounts for the consumption of calcium hydroxide from the fly ash reaction).
Both cement hydration and fly ash reaction will produce calcium silicate hydrate (CSH).

The compound formula of CSH produced from cement hydration is C1.7SH4 [16]. CSH produced from
fly ash reaction has a lower Ca/Si ratio than that produced from cement hydration, and the compound
formula of CSH produced from fly ash is C1.1SH3.9 [16] (Ca/Si ratio also depends on the type of fly ash;
this point is not considered in this study). The S in cement and fly ash will form CSH [17]. By using
the binder contents, reaction degree of binders, and compound formula of CSH, CSH contents can be
calculated as follows:

CSH(t) = CSHC(t) + CSHFA(t) (2)
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CSHC(t) = 3.78× fS,C × C0 × α (3)

CSHFA(t) = 3.19× fS,P × P× αFA (4)

where CSHC and CSHFA denote the CSH produced from cement hydration and fly ash reaction,
respectively, fS,C and fS,P are the weight fractions of S in cement and fly ash respectively. The
coefficient 3.78 in Equation (3) is the mass ratio between the molar weight of C1.7SH4 and the weight of
oxide SiO2 in C1.7SH4. The coefficient 3.19 in Equation (4) is the mass ratio between the molar weight
of C1.1SH3.9 and the weight of oxide SiO2 in C1.1SH3.9.

The porosity of the hydrating concrete is reduced owing to the hydration of Portland cement,
reaction of fly ash, and the carbonation of concrete. The porosity can be estimated as follows [17,18]:

ε(t) =
W
ρW
− 0.25× C0 × α− 0.1× αFA × P− ∆εC (5)

where ε is the porosity, W is the water content, and ρW is the density of water. 0.25×C0× α denotes the
porosity reduction from the hydration of cement, while 0.1× αFA × P denotes the porosity reduction
from the reaction of fly ash; ∆εC denotes the porosity reduction due to concrete carbonation.

Papadakis [17,18] proposed that when relative humidity in the environment is higher than 0.55,
carbonation of concrete is controlled by the diffusion of CO2. The carbonation depth of concrete can be
determined as follows:

xc =

√
2D[CO2]0t

[CH] + 1.7 [CSH]C + 1.1 [CSH]FA
(6)

D = A

 ε
C0
ρc

+ W0
ρw

a(
1− RH

100

)2.2
(7)

where xc is the carbonation depth of concrete, D is the CO2 diffusivity, [CO2]0 is CO2 molar
concentration at the concrete surface, [CH] is the molar concentration of calcium hydroxide, [CSH]C is
the molar concentration of CSH produced from cement hydration, [CSH]FA is the molar concentration
of CSH produced from the fly ash reaction, ρc is the density of cement, A and a are CO2 diffusivity
parameters, and RH is the environmental relative humidity. [CH] + 1.7 [CSH]C + 1.1 [CSH]FA in the
denominator of Equation (6) is the content of carbonatable material.

Owing to climate change, the CO2 concentration and environmental temperature increase, and
consequently the rate of carbonation of concrete is accelerated. Equation (6) is only valid for an
exposure environment with constant CO2 concentration and CO2 diffusivity. For time-dependent
CO2 concentration and CO2 diffusivity, Equation (6) is not valid. In this study, to consider the
time-dependent climate changes, Equation (6) is re-written by using the difference method as follows:

dxc = CR× 1
2
√

t
dt (8)

CR =

√
2[CO2(t)]× D(t)

[CH] + 1.7 [CSH]C + 1.1 [CSH]FA
(9)

where dxc is the increase of carbonation depth in one time step and CR is the carbonation
rate parameter.

