
Introduction

Reinforced concrete is extensively used in the 
construction of buildings as it is comparatively cheap 
and provides large durability. Durability gets reduced 
drastically by corrosion when the reinforced concrete 
structures are situated in environments with high 
CO2 concentrations. Carbonation is induced when the 
atmospheric carbon dioxide reacts with cement hydrates 
and forming calcite. This chemical reaction significantly 
decreases the pH in the porous solution and thus it 
induces corrosion of the reinforcing steel. Parameters 
governing carbonation depend on temperature, 

atmospheric carbon dioxide concentration and relative 
humidity, all related with time and climate change [1]. 

Study on the influence of climate change on the 
durability of concrete structures using statistical 
regression analysis of a number of pertinent 
experimental and field data resulted that temperature, 
concentration of CO2, and relative humidity play a vital 
role in the concrete carbonation rates [2]. Park et al 
presented a probabilistic approach to predict the service 
life of concrete structures subjected to carbonation based 
on the climate scenario IS92a which considered natural 
logarithm of time in prediction of CO2 concentration 
from the year 2000 to 2100 and linear variation in the 
prediction of temperature based on meteorological data 
from Korea Meteorological Administration [3].

Yoon et al. developed a durability model considering 
the effect of increase in the concentration of CO2 on 
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the carbonation of concrete with respect to water-
cement ratio [4]. Joeri Rogelj et al estimated increase in 
carbon dioxide concentration  to 936 ppm and increase 
in temperature of 4.0-6.1ºC by 2100 [5]. Deterministic 
models for predicting carbonations depths were 
proposed considering the increase in carbon dioxide 
concentration, temperature while ignoring the effect of 
change in relative humidity [6, 7, 8]. The objective of 
this work is to include the effect of relative humidity 
in employing spatial time-dependent reliability analysis 
for carbonation depth prediction.

In approximate moment approach, Byeng Youn et al. 
performed FORM by approximating the performance 
function using the first-order Taylor series expansion at 
the design point [9]. Cheng et al. proposed the concept 
of sequential approximate programming and applied 
Taylor linear approximation to both design variables 
and random variables [10]. Roudak et al. compared the 
results of generalization of HL-RF method with first-
order terms of Taylor approximation in computing 
reliability index [11]. Zhangli Hu et al. examined the 
accuracy of saddle point approximation in reliability 
analysis incorporating first-order Taylor expansion [12]. 
Yongsu Jung et al. employed first-order terms of Taylor 
approximation in FORM and compared the results with 
approximated dimension reduction methods [13]. This 
study also examines the initiation probability of steel 
corrosion based on the reliability concept incorporating 
first-order Taylor series expansion for reinforced 
concrete structures in the Switzerland city of Bern and 
the Chinese city of Seoul as case studies in this work.

Materials and Methods

For research activities, Intergovernmental Panel on 
Climate Change offered the change in climate scenario 
as open-source software. The four representative 
concentration pathways, – RCP 2.6, RCP 4.5, RCP  

6.0 and RCP 8.5 –named based on the predicted 
radiative forcing values in the year 2100 (2.6, 4.5, 6.0 
and 8.5 W/m2 respectively) were reported in IPCC fifth 
assessment report [14]. Fig. 1 shows the projection of 
annual average carbon dioxide concentration for RCP 
4.5 and RCP 8.5 from the year 2000 [10-12].

Four climate models were chosen for the present 
study namely CanESM2 from Canadian Centre for 
Climate Modelling and Analysis, Canada, ACCESS1.0 
from Commonwealth Scientific and Industrial Research 
Organisation, Australia, CSIRO-Mk3-6-0 from 
Commonwealth Scientific and Industrial Research 
Organization in collaboration with the Queensland 
Climate Change Centre of Excellence, Australia, 
MIROC5 from Atmosphere and Ocean Research 
Institute (The University of Tokyo), National Institute 
for Environmental Studies and Japan Agency for 
Marine-Earth Science and Technology were accessed 
freely from https://esgf-node.llnl.gov/projects/esgf-
llnl/ and only one ensemble member (r1i1p1) run has 
been used (similar to [18, 19]). The output from the 
four models was downloaded as NetCDF files and 
converted to Excel file using R software [15, 16, 17]. 
The results were employed for temperature and relative 
humidity prediction from 2010 to 2100 corresponding 
to RCP8.5, and RCP4.5 for the cities Bern and Seoul 
(whose corresponding latitude and longitude values 
46.94809, 7.44744, 37.566, 126.9784), are shown in  
Fig. 2 – a) to d) respectively. 

