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Abstract
Developing a method to predict the behavior of cementitious materials against natural carbonation, which causes 
degradation in reinforced concrete structures, has been an area of interest for researchers. Although the natural process 
is gradual and takes years to manifest, accelerated carbonation tests have been devised to simulate this process in a 
shorter duration. Nevertheless, various factors have an influence on the accuracy of these tests, in predicting natural 
carbonation, including  CO2 concentration, humidity, temperature, type of cement and aggregate, curing time, and dura-
tion of exposure to  CO2. This review emphasizes the significance of considering these factors when using accelerated 
carbonation tests to evaluate the durability of concrete and to prevent corrosion. Taking these factors into account can 
help ensure that designers estimate the service life of concrete structures accurately and that appropriate measures are 
taken to mitigate any potential damage caused by natural carbonation.
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1 Introduction

The process of natural concrete carbonation occurs slowly, and its effects become noticeable only after several years of 
exposure to  CO2. During the initial stage of  CO2 penetration into concrete, the alkaline content of Portland cements has 
a significant impact on natural carbonation. This chemical process reduces porosity in concrete by causing precipitation 
of calcium carbonate  (CaCO3) resulting from the reaction with hydrated cement products [1]. The reaction involves port-
landite (Ca (OH)2), a product obtained from cement hydration, reacting with atmospheric  CO2 to form calcium carbonate 
 (CaCO3) while releasing water. This chemical reaction is described by the Eq. (1):

Reinforced concrete structures have a shortened lifespan due to the process of carbonating concrete. The occurrence 
of this is attributed to the existence of carbon dioxide  (CO2) in the atmosphere, with concentrations ranging from 0.03% 
to 1%. Carbon dioxide present in the air enters by means of porous covering of the concrete and reacts primarily with 
the hydrated cement product, known as portlandite (Ca (OH)2), Consequently, calcium carbonate  (CaCO3) is formed as a 
result. The outcome of this chemical reaction is the reduction of portlandite, which plays a vital role in safeguarding the 
steel reinforcements from corrosion by maintaining a basic environment with a pH value of 13[2].

The carbonation of concrete causes the concrete cover to completely carbonate, resulting in an acidic pH level of 
approximately 9, leaving the steel reinforcement without protection and initiating corrosion. This corrosion is the primary 

(1)Ca (OH)2(s) + CO2(g)CaCO3(s) + H20
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degradation observed in reinforced concrete structures, posing a risk to their stability and reducing their service life. 
Repairing such structures incurs additional costs in addition to the initial construction costs. Assessing the impact of this 
phenomenon on the durability of reinforced concrete structures is a time-consuming process that spans several years. 
To expedite the process, researchers have developed an accelerated test known as the “accelerated carbonation test.” 
This test involves introducing concrete samples into a chamber rich in  CO2 with varying concentrations, allowing for 
the rapid acceleration of the phenomenon in the laboratory. The primary objective of this test is to carbonate concrete 
samples within a short timeframe to predict their behavior, upon exposure to natural conditions. The outcomes of this 
test can assist in predicting the extent of carbonation in concrete when subjected to  CO2 gas under natural conditions.

Several factors, including  CO2 concentration, exposure time, temperature, relative humidity, and the type of cement, 
can influence the results of this test [3]. These factors also influence the derived relationships from this test, which are 
employed to establish a correlation between the accelerated carbonation test and natural carbonation. Utilizing these 
relationships, it becomes possible to estimate the depth of carbonation in natural conditions by considering the depth 
of accelerated carbonation obtained from the accelerated test, In order to estimate the service life of reinforced con-
crete structures against this phenomenon, designers use this relationship. The objective of this review is to provide a 
comprehensive summary of prior research concerning the correlation between the outcomes of accelerated testing and 
natural carbonation in concrete. The statement presents an evaluation of the primary findings and proposes suggestions 
for future research.

2  Methods for accelerating the carbonation of concrete

Accelerated carbonation testing methods aim to simulate the long-term effects of carbonation under controlled, accel-
erated conditions. These methods are essential for predicting the durability and service life of concrete structures in a 
shorter time frame. Techniques such as elevated  CO2 concentrations, elevated temperatures and controlled humidity 
levels are commonly used. For example, the work of [4]provides a comprehensive review of these accelerated methods 
and their effectiveness in simulating real-world carbonation processes.

In this section, the used methods to accelerate the concrete carbonation were described.

2.1  Method 1

The first accelerated carbonation chamber was designed by [5].The time required to the carbonation of concrete sam-
ples is difficult to estimate since the microstructure and initial moisture are influenced by the cure time and method of 
pouring the concrete.

The first one, is performed, in two steps, before the test of accelerated carbonation, samples concrete must be dried.
The relative humidity of the samples before the accelerated carbonation test must be below 70%. To achieve this 

object, samples should be kept in a laboratory in ambient air with 40% relative humidity and temperature of 25 °C for 
8 weeks.

Application of  CO2 at high pressure (15 bar), this increases the  CO2 solubility in the water of the concrete pores and 
the total carbonation of the samples will take place after two weeks [6, 7].

