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Abstract: Carbonation is among the primary reasons for the initiation of the corrosion of steel
rebar in reinforced concrete (RC) structures. Due to structural loading effects and environmental
actions, inevitable cracks have frequently occurred in concrete structures since the early ages.
Additionally, climate change, which entails increases in CO2 concentration and environmental
temperature, will also accelerate the carbonation of concrete. This article presents an analytical way
of predicting the service life of cracked concrete structures considering influences of carbonation
and climate change. First, using a hydration model, the quantity of carbonatable materials and
concrete porosity were calculated. Carbonation depth was evaluated considering properties of
concrete materials and environmental conditions. Second, the influence of cracks on CO2 diffusivity
was examined. Carbonation depth for cracked concrete was evaluated using equivalent CO2

diffusivity. The effects of climate change, for example, growing CO2 concentration and environmental
temperature, were considered using different schemes of carbonation models. Third, different climate
change scenarios (such as Representative Concentration Pathways (RCP) 2.6, RCP 4.5, RCP 8.5 and
upper 90% confidence interval of RCP 8.5) and time slices (such as 2000 and 2050) were used for case
studies. By utilizing the Monte Carlo method, the influences of various climate change scenarios on
the service life loss of concrete structures were highlighted.
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1. Introduction

Carbonation is among the primary reasons for the initiation of corrosion of steel rebar in reinforced
concrete structures. Due to carbonation, the pH value of the pore solution of concrete decreases to
values around 9, the protective oxide layer of steel rebar is destroyed, therefore, the corrosion of
steel rebar initiates. Additionally, given load effects and environmental actions, inevitable cracks
have frequently occurred for concrete structures since the early ages. Cracks can aggravate the
ingression of CO2 and considerably lessen the service existence of concrete structures. Carbonation of
concrete is happening faster due to global warming, leading to increases in CO2 concentration and
environmental temperature. Hence, for the carbonation durability style of reinforced concrete (RC)
structures, the influence of cracking and global warming should be taken into consideration [1].

Abundant studies have been carried out on the carbonation behavior of concrete. Papadakis [2]
proposed a carbonation model that considered the influences of concrete mixing proportions and
environmental conditions on CO2 diffusivity and concrete carbonation resistance. Ann et al. [3]
evaluated the service life of concrete using the safety factor method and Monte Carlo simulation.
They found that the analysis results from the two methods were similar. Marques and Costa [4]
analyzed the service life of concrete structures considering both the corrosion initiation period and
corrosion propagation period. Performance-based methodology was used to achieve the target service
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life of concrete structures. However, the studies of Papadakis [2], Ann et al. [3] and Marques and
Costa [4] focused on sound concrete and the effect of cracking on carbonation was not considered.

Regarding the carbonation of cracked concrete, Song et al. [5] proposed an analytical technique
for predicting the carbonation depth of cracked concrete. Diffusion of CO2 in sound concrete and
cracked concrete was simulated. Tao et al. [6] evaluated the carbonation process of cracked concrete
by using the two-dimensional finite element method. The influences of crack width and depth on
carbonation were analyzed. However, the studies of Song et al. [5] and Tao et al. [6] did not consider
the uncertainties involved in predicting carbonation depth. Kwon and Na [7] proposed a probabilistic
approach for the carbonation durability design of cracked concrete to consider the uncertainties of
carbonation prediction. Nevertheless, it should be noticed that Kwon and Na [7]’s study did not
consider the effect of curing periods on the carbonation of concrete. With increasing curing periods,
the carbonation resistance of concrete is improved [8,9]. Moreover, the effect of climate change on
carbonation was not considered by Song et al. [5], Tao et al. [6] and Kwon and Na [7].

Regarding the effects of climate change on the carbonation of concrete, Yoon et al. [10] proposed
a mathematical model to consider the effect of CO2 concentration increase on the carbonation of
concrete; however, the effect of the increase in environmental temperature on carbonation was not
considered in their study. Stewart et al. [11] proposed a model that considered climate change impact
on the corrosion of concrete where the effects of increases in CO2 concentration and environmental
temperature on the corrosion initiation stage, crack initiation stage and crack propagation stage were
highlighted. Furthermore, Stewart et al. [12] proposed engineering strategies for the corrosion control
of concrete considering climate change. However, the studies conducted by Yoon et al. [10] and
Stewart et al. [11,12] did not consider the effect of pre-corrosion cracks on the service life of concrete.

To summarize, the current models only consider a single effect such as the either crack effect or
climate change effect on the service life of concrete. To provide a rational evaluation of the service life
of concrete, an integrated model considering both the crack and climate change effects are necessary.
To overcome the shortcomings of the current studies, this article presents a probabilistic approach
for predicting the service life of cracked concrete structures under carbonation and climate change
conditions. The effects of concrete mixing proportions, curing periods, cracks and environmental
conditions on carbonation depth and service life were systematically analyzed.

