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ABSTRACT 
 
Atmospheric CO2 is a major cause of reinforcement corrosion in bridges, buildings, wharves, 
and other concrete infrastructure in Australia, United States, United Kingdom and most other 
countries. The increase in CO2 levels associated with global warming will increase the 
likelihood of carbonation-induced corrosion. Moreover, temperature rises will increase corrosion 
rates. Clearly, the impact of climate change on existing and new infrastructure is considerable, as 
corrosion damage is disruptive to society and costly to repair. The paper describes a probabilistic 
and reliability-based approach that predicts the probability of corrosion initiation and damage 
(severe cracking) for concrete infrastructure subjected to carbonation and chloride-induced 
corrosion resulting from elevated CO2 levels and temperatures. The atmospheric CO2 
concentration and local temperature and relative humidity changes with time over the next 100 
years in the Australian cities of Sydney and Darwin are projected based on nine General 
Circulation Models (GCMs) under A1B, A1FI and 550ppm stabilisation CO2 emission 
scenarios. The probabilistic analysis included the uncertainty of CO2 concentration, deterioration 
processes, material properties, dimensions, and predictive models. It was found that carbonation-
induced damage risks can increase by over 400% over a time period to 2100 for some regions in 
Australia. Damage risks for chloride-induced corrosion increase by no more than 15% over the 
same time period due to temperature increase, but without consideration of ocean acidity change 
in marine exposure. Corrosion loss of reinforcement is not significant. The results were most 
sensitive to increases in atmospheric CO2.  
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1. INTRODUCTION 

 

Infrastructure is a key component of human settlement that facilitates activities of the population 

via buildings, transport, energy, water, and communication. For example, following the pattern of 

population distribution and industrial activities, transport infrastructure has been concentrated near 

the cities of Melbourne, Sydney and Brisbane and along the south east coast of Australia - this 

region of Australia has a temperate  climate zone. Key ports are distributed more widely around 

Australia and serve as important export functions for primary resources - some of these ports, 

including Darwin, lie in a tropical climatic zone. In fact, over $1.1 trillion of Australia’s wealth is 

locked up in homes, commercial buildings, ports and other physical infrastructure assets, which is 

equivalent to nine times the current national budget or twice the GDP of Australia. Concrete 

construction is the predominant construction type of the most of critical infrastructure, and its 

performance is therefore vital to underpinning the nation’s essential services and economic 

activities. Australia is not unique in this regard, as most countries including the United States, 

Canada and Europe rely on concrete infrastructure for their social and economic well-being, and 

face similar climatic characteristics to Australia. 

 

Deterioration is regarded as one of the major factors that could significantly changed the long-term 

performance of concrete structures. It is well-known that the deterioration rate not only depends on 

material compositions and construction processes, but also relies on the on-going climatic 

environment during the service phase of the structures’ lifecycle. Climate change may alter this 

environment, especially in the longer-term, causing acceleration of the deterioration process, 

causing corrosion-induced cracking and spalling, which will result in more costly and disruptive 

repairs, as well as strength loss of concrete structures. 

 

Decisions relating to infrastructure development, maintenance, replacement or refurbishment come 

with a long-term commitment and can have consequences for periods of 30-200 years or more. 

These decisions and associated investments will need to take into account future climate conditions. 

Therefore, efforts in analysis of the implications of climate change impacts will assist us to deal 

with decision-making for the issues which may emerge in the future, to protect our national 

infrastructure and human settlements 

 

The Intergovernmental Panel on Climate Change fourth assessment report (IPCC 2007) indicated a 

significant increase of CO2 concentration in the atmosphere from 280 ppm in 1750 to 380 ppm in 

2005 with an increasing trend. In comparison with pre-industrial temperatures, the best estimation 
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of the temperature increase caused by increasing greenhouse concentration can be 2.1°C for 550 

ppm CO2, 3.0°C for 700 ppm, and 4.4°C for 1000 ppm CO2 by 2100 (IPCC 2007). Increased 

temperature will increase rates of carbonation and chloride penetration, as well as corrosion rate. 

For example, we will see later in the paper that corrosion rates will increase by up to 15% if 

temperature increases by 2oC. 

 

Current levels of atmospheric CO2 of about 380 ppm will, in many cases, not cause significant 

carbonation–induced corrosion (Stewart and Rosowsky 1998). Sudret et al. (2007) developed 

spatial reliability models to predict the likelihood and extent of corrosion damage induced by 

carbonation, but this work assumed a constant (time-invariant) CO2 concentration. When 

developing reliability-based durability design specifications the fib Model Code for Service Life 

Design (fib 2006) adopted a CO2 concentration of approximately 500 ppm based on a linear 

increase of 1.5 ppm/yr over 100 years. However, this work only considered corrosion initiation as 

the limit state, and the Intergovernmental Panel on Climate Change (IPCC 2007) predicted CO2 

concentrations exceeding 1000 ppm by 2100 for some carbon emission scenarios. Stewart et al 

(2002) found that the ambient CO2 concentration attributable to a typical urban environment is 

approximately 5-10 % higher than CO2 concentrations in a rural environment. The concentration of 

CO2 in urban environments is influenced by combustion of fossil fuels from traffic, domestic 

heating, power generation, etc, and CO2 concentrations are often higher closer to ground level. 

Carbonation depths were then calculated for Reinforced Concrete (RC) structures assuming a 

climate change prediction of up to 450 ppm for service lives of up to 100 years (Stewart et al 2002). 

The probabilistic analysis showed that variability in carbonation depths can be high due to 

uncertainty and variability of environmental and material properties. Peng and Stewart (2008) used 

the latest CO2 concentration data provided by the fourth assessment report of 2007 

Intergovernmental Panel Climate Change (IPCC 2007) to predict the likelihood and extent of 

carbonation-induced cover cracking and safety loss to RC and prestressed concrete beams in flexure 

and shear. Stewart (2009a) then conducted a life-cycle cost assessment to assess the cost-

effectiveness of increasing design cover as an adaptation measure to mitigate the effects of 

carbonation of concrete. The effect of climate change on chloride-induced corrosion appears to 

have also been the subject of relatively little research, however, Bastidas-Arteaga et al. (2010) have 

calculated 5-15% increases in probability of corrosion initiation due to climate change. 

