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INTRODUCTION 
 
The cement industry accounts for about 5% of global carbon dioxide (CO2) emissions, 
making it a significant target for efforts to reduce greenhouse gas emissions.1 About 40-
50% of the CO2 released during cement production is inherent to a process in which 
limestone (CaCO3) is decomposed to form calcium oxide (CaO) and CO2; for every ton 
of cement produced, about 1 ton of CO2 is released into the atmosphere. However, 
once cement has cured, it begins the process of re-absorbing CO2 from the atmosphere 
and sequestering it within the concrete’s pore space.2 
 
Defined as concrete carbonation, the process is one by which concrete pore water 
absorbs atmospheric CO2 and reacts with calcium hydroxide (Ca(OH)2) to form calcium 
carbonate (CaCO3). This is the reverse of the reaction that occurs during cement 
production. This re-uptake process can sequester as much as 40-50% of CO2 emitted 
during cement production. 
 
Carbonation is an extremely slow process, advancing through concrete’s surface less 
than ¼” in the first year and slowing thereafter. 3 Because it is such a slow process, 
concrete rarely becomes fully carbonated – often reaching full carbonation only after 
demolition exposes more surface area. If the carbonation process was faster, concrete 
would more quickly re-absorb CO2 and contribute to fewer short-term GHG emissions. 
Therefore, concrete should be designed to optimize carbonation. 
 
Replacing cement with fly ash in concrete, and therefore reducing cement production, is 
another method of reducing CO2 emissions associated with concrete production. 
Although fly ash (FA) concrete and carbonation each reduce CO2 emissions by 
themselves, if fly ash affects carbonation then the potential CO2 emissions reduction 
caused by carbonation could be under or overstated. This research studied the effect of 
fly ash on concrete carbonation, highlighting the impact of fly ash on CO2 absorbed by 
mass to understand implications for net CO2 emissions of FA concrete. 
 
BACKGROUND 

Fly ash concrete has several benefits and drawbacks compared to ordinary Portland 
cement (OPC) concrete. Fly ash (FA) concrete has higher long-term strength, chloride 
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resistance, stronger alkali-silica reaction resistance, freeze-thaw resistance, and sulfate 
resistance than OPC concrete. However, FA concrete has a longer setting time, lower 
early-age strength, and less scaling resistance than OPC concrete. These properties 
are a result of fly ash’s chemistry.4 

Fly ash is predominantly composed of tiny rounded silica particles that, by themselves, 
are not cementitious. But when fly ash is combined with the byproducts of cement 
hydration, it becomes cementitious. Fly ash’s small particle size allows it to disperse 
between the larger cement particles. FA concrete forms a tight crystal structure with fly 
ash occupying the spaces between various larger particles. This tight crystal structure is 
typically less permeable than that of OPC concrete. Because fly ash becomes 
cementitious only upon reacting with by-products of cement hydration, FA concrete 
cures more slowly than OPC concrete. But FA concrete does cure with time and 
eventually gains higher long-term strength than OPC concrete.5 

In order for carbonation to occur, CO2 from the atmosphere must be absorbed by 
concrete’s pore water. This process can be affected by permeability, temperature, and 
relative humidity. Carbonation is a slow process at atmospheric levels of CO2 in the air 
(~0.04%), but it can be accelerated at higher CO2 concentrations with no side effects to 
the concrete. Carbonation also requires that CO2 be able to react with either calcium 
hydroxide (Ca(OH)2) or calcium silicate hydroxide (CSH), which are byproducts of 
cement hydration. The amount of each reactant depends on water/cement ratio. One 
side-effect of carbonation is lowering the pH of pore water. Concrete pore water is 
usually highly basic due to the presence of Ca(OH)2, and in reinforced concrete this 
highly basic pore water protects steel reinforcement from corrosion. When carbonation 
occurs and CO2 reacts with Ca(OH)2, the pH of the pore water decreases and leaves 
steel vulnerable to corrosion. 6 

Although some sources suggest that fly ash has a negligible impact on concrete 
carbonation rates7, past research tends to indicate that increased levels of fly ash 
replacement are correlated with faster rates of carbonation. Thomas and Matthews 
found that fly ash content affected carbonation rate more than curing conditions and 
strength grade. They also concluded that FA concrete carbonated more quickly than 
OPC concrete despite having lower permeability. The mechanism responsible for this 
difference is not clear, but Thomas and Matthews suggest it is possible that fly ash’s 
reaction with calcium hydroxide could enable faster carbonation.6 

Most concrete research studies carbonation in order to prevent corrosion of steel 
reinforcement, and seeks to minimize the rate of intrusion of carbonation. This research 
studied carbonation from a sustainability perspective which is seeking to maximize 
carbonation and minimize net CO2 emissions.  