2. Probabilistic Approach for Cracked Concrete under Carbonation

2.1. Carbonation Model of Sound Concrete

Carbonation relates to both the material properties and environmental conditions of concrete.
The quantity of carbonatable materials in concrete, for example, calcium hydroxide (CH) and calcium
silica hydrate (CSH), relies on the cement content in the concrete mixing proportions and reaction
amount of cement. In line with the hydration model within our previous studies [1,9], the CH contents
can be established by the following:

CH(t) = RCHCE ∗ C0 ∗ α (1)

where RCHCE is the mass of CH from the hydration of 1-unit mass cement; C0 is cement content; and
α is the degree of cement hydration. RCHCE can be determined by using the mineral compositions of
cement [9] and α can be determined using the integral method in the time domain as α =

∫ t
0

dα
dt dt and

the detailed equation for dα
dt can be found in [9]. The kinetic cement hydration model dα

dt can be used to
calculate the age-dependent properties of concrete such as the carbonatable substance contents and
porosity. The calculation results of the kinetic cement hydration model can be used for the carbonation
model. The input parameters of the kinetic cement hydration model include the binder compound
compositions and Blaine surfaces, the concrete mixing proportions and curing conditions. The output
parameters of this kinetic cement hydration model are time dependent properties such as the reaction
degree of the binder, strength and heat evolution [9].
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By using the cement content and reaction degree of cement, CSH contents can be calculated as
follows [9]:

CSH(t) = 2.85 fS,C ∗ C0 ∗ α (2)

where fS,C is the silica weight fraction in cement. The coefficient 2.85 denotes the mass ratio between
the CSH molar weight and SiO2 weight in CSH [9].

The hydration products from the cement hydration deposits in the capillary pore spaces of
concrete and the porosity of concrete will be reduced due to cement hydration. The porosity of
concrete, ε, can be determined as follows [2,9]:

ε(t) = W/ρW − 0.25 ∗ C0 ∗ α− ∆εC (3)

where W is the water content in concrete; ρW is the density of water; and ∆εC is the porosity reduction
due to the carbonation of concrete [2,9].

Papadakis [2] proposed that when relative humidity in the environment is higher than 0.55,
the 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]+3[CSH]
(4)

D = A

 ε
C0
ρc

+ W0
ρw

a(
1− RH

100

)2.2
(5)

where xc is the carbonation depth of concrete; D is the CO2 diffusivity; [CO2]0 is the CO2 molar
concentration at the concrete surface; [CH] is the molar concentration of calcium hydroxide; [CSH]

is the molar concentration of calcium silicate hydrate; ρc is the density of cement; A and a are the
CO2 diffusivity parameters; and RH is the environmental relative humidity. [CH]+3[CSH] in the
denominator of Equation (4) is the content of carbonatable material. The dependence of CO2 diffusivity
on temperature can be considered by using Arrhenius’s Law [7].

2.2. Carbonation Model of Cracked Concrete

For concrete structures with cracks, CO2 can ingress into concrete through both the crack zone
and sound zone. The total flux of CO2 equals the sum of CO2 flux in the sound and crack zones.
The total flux of CO2 can be determined as follows:

Dcrω + D(l −ω) = Deql (6)

where Dcr is the CO2 diffusion in the crack zone (Dcr relates to crack geometry characteristics, concrete
materials properties and saturation degree of cracked zone); ω is the crack width; l is the total length
of the concrete structural element; and Deq is the equivalent diffusion coefficient of concrete.

Compared to the total length of concrete, the crack width is very small and the value of (l −ω) is
approximately equal to that of l. The equivalent diffusion coefficient of concrete can be determined
as follows:

Deq = [Dcrω + D(l −ω)]/l ≈ Dcrω/l + D =

[
1 +

Dcr

D
ω

l

]
D (7)

In Equation (7), the value of Dcr
D is the ratio of CO2 diffusivity in the cracked and sound zones.

With the increase of crack width ω or decrease of crack interspace l, the equivalent diffusion coefficient
of concrete increases.
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Combining Equation (7) with Equation (4), the carbonation depth of cracked concrete can be
estimated as follows:

xc =

√
2Deq[CO2]0t
[CH]+3[CSH]

=

√
2[CO2]0t

[CH]+3[CSH]

√[
1 +

Dcr

D
ω

l

]
D (8)

Climate change, such as the increases in CO2 concentration and environmental temperature,
will accelerate carbonation of concrete. Equation (8) does not consider the time dependent CO2

concentration and environmental temperature. By using the difference method, Equation (8) can be
re-written as follows:

dxc = CR
1

2
√

t
dt (9)

CR =

√
2[CO2(t)]0Deq(t)
[CH]+3[CSH]

(10)

where dxc is the increase of carbonation depth in time increment dt; and CR is the carbonation
rate parameter.

With the increase in environmental temperature, CO2 diffusivity increases. Song et al. [5] proposed
that the dependence of CO2 diffusivity on temperature can be described using Arrhenius’s Law
as follows:

D(T) = Dre f exp

[
β

(
1

Tre f
− 1

T

)]
(11)

where Dre f is the CO2 diffusivity at the reference temperature; β is the activity energy of CO2

(β = 4300); and Tre f (298 K) is the reference temperature.