 

The paper describes a probabilistic and reliability-based approach that predicts (i) probability of 

corrosion initiation, (ii) probability of corrosion damage (severe cracking), and (iii) corrosion loss 

of reinforcement for concrete infrastructure subjected to corrosion resulting from higher CO2 levels 
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and temperatures. The atmospheric CO2 concentration and local temperature and humidity changes 

with time over the next 100 years are projected for the Australian cities of Sydney and Darwin - 

these cities are representative of temperate and tropical climates, respectively. Many parts of the 

United States, Canada and Europe have similar temperate or tropical climates. Temperature and 

humidity projections will be based on nine General Circulation Models (GCMs) under A1B, A1FI 

and 550ppm stabilisation CO2 emission scenarios. The reference or ‘best’ case scenario where CO2 

levels are held constant at year 2000 levels is also considered. Atmospheric CO2, temperature and 

humidity are considered in this paper as three of the major environmental influences on corrosion 

processes. Two types of corrosion agents of concern are modelled: (i) carbonation and (ii) chloride 

(marine exposure) induced corrosion. The probabilistic analysis includes the uncertainty of CO2 

concentration, deterioration processes, material properties, dimensions, and predictive models. A  

computer program named CIRCAA-RC (Climate Impact Risks for Corrosion Adaptation 

Assessment - Reinforced Concrete) was developed to calculate the climate impact risks for above 

ground OPC (Ordinary Portland Cement) concrete infrastructure.  

 

2. ANTHROPOGENIC ASPECTS OF CLIMATE CHANGE 

 

The increase of CO2 concentration, a major component of greenhouse gas, may alter the longwave 

radiation from Earth reflected back towards space, leading to global warming or climate change, 

which is often described in terms of the change of the mean and variability of temperature, 

precipitation and wind, etc. over a period of time (IPCC 2007). The atmospheric concentration of 

CO2 was relatively stable between 260 ppm and 280 ppm for the most of the past ten thousands of 

years, but since the Industrial Revolution has dramatically increased from 280 ppm in 1750 to 380 

ppm in 2005. 

 

To project the anthropogenic impact due to emission in relation to population, economy, 

technology, energy, land use and agriculture, a total of four scenario families, i.e., A1, A2, B1 and 

B2, are defined (IPCC 2000). The A1 scenario indicates very rapid economic growth, a global 

population that peaks in mid-century and declines thereafter, and the rapid introduction of new and 

more efficient technologies, as well as substantial reduction in regional differences in per capita 

income. The A2 scenarios represents a very heterogeneous world with preservation of local 

identities, continuous increase of population, regionally oriented economic development, more 

fragmented per capita economic growth and technological change. The B1 scenarios assumes the 

same population trend as A1, but rapid change in economic structures towards a service and 

information economy, reduction in material intensity, and introduction of clean and resource 
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efficient technologies. The B2 scenarios has emphasis on local solutions to economic, social and 

environmental sustainability, continuous increase of global population at a rate lower than A2, 

intermediate levels of economic development and less rapid and more diverse technological change 

than those in B1 and A1. Sub-categories of A1 scenario include: 

• A1FI considers a carbon emission scenario, which assumes very rapid economic growth, a 

global population that peaks in midcentury and declines thereafter, and the rapid 

introduction of new and more efficient technologies, substantial reduction in regional 

differences in per capita income, intensive fossil energy consumption; 

• A1B has similar assumptions as A1FI except balanced fossil and non-fossil energy 

consumption; 

 

In addition, the scenario of CO2 stabilisation at 550 ppm by the year 2150 is also introduced to 

consider the effect of policy intervention. Considering the uncertainties in future global carbon 

emissions, the impact assessment in the current study is carried out using three carbon emission 

scenarios, i.e. A1FI, A1B and 550 ppm stabilisation scenarios, representing extremely high 

emissions, medium emissions and the emissions under policy influences, respectively. An emission 

scenario based on Year 2000 CO2 levels is also considered to provide a reference for other emission 

scenarios. Figure 1 describes the projection of CO2 concentrations from 1990 based on the Model 

for Assessment of Greenhouse-gas Induced Climate Change, known as MAGICC (Wigley et al. 

1996), specifically related to A1FI, A1B and 550 ppm CO2 stabilisation scenarios. Their low and 

upper bounds are also described to consider CO2 projection modelling errors. 

 

To project spatially dependent temperature increases in the future under different emission 

scenarios, various climate models or Atmosphere-Ocean General Circulation Models (AOGCMs) 

have been developed based on physical principles at the continental scale. Selecting an AOGCM to 

be used in an impact assessment is not a trivial task, given the variety of models. The IPCC 

suggested that due to the varying sets of strengths and weaknesses of various AOGCMs, no single 

model can be considered the best. Therefore, it is necessary to use multiple models to take into 

account the uncertainties of models in any impact assessment. In the current study, climate 

projections from nine climate models are used - for more details see Wang et al. (2010) and IPCC 

(2007). From the global CO2 concentration and temperature rise projections obtained by MAGICC 

for a given emission scenario, temperature and relative humidity changes in Australia with different 

GCMs can be projected by OZClim. OZClim is a climate change projection software developed by 

the Commonwealth Scientific and Industrial Research Organisation (CSIRO), which is based on the 

WCRP CMIP3 multimodel dataset developed by the Program for Climate Model Diagnosis and 
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Intercomparison (PCMDI), and the Working Group on Coupled Modelling (WGCM) of World 

Climate Research Programme (WCRP). For example, Figure 2 shows the projected median 

temperatures for each of the nine GCM projections, for A1FI, A1B, 550 ppm and Year 2000 

emission scenarios for the Australian cities of Sydney and Darwin. Figure 2 shows that although 

Darwin has higher temperatures, by 2100 the variability of temperature change is higher for 

Sydney, for all emission scenarios. 

 

If low and high values shown in Figure 1 are taken as 10th and 90th percentiles, respectively, of a 

normal distribution then the statistical parameters for CO2 concentrations are: mean μCO2(t) is equal 

to mid value, and standard deviation σCO2(t) is (high-low)/2.56. The Coefficient of Variation (COV) 

increases with time to a maximum value of approximately 0.06 for all emission scenarios. For the 

reference (best) emission scenario based on constant year 2000 CO2 concentration then μCO2(t) = 

369.2 ppm and σCO2(t) = 0. In all cases the probability distributions are censored at year 2000 CO2 

concentration. The variability of temperature rise and relative humidity change are incorporated 

through the analysis of nine GCMs.  