 
Prior research suggests that fly ash reacts with and consumes Ca(OH)2 during the 
curing process. If this mechanism is correct, then the FA concrete curing process and 
carbonation process compete for the same finite reactant: Ca(OH)2. If fly ash reacts with 
Ca(OH)2 to become cementitous, then there is less Ca(OH)2 to react with CO2 from the 



atmosphere, and therefore FA concrete should not be able to absorb as much CO2 as 
OPC concrete. 
 
This research intends to measure how much CO2 FA concrete and OPC concrete 
absorb from the atmosphere.  
 
EXPERIMENTAL METHODS AND MATERIALS 
 
Because carbonation can be detrimental to steel in reinforced concrete, this research 
focused on carbonation in an unreinforced concrete application: concrete masonry units 
(CMU). A typical CMU mix design was obtain from Jandris and Sons, Inc, in Gardner, 
MA. Type I/II cement was used in all samples. Fly ash replacement by mass and 
volume were both considered in order to control for any differences attributed to 
replacing dense cement with a greater volume of less-dense fly ash. Fly ash replaced 
Portland cement at a 1:1 ratio by mass and volume for "M" mixes and "V" mixes 
respectively. The Class F fly ash used in the study contained approximately 2.29% of 
carbon and was obtained from an aggregate/ready-mix concrete manufacturer in 
eastern Massachusetts. Designations “U” and “C” refer to whether samples were cured 
at atmospheric or elevated CO2 levels. 
 
Table 1. Concrete Mix Designs 

Mix Name 
Sand 
(kg) 

3/8" Coarse 
Angular Aggregate 

(kg) 

Type I/II 
Cement (kg) 

Fly Ash 
(kg) 

Water 
(kg) 

Total 
Weight (kg) 

w/c 
Ratio 

Count 

U0 7.525 8.4 2.15 0 1.075 19.150 0.5 6 

U20M 7.525 8.4 1.72 0.43 1.075 19.150 0.5 6 

U20V 7.9 8.82 1.921 0.335 1.128 20.105 0.5 6 

U40M 7.525 8.4 1.29 0.86 1.075 19.150 0.5 6 

U40V 7.9 8.82 1.586 0.671 1.128 20.105 0.5 6 

C0 7.525 8.4 2.15 0 1.075 19.150 0.5 6 

C20M 7.525 8.4 1.72 0.43 1.075 19.150 0.5 6 

C20V 7.9 8.82 1.921 0.335 1.128 20.105 0.5 6 

C40M 7.525 8.4 1.29 0.86 1.075 19.150 0.5 6 

C40V 7.9 8.82 1.586 0.671 1.128 20.105 0.5 6 

 
 
Dry materials were thoroughly mixed before adding water. After hydration, the wet 
concrete was rigorously mixed to ensure consistency. 3"x6" plastic cylinder molds were 
used to make 12 concrete cylinders per mix.. Samples were made on a ELE 
International Syntron Vibration Table in order to replicate a typical casting process for 
CMUs. After each cylinder form was filled with wet concrete, it was compacted under 
approximately 5 psi to ensure consistent compaction in all samples, again mimicking a 
typical casting process for CMUs. At the recommendation of Jandris and Sons, Inc, the 
samples were cured at elevated temperatures, typically between 65-70ºC in a humid 
environment. 
 
In order to shorten the duration of this experiment from years to weeks, concrete 
samples were cured at high concentrations of CO2. Two airtight chambers were built to 



house the samples while they cured. One chamber had a regulated concentration of 
CO2 (20%), while the other did not. Both chambers used a saturated salt solution to 
maintain relative humidity at 75% and both chambers were stored at room temperature. 
Both chambers featured fans that circulated air at all times. Since CO2 is heavier than 
air and apt to sink to the bottom of the chamber, this circulating fan was necessary. 
Samples cured in the CO2-rich environment were referred to as experimental samples 
(“C”), and samples cured at atmospheric levels of CO2 were control samples (“U”). 
 
Visible carbonation and Loss-on-Ignition tests were performed at 7, 14, 23, and 35-
days. 
 