2.3. Probabilistic Approach for Service Life

Uncertainties of carbonation include physical uncertainty, record uncertainty, model uncertainty
and decision uncertainty [7]. Physical uncertainty refers to the natural random nature of the
fundamental variables including concrete cover depth, CO2 concentration, concrete quality and
native condition. Record uncertainty originates from assumptions for the probability density function.
Model uncertainty means the governing mechanism for carbonation including the simplified equation
of carbonation, the assumption of the qualities of materials and the assumption of non-correlated
variables. Decision uncertainty is the phrase durability failure qualifying criterion, like the period that
the carbonation depth exceeds the concrete cover depth.

Within this study, the durability failure qualifying criterion was understood to be carbonation
depth exceeding the coverage depth. This durability failure probability can be calculated by utilizing
the Monte Carlo method by following [3,7]:

g(t) = CV − xC (12)

p f =
n
(

g(t) < 0
)

N
(13)

where CV is the cover depth of concrete; g(t) is the durability failure criteria; and p f is the probability of

carbonation durability failure. n
(

g(t) < 0
)

denotes the number of carbonation durability failures out
of a total N trials. For the carbonation durability design of concrete, the time of failure probability of 10%
was regarded as the service life of concrete [3,7]. When the failure probability is 10%, the relatability
index is 1.3. For other deterioration stages involved in rebar corrosion such as the formation of
corrosion cracks and spalling of concrete cover, given that system failure will produce much more
serious consequences than corrosion initiation, the failure probability should be lower than 10%.
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2.4. Summary of Proposed Model

Figure 1 shows the flowchart of the proposed model. The input parameters of the proposed
carbonation model consisted of the concrete mixing proportions and curing conditions, binder
compound compositions, concrete specimen crack characteristics and carbonation environmental
conditions. Based on the cement hydration-carbonation integrated model, the carbonatable substance
contents, porosity and the carbonation depth of concrete can be determined. The effects of climate
change on carbonation such as increases in CO2 concentration and environmental temperature, are
considered using the difference method. The effect of cracks on carbonation was taken into account
using the equivalent diffusion coefficient of CO2. Finally, by using the Monte Carlo simulation method,
the probability of corrosion initiation and the service life of concrete can be calculated.

Figure 1. Flowchart of proposed model. CH: calcium hydroxide; RCHCE: mass of CH from the
hydration of 1-unit mass cement; C0: cement content; α: degree of cement hydration; CSH: calcium
silica hydrate; fS,C: silica weight fraction in cement; ε: porosity of concrete; W: water content in
concrete; ρW : density of water; ∆εC: porosity reduction due to the carbonation of concrete; dxc: increase
of carbonation depth in time increment dt; CR: carbonation rate parameter; Deq: equivalent diffusion
coefficient; g(t): durability failure criteria; CV: cover depth of concrete; p f : probability of carbonation
durability failure; n(g(t) < 0): number of carbonation durability failures out of a total N trials.

3. Verification of Proposed Model

3.1. Carbonation Depth of Cracked Concrete

Experimental results from Song et al. [5] were used to verify the proposed model. Song et al. [5]
conducted an experimental study on the carbonation of concrete with different crack widths and
mixing proportions. The concrete mixing proportions are shown in Table 1. Concrete with high water



Appl. Sci. 2018, 8, 572 6 of 21

to cement ratio represented low strength concrete. The concrete specimens were cured under water
for 28 days at 20 ◦C. After curing, the specimens were put into a chamber at 65% RH for two weeks.
Next, the concrete specimens were put into the CO2 chamber for accelerated carbonation testing (CO2

concentration was 10%, RH = 65%, temperature was about 25 ◦C). Splitting tests were used to induce
0.05 to 0.25 mm cracks into the concrete specimens.

Table 1. Mixing proportions of concrete.

W/C Water (kg/m3) Cement (kg/m3) Sand (kg/m3) Coarse Aggregate (kg/m3)

0.45 191 424 668 1058
0.55 184 335 762 1058
0.65 182 280 829 1041

W/C: water-to-cement ratio

By using the kinetic cement hydration model [9], the degree of cement hydration, CH content,
CSH content and porosity of concrete were calculated and are shown in Figure 2. With decreases in the
water to cement ratios, the available depositing space of the hydration products and capillary water
concentration decreased and consequently, the degree of hydration was reduced (shown in Figure 2a).
Concrete with lower water-to-cement ratios had higher CH content (shown in Figure 2b) and CSH
content (shown in Figure 2c) and lower porosity (shown in Figure 2d).

Figure 2. Hydration related properties of concrete. (a) degree of hydration; (b) CH content; (c) CSH
content; (d) porosity of concrete.

