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EXECUTIVE SUMMARY 

Concrete structures are a key component of human settlement. Climate change is 
anticipated to have an impact on concrete structures through increasing rates of 
deterioration as well as through the impacts of extreme weather events. Understanding 
the implications of climate change on existing concrete structures is vital for effective 
asset planning and management undertaken by a range of governments and agencies. 
This is the first of three reports from a CSIRO project: Analysis of Climate Change 
Impacts on the Deterioration of Concrete Infrastructure, funded by Department of 
Climate Change and Energy Efficiency (DCCEE) and CSIRO Climate Adaptation 
Flagship. This project made theoretical and practical advances in analysing climate 
change impacts on the deterioration of concrete infrastructure.  
 
In this first report in the series we outline the projected impacts of climate change and 
review the mechanisms of common deterioration processes in concrete structures.  
These include chloride-induced and carbonation-induced corrosion, sulfate attack, 
alkali-aggregate reactions, and freeze–thaw cycle attack. We also review both 
Australian and international standards for ensuring the durability of maritime, above-
ground and in-ground concrete structures; and approaches to the modelling and 
simulation of concrete deterioration. It is understood that current built infrastructure is 
designed on the implicit assumption of current or static climate conditions in existing 
standards. 
 
In the second report Part 2: Modelling and Simulation of Deterioration and Adaptation 
Options we develop methodology of modelling and simulations for new concrete 
infrastructure to explore adaptation options to reduce future climate change impacts. In 
the third report Part 3: Case Studies of Concrete Deterioration and Adaptation we 
build on this methodology to present modelling and simulation for the deterioration of 
existing concrete and various adaptation measures for chloride and carbonation induced 
corrosion. We also test this through cases studies of existing concrete bridges in 
temperate and port structures in tropical climates. 
 
Climate change projections used in this series are based on the fourth assessment report 
of the Intergovernmental Panel on Climate Change (IPCC 2007).  Of the suite of 
projections of climate change, in addition to the impact of extreme event and sea level 
rise, increasing rates of deterioration due to changes in carbon dioxide concentration, 
temperature and humidity is considered most likely to affect the durability of concrete 
and concrete structures and therefore will be thoroughly investigated by the project.   
 
Causes of concrete deterioration 
 
Concrete deterioration is caused by physical, mechanical and chemical factors and can 
be induced by factors external and internal to the concrete structure.  Physical and 
chemical deterioration are the most influenced by climate. Consequently the 
performance of concrete structures will be affected especially in the long term.  
 



 

 

Of the deterioration processes, chloride-induced corrosion is the major threat to the 
durability of maritime and coastal concrete structures. Steel reinforcement in concrete is 
covered by a thin passive layer of oxide that protects it from oxygen and water which 
may cause corrosion and produce rust. This passive layer can only be maintained at 
high pH values (i.e. where the pH is greater than 12). The passive layer can be 
destroyed, a process known as ‘depassivation’, when chloride ions penetrate the 
concrete and then accumulate to a critical level on the surface of steel reinforcement. 
Corrosion on the steel surface follows and the corrosion products cause considerable 
expansion.  This generates internal stress and causes cracking and spalling or 
delamination. 
 
Carbonation in concrete is caused essentially by the penetration of atmospheric CO2. It 
significantly reduces alkalinity which, in turn, increases the vulnerability of steel 
reinforcement to corrosion due to depassivation. The direct consequence of carbonation 
is shrinkage, as well as a decline in pH, which is left unchecked, will eventually cause 
corrosion and cracking followed by spalling.  Carbonation can also have a considerable 
impact on durability, especially of above-ground structures and structures exposed to 
high CO2 concentrations 
 
The deterioration of concrete infrastructure caused by chloride-induced and 
carbonation-induced corrosion results in considerable economic losses in Australia 
because of a loss of serviceability and an increase in the maintenance required to 
preserve structural integrity. The increase in the number of people living in coastal 
regions, and in the associated investment in concrete infrastructure in those regions, 
increases the nation’s exposure to further economic losses. 
 
The chloride-induced and carbonation-induced corrosion of concrete infrastructure is 
directly affected by environmental factors such as temperature and humidity. 
Carbonation is also affected by the concentration of CO2 in the atmosphere. All these 
factors – temperature, humidity and CO2 concentration – will vary as a result of 
increasing greenhouse gas emissions and climate change. Considering the likelihood 
that carbon dioxide concentration in atmosphere may increase up to three times of the 
current level and the mean global temperature may increase up to 6 degree Celsius by 
2100 in a high emission scenario, the risk of concrete structural damage may be 
adversely affected. 
 
Other sources of deterioration include:  

• Sulphate attack – which is of particular concern for concrete structures in low-
lying coastal areas in the Northern Territory, Queensland and New South Wales 
because of the acid sulfate soils in those areas 

• Reactions between alkalis and the aggregate which is key component of 
concrete and results in expansion and cracking.  

• Freeze thaw cycles which cause expansion of the water trapped in pores in the 
concrete, as well as absorbed by capillary action, will experience thermal cycles 
with changes in the ambient temperature. 
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Current practices for ameliorating deterioration and increasing durability 
 
Structural durability is the capacity of structures to resist deterioration given expected 
and unexpected environmental attack. The aim is to maintain the potential or likelihood 
of serviceability loss and structural failure at an acceptable level throughout a specified 
service life. The improvement of structural durability requires an understanding of 
environmental exposure, which may be significantly affected by climate change-related 
factors such as increasing concentrations of atmospheric CO2, rising air temperatures, 
and sea level rise. Practices to reduce deterioration should be considered at four stages: 
material design, structural design, construction, and operation. 
 
Existing standards in Australia and Europe are reviewed (especially those relevant to 
preventing concrete deterioration) to illuminate current practices in the durability design 
of concrete structures such as buildings, bridges, piles, footings, pipes and maritime 
structures.  In general, the standards address the need to take into account the 
environmental exposure of structures at both macro and micro levels before 
implementing durability design, assessment and subsequent mitigation measures.  
However, they assume a static climate and so do not consider the influence of a 
changing climate or environment on the durability design. This may place concrete 
structures at risk when the climate changes and, ultimately, reduces the serviceability 
and safety of concrete structures. 
 
Although it is important to minimise deterioration processes by reducing the exposure 
of concrete structures to environmental attack, such exposure is often unavoidable and 
consideration should be given to mitigation and/or adaptation measures. Existing 
measures could be modified as part of strategies to maintain the long-term performance 
of concrete infrastructure in the face of climate change. Advanced concrete materials 
and structures, might also help improve the durability of concrete infrastructure and 
their adaptation to climate change.  
 
It is common practice to improve durability by increasing concrete cover and by using 
high-performance concrete and reinforcement. These are among the most 
straightforward approaches in design to slow deterioration processes and to mitigate or 
adapt to the impacts of climate change. However, it is unclear what is required in terms 
of the nature and extent of the changes to current practices to maintain the current level 
of structural reliability and durability in concrete infrastructure. Moreover, the timing of 
such changes also needs to be addressed because it will have a direct impact on the 
overall cost of mitigation and adaptation strategies. 
 
Modelling and simulation of concrete deterioration processes 
 
Modelling and simulation of concrete deterioration processes are important to answer 
questions on the impacts of climate change and an increasing atmospheric concentration 
of CO2 on the serviceability and durability of Australia’s concrete-based infrastructure. 
Deterioration is characterised by three stages: corrosion initiation, corrosion progress, 
and cracking and spalling (see Part 2 of this series for the modelling of the effects of 
climate variability at each of these three stages).  



 

 

 
In modelling and simulating the impacts of climate change it is necessary to take into 
account the temporal and spatial dependencies of climatic variability which affects the 
deterioration. In addition, deterioration processes are path-dependent, implying that the 
history of changing climatic conditions affect concrete over time. 
 
There are difficulties associated with taking into account the effects of various 
mitigation and adaptation measures in existing models and simulations. More work 
needs to clarify how different measures might delay or slow deterioration processes, 
especially in association with the critical concentration threshold for corrosion.  
 
To better understand the implications of climate change for concrete infrastructure, and 
the adaptation options that might be available, Part 2 presents a thorough investigation, 
and Part 3 of this report presents a number of case studies.
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Melbourne City 
Source: Robert Kerton, CSIRO 

1. INTRODUCTION 

Physical infrastructure is a key component of human 
settlement and comprises buildings and the structures 
needed for the provision of transport, energy, water and 
communication. It is critical to Australia’s social and 
economic function, for example, Australia’s transport 
infrastructure, mirrors the pattern of population 
distribution and industrial activities and is therefore 
concentrated on the east coast (Figure 0-1); ports 
perform an export function for primary resources (Figure 
1-2). The nation’s wealth worth thousands of billion 
dollars is locked up in homes, commercial buildings, 
ports and other physical infrastructure assets in 
Australia, equivalent to nine times the current national 
budget and twice the country’s gross domestic product.  
 
Concrete is predominantly used for the construction of 
Australia’s critical infrastructure. Its performance, 
therefore, is vital to provide the nation’s essential 
services and maintain its economic activities. 
 
The key performance requirements for the design, 
construction and maintenance of concrete structures 
relate to safety, serviceability and durability. The 
deterioration rate of such structures depends not only on 
the construction processes employed and the 
composition of the materials used but also on the 
environment. Changes to climatic conditions may alter 
this environment, especially in the long term, causing the 
deterioration processes to accelerate and consequently an 
acceleration of the decline of the safety, serviceability 
and durability of concrete infrastructure.  
 

(a) Population density 

(b) Road distribution 

(c) Railway distribution 
 

Figure 0-1 Population and transport 
infrastructure in Australia 
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Decisions relating to infrastructure development, 
maintenance, replacement and refurbishment can have 
consequences for 30–200 years or more. Therefore such 
decisions and associated investments should take into 
account future climatic conditions. The analysis of the 
implications of climate change for infrastructure is vital 
for effective decision-making on the protection of 
infrastructure and the human settlements that rely on it. 
 
As the first part of a report on the research project 
Climate Change Impact on the Deterioration of 
Concrete Infrastructure in Australia, this document 
reviews the mechanisms of common deterioration 
processes in concrete structures; the standards for 
ensuring the durability of maritime, above-ground and 
in-ground concrete structures; and approaches to the 
modelling and simulation of concrete deterioration. 

1.1 Climate Change 

Climate change can be defined as a change in the state 
of the climate that persists for an extended period, 
typically decades or centuries. There is widespread 
concern that climate change is taking place today as a 
result of anthropogenic effects, especially related to 
greenhouse gas emissions.  
 
The fourth assessment report of the Intergovernmental 
Panel on Climate Change (IPCC, 2007) indicated a 
significant increase in the concentration of carbon 
dioxide (CO2) in the atmosphere, from 280 parts per 
million (ppm) in 1750 to 380 ppm in 2005, with an 
accelerating trend. The best estimate of the increase in 

temperature above pre-industrial levels that would be caused by elevated concentrations of 

Gold Coast, Queensland 
Source: CSIRO 

 
(a) Major ports to export coal 

(b) Major ports to export iron ore 

 
(c) Major ports to export grain 

 
Figure 1-2 Ports in Australia 
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greenhouse gases in the atmosphere is 2.1°C at 450 ppm CO2-equivalent, 2.9°C at 550 ppm, 
3.6°C at 650 ppm, 4.3°C at 750 ppm, and 5.5°C at 1000 ppm.  
 
The observed trend in mean global temperature increase, summarised in the IPCC report, was an 
increase from 0.045°C per decade in the past 150 years to 0.074°C per decade in the past 100 
years, 0.128°C per decade in the past 50 years, and 0.177°C per decade in the past 25 years. The 
global mean sea level has followed a similar trend as a result of thermal expansion and the 
exchange of water between oceans and other reservoirs such as glaciers and ice caps. The 
average rate of sea level rise increased from 1.7±0.5 mm/year for the 20th century to 1.8±0.5 
mm/year between 1993 to 2003. Under A1B, a moderate emissions scenario, the global mean 
sea level is projected to rise by 0.22 to 0.44 m above 1990 levels by the mid 2090s, an average 
of 4 mm per year. It is a cause for concern that recent observational data suggest that this 
projection may be an underestimate (Rahmstorf et al., 2007).  
 
The IPCC has also suggested that, by 2030, extreme weather events are very likely to be 
exceeded more frequently; this was also one of the conclusions of a CSIRO report on climate 
change in Australia (CSIRO, 2007). It has been observed that, since the 1970s, the number of 
heatwaves has increased, heavy daily precipitation events that lead to flooding have become 
more frequent in some areas, and the intensity and duration of tropical storms and hurricanes 
have increased.  

1.2 Concrete Structures under a Changing Climate 

Climate change is anticipated to have an impact on concrete structures through impacts of 
extreme weather events and well as through increasing rates of deterioration.  
 
The predicted increase in the incidence and severity of extreme weather events may have a 
considerable effect on the loading actions that should be considered in concrete structural 
design criteria (Wang and Wang, 2009a, 2009b). Another major threat to the long-term 
performance of concrete structures is the effect of climate change on structural deterioration. A 
recent preliminary study found that the probability of corrosion initiation is up to 720% higher 
under the IPCC’s worst emissions scenario than under its scenario based on the maximum 
mitigation of CO2 emissions (Peng and Stewart, 2008). The study also found that, under the 
worst emissions scenario, the probability of shear failure in concrete infrastructure is 18% 
higher than for the best emissions scenario (ibid.). 
 
Concrete deterioration can be caused by physical, mechanical and chemical factors, and it can 
be induced by external as well as internal causes. Physical deterioration can be caused by 
freeze–thaw cycles, and by thermal mismatch between hardened cement paste and aggregates. 
Typical mechanical deterioration is caused by abrasion, impact and erosion. Chemical 
deterioration can occur due to the penetration of chemicals from the environment, such as 
chloride penetration, carbonation and sulfate attack from atmospheric, maritime and earth 
environment, and also due to reactions between the constituents of the concrete, such as alkali–
silica reaction (ASR) alkali–carbonate reaction (ACR), delayed ettringite formation (DEF) and 
non-uniform distribution of the products of hydration in the curing process, leading to long term 
strength loss (Mehta et al, 2006). 
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Physical and chemical deterioration can be greatly influenced by climate conditions such as 
temperature and humidity (Neville, 2008). Therefore, a change in climate will have implications 
for deterioration rates and processes. Concrete structural performance will then be affected, 
especially in the long term and near the coast.  
 
For example, the chemical deterioration 
of concrete reinforcement can be 
caused by the penetration of substances 
such as atmospheric CO2 (carbonation) 
and reactive ions (e.g. chlorides), 
together with water and oxygen. The 
corrosion of reinforcement is the most 
common form of structural durability 
failure in concrete and can be indicated 
by surface staining, cracking along 
reinforcement close to the surface, and 
the spalling of a concrete surface.  
 
The corrosion process was described by 
initiation and propagation phases by 
Tuutti’s model (Lopez et at, 1993). It 
may also be revised as three phases: initiation, propagation and failure. The initiation phase is 
the period in which the deleterious substances and reactions are penetrating through the 
concrete cover before they reach the surface of reinforcement and destroy the passive alkaline 
layer and initiates active corrosion. The propagation phase is the period from the 
commencement of reinforcement corrosion to the stage of apparent structural damage; this leads 
to the failure phase, in which the surrounding concrete fails. Models with more detailed phases 
are also recently discussed (fib, 2006). The time to the initiation of corrosion, and the 
subsequent rate of corrosion, depends largely on environmental factors related to the 
atmosphere, sea water and the earth/soil to which concrete structures are exposed. The 
reinforcement corrodes at a rate that depends on the concentration of oxygen and moisture, the 
temperature of the concrete, the presence of CO2 and reactive ions, and residual alkalinity. 

Melbourne Port 
Source: Port of Melbourne Corporation 

 

 
Figure 1-3 Concrete deterioration of bridge piles 

Source: Road Transport Authority (RTA), NSW 
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Exposure to tidal water and wind-driven sea-water spray increases the presence and 
concentration of chlorides on exposed concrete structures along coasts (Figure 1-4); increasing 
salinity as a result of rising groundwater and inundation has a similar effect. An increasing 
atmospheric concentration of CO2 would accelerate carbonation of concrete.  
 

 
 

 
Figure 1-4 Deterioration of port structures exposed to tidal water 
Source: Port of Melbourne Corporation 
 

1.3 Research Outline 

Concrete deterioration can be affected directly and indirectly by climate change. Cost-effective 
measures for protecting concrete structures from the infiltration of deleterious substances from 
the environment are critical if societies are to adapt to climate change. Currently, however, the 
there is poor understanding of tradeoffs, interactions and impacts of climate change as they 
relate to the deterioration of concrete infrastructure. The aim of the present study is to increase 
understanding of the impacts of climate change on concrete deterioration and to provide feasible 
adaptation options. The outcomes of the study are reported in three parts:  

o Part 1: Mechanisms, Practices, Modelling and Simulations – a Review 

o Part 2: Modelling and Simulation of Concrete Deterioration Processes and Adaptation 
Options under Climate Change 

o Part 3: Case Studies of Concrete Deterioration and Adaptation – Cost and Benefit 
Assessment. 