2.2  Method 2

This method was also used to characterize the behavior of concretes, mortars and cement pastes. It was developed 
by (French Association of Competitive Clusters,French association for research and testing on materials and construc-
tion) AFPC-AFREM [7]. This method consists to follow the development of the carbonation depth of concrete kept in 
a carbon dioxide-enriched atmosphere (50%  CO2 + 50% air, 20° ± 2 C). The test protocol is composed of two steps, the 
period of samples preconditioning (the samples are stored for 28 days in an atmosphere of 95% relative humidity), 
the period of exposure at the environment rich in  CO2 during 28 days. During this period, the samples are extracted 
from the carbonation chamber after 7, 14, and 28 days and then the samples must be cut in half. Phenolphthalein is 
sprayed on the cut faces of samples and the carbonation depth measurements are taken. This protocol recommends 
that the dimensions of samples have three times the diameter of the largest used aggregate [8]
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2.3  Method 3

In another way, a new method to measure the carbonation depth of concrete under accelerated condition was 
developed by Lijuan Kong et al. [9], it is a novel non-destructive technique called nonlinear ultrasonics evaluation 
with the aim to characterize the impact of carbonation on concrete. The experimental findings demonstrate a nota-
ble reduction in the measured non-linearity parameter, the most probable outcome is the deposition of  CaCO3, the 
carbonation product, in pre-existing voids and microcracks. [9, 10].

2.4  Method 4

Following a bibliographic review, F. G. Da Silva [11] proposes a method for carrying out the accelerated carbonation 
test. This method recommends the dimensions of 40 × 40x160mm for concrete and mortar samples with aggregate 
dimensions not exceeding 6.3 mm, and 40 × 40x400mm for aggregate dimensions exceeding 9.5 mm. After prepara-
tion, the samples must be kept covered with plastic for 24 h at a temperature of 23 ± 2 °C, then they will be taken out 
from the mold and kept in an environment with higher humidity than 95% for 28 days. A period of preconditioning 
of samples is necessary to ensure a relative humidity of 75 ± 2% and a temperature of 23 ± 2 °C. During this period 
(varying from hours to weeks), samples should be dried at temperature of 50 °C until having a constant mass. After 
preparation and preconditioning, the samples should be introduced into the carbonation chamber at an atmosphere 
containing 5%  CO2 at a temperature of 23 ± 2 °C and a relative humidity of 75 ± 2%. To allow  CO2 diffusion between 
samples, they should be spaced at least 20 mm apart [11]. The carbonation depth must be determined along the 
longitudinal axis of the samples of 50 mm length, as close as possible and perpendicular to the exterior surface of the 
concrete. The surfaces of the cut samples should be cleaned of dust using only the phenolphthalein indicator solu-
tion. The portion of the concrete surface exhibiting a purple coloration should be promptly measured and recorded 
within a 10-min interval after spraying. The carbonation depth values should be determined in accordance with 
Fig. 1, representing the average carbonation depth on each side denoted as "e." Results for the top and bottom of 
the samples should not be used. Subsequently, the measurements should be replicated for duplicate samples. The 
carbonation depth should exhibit a maximum deviation of 20%. If the difference is superior than 20%, both values 
must be re-measured. If the difference is inferior than 20%, take the average value [11].

2.5  Other methods

The choice of the carbonation depth measurement method to be used depends on the objectives sought and the 
technical and economic constraints. Methods such as the optical microscope, analysis of isotope ratios and X-Ray 
diffraction give precise information on the microstructure of carbonated concrete, however, they are poorly suited 
to the expected needs of the accelerated carbonation test which is intended for provide information on the behavior 
of concrete with respect to carbonation within an acceptable timeframe [12].

Fig. 1  Determination of con-
crete carbonation depth
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3  Methods of highlighting the concrete carbonation depth 

Furthermore, the most widely used method for measuring the carbonation depth is the spraying of phenolphthalein 
on the surface of the concrete. Several pH indicators have been used to highlight the carbonation depth of concrete 
such as, thymolphthalein, Alizarin yellow GG, Alizarin yellow R [11]. In addition to the method of spraying phenol-
phthalein on the concrete surface for the determination of the concrete carbonation depth, there are other methods 
such as, the optical microscope, isotope ratio analyses and X-ray diffraction [12]. The application of phenolphthalein 
on the concrete surface as a method of detection is unable to differentiate between the loss of alkalinity due to car-
bonation and that caused by other acid gases [12]. In cases where alternative factors leading to carbonation are sus-
pected, their impacts can be assessed through laboratory analysis [11]. In the same way, two methods of measuring 
the carbonation rate of concrete can also be cited, such as, gamma densimeter and thermogravimetric analysis (TGA) 
associated with chemical analysis (CA). The gamma densimeter makes it possible to measure the rate of  CO2 which 
has penetrated into the concrete and to control the carbonation process during the accelerated carbonation test, the 
TGA-CA makes it possible to measure the  CaCO3 resulting from the CSH carbonation and calculate the portlandite 
consumed by the carbonation reaction [4]. Another method of measuring the carbonation rate of concrete based 
on the measurement of pH value. This method was tested on three types of concrete, concrete containing 30% fly 
ash, concrete containing 50% granulated blast furnace slag crushed, concrete containing 10% meta kaolin and 10% 
micro silica and concrete with Portland cement pure, these four mixtures were subjected to accelerated carbona-
tion (5%  CO2) for six weeks and pH measurements were measured as the carbonation progressed. Measurements of 
carbonation depths, air permeability, Additionally, measurements of resistivity and calcium hydroxide content were 
conducted. The results obtained show that the pH profiles depend on the type of cement (without or with additions) 
and the time of exposure to  CO2. Moreover, thermogravimetric analysis (TGA) indicates a correlation between the 
calcium hydroxide content and the apparent pH of carbonated concrete. From what we have cited above, it can be 
concluded that the pH profiles can be used to measure the carbonation resistance of concretes containing cements 
with additions [13].