Carbonation is significantly influenced by concrete relative humidity. The carbonation of concrete
tended to be the highest for environmental relative humidity of 50–70% [9]. When the relative humidity
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was less than 50%, there was insufficient moisture for the progression of the carbonation reaction.
While the relative humidity was higher than 70%, the diffusion of CO2 was hindered due to the increase
in the saturation degree of the concrete pores. On the other hand, the rate of cement hydration was also
significantly influenced by relative humidity. Cement hydration virtually ceased at about 80% RH for
concrete with various water to binder ratios and mixing proportions [9]. In the study by Song et al. [5],
after water curing, the concrete was exposed to 65% relative humidity. The relative humidity in the
surface skin of concrete approximately equaled that of the environmental relative humidity [2,9].
When the relative humidity in the surface skin concrete was less than 80%, the hydration of cement in
the surface skin concrete stopped [9]. Hence, further hydration in the carbonation zone of concrete
was marginal and could be ignored.

The calculation results from the hydration model can be used as input parameters for evaluating
the concrete carbonation depth. By using the experimental results on carbonation depth for sound
concrete, the CO2 diffusivity parameters A and a in Equation (5) were set as 2.66×10-6 and 4.75×10-6,
respectively. These CO2 diffusivity parameters did not change with different water to cement ratios.
The calculated results regarding the carbonation depth of sound concrete are shown in Figure 3.
Concrete with lower water-to-cement ratios showed lower carbonation depths as concrete with a
lower water to cement ratio has higher carbonatable material contents and lower porosity (shown in
Figure 2).

Figure 3. Carbonation depth of sound concrete.

According to Song et al. [5], cracks were induced into concrete through splitting tests. A Linear
Variable Differential Transformer (LVDT) was used for measuring crack width in a fully unloaded
state. It is very difficult to obtain the required crack width, so Song et al. [5] tried to determine the
crack width by 0.1 mm-division after the splitting test. In this study, 0.05 mm cracks ranged from 0 to
0.1 mm; 0.15 mm cracks ranged from 0.1 mm to 0.2 mm; and 0.25 mm crack ranged from 0.2 mm to
0.3 mm.

In Equation (7), the value of ω
l equals the area ratio between the crack zone and total surface of

concrete. The value of Dcr
D was regressed based on the experimental results of the carbonation depth

of cracked concrete. First, for each water to cement ratio such as 0.65, 0.55 and 0.45, based on the
comparison of carbonation depths of sound concrete and cracked concrete by using the equivalent CO2

diffusivity (Equation (8)), the value of Dcr
D was determined. It was found that Dcr

D was independent
on crack width and was only dependent on the water to cement ratio of concrete. Second, linear
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regression was used to find the relationship between Dcr
D and the water to cement ratio. We proposed

that the relationship between Dcr
D and the water-to-cement ratio was set as follows:

Dcr

D28
= 79223− 102299

W
C

(14)

where D28 is the CO2 diffusivity after 28 days of curing.
Figure 4 shows the ratio of Deq

D versus the crack width for different water-to-cement ratios.
One hundred mm and 150 mm were used as the representative values of crack interspace. As shown
in this figure, the ratio of Deq

D increased with crack width. With the decrease of water-to-cement ratios,

the ratio of Deq
D increased. Hence, high strength concrete is more vulnerable due to cracking than low

strength concrete. With the increase of crack interspaces, the ratio of Deq
D decreased.

Figure 4. Ratio of Deq
D vs. crack width for different W/C ratios. (a) crack interspace 100 mm; (b) crack

interspace 150 mm.

It should be noted that in Equation (14), the curing period of concrete before the start of the
carbonation tests was 28 days. When the concrete curing periods before the carbonation tests changed,
the porosity and CO2 diffusivity of concrete will vary correspondingly. By dividing time dependent
CO2 diffusivity D(t) at the left- and right-hand sides of Equation (14), Equation (14) can be transformed
as follows:

Dcr

D(t)
=

[
79223− 102299

W
C

]
∗ D28

D(t)
(15)

After this transformation, the effect of the curing period on CO2 diffusivity was considered.
By using Equation (15) and the carbonation reaction (Equation (8)), the carbonation depth of cracked
concrete with different curing periods could be calculated. In this study, we used equivalent CO2

diffusivity to calculate the carbonation depth of cracked concrete. As we considered the fundamental
mechanisms involved in carbonation such as hydration, carbonation and equivalent CO2 diffusivity,
the calculation could be carried out not only within the experimental period but also in the extension
period beyond the carbonation experiment. Figure 5 shows that with the increase of water-to-cement
ratio and crack width, the carbonation depth of concrete increased. As shown in Figure 5a, for concrete
with a water-to-cement ratio of 0.65 and a 0.25 mm crack, after 42 days of accelerated carbonation
tests, the carbonation depth was about six times that of sound concrete. While for concrete with a
water-to-cement ratio of 0.45 and a 0.25 mm crack (shown in Figure 5c), after 42 days of accelerated
carbonation tests, the carbonation depth of concrete was about ten times that of sound concrete. Hence,
concrete with a lower water-to-cement ratio is more vulnerable to cracking than concrete with a higher
water-to cement ratio. Given the same crack widths, for high strength concrete, when compared
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with sound concrete, the increase in carbonation depth was more obvious than that of low strength
concrete. Additionally, as shown in Figure 5, the theoretical and experimental outcomes showed some
deviations. This may be because the crack width used in the calculation may be different from the
real crack width in the experiments. For example, when the used crack width in the calculation was
0.15 mm, the real crack width was between 0.1 and 0.2 mm.