 

A number of studies have shown elevated CO2 levels in urban environments due to higher 

pollution, exhaust fumes, etc. Stewart et al. (2002) recorded CO2 concentrations of up to 575 ppm 

in Brno (Czech Republic), with CO2 concentrations higher near street level. George et al. (2007) 

found that CO2 concentrations in an urban site (Baltimore) were on average 16% higher than a rural 

site, and increases of  21-31% were reported in the literature. Day et al. (2002) observed an average 

enhancement over the course of the day in CO2 concentration near an urban centre (Phoenix) of 19 

ppm. Considering that the most infrastructure is located in urban environments, the effects of urban 

environment on atmospheric CO2 concentrations should be considered. As most infrastructure is 

located in urban environments, then atmospheric CO2 concentrations will be increased by a new 

factor kurban. In this paper kurban is assumed normally distributed with mean of 1.15 and COV of 

0.10.   

 

The relative humidity RH(t) is also time-dependent and equal to RH(t)=RH(2000)+RHmid×Tmid(t) 

where Tmid(t) is the median global warming temperature in relation to the emission scenarios, and 

RHmid is the rate of change of relative humidity with the global warming temperature obtained from 

GCM projections, or the relative humidity change per degree of global warming.  
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3. CARBONATION-INDUCED CORROSION 

 

3.1 Time to Corrosion Initiation 

 

The time to corrosion initiation (carbonation) depends on many parameters: concrete quality, 

concrete cover, relative humidity, ambient carbon dioxide concentration and others. The impact of 

carbonation has been studied by many researchers and various mathematical models have been 

developed with the purpose of predicting carbonation depths (for review see e.g., Duracrete 1998, 

Stewart et al 2002). It is observed that corrosion may occur when the distance between the 

carbonation front and the reinforcement bar surface is less than 1-5 mm (e.g., Yoon et al 2007). 

However, probabilistic analyses for assessing durability design specifications tend to ignore this 

effect (Duracrete 2000b, fib 2006). Hence, time to corrosion initiation (Ti) occurs when carbonation 

front equals concrete cover. 

 

The carbonation depth model proposed by Yoon et al. (2007) considers a wide range of influencing 

parameters and so the carbonation depth (xc in cm) is predicted from Yoon et al. (2007), but 

corrected to allow for kurban and t defined in years starting from 2000 as 

 

xc(t) =
2DCO2

(t)
a

kurbanCCO 2
(t −1999) t o

t −1999
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

n m

        t ≥ 2000     (1) 

 

DCO2
(t) = D1 t −1999( )−n d     a = 0.75CeCaOαH

MCO2

MCa O

 (2) 

 

where CCO2(t) is the time-dependent mass concentration of ambient CO2 (10-3kg/m3) with μCO2(t) 

and COV equal to σCO2(t)/μCO2(t) obtained from Figure 1 (using the conversion factor 1 ppm = 

0.0019×10-3 kg/m3); kurban is a factor to account for increased CO2 levels in urban environments; 

DCO2(t) is CO2 diffusion coefficient in concrete; DCO2(t) is CO2 diffusion coefficient in concrete; D1 

is CO2 diffusion coefficient after one year; nd is the age factor for the CO2 diffusion coefficient; t0 is 

one year; Ce is cement content (kg/m3); CaO is CaO content in cement (0.65); αH is a degree of 

hydration; MCaO is molar mass of CaO and equal to 56 g/mol and MCO2 is molar mass of CO2 equal 

to 44 g/mol. The age factor for microclimatic conditions (nm) associated with the frequency of 

wetting and drying cycles is nm=0 for sheltered outdoor and nm=0.12 for unsheltered outdoor.  
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The mean values for D1 and nd are given in Table 1, and Yoon et al (2007) provided estimates of 

maximum (95th percentile) values for D1 and nd. The standard deviation for D1 is approximately 

0.15, and COV for nd is approximately 0.12 for all w/c ratios. These statistics represent model error 

(or accuracy). The diffusion coefficient D1 is less than 5×10-4 cm2s-1 and which is appropriate for 

good quality concrete (Sanjuan and del Olmo 2001). These parameters are based on T=20 oC and 

RH=65%. The degree of hydration after more than 400 days is estimated as (de Larrard 1999): 

 

αH ≈1− e−3.38w / c
 (3) 

 

A higher temperature will cause an increase in diffusion coefficient leading to increased 

carbonation depths (e.g., Baccay et al. 2006). The effect of temperature on diffusion coefficient is 

modelled using the Arrhenius Law (e.g., Duracrete 2000a, Yoon et al 2007), where the time-

dependent change in diffusion coefficient when compared to a temperature of 20 oC is: 

 

fT (t) ≈ e
E
R

1
293

−
1

273+Tav (t )

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

        and     Tav (t) =
T(t)

i= 2000

t

∑
t −1999

   (4) 

 

where T(t) is the temperature (oC) at time t, E is the activation energy of the diffusion process (40 

kJ/mol - Kada-Benameur et al. 2000) and R is the gas constant (8.314x10-3 kJ/mol.K). As 

temperature will be increasing over time then DCO2(t) is averaged over time and so T(t) is also 

averaged over time. A 2oC temperature increase will increase the diffusion coefficient by 12%. 

 

While Eqn. (1) was used by Yoon et al (2007) to predict carbonation depths for increases in CO2 

concentrations it needs to be recognised that Eqn. (1) is a point-it-time predictive model - i.e., the 

carbonation depth at time t assumes that CO2(t) is constant for all times up to time t. This will 

overestimate carbonation depth as CO2 concentration will be gradually increasing with time up to 

the peak value CO2(t). Stewart et al (2002) considered this phenomenon and calculated carbonation 

depths due to enhanced greenhouse CO2 conditions using the average CO2 concentration over the 

time period, and not the peak value at time t. As such, Eqn. (1) can be re-written as: 

 

xc(t) ≈
2fT (t)DCO2

(t)
a

kurban CCO 2
(t)

2000

t

∫ dt 1
t −1999

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

n m

      t ≥ 2000 (5) 
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To be sure, Eqn. (5) is an approximation, and there is a need for an improved carbonation model 

that considers the time-dependent effect of CO2 concentration and other parameters such as 

temperature or humidity. 

 

Carbonation tends to be highest for relative humidities RH(t) of 50% to 70% (Russell et al 2001). 

Moreover, Al-Khaiat and Fattuhi (2002) report that little or no carbonation occurs below a relative 

humidity of 30%, whereas Russell et al. (2001) state that below 50% relative humidity there is 

insufficient moisture for carbonation reactions to take place. Most carbonation models assume 

relative humidity of greater than 50%. To be conservative, the analysis assumes that if RH(t) is less 

than 40% then the carbonation front ceases to advance (ie. carbonation depth does not increase with 

time).  