Part 1, constituted by the current report, reviews: the basic deterioration mechanism; current 
practices in the design of concrete structures to increase durability; and research progress in the 
modelling and simulation of concrete deterioration processes. It also provides research 
background information for parts 2 and 3 of the study. 
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Concrete bridge structures 

Source: Y. Xi, Colorado University 

2. MECHANISMS OF CONCRETE DETERIORATION 

 
2.1 Chloride-induced Corrosion 
 

Steel bars used as reinforcement  in 
concrete (‘rebars’) are covered by a 
thin passive layer of oxide that 
protects them from oxygen and 
water, which may cause corrosion 
and produce rust, as shown in Figure 
2-1.This passive layer can only be 
maintained at high pH values (i.e. 
pH>12 or at a chloride ion content 
less than a corrosion threshold). 
When chloride ions penetrate the 
concrete and then accumulate to a 
critical level on the surface of steel 
reinforcement, the protective layer is 
destroyed, a process known as 
depassivation (Neville, 2008). As a 
result, an electrochemical cell is 
formed, as shown by Figure 2-2 
for an example. 
 
 
 

Figure 2-1 Corrosion of steel reinforcement in concrete 
structures 

Source: Port of Melbourne Corporation 
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Figure 2-2 Electrochemical cell at rebar surface induced by chloride penetration 

 
Chloride-induced corrosion at the steel surface involves the following reaction (Neville, 2008): 
 
 Fe++ + 2Cl– → FeCl2 
 FeCl2 + 2H2O → Fe(OH)2 + 2HCl      (2-1) 
 
The depassivated area becomes an anode, while the passivated surface becomes a cathode. At 
the anode of the cell, the reaction is described by: 
 
 Fe → Fe++ + 2e– 
 Fe++ + 2(OH)– → Fe(OH)2 
 4Fe(OH)2 + 2H2O + O2 → 4Fe(OH)3      (2-2) 
 
and the reaction at the cathode is given by: 
 
 4e– + O2 + 2H2O → 4(OH)–       (2-3) 
 
During the corrosion process, two major 
rust/corrosion products – Fe(OH)2 
(ferrous hydroxide) and Fe(OH)3 (ferric 
hydroxide) – are produced, as shown 
Figure 2-3. As indicated in Table 2-1 by 
Thoft-Christensen (2001), these corrosion 
products can cause considerable 
expansion. For the corrosion product of 
ferrous hydroxide, for example, the 
volume is about four times that of the 
consumed ferrite. This generates internal 
stress and, ultimately, causes cracking, 
delamination and spalling. The failure 
process may be further accelerated by 
external loading.   
 

Table 2-1. Expansion of corrosion products  

concrete

steel barrust

Figure 2-3 Corrosion of reinforcement in concrete 

Source: TEC Service 
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Corrosion product Colour Volume  
(1 cm3 Fe) 

Fe3O4 Black 2.1 
Fe(OH)2 White 3.8 
Fe(OH)3 Brown 4.2 

Fe(OH)3, 3H2 Yellow 6.4 
Source: Thoft-Christensen (2001) 
 
The chloride-induced corrosion mainly depends on three factors, i.e. diffusion coefficient, 
surface chloride concentration and critical chloride level beyond that corrosion of enforcement 
will be initiated. A previous study shows that service life of concrete structure under chloride 
corrosion attack is more sensitive to cover depth than the diffusion coefficient, and more 
sensitive to chloride concentration than the critical chloride level. (Khatri et al, 2004). 
 
The corrosion process will slow and may eventually stop when water or oxygen is limited. Very 
high humidity in concrete may reduce the diffusion of oxygen to the corrosion area and slow the 
corrosion of the reinforcement, while a shortage of water in dry concrete also reduces corrosion 
activity. 
 
For determining the rate of chloride penetration into concrete and the resistance of concrete to 
the penetration of chloride ions, refer to ASTM C1543-02 (2002) and ASTM C1202-97 (1997), 
respectively. 
 
 
2.2 Carbonation 
 
Cement in concrete normally includes 
tricalcium silicate (3CaO.SiO2), dicalcium 
silicate (2CaO.SiO2), tricalcium aluminate 
(3CaO.Al2O3) and calcium aluminoferrite 
(4CaO.Al2O3.Fe2O3) (Gani 1997). These 
are often simplified to C3S, C2S, C3A and 
C4AF, respectively. When cement is 
mixed with water, the hydration process 
that takes place produces crystalline 
calcium hydroxide, or portlandite 
Ca(OH)2 (CH), and a gel of hydrated 
CaO.SiO2.nH2O (CSH) and other 
products with heat evolution.  
 
Carbonation in concrete is caused 
essentially by the penetration of 
atmospheric CO2, especially at a relative 
humidity of between 50 and 70 percent 
(Neville, 2008). The carbonation process 
is initiated when the pH of concrete drops 
below a critical value. Unchecked, it will 
eventually cause corrosion and cracking 
followed by spalling, as shown in Figure 
2-4. Carbon dioxide reacts with CH and 
CSH producing calcium carbonate. The process reduces the pH of concrete and destroy the 

 
 
Figure 2-4 Corrosion and spalling induced by 
carbonation 
Source: RTA 
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passive layer, as shown in Figure 2-5. The direct consequence of carbonation is shrinkage as 
well as a decline in pH to a critical value, leading to corrosion initiation. Carbonation is 
considered relevant to water/cement ratio, and it proceeds in proportion to the square root of 
time (Ho et al. 1987).  
 

CO2

Concrete

Surface

H2O

Ca(OH)2

CO2

Concrete

Surface

H2O

Ca(OH)2

 
 

Figure 2-5 Carbonation caused by the penetration of CO2 and water 

 
 
 
2.3 Sulfate Attack 
 
Soluble sulfates of sodium, 
potassium, magnesium and calcium, 
which often exist in groundwater, 
may react with hydrates such as 
calcium hydroxide from cement 
hydration, producing expansive 
products inside cement paste matrix 
and near aggregate interface,  
resulting in the exposure of 
aggregates (Figure 2-6). Concrete 
structures in low-lying coastal areas 
in the Northern Territory, 
Queensland and New South Wales 
are especially vulnerable to sulfate 
attack because of the acid sulfate 
soils in those jurisdictions. 
 
Sodium sulfate attack on cement 
hydrates can be expressed by the following reactions (Neville, 2008): 
 
 

Ca(OH)2 + Na2SO4.10H2O → CaSO4.2H2O + 2NaOH + 8H2O 
 2(3CaO.Al2O3.12H2O)2 + 3(Na2SO4.10H2O) →  

3CaO. Al2O3.3CaSO4.32H2O + 2Al(OH)3 + 6NaOH + 17H2O (2-4) 
 
In addition, attack by magnesium sulfate produces low soluble magnesium hydroxide, which 
causes the completion similar to above reaction, leading to more severe deterioration 
consequences.  

Figure 2-6 Concrete structure under sulfate attack  
Source: www.ozcoast.org.au 
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2.4 Alkali–Aggregate Reaction, Alkali–Silica Reaction and 

Alkali–Carbonate Reaction 
 
Concrete consists of mortar (including cement, sand and water) and coarse aggregate. The 
aggregate normally comprises three-quarters of the volume fraction of concrete, with diameters 
of aggregates that can range from several microns to several millimetres. Aggregates are divided 
into dense and lightweight classes. The former is used for structures and the latter for thermal 
and sound insulation (Gani 1997). Dense aggregates are classified into sands, gravels, rocks, 
blast furnace slag, and broken bricks. Lightweight aggregates are normally porous materials 
such as pumice, clinker, expanded clay, shale and slate. The most commonly used sand less than 
5 mm in diameter is quartz (SiO2), while gravels greater than 5 mm may be quartz, quartzite, 
granite, sandstone, dolomite or limestone.  
 
Alkalis such as sodium oxide (Na2O) in cements can react with alkali-reactive aggregates to 
produce an alkali–aggregate reaction (AAR), causing significant expansion. 
 
Alkali–silica reacations (ASRs) occur when amorphous siliceous minerals in aggregates are 
attacked by alkaline hydroxides in the pore water that are derived from alkalis (sodium oxide 
and potassium oxide (K2O)) in the cement. The result is the formation of a swelling alkali–
silicate gel around the surfaces of aggregates, as shown in Figure 2-7. It can cause internal stress 
and, ultimately, cracking by expansion when wet, as shown in Figure 2-8. ASR does not occur 
without the presence of water.  
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Figure 2-7 ASR in concrete  

Source of photo: TEC Service 
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Test standard ASTM C1293-01 (2001) is 
designed to evaluate the potential of an 
aggregate to expand deleteriously due to 
ASR. An aggregate is considered to be 
potentially alkali-reactive if the concrete 
specimen has average expansions greater 
than 0.04%. 
 
Similar to ASR, an alkali–carbonate 
reaction (ACR) may take place between 
dolomites, dolomitic limestone and alkalis 
in cements. Test standard ASTM C1105-95 
(1995) is designed to quantify the 
expansion caused by ACR.  
 
 
2.5 Freeze–Thaw Cycles 
 
Concrete is a porous material. Inevitably 
water trapped in pores, as well as absorbed 
by capillary action, will experience thermal 
cycles with changes in the ambient 
temperature. Dilating pressure takes place 
when water within concrete freezes. The 9% 
increase in volume caused by freezing has 
the potential to cause cracking, represented 
by surface parallel cracks (Figure 2-9), gaps 
around aggregates, spalling and scaling, and 
exposed aggregates.  
 
Each cycle of freezing also causes the water 
to migrate into unfrozen pores, further 
building up pressure. A freeze–thaw cycle is 
a gradual process, partly because of the 
slow heat-transfer process through concrete 
and partly because of the progressive 
increase in the concentration of de-icing 
salts by diffusion which, over time, reduces 
the freezing point of the solution (Neville, 
2008).  
 
A test standard for the resistance of concrete 
to freezing and thawing can be found in 
ASTM C666-97 (1997). 
 
  

 
 

Figure 2-8 Cracks and spalling caused by AAR 

Source: Vicroads 

 

 
 

Figure 2-9 Cracking caused by freeze–thaw 
cycles 

Source: www.protectosil.com 
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3. CURRENT PRACTICES FOR REDUCING 
DETERIORATION PROCESSES 

Structural durability is the capacity of structures to resist deterioration given expected and 
unexpected environmental attack. The aim is to maintain the potential for serviceability loss and 
structural failure at an acceptable level throughout a specified service life. In addition to the 
knowledge of durability improvement options (AS, 2006), the improvement of structural 
durability requires an understanding of environmental exposure. This which may be 
significantly affected by climate-change-related factors such as increasing concentrations of 
atmospheric CO2, rising air temperatures, and sea level rise. Practices to reduce deterioration 
processes should be considered at four stages: material design, structural design, construction, 
and operation. 
 

 
 
In the material design stage, measures to reduce concrete deterioration might involve the 
selection of: cement; the water/cement (w/c) ratio; aggregates, blends and their ratios; and 
reinforcement. It might also involve the consideration of admixtures. In structural design and 
construction, measures to reduce concrete deterioration focus on providing cover for 
reinforcement, the curing process, and formwork. During operation, measures relate to 
preventive maintenance, repair, renewal and replacement. Most of these are generally much 
more costly than those available in the material design, structural design and construction stages 

Box 3-1 General Considerations for Reducing Concrete Deterioration 
 

At a given environmental exposure, the design of concrete materials concerns: 
o permitted types and classes of constituent materials 
o maximum water/cement (w/c) ratio 
o minimum cement content 
o minimum characteristic compressive strength, which is often linked to the w/c ratio, 

given days of curing 
o maximum chemical content 
o minimum air content, if required. 

 
For concrete structural design and construction, attention should be paid to: 

o minimum concrete covers to reinforcement given environmental exposure 
o types of formwork (standard or rigid) and compact efforts (standard or intense) 
o minimum initial curing days 
o minimum average compressive strength at the time of stripping of forms or removal 

from moulds 
o maximum chemical concentration for in-ground environments. 

 
During operation of concrete structures, options to prevent or reduce deterioration include:  

o creation of barriers to exposure 
o prevention of the penetration of deleterious substances 
o extraction of deleterious substances 
o removal and replacement of deteriorated parts. 

 
Common practices for reducing deterioration, especially corrosion, include reducing the w/c 
ratio, adding corrosion inhibitors, increasing concrete cover, sealing or coating the concrete 
surface, using galvanised or epoxy-coated rebar, and applying cathodic protection. 
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and should be considered as a last resort to prevent serviceability loss and structural failure. 
General considerations for deterioration reduction are summarised in Box 3-1. 
To understand current practices for mitigating deterioration processes, the standards and codes 
for concrete structural design (summarised in Box 3-2 as well as the published literature) are 
reviewed below for various types of environmental exposure.  
 

  
 

 
Box 3-2 Standards and Codes Related to Concrete Structural Design 

 
General structures 

o AS 3600: Concrete structures (Revised Draft (DR) 05252) 
o BS 8110: Structural use of concrete – Code of practice for design and construction 
o BS EN 1992: Design of concrete structures 
o EN 206-1: Concrete – Part 1: Specification performance, production and 

conformity 
o BS 8500: Concrete – Complementary British Standard to BS EN 206-1 

 
Maritime structures  

o AS 4997: Guidelines for the design of maritime structures 
o AS 2159: Piling – Design and installation 
o BS 6349: Maritime structures 
 

Above-ground structures 
o AS 5100.5: Bridge design – Concrete 
o AS 4678: Earth-retaining structures (DR 02355 CP) 
o AS 4676: Structural design requirement for utility service poles 
o AS 3735: Concrete structures retaining liquids 

 
In-ground structures 

o AS 5100.3: Bridge design – Foundations and soil-supporting structures 
o AS/NZS 4058: Precast concrete pipes (pressure and non-pressure) 
o AS/NZS 3725: Design for installation of buried concrete pipes 
o AS 2159: Piling – Design and installation 
o AS/NZS 4676: Structural design requirements for utility services poles (DR 

98206) 
o AS 2870: Residential slabs and footings – Construction 

 
Others 

o AS/NZS 4671: Steel reinforcing materials 
o AS/NZS 4673: Cold-formed stainless steel structures 
o EN 10080: Steel for the reinforcement of concrete – Weldable reinforcing steel – 

General 
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3.1 Environmental Exposure 

 

3.1.1 General Exposure Classification  

In Australian Standard (AS) 3600 (AS, 2001), environmental exposure is classified by climatic 
zone, as shown in Figure 3-1. Australia’s three climatic zones – arid, temperate and tropical –
are the macroclimatic conditions for exposed structures. The microclimate, on the other hand, 
concerns local conditions such as ‘above-ground’, ‘in-ground’ and ‘maritime’. 
 
 
 
 

 
 

Figure 3-1 Climatic zones defined by AS 3600 

 
Macroclimatic and microclimatic exposure is classified according to AS3600 (AS, 2001) as A1, 
A2, B1, B2 or C, as shown in Table 3-1. In the revised draft standard DR 05252 (AS, 2005a), C 
is further divided into C1 and C2. Any exposure environment not included in the above 
classification is represented by U. Table 3-2 describes exposure for sulfate soils. 
 
European Standard (ES) EN 206-1 (ES, 2000) gives a more detailed classification that is 
specifically linked to corrosion induced by carbonation and chloride, freeze–thaw cycle attack, 
and aggressive groundwater and soils, as shown in Table 3-3. 