From this review, the main finding was the existence of several measuring methods of the accelerated carbonation 
depth with different preconditioning methods which can influence the correlation relations between the accelerated 
conditions and the natural exposure conditions obtained by each method.

4  Factors influencing the accelerated carbonation test

4.1  Physical parameters

The main physical parameters are: carbon dioxide diffusion, microstructure, water content, and distribution within the 
porosity of concrete [6]. In addition, the accelerated carbonation is influenced also by the relative humidity of the sample. 
A relative humidity between 52 and 75% is recommended to ensure complete carbonation reaction [11, 14–16].

In another hand, the relative humidity HR can be affected in the case of the use of the sodium nitrite saline solution, 
to control relative humidity in the case of accelerated carbonation in an atmosphere concentrated in carbon dioxide, 
this can cause the evolution of nitrogen oxide gas, which can contaminate the interstitial solution using nitrite and the 
nitrate salt, it is preferable to use other alternatives to control relative humidity in the case of accelerated carbonation in 
order to avoid any risk of corrosion of the concrete reinforcements [17]. In addition, the present water in the pores of the 
cement paste plays a key role in carbonation. It acts as a barrier against the diffusion of  CO2 into the pores, and it provides 
a favorable environment for the reaction of  CO2 with portlandite (Ca (OH) 2). This can be explained by the fact that the 
depth of carbonation increases with increasing relative humidity (up to an optimum of 50%). Carbonation decreases the 
porosity of the cement paste [18–21]. The pores are covered with a thickness “e” of water given by relation (2)

Moreover, the carbonation depth decreases with increasing cure time in water [7, 22, 23], this decrease is given in 
Table 1 [7].

(2)e = 0.425

(

1 − log
(

RH∕100

)−0.31
)
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Furthermore, concrete samples that underwent a 28 day curing period before accelerated carbonation exhibited 
higher resistance to carbonation compared to those cured for 7 and 14 days. [22].

The permeability of concrete is influenced by carbonation, as it affects the porosity. The rate of carbonation is 
dependent on both the porosity and the humidity of the concrete. [24]. Moreover, the calculated coefficient of con-
crete permeability (utilizing a heat of hydration model) is directly proportional to the square root of the porosity. 
Additionally, the permeability coefficient of the concrete can be determined through the application of Darcy’s law.
[25–28].

Conversely, the porosity tests did not reveal any correlation with the carbonation depths or the absorption coefficient. 
[29].

In addition, the depth of carbonation decreases with increasing concrete class and decreasing W / C ratio [14, 15, 30, 
31]. The dimensions of the pores have also an influence on the concrete carbonation [15, 32]. In a similar context, other 
studies indicate that raising the relative humidity from 57 to 80% (with a 4% concentration of  CO2) affects the concrete’s 
resistance to carbonation. [33]. Other research concludes that for to get a maximum carbonation, the relative humidity 
should be between 60 and 65% [34].

In the same context, the temperature, the relative humidity and the  CO2 concentration have significant effects on the 
carbonation depth [35]. Furthermore, in the accelerated carbonation test, the temperature range between 20° to 40° has 
no effect on the accelerated carbonation of concrete [4, 26]. As the relative humidity increases, the carbonation depth 
of concrete also increases, reaching its maximum value at a relative humidity of 70%.[36]. The compressive strength of 
concrete and the W / C ratio can be used to predict the carbonation depth [37]. In the same main, a simple test method 
has been established to predict the service life of concrete against carbonation based on four parameters, namely com-
pressive strength, carbonation depth, capillary absorption and porosity. The results showed the existence of a direct 
relationship between the carbonation depth and the capillary absorption coefficient. Furthermore, carbonation-hardened 
concrete exhibited a decrease in water absorption, porosity, chloride permeability, and carbonation depth, indicating a 
reduction in the surface permeability of the concrete [3]. [10, 29]. The accelerated carbonation of concrete is also influ-
enced by premature drying during the carbonation reaction, the temperature during the accelerated carbonation test 
and the reduction in pore volume by the precipitation of calcite [38]. Moreover, accelerated carbonation reduces the 
permeability and porosity of concrete, especially for poor quality concrete [39–41]. Research demonstrates that materi-
als with low relative humidity (RH = 25%) exhibit the highest carbonation depths prior to commencing the accelerated 
carbonation test. These findings underscore the significance of accounting for moisture transfer when predicting the 
carbonation kinetics of cementitious materials. [24]. Furthermore, the carbonation depth of samples equilibrated at 65% 
relative humidity (RH) reveals that the carbonation rate is not at its maximum. The rates are higher when the material is 
pre-conditioned to 25% RH. In fact, apart from CO2 transport, water vapor sorption takes place at 25% RH, expediting 
the advancement of the CO2-RH interaction towards the inner regions of the material. [24]. In a separate line of research, 
investigations have demonstrated that the carbonation of concrete exerts an impact on the structural performance of 
reinforced concrete structures under load. [42, 43]. Recent research has revealed a positive correlation between the 
carbonation depth of concrete and both the initial stress levels and duration of carbonation [44].

The value of  CO2 concentration in the carbonation chamber is a very important parameter. The  CO2 concentration in 
the carbonation chamber between 7 to 18% does not have a visible effect on carbonation for concretes having a com-
pressive strength that exceeds 40 MPa. In addition, there is a relationship between the compressive strength of concrete 
and the absorption and sorption of water [14]. This constatation show that the value of the compressive strength and 
the  CO2 concentration rate into the carbonation chamber have a high effect on the accelerated carbonation rate.

