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Abstract

With the increased construction demand the world is experiencing, it is crucial to develop new
solutions that minimize concrete’s environmental impact. This study investigates the effect of
COz injection on early-age strength in concrete mixtures with reduced cement content.
Compression tests, isothermal calorimetry, and R? tests were conducted to investigate the impact
of using calcined clay as a supplementary cementitious material in COz-injected mixes.
Preliminary results showed promising strength boosts at an early age for the CO,-treated
concretes. These findings offer a promising solution for sustainable concrete mixtures with
reduced carbon emissions and adequate structural performance.

Introduction

With the ever-growing use of construction materials, more low-carbon construction materials
are needed now than ever. Until new low-carbon construction materials are created, there is a
large push to make our existing materials more environmentally friendly. The most used building
material, concrete, must be modified to meet the world’s development needs while not
compromising the environment. Cement reacts with water to bind the aggregates together and
make concrete. Cement however is responsible for approximately 88% of the concrete’s CO2
footprint (“Cement and Concrete Companies Leading the Net-Zero Transition,” 2024).

One popular method in reducing concrete’s carbon emissions is by reducing cement content
and using supplementary cementitious materials (SCMs). Commonly used SCMs such as fly ash
and slag cement are great materials to use as they are industrial byproducts. Calcined clay also
know as metakaolin is another SCM used for its high aluminosilicate content, however it is a
manufactured product. SCMs are also used to increase the concrete’s durability (Fode et al.,

2023). The main concern with using SCMs is the reduced strength at early ages.
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Other studies have been done on concrete’s carbon footprint and alternative methods to
reduce it. One study by Kamal et al. suggests that CO, sequestration in concrete can reduce
concrete’s carbon footprint. This paper shows the effects of CO> on concrete strength at 7, 14,
and 28 days for different durations of CO2 exposure. In this study it is evident that there was an
upper limit to the amount of CO; the concrete can sequestrate. The idea of capturing CO; from
cement production and sequestering the CO; back into the concrete was also introduced (Kamal
et al., 2020). Another study by Monkman et al., investigated the effects of CO2 on cement
hydration in doses by mass of binder. The study found that CO> activated mixes caused an
increase in tricalcium silicate (C3S or Alite) hydration. The CO» reacts with calcium that
dissolves from Alite to form nanocrystals of CaCOs that serve as nucleation sites to encourage
growth of cement hydration products and further Alite dissolution. Alite is the main compound
that reacts to give concrete early age strength as Alite reacts the fastest and creates calcium
silicate hydrate (C-S-H), the main binding agent in concrete (Monkman et al., 2022). This study
investigates using CO; injection in mortar and concrete on the strength of low — carbon mixtures
containing calcined clay.

Materials
Calcined Clay

Three different calcined clays with different reactivities were used in these experiments: Clay
I, Clay II, and Clay III.

Cement Type IL

Type IL cement conforming to ASTM C595 (ASTM International, 2024a) was used in these
experiments. The composition of the cement determined by X-ray diffraction can be seen in

Table 1. The cement has a median particle size of 10.1 microns.

Table 1. Cement Composition

Cement Component Percentage of Component (%)
Alite (C39) 443
Belite (C28) 19.1
Ferrite (C4AF) 9.7
Aluminate (C3A) 54
Gypsum 1.5
Hemihydrate 36
Calcite 12.3
Portlandite 1.5
Quartz 0.6
Amorphous 1.9
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Fine Aggregate

The fine aggregate used in these tests conforms to ASTM C33 (ASTM International, 2024c¢).
The fine aggregate characteristics can be seen in Table 2.
Coarse Aggregate

An ASTM C33 (ASTM International, 2024c) #67 coarse aggregate with properties described

in Table 2 was used in this study.

Table 2. Aggregate Properties

Property Fine Agpregate Coarse Aggregate

Bulk Specific Gravity (SSD) 2.60 241

Absorption 0.44 4.10

Fineness Modulus 2.49 N/A
Admixture

The admixture used follows ASTM C494 as a Type F admixture (ASTM International,
2024b). The specific gravity of this admixture is 1.075.

Methodology

R3

The material proportions for this test can be found in Table 3. The R® test standardized by
ASTM C1897 (ASTM International, 2020d) is used to test the reactivity of different SCMs to
determine how much each SCM contributes to strength gain. This test measures the reactivity of
an SCM by the amount of heat released in isothermal calorimetry when mixed with a simulated
pore solution. The R? test was run on clays I, II, and III which are all different calcined clays. A
digital overhead stirrer was used to mix the materials. The potassium solution was prepared by
adding 4 grams of potassium hydroxide and 20 grams of potassium sulfate to 1 liter of deionized
water. The materials described in Table 1 were taken out of the 40 °C oven and placed in the
plastic mixing cup. The materials in the mixing cup were then mixed for 120 seconds at 1600
RPMs with the overhead stirrer. 15.0 grams of material were then placed in 20 milliliter vials and
placed in the calorimeter. The calorimeter was run at 40 °C for 10 days according to ASTM
C1897 (ASTM International, 2020d). The first half hour of data collected were discarded to

account for the sample temperature equilibrating in the calorimeter.
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Table 3. R? Mix Proportions per Batch