CURRENT PRACTICES FOR REDUCING DETERIORATION PROCESSES 

24  Analysis of Climate Change Impacts on Deterioration Process of Concrete Infrastructure: Part 1  

Table 3-1 Exposure classification of reinforced or prestressed concrete members according to AS 3600 
and DR 05252 

Exposure 
classification Description 

 
A1 
A1 
A2 
U 
 
 
 

U 

Surface of members in contact with the ground 
(a) Members protected by a damp-proof membrane 
(b) Residential footings in non-aggressive soils 
(c) Other members in non-aggressive soils 
(d) Members in aggressive soils 
 (i)* Sulfate-bearing (magnesium content <1g/L) 
 (ii)* Sulfate-bearing (magnesium content >1g/L) 
 (iii)* Other 
(e)* Salt-rich soil and soils in salinity-affected areas 

 
A1 

 
A1* 

A2* 

A2 

Surfaces of members in interior environment 
(a) Fully enclosed within a building except for a brief period of weather exposure 

during construction 
  (i)* Residential 
  (ii)* Non-residential 
(b) In industrial buildings, the member subject to repeated wetting and drying 

 
 

A1 
A2 
B1 
B1 
B1 
B2 

Surfaces of members in above-ground exterior environment 
(a) Inland (>50 km from coastline)  
 (i) non-industrial and arid climatic zone 
 (ii) non-industrial and temperate climatic zone 
 (iii) non-industrial and tropical climatic zone 
 (iv) industrial and any climatic zone 
(b) Near-coastal (1 km to 50 km from coastline), any climatic zone 
(c) Coastal (<1 km from coastline but excluding tidal and splash zones), any climatic 

zone 

 
B1 
U 
 
 

B2 
C1* 

C2* 

Surfaces of members in water 
(a) In fresh water 
(b) In soft or running water 
 
Surfaces of members in sea water 
(a) Permanently submerged 
(b)* In spray zone (1 m above wave crest level)  
(c)* In tidal or splash zones (1 m below water level up to 1 m above wave crest level) 

* The contents are included in the revision draft DR 05252 (AS, 2005a), which are classified as C in 
AS3600 (AS, 2001). 
Source: AS (2001), AS (2005a) 
 

Table 3-2 Exposure classification of concrete members in sulfate soils specified by DR 05252  

Exposure 
classification SO4 in water (mg/L) SO4 in soil (%) 

A2 <1000 <0.5 
B1 1000 – 3000 0.5 – 1.0 
B2 3000 – 10 000 1.0 – 2.0 
C1 >10 000 >2.0 

Source: AS (2005a) 
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Table 3-3 Exposure classification in EN206-1, and similar classification in AS3600  

Class Description Informative example AS3600 

1. No risk of corrosion and attack 

X0 

For concrete without reinforcement 
or embedded metal: all exposures 
except where there is freeze–thaw, 
abrasion or chemical attack. 
For concrete with reinforcement or 
embedded metal: very dry 

Concrete inside buildings with very low air 
humidity 
 

A1 

2. Corrosion induced by carbonation: concrete containing reinforcement or other embedded metal, 
exposed to air and moisture 

XC1 Dry or permanently wet 
Concrete inside buildings with low air 
humidity; concrete permanently submerged 
in water 

A1 

XC2 Wet rarely dry Concrete surfaces subject to long-term 
water contact; many foundations B1 

XC3 Moderate humidity 
Concrete inside buildings with moderate or 
high air humidity; external concrete 
sheltered from rain 

B1 (A2) 

XC4 Cyclic wet and dry Concrete surfaces subject to water contact, 
not within exposure class XC2 B1 

3. Corrosion induced by chloride other than from sea water: concrete containing reinforcement or 
other embedded metal, subject to contact with water containing chlorides from sources other than 
sea water, including de-icing salts 

XD1 Moderate humidity Concrete surfaces exposed to airborne 
chlorides  

XD2 Wet, rarely dry Swimming pools; concrete exposed to 
industrial waters containing chlorides  

XD3 Cyclic wet and dry 
Parts of bridges exposed to spray 
containing chlorides; pavements; 
car park slabs 

 

4. Corrosion induced by chlorides from sea water: concrete containing reinforcement or other 
embedded metal subject to contact with chlorides from sea water or air carrying salt originating 
from sea water 

XS1 Exposed to airborne salt but not in 
direct contact with sea water Structures near to or on the coast B2 

XS2 Permanently submerged Parts of marine structures B2 

XS3 Tidal, splash and spray zones Parts of marine structures C1/C2 

5. Freeze–thaw attack with or without de-icing agents: concrete exposed to significant attack by 
freeze–thaw cycles while wet 

XF1 Moderate water saturation, without 
de-icing agent 

Vertical concrete surfaces exposed to rain 
and freezing  
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XF2 Moderate water saturation, with de-
icing agent 

Vertical concrete surfaces of road 
structures exposed to freezing and airborne 
de-icing agents 

 

XF3 High water saturation, without de-
icing agent 

Horizontal concrete surfaces exposed to 
rain and freezing  

XF4 High water saturation, with de-icing 
agent or sea water 

Road and bridge decks exposed to de-icing 
agents; concrete surfaces exposed to direct 
spray containing de-icing agents and 
freezing; splash zones of marine structures 
exposed to freezing 

 

6. Chemical attack: concrete exposed to chemical attack from natural soils and groundwater 

Groundwater Soil 

  
SO4

2- 
mg/l pH CO2 

mg/l 
NH4

+ 
mg/l 

Mg2+ 
mg/l 

SO4
2- 

mg/kg 

Acidi
ty 

ml/kg 

 

XA1 
Slightly aggressive 
chemical 
environment 

≥200 
≤600 

≥5.5 
≤6.5 

≥15 
≤40 

≥15 
≤30 

≥300 
≤1000 

≥2000 
≤3000 >200  

XA2 

Moderately 
aggressive 
chemical 
environment 

>600 
≤3000 

≥4.5 
<5.5 

>40 
≤100 

>30 
≤60 

>1000 
≤3000 

>3000 
≤12 000  A2-B1 

XA3 
Highly aggressive 
chemical 
environment 

>3000 
≤6000 

≥4.0 
<4.5 

>10
0 

>60 
≤100 

>3000 
 

>12 000 
≤24 000  B2 

Source: ES (2002), AS (2001) 
 

3.1.2 Maritime Environmental Exposure 

 
In maritime environments, the deterioration process is mostly affected by the chloride-induced 
corrosion of reinforcement, particularly in the splash zone (Figure 3-2), which leads to cracking 
and spalling and, more severely, to the loss of cross-sections of the reinforcement. Other forms 
of attack in maritime environments include sulfate attack, the freeze–thaw cycle, and physical 
erosion such as abrasion and weathering.  
 

  
(a) Bridge column  

Source: RTA 
(b) Port retaining wall  

Source: Port of Melbourne Corporation 

Figure 3-2 Maritime structures with an exposure to splash and tide 
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The overall environmental exposure of concrete elements in maritime environments is affected 
by both macroclimatic and microclimatic conditions. Macroclimatic factors include: 

o geographical location 
o climate – wind, temperature, humidity and precipitation etc. 

 
The microclimate is more closely related to, for example:  

o the position of a structural element in relation to a fluctuating water level, and the time 
it remains dry  

o the location and configuration of the element within a structure. 
 
The transport mechanism of chloride in different microclimatic conditions is illustrated in 
Figure 3-3. In the dry zone, chloride ions are transported into the cover zone much more quickly 
by the processes of absorption, wick action and hydration suction. A zone is at the greatest risk 
of chloride penetration when it is subject to irregular wetting and drying. Such conditions may 
apply in, for example: 

o locations subject to annual changes in mean sea level and tidal range 
o areas at or just above high water level and subject to splash and irregular inundation. 

 
Figure 3-4 shows the severity rating according to British Standard (BS) 6349-1 (BS, 2000) for 
different locations relative to sea water on the basis of macroclimate and microclimate. 
 

 

Figure 3-3 Chloride transport process in a maritime structure described by BS 6349-1  

Source: BS (2000) 
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Figure 3-4 Chloride-induced corrosion severity of a maritime structure described by BS 6349-1 

Source: BS (2000) 

As defined by BS 6349-1 (BS, 2000), the macroclimate is divided into: 
o cold with freezing 
o temperate 
o hot wet (tropical area)  
o hot dry (arid area). 

 
By comparison, AS 3600 (AS, 2001) characterises the macroclimate as tropical, temperate or 
arid and does not specify a ‘cold’ macroclimatic condition. 
 
The microclimate in BS 6349-1 (BS, 2000) is classified as: 

o XS1: exposed to airborne salt but not in direct contact with sea water 
o XS2: submerged 
o XS3: the tidal, splash and spray zones. 

 
This classification is similar to that given in EN 206-1 (Table 3-3). There is also similarity 
between BS 6349-1 classes XS1/XS2 and the AS 3600 class B2, and between the BS 6349-1 
class XS3 and the AS 3600 class C. 
 
A more detailed classification of microclimatic conditions may be required to give a clearer 
indication of deterioration severity in areas at a high risk of deterioration. As shown in Figure 
3-4, the maritime microclimate can be further subdivided into: 

o mid and lower tidal and backfilled zones 
o upper tidal and capillary rise zones 
o splash/spray zones 
o mostly dry, infrequently wetted zones. 
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In addition, AS 4997 (AS, 2005b) classifies exposure specifically for maritime structures, as 
shown in Table 3-4. These classifications are consistent with DR 05252, the revised draft of 
AS3600, separating exposure class C into C1 and C2. 
 
AS 2159 (AS, 1995), on the other hand, classifies the environmental exposure to water in more 
general terms: non-aggressive, mild, moderate, severe and very severe, as shown in Table 3-5. 
 

Table 3-4 Exposure classification of maritime structures specified in AS 4997  

Exposure classification 

Exposure environment Reinforced or 
prestressed members 

Members permanently 500 mm below the seabed A2 

Members permanently submerged 1 m below lowest 
sea-water level to 500 mm below seabed level B2 

Spray zone (i.e. exposed to airborne salt spray, but 
not in splash zone: e.g. the top side of deck slabs) C1 

Splash zone (i.e. from 1 m below water level up to 1 
m above wave crest levels on vertical structures, and 
all 
exposed soffits of structures over the sea) 

C2 

Source: AS (2005b) 

3.1.3 In-Ground Environmental Exposure 

For piles in soil, AS 2159 classifies environmental exposure to water as non-aggressive, mild, 
moderate, severe and very severe, as shown in Table 3-5, depending on the levels of sulfates, 
pH, and chlorides in the water and soil. 

3.2 Material Design to Reduce Deterioration  

The design of reinforced concrete material depends on the selection of cement, aggregate, 
additives and admixtures, the w/c ratio, and the material used for reinforcement.  
 
The selection of cements and aggregates generally takes into account the execution of the work, 
curing conditions, structural design, environmental exposure, and the potential reactions among 
aggregates and alkalis (Na2O and K2O) in the cement. The maximum size of aggregates should 
also be considered in relation to the reinforcement cover. The quality of aggregates tends to 
have less impact on concrete strength but affects resistance to abrasion, freeze–thaw and surface 
weathering.  
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Table 3-5 Exposure classification of concrete piles specified in AS 2159  

Exposure conditions Exposure classification 

1 PILES IN WATER 
 (a) Sea water – submerged 
 (b) Sea water – tidal/splash zone 
 (c) Fresh water – treat as PILES IN SOIL (type A, see below) 
 (d) Running water (potential to create erosion) 
 treat as PILES IN SOIL (type A, see below) and  
 move rating one level higher  
 
2 PILES IN REFUSE FILL 
 (a) Domestic waste 
 (b) Industrial waste 
 
3 PILES IN SOIL 

 
Moderate 

Severe 
— 

 
 

— 
 
 

Severe 
Very severe 

 Sulfates 
 (expressed as SO3*) 

In soil 
% 

In groundwater 
ppm 

 
 

pH 

 
Chlorides in water 

 
ppm 

Soil 
conditions† 

 
A 

Soil 
conditions‡ 

 
B 

<0.2 

0.2–0.5 

0.5–1.0 

1.0–2.0 

>2.0 

<300 

300–1000 

1000–2500 

2500–5000 

>5000 

>6.5 

5–6 

4.5–5 

4–4.5 

<4 

<2 000 

2000–6000 

6000–12 000 

12 000–30 000 

>30 000 

Non-aggressive 

Mild 

Moderate 

Severe 

Very severe 

Non-aggressive 

Non-aggressive 

Mild 

Moderate 

Severe 

 
* Approximately 100 ppm SO4 = 80 ppm SO3 
† Soil conditions A – high-permeability soils (e.g. sands and gravels) which are below groundwater 
‡ Soil conditions B – low-permeability soils (e.g. silts and clays) or all soils above groundwater 
Source: AS (1995) 
 
The material design of concrete should be considered carefully in order to achieve the required 
strength. The strength of concrete is inversely proportional to the w/c ratio; the selection of a 
high-strength grade of concrete, therefore, normally also implies concrete with low diffusivity to 
water, chloride and CO2. 
 
To increase the workability and long-term strength of concrete, pozzolanic additions, such as fly 
ash (or, more generally, pulverised fuel ash – pfa), ground granulated blast furnace slag (ggbs), 
and silica fume, are blended with cements. Since the use of such additions may reduce the w/c 
ratio, and consequently the porosity or diffusivity of the concrete, the use of pozzolanic materials 
or latent hydraulic additions can reduce the penetration of deleterious substances/reactions and 
increase the long-term strength of the concrete and consequently its durability. For example, the 
combination of Portland cement with at least 20% pfa or 35% ggbs increases resistance to both 
sulfate and chloride attack. The strength and durability benefits, however, are offset partly by 
slower hydration and lower strength at an initial curing stage (Neville, 2008). Moreover, 
according to BS 6349-1 (BS, 2000), the surface of concrete made with cements containing ggbs 
and pfa is less tolerant of poor curing. 
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While it is important to enhance resistance to the ingress of substances such as chloride by 
decreasing diffusivity, consideration should also be given to reducing the chloride content in the 
composition of the concrete. 
 
It is also critical to select reinforcement which is capable of resisting corrosion. For example, 
galvanised, epoxy-coated, stainless steel, or a combination of high-strength carbon steel core 
with stainless steel cladding, could be used depending on the nature of the environmental 
exposure. 
 
 

3.2.1 General Structures 

As summarised in Table 3-6, AS 3600 (AS, 2001) gives the minimum characteristic cylinder 
compressive strength of concrete materials for a specific exposure classification needed to 
maintain adequate durability for a design life of 40–60 years. 
 

Table 3-6 Minimum characteristic compressive strength for given exposure classes in Australian standard 
AS 3600  

Exposure class Minimum characteristic compressive strength (MPa) 

A1 20 
A2 25 
B1 32 
B2 40 
C 50 
U - 

Source: AS (2001) 
 
For design against freeze–thaw cycle attack, additional requirements in AS 3600 (AS, 2001) 
should be followed, including a minimum characteristic cylinder compressive strength no less 
than 32 MPa for occasional exposure (<25 cycles per year) and 40 MPa for frequent exposure, 
and 8% to 4% entrained air for 10–20 mm nominal size aggregate and 6% to 3% for 40 mm 
nominal size aggregate. BS 6349-1 (BS, 2000) also suggests, specifically for maritime structures, 
that the use of an air-entraining admixture should be considered for splash and intertidal zones 
and for any parts of structures exposed to freeze–thaw cycles when they are in a saturated 
condition. 
 
Concrete material should be designed to meet strength requirements by applying a minimum w/c 
ratio and unit water content while achieving acceptable workability. Table 3-7 describes the 
limiting values for the composition and properties of concrete materials at a given environmental 
exposure recommended by EN 206-1 (ES, 2000) for a service life of 50 years. EN 206-1 also 
defines the maximum chloride content of concrete (Table 3-8). 
 
EN 10080 (ES, 2005) defines the maximum chemical composition of reinforcement steel to 
ensure durability (Table 3-9). The typical corrosion rates for different microclimatic conditions 
are described in Table 3-10. 
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Table 3-7 Limiting values for the composition and properties of concrete for a given exposure 
classification, as described in Table 3-3 from EN206-1  

No risk of corrosion or attack 

Exposure X0    
Minimum strength class (MPa) 
(characteristic cylinder/cube strength) 12/15    

Maximum w/c by mass -    

Minimum cement content (kg/m3) -    

Minimum air content (%) -    

Carbon-induced corrosion 

Exposure XC1 XC2 XC3 XC4 
Minimum strength class (MPa) 

(characteristic cylinder/cube strength) 20/25 25/30 30/37 30/37 

Maximum w/c by mass 0.65 0.60 0.55 0.50 

Minimum cement content (kg/m3) 260 280 280 300 

Minimum air content (%) - - - - 

Chloride-induced corrosion 

Sea water Chloride other than from sea 
water Exposure 

XS1 XS2 XS3 XD1 XD2 XD3 
Minimum strength class (MPa) 

(characteristic cylinder/cube strength) 30/37 35/45 35/45 30/37 30/37 35/45 

Maximum w/c by mass 0.50 0.45 0.45 0.55 0.55 0.45 

Minimum cement content (kg/m3) 300 320 340 300 300 320 

Minimum air content (%) - - - - - - 

Freeze–thaw attack 
Exposure XF1 XF2 XF3 XF4 

Minimum strength class (MPa) 
(characteristic cylinder/cube strength) 30/37 25/30 30/37 30/37 

Maximum w/c by mass 0.55 0.55 0.50 0.45 

Minimum cement content (kg/m3) 300 300 320 340 

Minimum air content (%) - 4.0 4.0 4.0 

Aggressive chemical environment 

Exposure XA1 XA2 XA3  
Minimum strength class (MPa) 

(characteristic cylinder/cube strength) 30/37 30/37 35/45  

Maximum w/c by mass 0.55 0.50 0.45  

Minimum cement content (kg/m3) 300 320 360  

Minimum air content (%) - - -  
Source: ES (2000) 
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Table 3-8 Maximum chloride content of concrete specified by EN 206-1 

Concrete use Maximum chloride content  
by mass of cement 

Not containing steel reinforcement or other 
embedded metal, with the exception of corrosion-
resisting lifting devices 

1.0% 

Containing steel reinforcement or other embedded 
metal* 0.40% 

Containing prestressing steel reinforcement 0.10% 
* In the case of sulfate-resistant cements, the maximum chloride content by mass of cement shall be 
0.20%. 
Source: ES (2000) 
 
 

Table 3-9 Maximum chemical composition (% by mass) specified by EN 10080 

 Carbon Sulphur Phosphoru
s Nitrogen Copper Carbon 

equivalent 
Cast 

analysis 0.22 0.050 0.050 0.012 0.80 0.50 

Product 
analysis 0.24 0.055 0.055 0.014 0.85 0.52 

Source: ES (2005) 
 
 

Table 3-10 Typical corrosion rates (mm/side/year) of structural steel in temperate climate 

Microclimatic condition Mean Upper limit 

Atmospheric zone 0.04 0.10 

Splash zone 0.08 0.17 

Tidal zone 0.04 0.10 

Intertidal low water zone 0.08 0.17 

Continuous seawater immersion zone 0.04 0.13 

Below seabed level or in contact with soil  0.015 max 
Source: ES (2005)   
 
 
Material design has a significant influence on the mechanical properties of concrete, especially 
characteristic compressive strength. In practice, characteristic flexural tensile strength, 
characteristic principle tensile strength, modulus of elasticity, and shrinkage are all closely 
related to compressive strength, if not fully dependent on it.  
 
