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1. Introduction 
Concrete is one of the earliest and most widely used construction materials due to its 

economic efficiency, thermal resistivity, and durability. However, society is facing durability 
problems in many of today’s concrete structures that were built during the mid-twentieth 

century- including multiple structural failures of concrete bridges, buildings, and marine 
wharves. In order to mitigate instances of these failures, unaccounted costs arise through 
frequent and pricey maintenance. Concerning bridges alone, a 2012 report estimated the cost to 

repair all of the structurally deficient bridges in the United States would be $51 billion (FHWA 
2013).  

Unfortunately, the reason for issues in durability is caused by variation in mix properties, 
inadequate construction, and the susceptibility of concrete to degradation from harsh exposure 
conditions. One form of degradation is carbonation: the interaction between carbon dioxide 

(CO2)  and the constituents inside of concrete. While other forms of deterioration, such as 
chloride penetration, have received more attention, carbonation is becoming of increasing 

concern with the increase of CO2 in the atmosphere.  Concrete deterioration causes steel 
corrosion, which has many adverse effects, including decreased steel ductility, reduced steel 
cross-sectional area, weakened bond between steel and concrete, and an increase in stresses in 

the concrete due to the expansion of oxide (Shafieezadeh 2015). Understandably, this has a 
negative impact on the reliability of structures designed for the full capacity and strength 

properties of steel and concrete.   

2. Carbonation Background 
Carbonation is a degradation process controlled by the diffusion of carbon dioxide into the 

cement paste of concrete into a structural element and forms a carbonation front between the 
carbonated and non-carbonated material (Papadakis et al. 1991, Lagerblad 2005). Normal, 

uncarbonated concrete has a high alkalinity, or pH level, that inherently protects inner steel 
reinforcement. As the carbonation process progresses, the alkalinity decreases, and the 
carbonated concrete thereby loses its protective function. As seen in Figure 3, the carbonation 

depth is the average depth of colorless concrete (Holland 2012). 

 
Figure 1: Carbonation depth results from accelerated carbonation test using phenolphthalein indicator (Holland 2012) 

This depth is the main determinant of structural failure. Once the depth is greater than or 

equal to the concrete cover depth, steel becomes unprotected from oxidizing and corroding 
elements and is free to corrode.  

Chemical and Physical Basis of Carbonation 
Carbonation is caused by a reaction between carbon dioxide ions in the atmosphere and the 

constituents of concrete. The carbon dioxide reacts with two main components of the cement 

paste: Calcium Hydroxide (Ca(OH)2 or CH) and Calcium Silicate Hydrate (3 CaO 2SiO2 3 H2O 
or CSH). In order to react, the carbon dioxide from the atmosphere must dissolve into carbonate 



ions in the pore water of the concrete. Once this occurs, the carbonate ions interact with the Ca+
 

ions from CH and CSH to precipitate, or form solid Calcium Carbonate (CaCO3 or CC) as seen 

in Equations 1 and 2 (Lagerblad 2005): 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2
𝐻2𝑂
→  𝐶𝑎𝐶𝑂3 +𝐻2𝑂 (1) 

(3 𝐶𝑎𝑂 ∙ 2 𝑆𝑖𝑂2 ∙ 3𝐻2𝑂) + 3𝐶𝑂2
𝐻2𝑂
→  (3𝐶𝑎𝐶𝑂3 ∙ 2𝑆𝑖𝑂2 ∙ 3𝐻2𝑂) (2) 

 
These reactions decrease alkalinity and affect the amounts of the primary strength component of 
cement, CSH (Holland 2012). Furthermore, the calcium carbonate (CC) that precipitates and fills 

the voids inside the concrete has a low solubility compared to the original constituents inside the 
concrete (Holland 2012). The volume expansion is a concern for the structural integrity of an 

element if the amount of precipitated calcium carbonate surpasses the available space, causing 
microcracks to form within the concrete.  

Influential parameters 

Environmental Conditions 

The carbonation of a concrete member is highly related to its immediate surroundings, the 
most obvious factor being the concentration of carbon dioxide at the surface of the structure. A 

study by Wang et al. shows that carbonation rates increase five times with just a .03 increase in 
CO2 partial pressure (Wang et al. 2010).   

Empirical data has shown that the carbonation rate also increases with temperature 
(Wang et al. 2010). Temperature is closely related to atmospheric relative humidity, which 
represents the saturation of water in the atmosphere. Relative humidity (RH) has a large degree 

of impact, because it contributes to the amount of water available within the concrete where the 
carbonation reaction takes place. In dry environments, the carbon dioxide gas diffuses quickly 

into the concrete, but there are not sufficient amounts of H2O to carry out the reaction. In overly 
wet environments, carbonation is slow, because the carbonate ions of CC diffuse very gradually. 
In general, carbonation accelerates the quickest at a moderate level of wetness exposure 

corresponding to a relative humidity between 60 and 80% (Papadakis et al. 1991). 
 The configuration of the concrete member determines the degree of influence the 

exposure to wetness has on the carbonation rate. Vertical members like columns, dry more easily 
than horizontal members, such as concrete slabs, which hold water on its surface for extended 
periods of time. Therefore, vertical members that have the ability to dry quicker are also more 

vulnerable to carbonation (Wang et al. 2010).   