 
3.2 Corrosion Propagation 

 

The carbonation-induced corrosion rate is variable and highly dependent on exposure conditions 

and atmospheric situations – see Raupach (2006) and Peng and Stewart (2008) for a review of 

corrosion rates and models. Some empirical models exist, but each isolates only several variables.  

 

It is interesting to note that when water or oxygen is limited, the corrosion process may eventually 

stop. In fact, very high humidity in concrete may reduce oxygen diffusion to the corrosion area and 

slow the corrosion process of reinforcement, while the shortage of water in dry concrete also 

reduces corrosion activities. The corrosion rate for carbonation or chlorides becomes negligible 

when relative humidity RH(t) is less than 50% (e.g., Enevoldsen et al 1994, Neville 1995), and in 

this study a negligible corrosion rate is defined as a corrosion current density (icorr) of 0.1 μA/cm2 

where a corrosion rate (icorr) of 1 μA/cm2 = 0.0116 mm/year. The optimum relative humidity for 

corrosion is 70-80% (Neville 1995).  

 

In the present study, corrosion rate is assumed lognormally distributed with statistical parameters 

for a temperature of 20 oC given by Duracrete (1998), see Table 2. These values take into account 

the concrete grades suggested for the corresponding exposure classes. An increase in temperature 

will increase corrosion rate, and the model described by Duracrete (2000) is used: 

 

icorr (t) = icorr−20 1+ K(T(t) − 20)[ ] (6) 
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where icorr-20 is the corrosion rate at 20 oC given in Table 2, and K=0.025 if T(t)<20 oC and K=0.073 

if T(t)>20 oC. Duracrete (2000) notes that Eqn. (6) is a close correlation to Arrhenius equation, at 

least for temperature below 20 oC, but may be conservative for T(t)>20 oC. A 2oC temperature 

increase will increase the corrosion rate by 15%. 

 

There is little data on time-dependent effects on corrosion rate for carbonated RC structures. Hence, 

the present analysis assumes a time-invariant corrosion rate for carbonation. This is likely to be a 

conservative assumption as corrosion rate will generally decrease with time due to the build up of 

rust products thus impeding the corrosion process (e.g., Vu and Stewart 2000). 

 

 

4. CHLORIDE-INDUCED CORROSION 

 

4.1 Chloride Penetration Model 

 

The penetration of chlorides is given empirically by Fick's second law of diffusion. However, 

chloride penetration processes and field conditions differ from that assumed with Fick’s law - for a 

review see Val and Stewart (2009).  Nonetheless, Fick’s law is often used to describe chloride 

penetration into concrete due to its computational convenience; namely, surface chloride 

concentration (Co) and diffusion coefficients (Dc) are easily calculated by fitting Fick’s law to 

measured chloride profiles. An improved model utilising a time-dependent chloride diffusion 

coefficient proposed by Duracrete (2000a) is used to calculate chloride concentration. Time to 

corrosion initiation (Ti) is assumed to occur when chloride concentration at the level of 

reinforcement exceeds the critical chloride concentration (Ccr). The chloride concentration at depth 

x mm at time t is: 

 

C(x,t) = Co 1− erf x

2 ke • kt • kc • fT (t)Dc
t o

t −1999
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

n

• t −1999( )

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
⎟ ⎟ 

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
⎥ 
⎥ 

      t ≥ 2000  (7) 

 

 

where Dc is the chloride diffusion coefficient, n is the ageing factor, ke is the environment factor, kt 

is the test method factor (1.0), kc is the curing factor (1.0), to is the reference time in years (28 days 

or 0.0767 years), and fT(t) is the temperature effect on diffusion coefficient given by Eqn. (4). 
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The surface chloride concentration (Co) is generally assumed as a time-invariant variable as 

exposure to chlorides for a specific structural member would not change from year to year. 

However, climate change may cause changes in wetting/drying cycles, rainfall and wind patterns 

could vary, etc. but there is no data to support how this might affect Co. The surface chloride 

concentration can be categorised into specific exposure categories: submerged zone, splash and 

tidal zones, and atmospheric zone. Surface chloride concentrations for offshore and onshore RC 

structures in Australia are given in Table 3. The critical chloride concentration is normally 

distributed with mean and COV of 3.35 kg/m3 and 0.375, respectively, truncated at 0.35 kg/m3 (Val 

and Stewart 2003). The critical chloride concentration is not affected by concrete quality (Duracrete 

2000a). 

 

There is evidence to suggest that chloride action is accelerated by carbonation (and SO2, NOx) 

because carbonation disturbs the equilibrium between free and bound chlorides in the concrete, 

thereby increasing the free chloride concentration in the pore solution. However, it appears that this 

evidence has not been translated into any useful quantitative models. Thus the interaction effect 

between carbonation and chlorides is, for the time being, omitted from the present study.  

 

4.2 Corrosion Propagation 

 

Corrosion rates are highly variable and dependent on concrete grade, cover and environment. For 

example, the British Standard BS 6349-1 (2000) suggests that mean corrosion rate for the 

atmospheric zone is 0.04 mm/yr (3.45 μA/cm2), 0.08 mm/yr (6.9 μA/cm2) for the splash zone, and 

0.04 mm/yr (3.45 μA/cm2) for the tidal zone. The corrosion rates recommended by Duracrete 

(1998) shown in Table 4 are not dissimilar from those reported in BS 6349-1 (2000). These values 

take into account the concrete grades suggested for the corresponding exposure classes. Since 

corrosion rate data given in Table 4 assumes time-invariant corrosion rate so this analysis will also 

assume a time-invariant corrosion rate. This is a conservative assumption. The effect of temperature 

on corrosion rate is modelled using Eqn. (6). 

 

 

5. TIME TO CORROSION DAMAGE 

 

Corrosion-induced cover cracking and damage occurs on the concrete surface above and parallel to 

the rebars. The various stages of crack growth can be described in three stages:  
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(i) Corrosion initiation (Ti); 

(ii) Crack initiation (T1st, time to first cracking - hairline crack of 0.05 mm width), and; 

(iii) Crack propagation (Tsev, time for crack to develop from crack initiation to a limit crack 

width, w). 

 

The time to corrosion damage (severe cracking or spalling) is thus Tsp=Ti+T1st+Tsev. 