Table 3-11 gives the estimation of the mechanical properties of concrete according to AS 3600 
(AS, 2001), where cf ′  is the characteristic compressive strength,, cmf  is the mean compressive 
strength on given days, and ρ  is the density of the concrete. Table 3-12 sets out the estimation 
of mechanical properties according to BS EN 1992-1-1 (BS, 2004). 
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Table 3-11 Estimation of mechanical properties of concrete according to AS 3600 

Mechanical properties Estimation Comments 

Characteristic flexural tensile 
strength (28 days), MPa cf ′6.0  Standard curing 

Characteristic principle tensile 
strength (28 days), MPa cf ′4.0  Standard curing 

Modulus of elasticity, MPa cmf5.1043.0 ρ  Value has the range ±20% 

Density, kg/m3 2400 kg/m3 For normal-weight concrete 

Poisson’s ratio 0.2  

Thermal coefficient, /Co  10-5 Value has the range ±20% 

Source: AS (2001) 
 
 

Table 3-12 Estimation of mechanical properties of concrete according to BS EN 1992-1-1 

Mechanical Properties Estimation Comments 

Mean compressive strength (28 
days), cmf , MPa 8+′cf  Cylinder compressive strength 

Mean principal tensile strength 
(28 days), ctmf , MPa 

( )
( )( )10/f1Ln12.2

f3.0

cm

3/2
c

+

′
 

When less than or equal to 
strength class 50/60 
When higher than strength class 
50/60 

ctmf7.0  5th percentile Characteristic principal tensile 
strength (28 days), MPa 

ctmf3.1  95th percentile 

Modulus of elasticity, MPa ( ) 3.010/22 cmf   

Poisson’s ratio 0.2  

Thermal coefficient, /Co 10-5 Value has the range ±20% 

Note: some symbols representing mechanical properties have been changed for consistency with AS 3600. 
‘50/60’ is the strength class defined by characteristic cylinder compressive strength/characteristic cube 
compressive strength. 
Source: BS (2004) 
 
In concrete under constrained deformation, excessive shrinkage may cause cracking, adversely 
effecting durability. AS 3600 (AS, 2001) defines shrinkage based on the estimation of the basic 
shrinkage strain – 850×10-6 for normal-class concrete – multiplied by a factor that depends on 
climatic conditions (arid, interior, temperate/inland, tropical/near-coast) and the notional size of 
the cross-section uAc /2  (where cA  is the cross-sectional area and u is the perimeter of the 
cross-section exposed to drying). 
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EN 1992-1-1 (BS, 2004) gives more detail on the estimation of shrinkage, which is defined by 
the equation: 
 

cacdcs εεε +=  (3-1) 
where 
 csε   = the total shrinkage strain 
 cdε   = the drying shrinkage strain, which depends on the migration of water through 

the hardened concrete and develops slowly 
 caε   = the autogenous shrinkage strain, which is a linear function of the concrete 

strength and develops during concrete hardening in the early stages following 
casting.  

 
The drying shrinkage is estimated by the equation: 
 

0,)( cdhdscd kt εβε =  (3-2) 
where 

0,cdε  =  the nominal unrestrained drying shrinkage value specified in Table 3-13 

hk  = a coefficient depending on the notional size, uAh c /20 = , 1.0 for 0h =100 mm, 
0.85 for 0h =200 mm, 0.75 for 0h =300 mm, and 0.70 for 0h ≥500 mm 

t   = days from the beginning of drying shrinkage 

dsβ  is determined by 
3
004.0 ht

t
ds

+
=β  

 

Table 3-13 Nominal unrestrained drying shrinkage strain for concrete with Portland cement 

Relative humidity (%) Strength 
class 20 40 60 80 90 100 

20/25 0.62 0.58 0.49 0.30 0.17 0.00 
40/50 0.48 0.46 0.38 0.24 0.13 0.00 
60/75 0.38 0.36 0.30 0.19 0.10 0.00 
80/95 0.30 0.28 0.24 0.15 0.08 0.00 

90/105 0.27 0.25 0.21 0.13 0.07 0.00 
 
 
The autogenous shrinkage is estimated by the equation: 
 

)()( ∞= caasca t εβε  (3-3) 
where  

 
)2.0exp(1)(

10)10(5.2)( 6

tt

f

as

cca

−−=

×−′=∞ −

β

ε
   

 
As shown in Table 3-13, the drying shrinkage depends not only on strength class but also on 
relative humidity, which may be affected by climate change.  
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3.2.2 Maritime Structures 

AS 4997 (AS, 2005b) gives guidelines for the design of maritime structures, which are mostly 
exposed to chloride-penetration-induced corrosion. AS 4997 applies to structures with a design 
life of 5, 25, 50 and 100 years, depending on the type of facility (i.e. temporary, small craft, 
normal commercial, or special and residential structures). Overall, the guidelines specify the use 
of higher-quality concrete (e.g. higher strength or better cements) and better reinforcement (e.g. 
stainless steel or encapsulation of prestressing tendons in watertight plastic conduits) for 
maritime structures compared to those specified for general structures. The guidelines pertaining 
to durability generally follow AS 3600 (AS, 2001), but they also recommend the use of concrete 
with a minimum characteristic compressive strength of 40 MPa, Portland or blended cement 
contents greater than 400 kg/m3, a w/c ratio of less than 40%, and a requirement for drying 
shrinkage of less than 600 x 10-6 in the environment classes C1 and C2. 
 
Under AS 4997, the use of a smaller number of larger-diameter bars is also recommended. A 
minimum diameter of carbon steel enforcement is specified (Table 3-14). Stainless steel 
reinforcement should be considered for elements that are intermittently inundated, splashed or 
sprayed with sea water. 
 

Table 3-14 Minimum bar diameters in maritime concrete structures (carbon steel) according to AS 4997  

Bar location Minimum diameter 

Slabs 16 mm 

Beams, up to 500 mm deep  20 mm (24 mm preferred)  

Beams, over 500 mm deep  24 mm (28 mm preferred) 

Ties and ligatures  10 mm (12 mm preferred) 
Source: AS (2005b) 
 
Rather than simply specifying the characteristic compressive strength for environmental 
exposure classes, BS 6349-1 (BS, 2000) also specifies limiting values, including for permitted 
pozzolanic additions (in proportion to mass), in relation to minimum cover to reinforcement 
(discussed in later sections), as shown in Table 3-15 and Table 3-16 for a service life of 50 and 
100 years, respectively. For infrequently wetted, upper tidal, splash/spray, ‘dry’ internal faces of 
submerged structures, an increase in the proportion of ggbs or pfa may reduce the requirement 
for cover to reinforcement. 
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Table 3-15 Limiting values for composition and properties of concrete subject to a maritime environment 
for an expected service life of 50 years according to BS 6349-1  

Airborne salt (XS1) 

Minimum characteristic cylinder/cube 
strength (MPa) 35/45 30/37 25/30 

ggbs ggbs≤35 35<ggbs<80 50<ggbs<80 Permitted additions 
proportion (% by mass)  pfa pfa≤20 20<pfa<55 35<pfa<55 

Maximum w/c 0.45 0.5 0.55 

Minimum cement content (kg/m3) 360 340 320 

Minimum cover (mm) 40 40 40 

Submerged (XS2) 

Minimum characteristic cylinder/cube 
strength (MPa) 30/37 25/30  

ggbs ggbs≤50 50<ggbs<80  Permitted additions 
proportion (% by mass)  pfa pfa≤35 35<pfa<55  

Maximum w/c 0.55  

Minimum cement content (kg/m3) 320  

Minimum cover (mm) 40  

Frequently wetted, lower tidal, backfilled (XS2, XS3) 

Minimum characteristic cylinder/cube 
strength (MPa) 30/37 25/30  

ggbs ggbs ≤50 50<ggbs<80  Permitted additions 
proportion (% by mass) pfa pfa ≤35 35<pfa<55  

Maximum w/c 0.5  

Minimum cement content (kg/m3) 360  

Minimum cover (mm) 50  
Infrequently wetted, upper tidal, splash/spray, ‘dry’ internal faces of submerged structures 
(XS3) 
Minimum characteristic cylinder/cube 
strength (MPa) 40/50 30/37 25/30 

ggbs ggbs≤35 35<ggbs<80 50<ggbs<80 Permitted additions 
proportion (% by mass) pfa pfa≤20 20<pfa<55 35<pfa<55 

Maximum w/c 0.45 0.5 0.55 

Minimum cement content (kg/m3) 400 360 360 

Minimum cover (mm) 60 50 40 

Source: BS (2000) 
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Table 3-16 Limiting values for composition and properties of concrete subject to maritime environment 
for an expected service life of 100 years according to BS 6349-1  

Airborne salt (XS1) 
Minimum characteristic cylinder/cube 
strength (MPa) 40/50 35/45 30/37 

ggbs ggbs≤35 35<ggbs<80 50<ggbs<80 Permitted additions 
proportion (% by mass)  pfa pfa≤20 20<pfa<55 35<pfa<55 

Maximum w/c 0.40 0.45 0.50 

Minimum cement content (kg/m3) 400 360 340 

Minimum cover (mm) 50 40 40 

Submerged (XS2) 

Minimum characteristic cylinder/cube 
strength (MPa) 30/37 25/30  

ggbs ggbs ≤50 50<ggbs<80  Permitted additions 
proportion (% by mass)  pfa pfa ≤35 35<pfa<55  

Maximum w/c 0.55  

Minimum cement content (kg/m3) 320  

Minimum cover (mm) 50  

Frequently wetted, lower tidal, backfilled (XS2, XS3) 

Minimum characteristic cylinder/cube 
strength (MPa) 30/37 25/30  

ggbs ggbs ≤50 50<ggbs<80  Permitted additions 
proportion (% by mass) pfa pfa ≤35 35<pfa<55  
Maximum w/c 0.5  

Minimum cement content (kg/m3) 360  

Minimum cover (mm) 60  
Infrequently wetted, upper tidal, splash/spray, ‘dry’ internal faces of submerged structures 
(XS3) 
Minimum characteristic cylinder/cube 
strength (MPa) 55/65 40/50 30/37 

ggbs ggbs≤35 35<ggbs<80 50<ggbs<80 Permitted additions 
proportion (% by mass) pfa pfa≤20 20<pfa<55 35<pfa<55 
Maximum w/c 0.35 0.40 0.45 

Minimum cement content (kg/m3) 400 370 370 

Minimum cover (mm) 80 60 50 
Source: BS (2000) 
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3.2.3 Above-ground Structures 

For concrete bridge structures, the most common and obvious form of durability failure is the 
corrosion of reinforcement. Therefore design considerations are formulated for a range of 
environments and a limited number of attack types, such as abrasion and the corrosion of 
reinforcement. 
 
Conventional concrete bridges may be subject to chemical attack by sulfates and sulphuric acid, 
which can occur naturally in the soil, by corrosive chemicals in industrial waste, groundwater 
and fill, and by organic acids and CO2 (produced as vegetable matter decays) in groundwater. 
 
As discussed previously, dense, well-compacted and properly cured concrete with a low w/c 
ratio incorporating blended cement may provide adequate protection against moderate sulfate 
and acid attacks, and can offer better durability in maritime environments than concrete produced 
using Portland cement. To minimise the risk of AAR, aggregates should be screened. 
Information on aggregates should be obtained and tests carried out if necessary. Other 
procedures include the use of mineral additives such as fpa, silica fume and gbbs. Where 
chloride ion attack on reinforcing steel is of particular concern, corrosion inhibiters and stainless 
steel reinforcement could be used. In addition, all exposed faces of reinforced concrete structures 
should be reinforced against shrinkage and temperature effects. Cracking may be reduced by the 
use of low-heat cement or other measures that  will reduce heat accumulation. 
 
The durability of concrete bridge structures can be significantly improved with the use of 
supplementary cementitious materials such as fpa, silica fume and ggbs, which increase the 
resistance of the concrete to sulfate attack and chloride and/or water penetration. The concrete, 
however, may require longer curing periods than the minimum specified period of seven days. 
 
For a design service life for bridges of 100 years, concrete bridge members with exposure 
classified as A, B1, B2 or C require a minimum characteristic compressive strength, as shown in 
Table 3-17. For the exposure classifications of B1, B2 and C, additional requirements are 
specified for cement content and the w/c ratio (Table 3-18); the type of cement is also part of the 
classification. 
 

Table 3-17 Minimum characteristic compressive strength for concrete bridge members according to AS 
5100.5  

Exposure classification 
Compressive strength at the 

completion of accelerated 
curing (MPa) 

Minimum characteristic 
strength (MPa) 

A 15 25 

B1 20 32 

B2 25 40 

C 32 50 

Source: AS (2008b) 
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Table 3-18 Minimum cement content and maximum water/cement ratio given exposure according to AS 
5100.5  

Exposure classification Minimum cement content 
(kg/m3) Maximum w/c ratio 

A 320 0.56 

B1 320 0.50 

B2 370 0.46 

C 420 0.40 
Source: AS (2008b) 
 
For the environmental classification U, parameters related to concrete materials, mix proportions, 
methods of placement, cover and curing, and possible use of protective surface coatings or 
membranes are specified. Cases of extreme exposure may require treatments such as sacrificial 
concrete cover, coatings, encapsulants, supplementary cementitious materials, epoxy coatings, 
and galvanised reinforcement and cathodic protection. 
 
Galvanised bar is generally far better in carbonation-prone situations than when exposed to 
maritime environments, although it has been used in maritime environments in some countries. 
Stainless steel reinforcement can be used and may be cost-effective for light and medium 
reinforcement in maritime splash zones and other severe environments. Epoxy-coated 
reinforcement is used in the United States in maritime environments and in members affected by 
de-icing salts; it can, however, cause a slight reduction in bond strength and also accelerated 
corrosion at pin holes in the coating and is therefore not recommended for use in Australia. 
 
Maximum chorine-ion content (specified as maximum mass of acid-soluble chlorideion per unit 
volume of concrete) for concrete bridge elements is specified in Table 3-19; chloride salts or 
chemical admixtures containing chloride should not be used. Moreover, sulfate content in 
cement, aggregates, and water, expressed as a percentage by mass of acid-soluble SO3 to cement, 
should not be greater than 5%. Other strongly ionised salts, such as nitrates, should not be added 
to concrete. 
 

Table 3-19 Maximum content of acid-soluble chloride ions in concrete bridge elements according to AS 
5100.5  

Form of construction Maximum acid-soluble chloride 
ion content (kg/m3) 

Concrete not containing materials requiring protection 3.0 

Reinforced or prestressed concrete, plain concrete containing 
materials requiring protection 0.8 

Source: AS (2008b) 
 
 

3.2.4 In-ground Structures 

For concrete pipes, the maximum content of acid-soluble chloride or sulfate salts are prescribed 
in Australian/New Zealand Standard (AS/NZS) 4058 (AS/NZS, 2007c), as shown in Table 3-20. 
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Table 3-20 Maximum acid-soluble chloride and sulfate ion content in concrete as cast according to 
AS/NZS 4058 

Conditions 
Maximum acid-soluble 

chloride ion content 
(kg/m3) 

Maximum acid-soluble sulfate 
ion content 

(% by mass of cement) 
Concrete cured at ambient 
temperature 0.8 5.0 

Steam-cured concrete 0.8 4.0 

 
For concrete piles, the strength requirement also depends on environmental exposure, as 
specified by AS 2159 (AS, 1995) and shown in Table 3-21. 
 

Table 3-21 Minimum concrete strength of piles according to AS 2159  

Exposure classification Minimum strength (f’c) (MPa) 

Non-aggressive 25 
Mild 32 

Moderate 40 
Severe 50 

Very severe >50 (preferable >60), plus an inert liner or coating 
Source: AS (1995) 

3.3 Cover Design to Prevent Deterioration Processes 

It is common to use extra concrete (‘cover’) to protect concrete reinforcement. This practice 
slows down the penetration of deleterious substances to the reinforcement without stopping it 
altogether. Cover design is based on considerations related to general bonding requirements and 
the amount of extra cover needed to protect against environmental attack and to account for 
uncertainties (Box 3-3). The need for cover can be reduced – while maintaining the same design 
service life – by using appropriate protection measures. 
 

  

Box 3-3 Design of Concrete Cover to Protect Reinforcement 
 
To prevent or reduce the deterioration process, the selection of the thickness of cover to 
reinforcement in concrete structural design is critical. It is generally determined by:  
Cover thickness =   Minimum cover requirement 
 + ∑  Minimum cover to resist environmental attack 

 - ∑  Reduction of cover due to protection measures 
 +  Additional cover to account for uncertainties. 
 