Figure 5. Carbonation depth of cracked concrete. (a) W/C 0.65; (b) W/C 0.55; (c) W/C 0.45.

In addition, Talukdar et al. [13] theoretically calculated the effective CO2 diffusion coefficient of
cracked concrete by considering the crack geometry factor. Crack geometry factor presents significant
influence on equivalent CO2 diffusivity of cracked concrete. The secondary fracture crack and damage
to the concrete around the crack zone will contribute to CO2 transport and affect the calculation value
of the crack geometry factor. To calculate the crack geometry factor, the influences of the secondary
fracture crack and concrete damage should be considered. Until now, it has been difficult to find
a general equation to determine the crack geometry factor of CO2. The crack geometry factor of
chloride ions may be different from that of CO2. To accurately determine the crack geometry factor of
CO2, further experimental studies about the CO2 diffusivity of cracked concrete with different crack
widths should be undertaken. Hence in this study, for simplicity, we used the experimental regression
equation to calculate Dcr

D . On the other hand, in this study, the values of A and a in Equation (5) are
2.66×10-6 and 4.75×10-6, respectively, which were a little different from that found by Papadakis [2]
but their magnitude were the same [2]. In Reference [14], Talukdar and Banthia adapted the value of a
according to the experimental results of concrete carbonation. The difference of the values A and a
between the current study and [14] may be because the current study simplified the carbonation as a
diffusion-controlled process.
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3.2. Service Life of Cracked Concrete Considering Climate Change

Climate models project the responses of numerous climate variables such as in global
environmental temperature and sea level to different scenarios of greenhouse gas emissions and
other human-related emissions. Of these different scenarios, the IPCC-AR5 scenario, which was
proposed by the Intergovernmental Panel on Climate Change (IPCC), is considered as one of the
best models for climate change [15]. Figure 6 shows the CO2 concentration increase. Representative
Concentration Pathways (RCP) 8.5, RCP 4.5 and RCP 2.6 scenarios were considered in this study.
RCP 8.5 projected higher CO2 concentration increases than RCP 4.5 and RCP 2.6. Figure 7 shows the
temperature increase for different climate change scenarios. Both mean temperature rises and the
upper and lower 90% confidence intervals of each scenarios are included in Figure 7.

Figure 6. Global averaged CO2 concentration rise. RCP: Representative Concentration Pathways.

Figure 7. Global averaged temperature rise.

In this section, parameter analysis was carried out to calculate the carbonation depth, probability
of corrosion initiation and service life of cracked concrete. Two W/C (0.45 and 0.65), two concrete
cover depths (25 mm and 35 mm) and three crack widths (0.05 mm, 0.10 mm and 0.15 mm) were used
in the parameter analysis. In this study, W/C = 0.45, cover depth = 35 mm, crack width = 0.05 mm
represents the upper limit of service life and W/C = 0.65, cover depth = 25 mm, crack width = 0.25 mm
represents the lower limit of service life.
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Table 2 shows statistical parameters. In this study, we considered the uncertainties of the CV and
CR. The concrete cover depth was assumed to have a normal distribution [11] and the coefficient of
variance of cover depth was assumed to be 0.2 [3]. The carbonation rate parameter at the initial time
was assumed to have a normal distribution [11] and the coefficient of variance of the carbonation rate
parameter was 0.15 [3]. For CO2 concentration and global temperature, the coefficient of variance
increased with time [11]. At the initial time, the coefficient of variance equaled zero and at the
100-year mark, the coefficient of variance was taken to be 0.06 [11]. In addition, in this parameter study,
the relative humidity was set as 65%, the initial environmental temperature was set as 25 ◦C, the curing
period before carbonation testing was 28 days and the interspace of the concrete crack was 100 mm.
Table 3 shows the summary of the analyzed cases. Six cases were analyzed: the RCP 2.6, RCP 4.5,
RCP 8.5, RCP 8.5 upper 90% confidence interval, RCP 8.5 at the time slice 2050 and RCP 8.5 upper 90%
confidence interval at the time slice 2050. To some extent, the different analysis cases such as RCP 2.6,
RCP 4.5, RCP 8.5, RCP 8.5 upper 90% confidence interval, RCP 8.5 at the time slice 2050 and RCP 8.5
upper 90% confidence interval at the 2050-time slice, can represent specific cities [14,16,17].

Table 2. Statistical parameters.