 

5.1 Time to Crack Initiation 

 

As there is a porous zone around the steel reinforcing bar the corrosion products must firstly fill this 

porous zone before the products start to induce internal pressure on the surrounding concrete. 

Therefore, not all corrosion products contribute to the expansive pressure on the concrete. This 

approach to crack initiation has been used by El Maaddawy and Souki (2007) and their model is 

used herein. The thickness of the porous zone (δ0) is typically in the range of 10 - 20 μm and can be 

described using a normal distribution with mean equal to 15 μm and COV of 0.1. It should be 

noted, that the accuracy of the time to severe cracking is dominated by the accuracy of time to 

corrosion initiation (Ti) and the time since crack initiation to reach a limit crack width (Tsev), and so 

service life predictions are relatively insensitive to the crack initiation model (Stewart and Mullard 

2007). 

 

5.2 Time to Severe Cracking 

 

The time to severe cracking referred to herein is the time when concrete cover cracking reaches a 

limit crack width of 1 mm. Mullard and Stewart (2010) have modelled rate of crack propagation 

which enables the time for a crack to develop from crack initiation to a limit crack width (Tsev). The 

time (after crack initiation) for cracking of the concrete surface to reach a crack width of w mm is: 

 

Tsev = kR
w − 0.05

kcME(rcrack )rcrack

0.0114
icorr−20

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟     0.25 ≤ kR ≤ 1, kc ≥ 1.0,  w ≤ 1.0mm (8) 

 

where 

 

ψcp =
Cover

Dft

   (9) 
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rcrack = 0.0008e−1.7ψcp     0.1≤ ψcp ≤1.0 (10) 

 

kR ≈ 0.95 exp −
0.3icorr(exp)

icorr−20

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ −

icorr(exp)

2500icorr−20

+ 0.3
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 
     

   (11) 

 

and where icorr-20 is the corrosion current density (μA/cm2) at T=20 oC and constant with time, ψcp is 

the cover cracking parameter, rcrack is the rate of crack propagation in mm/hr, MErcrack is crack 

propagation model error, w is the crack width (mm), concrete cover is in mm, D is reinforcing bar 

diameter in mm, ft is the concrete tensile strength in MPa, kR is a rate of loading correction factor 

where icorr(exp)=100 μA/cm2 is the accelerated corrosion rate used to derive rcrack, and kc is the 

confinement factor that represents an increase in crack propagation due to the lack of concrete 

confinement around external reinforcing bars.  

 

If the reinforcing bar is in an internal location then kc=1, but for rebars located at edges and corners 

of RC structures then kc is in the range of 1.2 to 1.4. Although the data is limited, there appears to 

be a trend where kc increases as ψcp increases. In this study kc is taken as 1.0. A statistical analysis 

of model accuracy to account for variabilities between model prediction and experimental data is 

essential for stochastic or reliability analyses where statistics for model error are required. Hence, 

the statistics for model error for rcrack (MErcrack) are: mean(MErcrack) = 1.04 and COV(MErcrack) = 

0.09. For more details of this improved cover cracking model see Mullard and Stewart (2010). The 

cover cracking model developed by Mullard and Stewart (2010) was based on chloride-induced 

corrosion.  

 

Concrete strength is time-variant, and the time-dependent increase in concrete compressive strength 

after one year using the ACI method is (Stewart 1996) fc=1.162fc(28) where fc(28) is the 28 day 

compressive strength. Time-dependent gains in strength beyond one year are not considered in the 

present analysis. 

 

5.3 Time to Corrosion Damage 

 

Since corrosion rate is a time-dependent function of temperature then times to corrosion damage 

need to be corrected since Eqns. (8-11) assume a time-invariant (constant) corrosion rate. If we 

assume that the amount of corrosion products needed to cause cracking (mcorr) for a constant 

corrosion rate is directly proportional to icorr(T1st+Tsev) then mcorr=icorr(T1st+Tsev). The time to 
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corrosion damage for a variable corrosion rate (Tsp) is such that the corrosion amounts (mcorr) for 

constant and variable corrosion rates are equal. It follows that Tsp is obtained from solving the 

unknown Tsp from the following equation: 

 

mcorr = icorr (t)dt
Ti

Tsp

∫
 (12)

 

 

where icorr(t) is given by Eqn. (6). 

 

6. TIME-DEPENDENT RELIABILITY ANALYSIS 

 

6.1 Carbonation Depth 

 

By using Eqn. (5), the percentage increase in carbonation depth when compared to a reference 

(baseline case) is 

 

Pc(t) =

2fT (t)DCO2
(t)

a
CCO 2

(t)
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t

∫ dt 1
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⎛ 
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       =
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 (13)

 

 

Thus, the percentage change in carbonation depth is influenced only by climate variables fT(t) and 

CCO2(t), and not by material related parameters or error in the carbonation depth model. 

 

6.2 Corrosion Initiation 

 

Corrosion will take place when : 

 

1. The carbonation depth reaches the surface of the reinforcing bar, and so the cumulative 

probability of corrosion initiation at time t is 
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 pi(t) = Pr Cover − xc(t) < 0[ ] (14) 

 

 where xc(t) is the carbonation depth obtained from Eqn. (5).  

 

2. The chloride concentration at the level of reinforcement exceeds critical chloride 

concentration at time t. 

 

 pi(t) = Pr C(Cover,t) − Cr < 0[ ] (15) 

 

where C(Cover,t) is the chloride concentration at depth of reinforcement given by Eqn. (7), 

and Cr is the critical chloride concentration. 

 

6.3 Corrosion Damage 

 

Corrosion damage is defined as the time when concrete cover severely cracks (crack width w=1.0 

mm). Therefore, the cumulative probability of corrosion damage at time t is  

 

ps(t) = Pr t ≥ Tsp[ ]
 

(16)
 

 

If the material, dimensional and corrosion parameters are assumed homogeneous for the structure 

(i.e. spatial variability is ignored), then the mean proportion of corrosion damage is ps(t)×100% 

(Sudret et al 2007). 

 

6.4 Corrosion Loss 

 

Time-dependent corrosion loss of reinforcement is defined as the loss of steel section (reduction in 

diameter in mm) which is calculated as 

 

Δd(t) = 2 × 0.0116 icorr (t)dt
Ti

t

∫  (17) 

 

where icorr(t) is given by Eqn. (6).  
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6.5 Computational Method 

 

Monte-Carlo simulation is used as a computational method for the time-dependent reliability 

analysis. Note that the CO2 concentration is fully correlated with time.  