The minimum cover requirement is normally related to the bonding requirement of 
concrete. For a given environmental exposure, the minimum possible extra cover should 
be added to the design to protect reinforcement from environmental attack. The use of 
protection measures such as coating and stainless steel reinforcement may reduce the 
thickness of the cover required. Additional cover may also be applied as a precaution 
against environmental uncertainties. 
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3.3.1 General Structures 

 
Cover is required for the purposes of concrete placement and corrosion protection. In AS 3600 
(AS, 2001), the minimum cover for concrete placement should be the greater value of the 
nominal size of reinforcement/tendons and the maximum nominal aggregate size. 
 
The nominal cover for concrete corrosion protection depends on the characteristic strength and 
exposure classification, as shown in Table 3-22 for standard formwork and compaction, in Table 
3-23 for rigid formwork and intense compact, in and Table 3-24 for members manufactured by 
spinning and rolling. The bracketed values represent the appropriate cover when concession of 
strength class is given. Values for the exposure classes C1 and C2 are those recommended by 
DR 05252 (AS, 2005a), which is the revision draft of AS 3600. 
 
 

Table 3-22 Nominal cover for standard formwork and compaction according to AS 3600 

Nominal minimum cover (mm) for characteristic compressive strength  Exposure 
classification 20 MPa 25 MPa 32 MPa 40MPa ≥ 50 MPa 

A1 20 20 20 20 20 

A2 (50) 30 25 20 20 

B1 – (60) 40 30 25 

B2 – – (65) 45 35 

C – – – (70) 50 

C1     50 

C2     65 
Source: AS (2001) 
 
 
 

Table 3-23 Nominal cover for rigid formwork and intense compaction according to AS 3600 

Minimum nominal cover (mm) for characteristic compressive strength  Exposure 
classification 20 MPa 25 MPa 32 MPa 40MPa ≥ 50 MPa 

A1 15 15 15 15 15 

A2 (35) 20 15 15 15 

B1 – (45) 30 25 20 

B2 – – (50) 35 25 

C – – – (55) 40 

C1     45 

C2     60 
Source: AS (2001) 
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Table 3-24 Required cover for spun or rolled members according to AS 3600 

Exposure classification Cover (mm) 

A1, A2 10 

B1 15 

B2 20 

C 25 

Source: AS (2001) 
 
BS EN 1992-1-1 (BS, 2004) defines minimum cover by: 
 
 { }mmCCCCCC adddurstdurdurdurb 10  ;  ;max ,,,min,min,min Δ−Δ−Δ+= γ  (2.4) 
 
where 
 bCmin,   = the minimum cover due to the bonding requirement 

 durCmin,  = the minimum cover due to environmental conditions 

 γ,durCΔ   = the cover requirement for additive safety element 

 stdurC ,Δ   = the reduction of the minimum cover for the use of stainless steel 

adddurC ,Δ   = the reduction of the minimum cover for the use of additional production. 
 
The minimum cover to meet the bonding requirement is described in Table 3-25. The minimum 
cover is shown for different environments in Table 3-27 for reinforcement steel and Table 3-28 
for prestressing steel, for which the structural classes are shown in Table 3-26. The structural 
class used for Table 3-26 is based on S4, with a design service life of 50 years. The cover for 
additive safety elements and the reduction of minimum cover due to the use of stainless steel and 
additional protection are set at zero, as recommended by EN 1992-1-1(BS, 2004).  
 
 

Table 3-25 Minimum cover to meet the bonding requirement, Cmin,b, according to BS EN 1992-1-1 

Arrangement of bars Minimum cover (mm) 

Separated Diameter of bar 

Bundled Equivalent diameter, mmnn 55≤= φφ , where n is the 
number of bars in the bundle. 

Note: if the nominal maximum aggregate size is greater than 32 mm, the minimum cover should be 
increased by 5 mm.  
Source: BS (2004) 
 
 
 

Table 3-26 Structural classification based on structural class S4 according to BS EN 1992-1-1 
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Exposure class 
Criteria 

X0 XC1 XC2/XC3 XC4 XD1 XD2/XS1 XS2/XS2/XS
3 

100 years 
service 
life  

Increase 
class by 2 

Increase 
class by 2 

Increase 
class by 2 

Increase 
class by 2 

Increase 
class by 2 

Increase 
class by 2 

Increase class 
by 2 

Strength 
class 

≥30/37 
reduce 
class by 1 

≥30/37 
reduce 
class by 1 

≥34/45 
reduce 
class by 1 

≥40/50 
reduce 
class by 1 

≥40/50 
reduce 
class by 1 

≥40/50 
reduce 
class by 1 

≥45/55 reduce 
class by 1 

Member 
with slab 
geometry 

reduce 
class by 1 

reduce 
class by 1 

reduce 
class by 1 

reduce 
class by 1 

reduce 
class by 1 

reduce 
class by 1 

reduce class by 
1 

Special 
quality 
control of 
the 
concrete 
productio
n ensured 

reduce 
class by 1 

reduce 
class by 1 

reduce 
class by 1 

reduce 
class by 1 

reduce 
class by 1 

reduce 
class by 1 

reduce class by 
1 

Source: BS (2004) 

Table 3-27 Minimum cover (mm) with regard to durability for reinforcement steel, Cmin,dur mm according 
to BS EN 1992-1-1  

Exposure class Structura
l class X0 XC1 XC2/XC3 XC4 XD1/XS1 XD2/XS2 XD3/XS3 

S1 10 10 10 15 20 25 30 
S2 10 10 15 20 25 30 35 
S3 10 10 20 25 30 35 40 
S4 10 15 25 30 35 40 45 
S5 15 20 30 35 40 45 50 
S6 20 25 35 40 45 50 55 

Source: BS (2004) 
 

Table 3-28 Minimum cover (mm) with regard to durability for prestressing steel, Cmin,dur mm, according to 
BS EN 1992-1-1 

Exposure class Structura
l class X0 XC1 XC2/XC3 XC4 XD1/XS1 XD2/XS2 XD3/XS3 

S1 10 15 20 25 30 35 40 
S2 10 15 25 30 35 40 45 
S3 10 20 30 35 40 45 50 
S4 10 25 35 40 45 50 55 
S5 15 30 40 45 50 55 60 
S6 20 35 45 50 55 60 65 

Source: BS (2004) 



CURRENT PRACTICES FOR REDUCING DETERIORATION PROCESSES 

Analysis of Climate Change Impacts on Deterioration Process of Concrete Infrastructure: Part 1  45 

3.3.2 Maritime Structures 

AS 4997 (AS, 2005b) specifies the minimum cover required for maritime structures for a given 
environmental exposure (Table 3-29). If stainless steel is used cover can be reduced to 30 mm.  
 
The minimum covers specified by AS 4997 are greater than those specified in DR 05252, the 
revision draft of AS 3600 (shown in brackets in Table 3-22). the two standards are not directly 
comparable: DR 05252 assumes a 40–60 year design life for the same exposure class, concrete 
strength and cover combination that AS 4997 specifies for a 25-year design life. 
 

Table 3-29 Minimum cover to reinforcing steel for standard compaction concrete according to DR 05252 

Minimum cover (mm) 
 Exposure classification 

f′ c = 40 MPa f′ c = 50 MPa 
A2 40 30 

B2 50 40 

C1 70 50 

C2 75 65 
Source: AS (2005b) 
 
BS 6349-1 (BS, 2000) gives more detail on the selection of cover thickness, which depends on 
materials (cement type, mechanical strength, blends and w/c), and microclimate as well as on 
designed service life, as shown in Table 3-15 and Table 3-16 for a 50-year service life and a 100-
year service life, respectively. 
 
 

3.3.3 Above-ground Structures 

AS 5100.5 (AS, 2008b) specifies the minimum cover required for bridge structures. It is 
estimated according to the following equation: 
 

Minimum cover = Max { 1.5 × the maximum nominal size of aggregates 
 1 × reinforcing bar diameter or, in the case of bundle bars, twice 

the largest bar diameter 
 2 × diameter of the pre-tension tendon and not less than 40 mm, 

or maximum of the duct diameter in post-tension ducts  
 50 mm from the soffit of a member  
 40 mm elsewhere}. 

 
The nominal cover for concrete corrosion protection depends on the characteristic strength and 
exposure classification, as shown in  
Table 3-30 for standard formwork and compaction, Table 3-31 for rigid formwork and intense 
compaction, and Table 3-32 for members manufactured by spinning or rolling. Nominal cover is 
much higher than those defined in AS 3600 (AS, 2001) for the same exposure and characteristic 
compressive strength. 
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Table 3-30 Nominal cover for standard formwork and compaction according to AS 5100.5 

Nominal cover (mm) for concrete characteristic compressive strength  Exposure 
classification 25 MPa 32 MPa 40 MPa ≥ 50 MPa 

 Not less than: 

A 35 30 25 25 

B1 – 45 40 35 

B2 – – 55 45 

C – – – 70 
Source: AS (2008b) 
 

Table 3-31 Nominal cover for rigid formwork and intense compaction according to AS 5100.5 

Nominal cover (mm) for concrete characteristic strength  Exposure 
classification 25 MPa 32 MPa 40 MPa ≥ 50 MPa 

A 25 25 25 25 

B1 – 35 30 25 

B2 – – 45 35 

C – – – 50 
Source: AS (2008b) 
 

Table 3-32 Required cover for spun or rolled members according to AS 5100.5 

Exposure classification Concrete characteristic 
strength (MPa) Cover (mm) 

A, B1 32 25 

B2 40 
≥50 

30 
25 

C ≥50 35 

Source: AS (2008b) 
 
 
The required cover for concrete cast against the ground using standard formwork and 
compaction, according to BS 8500-1 (BS, 2006), is given in Table 3-30; values increase by 
10 mm if the concrete surface is protected by a damp-proof membrane, or by 30 mm otherwise. 
If the concrete strength for a C classification cannot be achieved due to inadequate aggregate 
strength, concrete with characteristic strength above 40 MPa may be used provided that the 
cement content is not less than 470 kg/m2 and that cover is increased by 10 mm. 
 
For utility service poles, AS/NZS 4676 (AS/NZS, 2000) specifies that, for exposures other than 
C or U and more severe than C, cover of 9 mm is required for items with a water absorption of 
less than 5.5% and 19 mm for items with water absorption between 5.5% and 6.5%. If water 
absorption is greater than 6.5%, cover as specified in AS 3600 (AS, 2001) applies. Potentially 
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overriding this provision is the requirement that cover must not be less than the maximum 
nominal aggregate size or less than three-quarters of the nominal bar diameter. The cover 
specification for poles is made in relation to absorption tests because many poles are produced 
by a spinning process that results in excellent concrete compaction. Studies have shown the 
depth of carbonation in spun concrete to be minimal (i.e. <1 mm) after 30 years of exposure. For 
exposure classes of C and U, and more severe than C, or for poles within 1 km of the coast, 
additional requirements are specified to achieve a 50-year service life. 
 
BS 8500-1 (BS, 2006) specifies the nominal cover for typical reinforced concrete buildings 
exposed to carbonation and freeze–thaw cycle attack for a 50-year design service life (Table 3-3).  
 

Table 3-33 Nominal reinforcement cover for concrete buildings according to BS 8500-1 

Exposure 
class  Exposure description Nominal 

cover (mm) Concrete designation 

XC1 

Reinforced and prestressed 
concrete inside enclosed buildings 
except poorly ventilated rooms with 
high humidity 

15+ cΔ * 

Min. strength class 20/25, max. w/c 
0.70, for reinforced and prestressed 
concrete applications 
 

20+ cΔ  
Min. strength class 40/50, max. w/c 
0.45, for reinforced and prestressed 
concrete applications 

25+ cΔ  
Min. strength class 32/40, max. w/c 
0.55, for reinforced and prestressed 
concrete applications 

XC3/XC4 
+XF1 

External reinforced and prestressed 
vertical elements of buildings 
sheltered from, or exposed to, rain  

30+ cΔ  
Min. strength class 28/35, max. w/c 
0.60, for reinforced and prestressed 
concrete applications 

20+ cΔ  
Min. strength class 40/50, max. w/c 
0.45, for reinforced and prestressed 
concrete applications 

30+ cΔ  Min. strength class 28/35, max. w/c 
0.55, for paving applications 

XC4 
Horizontal elements with high 
saturation without de-icing agent 
and subject to freezing while wet 

35+ cΔ  Min. strength class 25/30, max. w/c 
0.60, for paving applications 

* cΔ describes the allowance in designs for deviation of the cover to reinforcement. 
Source: BS (2006) 

3.3.4 In-Ground Structures 

The cover of buried concrete pipes depends on their exposure and manufacturing and the wall 
thickness of the pipes, as shown in Table 3-34. Pipes produced by wet cast require more cover 
than those manufactured by machine. Pipes in maritime environments require additional cover.  
 
 AS 2159 (AS, 1995) specifies, for a given environmental exposure, the minimum reinforcement 
cover for pre-cast and in-situ piles, as shown in Table 3-35. 
 
For buried foundations of reinforced or prestressed concrete, BS 8500-1 (BS, 2006) specifies a 
nominal cover of 50 mm for casting against blindings and 75 mm for casting directly against 
soil, when the minimum strength class is 25/30 and the maximum w/c ratio is 0.65. 
 

Table 3-34 Minimum cover of concrete pipes to protect steel reinforcement (mm) according to AS/NZS 
4058  
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Minimum cover – barrel and 
socket 

Minimum cover – mating 
surface of spigot 

Environment Method of manufacture 

Normal Marine Other Normal Marine Other 

Machine-made 
Wall thickness 

≤25 
>25, ≤35 
>35 
 

Wet-cast (50 MPa concrete) 

 
 
6 
8 
10 
 
25 

 
 
N/A 
N/A 
20 
 
35 

Special 
assessment 

 
 
4 
5 
6 
 
25 

 
 
N/A 
N/A 
10 
 
35 

Special 
assessment 

Source: AS/NZS (2007c) 
 

Table 3-35 Reinforcement cover in piles according to AS 2159 

Minimum cover to reinforcement (mm) 
Exposure classification 

Precast piles Cast-in-place piles 

Non-aggressive 20 40 

Mild 20 50 

Moderate 25 55 

Severe 40 70 

Very severe 40 70 
Source: AS (1995) 
 
The cover requirements for residential concrete slabs and footings in AS 2870 (AS, 1996) are 
summarised in Table 3-36. A vapour barrier is generally specified between the ground and the 
slab/raft, although a damp-proof membrane is specified for South Australia and for areas prone 
to rising damp and salt attack. Specifications regarding impact resistance and moisture 
penetration are given for the vapour barrier and the damp-proof membrane. In addition, in 
known salt-damp areas, concrete is required to be vibrated during placement and cured for at 
least three days. 
 

Table 3-36 Minimum cover for residential concrete slab according to AS 2870 

Environmental exposure Cover (mm) 
Unprotected ground and external exposure 40 
Slabs with membrane in contact with ground 30 
internal surface 20 
Source: AS (1996) 

3.4 Environment Design to Mitigate Deterioration Processes 

For in-ground structures, design and construction must take into account the ground 
environment. AS/NZS 4058 (AS/NZS, 2007c) indicates that, where possible, buried concrete 
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pipes should not be laid in expansive clays, irregular or fragmented rock, or saturated soils 
containing aggressive groundwater. Where this cannot be avoided, techniques to ensure uniform 
bedding support such as the adequate drainage of groundwater, the use of geotextile fabrics, the 
replacement of unsuitable material with compacted select material, and the use of cement-treated 
soil, should be employed. 
 

Table 3-37 Maximum concentrations of certain chemicals in soil for buried concrete structures according 
to AS/NZS 4058  

Soil classification 
Constituent 

Clay/stagnant Medium Sandy/flowing 
Chloride (ppm Cl–) maximum* 

Unreinforced concrete 

Reinforced concrete 

 

No limit 

20 000 

 

No limit 

20 000 

 

No limit 

20 000 

Sulfate (ppm SO2- 
4) maximum* 

Type GP (general-purpose) Portland 
cement 

Type SR (sulfate-resisting) Portland 
cement or equivalent 

 

1000 

 

10 000 

 

1000 

 

10 000 

 

1000 

 

10 000 

Acidity 

Acid (pH) minimum* 

Exchangeable soil acid (mL of 0.1 M 
NaOH consumed by 100g air-dried 
soil) , maximum** 

 

4.5 

70 

 

5.0 

50 

 

5.5 

30 

Aggressive CO2 (ppm), maximum* 150 50 15 

*  In groundwater or of soil extract (2:1 water to soil by mass). 
**  Measure of the reserve of acidity in soil (air-dry), which expresses how much concrete a given 

amount of soil (100 g here) can neutralise, given a sufficiently long period of time. 

Source: AS/NZS (2007c) 

 
Table 3-37 presents guidelines for concentration limits on chloride and sulfate salts, acidity and 
dissolved CO2 for concrete piling with a minimum cover of 10 mm according to broad groupings 
of soils (clay/stagnant, medium, sandy/flowing), as per AS 4058 (AS/NZS, 2007c). 
 
Under the soil classification, ‘clay/stagnant’ is almost synonymous with impervious (that is, 
impervious soils, such as homogeneous clays); ‘medium’ implies poor drainage (e.g. fine sands; 
organic and inorganic silt; mixtures of silt, sand and clay; glacial till; and stratified clay); and 
‘sandy/flowing’ indicates good drainage (e.g. clean gravel, sands, and mixtures of sand and 
gravel). 
 
