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alkalinity with an average global value of 12.10.
Figure 5 shows the pH averages attained from the mid height of 
the outer side surface of the transversal and from the central sec-
tion of the transversal cut of each one of the specimens, tested 
after staying for a pre-established time in the carbonation cham-
ber. A more intense trend of alkalinity loss was verified on the first 
days, thus confirming data presented in other studies that demon-
strate that carbonation occurs with high speed in the beginning, 
progressing more slowly towards the maximum depth [1]. It was 
also noted that the central region of the specimens underwent a 
reduction in alkalinity even before it was detected by the phenol-
phthalein solution test. 
At the age of 14 days, the pH on the outer regions of the specimen 
reached a value of 9.07, which led the phenolphthalein indicator to 
clearly mark a deeper region, indicating the advancement of the 

carbonation front, as shown in Figure 6. On the 5th day, it was 
noted that a slight loss in alkalinity could already be seen, as the 
pH of 10.77 was still out of the best turning range of phenolphtha-
lein solution, which usually occurs when the pH reaches values 
between 8 and 10. 
Figure 7 shows an image ready to be analyzed by ImageJ. Figure 
8 shows the monitoring of the carbonation front progress, likely 
to be detected with the use of phenolphthalein solution, as estab-
lished by the standards of the European standard CEN 14630 [9], 
and the results attained with the help of the software. 
In order to assess whether there is a significant difference in the 
average of measurements obtained by the two methods, the hy-
pothesis test was applied, based on the Student’s  t-Distribution (or 
Student’s t-test) for independent samples. The null hypothesis is 
that the average is equal between the two groups. The alternative 

Figure 4
Average initial pH of non-carbonated specimens 

Figure 5
Average initial pH of carbonated specimens

Figure 6
Carbonation front progress by phenolphthalein indicator
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hypothesis is that the average is different. If the p-value (probability 
to err by rejecting the null hypothesis) is less than 5%, reject the 
null hypothesis. That is, it is assumed that the average is different 
between the two groups.
In the case of this study, the p-value found was 90.2%, indicating 
that there isn’t a significant difference between the measures of the 
depth of carbonation front advance from both groups [21].
On the 25th day of exposing the specimens to the pre-established 
conditions in the carbonation chamber, it was noted that the phe-
nolphthalein solution showed the carbonation front had progressed 
6.4 mm. It is important to note that only the region where the pH of 
the cementitious material was reduced to levels enabling detection 
by this pH indicator are being measured, and not the presence of 
the carbonic acid  (H2CO3) reactions with the mortar’s alkalis.
It can also be seen in Figure 5 that with only 14 days in the cham-
ber, the central point of the transversal section of the specimen 
cut, 10 mm from the edge, had already reached a pH value of 

11.6. This value would be enough to allow the depassivation of the 
reinforcement, which, according to Neville [3], can occur when the 
pH reaches values between 11.4 and 11.8. It was also verified that, 
even on the 18th day of exposure and with the pH in the central re-
gion equal to 10.03, the loss of alkalinity would still not be detected 
by the use of the solution.

3.2 X-ray microtomography

Figure 9 shows the images attained from the scans performed on 
the specimen after 14 days of exposure in the carbonation cham-
ber. Through these images a qualitative evaluation of the differ-
ence in the density of the material was performed. 
When the binarized images are compared to the grayscale images, 
it is concluded that the material present in the outer region (green) 
of the specimen has a lower density, since in the gray scale, this 
region has become darkest. Similar results have been found in 
other studies [15].
Specifically in this analysis, it was not possible to detect the den-
sification of the outer layer of the specimen, due to formation of 
CaCO3. In the study conducted by Lydzba et al. [20], it was also not 
possible to see the carbonation front progress by X-ray microto-
mography images. However, Jiande et al. [19], who used equip-
ment with higher voltage, were able to visualize this densification.
Table 5 shows several microstructural parameters of the specimen. 
When observing the Fragmentation Index (FI), it can be seen that 
the connectivity in the outer region is greater than the central region. 
The fragmentation is characterized by the rupture of connectivity. 
The more negative the fragmentation index, the greater the connec-
tivity of the pores, which favors the system’s permeability.
The open porosity of (14.3 ± 0.2) % attained for the global region 
proves to be much higher than the (1.8 ± 0.1) % in the central 
region bearing diameter equal to 1 cm. These results are in ac-
cordance with the fragmentation ratios presented.

4. Conclusions

It should be noted that, using the phenolphthalein solution is a very 

Figure 7
Image of a specimen after sprayed phenolphthalein and prepared to be analyzed by ImageJ

Figure 8
Carbonation front depth detected by 
phenolphthalein solution and caliper
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useful method to visualize the presence of a carbonation front, as it 
is simple and inexpensive. However, it has not been able to provide 
information on the innermost regions of the specimen, where reac-
tions of the carbonic acid (H2CO3) with the mortar’s alkalis caus-
ing the reduction of hydrogenionic potential of the cementitious 
material. The results of this paper suggest that the carbonation 
reached depths greater than the line indicated by phenolphthalein. 
Additionally, the monitoring of pH variations on the cementitious 
composite surface proved to be a simple and efficient technique to 
monitor not only the carbonation front progress, but also to provide 
a good quantitative reference of the pH value at a certain point of 
the analysis.
Considering that some studies point out the possibility of depas-
sivation occurring to reinforcements in cementitious environments, 
when the pH reaches values lower than 11.8, precisely determin-
ing quantitatively the pH measurements in the regions where its 
values are found to be above the phenolphthalein transition range, 
bring advantages when it seeks to guarantee the expected useful 
life time of structures.
The use of X-ray microtomography enabled the quantification of 
several microstructural parameters that are relevant to studies re-

garding the diffusion of CO2 in the cementitious composite. The 
µ-CT equipment used in this study did not provide images that could 
visualize the densification of the outer layers of the specimen.
It is important to point out that, both methods used to monitor the 
pH are not able to indicate the reason why the loss of alkalinity oc-
curred, be it by carbonation or other causes, such as the exposure 
to acids, for example. Thus, in cases where the factor causing the 
reduction of the pH is unknown, laboratory tests are required [9].
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