Taking into account carbonation process as a 
steady-state process modelled by Fick’s first law, where 
carbon dioxide concentration, temperature and relative 
humidity are time-dependent, the carbonation depth 
model can be written as:

...where t is in years starting from 2010, xc(t) denotes the 
carbonation depth at time t, CCO2(t) denotes the increase 
in atmospheric carbon dioxide concentration with 
respect to time (10-3 kg/m3) as shown in Fig. 1 (using 
the conversion factor 1 ppm = 0.0019 * 10-3 kg/m3). 
The significance of temperature on diffusion coefficient 
is modelled as per the Arrhenius law (similar to 
[4]), where the time-dependent change in diffusion 
coefficient when compared to a temperature of 20ºC is

Fig. 1. Predicted global annual average carbon dioxide 
concentration for RCP 8.5, RCP 4.5 emissions.
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in which t(t) is the temperature (ºC) at time t, E is the 
activation energy of the diffusion process (40 kJ/mol 
([23]) and R is the gas constant (8.314 * 10-3 kJ/mol K). 
The Model Code for Service Life Design (fib, 2006) 
recommends a model to consider the influence of RH on 
the diffusion coefficient

...where RHref is the reference RH (= 65% at temperature 
= 20ºC), fe is a constant (= 5.0) and ge is a constant 
(= 2.5). Carbonation have a tendency to be highest 
for relative humidity RH(t) = 50-70% ([24]).  
The values of T(t) and RH(t) were taken from the  

Fig. 2. a) Temperature Prediction – RCP 8.5 & RCP 4.5 - Bern, b) Relative Humidity Prediction – RCP 8.5 & RCP 4.5 - Bern, c) 
Temperature Prediction – RCP 8.5 & RCP 4.5 – Seoul, d) Relative Humidity Prediction – RCP 8.5 & RCP 4.5 – Seoul.
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climate model CSIRO-Mk3-6-0. ksite is a factor to 
account for increased carbon dioxide levels in non-
remote environments, d(t) is the carbon dioxide 
diffusion coefficient in concrete calibrated for 2010 
to 2100, D1 is the carbon dioxide diffusion coefficient 
at t = 2010, nd is the age factor for the carbon dioxide 
diffusion coefficient, t0 is 1 year, Ce is the cement content 
(kg/m3), CCaO is the calcium oxide content in cement 
(0.65), aH is the degree of hydration, MCaO is the molar 

mass of calcium oxide (= 56 g/mol), MCO2 is the molar 
mass of carbon dioxide (= 44 g/mol) and w/c is the 
water/cement ratio[4]. The age factor nm related with the 
occurrence of wetting and drying cycles is nm = 0 for 
sheltered outdoor exposure and nm = 0.12 for unsheltered 
outdoor exposure.

Carbon dioxide level in urban area will be 
generally higher than the global mean value measured 
at remote areas like Mauna Loa in Hawaii because of 
anthropogenic and natural sources, correction factor 
ksite values of 1,14, 1.07, 1.05 were used respectively to 
urban, sub-urban and rural area to convert global mean 
CO2 concentration to respective local levels. Table 1 
represents the mean values for D1 and nd as a function 
of w/c ratio [4]. The mean carbonation depths of 
sheltered and unsheltered structures in Bern and Seoul 
are shown in Fig. 3a) and b) respectively. 

w/c ratio D1: 10-4 cm2/s nd

0.45 0.65 0.218

0.5 1.24 0.235

0.55 2.22 0.240

Table 1. Mean parameter values [4].