Other studies also show that the rate of carbonation decreases with the improve of the concrete quality [23]. Other 
research specifies that  CO2 concentrations varying from 0.045 to 4% with a relative humidity of 57% during an acceler-
ated carbonation test on concrete samples have no effect on the variation in the depth of accelerated carbonation [33]. 
For concrete of low strength and high permeability, the carbonation rate increases with the  CO2 concentration [14]. 
Accelerated carbonation has the same effect on the microstructure of concrete as natural carbonation [6]. The acceler-
ated carbonation test changes the strength class of concrete [45]. In addition, the accelerated carbonation is not always 
fasted by the increase in the concentration of  CO2 inside the carbonation chamber, but it depends also on the type of 

Table 1  Carbonation rate 
in% as a function of the cure 
duration in days [7]

Cure duration in water (days) 1 day 3 days 5 days 7 days 28 days

Carbonation rate in % 66 53 42 39 17
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cement used. This effect can only be demonstrated under conditions of natural exposure as the accelerated carbonation 
effects a change on the concrete class [27, 45].

4.2  Chemical parameters.Concrete carbonation is a process in which carbon dioxide  (CO2) from the air reacts 
with calcium hydroxide in the concrete to form calcium carbonate. This process can affect the durability 
of concrete structures.

The chemical parameters concern the reserve of reactive constituents of the cement. The maintenance of the reserve of 
these reactants is mainly affected by characteristics linked to the material such as the type and dosage of cement and 
the concrete curing conditions [6]. The type of cement has an effect on the accelerated carbonation, the alkaline content 
of Portland cement has a weak effect on the kinetics of carbonation [1].

Several chemical parameters influence the rate and extent of carbonation in concrete, these parameters are 
cited below:

– Calcium Hydroxide Content: Higher levels of calcium hydroxide (Ca(OH)2) facilitate the carbonation process as this 
compound readily reacts with carbon dioxide to form calcium carbonate [46].

– Alkalinity: The initial pH of concrete is high due to the presence of alkaline compounds like NaOH and KOH. A higher 
pH slows down the carbonation process since  CO2 must neutralize these alkalis before reacting with Ca(OH)2

– . Water-Cement Ratio (w/c ratio):A higher water-cement ratio increases concrete’s porosity, facilitating  CO2 penetra-
tion and accelerating carbonation [47].

– Pozzolanic Materials: pozzolanic materials like fly ash, silica fume, or slag consume Ca(OH)2 in pozzolanic reactions, 
reducing the amount available for carbonation but also refining pore structure, which may hinder  CO2 diffusion  [48].

– Cement Type: Different types of cement contain varying amounts of Ca (OH)2 and other compounds affecting car-
bonation. Portland limestone cement may carbonate faster than ordinary Portland cement [49].

– Curing Conditions: Proper curing leads to a denser microstructure, reducing permeability and slowing carbonation. 
Inadequate curing increases porosity and accelerates carbonation [50].

4.3  Effect of additions and cement dosage on carbonation rate

The carbonation resistance increases with the decrease in the water / cement ratio and with the decrease in the rate 
of fly ash (less than 30%). Increasing the CaO content in fly ash improves the carbonation concrete resistance [51–54].

In addition, concrete containing the fly ash with a rate between of 50% to 60% decreases the resistance to carbona-
tion. The effect of fly ash become neglected if the rate does not exceed 10% in the mixture [51, 55, 56].

The carbonation process of ternary hydrated Portland cement (TPC), which incorporates thermally activated paper 
sludge and fly ash, occurs 2.2 times faster in comparison to Portland cement [57]. Moreover, the concrete mixtures with 
fly ash have a significantly higher carbonation coefficient in both accelerated and natural exposures compared to con-
cretes with ordinary Portland cement (OPC) [34, 58, 59].

Slag concretes formulated with a water / cement ratio between 0.42 and 0.48 exhibit the same carbonation depths in 
natural exposure, while these concretes have different permeability’s after 28 days of hardening. In addition, increasing 
the dosage of cement to 500 kg / m3 considerably reduces the penetration of  CO2, which becomes almost negligible 
(of the order of 2 mm) [60]. In addition, fly ash concrete modified with nanoparticles decrease the depth of carbonation. 
Among the different types of fly ash concrete, concrete with fly ash and  TiO2 with an equal ratio of nanoparticles,  CaCO3 
and  TiO2 shows a higher resistance to the carbonation in all environments [61].

5  CO2 concentration of the accelerated carbonation test and the equivalence time 
with the natural carbonation of concrete