For visible carbonation testing, three of the cylindrical samples of each mix were 
removed from each chamber and approximately 1-inch thick slices were cut off with a 
wet saw. The slices were air-dried, and the cylinders from which they were cut placed 
back in the curing chamber. After drying for about one hour, the slices were sprayed 
with a 1% phenolphthalein, 99" ethyl alcohol solution made by Biodiesel Supply Store 
and Chemicals. Phenolphthalein (PHPH) turns magenta in basic solutions and is clear 
in acidic solutions; therefore, it was used to identify the depth that each sample had 
been carbonated.3  
 

      
Figure 1. Comparison of Concrete Samples exposed to Phenolphthalein (left) prior to 
exposure and (right) after exposure. (Note magenta coloration) 
  
After the visible carbonation testing, loss-on-ignition testing began. This loss-on-ignition 
testing was modeled from ASTM D7348, which is made for combustion of solid 
combustion residues such as fly ash. . The concrete slices used previously were 
broken, compacted, and ground using a hammer, mortar, and pestle. The ground 
concrete consisted of a fine powder of cement and sand, as well as the larger 
aggregate stripped of its binder. A 150mL crucible was weighed, and then the ground 
concrete was placed into that crucible and dried in a heating oven for one hour at 
~130ºC to remove all moisture. After this drying, the crucible, filled with the now dry 
crushed concrete, was weighed again. The crucible was then placed in a furnace at 



950ºC for two hours. This extreme heat was designed to decompose CaCO3 and 
release CO2 from the concrete powder. The furnace was then turned off, the filled 
crucible allowed to cool overnight inside the furnace (for safety reasons), and then 
removed from the cooled furnace and weighed again. By determining how much mass 
was lost during the 950ºC phase of this test, and dividing by the mass of dry concrete, a 
LOI percentage was determined for each mix. 
 
These two tests were repeated for the duration of the experiment, at 7-,14-,23-, and 35-
days of curing. Slices for visible carbonation and loss-on-ignition testing were taken 
from the same three cylinders for each test. Slices were cut from the face of the cylinder 
that had been newly exposed the week before. 
 
At 28 days, the strength of the concrete samples were measured in compression until 
failure using a 250-kip capacity Forney F-25EX load device. 
 
RESULTS 
 
Concrete samples cured in a carbon-rich environment exhibited considerable 
differences in carbonation compared to samples cured at atmospheric levels of CO2. 
 
Upon spraying newly split concrete samples with PHPH, experimental samples 
consistently reacted differently than control group samples. Whereas control samples 
exhibited a vivid magenta color for the entire cross section, experimental samples 
showed a much fainter shade of magenta with the edges less discolored than the center 
of the cross section (Figure 2). This indicates that the samples exposed to elevated CO2 
levels (experimental samples) had a lower pH than the control group samples. 
However, spraying samples with PHPH did not yield a distinct line between carbonated 
and uncarbonated parts of each sample, so no quantitative data about carbonation 
depth could be gathered. With respect to fly ash content in the concrete, there was no 
clear difference between OPC concrete and FA concrete samples in this testing. 

 

Figure 2. Control (left) and Experimental (right) 40% Fly Ash by Volume Samples tested 
after 14 days of curing. 

Experimental samples experienced a higher percentage weight loss-on-ignition than 
control samples (Figure 3). For clarity, only samples with fly ash replaced by mass are 
shown. Samples with fly ash replaced by volume displayed the same trends exhibited 
here. The carbonated experimental samples lost, on average, 1-2% more weight than 
uncarbonated control samples of the same mix. 



Figure 3. Loss on Ignition for U0, C0, U20M, C20M, U40M, C40M samples. 

Experimental samples experienced the highest LOI after curing for seven days, and 
decreased over the duration of the experiment. Control samples’ LOI results were fairly 
consistent throughout the experiment. OPC concrete experienced the highest LOI, and 
20% FAC experienced slightly higher LOI than 40% FAC. 

When tested for 28-day strength, control samples containing no fly ash showed 
strengths between 2300 and 3700psi. Experimental samples yielded strengths between 
4000psi and 6200psi, about 2000psi higher than control samples of the same mix 
(Figure 4). 20% FA concrete was the strongest mix), closely followed by OPC concrete. 
40% FA concrete was the weakest of the concrete samples. 
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Figure 4. Concrete Strength Test Data, 28-Days. 

