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Abstract:  Improvements to the embodied carbon of the built environment is supported through reducing 
the carbon emissions associated with concrete; the ready mixed concrete industry requires innovative 
approaches to achieve ambitious sustainability targets. Carbon dioxide (CO2) has been employed as a 
beneficial ready mixed concrete admixture. An optimum dose of CO2 added to concrete as it is batched and 
mixed leads to the in-situ formation of mineralized calcium carbonate (CaCO3) and can increase the 
concrete compressive strength. This benefit can be leveraged to redesign concrete mixture proportions for 
a more efficient use of Portland cement. The mineralized CO2 and the cement savings serve to reduce the 
carbon footprint of concrete. However, questions arise surrounding the durability impacts of a deliberate 
addition CO2 as an admixture. An industrial study has been completed to characterize the performance 
impacts of the CO2 addition. The testing assessed the concrete fresh properties, compressive and flexural 
strength, surface resistivity, hardened air void characteristics, permeability, and freeze-thaw performance. 
The in-situ developed CaCO3 resulted in improved compressive strength and equivalent or improved 
durability performance.
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1. Introduction
The utility, availability and performance of concrete makes it the world’s most common building material 
with an estimated annual global production of 30 Gt (1). Due to this scale, rather than the environmental 
footprint of the material itself, the cement and concrete industry has been estimated to account for 6.4 0.5% 
of annual global CO2 emissions (2). Conscious of world sustainable development goals, the industry has 
published roadmaps for lowering the impact of concrete production while meeting increasing material 
demands (3, 4, 5). The selection of novel strategies that have been identified includes the concept of carbon 
dioxide utilization. The use CO2 as a feedstock in concrete production has been examined as a new route 
for emissions reductions (6).

The reaction of carbon dioxide with freshly hydrating cement forms calcium carbonate and calcium silicate 
hydrate gel through reaction with the main calcium silicate phases of tricalcium silicate and dicalcium silicate 
(7).

3CaO∙SiO2 + (3-x)CO2 + yH2O  xCaO∙SiO3∙yH2O + (3-x)CaCO3

The carbonate reaction products that form are nanoscale and intermixed with calcium silicate hydrate (C-
S-H) gel (7, 8). This reaction can the leveraged to use CO2 as an admixture. Ready mixed concrete 
production using the addition of carbon dioxide into fresh concrete as part of the batching and mixing step 
has been industrialized (9, 10). The CO2 injection can increase the compressive strength of the concrete 
and thereby support a modified mixture design that contains less cement. The mineralization of the CO2 
and the savings of virgin cement allow the concrete to have a lower carbon footprint without compromising 
on performance.

The technology has been widely used, particularly to produce concrete that has lower strength and durability 
requirements (e.g., for residential and commercial applications). Where producers have interest in using the 
technology to supply concrete to more demanding performance environments there is a need for suitable 
durability testing to attest to the concrete quality and predicted service life. The present study examines the 
CO2 utilization technology as part of a demonstration within a technology evaluation program by the 
American Association of State Highway and Transportation Officials. The scope of work comprised an 
assessment consistent with an ASTM C494 Type S admixture and a few additional tests to address 
particular concerns that may surround the CO2 mineralization and its impact on the concrete properties.



2. Experimental

2.1 Technology
The technology comprises a retrofit system that is installed at a concrete batching operation and uses CO2 
as a concrete admixture (Figure 1). Liquid carbon dioxide (LCO2) is stored at a concrete plant in a cryogenic 
tank. The storage tank is in communication with a valve assembly that portions LCO2 into a conduit 
connected to the concrete batching. The conduit delivers the LCO2 into the concrete mixer (central batch 
mixer or truck mixer). The CO2 is portioned according to the amount of cement in the mix design and the 
amount of concrete in the load. The start and stop of the CO2 flow is part of the batch programming.