The concentration of  CO2 in the carbonation chamber significantly impacts the carbonation of concrete. [62]. The tem-
perature and  CO2 concentration respectively affect the crystal form and size of carbonate products [35]. A  CO2 concentra-
tion of 100% accelerates the carbonation of concrete of 100 times, a  CO2 concentration of 5% accelerates the carbonation 
process of 5 times [45]. Another study shows that concrete samples exposed to accelerated carbonation under a  CO2 
concentration of 100% and under a relative humidity of 65% for one hour is equivalent to 36 days in outdoor natural 
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exposure and 54 days in indoor natural exposure [63]. The used concentration of  CO2 in the accelerated carbonation test 
must ensure a correlation between accelerated carbonation tests and the results of natural carbonation [11]. EN 13295: 
2004 recommends using a  CO2 concentration of 1% and a temperature of 21 ± 2° C to ensure a correlation with natural 
exposure conditions (0.03%  CO2) [11]. Other research recommends a 10-day exposure of the concrete at a concentration 
of 5%  CO2 to have acceptable results [5, 45, 62, 64]. On the other hand, the carbonation of concrete at low  CO2 concentra-
tion may very well reflect the process of the natural carbonation of concrete [65, 66]. When  CO2 concentrations deviate 
slightly from 5% in accelerated carbonation resistance tests, it is recommended to adjust the acceleration factor by taking 
the square root of the ratio between the accelerated test concentration and 5%. [67]. In the same context, a study has 
shown that with a concentration of 4% of  CO2 and a relative humidity of 57%, the resistance to accelerated carbonation 
of concrete can be used to predict the carbonation depth in the natural environment [33]. Moreover, during an acceler-
ated carbonation test on concrete samples, the concentration of  CO2 has an influence on the carbonation depths, the 
concentration of 5% is the most recommended [27, 41, 68]. Other research recommends 2%  CO2 concentration to have 
carbonation depths similar to natural carbonation depths. Furthermore, the consumption of Ca (OH) 2 in the case of a 
 CO2 concentration of 20% is 1.5 to 2 times compared to the consumption of Ca (OH) 2 in the case of a  CO2 concentration 
of 2% [69]. In addition, during an accelerated carbonation test on concrete samples having the same ages,  CO2 concen-
trations varying from 2 to 20% lead to high carbonation depths. On the other hand,  CO2 concentrations varying from 50 
to 100%, lead to low carbonation depths. This is due to the fact that carbonation with  CO2 concentrations varying from 
50 to 100% accelerates the phenomenon of carbonation which reduces the porosity of the coating and consequently 
reduces the diffusion of  CO2 in the concrete [70, 71]. Other study shows that the mineralogy and pore structure of the 
solid phases of carbonated samples are a function of the  CO2 concentration [17].

Furthermore, numerous studies have investigated the relationship between natural carbonation and accelerated 
carbonation. The results of these research are summarized in the following:

The short-term exposure of concrete to an environment rich in  CO2 (10% by volume) with a relative humidity ranging 
from 40 to 90% with a temperature of 20° is comparable to an exposure to atmospheric  CO2 for a period of two years [19],

The study of [45], show that the exposure of concrete to the accelerated carbonation test for a period of 7 to 15 days 
with a  CO2 concentration of 4 to 5% is equivalent to one year of exposure under the conditions normal (RH = 50–60%).

The optimal compressive strength of concrete under accelerated carbonation occurs when the relative humidity 
ranges between 40 and 50%. This phenomenon can be attributed to the reaction between portlandite (Ca (OH) 2) and 
 CO2, resulting in the formation of calcium carbonate  (CaCO3). This chemical reaction leads to an increase in volume molar 
from 33.15  cm3 to 36.76  cm3, representing a significant 11% expansion. [19, 72].

The water absorption of samples subjected to accelerated carbonation is lower than that of samples exposed to 
atmospheric  CO2. This is because relative humidity does not have a big effect on samples under normal exposure,

Water absorption and porosity are proportional to the depth of carbonation induced by the accelerated carbonation 
process [19],

In conclusion, the change created by accelerated carbonation may influence the comparison with normal carbona-
tion [19].

In the accelerated carbonation test, the coefficient of carbonation of concrete is higher than the coefficient observed 
under ambient conditions. This disparity can be attributed to the variation in  CO2 concentration between the acceler-
ated and normal conditions.[15, 59].

Carbonation at a rate of 90% of portlandite (transformed into calcite) is reached after 8 days [38].
Other researchers concluded, that it is difficult to extrapolate between the results of accelerated carbonation to 

natural carbonation [45, 73]. A comparison between the accelerated carbonation and the natural carbonation of a 
mortar without and with pozzolan was performed, the results show that the mass gain of concrete samples increases 
by a rate of 6% during the accelerated carbonation process (8 days), on the other hand during natural carbonation, 
the mass of samples only reaches 0.5% for an exposure time of 20 days. After 4 months, this rate reaches 1.75%. From 
this result, it takes one year of exposure of the mortar samples under normal carbonation conditions to achieve 
the 6% mass increase rate recorded for the accelerated carbonation test [38]. In addition, the carbonation depth of 
concrete samples increases with the duration of exposure in the chamber rich of  CO2 [20]. The mass gain in the case 
of accelerated carbonation is 6%. This rate corresponds to a carbonation of 75.85% of the initial mass of portlandite. 
For natural carbonation, the mass gain is 1.5%, which corresponds to carbonation of 20.23% of the initial mass of 