The Intergovernmental Panel on Climate Change (IPCC) developed the climate scenario IS92a to
predict atmospheric CO2 concentration changes. IS92a has been regarded as one of the best models
among the various scenarios of global-mean change. Based on climate scenario IS92a, Yoon et al. [8]
proposed that the time-dependent CO2 concentration in the next 100 years could be calculated
as follows:

[CO2(t)] = 12.61 ln(t)− 95.17 (10)
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Figure 1 shows the time-dependent CO2 concentration. This figure shows that in the next 100 years,
CO2 concentration in the atmosphere will almost double.
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Figure 1. Increase in CO2 concentration [8].

The increase in the amount of CO2 is not the same as the increase that could happen in accelerated
carbonation tests. Hence, the carbonation depth measured in accelerated carbonation tests is different
from that in climate change conditions. Papadakis [17,18] compared the carbonation of concrete under
different CO2 concentrations, i.e., a natural environment (0.03% CO2 by volume) and an accelerated
carbonation test (7% and 50% CO2 by volume). Papadakis [17,18] found that Equation (6) is valid
for concrete exposed to different CO2 concentrations, and the CO2 diffusivity parameters A and a of
Equation (7) do not vary with CO2 concentrations [17,18]. Based on the accelerated carbonation results,
the values of CO2 diffusivity parameters A and a can be set. Furthermore, by using CO2 concentration
in the condition of climate change, the carbonation depth for the climate change condition can be
determined (Equation (8)).

Based on meteorological data from Korea Meteorological Administration [19], it was observed
that in the last 50 years the average temperature increased by about 1.1 ◦C. Hence, the increased
temperature can be calculated as follows:

∆T =
1.1
50
× t (11)

where ∆T is the increased temperature. As shown in Figure 2, in the next 100 years, the environmental
temperature will increase by about 2 ◦C.
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Papadakis et al. [17,18] proposed that the dependence of CO2 diffusivity on temperature could be
described using Arrhenius’ Law as follows:

D(T) = Dre f exp

[
β

(
1

Tre f
− 1

T

)]
(12)

where Dre f is the CO2 diffusivity at reference temperature, and β is the activity energy of CO2 (β = 4300),
Tre f (298 K) is the reference temperature.

In the corrosion initiation stage, the durability failure criterion is defined as the carbonation depth
exceeding the cover depth. Carbonation prediction involves uncertainties, such as physical uncertainty,
statistical uncertainty, model uncertainty, and decision uncertainty [20]. Physical uncertainty is inherent
in the random nature of basic variables such as concrete cover depth, environmental CO2 concentration,
quality of concrete, and local conditions. Statistical uncertainty comes from the assumption for
the probability density function. Model uncertainty is the governing mechanism for carbonation,
such as a simplified equation of carbonation, assumption of material properties, and assumption of
non-correlated variables. Decision uncertainty includes the definition of durability failure criteria,
such as the period for which the carbonation depth exceeds cover depth. Considering the uncertainties
in carbonation prediction, the durability failure probability can be determined by using the Monte
Carlo simulation method as follows [20]:

g(t) = CV − xC (13)

p f =
n(g(t) < 0)

N
(14)

where CV is the cover depth of concrete, g(t) is the durability failure criterion, and p f is the probability
of carbonation durability failure. n(g(t) < 0) denotes the number of instances of carbonation durability
failure out of a total of N trials.

The details about calculating the probability of corrosion initiation are as follows: 50,000 random
samples for the parametric value were generated by the Monte Carlo simulation. The probability
for carbonation to reach the depth of the steel rebar denotes the probability of corrosion initiation.
This probability is calculated from the 50,000 random trials and is defined as the ratio of the number of
instances of carbonation at the depth of the steel rebar, calculated by Equation (8), to the total number
of trials (50,000 trials).

In the corrosion initiation stage, the time required to reach 10% failure probability was regarded
as the service life of the concrete [20]. The service life can be determined for different levels of failure
probability, based on the relation between the probability of corrosion initiation and time, by using the
interpolation method.