For cover less than 10 mm, the concentration limits for acids or aggressive CO2 are likely to be 
lower than those shown in Table 3-37. To extend the service life of concrete pipes in corrosive 
conditions, additional cover, coatings and protective treatments are suggested. In more severe 
conditions, coatings or keyed-in linings may provide a long-term extension of service life. 
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AS 4058 (AS/NZS, 2007c) mostly defines soil conditions, or the exterior conditions of buried 
pipes, to address durability. The interior conditions of buried pipes, on the other hand, which 
might be significantly affected by the substances – such as sewage – carried in the pipes, are not 
specified.  
 

3.5 Maintenance to Mitigate Deterioration Processes 

Maintenance options for reducing deterioration processes include the creation of exposure 
barriers; preventing the penetration of deleterious substances; the extraction of deleterious 
substances; and the removal and replacement of deteriorated parts of structures (Box 3-4). 
 
 

 
 
The following examples of maintenance options are described for concrete bridges (RTA, 2008; 
2009) but have also been applied widely to most other types of concrete structure. 
 
Protective coatings are normally of two types: film-forming, and surface-penetration, as shown 
in Figure 3-5. Film-forming coatings provide a barrier to atmospheric contaminants; they are 
mostly suitable for areas with low corrosion rates and can help prevent or reduce the initiation of 

 
Box 3-4 Options to Mitigate Deterioration  

 
Option 1: Creation of exposure barriers  

o Moisture barriers, such as waterproofing 
o Protective coatings for additional protection: e.g. epoxy (non-breathable moisture 

barrier), polyesters, acrylics (which allow water diffusion), polyurethane, bitumen, 
copolymer, and anti-carbonation coating (acrylic materials) 

o Coatings on steel reinforcement 
o Surface preparation of concrete and reinforcement 

 
Option 2: Preventing the penetration of deleterious substances  

o Polymer impregnation, such as percolating into concrete substrate 
 
Option 3: Extraction of deleterious substances 

o Cathodic protection that migrates chloride ions from the steel surface towards an anode 
o Chloride extraction, by which chlorides are transported out of the concrete to an anode 

surface 
o Re-alkalization by applying an external anode to the concrete surface (with the steel 

reinforcement inside the concrete acting as the cathode) and an electrolytic paste 
(comprising sprayed cellulosic fibre in a solution of potassium and sodium carbonate); 
the electrolyte moves into the concrete, increasing alkalinity 

 
Option 4: Removal and replacement of deteriorated parts of structures 

o Patch repair systems, such as the renewal and/or preservation of the passivity of steel 
reinforcement and the restoration of structural integrity by applying mortar or concrete 
to areas where deterioration occurs; materials for patch repair can be cementitious or 
epoxy-based, or comprise similar resinous materials (e.g. polymer concrete and 
polymer-modified concrete) 

o Concrete removal: e.g. the removal of damaged or deteriorated areas 
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corrosion. Surface-penetration coatings, such as silanes or siloxanes, are designed to prevent the 
penetration of chlorides but cannot prevent the absorption of gases such as CO2. Protective 
coatings generally offer relatively little protection from corrosion. 
 

  
(a) Film-forming coating (b) Surface-penetrating coating 

Figure 3-5 Protective coatings to prevent the ingress of atmospheric contaminants 

Source: RTA 

 
 
Cathodic protection is a frequently applied technique for controlling corrosion by suppressing 
current flow in the electrochemical (corrosion) cell. This is done either by externally supplying a 
current flow in the opposite direction to the corrosion cell, or by using sacrificial anodes with the 
aim of making the metal surface to be protected the cathode of an electrochemical cell.  
 
Figure 3-6 illustrates the use of a zinc jacket as a sacrificial anode; this is known as sacrificial 
jacket cathodic protection. The protection is generated by the natural electrochemical cell formed 
between the zinc and the steel reinforcement. Its effectiveness depends on the resistivity of the 
concrete and is most suitable for structures in tidal and splash zones. The technique can provide 
medium protection from corrosion. 
 
A similar technique, know as sacrificial discrete anodes, involves burying individual zinc anodes 
within the concrete surface (Figure 3-7). This is generally a less expensive option than sacrificial 
jacket cathodic protection but provides only low to medium protection. 
 
When sacrificial anodes would provide insufficient protection, impressed current cathodic 
protection (shown in Figure 3-8) can be applied by using ribbon anodes connected to a DC 
power source to implement cathodic protection. This technique is expensive and requires an 
external power supply but it is the most appropriate form of electrochemical protection when the 
extent of corrosion, and the corrosion rate, are high. 
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(a) Sacrificial jacket (b) Bridge columns protected by sacrificial jacket 

Figure 3-6 Protecting concrete structures from corrosion using a sacrificial jacket  
Source: RTA 

Figure 3-7 Protecting a concrete bridge structure with sacrificial discrete anodes 
Source: RTA 

 
(a) Metal ribbon anodes (b) Anodes connected to a DC power source 

Figure 3-8 Impressed current cathodic protection applied to bridge structures 
Source: RTA 
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The selection of protection options for a concrete structure depends on the deterioration 
processes affecting it. If carbonation is at the initiation stage, anti-carbonation coatings and 
realkalisation could be considered, while protective and waterproofing coatings could be used to 
slow the corrosion rate or to prevent further corrosion. For the prevention of chloride-induced 
corrosion, protective and waterproofing coatings are most cost-effective at the early stages of 
corrosion initiation and, for structures with relatively little damage, during the corrosion 
propagation stage. Chloride extraction, corrosion inhibitors and cathodic protection and repair 
are more effective for stopping chloride-induced corrosion initiation and propagation, especially 
for structures with significant safety and serviceability requirements. 
 

3.6 Development of Advanced Reinforced Concrete 

3.6.1 Stainless Steel Reinforced Concrete 

Stainless steel reinforcement, as shown in 
Figure 3-9, is often applied to reinforced 
concrete structures in corrosive 
environments due to its high corrosion 
resistance. It is common to define stainless 
steel as steel with at least 10.5% chromium 
and a maximum 1.2% carbon. AS/NZS 
4673:2001 (AS/NZS, 2001) classifies 
stainless steel into ferritic, martensitic, 
duplex (austenitic-ferritic), and 
precipitation-hardening stainless steels. 
 
The corrosion resistance of stainless steel is 
due to the passive, chromium-rich film 
formed on the surface of the alloy, which is 
‘self-healing’ when damaged. Corrosion 
resistance depends on the chromium content, but it can also be significantly increased by the 
addition of other alloy elements such as nickel. Ferritic stainless steel contains relatively little 
nickel and has a ferritic microstructure. Its strength is similar to austenitic steel, but ductibility, 
formability, weldability and corrosion resistance are not as good as for austenitic steel. Steel with 
about 12% chromium is widely used in mildly corrosive environments. Martensitic stainless steel 
has a martensitic microstructure and may achieve great strength, but its toughness may be 
inadequate for structural applications. Its relatively low corrosion resistance also limits its use in 
corrosive environments. Duplex or austenitic-ferritic stainless steel has a mixed microstructure of 
austenite and ferrite and contains 22% chromium, 5% nickel and 3% molybdenum. It has 
relatively higher mechanical strength and corrosion resistance but lower weldability and 
formability. Precipitation-hardening stainless steel offers the greatest strength, but is not 
normally used in welded fabrications. In general, low carbon and nitrogen contents benefit 
corrosion resistance. In austenitic grades, carbon content is limited to a maximum of 0.03% to 
increase corrosion resistance. The typical composition of stainless steel is shown in Table 3-38 
(Knudsen et al., 1998). Austenitic and duplex stainless steel both offer high corrosion resistance.  
 
Table 3-39 shows the common grades of stainless steel often applied in reinforced concrete 
structures (RTA, 2002), and Table 3-40 shows the selection of stainless steel for reinforcement 
in given exposure conditions (British Highway Authority, 2009). RTA (2009) indicated that, for 

 

 
Figure 3-9 Stainless steel reinforcement 

Source: www.arminox.com 
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bridge concrete reinforcement, stainless steel must have a strength grade of 500 (MPa) and 
conform to one of the material designations 1.4362, 1.4429, 14436 or 1.4462. 
 
 

Table 3-38 Typical composition of stainless steel for reinforcement 

Type Chromium (%) Nickel (%) Molybdenum (%) 

Ferritic 12–19.5 0 0 
Austrenitic 18–26 8–21 2–4 

Duplex 21–28 4–6 1.5–6.0 
 
 

Table 3-39 The grade and chemical composition of stainless steel for reinforcement 

Grade Type Cr Ni Mo C N 

ASTM EN  % % % % % 

304 1.4301 Austenitic 18 8.0 - 0.04 0.05 

304L 1.4307 Austenitic 18 8.0 - 0.02 0.06 

316 1.4436 Austenitic 17 11.0 2.5 0.03 0.05 

316L 1.4435 Austenitic 17 12.5 2.5 0.02 0.06 

316LN 1.4406 Austenitic 17 10.0 2.0 0.02 0.14 

2205 1.4462 Duplex 22 5.5 3.0 0.02 0.17 
Source: RTA (2002) 
 
 

Table 3-40 Selection of stainless steel for reinforcement given exposure conditions 

Exposure conditions Grade 

Stainless steel reinforcement embedded in concrete with normal 
exposure to chlorides 

1.4301 

As above but where additional relaxation of design for durability is 
required for specific reasons on a given structure or component 1.4436 

Direct exposure to chlorides and chloride-bearing waters  1.4436 

Specific structural requirements for the use of higher strength 
reinforcement and suitable for all exposure conditions 

1.4462 

Source: British Highway Agency (2009) 
 
Although various stainless steels have high corrosion resistance they may still be exposed to 
corrosion, such as crevice corrosion caused by the restricted diffusion of the oxidants necessary 
for maintaining the passive film, intergrannular corrosion due to the depletion of chromium in 
the temperature range 450°C to 850°C, and galvanic corrosion when two dissimilar metals are in 
contact and connected by an electrolyte. Exposure to very high levels of halide ions, such as 
chloride, may damage the passive oxide film (RTA, 2002). Nevertheless, the general 
atmospheric corrosion rate of the 18% chromium grades is at least one thousand times slower 
than for carbon steel.  
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As indicated by the British Highway Agency (2009), no additional skills are required for the 
design and use of stainless steel reinforcement compared to normal carbon steel reinforcement, 
and the detailing and construction processes are unchanged. Stainless-steel-reinforced concrete is 
applied especially to structures and substructures in maritime environments that are exposed to 
sea water. The use of stainless steel reinforcement enables durability requirements to be relaxed 
(Box 3-5) but its significance is best demonstrated by the considerable reduction of maintenance 
costs over the service life, even though the price of stainless steel is 5.6 and 7.8 times more than 
carbon steel reinforcement for bars less than 20 mm and over 25 mm, respectively.  
 

 
 
 

 
Box 3-5 Benefits and Costs of using Stainless Steel Reinforcement 

 
Austenitic and duplex stainless steel can offer high corrosion resistance. The benefits of 
using stainless steel reinforcement include: 
 

o cover requirements can be reduced to 30 mm  
o allowable crack width can be increased to 0.3 mm 
o very low corrosion rates (at least 1000 times lower than for carbon steel 

reinforcement) 
o low maintenance requirements over the whole service life. 

 
As indicated by the British Highway Agency (2009), the cost, in 2000, of: 

o  stainless steel bars was: 
o £1680/tonne for bars up to 20 mm diameter 
o £2350/tonne for bars over 25 mm diameter 

o normal grade 460 carbon steel reinforcement was £300/tonne. 
 
Generally, the cost of austenitic stainless steel is about 8–11 times more than those of 
unalloyed steels, and duplex is about 12 times as much.  
 
It may be prohibitively expensive to replace all carbon steel reinforcement with stainless 
steel. One option would be to replace the carbon steel reinforcement of those concrete 
structures at a high risk of chloride-induced corrosion.  
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3.6.2 Reinforcement with Fibre-reinforced Polymer 

In addition to the use of stainless 
steel as reinforcement, fibre-
reinforced polymer (FRP) bars are 
increasingly used in structures such 
as bridge decks (Figure 3-10) 
because of their non-corrosive 
nature, high stiffness-to-weight 
ratio, high strength, good fatigue 
properties, ease of handling, and 
cost-effectiveness (Chen et al., 
2007, Lee et al., 2008, Robert et 
al., 2009).  
 
Among FRPs, glass fibre 
reinforced polymer (GFRP) is 
emerging as the most practical and 
widely accepted option due to its 
low cost-to-performance ratio 
(Robert et al., 2009, Benmokrane et al. 2002). Various combinations of FRP bars have been 
applied in reinforced concrete structures in harsh environments and so far have shown 
satisfactory performance in service (Lee et al., 2008). El-Salakawy (2005) reported the first 
application of GFRP rebars in bridge deck slabs in Canada; field investigation and monitoring 
have shown that, under actual service conditions, the performance of these GFRP rebars was 
comparable to that of steel rebars. 
 
There remains concern about the use of FRPs as rebars in reinforced concrete structures. One 
issue is the durability of FRPs, especially GFRPs, within a high-alkaline concrete environment. 
It has been shown that the strength of GFRP’s constituents – glass fibre and the resin matrix – 
can decrease when subjected to a wet alkaline environment, which is often encountered in in-
service concrete. In reviewing research on this issue, Robert et al. (2009) presented an 
experimental program on the durability of GFRP rebars in moist concrete and predicted a 
decrease in strength of 20% and 25% after 100 and 200 years, respectively. Accelerated 
durability tests of GFRPs in concrete involving elevated temperature and rapid wetting and 
drying cycles suggested a significant loss of strength of GFRPs under certain conditions (Chen et 
al., 2007, Benmokrane et al., 2002). 
 
Another concern about FRPs is the strength of the interfacial bonds because of the difference in 
thermal expansion between concrete and FRPs. These bonds must be high to ensure the adequate 
performance of the reinforced concrete structure. Various testing programs have been undertaken 
to assess the interfacial bond strength of FRP bars (Lee et al., 2008). Applications of FRP-
reinforced concrete in hot climates should be carefully designed (Abdalla 2006); for example, 
concrete cover should be 1.5–2 times the diameter of the FRP reinforcement, and FRPs should 
not be used when the temperature is above 50°C. 
 

3.6.3 Fibre-reinforced Concrete 

Fibre-reinforced concrete is made by adding steel, glass, polymers, or carbon fibres to the 
concrete mix directly as reinforcement with the aim of improving the mechanical properties and 
durability of reinforced concrete structures (Ohama, 1997).  

Figure 3-10 FRP reinforcement for concrete structures  

Source of photos: Seemann (2006) 
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The addition of steel fibre is popular common technique; the effect is to enhance ductility. The 
use of steel fibre is often considered in self-compacting concrete, which is concrete that can be 
placed and compacted under its own weight without any vibration efforts (Corinaldesi and 
Moriconi, 2004, El-Dieb, 2009). One of the issues with self-compacting concrete is drying 
shrinkage because the material is rich in powders and poor in coarse aggregates. Corinaldesi and 
Moriconi (2004) carried out an experimental study of the durability of steel-fibre-reinforced self-
compacting concrete and concluded that the addition of steel fibre was very effective in 
counteracting drying shrinkage. Another experimental program, by El-Dieb (2009), concluded, 
however, that while the addition of steel fibre improved mechanical properties, especially 
splitting tensile strength, it did not have a significant effect on the durability of the concrete in a 
chloride environment.  

 
Steel fibre has also been used in ultra-high-performance concrete, a new class of high-strength 
concrete, and is effective in preventing brittleness and greatly enhancing ductility (Graybeal and 
Tanesi, 2007, El-Dieb, 2009). The incorporation of steel fibre also enhances the resistance of 
concrete to thermally induced explosive spalling at high temperatures (Peng et al. 2006). 
 
 

3.6.4 Development of Other Reinforced Concrete 

Concrete–Polymer Composites 

Concrete–polymer composites are materials made when part or all of the cement hydrate binders 
of conventional mortar or concrete is replaced with polymers, and by strengthening the cement 
hydrate binder with polymers, to improve concrete workability and durability (Ohama, 1997).  

 
Polymer mortar and polymer concrete have been used widely in Japan for finishing and repair 
work; polymer concrete has been used extensively in the United States for bridge deck overlays 
and precast products. Polymer-impregnated concrete and mortar are used widely for the 
rehabilitation of deteriorated reinforced concrete structures (Ohama, 1997). Concrete–polymer 
composites have many advantages: rapid curing at ambient temperatures; high tensile, flexural 
and compressive strengths; good adhesion to most surfaces; low permeability to water and 
aggressive solutions; good resistance to chemicals and corrosion; and low weight. They can be 
costly, however, and there are some safety issues involving the use of volatile, combustible and 
toxic ingredients. 
 