(3)Ca(OH)2 + CO2 = CaCO3 + H20(3)33, 15 cm
336, 76 cm3
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portlandite [38]. A comparison between the natural carbonation (98% relative humidity + ambient  CO2 rate) and the 
accelerated carbonation  (CO2 rate of 5 to 20% and a relative humidity of 65 to 98%) of concretes based on Portland 
cement with reagent MgO and pulverized combustible ash was carried out. Regarding the accelerated carbonation, 
the results obtained show that the hydrated MgO becomes burcite and gives nesquehonite, while the Portland 
cement gives calcite. The accelerated carbonation damaged mixtures without MgO, although it did not change the 
characteristics of concrete containing MgO and Portland cement in equal proportions. Portland cement is carbon-
ated at intermediate relative humidity levels (65% to 98%) releasing water, whereas Portland cement with MgO is 
carbonated at high humidity levels (98%) by consumption of water during the carbonation of burcite [74]. In the same 
context, MgO as an addition (0–40%) to Portland cement reduces the porosity of the cement paste and increases 
the resistance to carbonation compared to the Portland cement paste [75, 76]. The accelerated carbonation depth 
(3%  CO2 concentration) for cement-based concrete with additions (fly ash, blast furnace slag) is 10 times greater 
than the natural carbonation depth (0.03%) [77]. In another study, C. T. Tam et al. [37] shows that the carbonation 
rate is 15 times greater in accelerated carbonation compared to the rate recorded in the event of natural carbona-
tion. Exposure of concrete for 3 days in accelerated carbonation (7%  CO2 concentration) is equivalent to 15 days of 
exposure to natural environment [37]. The results obtained by [37, 77] show that the prediction of the carbonation 
depth of concrete using the accelerated carbonation test presents uncertainties. Moreover, the carbonation rate of 
concrete samples exposed to an environment rich in  CO2 for two months (98%  CO2) corresponds to 312 days in a 
natural environment (0.03%  CO2) [78]. On the other hand, the pH values and phase components of the carbonation 
layer in concrete exhibited similar variations under accelerated climatic environments with high  CO2 concentrations 
as they did under natural conditions. [79]. Furthermore, the age of the concrete, which refers to the duration of expo-
sure to natural conditions, does not affect the ratio between the coefficients of accelerated and natural carbonation. 
Instead, it is the environmental conditions that have an impact on this ratio. [67]. Additionally, changes in relative 
humidity impact the compactness of the microstructure [33]. Conversely, it has been observed that the pH value of 
carbonated concrete follows an exponential function in relation to the depth of carbonation. This relationship can be 
regarded as an indicator showcasing the degree of carbonation variation. [80].In addition, carbonation of concrete 
was already produced during curing, which has effects for extrapolating the results of carbonation tests to longer 
service life periods [81].

6  Effect of  CO2 pressure on accelerated carbonation

During an accelerated carbonation test, concrete samples were subjected to four different levels of  CO2 pressure: 
0.03%, 10%, 25%, and 50% of atmospheric pressure (Patm). The aim was to investigate the influence of  CO2 pressure 
on the rate of carbonation and porosity. XRD analyses revealed significant carbonation of portlandite, ettringite, and 
aluminates under low  CO2 pressures. However, mercury intrusion analyses indicated a decrease in porosity within 
the carbonate zone as the  CO2 pressure increased. DTA/TGA analyses highlighted that the reduction in porosity was 
attributed to the higher carbonation rate induced by higher CO2 pressures compared to lower pressures. Further-
more, the carbonation rate of C-S–H was found to be dependent on the partial pressure of  CO2. [82]. Therefore, an 
elementary model was proposed, rationally regrouping all these observations, in which the amount of carbonated 
calcium had two sources:

– Calcium result from the portlandite, ettringite and aluminates.
– This calcium is totally carbonated whatever the partial pressure of  CO2;

The calcium of CSH. The carbonation rate is given by a function  (PCO2 / Patm) n resulting from three types of cement 
and four pressure levels [82].

In the scenario of accelerated carbonation, where a significant  CO2 pressure gradient is applied, gas phase advection 
plays a crucial role in the carbonation process. A model has been developed to forecast the evolution of the microstruc-
ture and transport properties of cement pastes under accelerated conditions, where a pressure gradient of pure  CO2 is 
employed. This model relies on a macroscopic mass balance of carbon dioxide in the gas and water phases. In addition to 
predicting changes in transport properties such as diffusivity and permeability, the model is also capable of forecasting 
alterations in the microstructure. [83].
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Additionally, the pressure in an accelerated carbonation test controls the rate of change in compressive strength as 
well as mass gain [84]. The recommended optimum pressure is around 60 psi applied for 10 h [85].

7  Effect of the nature of the cement and the size of the aggregates on the accelerated 
and natural carbonation of concrete

The effects of accelerated carbonation on the physicochemical properties (evolution of the main crystal phases) of ordi-
nary Portland cement paste was analysed by x-ray diffraction and thermogravimetric analysis. The pore structure was 
explored by adsorption–desorption of  N2 at low temperature and by mercury intrusion, the microstructure was observed 
by Scanning Electron Microscope. The results of these investigations show:

The chemical control of the formation of calcium ions from solid portlandite or CSH gel governed the rate of acceler-
ated carbonation and calcium carbonate precipitation. Carbonation led to a reduction in the total volume of pores in 
the studied cement pastes, attributed to the deposition of formed  CaCO3. Samples subjected to accelerated carbonation 
conditions exhibited a greater volume of gel pores compared to those obtained through natural carbonation [86]. There 
are compaction pores, air pores, capillary pores and gel pores.

Compaction pores (vibration compaction) have a significant influence on the sportiness and carbonation of concrete. 
Vibration compaction improves the resistance to carbonation of concrete [87]. Calcite from the carbonation of the cement 
paste also comes from other solid phases other than portlandite, it represents 50% in addition to the carbonation of 
portlandite [88].

In addition, concretes based on pozzolanic cements (fly ash, blast furnace slag) carbonate (accelerated carbonation) 
more quickly than concretes based on Portland cements [23, 53, 55, 77, 89]. To protect the steels in these concretes (in 
the case of up to 50% replacement in fly ash) against corrosion for a duration of 50 years, the concrete cover must be 
between 35 and 40 mm [77]. Portland cement-based concretes are less sensitive to carbonation compared to the cement-
based concrete with additions. For these concretes, the carbonation depth is less than 15 mm for all curing durations 
[4, 77, 90]. Additionally, the average depths of carbonation were minimally affected by the aspect ratio and angularity 
of the aggregates [91]. Recycled aggregates influence the depth of carbonation compared to normal aggregates [34]. 
In another study, it was found that carbonation of recycled concrete aggregates under optimal conditions densified the 
outer surface of hydrated cement of recycled concrete aggregates by gradual deposition of carbonates on the outside 
of the recycled concrete aggregates [92].