Parameter Mean Coefficient of Variance Distribution

Cover depth
25 mm

0.2 [3] Normal [11]
35 mm

Carbonation rate parameter CR =

√
2[CO2(t)]0Deq0(t)
[CH] +3[CSH]

0.15 [3] Normal [11]

CO2 concentration [CO2(t)] COVmax(t) = 0.06 [11] Normal [11]

Temperature 25+∆T COVmax(t) = 0.06 [11] Normal [11]

Table 3. Summary of analysis cases.

Climate Scenarios Time Slices

RCP 8.5 2000
RCP 4.5 2000
RCP 2.6 2000

RCP 8.5-upper 90% confidence interval 2000
RCP 8.5 2050

RCP 8.5-upper 90% confidence interval 2050

Based on the concrete hydration-carbonation integrated model, the carbonation depth of concrete
could be calculated. Furthermore, by using the Monte Carlo method, the probability of corrosion
initiation was determined. The probability of corrosion initiation for the analysis cases is shown in
Figures 8–13. With the increase in cover depth (seen in a comparison between Figure 8a,b and between
Figure 8c,d), the probability of corrosion initiation decreased. With the decrease in water-to-cement
ratio (based on a comparison between Figure 8a,c and between Figure 8b,d, the probability of corrosion
initiation also decreased. Higher W/C with a lower crack width may present a lower probability of
corrosion than a lower W/C with a higher crack width. In this study, we treated the water-to-cement
ratio and crack width separately and did not consider the effect of water content on the chance
of cracking.
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Figure 8. Probability of corrosion initiation-RCP 8.5, time slice 2000. (a) W/C: 0.65, Cover depth:
25 mm; (b) W/C: 0.65, Cover depth: 35 mm; (c) W/C: 0.45, Cover depth: 25 mm; (d) W/C: 0.45,
Cover depth: 35 mm.

Figure 9. Probability of corrosion initiation-RCP 4.5, time slice 2000. (a) W/C: 0.65, Cover depth:
25 mm; (b) W/C: 0.65, Cover depth: 35 mm; (c) W/C: 0.45, Cover depth: 25 mm; (d) W/C: 0.45,
Cover depth: 35 mm.
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Figure 10. Probability of corrosion initiation-RCP 2.6, time slice 2000. (a) W/C: 0.65, Cover depth:
25 mm; (b) W/C: 0.65, Cover depth: 35 mm; (c) W/C: 0.45, Cover depth: 25 mm; (d) W/C: 0.45,
Cover depth: 35 mm.

Figure 11. Probability of corrosion initiation-RCP 8.5 upper 90% confidence interval, time slice 2000.
(a) W/C: 0.65, Cover depth: 25 mm; (b) W/C: 0.65, Cover depth: 35 mm; (c) W/C: 0.45, Cover depth:
25 mm; (d) W/C: 0.45, Cover depth: 35 mm.
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Figure 12. Probability of corrosion initiation-RCP 8.5, time slice 2050. (a) W/C: 0.65, Cover depth:
25 mm; (b) W/C: 0.65, Cover depth: 35 mm; (c) W/C: 0.45, Cover depth: 25 mm; (d) W/C: 0.45,
Cover depth: 35 mm.

Figure 13. Probability of corrosion initiation-RCP 8.5 upper 90% confidence interval, time slice 2050.
(a) W/C: 0.65, Cover depth: 25 mm; (b) W/C: 0.65, Cover depth: 35 mm; (c) W/C: 0.45, Cover depth:
25 mm; (d) W/C: 0.45, Cover depth: 35 mm.
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When cracks increased from 0.05 mm to 0.15 mm, the service life of concrete reduced significantly.
As the service life reduced, the changing extent of the climate scenario during service life became
smaller and the effect of climate change on the cumulative probability function became much weaker.
Hence, the cumulative probability functions with cracks of 0.15 mm were very similar, regardless of
climate change and the cumulative probability functions with cracks of 0.05 mm were quite different.
For concrete with 0.05mm cracks, different climate change scenarios and time slices lead to different
probabilities, especially when the probability exceeds 0.8.

In this study, the former service life was defined as the service life of concrete for the condition of
no climate change; the modified service life was the service life of concrete after considering climate
change and the relative service life was defined as the ratio of modified service life to former service
life. Based on the interpolation between the probability of corrosion initiation and time (shown in
Figures 8–13), the former service life and revised service life could be determined. Furthermore,
the relative service life of concrete was calculated. Tables 4–9 show the former service life, revised
service life and relative service life of concrete of each analysis case. It shows that with an increase in
former service life after considering climate change, reductions on the former service life also increased.

Table 4. Service life of cracked concrete-RCP 8.5, time slice 2000.

W/C Cover Depth (mm) Crack Width (mm)
Service Life (Years)

No Climate Change With Climate Change Relative Ratio

0.65

25
0.05 16.033 15.067 0.940
0.15 5.866 5.715 0.974
0.25 3.530 3.471 0.983

35
0.05 31.203 27.858 0.893
0.15 11.440 10.944 0.957
0.25 7.009 6.793 0.969

0.45

25
0.05 43.535 37.184 0.854
0.15 15.074 14.221 0.943
0.25 9.115 8.782 0.963

35
0.05 85.847 63.672 0.742
0.15 29.713 26.664 0.897
0.25 17.988 16.802 0.934

Table 5. Service life of cracked concrete-RCP 4.5, time slice 2000.