High-performance and Ultra-high-performance Concrete 

High-performance concrete (HPC) is defined as low water/binder-ratio concrete which receives 
adequate curing (Aitcin, 2003). HPC is essentially high-strength concrete, which possesses high 
strength and displays enhanced performance in durability and abrasion resistance. HPC that has a 
water/binder ratio of 0.3–0.4 is usually more durable than ordinary concrete, not only because it 
is less porous but also because its capillary and pore networks are somewhat disconnected. The 
very dense structure and low permeability of HPC means that the penetration of aggressive 
agents is limited and tends to be only superficial. The use of HPC increases the service life of 
reinforced concrete structures in severe environments. A good review of the durability 
characteristics of HPC is given by Aitcin (2003). 
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Ultra-high-performance concrete (UHPC) is a new class of concrete that makes use of advances 
in cement-based, fibre-reinforced composite materials. Good reviews of the mechanical and 
durability properties of UHPC are provided by Graybeal and Tanesi (2007) and El-Dieb (2009). 
Compared to HPC, UHPC shows advanced mechanical and durability properties due to: 

• internal fibre reinforcement to ensure non-brittle behaviour 
• high binder content and special aggregates  
• very low water content with adequate rheological properties through a combination of 

optimised granular packing and the addition of high-range water reduction admixtures. 
 
Durability is strongly affected by the curing treatment. Notably, the use of steam treatments 
significantly decreases the ability of chloride ions to penetrate the concrete and increases 
abrasion resistance. 
 

Strengthening Concrete Structures with FRP Composites 

While not a development of advanced concrete materials, fibre-reinforced polymer composites 
(FRPCs) can be used to strengthen concrete structures and enhance their durability. 
 
The use of FRPC sheets to strengthen and rehabilitate reinforced concrete structures has attracted 
considerable interest over the last decade. A good general review is given by Pendhari et al. 
(2008). Although FRPCs have been used in many industries since 1960, it has only recently been 
realised that they are a promising strengthening material for addressing many of the problems 
associated with the deterioration of concrete structures. FRPC sheets have high specific strength 
and stiffness, low density, high fatigue endurance, high damping, and a low thermal coefficient 
in fibre direction. With such good engineering properties, FRPC sheets have been used widely to 
strengthen and/or protect concrete structures against environmental attack. For example, FRPC 
sheets have been bonded to the tension face of reinforced concrete girders/beams (Katakalos and 
Papakonstantinou, 2009), and wrapped (to form a tube) around concrete columns (Toutanji and 
Saafi, 2001) for retrofitting or strengthening. Such applications have been found to be extremely 
beneficial, providing structures with enhanced strength, energy absorption capacity and ductility. 
FRPC sheets have also been found to enhance the capacity of high-strength concrete to withstand 
sudden and explosive failures under load (Hadi and Li, 2004). 

 
Nevertheless, there are still concerns about the long-term performance (i.e. durability) of the 
FRPC sheet itself under the environmental effects of alkalinity, temperature variation, ultraviolet 
radiation, and a range of chemicals (Pendhari et al. 2008). Another important concern is the 
durability of the bonding between the FRPC sheets and concrete structures. The debonding of 
the FRPC sheet from the concrete appears to be the dominant cause of failure due to 
environmental effects, particularly those associated with elevated temperatures and a dry 
environment, a long freeze–thaw cycle, or excessive moisture (Jia et al., 2005). The debonding 
often takes place in regions of high stress concentration and potentially leads to dangerous brittle 
failures (Buyukozturk et al., 2004). The lack of durability of the bonding between FRPC sheets 
and concrete structures is the main obstacle to the technique becoming a mainstream application 
(ibid.). 
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Port Structures  Source: CSIRO 

 

4. MODELLING CONCRETE CORROSION UNDER CLIMATE 
CHANGE  

4.1 Atmospheric CO2 and Global Warming 

Atmospheric CO2 makes up roughly 
0.038% of air by molar 
content/volume. An increase in the 
concentration of CO2 in the 
atmosphere alters the reflection of 
long-wave radiation by the Earth 
and is believed to cause global 
warming, also known as climate 
change. Climate change can be 
described in terms of changes in the 
mean and variability of 
temperature, precipitation and wind 
over a period of time (IPCC, 2007). 
Historical studies of the 
atmospheric concentration of CO2 
indicate that it has been relatively 
stable – between 260 and 280 ppm 
– for most of the past ten thousand 
years, but that it increased from 280 
ppm in 1750 to 380 ppm in 2005 
(Figure 4-1). 
 

Figure 4-1 Historical change of atmospheric CO2 
concentration 

Source: IPCC (2007) 
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To project the impacts of CO2 emissions on climate change, a total of four emissions scenario 
families – A1, A2, B1 and B2 – have been defined (IPCC, 2000). The A1 family of scenarios 
encompasses 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 
a substantial reduction in regional differences in per capita income. A2 scenarios depict a very 
heterogeneous world, with the preservation of local identities, a continuous increase in 
population, regionally oriented economic development, and more fragmented per capita 
economic growth and technological change. B1 scenarios assume the same population trend as in 
A1, as well as rapid changes in economic structures towards a service and information economy, 
a reduction in material intensity, and the introduction of clean and resource-efficient 
technologies. B2 scenarios emphasise local solutions to economic, social and environmental 
sustainability, a continuous increase in the global population at a rate lower than in A2, 
intermediate levels of economic development, and less rapid and more diverse technological 
change than takes place under A1 and B1 scenarios. Sub-categories of A1 scenarios include 
A1FI, A1T and A1B, which represent fossil-intensive energy sources, non-fossil energy sources, 
and a balance across all energy sources, respectively. In addition, scenarios of CO2 stabilisation 
at 450 and 550 ppm, etc., were introduced to consider the effects of mitigation policies (Wigley 
et al., 1996).  
 
Figure 4-2 shows predicted changes in the concentration of atmospheric CO2 and consequent 
global warming based on the Model for Assessment of Greenhouse-gas Induced Climate Change 
for the A1FI, A1B and 550 ppm CO2 stabilisation scenarios. The lower and upper bounds of the 
predicted changes are also shown. 
 
A number of studies have shown that CO2 levels are higher in urban environments than 
elsewhere due to the concentration of pollution sources such as car exhausts. Stewart et al. 
(2002) recorded CO2 concentrations of up to 575 ppm in Brno (Czech Republic), with CO2 
concentrations even higher near street level. George et al. (2007) found that CO2 concentrations 
at an urban site (Baltimore) were, on average, 16% higher than at a rural site; other work found 
increases of 21–31%. Day et al. (2002) observed an average enhancement in CO2 concentration 
over the course of the day of 19 ppm near an urban centre (Phoenix).  
 
The fib Model Code for Service Life Design (fib, 2006) adopted a CO2 concentration of 
approximately 500 ppm, which is based on a linear increase of 1.5 ppm/year over 100 years from 
a base of 350 ppm; however, CO2 increases due to ‘emission sources’, such as automotive 
vehicles, were neglected for ‘usual structures’. Considering that most infrastructure is located in 
urban environments, the effects of the urban environment on atmospheric CO2 concentrations 
should be taken into account. 
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Figure 4-2 Projections of atmospheric CO2 concentration and global warming to 2100 

Source: Derived from the global CO2 concentration and global warming projections obtained by the 
Model for the Assessment of Greenhouse-gas Induced Climate Change (MAGICC), developed by 
Wigley’s Group in USA MAGICC for a given emission scenario (Wigley et al. 1996) 
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4.2 Carbonation-induced Corrosion 

Carbonation-induced 
concrete deterioration has 
three stages (Figure 4-3), 
extended from Tuutti model 
(Lopez et al, 1993; Ho et al, 
1987). The first stage 
involves the ingress of CO2, 
together with moisture, to 
concrete by diffusion. 
Corrosion is initiated when 
carbonation front reaches 
the steel reinforcement, 
resulting in a considerable 
reduction of pH. At the 
second stage, the reinforcing 
steel is corroded and 
expansive corrosion products are produced through electrochemical reactions. When the internal 
stress caused by the expansive corrosion products reaches the concrete’s tensile strength, 
cracking is initiated – the third stage of concrete deterioration. The cracks grow with the increase 
in volume of corrosion products until spalling occurs.  
 

4.2.1 Carbonation Depth Models 

Carbonation is greater for structures under sheltered (dry) conditions; it normally occurs when 
relative humidity = 40–75%. 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 the 
carbonation front equals concrete cover. 
 
Carbonation occurs progressively from the structure’s surface, diffusing inwards. The 
carbonation process is modelled by estimating the depth of carbonation as a proportion of the 
square root of time (Neville, 2008; Ho et al, 1987): 
 

5.0
c Ktx =  (4-1) 

 
where K is a constant.  
 
For indoor conditions and outdoor concrete sheltered from rain, Papadakis et al. (1992) estimated 
the carbonation depth (xc in m) using the following equation: 
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Figure 4-3 Three stages in carbonation-induced corrosion 
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CO2[ ]0
= 42yCO 2

10−6  (4-3) 
 

De, CO 2
(m2yr−1) = 51.8εp

1.8 1− (RH/100)[ ]2.2
 (4-4) 

 

εp ≈
ρc

ρw

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

(w/ c)− 0.3
1+ (ρc /ρw)(w/ c)

   (4-5) 

 

CH[ ]+ 3 CSH[ ] ≈
33000

1+ (ρc /ρw)(w/ c)+ (ρc /ρa)(a / c)
 (4-6) 

 
and 

 
[CO2]0 is the molar concentration of ambient CO2 (mol m-3); De,CO2 is the effective 
diffusivity of CO2 in concrete; [CH]+3[CSH] is the total molar concentration of the 
carbonable constituents of concrete (mol m-3); t is time in years; yCO2 is the ambient CO2 

content by volume (ppmv); RH is the relative humidity (%); εp is the porosity of fully 
hydrated and carbonated cement paste; ρc, ρw and  ρa are the densities of cement, water 
and aggregates, respectively (kg/m3); and c, w and a are the contents of cement, water and 
aggregates, respectively (kg). The aggregate content is the sum of sand and gravel (sizes 
4–8 mm, 8–16 mm) content. Relative humidity and ambient CO2 content are long-term 
averages (ie. time-invariant) values measured over a year or more. 

 
Yoon et al. (2007) proposed the following equation for the estimation of carbonation depth (xc in 
cm):  
 
 

xc(t) =
2DCO2
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a
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n m

 (4-7) 

DCO2
(t) = D1t

−n d          a = 0.75CeCaOαH

MCO2

MCa O

  (4-8) 

 
where  

to is the reference period (e.g. one year); t is time in years; CCO2(t) is the time-dependent 
mass concentration of ambient CO2 (10-3kg/m3); DCO2(t) is the CO2 diffusion coefficient 
in concrete; D1 is the CO2 diffusion coefficient after one year; nd is the age factor for the 
CO2 diffusion coefficient; Ce is cement content (kg/m3); CaO is the CaO content in 
cement; αH is a degree of hydration; MCaO is the molar mass of CaO; and MCO2 is the 
molar mass of CO2. The age factor for microclimatic conditions (nm) associated with the 
frequency of wetting and drying cycles is nm = 0 for a sheltered outdoor environment and 
nm = 0.12 for an unsheltered outdoor environment. 

 
The CaO content in ordinary Portland cement (OPC) is approximately 0.65 (Brown et al., 1997). 
The degree of hydration after more than 400 days is estimated as (de Larrard, 1999): 
 
αH ≈1− e−3.38w / c

 (4-9) 
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While Equation 4-7 was used by Yoon et al. (2007) to predict carbonation depths for increases in 
CO2 concentrations, Equation 4-6 is a point-in-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 approach will 
overestimate the carbonation depth because the CO2 concentration will gradually increase with 
time up to the peak value CO2(t).  
 
Temperature may also have a considerable effect on CO2 diffusion due to the dependence of 
diffusivity on temperature. Higher temperatures imply increased carbonation. For example, there 
would be a 30% increase in diffusion as T increases from 20 oC to 30oC (Baccay et al., 2006).  
 
The effects of temperature on diffusivity may be modelled by Arrhenius’ Law (Duracrete, 
2000a; Yoon et al., 2007), which is: 
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where  

Tref  = reference temperature (oC) 
T(t) = temperature at time t (oC) 

 E = activation energy of the diffusion process in kJ/mol, described in Table 4-1 
 R = gas constant (8.314x10-3 kJ/mol.K). 
 
If E=40 kJ/mol (Kada-Benameur et al., 2000) at, say, 20oC (293K) then fT = 0.56 (T = 10 oC) and 
fT = 1.72 (T = 30 oC). 
 
 

Table 4-1 Activation energy for concrete  

w/c E (kJ/mol) 

0.4 41.8±4.0 

0.5 44.6±4.3 

0.6 32.0±2.4 
Source: Saetta (1993) 
 

4.2.2 Corrosion Propagation 

While there are many experimental data, the corrosion rate is often only inferred from indirect 
measurements and the data are location and environment specific. Empirical models exist, but 
each isolates only a few variables. More complex models are available (Raupach, 2006) but, in 
most cases, data for the input parameters are unavailable. 
 
A simple approach is to assume a constant corrosion rate induced by carbonation, taking into 
account the concrete grades suggested for the corresponding exposure classes (Table 4-2). 
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Table 4-2 Carbonation corrosion rates (icorr, 20) for various exposures  

Exposure Class 
(Carbonation) Mean Standard 

deviation Distribution 

 C1 – Dry 0.0 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 
Duracrete (1998) 
 
The effect of temperature on corrosion rate is similar for carbonation, described by Virmani et al. 
(1983) as: 
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where 
 icorr = corrosion rate at temperature T2 

T = temperature (degrees Kelvin). 
[what is ‘e’?] 

 
If temperature increases from 20oC to 30oC, icorr increases by 29%. If temperature decreases from 
20 oC to 10 oC, icorr reduces by 21%. 

 
Duracrete (2000a) estimated the corrosion rate by:  
 
icorr = icorr−20 1+ K(T − 20)[ ] (4-12) 
 
where 

icorr-20 = corrosion rate at 20 oC, as shown in Table 4-2. 
T = temperature (oC) 
K= 0.025 if T<20 oC and 0.073 if T>20 oC. 

 
 

4.3 Chloride-induced Corrosion 

Similar to carbonation-induced corrosion, chloride-induced corrosion is described by the time to 
corrosion initiation (Ti), when the chloride concentration exceeds the critical chloride 
concentration (Ccr), the time to crack initiation (t1st), and the time required for the cracking of the 
concrete surface to reach a certain width. Cracking occurs as a result of increasing internal 
stresses caused by expansive corrosion products such as ferrous hydroxide and ferric hydroxide, 
produced by electrochemical reactions. 
 
There is evidence to suggest that chloride action is accelerated by carbonation (and by SO2 and 
NOx) because carbonation disturbs the equilibrium between free and bound chlorides in the 
concrete, which increases the free chloride concentration in the pore solution. However this 
evidence has not been translated into useful quantitative models. Thus, the interaction effect of 
carbonation and chlorides is, for the time being, omitted from the present study. 
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4.3.1 Chloride Penetration Models 

Chloride diffusion with a constant diffusion coefficient is often described by a model based on 
Flick’s second law of diffusion: 
 

C(x,t) = Co 1− erf x
2 Dct
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 (4-13) 

 
where C(x,t) is the chloride content at a distance x from the concrete surface at time t, Co is the         
surface chloride concentration, Dc is the chloride diffusion coefficient, and erf is the error 
function.  
 
The chloride diffusion coefficient is estimated using a model proposed by Papadakis et al. 
(1992): 
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where Dc is the chloride diffusion coefficient in m2/s; ρc and ρa are the mass densities of cement 
and aggregates, respectively; w/c and a/c are the water/cement and aggregate/cement ratios by 
weight; and OH,Cl 2

D  is the diffusion coefficient of chloride in an infinite solution, equal to 
1.6x10-9 m2/s at 25oC. The w/c ratio is estimated based on the concrete compressive strength by 
the use of Bolomey’s formula, which is given as: 
 

w /c =
27

fcyl +13.5
 (4-15) 

 
where fcyl is the concrete compressive strength of a cylinder after 28 days standard wet curing.  
 
The a/c ratio is calculated according to Stewart (1996) as follows: 
 
a / c = s / c + g / c (4-16) 
 
where s/c is the sand/cement ratio and g/c is the gravel/cement ratio given by the following 
equations: 
 
s/c = 6.703(w/c) − 0.084  
g/c = 6.364(w/c) − 0.258 (4-17) 
When the time-dependent chloride diffusion coefficient is considered, the chloride diffusion is 
described by (Duracrete, 2000a): 
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where 
 Dc (w/c = 0.40, F'c = 55 MPa) = 7x10-12 m2/s  
 Dc (w/c = 0.45, F'c = 35 MPa) = 10x10-12 m2/s  
 Dc (w/c = 0.50, F'c = 35 MPa) = 15x10-12 m2/s  
 Dc (w/c = 0.55, F'c = 25 MPa) = 25x10-12 m2/s  
 n = 0.3 (submerged) 
 n = 0.37 (tidal + splash) 
 n = 0.65 (atmospheric) 
 Environmental factor (ke): 
  ke = 1.325 (submerged) 
  ke = 0.924 (tidal) 
  ke = 0.265 (splash) 
  ke = 0.676 (atmospheric) 
 Curing factor kc = 1.0 (7 days) 
 Test method kt = 1.0  
 to = 1 year. 
 
The surface chloride concentration (Co) is generally assumed to be a time-invariant variable, 
since exposure to chlorides for a specific structural member would not change from year to year. 
Climate change, however, may cause changes in the wetting/drying cycles, and rainfall and wind 
patterns and other climatic factors could vary, but there are no data to indicate how this might 
affect Co. The surface chloride concentration can be categorised into specific exposure 
categories, as shown in Table 4-3: 

• Submerged zone – concrete is always under water, oxygen is not readily available and 
the risk of corrosion is low, especially when the concrete cover is uncracked. 