 

Spatial effects for geometric and physical parameters known to influence structural reliabilities are 

not considered for general corrosion as their inclusion will be less important as it is for chloride-

induced pitting corrosion (e.g., Stewart 2004). However, inclusion of spatial variability of 

environment, dimensions and material properties is an area for further research. For carbonation-

induced corrosion it has been shown by Peng and Stewart (2008) that enhanced greenhouse 

conditions have negligible effect on structural reliability for flexure and shear limit states. 

 

 

7. RESULTS 

 

7.1 Structural Configurations 

 
Environmental exposure in Australia is classified by the Australian Concrete Structures Code 

AS3600-2009 as three climatic zones (arid, temperate and tropical), see Figure 3. The selected sites 

of Sydney and Darwin represent two very different macroclimatic conditions for exposed structures, 

particularly when characterising predicted temperature changes, namely, temperate and tropical 

climates, respectively. The microclimate, on the other hand, concerns local conditions such as 

‘aboveground’,‘in-ground’ and ‘maritime’ or, more specifically, the position of structural elements 

in relation to the fluctuating water level (and the time such elements remain dry) and by the level of 

sulphates, pH, and chlorides in the water or soil. 

 

Concrete inside buildings with low air humidity, or that is permanently submerged in water, 

generally has a low exposure to carbonation, while concrete surfaces subject to long-term periodic 

water contact, concrete inside buildings with moderate-to-high air humidity, and external concrete 

sheltered from rain have higher exposures to carbonation. In maritime conditions, structures 

exposed to splash and tide have a significantly higher risk of corrosion than structures that are 

exposed to airborne salt but are not in direct contact with sea water, or those that are permanently 

submerged. For these reasons the reliability analyses to follow will focus on corrosion predictions 

for sheltered and exposed structures for carbonation and chlorides, respectively. 
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The durability design requirements specified in AS3600 relate to minimum concrete cover and 

concrete compressive strength, and assumes standard formwork and compaction. Tables 5 and 6 

show the durability design specifications related to the AS3600 exposure classifications A1 to C for 

carbonation and B1 to C2 for chlorides. These tables also show parameter values for the 

deterioration models, and Table 7 shows the statistical parameters for corrosion parameters, 

material properties and dimensions - these are representative of concrete structures in Australia. The 

exposure classifications of most relevance for concrete infrastructure in Sydney and Darwin are 

near coastal (B1) and coastal excluding tidal and splash zones (B2). For marine infrastructure the 

relevant exposure classifications are C, C1 and C2. However, analyses will be conducted for all 

exposure classifications to help illustrate the effect of environment on corrosion damage risks. 

Unless noted otherwise, all results in the following sections refer to the average of nine GCM 

temperature simulations. Reinforcement bar diameter is 20 mm. 

 

Note that the 2001 and earlier editions of the Australian Concrete Code AS3600 had a single 

exposure classification for members in water (exposure classification C). However, the revised 

(2009) edition now provides more guidance by removing exposure classification C and replacing it 

with more specific exposure classifications C1 and C2. As nearly all existing infrastructure is 

designed to AS3600-2001 or earlier then it is important to include exposure classification C in the 

reliability analyses.  

 

The impact assessment is focused primarily on the relative change in corrosion initiation and 

damage risks due to enhanced CO2 levels, temperature and humidity when compared to Year 2000 

levels, and not on the absolute estimates of risk. While different deterioration models will produce 

different estimates of absolute risk, deterioration model selection will have significantly less 

influence on comparative risks.  

 

7.2 Carbonation 

 

Figure 4 shows the mean carbonation depth for the four emission scenarios and five exposure 

classifications, for Sydney and Darwin. The carbonation depths are higher for Darwin due to the 8 
oC increase in temperature when compared to Sydney. The Australian Concrete Structures Code 

AS3600-2009 specifies improved concrete compressive strength and other enhanced durability 

design specifications, which will result in a reduced rate of carbonation. This is evident in Figure 4 

where exposure classification C with w/c=0.40 concrete has a carbonation depth significantly less 

than exposure classification A1 and A2 with w/c=0.56. The A1FI, A1B and 550 ppm emission 
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scenarios have a significant effect on carbonation depths, but the carbonation depths for these 

emission scenarios vary by no more than 4 mm by 2100. For example, the A1FI emission scenario 

increases carbonation depth by approximately 36% when compared to reference Year 2000 CO2 

emissions, whereas the 550 ppm by 2150 emission scenario increases carbonation depths by only 

25%. Note, that  as discussed in Section 6.1, the percentage change in carbonation depth is not 

influenced by material related parameters. 

 

The effect of the nine GCM temperature prediction models on probabilities of corrosion initiation 

and corrosion damage are shown in Figure 5, for A1FI emission scenario and A1 exposure 

classification in Sydney. There are 6.8% and 17.1% differences between maximum and minimum 

predicted probabilities of corrosion initiation and damage, respectively. This represents quite low 

variability, hence, it is reasonable to only consider the average of nine GCM temperature 

simulations when presenting results. 

 

The probabilities of corrosion initiation and damage are shown in Figure 6 for all emission 

scenarios, exposure classifications and locations. The likelihood of corrosion initiation is less than 

0.004, and less than 0.002 for corrosion damage, for exposure classifications B2 and C. These 

probabilities are negligible irrespective of the emission scenario. Corrosion initiation and corrosion 

damage risks are highest for exposure classifications A1, A2 and B1 as these are exposures most 

susceptible to carbonation, whereas the other exposure classifications are more related to coastal 

exposure to chlorides. There is unlikely to be any significant corrosion damage for the first 20-30 

years service life, but the likelihood of corrosion damage then increases to 20% to 40% for A1FI, 

A1B and 550 ppm emission scenarios. In practical terms, this is equivalent (see Section 6.1) to 

expecting that 20% to 40% of every concrete surface by the year 2100 will be damaged and in need 

of maintenance or repair. The probability of corrosion damage for the worst case scenario (A1FI) is 

up to 460% higher than that observed for the reference (best) mitigation scenario, see Figure 7. This 

indicates the higher CO2 concentration could lead to a significant likelihood and extent of corrosion 

damage that may need costly and disruptive repairs during the service life of many concrete 

structures. A larger bar diameter will result in a corresponding higher likelihood of corrosion 

damage. 