8  Effect of accelerated and natural carbonation on the microstructure of cement paste

Carbonation of concrete leads to a gradual polymerization of CSH and causes the formation of silica modified Ca gel 
and calcium carbonate. Carbonation of CSH and portlandite occur simultaneously. The polymerization of CSH increases 
with increasing  CO2 concentration. For carbonation with  CO2 concentrations of 10% and 100%, the CSH gel disappears 
completely. Accelerated carbonation with 3%  CO2 concentration leads to a microstructure very similar to natural carbona-
tion with a 0.03%  CO2 concentration [40, 88, 93]. In addition, the rate of corrosion of the reinforcements of reinforced 
concrete structures caused by accelerated carbonation is higher than the rate of corrosion caused by natural carbonation 
[94]. The accelerated carbonation modifies the microstructure of concrete, and leads to its densification by precipitation 
of CaCO3 in the voids [10, 21, 35, 84].

9  Effect of geometry, cure, precondition, relative humidity,  CO2 concentration, temperature 
and method of measuring the carbonation depth of concrete samples

Curing of pozzolanic cement-based concrete is necessary to extend their lifespan [77]. Furthermore, the curing time 
plays an important role in the formation of the microstructure of the pores, the curing conditions have an effect on the 
properties of the concrete cover which has a determining role for the protection of steels against aggressive agents [11, 
30, 55, 90, 95]. In addition, the curing conditions (curing time and curing methods) are a most factors that governing 
the formation of the pore structure which influences the carbonation process. Normally, a longer cure results in a higher 
degree of hydration and a denser microstructure [34].
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The geometry of the samples is a parameter that influences the results in a carbonation test. The diffusion of  CO2 in 
a cylindrical shaped sample is not the same as that in a prismatic shaped sample, this can lead to misleading situations. 
Diffusion occurs towards the core of the cylindrical sample; this situation leads to higher carbonation depths than those 
prismatic samples. Thus, to compare the results of the carbonation depth for the two geometries of the samples (cylindri-
cal and prismatic), the same test conditions must be had [11]. With this in mind, RILEM and EN 13295: 2004 recommend 
using prismatic samples of concrete, mortar or grout with the sizes (40 × 40x160 mm) for accelerated carbonation tests 
and 100 × 100x400 mm for concretes with dimensions of aggregates greater than 10 mm [11]. Moreover, the precon-
ditioning conditions correspond to the duration of the hardening time and the exposure of the concrete to  CO2. The 
degree of preconditioning plays a crucial role in an accelerated carbonation test as it alters the pore saturation level of 
the concrete. When samples are introduced into a carbonation chamber with low saturation, they will absorb water until 
they match the chamber’s moisture level. On the other hand, if the initial saturation is high, it will take a longer time for 
the samples to lose moisture and reach the chamber’s conditions. This variation in preconditioning can lead to significant 
differences in the test results. [11, 16, 96]. In addition, the high temperature has a noticeable effect on the degradation of 
concrete, and the life of the concrete decreases as the temperature increases, which significantly reduces the resistance 
to carbonation of the concrete [44].

10  connection between accelerated carbonation and natural carbonation

Recent studies highlight several key aspects of the relationship between accelerated carbonation and natural carbonation:

– Rate comparison: accelerated carbonation achieves in days or weeks what natural carbonation takes years to accom-
plish. It involves controlled conditions (high  CO2 concentration, pressure, and humidity) to expedite the process [97].

– Structural changes: both processes alter the microstructure and porosity of materials like concrete, but accelerated 
carbonation tends to produce more pronounced and uniform changes in a shorter time [97]

– Predictive models: models have been developed to relate accelerated carbonation results to natural carbonation 
outcomes. For instance, it is estimated that 7–15 days of accelerated carbonation can simulate approximately one 
year of natural exposure [97]

– Material testing: studies have shown that accelerated carbonation tests are effective in predicting long-term per-
formance and durability of materials, providing a quicker assessment method compared to natural carbonation [97]

These insights underline the practical applications of accelerated carbonation in material testing and carbon seques-
tration efforts, offering a valuable tool for researchers and engineers to predict and enhance the long-term performance 
of construction materials.

11  Conclusions

In this paper, a review concerning the natural and accelerated carbonation of cementitious materials is presented. The 
paper summarizes the main results recorded for improving the accelerated carbonation test to reflect the reality of natu-
ral carbonation. This work also presents also the main models for predicting natural carbonation from the results of the 
accelerated carbonation test. However, the results of the accelerated carbonation test used to predict natural carbona-
tion are influenced by several parameters, such as, the concentration of  CO2 in the carbonation chamber, temperature, 
relative humidity, type of cement, cure time, accelerated carbonation test method, time of exposure to  CO2, geometry 
of the sample as well as the  CO2 pressure. From this review, the main conclusions can be written:

1. The curing time in water of the concrete samples before the accelerated carbonation test considerably reduces the 
carbonation rate (of the order of 17% of the total volume of the carbonate sample for a curing time in the water. 
28-day water). AFPC-AFREM] recommends a cure time in water of 28 days before starting the accelerated carbona-
tion test.