DISCUSSION 

Since decreased pH and increased strength in compression are both indicators of 
carbonation, visible carbonation testing and strength testing indicated that experimental 
samples were significantly carbonated over the course of this experiment. 

Given that the experimental samples only differed from control samples in their CO2 
exposure, and that all experimental samples experienced consistently higher levels of 
loss on ignition than the control, it follows that the higher levels of loss on ignition can be 
attributed to increased carbonation. 

Strength testing indicates that there is a clear increase in strength associated with 
carbonation. This is most likely due to the filling of pore space with CaCO3, a by-product 
of carbonation. 

The relationship between fly ash content and carbonation is difficult to ascertain. Figure 
2 seems to show that for experimental samples, increasing percent fly ash replacement 
is correlated with lower values for loss on ignition. But this trend is unclear; at 7-day and 
35-day strength, 20M experimental samples have LOI values comparable to OPC 
concrete. Control samples roughly exhibit the same correlation, with the exception of an 
outlier at 40M-14-days. 

If the trend is real, what does it really mean? The fact that control samples and 
experimental samples with higher levels of fly ash replacement experienced lower LOI 
percentages implies that OPC concrete has an inherently higher loss on ignition value 
than FAC, regardless of the amount of carbonation. But in order to determine how much 
potential each concrete mix has for absorbing CO2 from the air, we must look at the 
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difference between loss on ignition values of the control and experimental groups 
(Figure 3). 

Figure 5. Difference between Loss on Ignition values for 0, 20M, 40M. 

Figure 5 above displays the difference between control and experimental groups’ loss 
on ignition values. At 7,23, and 35 day, there is almost no difference between the three 
mixes. 14-day data suggests that higher levels of fly ash in concrete is correlated with 
less carbon absorption, but this possibility is, in this case, the outlier and cannot be 
substantiated by other data. In this instance, data is not precise enough to establish any 
definitive conclusion between the fly ash content of concrete and amount of CO2 
removed from the air. In order to improve precision of this experiment, several LOI tests 
per sample could be performed in order to determine a statistical average. 

Figure 5 also illustrates that the difference between experimental and control LOI 
decreased as time progressed. This decreasing LOI does not fit the hypothesis that 
experimental samples became more carbonated throughout the experiment. One such 
explanation for this result is as follows. Because LOI data was gathered from slices of 
concrete samples, LOI data does not reflect identically cured concrete samples from 
week to week. Instead, it compares a slice taken at 7-days to a slice taken at 14-days. 
The difference is important. The outer-facing circular portion of the 7-day slice was 
exposed to CO2 during the first 7-days of curing, when concrete was hardly cured. The 
14-day sample was likewise exposed to CO2 for 7-days, but from days 7-14, when the 
concrete was more fully cured. If the concrete was more permeable at the initial stages 
of curing, then more CO2 would have infiltrated into the 7-day sample than into the 14-
day sample. Thus, the methodology of this experiment did not adequately measure 
carbonation over the course of the experiment. One way to improve this methodology 
would be to use one cylinder per loss on ignition cycle (1 at 7-day, 1 at 14-day, etc.), 
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rather than slicing many samples from one cylinder that is repeatedly reused. Future 
study could also focus on how carbonation progresses during the first 7-days of curing, 
and answer the question of when carbonation occurs most rapidly during the curing 
process, and how fly ash affects it. 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
Based on the results of this study to-date, the following conclusions can be made. 
 

1. The curing of concretes under elevated levels of CO2 indicate an increase in 
carbonation is likely. The use of phenolphthalein and loss-on-ignition-style tests 
provides a qualitative measure of the increase of carbonation in concrete 
samples. It is not conclusive if the presence of fly ash in the concrete has any 
effect on the carbonation process. 

2. Increased carbonation causes an increase in the compressive strength of all 
concretes. 

3. The presence of fly ash in the concrete had little impact on the strength. 
4. Fly ash concretes had inherently lower loss-on-ignition values than ordinary 

Portland cement concrete. This point requires further study. 
 
Study results also indicate the following recommendations be considered in future 
efforts. 
 

1. Use various exposure levels of CO2 to better gauge rates of carbonation. 
2. Use an alternative method, or improve upon existing methods to measure 

carbonation levels that will provide more quantitatively reliable data. 
3. Perform the experimentation for a longer time to measure the impact of fly ash on 

carbonation in concretes. 
4. Potential future experiments could study how carbonation is impacted by cement 

type, cement content, and fly ash type. 
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