 

The corrosion loss of reinforcement diameter Δd(t) is quite modest due to the long time to corrosion 

initiation and relatively low corrosion rates associated with carbonation. For example, the mean 

additional corrosion loss (when compared to corrosion loss for the reference mitigation scenario) is 

0.23 mm and 0.08 mm at year 2100 for A1FI emission scenario and exposure A2 for Darwin and 
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Sydney, respectively. These are the highest corrosion loss for any exposure. For a 16 mm diameter 

bar this represents a 2.8% and 1.0% loss of cross-sectional area, and by inference, of structural 

capacity. For other exposure classifications, other emission scenarios and larger diameter 

reinforcing bars the proportional reduction of cross-sectional area reduces further. 

 

7.3 Chlorides 

 

Figure 8 reviews the probabilities of corrosion initiation and corrosion damage for all emission 

scenarios, exposure classifications and locations. The durability design specifications are enhanced 

for severe environments, such as concrete structures in splash and tidal zones (exposure 

classifications (C and C2), but the associated high concrete cover, increased concrete compressive 

strength and low w/c ratio is counter-balanced by the higher chloride exposures, resulting in 

probabilities of corrosion initiation and damage that reach 20% to 40% (see Figure 8). On the other 

hand, probabilities of corrosion initiation and damage are negligible for less severe exposure 

classifications B1, B2 and C1 even though durability design specifications are not as stringent. The 

corrosion rate for tidal and splash zones (C and C2) are very high at 6.035 μA/cm2 - hence once 

corrosion has initiated the time to severe cracking (Tsev) is only several years. This means that the 

probability of corrosion damage is only slightly less than the probability of corrosion initiation. 

 

It is evident from Figure 8 that the corrosion initiation and damage risks are not influenced 

considerably by the emission scenario. For example, corrosion damage risks for the worst emission 

scenario (A1FI) are only 6% to 15% higher then the reference (best) emission scenario. This shows 

that while predicted increases in temperature will increase chloride diffusion coefficient and 

corrosion rate, that these increases will be relatively modest with relatively little influence on 

chloride-induced corrosion.  

 

The additional corrosion loss of reinforcement for A1FI emission scenario (when compared to the 

reference mitigation scenario) and exposure C2 for Darwin and Sydney is 0.78 mm and 0.46 mm by 

2100, respectively. These are the highest corrosion loss for any exposure. For a 16 mm diameter bar 

this represents a 9.5% and 5.7% loss of cross-sectional area. The additional corrosion loss is lower 

for other exposure classifications or emission scenarios. These proportional reductions in cross-

sectional area, which will reduce as bar diameter increases, will reduce structural safety, but this 

loss is not likely to be a overly significant unless there is highly localised pitting corrosion which 

can reduce structural reliability considerably (e.g., Stewart 2009b). Nonetheless, this is an area for 

further research. 
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7.4 Practical Applications and Further Research 

 

Carbonation-induced corrosion is very low to negligible for concrete infrastructure located within 

50 km of Sydney and Darwin, i.e., exposure classifications B1, B2 and C. However, corrosion 

damage risks for inland regions with arid or temperate climates (A1 and A2) can reach 20% to 40% 

(see Figure 6) and climate change can cause increases in damage risks by 40% to 460% (see Figure 

7). Fortunately, a small proportion of Australia’s infrastructure is located in these regions in 

Australia, however, these infrastructure may well merit appropriate and cost-effective adaptation 

measures.  

 

Damage risks for chloride-induced corrosion are quite high because of the severe splash and tidal 

exposure of marine structures in water (exposure classifications C and C2). Concrete structures 

located away from the coast, or in the spray zone, have damage risks of less than 1%, and most are 

negligible. What is relevant to this discussion is that corrosion damage risks are high even for the 

reference mitigation scenario (Year 2000 CO2 levels held constant with time). So damage risks are 

already high today. Climate change will increase these risks by at most 6% to 15%. These structures 

may merit appropriate and cost-effective adaptation measures, but the climatic effects on 

carbonated-induced corrosion seem more severe and a priority for adaptation measures. 

 

An economic assessment of adaptation measures including increased cover, increased concrete mix 

durability, galvanised or stainless steel reinforcement, and coatings is essential in order to better 

manage concrete infrastructure over the next 100 years. This is the subject for further research. 

 

 

8. CONCLUSIONS 

 

A time-dependent reliability analysis has been conducted to assess the probabilities of corrosion 

initiation and corrosion damage for existing concrete infrastructure subject to change of climatic 

variables to 2100. The loss of reinforcement cross-section was also calculated. The atmospheric 

CO2 concentration and local temperature and humidity changes with time over the next 100 years 

were projected for the Australian cities of Sydney and Darwin as these cities are representative of 

temperate and tropical climates, respectively. Temperature and humidity projections were based on 

nine General Circulation Models (GCMs) under A1B, A1FI and 550ppm stabilisation CO2 emission 

scenarios. The reference or ‘best’ case mitigation scenario where CO2 levels are held constant at 
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year 2000 levels was also considered. The probabilistic analysis included the uncertainty of CO2 

concentration, deterioration processes, material properties, dimensions, and predictive models. It 

was found that carbonation-induced damage risks can increase by over 400% by 2100 for inland 

arid or temperate climates in Australia. Damage risks for chloride-induced corrosion increase by no 

more than 15%. Corrosion loss of reinforcement amounted to no more than 9.5% for chloride-

induced corrosion. The results were most sensitive to increases in atmospheric CO2. Structures 

located in inland arid or temperate climates in Australia were most susceptible to climate change, 

and these structures may merit appropriate and cost-effective adaptation measures. 
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w/c D1×10-4 cm2s-1 nd 
0.45 0.65 0.218 
0.50 1.24 0.235 
0.55 2.22 0.240 

Note: for intermediate values use linear interpolation 
 

Table 1. Mean Parameter Values (Yoon et al 2007). 
 
 
 
  

 
Exposure Class Mean Standard 

Deviation 
Distribution 

Carbonation    
   C1 - Dry 0.0a  0.0 Lognormal 
   C2 - Wet- rarely dry (unsheltered) 0.345 μA/cm2 0.259 μA/cm2 Lognormal 
   C3 - Moderate humidity (sheltered) 0.172 μA/cm2 0.086 μA/cm2 Lognormal 
   C4 -Cyclic wet-dry (unsheltered) 0.431 μA/cm2 0.259 μA/cm2 Lognormal 

a assume negligible = 0.1 μA/cm2 
 

Table 2. Carbonation Corrosion Rates (icorr-20) for Various Exposures (Duracrete 1998). 
 