2. In the literature, several concentrations of carbon dioxide are proposed to conduct an accelerated carbonation test. 
The concentrations suggested by various studies are summarized in Table 2.
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From Table 2, it can be seen that the concentrations of 2 to 5%  CO2 with a temperature of 21 ± 2 °C give acceptable 
results. This leads us to conclude that small concentrations of accelerated carbonation  CO2 are recommended to be 
able to predict acceptable carbonation depths in natural exposure.

Relative humidity (RH) during the accelerated carbonation test is a key parameter in the carbonation process. 
Table 3 gives some values of relative humidity recommended by researchers for performing the accelerated car-
bonation test.

From Table 3, it can be seen that there is a variety of recommended relative humidity (RH) values varying from 25 
to 90%. However, most recommend relative humidity’s between 40 and 70%.

The temperature to be maintained during the accelerated carbonation test is also an important parameter, Table 4 
summarizes the recommendations of various researchers for the temperature in the accelerated carbonation chamber.

The optimum recommended temperature for the accelerated carbonation test is an average of 20° C.

1. The  CO2 pressure inside the optimal accelerated carbonation chamber recommended is in the order of 60 psi and 
applied for 10 h.

2. The accelerated carbonation modifies the microstructure of concrete, and leads to its densification by precipitation 
of  CaCO3 in the voids.

Table 2  Carbon dioxide concentrations proposed by various researchers

Authors Refs CO2 concentrations (%) in the acceler-
ated carbonation chamber

Exposure duration of 
samples to  CO2

Equivalence in natural expo-
sure (in  CO2 atmosphere) in 
days

Sujuan et al., (2003) [45] 100 100
Sujuan et al., (2003) [45] 5 15 days 365
Galan et al., (2013) [63] 100 1 h 54
Da Silva et al.,’2009) [11] 1
Sujuan et al., (2003) [45] 5 10 days Acceptable results
Tam et al., (2008) [37] 7 1 day 15 days
Yan et al., (2018) [69] 2 1 1

Table 3  Relative humidity 
(RH%) recommended by 
researchers for the accelerated 
carbonation test

Author References Relative 
humidity RH 
(%)

[18–21] [18–21] 50
[33] [33] 57–80
[11, 14–16] [11, 14–16] 52–75
[34] [34] 60–65
[36] [36] 70%
[24] [24] 25
[6] [6] 40
[63] [63] 65
[19] [19] 40–90
[72] [72] 40–50

Table 4  Recommended 
temperature in the 
accelerated carbonation 
chamber

Author  References Temperature T (°)

[11, 14] [11, 14] 20–40
[6] [6] 25
[11] [11] 21 ± 2 °C
[19] [19] 20
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– The chemical control of the accelerated carbonation rate involved the formation of calcium ions from either the 
solid portlandite or the CSH gel, leading to the precipitation of calcium carbonate.

– As carbonation occurred, the cement pastes under study exhibited a reduction in the overall volume of their 
pores, attributed to the deposition of the formed  CaCO3.

– The cement samples subjected to accelerated carbonation conditions demonstrated a greater formation of gel 
pores compared to those achieved through natural carbonation

– The average depths of carbonation were minimally affected by the aspect ratio and angularity of the aggregates, 
demonstrating little influence.

12  3. There are various methods for determining the carbonation depth, these methods are:

– The spraying of phenolphthalein on the concrete surface is the most commonly employed and straightforward 
method for measuring carbonation depth. In this method, the carbonated concrete retains its colourlessness while 
the unaffected concrete appears purple.

– Other pH indicators such as thymolphtalein, Alizarin yellow GG, Alizarin yellow R can also be used to measure the rate 
of carbonation

– There are other methods for the characterization of carbonated concrete, such as the optical microscope, analysis of 
isotope ratios, X-ray diffraction, however, they are poorly suited to the expected needs of the accelerated carbonation 
test which is intended to provide information on the behaviour of concrete vis-à-vis carbonation within an acceptable 
time gamma densimeter and thermogravimetric analysis (TGA) associated with chemical analysis (CA)

4. From the obtained results from the accelerated carbonation, several mathematical models have been proposed 
in order to predict the depth of carbonation of concrete in the long term (under natural conditions). These models are 
based on the parameters that influence the carbonation of concrete namely relative humidity (RH),  CO2 concentration, 
exposure time, temperature, pH and type of cement.

Each of these models has been developed for a specific environment, in terms of materials (cement, aggregates), 
accelerated carbonation test methods adopted,  CO2 concentrations and pressure, relative humidity and temperature.

5. The shape of the samples used in an accelerated carbonation test affects the prediction of the long-term carbona-
tion depth.

In conclusion, and from the above, the prediction of natural carbonation from the results of accelerated carbona-
tion is influenced by the above parameters. Therefore, it is difficult to standardize a prediction model for determining 
the long-term carbonation rate of concrete structures, but it is recommended to adapt the developed models to local 
environmental conditions.

Finally, the accelerated carbonation is a test which undoubtedly allows us to predict the behaviour of cementitious 
materials against the natural phenomenon of carbonation. Nevertheless, this test is influenced by the parameters men-
tioned above. therefore, and in order to obtain acceptable results from this test, we recommend to create an international 
working group which brings together all the experts in the field in order to establish the standard to conduct this test, 
this work must take into account the following recommendations:

– The concentration of  CO2 used during the test depends on the exposure time,
– The temperature is fixed for most research at 20° C,
– The  CO2 pressure inside the carbonation chamber is 15 bars,
– The Type of cement is an important parameter in the evaluation of the depth of accelerated carbonation,
– The most used method to demonstrate the depth of accelerated carbonation is spraying phenolphthalein because 

it is the easiest to use,
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