2.2. Corrosion Propagation after Carbonation

After the carbonation depth of concrete exceeds the cover depth, corrosion of the steel rebar
initiates. By using Faraday’s law [21], the corroded depth of the steel rebar can be determined
as follows:

h =
is × t×MF
2.5× F× ρF

(15)

where h is the corroded depth of the steel rebar, is is the corrosion current density, MF is the atomic
weight of iron corroded, F is Faraday’s constant, and ρF is the density of iron.

An increase in temperature will increase corrosion current density. The relation between corrosion
current density and temperature is as follows [14]:

is(t) = is−20 × [1 + k× (T(t)− 20)] (16)
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where is−20 is the corrosion current density at 20◦C (shown in Table 1), and k = 0.025 if T(t) < 20 ◦C
and k = 0.073 if T(t) > 20 ◦C [14]. Owing to global warming, environmental temperature increases
with time. To consider time-dependent temperatures, similar to those shown in Equations (8) and (9),
the difference method is used.

Table 1. Carbonation corrosion rates (is−20) for various exposures [14].

Exposure Class Mean (µA/cm2) Standard Deviation (µA/cm2) Distribution

C1 dry 0 0
C2 wet-rarely dry 0.345 0.259 lognormal
C3 moderate humidity 0.172 0.086 lognormal
C4 cyclic wet dry 0.431 0.259 lognormal

The corroded depth of the steel rebar is not homogeneous. For carbonation-induced corrosion,
corrosion generally occurs on the side of the steel rebar near the surface of the concrete. Using the
corroded depth of the steel rebar, the degree of corrosion of the steel rebar can be determined as
follows [21]:

η =
h

R0
(17)

where η is the degree of corrosion of the steel rebar, and R0 is radius of the steel rebar.
Once the degree of corrosion of the steel rebar exceeds a threshold value, the cracking of the

surface concrete occurs. Wei et al. [21] performed a finite element analysis of the crack propagation
process of concrete cover induced by non-uniform corrosion of the steel rebar. The analyzed threshold
value of the degree of corrosion for cracking of the surface concrete is as follows [21]:

ηcr =
4δ0 + 0.0624× f 0.91

t

(
1 + CV

2∗R0

)1.98
× (2R0)

0.96

(ρ− 1)× (2R0)
(18)

where ηcr is the threshold value of the degree of corrosion of the steel rebar for surface concrete
cracking, δ0 is the thickness of the interfacial transition zone (ITZ) between the steel rebar and the
concrete (δ0 = 12.5 µm) [21,22], ft is the tensile strength of concrete, ρ is the volumetric expansion ratio
between corrosion products, and the original steel rebar (ρ = 2.17) [21,22].

In the corrosion propagation stage, the durability failure criterion is defined as the degree of
corrosion exceeding the threshold value of the degree of corrosion for cracking of the surface concrete.
The durability failure probability can be determined as follows [20]:

g(t) = η − ηcr (19)

Similarly, by using the Monte Carlo simulation method [20], the probability of corrosion cracking
and service life of concrete structures in the corrosion propagation stage can be determined.

2.3. Summary of Carbonation Service Life Model

The flow chart of carbonation service life is shown in Figure 3. Service life of concrete structures
consists of two stages—the stage of corrosion initiation and stage of corrosion propagation.
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With regard to the corrosion initiation stage, the input parameters are concrete mixing proportions,
compound compositions of binders, curing periods, exposure to environmental conditions, and the
cover depth. The climate change parameters such as increase in CO2 concentrations and environmental
temperatures were considered through the carbonation prediction model. By using the probabilistic
method, the service life of HVFA concrete in the corrosion initiation stage was determined.

With regard to the corrosion propagation stage, the input parameters are corrosion current density,
cover depth, concrete tensile strength, and diameter of the steel rebar. The increase in corrosion current
due to temperature increase was considered. Service life of concrete in the corrosion propagation stage
was determined by using the Monte Carlo simulation method.