Fig. 3. Mean Carbonation depth for various a) w/c ratio - Bern, b) w/c ratio - Seoul.
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results and discussion 
on reliability concept

The basic reliability problem considers one load 
effect Q resisted by one resistance R which must be 
expressed in same units [25]. The probability of failure, 
(Pf) of the structural element can be stated as: 

Corps of Engineering USA suggested guidelines 
on reliability based design of structures which infers 
probability of failure from reliability index. From the 
definition of Hasofer and Lind [26], reliability index (β) 
can be calculated from the following formula: 
 

Fig. 4. Reliability index of durability failure by carbonation for w/c ratio of: a) 0.45 - Bern, b) 0.5- Bern, c) 0.55- Bern, d) 0.45 - Seoul, 
e) 0.5- Seoul, f) 0.55- Seoul.
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...where μ and σ are the statistical parameters, mean 
and standard deviation. In first-order second moment 
(FOSM) method incorporating first-order Taylor series 
approximation, Reliability index can be interrelated to 
probability of failure by the following formula: 

...where μz is mean of limit state equation, σz is standard 
deviation of limit state equation, β is reliability index 
and Φ is standard normal distribution function [27, 
28]. This study implements coefficient of variation for 
carbonation depth as 15% as well as cover depth as 
20%  in this analysis to reflect on the large variation 
of carbonation depth in performing durability design 
[3,29]. 

...where μc, σc are mean of cover depth (30 mm) and 
standard deviation of cover depth, μd, σd are mean and 
standard deviation of carbonation depth with respect to 
age of structure varying from 0 to 100 years. Reliability 
index is computed for Bern, Seoul at RCP 8.5 and RCP 
4.5 climate scenarios in Fig. 4(a-f).

Corrosion gets started once the probability of 
corrosion initiation exceeds 10% which corresponds 
to reliability index of 1.28 [30]. Using standard 
cumulative function, time to reach 10% probability 
of corrosion initiation can be computed. From the 
time to reach 10% probability of corrosion initiation 
repair and maintenance works can be foreseen based 
on the w/c ratio of the structure in Bern and Seoul 
environmental condition [31]. Computing reliability 
index using mean, standard deviation, coefficient of 
variation and from there on computation of probability 
of corrosion initiation can be helpful in foreseeing 
strategic maintenance works if any. Reliability index 
assessment can be useful in decision making about 
alternatives or maintenance planning [28]. Such 
reliability computations by accounting randomness 
and uncertainties should be employed in assessment of 
target reliabilities in the classification of performance 
based design [32]. 

conclusions

This paper has illustrated a spatial time-dependent 
reliability analysis of the carbonation-induced corrosion 
under a dynamic climate by including coefficient of 
variation of concrete cover and carbonation depth. Time-
dependent carbon dioxide concentration, temperature, 
relative humidity effects on carbonation depth extracted 
from a CMIP5 climate model is included in the 

carbonation depth model. The results from the spatial 
time-dependent reliability analysis were presented in 
terms of reliability index for locations in Switzerland 
and Korea which indirectly infers the time for proposed 
maintenance activities. 

For the worst-case scenario, the time of the first 
repair could occur as soon as 2060 and 2065 for 
sheltered structures for the water-cement ratio of 0.55 
in Seoul, South Korea considering the climate change. 
Future construction of structures should ensure 
adequate concrete cover, improved quality of concrete, 
and the provision of surface coatings to inhibit carbon 
dioxide ingress to take into account degradation due 
to climate change when they are being designed. The 
analysis conducted in this study indicates that the risk 
of corrosion in reinforced concrete structures in Bern, 
Switzerland by carbonation will be very small as the 
predicted relative humidity of the city is not within the 
range between 50% and 70%. The presented findings 
could help us in foreseeing the cost-effective decision-
making process concerning the maintenance planning 
for structures based on w/c ratios in the concerned 
locations of the world.
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