Figure 1: Retrofit CO2 utilization system for ready mixed concrete production. 1 bulk CO2 tank, 2 
gas CO2 transfer line, 3 liquid CO2 transfer line, 4 valve enclosure, 5 CO2 discharge hose, 6 CO2 

injection nozzle, 7 central mix operation, 8 truck batch operation, 9 communication cable, 10 
control enclosure, 11 admixture communication connection, 12 batching junction box, 13 electrical 

supply, 14 control room.

Upon injection, the LCO2 reaches atmospheric temperature and pressure. The CO2 converts to a mix of 
solid (snow) and gas as it passes the valve enclosure and is delivered to the concrete mix. The CO2 reacts 
with the cement to form nanoscale CaCO3. 

The reaction products can catalyze hydration and improve the concrete’s performance. The technology is 
in use at hundreds of concrete plants around the world. It has shown compatibility across the range of 
common cement types and SCMs.

Concrete testing was completed, with a concrete producer in Atlanta, GA, USA, to demonstrate the 
technology for use in infrastructure projects. The testing program was designed by AASHTO. The 
assessment measured the concrete fresh properties, compressive and flexural strength, and a range of 
durability properties: freeze-thaw performance, surface resistivity, bulk chloride diffusion, hardened air void 
characteristics, rate of water absorption, calcium oxychloride potential, and corrosion of embedded steel. 
The test standards followed, either from ASTM or AASHTO (American Association of State Highway and 
Transportation Officials), are listed in Table 1.



Table 1. Overview of analytical and testing program 

Property Standard

Slump ASTM C143

Air Content ASTM C231

Temperature ASTM C1064

Unit Weight ASTM C138

Time of setting ASTM C403

Compressive Strength ASTM C39

Flexural Strength AASHTO T97

Freeze-thaw performance ASTM C666

Length change ASTM C157

Surface Resistivity AASHTO T358

Rate of water absorption ASTM C1585

Hardened air void system ASTMC457

Additional tests were included as part of the study (ASTM G109 Corrosion of steel reinforcement, AASHTO 
T365 calcium oxychloride potential, ASTM C1556 Bulk chloride diffusion) but the results were not available 
at the time of the manuscript. The test program produced three mixes at each of the control and the CO2 
conditions. While the CO2 addition is commonly used to increase the concrete compressive strength and 
subsequently support a modified mix with a lower cement content (11) the present study was focussed on 
the impact of the CO2 in the absence of associated mix adjustments.

3. Results and Discussion
The batch actual average mix designs are presented in Table 2. The primary difference between the two 
conditions was the addition of CO2 at 0.19% by weight of cement in the CO2 case. The mix design had a 
design strength of 34.4 MPa at 28 days, the binder was an ASTM C150 Type I/II cement, and the w/c was 
0.46.

Table 2. Average batch actual mix designs for the reference and CO2 conditions

Component Reference CO2 Unit

Cement (Type I/II) 360 358 kg/m3

Water 167 166 kg/m3

w/c 0.465 0.462

Coarse aggregate 1091 1083 kg/m3

Fine aggregate 702 702 kg/m3

Ratio fine/total aggregate 0.392 0.393

Air entrainer 413 425 ml/m3

HRWR 1431 1405 ml/m3

Hydration stabilizer 632 645 ml/m3

CO2 0 0.667 kg/m3

CO2 (% by weight cement) 0.19%



3.1 Fresh Properties
The fresh properties (air, slump, and density) are shown in Figure 2 for the two test conditions. The fresh 
properties of the mixes that included the CO2 injection were comparable to the reference conditions. The air 
content (ASTM C231) of the CO2 batch was slightly higher (5.6% to 5.2%) although within the tolerance of 
the test procedure of ±1.5%. The average value for slump (ASTM C143) in the CO2 condition was 9% higher 
at 76 mm to 70 mm although within the tolerance of ±25 mm. The average density (ASTM C138) of the CO2 
batch was slightly lower (2309 to 2320 kg/m3) while the difference is within the single operator precision of 
±29.6 kg/m3.