3. Analysis Results of Carbonation Service Life of HVFA Concrete

3.1. Carbonation Depth in Accelerated Carbonation Tests

Experimental results of the accelerated carbonation tests of HVFA concrete from Jiang et al. [3]
were used to verify the proposed carbonation model. Jiang et al. [3] studied carbonation resistance of
HVFA concrete with various mixing proportions and curing periods. Concrete specimens were first
wet-cured for 28 days or 90 days at 20 ◦C. After the initial moist curing, accelerated carbonation tests
of concrete were started. The accelerated carbonation tests were conducted in a test chamber with a
temperature of 20 ◦C, a relative humidity of 70%, and a CO2 concentration of 20%. The carbonation
depth was measured by using a phenolphthalein indicator.

By using the blended hydration model, the properties of HVFA concrete, such as CH content,
CSH content, and porosity, were calculated. The results are shown in Figure 4. As shown in Figure 4a,
for normal concrete, CH content continuously increases with curing age, while for HVFA concrete, in
the initial stage, CH content increases. In this stage, the production of CH from cement hydration is
dominant. After reaching a peak, the CH content begins to decrease because the pozzolanic reaction of
fly ash becomes dominant. As shown in Figure 4b, the CSH content of HVFA concrete is much lower
than that of normal concrete. As shown in Figure 4c, the porosity of HVFA concrete is higher than that
of normal concrete. A lower CSH content and higher porosity will reduce the strength of the concrete.
Hence, HVFA concrete generally has a lower compressive strength than normal concrete [3].

The calculation results from the hydration model, which included the CH content, CSH content,
and porosity, were used as parameters for the carbonation model. In Jiang et al. [3], accelerated
carbonation tests were conducted in a chamber with a 70% relative humidity. The relative humidity
in the surface skin of concrete (carbonation reaction zone) approximately equals the environmental
relative humidity. On the other hand, the rate of binder hydration is significantly influenced by relative
humidity. When the relative humidity is less than 80%, cement hydration virtually ceases [16]. Hence,
further hydration in the carbonation zone of concrete is marginal and can be ignored.

By using the carbonation reaction Equation (6), the carbonation depth of concrete with different
fly ash replacement ratios, different moist curing periods, and different water-to-binder ratios were
calculated as shown in Figure 5 (A = 2.66 × 10−6 and a = 2.75). As shown in Figure 5, with increase in
the wet-curing periods, the carbonation depth of concrete decreases. This is because of the increase
in the amount of hydration products and decrease in porosity. HVFA concrete shows a higher
carbonation depth than reference concrete (shown from Figure 5a (reference concrete with no fly ash)
to Figure 5b (concrete with 55% fly ash replacement)). The carbonation depth of concrete decreases
with decrease in the water-to-binder ratio, (shown from Figure 5b (water-to-binder ratio 0.45) to
Figure 5c (water-to-binder ratio 0.38)).
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Figure 5. Carbonation depth of HVFA concrete. (a) Water-to-binder ratio 0.45, no fly ash;
(b) Water-to-binder ratio 0.45, 55% fly ash; (c) Water-to-binder ratio 0.38, 55% fly ash.
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3.2. Service Life in the Corrosion Initiation Stage

In the corrosion initiation stage, the service life of concrete is related to material properties, as
well as environmental conditions. In this study, parameters were analyzed to consider the effects of
concrete mixing proportions, initial wet-curing periods, and environmental conditions on the service
life of HVFA concrete. Parameters for the carbonation model are shown in Table 2. Two different
water-to-binder ratios (0.5 and 0.6), two cover depths (30 mm and 40 mm), and two wet curing periods
(seven days and 28 days) were used for parameter studies. Initial temperature was set to 20 ◦C, and
initial CO2 concentration was set to 0.035%. The increase in CO2 concentrations and environmental
temperatures are considered by using Equations (10) and (11), respectively.

Table 2. List of parameters for carbonation model.