W/C Cover Depth (mm) Crack Width (mm)
Service Life (Years)

No Climate Change With Climate Change Relative Ratio

0.65

25
0.05 15.938 14.890 0.934
0.15 5.834 5.669 0.972
0.25 3.517 3.452 0.982

35
0.05 31.265 27.981 0.895
0.15 11.455 10.881 0.950
0.25 7.009 6.779 0.967

0.45

25
0.05 43.883 37.958 0.865
0.15 15.204 14.258 0.938
0.25 9.195 8.818 0.959

35
0.05 86.276 67.778 0.786
0.15 29.889 26.876 0.899
0.25 18.086 16.793 0.929
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Table 6. Service life of cracked concrete-RCP 2.6, time slice 2000.

W/C Cover Depth (mm) Crack Width (mm)
Service Life (Years)

No Climate Change With Climate Change Relative Ratio

0.65

25
0.05 16.045 15.356 0.957
0.15 5.877 5.785 0.984
0.25 3.526 3.492 0.990

35
0.05 31.372 28.563 0.910
0.15 11.481 11.168 0.973
0.25 7.033 6.923 0.984

0.45

25
0.05 43.739 38.748 0.886
0.15 15.150 14.554 0.961
0.25 9.163 8.983 0.980

35
0.05 85.228 71.684 0.841
0.15 29.570 27.054 0.915
0.25 17.865 16.994 0.951

Table 7. Service life of cracked concrete-RCP 8.5 upper 90% confidence interval, time slice 2000.

W/C Cover Depth (mm) Crack Width (mm)
Service Life (Years)

No Climate Change With Climate Change Relative Ratio

0.65

25
0.05 15.912 14.944 0.939
0.15 5.826 5.665 0.972
0.25 3.511 3.444 0.981

35
0.05 31.203 27.732 0.889
0.15 11.443 10.897 0.952
0.25 7.010 6.780 0.967

0.45

25
0.05 43.978 37.326 0.849
0.15 15.244 14.327 0.940
0.25 9.223 8.856 0.960

35
0.05 85.578 63.018 0.736
0.15 29.628 26.507 0.895
0.25 17.933 16.715 0.932

Table 8. Service life of cracked concrete-RCP 8.5, time slice 2050.

W/C Cover Depth (mm) Crack Width (mm)
Service Life (Years)

No Climate Change With Climate Change Relative Ratio

0.65

25
0.05 10.969 10.257 0.935
0.15 4.022 3.928 0.977
0.25 2.379 2.350 0.988

35
0.05 21.317 18.779 0.881
0.15 7.830 7.468 0.954
0.25 4.788 4.631 0.967

0.45

25
0.05 30.192 25.386 0.841
0.15 10.456 9.798 0.937
0.25 6.298 6.088 0.967

35
0.05 59.710 44.026 0.737
0.15 20.709 18.264 0.882
0.25 12.517 11.583 0.925
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Table 9. Service life of cracked concrete-RCP 8.5 upper 90% confidence interval, time slice 2050.

W/C Cover Depth (mm) Crack Width (mm)
Service Life (Years)

No Climate Change With Climate Change Relative Ratio

0.65

25
0.05 11.092 10.329 0.931
0.15 4.053 3.962 0.978
0.25 2.388 2.358 0.987

35
0.05 21.551 18.856 0.875
0.15 7.904 7.521 0.951
0.25 4.830 4.657 0.964

0.45

25
0.05 30.239 25.283 0.836
0.15 10.479 9.800 0.935
0.25 6.300 6.085 0.966

35
0.05 59.533 43.487 0.730
0.15 20.633 18.124 0.878
0.25 12.486 11.522 0.923

Figures 14–19 show the relative service life for each case. Relative service life is expressed as a
function of former service life. Given a certain analysis case, for concrete with different water-to-cement
ratios, different cover depths and different crack widths, the relationships between relative service
life and former service life were similar. When former service life increased, relative service life also
almost linearly decreased. Hence, climate change presents more significant influence on the service
life of more durable concrete.

Figure 14. Relative service life of cracked concrete-RCP 8.5, time slice 2000.

Figure 15. Relative service life of cracked concrete-RCP 4.5, time slice 2000.
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Figure 16. Relative service life of cracked concrete-RCP 2.6, time slice 2000.

Figure 17. Relative service life of cracked concrete-RCP 8.5 upper 90% confidence interval,
time slice 2000.

Figure 18. Relative service life of cracked concrete-RCP 8.5, time slice 2050.
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Figure 19. Relative service life of cracked concrete-RCP 8.5 upper 90% confidence interval,
time slice 2050.