Material Properties 

Carbonation is inherently a material reaction within the concrete. Hence, it is necessary to 
understand the effect of concrete composition on CO2 gas diffusion.  Carbon dioxide diffuses 
through the pores of concrete, not the aggregate, so the volume of pores, or concrete porosity, 

regulates the speed at which carbon dioxide ingresses into a structure (Papadakis et al. 1991). 
The volume of voids available to hold water for the carbonation reaction is correlated to the 

water-to-cement ratio; lower w/c ratios cause a denser concrete with fewer pores. An 
experimental analysis of gas diffusivity in concrete found the relationship between carbonation, 
porosity and w/c ratios seen in Table 1 (Houst and Wittmann 1994). Higher water-to-cement 

ratios imply greater porosity and increased carbonation rates. 
 



 
 

Table 1: Relationship Between W/C, Porosity, and Carbonation Rates (Houst and Wittmann 1994) 

W/C Ratio 
Porosity Before 

Carbonation (% by Volume) 

Porosity After Carbonation 

(% by Volume) 

0.8 48 42 

0.4 24 13 

The type of cement used in the concrete mixture also determines how the carbonation 

reaction precipitates solids and the corresponding effect on concrete permeability. Pure Portland 
cement paste densifies more with the continuation of carbonation (Wang et al. 2010).  
Conversely, admixtures such as fly ash or GBFS cause the cement to become more porous and 

increase carbonation rates (Lagerblad 2005).  

Additional Construction and Design Factors 

Human decision made by structural designers influences the impact of carbonation on 
concrete structures. The time when the front reaches the face of the steel reinforcement is 
determined by the thickness of the surrounding concrete around the reinforcing steel, or concrete 

cover, which is specified by the designer according to requirements of ACI 318. Perceptibly, a 
thicker concrete cover connotes a longer time for the front to reach the steel reinforcement.  

The method of reinforcement also affects the carbonation of concrete. Extended analysis 
of naturally carbonated concrete structures has shown that prestressed concrete carbonates at 
lower rates than regularly reinforced concretes. This could be because lower w/c ratios are used 

in the concrete mix for prestressed structures. However, the types of stresses on a structural 
element have an impact of carbonation depth as well. Compressive loads tend to reduce the rate 

of carbonation, while flexural loads increase this value.  

3. Structural Implications 
The carbonation process has the potential to cause serious issues with the durability of 

modern concrete infrastructure. The cracks caused by carbonation will incur higher maintenance 
costs over the design life, because they will occur more frequently than anticipated. Furthermore, 

corrosion reduces the cross sectional area and, therefore, tensile strength of steel reinforcement. 
Affected structural elements will subsequently have a lower structural capacity, leading to 
undesirable consequences, such as exorbitant repair costs and even loss of life.  

In the case of prestressed concrete structures, steel tendons put under tension before building 
loads are applied to the concrete member introduce additional compressive stresses. Intuitively, 

these structures rely heavily on the tensile forces that the tendons provide to carry the applied 
loads to its members. Therefore, even if only a few tendons were to corrode due to carbonation, 
structural failure would be more likely.   

One example of structural failure due to carbonation is the 1997 collapse of the Pipers Row 
Parking Garage in Wolverhampton, England as shown in Figure 1. The top level of this multi-

story concrete parking garage failed due to progressive collapse caused by punching shear failure 
at one column. This was caused by reinforcement corrosion in the slab of the top level. Forensic 
analysis of the failure found that reinforcement was initiated by carbonation, which later induced 

microcracks in the concrete as well (Wood). 



  
(a)                                                          (b) 

Figure 1: Steel reinforcement corrosion at column (a) of collapse (b) of Pipers Row Parking Garage (Wood) 

Fortunately, the incident did not lead to any injuries, because it occurred in the middle of the 

night. However, the cost alone to demolish the garage was a detrimental consequence that could 
have been avoided. If this collapse were to cause severe injuries, the costs would be astronomical 

to the owners of this parking garage and all parties involved in its construction.  
The likelihood of the detrimental consequences related to carbonation enforces how it 

should be accounted for in design as a preventative measure against structural failure. Some 

options to proactively prevent carbonation is to use larger concrete cover depths, lower w/c 
concrete mixtures, or employ prestressed steel reinforcement. However, current specifications 

provided by ACI Building Code 318 only designate durability categories for exposure against 
freezing/thawing, sulfate, and chloride corrosion; there is no mention of proactive design 
measures against concrete carbonation (ACI Committee 318 2008). As mentioned previously, 

there are numerous ways to mitigate the effects of carbonation deterioration, including thicker 
concrete covers, and higher w/c ratios. These measures are especially pertinent to consider when 

designing for concrete structures in dense urban areas, which are subject to high levels of 
atmospheric carbon dioxide, humidity, and temperatures. Carbonation will only become more of 
a concern in the future as carbon dioxide increases in conjunction with urbanization, and the 

number of structural failures related will escalate.  
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