Materials Properties Environmental Conditions

Water-To-
Binder Ratios

Concrete
Cover
Depth

Moist
Curing
Periods

Binder
Contents
(kg/m3)

Fly Ash
Replacement

Ratio

Diameter of
Steel Rebar

(mm)

Relative
Humidity

Initial
Temperature

(◦C)

Initial CO2
Concentration

(%)

0.5, 0.6 30 mm,
40 mm

7 days,
28 days 320 0.55 16 0.7 20 0.035

In this study, the uncertainties in the concrete cover depth (CV) and carbonation rate parameter
(CR) were considered. Statistical parameters for the carbonation model are summarized in Table 3.
For CO2 concentration and environmental temperature, the coefficient of variation (COV) increases
with time [14]. At the initial time, COV is zero and at the 100 year interval, COV is taken as 0.06.

Table 3. Statistical parameters.

Parameter Mean Coefficient of Variance Distribution

concrete cover
depth (CV)

30 mm
0.2 [20] Normal

40 mm

carbonation rate
parameter (CR) CR =

√
2[CO2(t)]D(t)

[CH]+1.7 [CSH]C+1.1 [CSH]FA
0.15 [20] Normal

28 days Compressive
strength (MPa) fc28

128 exp
(
−2.63 W

C0+0.55P

)
[23] 0.15 [20] normal

28 days tensile
strength (MPa) 0.69

√
fc28 0.15 [20] normal

Rate of corrosion
(µA/cm2) 0.172 0.5 [14] lognormal

CO2 concentration [CO2(t)] COVmax(t) = 0.06 [14] normal

temperature ∆T + 20 COVmax(t) = 0.06 [14] normal

By using the carbonation model and Monte Carlo method, the probability of corrosion initiation
can be calculated. As shown in Figure 6, climate change has a significant impact on the probability of
corrosion initiation. With increase in the cover depth (comparisons between Figure 6a,b), increasing
curing periods (comparisons between Figure 6a,c), and decreasing water-to-binder ratios (comparisons
between Figure 6a,d), the probability of corrosion initiation decreases, and consequently the service
life of the concrete increases.
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40 mm, 28 days curing; (c) W/B = 0.5, 30 mm, seven days curing; (d) W/B = 0.6, 30 mm, 28 days curing.

In this study, the service life for the condition of no climate change was defined as the former
service life, the service life after considering climate change was defined as modified service life, and
relative service life meant the ratio of modified service life to the former service life. The relative
service life is shown in Table 4. It appears that greater reductions in the former service life occur for
concrete structures with a longer former service life. This is because climate change parameters such
as CO2 concentration and environmental temperature monotonously increase with time (shown in
Figures 1 and 2). Figure 7 shows the regression relation between relative service life and former service
life. With an increase in former service life, relative service life decreases almost linearly.

Table 4. Service life in corrosion initiation stage.

W/B
Cover Depth

(mm)
Curing

Periods (Days)

Service Life in Corrosion Initiation Stage (Years)

No Climate
Change

With Climate
Change Relative Ratio

0.5 30 28 25.06 22.38 0.89
0.5 40 28 51.96 41.85 0.81
0.5 30 7 18.15 16.63 0.92
0.6 30 28 19.36 17.61 0.91
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Figure 7. Relative service life in corrosion initiation stage.