• Splash and tidal zones – concrete is exposed to wetting and drying cycles so that 
chlorides accumulate on the concrete surface by a process of wetting with sea water, 
evaporation and salt solution concentration, and in the extreme case, crystallisation. The 
highest risk of corrosion is in the splash zone. 

• Atmospheric zone – concrete is not exposed directly to sea water and sea spray carried 
by the wind is the main source of chlorides.  

 

Table 4-3 Surface chloride concentration 

Environment Mean COV Distribution 

Co1 – Splash 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 
Source: Val and Stewart (2003), Collins and Grace (1997), McGee (1999)  
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4.3.2 Corrosion Propagation 

 
The corrosion rate approaches zero if relative humidity is less than 50%, and is highest when 
relative humidity is in the range 75–90%; icorr = 0% when relative humidity is greater than 90%. 
 
BS 6349-1 suggests that the mean corrosion rate is 0.04 mm/year (3.45 μA/cm2) for the 
atmospheric zone, 0.08 mm/year (6.9 μA/cm2) for the splash zone, and 0.04 mm/year (3.45 
μA/cm2) for the tidal zone. The corrosion rates shown in Table 4-4 are not dissimilar from those 
reported in BS 6349-1. 
 
 

Table 4-4 Chloride-induced corrosion rates (icorr, 20) for various exposures 

Exposure class 
(Chloride-initiated corrosion) Mean Standard deviation Distribution 

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 

for poor-quality 
concrete or low cover 

- Lognormal 

Cl5 – Tidal zone 6.035 μA/cm2 3.448 μA/cm2 Lognormal 

Duracrete (1998) 
 

Vu and Stewart (2000) developed a theoretical model based on oxygen diffusion, given by: 
 

icorr -20 =
27.0 1− w c( )−1.64

C
 for relative humidity = 80% (4-19) 

 
where 
 w/c = water/cement ratio 
 C = concrete cover (mm). 
 
Moringa (1996) established the following empirical model based on reinforced concrete 
specimens at 43 locations in Japan over a 5-year period: 
 
A = −11.5 + 9.30X1 − 0.0306X2 + 2.52X3 + 0.135X4  (4-20) 
 
where 
 A = coefficient of corrosion rate ( ×10−3 / year ) 
 X1= annual average temperature (C) 
 X2 = annual rainfall (mm) 
 X3 = annual air-borne salt (ppm) 
 X4 = annual SO2 (mg/100 cm2). 
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Although the values seem high, the model shows the relative importance of the variables, with 
the corrosion rate most sensitive to temperature (X1) but insensitive to rainfall (X2) and 
pollutants (X4). 
 

4.3.3 Effect of Time on Corrosion Rate 

 
Based on chloride-induced corrosion data from Liu and Weyers (1998) and Vu and Stewart 
(2000) estimated the time-dependent corrosion rate given by: 
 

( ) ( )βα i20-corrcorr Ttiti −⋅⋅=  1i ≥−Tt  year  (4-21) 
 
where 

α  = 0.85 
β = -0.3  

iT  = time to corrosion initiation (years). 
 
Liu and Weyers (1998) considered the effects of temperature on the corrosion rate based on 
reinforced concrete slab specimens with chloride admixtures in the field for five years. These 
effects are described by: 
 
ln(1.08icorr ) = 7.89 + 0.77711n(1.69Clacid ) − 3600/T − 0.000116Rc + 2.24t−0.215 (4-22) 
 
ln(1.08icorr ) = 8.37 + 0.6181n(1.69Clwater ) − 3034 /T − 0.000105Rc + 2.32t−0.215  (4-23) 
 
where 

Clacid = acid-soluble chloride content (kg/m3) 
Clwater = water-soluble chloride content (kg/m3) 
T = temperature at depth of steel reinforcement (degrees K) 
Rc = ohmic resistance of concrete cover 
t = corrosion time (years). 

 
These equations imply that the corrosion rate increases by approximately 40% if temperature 
increases from 20oC to 30oC, and decreases by approximately 30% if temperature decreases from 
20oC to 10oC. 
 
Nevertheless, due to the complication and uncertainties of modelling around the effect of time on 
the corrosion rate, for simplicity the time-invariant corrosion rate (Table 4-4) may be used.  
 

4.4 Time to Severe Cracking/Spalling 

4.4.1 Time to Crack Initiation 

 
The time from corrosion initiation to crack initiation (t1st) is calculated by the following method 
proposed by El Maaddawy and Soudki (2007):  
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where 
 D = diameter of the steel reinforcing bar (mm) 

 0δ = thickness of the porous zone around the steel reinforcing bar (0.015 mm) 

 ν  = Poisson’s ratio of concrete (0.2) 
 C = concrete cover (mm) 
 ft = concrete tensile strength (MPa) 
 Eef  = effective elastic modulus of concrete (MPa) 
 icorr-20 = corrosion current density at temperature T =20°C ( 2cm/μA ) 
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The time-dependent increase in concrete compressive strength using the ACI  method is given by 
Stewart (1996) as: 
 

fc(t) =
365t

4 + 310.25t
fc(28)

 (4-26) 
 
where t is time in years and fc(28) is the 28-day concrete compressive strength. Limit fc(t) to t = 1 
year such that fc = 1.162fc(28). 
 
 

4.4.2 Crack Propagation 

The time (after corrosion initiation) for cracking of the concrete surface to reach a crack width of 
w mm for a constant corrosion rate (icorr-20) is described by Mullard and Stewart (2009) as: 
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where 

 
ψcp =

C
Dft

'   (4-28) 

 

 rcrack = 0.0008e−1.7ψcp 0.1≤ ψcp ≤1.0 (4-29) 
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and 
t1st = time to crack initiation 
tser = time since crack initiation to reach a limit crack width (years)  
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ψcp = cover cracking parameter 
rcrack = rate of crack propagation (mm/hr) 
w = crack width  
D = reinforcing bar diameter (mm) 
f’t = concrete tensile strength (MPa) 
kR = rate of loading correction factor, where icorr(exp)=100 mA/cm2 is the accelerated 

corrosion rate used to derive rcrack 
kc = confinement factor that represents an increase in crack propagation due to the lack of 

concrete confinement around external reinforcing bars (= 1 for internal 
locations, 1.2–1.4 for edge rebars)  

ME(rcrack) = model error for rate of crack propagation (mean = 1.04, COV = 0.09, normal 
distribution). 

 

4.4.3 Time to Severe Cracking 

For carbonation-induced corrosion, when the corrosion rate in propagation is assumed to be 
time-invariant (i.e. constant over time), then: 
 
t sp = t1st + t sev  (4-31) 
 
to which the corrosion products are directly proportional. 
 
For chloride-induced corrosion, the corrosion rate is time-variant (reduces with time) (Mullard 
and Stewart 2009) and is described by: 
 

Tsp =
β +1

α
t sp −1+

α
β +1
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   t sp >1 year  (4-32) 

 
where tsp is obtained from Equation 3-31. 
 

4.5 Effects of Corrosion Mitigation/Adaptation  

 
As described previously (Box 3-4), there are many options for combating the deterioration 
process, including the creation of barriers on surfaces, the reduction of diffusivity, the re-
conditioning of alkalinity in concrete, cathodic protection, and repair. These options essentially 
act to reduce environmental attack by delaying or retarding the penetration of deleterious 
substances or by increasing the resistance of reinforcement to deterioration. The timing of 
application of mitigation or adaptation measures has a considerable effect on their success. 
Modelling and simulating such timing effects would be a major undertaking. 
 
It is preferable to implement corrosion mitigation and adaptation strategies during construction 
rather than when the concrete is in service (e.g. when corrosion damage occurs), as the latter 
would incur higher direct and indirect costs and cause inconvenience to users. Thus, the 
modelling and simulation of mitigation and adaptation is focused on their implementation during 
construction.  
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4.5.1 Options for Mitigating Carbonation-induced Corrosion 

Acrylic-based Surface Coating 

Based on a nine-week test, acrylic-based surface coating causes a 10–65% reduction in 
carbonation, with the coating providing a waterproofing function, although this would increase 
the diffusion coefficient (Ho and Harrison, 1990). In a 2.5-year test, Swamy et al. (1998) 
reported a 60–83% reduction in carbonation depth.  

Re-alkalisation 

Re-alkalisation is an electrochemical process to raise the pH near reinforcement. After re-
alkalisation, concrete will not easily re-carbonate and so the effect tends to be permanent 
(Velivasakis et al., 1998). Yeih and Chang (2005) report that the corrosion rate becomes 
negligible (<0.1 μA/cm2) after re-alkalisation.  

Extra Design Cover 

Extra cover may slow the penetration of water, CO2 and oxygen and increase diffusion 
resistance, with the effect of delaying corrosion initiation and progress. Extra cover is very cost-
effective if permitted by the design. Nominal cover for different structures is discussed in detail 
in chapter 3. 

Increase Strength Grade 

Increasing the concrete compressive strength by one grade leads to a corresponding decrease in 
the w/c ratio, as described by Neville (2008): 
 

21c LnK
c
w)K(LnLnf −=′  (4-33) 

 
where K1 and K2 are constants, and w/c is the water/cement ratio by volume. This relationship 
may also be represented by Feret’s Law, when air volume is considered: i.e. 
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where, c, w and a are the absolute volumetric proportions of cement, water and air, respectively.  
 
In general, a decrease in w/c reduces diffusivity, with benefits for corrosion prevention. It is 
therefore important to understand the relationship between w/c and diffusivity. 
 

4.5.2 Options for Mitigating Chloride-induced Corrosion 

Surface Treatments 

Surface treatments aim to reduce the chloride diffusion coefficient (Buenfeld and Zhang, 1998): 
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 (3-32) 
where 

Tc = concrete cover 
TST = thickness of surface treatment 
Dc = chloride diffusion coefficient without surface treatment 
DST = chloride diffusion coefficient of surface treatment, shown in Table 4-5. 

 

Table 4-5 Diffusion coefficient in relation to surface treatment 

Surface treatment TST (mm) DST (10-12 m2/s) 

Polyurethane sealer 0.02 mm 1.4x10-3 
Silane 2 mm 2.5x10-1 
Polymer-modified cementitious coating  1.5 mm 6.3x10-3 

Source: Buenfeld and Zhang (1998) 
 
Dc = 3x10-12 for tests used to determine DST. Surface treatments should be applied prior to 
corrosion initiation; once corrosion has started, surface treatments are ineffective. 
 
Surface treatment may also reduce the corrosion rate by reducing the penetration of moisture and 
oxygen (Bentur et al. 1997). Ibrahim et al. (1999) achieved a 55% reduction in the corrosion rate 
by applying silane. 

Cathodic Protection and Concrete Replacement 

Cathodic protection and concrete replacement should, technically, be 100% effective in 
removing chloride ions from reinforcement. 

Waterproofing Systems  

Waterproofing systems prevent chloride and CO2 ingress when 100% effective. Waterproofing 
should be applied before corrosion initiation. 

Electrochemical Chloride Extraction  

Electrochemical chloride extraction removes some chloride from concrete cover. In a review of 
United States chloride extraction studies (bridge decks and piers), Sharp et al. (2002) found that 
chloride extraction removed 20–90% of chloride ions. Schneck et al. (2007) found a 70% 
reduction in chloride content, and Velivasakis et al. (1998) reported a 40–80% reduction in case 
studies taken from United States bridges. An experimental study found that 33–76% of chlorides 
were removed (Sharp et al., 2002). Carbonation will reduce the chloride extraction rate 
(Ihekwaba et al., 1996), so a lower limit of 30% extraction is used herein. Chloride extraction 
will also lower the corrosion rate by 60–90% (Velivasakis et al. 1998), and Broomfield (1997) 
found ‘very low corrosion rates’ even if chloride levels were above the critical chloride content.  
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Corrosion Inhibitors  

Corrosion inhibitors (calcium nitrite based) increase the chloride threshold, reducing the 
corrosion rate but possibly increasing chloride transport and slightly reducing strength (e.g. Ann 
et al., 2006). 

Stainless Steel  

For stainless steel, the critical chloride concentration for corrosion may be 10–50 times higher 
than for carbon steel bars (Williamson et al., 2009).  

Galvanised Steel  

Galvanised steel may have a critical chloride concentration 2.5 times higher than for carbon steel 
bars. Corrosion products are less voluminous than for carbon steel, meaning that the concrete is 
less likely to crack (Williamson et al., 2009).  

Extra Design Cover 

Similar to carbonation, extra cover may increase resistance to ingress by chloride, as well as by 
moisture and oxygen. It is cost-effective if the design allows it.  



SUMMARY 

Analysis of Climate Change Impacts on Deterioration Process of Concrete Infrastructure: Part 1  75 

 
 

Bridge Structures  Source: CSIRO
 

5. SUMMARY 

Deterioration processes must be taken into account in the design, construction and maintenance 
of concrete infrastructure. Understanding such processes under the influence of climate change is 
a prerequisite for the effective management of concrete infrastructure over its lifecycle. As Part 1 
of a report on the research project Climate Change Impact on the Deterioration of Concrete 
Infrastructure in Australia, this document reviews the mechanisms of common deterioration 
processes in concrete structures, including chloride-induced and carbonation-induced corrosion, 
sulfate attack, alkali-aggregate reactions, and freeze–thaw cycle attack. It also reviews the 
standards for ensuring the durability of maritime, above-ground and in-ground concrete 
structures, and approaches in the modelling and simulation of concrete deterioration.  
 
Of the deterioration processes, chloride-induced corrosion is the major threat to the durability of 
maritime and coastal concrete structures. Carbonation can also have a considerable impact on 
durability, especially of above-ground structures and structures exposed to high CO2 
concentrations.  It significantly reduces alkalinity which, in turn, increases the vulnerability of 
steel reinforcement to corrosion due to a loss of passivation. The deterioration of concrete 
infrastructure caused by chloride-induced and carbonation-induced corrosion has resulted in 
considerable economic losses in Australia because of a loss of serviceability and an increase in 
the maintenance required to maintain structural integrity. The increase in the number of people 
living in coastal regions, and in the associated investment in concrete infrastructure in those 
regions, increase the nation’s exposure to further economic losses. 
 
The chloride-induced and carbonation-induced corrosion of concrete infrastructure is directly 
affected by environmental factors such as temperature and humidity; carbonation is also affected 
by the concentration of CO2 in the atmosphere. All those factors – temperature, humidity and 
CO2 concentration – will vary as a result of increasing greenhouse gas emissions and climate 
change.  
 



SUMMARY 

76  Analysis of Climate Change Impacts on Deterioration Process of Concrete Infrastructure: Part 1  

Existing standards in Australia and Europe are reviewed (especially those relevant to preventing 
concrete deterioration) to illuminate current practices in the durability of concrete structures such 
as buildings, bridges, piles, footings, pipes and maritime structures.  In general, the standards 
address the need to take into account the environmental exposure of structures at both the macro 
and micro levels before implementing durability design, assessment and subsequent mitigation.  
However, they do not consider the influence of a changing climate or environment. This may 
place concrete structures at risk as the climate changes and, ultimately, reduce the serviceability 
and safety of concrete structures. 
 
Although it is important to minimise deterioration processes by reducing the exposure of 
concrete structures to environmental attack, such exposure is often unavoidable and 
consideration should be given to mitigation and/or adaptation measures. Existing measures could 
be modified as part of strategies to maintain the long-term performance of concrete infrastructure 
in the face of climate change. Advanced concrete materials and structures, might also help 
improve the durability of concrete infrastructure and their adaptation to climate change.  
 
It is common practice to improve durability by increasing concrete cover and using high-
performance concrete and reinforcement. These are among the most straightforward approaches 
in design to slow deterioration processes and to mitigate or adapt to the impacts of climate 
change. However, it is unclear what is required in terms of the nature and extent of the changes 
to current practices to maintain the current level of structural reliability and durability in concrete 
infrastructure. Moreover, the timing of such changes also needs to be addressed, because it will 
have a direct impact on the overall cost of mitigation and adaptation strategies. 
 
Modelling and simulation of concrete deterioration processes are important to answer questions 
on the impacts of climate change and an increasing atmospheric concentration of CO2 on the 
serviceability and durability of Australia’s concrete-based infrastructure. Deterioration is 
characterised by three stages: corrosion initiation, corrosion progress, and cracking and spalling. 
The effects of climate variability at each of these three stages is modelled in Part 2 of this report.  
 
In modelling and simulating the impacts of climate change it is necessary to take into account the 
temporal and spatial dependencies of climatic variability, which affects the deterioration. In 
addition, deterioration processes are path-dependent, implying that the processes are related to 
the entire history of changing climatic conditions over a considered time period. 
 
There are difficulties associated with taking into account the effects of various mitigation and 
adaptation measures in existing models and simulations. More work is required to clarify how 
different measures might delay or slow deterioration processes, especially in association with the 
diffusivity and critical concentration threshold for corrosion. 
 
To better understand the implications of climate change for concrete infrastructure, and the 
adaptation options that might be available, Part 3 of this report presents a number of case studies.  
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