The concrete set time was measured according to ASTM C403. The initial and final set results are shown 
in Figure 3. The reference had an initial set of 219 minutes and a final set of 294 minutes The CO2 caused 
a slight acceleration (11 minutes on initial set and 10 minutes on the final set) but was within the 
requirements (i.e. the impact of the test admixture on the set time cannot exceed more than 60 minutes less 
or 90 minutes greater than the reference condition).

Figure 2: Fresh properties (air content, slump, and density) of reference concrete and concrete 
produced with CO2 

Figure 3: Initial and final set time for reference concrete and concrete produced with CO2 

3.2 Compressive and Flexural Strength
The data for compressive strength (at 3, 7, 28, 56 and 90 days) and flexural strength (at 3, 7, 28, and 56 
days) is shown in Figure 4 for the two conditions. The compressive strengths of the mix designs that included 
the CO2 injection were stronger than the reference conditions. The 3-day strength was improved 8% while 
the 7-day strength was effectively unchanged. At 28, 56 and 90 days the CO2 condition was 6%, 4% and 
7% stronger. If an outlier point in the control dataset is eliminated from consideration (as in Figure 4) the 
data suggests a 9% benefit at 56 days and a 14% benefit at 90 days. The flexural performance of the control 
concrete and the concrete produced with CO2 was equivalent across the test period.



Figure 4: Compressive strength (left) from 3 to 90 days and flexural strength (right) from 3 to 56 
days for reference concrete and concrete produced with CO2 

Performance metrics of the two conditions are reported in Table 3. The control mix attained an average of 
37.5 MPa at 28 days. The baseline performance was 9.6 kg cement·m-3 concrete·MPa-1 and 8.5 kg CO2·m-3 
concrete·MPa-1. The concrete produced with the CO2 addition had an improved performance. The strength 
improvement at 28 days improved the cement efficiency to 9.1 and the carbon intensity to 8.0. The 
improvement was 5.5% in both cases.

Table 3. Mix performance details for the mixes in the control and CO2 conditions

Mix Control CO2 Unit

Average 28-day strength 37.5 39.6 MPa

Cement loading 360 358 kg/m3 concrete

Cement efficiency 9.6 9.1 kg cement·m-3 concrete·MPa-1

CO2 emission from binder 320 319 kg CO2·m-3 concrete

Carbon intensity 8.5 8.0 kg CO2·m-3 concrete·MPa-1

3.3 Durability Testing
An abridged version of the freeze thaw results for the control and CO2 conditions are presented in Table 4 
and Table 5 respectively. The relative dynamic modulus comprises an average of 2 beams per mix. The 
performance of the CO2 mix was the same as the reference condition (durability factor of 88 for CO2 vs 87 
for the reference). 

Table 4. ASTM C666 Freeze-thaw performance details for the control condition

Fundamental Transverse Frequency, 
kHz Relative Dynamic Modulus, (%)

Cycles Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Average

0 2.086 2.130 2.130 NA NA NA NA

32 1.953 1.997 1.975 88 88 86 87

66 1.953 1.997 1.975 88 88 86 87

96 1.953 1.997 1.975 88 88 86 87

128 1.953 1.997 1.975 88 88 86 87

220 1.953 1.997 1.975 88 88 86 87

300 1.953 1.997 1.975 88 88 86 87



Table 5. ASTM C666 Freeze-thaw performance details for the CO2 condition

Fundamental Transverse Frequency, 
kHz Relative Dynamic Modulus, (%)

Cycles Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Average

0 2.086 2.086 2.175 NA NA NA NA

32 1.953 1.953 2.041 88 88 88 88

66 1.953 1.953 2.041 88 88 88 88

96 1.953 1.953 2.041 88 88 88 88

128 1.953 1.953 2.041 88 88 88 88

220 1.953 1.953 2.041 88 88 88 88

300 1.953 1.953 2.041 88 88 88 88

The surface resistivity (AASHTO T358) and length change testing (ASTM C157) are summarized in Figure 
5. Table 2The CO2 condition had a slightly higher resistivity. Both conditions have a surface resistivity that 
is consistent with an assessment of moderate resistance to chloride ion penetration. The CO2 condition had 
a slightly increased length change (-0.026% as compared to -0.020%). However, the difference was both 
within the test program requirements (no more than 0.010 greater than the control) and within the precision 
of the test and is not significant.