3.3. Service Life in Corrosion Propagation Stage

In the corrosion propagation stage, the service life of HVFA concrete is determined by using
Equation (19). The age dependence of the compressive strength and tensile strength of concrete is
evaluated by using the CEB-FIP (European Committee for Concrete and International Federation for
Structural Concrete) model code [23]. By using the corrosion propagation model and Monte Carlo
method, the probability of corrosion cracking can be calculated. In the stage of corrosion propagation
after carbonation, owing to the increase in temperature, rate of corrosion increases, probability of
corrosion cracking increases, and service life decreases. As shown in Figure 8, with an increase in
the cover depth (comparisons between Figure 8a,b), increasing curing periods (comparisons between
Figure 8a,c), and decreasing water-to-binder ratios (comparison between Figure 8a,d), the probability
of corrosion cracking decreases. Consequently, the service life of concrete increases. The relative service
life is given in Table 5. In analogy with the results in Table 4, higher reductions in the former service
life occur for concrete structures with longer former service life. However, in the corrosion propagation
stage, the degree of reduction in the former service life is lower than that in the corrosion initiation stage.
In the corrosion initiation stage, when the former service life is about 50 years, after considering climate
change, the former service life reduces by about 20%. Contrastively, in the corrosion propagation stage,
the former service life reduces by about 3.5%. The reason for this difference is that in the corrosion
initiation stage, increase in both CO2 concentration and temperature affects service life, while in the
corrosion propagation stage, only increase in temperature affects service life. As shown in Figure 9,
with increasing the former service life, the relative service life decreases. In this study, a service life
of 50 years is used as a representative value of different former service lives. For other values of
service life, the relative service life can be calculated by using the regression equations shown in
Figures 7 and 9.
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Figure 8. Probability of corrosion cracking. (a) W/B = 0.5, 30 mm, 28 days curing; (b) W/B = 0.5,
40 mm, 28 days curing; (c) W/B = 0.5, 30 mm, seven days curing; (d) W/B = 0.6, 30 mm, 28 days curing.

Table 5. Service life in corrosion cracking propagation stage.

W/B
Cover Depth

(mm)
Curing

Periods (Days)

Service Life in Corrosion Propagation Stage (Years)

No Climate
Change

With Climate
Change Relative Ratio

0.5 30 28 32.18 31.34 0.973
0.5 40 28 46.66 45.19 0.968
0.5 30 7 21.68 21.36 0.985
0.6 30 28 23.45 23.08 0.984
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3.4. Whole Effect of Climate Change on Service Life

The whole service life of concrete equals the sum of service lives in the corrosion initiation and
corrosion propagation stages. By using the model results of service life in the corrosion initiation
stage (given in Table 4) and in corrosion propagation stage (given in Table 5), the whole service life
was calculated (given in Table 6). As shown in Figure 10, climate change has a significant impact on
the service life of durable concrete. For HVFA concrete with a former service life 98.5 years, after
considering the effect of climate change, the former service life reduces almost 12%.

Table 6. Whole service life of concrete.

W/B
Cover Depth

(mm)
Curing

Periods (Days)

Service Life (Years)

No Climate
Change

With Climate
Change Relative Ratio

0.5 30 28 57.24 53.72 0.94
0.5 40 28 98.62 87.04 0.88
0.5 30 7 39.83 37.99 0.954
0.6 30 28 42.81 40.69 0.95
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Figure 10. Relative service life of HVFA concrete.

4. Conclusions

This study presents a probabilistic approach that predicts the service life of HVFA concrete
subjected to carbonation, considering the effects of climate change.

First, in the corrosion initiation stage, by using a blended-cement hydration model,
the carbonatable material content and porosity were calculated, and they were used as input parameters
for the carbonation-depth prediction model. By using the difference method, the carbonation model
considered the effects of climate changes, such as the increase in CO2 concentration and environmental
temperature with time, on the service life. The probability of corrosion initiation was calculated by
using the Monte Carlo method. In the corrosion initiation stage, for concrete with a former service
life of 50 years, after considering the effect of climate change, the former service life was reduced by
almost 20%.

Second, in the corrosion propagation stage, the probability of corrosion crack formation was
calculated by considering the effect of temperature rise on the rate of corrosion. In the corrosion
propagation stage, for concrete with a former service life of 50 years, after considering the effect of
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climate change, the former service life was reduced by almost 3.5%. In the corrosion propagation stage,
the degree of reduction in the former service life was lower than that in the corrosion initiation stage
because, in the corrosion initiation stage, increases in CO2 concentration, as well as temperature, affect
service life, while in the corrosion propagation stage, only temperature increase affected service life.

Third, the whole service life was determined considering the corrosion initiation stage and
corrosion propagation stage. Climate change has a significant impact on the service life of durable
concrete. With the increasing of former service life, after considering the effect of climate change, the
reduction ratio of the former service life increases.
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