The summary of the analysis results for various cases is shown as follows. First, in the RCP 8.5,
RCP 4.5 and RCP 2.6 climate change scenarios for concrete structures with a time slice 2000 and a
50-year service life, after considering climate change, service life will reduce by 16%, 14.5% and 11%,
respectively. The reduction trend of service life was similar to the increase trends of CO2 concentration
and global temperature. Second, with a time slice 2000, as the climate change scenario changed from
RCP 8.5 to RCP 8.5 upper 90% confidence interval, service life loss slightly increased from 16% to
16.5%. This was due to the increase in global temperature. While with a time slice 2050, as the climate
change scenario changed from RCP 8.5 to RCP 8.5 upper 90% confidence interval, service life loss
slightly increased from 24% to 25%. The service life loss may have more uncertainty in the near future
than in the present. Third, in the case of the RCP 8.5 climate change scenario, for concrete structures
with a 50-year service life, when the time slice changed from 2000 to 2050, service life loss increased
from 16% to 24%. This was because the increase of CO2 concentration and temperature were much
higher in the 2050–2100 range than the 2000–2050 range of RCP 8.5. In addition, as shown in Tables 4
and 8, when the time slice changed from 2000 to 2050, the service life was reduced because of the
increase in CO2 concentration and temperature.

The proposed model considered the influences of material properties (mixing proportions and
curing periods), crack characteristics (crack width and crack interspace) and environmental conditions
(CO2 concentration, temperatures and relative humidity) on carbonation resistance and the service life
of concrete structures. The calculated results regarding corrosion initiation time and service life can be
combined with structural health monitoring technology for the design and maintenance of concrete
structures [18,19]. However, the proposed model has its limitations. First, the CO2 diffusivity in the
cracked zone was not analyzed in detail. The crack geometry shape such as equal width cracks or
tapered cracks were not taken into account [5]. Second, the interaction between moisture diffusion,
thermal diffusion, carbonation reaction and CO2 diffusion were also not taken into account [20]. In this
study, only a simplified equation (Equation (4)) was employed to calculate the carbonation depth of
concrete. Third, the defined service life in this study was too conservative. The corrosion propagation
period should be included in the service life of concrete structures [21]. In addition, the effect of other
atmospheric variables on carbonation such as wind pressure, especially at the surface of concrete
buildings, should also be considered in further studies [22]. By combining the penetration-reaction
carbonation model [22] with the Monte Carlo method, the influence of wind pressure on carbonation
service life can be found.
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4. Conclusions

This study presented an analytical technique for predicting the service life of cracked concrete
structures under carbonation and climate change.

First, by using a kinetic hydration model, the degree of hydration of cement was calculated.
The hydration related properties such as the amount of carbonatable substances and porosity were
calculated through the degree of hydration and concrete mixing proportions. The calculated results
from the hydration model were used as input parameters for the carbonation model. The carbonation
depth for sound concrete was evaluated by considering the concrete material properties and
the environmental conditions. By using a difference scheme of carbonation model, the effects of
climate change on carbonation such as increased CO2 concentration and environmental temperature
were considered.

Second, the influence of cracks on equivalent CO2 diffusivity and carbonation depth was
analyzed. With the decrease of water-to-cement ratios and increase of crack width, the ratio of CO2

diffusivity between cracked concrete and sound concrete increased. High strength concrete with a
lower water-to-cement ratio is more vulnerable to cracks than low strength concrete with a higher
water-to cement ratio. With the increase of water-to-cement ratio and crack width, the carbonation
depth of concrete increased.

Third, different climate change scenarios (such as RCP 2.6, RCP 4.5, RCP 8.5 and upper 90%
confidence interval of RCP 8.5) and time slices (such as 2000 and 2050) were considered for case studies.
By utilizing the Monte Carlo method, the influences of various climate change scenarios on the service
life loss of concrete structures were highlighted. For cases involving the RCP 8.5, RCP 4.5 and RCP
2.6 climate change scenarios, concrete structures with a time slice 2000 and a 50-year service life,
after considering climate change had their service life reduced by 16%, 14.5% and 11%, respectively.
With a time slice in 2000, as the climate change scenario changed from RCP 8.5 to RCP 8.5 upper 90%
confidence interval, service life loss slightly increased from 16% to 16.5%. While with a time slice 2050,
as the climate change scenario changed from RCP 8.5 to RCP 8.5 upper 90% confidence interval, service
life loss slightly increased from 24% to 25%. The service life loss may have more uncertainty in the near
future than in the present. In the case of the RCP 8.5 climate change scenario, service life loss increased
from 16% to 24% for concrete structures with a 50-year service life when the time slice changed from
2000 to 2050. This showed that with increases in former service life, the reduction ratio regarding
former service life also increased after considering climate change. Climate change presented a more
significant influence on the service life of more durable concrete.

In addition, the outcome of the current study cannot be generalized for all concrete structures.
When the concrete material properties, environmental conditions and crack conditions are different
from those shown in the current study, the service life loss may be different.
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