Figure 5: Surface resistivity (left) and length change (right) for reference concrete and concrete 
produced with CO2 

The rate of water absorption (ASTM C1585) is reported in Table 6. The average of three results in each 
case were tightly grouped and demonstrated that the rate of absorption (a measure of permeability) was not 
changed by the CO2. The hardened air void system characterization (ASTM C457) is summarized in Table 
7. The CO2 did not impact the air void system (void frequency, specific surface, and chord length). 

Table 6. ASTM C1585 Rate of water absorption results

Aspect Control CO2 Unit

Initial rate of absorption 0.0010 0.0011 mm·sec-½

Secondary rate of absorption 0.0004 0.004 mm·sec-½



Table 7. ASTM C457 Analysis of air-void system results

Aspect Control CO2 Unit

Aggregate 65.3 70 %

Paste 26.5 22.5 %

Air 8.1 7.5 %

Total Points 1500 1501

Void Count 1857 1861

Void Frequency 0.488 0.488 voids/mm

Specific Surface 24.0 25.9 mm-1

Chord Length 0.168 0.155 mm

4. Additional and future work
Overall, the study established that the mineralized CO2 increased the compressive strength of the concrete 
but did not impact the durability performance. Additional work outside this study measured extracted 
concrete pore solution and found that the pH was not impacted in service (10). The timing of the addition of 
the CO2 (immediately after mixing commences), the amount (less that 1% by weight of the cement) and the 
phases it reacts with (anhydrous cement and the hydration products available in the first minute of hydration) 
mean that the process is physicochemically distinct from atmospheric carbonation of a mature cement paste 
microstructure.

The CO2 mineralization pathway has been studied in terms of the nature of the solution phase and the 
products that form (8). Thermodynamic modeling has revealed that the presence of CO2 results in stronger 
undersaturation with respect to the binder phases, which implies a strong driving force for their dissolution.

CO2 utilization as a climate strategy for concrete production is a topic that must be considered carefully 
(12). Life cycle analyses of the technology have validated that it achieves net carbon reductions (9, 10, 13).  
The assessments include the generation of Environmental Product Declarations (EPDs) for the modified 
mixtures. 

While the impact of the CO2 on the concrete durability has been assured it was a study confined to the effect 
of the CO2. Where the value proposition of the technology is the leverage CO2 mineralization to support a 
more efficient use of cement it is noted that the durability of that use case was not addressed in the study. 
Conceptually, however, there is little difference between the use of a water reducer to find material 
efficiencies in the design of a concrete mix and using CO2 to the same end.  

5. Conclusions
A technology has been developed to beneficially use carbon dioxide as an admixture in ready mixed 
concrete. The use of this technology across a broad scope of concrete production requires durability testing 
to verify that the CO2 does not have any negative impacts on the concrete properties or service life. A study 
was completed under the guidance of AASHTO where the durability performance of a concrete (w/c 0.46 
and design strength of 34.4 MPa) was assessed in terms of a reference mix and one with a dose of 0.19% 
CO2 by weight of cement.

The concrete fresh properties were not changed. The slump, air content, and density were comparable 
between the two test conditions. The concrete set time was slightly accelerated (10 minutes) by the CO2. 
The compressive strength was increased by the CO2 injection. The increases were 8% at 3-days, 6% at 28 
days, and 14% at 90 days. Concrete flexural strength was not changed.

The concrete durability was not affected by the CO2 mineralization. The freeze-thaw performance, surface 
resistivity, length change, rate of water absorption, and characteristics of the hardened air void system were 



the same between the two conditions. The durability study increases confidence that the technology can be 
used to producer concrete used in more demanding performance applications such as roads and bridges.
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