 

 
 

Environment Mean COV Distribution 
Co1 - Splash/Tidal Zone 7.35 kg/m3 0.7 Lognormal 
Co2 - Atmospheric Zone on the Coast 2.95 kg/m3 0.7 Lognormal 
Co3 - Atmospheric Zone >1 km from the Coast 1.15 kg/m3 0.5  Lognormal 

  
Table 3. Surface Chloride Concentration (Val and Stewart 2003). 

 
 
Exposure Class Mean Standard 

Deviation 
Distribution 

Chloride Initiated Corrosion    
 Cl1 - Wet- rarely dry  0.345 μA/cm2 0.259 μA/cm2 Lognormal 
 Cl2 - Cyclic wet-dry 2.586 μA/cm2 1.724 μA/cm2 Lognormal 
 Cl3 - Airborne sea water 2.586 μA/cm2 1.724 μA/cm2 Lognormal 
 Cl4 - Submerged Not expected 

except bad 
concrete or lower 

cover 

- Lognormal 

 Cl5 - Tidal Zone 6.035 μA/cm2 3.448 μA/cm2 Lognormal 
 

Table 4. Chloride-Induced Corrosion Rates (icorr-20) for Various Exposures (Duracrete 1998). 
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         Sheltered
Exposure Classification

 
Cover   
(mm) 

F'c 
(MPa)

w/cd

ratio
Ce

a  
(kg/m3)

mean 
D1 

mean 
nd 

kurban nm icorr
e

Members in exterior 
environments: 

          

Inland (> 50 km from 
coast): 

          

non-industrial and arid 
climate 

A1 20 mm 20 0.56 320 2.22 0.240 1.15 0.0 C1 

non-industrial and 
temperate climate 

A2 30 mm 25 0.56 320 2.22 0.240 1.15 0.0 C3 

non-industrial and 
tropical climate 

B1 40 mm 32 0.50 320 1.24 0.235 1.15 0.0 C3 

non-industrial and any 
climate 

B1 40 mm 32 0.50 320 1.24 0.235 1.15 0.0 C3 

Near-coastal (1-50 km), 
any climate 

B1 40 mm 32 0.50 320 1.24 0.235 1.15 0.0 C3 

Coastal (up to 1 km, 
excluding tidal and splash 
zones), any climate 

B2 45 mm 40 0.46 370 0.65 0.218 1.15 0.0 C3 

Surfaces of members in 
water: 

          

in tidal or splash zone Cf 50 mm 50 0.40 420 0.47b 0.19c 1.15 0.0 C3 
Notes - a: based on minimum cement content specified in AS 5100.5, b: conservative value - highest value based on 
polynomial, exponential and power extrapolations from Table 1, c: conservative value - lowest value based on 
polynomial, exponential and power extrapolations from Table 1, d: based on maximum w/c ratio specified in AS 
5100.5, e: see Table 2,f: AS3600-2001.  
 

Table 5. Durability Design Specifications (AS3600-2009) and Deterioration Models, for 
Carbonation. 
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Exposure Classification
 

Cover  
(mm) 

F'c 
(MPa)

w/cb 
ratio 

mean
(Dc) 
×10-

12 

mean 
(n) 

ke Co
c icorr

d 

Members in exterior 
environments: 

         

Near-coastal (1-50 km), any 
climate 

B1 40 mm 32 0.50 15 0.65 
 

0.676 
σ=0.114

Co3 Cl3

Coastal (up to 1 km, excluding 
tidal and splash zones), any 
climate 

B2 45 mm 40 0.46 10 0.65 
 

0.676 
σ=0.114

Co2 Cl3

Surfaces of members in water:          
splash and tidal zones Ce 50 mm 50 0.40 7 0.37 

 
0.924 

σ=0.155
Co1 Cl5

in spray zone (>1 m above 
wave crest level) 

C1 50 mm 50 0.40 7 0.37 
 

0.265 
σ=0.045

Co2 Cl3

splash and tidal zones C2 65 mm 50 0.40 7 0.37 
 

0.924 
σ=0.155

Co1 Cl5

Notes - a: based on minimum cement content specified in AS 5100.5, b: based on maximum w/c ratio specified in AS 
5100.5, c: see Table 3, d: see Table 4, e: AS3600-2001. 
 
Table 6. Durability Design Specifications (AS3600-2009) and Deterioration Models, for Chloride-

Induced Corrosion. 
 
 

 
 

Parameters Mean COV Distribution Reference 
fc(28) 1.03F'c 0.18 Normal Pham (1985) 
D1 Table 5 σ=0.15 Normal  
nd Table 5 0.12 Normal  
Age Factor (n) Table 6 σ=0.07 Normal Duracrete (2000a) 
Environmental 
Factor (ke) 

Table 6 Table 8 Normal Duracrete (2000a) 

Diffusion Coefficient 
(Dc) 

Table 6 0.285 Normal Duracrete (2000a) 

ME(rcrack) 1.04 0.09 Normal Mullard & Stewart (2010) 
kurban 1.15 0.10 Normalb - 
Coverd   Cnom +6 mm σ=11.5 mm Normalc McGee (1999) 
ft 0.53(fc)0.5 0.13 Normal Mirza et al (1979) 
Ec 4600(fc)0.5 0.12 Normal Mirza et al (1979) 

Notes - b: truncated at 1.0, c: truncated at 10 mm (stirrup diameter), d: cover-meter data obtained from 83 RC bridges in 
Tasmania. 

 
Table 7.  Statistical Parameters for Corrosion Parameters, Material Properties and Dimensions 
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Figure 1. Predicted Low, Mid and High Estimates of CO2 Concentrations. 
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Figure 2. Projected Median Temperatures for the Nine GCM Predictions for the A1FI, A1B, 550 
ppm and Year 2000 Emission Scenarios for (a) Sydney and (b) Darwin. 
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Figure 3. Climatic Zones Defined by the Australian Concrete Code AS3600. 
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Figure 4. Mean Carbonation Depths for (a) Sydney and (b) Darwin. 
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Figure 5. Effect of Nine GCM Temperature Predictions on Probabilities of Corrosion Initation and 
Corrosion Damage, for Sydney, A1 Exposure Classification and A1FI Emission Scenario.  
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Figure 6. Probabilities of Carbonation-Induced Corrosion Initiation and Corrosion Damage, for Sydney and Darwin.
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Figure 7. Percentage Increase in Probability of Carbonation-Induced Corrosion Damage. 
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Figure 8. Probabilities of Chloride-Induced Corrosion Initiation and Corrosion Damage, for Sydney and Darwin. 