Clay Metakaolin (g) Ca(OH) (g) CaCoOs (g) Potassium Solution (g)
Clay I 10 30 5 54
Clay II 10 30 5 54
Clay III 10 30 5 54
Mortar

The materials used for the mortar mixes are shown in Table 4. Mortar mixtures 1 and 2 were
identical except that CO2 was added to mixture 2. Mortar mixtures 3 and 4 were identical except
that CO> was added to mixture 4. Mortar mixtures 5 and 6 were identical except that CO, was
added to mixture 6. A Hobart 12-quart mixer was used to make the mortar mixtures according to
ASTM C305 (ASTM International, 2020a). Water, admixture, and cementitious materials were
added to the bowl. The materials were mixed for 30 seconds on low speed. Then fine aggregate
was added over the next 30 seconds. The mixer speed was changed to medium speed and the
materials were mixed for 30 seconds. Then the mixer was stopped for 90 seconds to allow the
mortar to rest. During this time the sides of the bowl were scraped to incorporate material stuck
to the sides. For CO; mixes, CO; was added just before the mixer is turned back on for the final
60 seconds of mixing. The mortar was then tested for flowability according to ASTM C1437
(ASTM International, 2020b). Mortar cubes were made according to ASTM C109 (ASTM
International, 2024f). A sample of mortar was taken for isothermal calorimetry as described in
section 3.4. Mortar Cubes were tested at 1 and 7 days for strengths according to ASTM C109
(ASTM International, 2024f).

Table 4. Mortar Mix Proportions - Note: different calcined clay was used denoted by (I — Clay 1), (I — Clay II)

Mortar Mix Cement Type Metakaolin Water (g) Sand (g) Admixture CO2 (g)
1L (g) (2) (HRWR) (2)
1 740 - 370 2035 - -
2 740 - 370 2035 - 3
3 518 222 () 370 2035 2.5 -
4 518 222 (M 370 2035 2:5 3
5 518 222 (II) 370 2035 2.5 -
6 518 222 (IT) 370 2035 Ti5 5
Concrete

The materials used for the concrete mixes can be seen in Table 5. The mix letter denotes the

mix design, and the number denotes the iteration. For example, Mix Al is the first iteration of
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Mix A. Mixes were repeated for reproducibility. The equipment used for mixing was a vertical
shaft high shear pan mixer. The pan mixer was used to hold the CO> while mixing as CO» is
heavier than oxygen and will stay in the pan. The mixer was set to a speed of 10 RPMs. Fine and
coarse aggregates were added to the mixer. Then approximately 75 percent of the water was
added with any admixture being used. The materials were mixed for 60 seconds. The mixer
speed was then increased to 30 RPMs. The cementitious materials were then added and mixed
for 60 seconds. The remaining water was added. The mixture was mixed for 3 more minutes and
for CO2 mixes, CO2 was added during this time. For mixes containing CO2, the CO2 was
extracted from a liquid CO» tank using a snow horn seen in Figure 1 to make a powdered COa.
The mixture then rested for 3 minutes and was followed by 2 final minutes of mixing. The
concrete was then tested for Slump (ASTM C143) (ASTM International, 2020c), Air Content
(ASTM C231) (ASTM International, 2024d), Temperature (ASTM C1064) (ASTM
International, 2023b), and Unit Weight (ASTM C138) (ASTM International, 2024g). Concrete
cylinders were cast according to ASTM C31 (ASTM International, 2025). A mortar fraction
sample was taken for isothermal calorimetry (section 3.4) by vibrating concrete over a #4 sieve.
Concrete cylinders were tested at 1, 7, and 28 days for strength according to ASTM C39 (ASTM
International, 2024e).

Table 5. Concrete Mix Proportions per Cubic Yard

Concrete Coarse Fine Cement Metakaolin ‘Water Admixture coz2
Mix Agprepate(lb)  Apgregate(lb)  TypeIL (1b) (Clay III) (Ib) (oz/cwt) (Ib)
Ib
Al 1420 1128 '(525) 225 375 8 -
A2 1420 1128 525 225 375 8 -
B1 1420 1128 525 225 375 10 15
M | 1442 1145 750 - 375 3 -
C2 1442 1145 750 - 375 3 -
D1 1442 1145 750 - 375 - 15
D2 1442 1145 750 - 375 - 15
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Figure 1. Snow Horn and Liquid CO2 Canister

Heat of Hydration

A TAM Air isothermal calorimeter was used to perform calorimetry of mortar paste samples
to determine the impact of calcined clay and CO» on hydration kinetics providing insight to the
concrete’s strength development. 20 milliliter vials were filled with approximately 20 grams of
mortar. Mortar samples were taken from mortar mixtures and sieved mortar from concrete
mixtures. The appropriate amount of mortar was placed into the vial to match the thermal mass
of the reference vials. The mortar samples were analyzed for 24 hours and sieved concrete

samples for 72 hours at 23 °C following ASTM C1679 (ASTM International, 2023a).

Results and Discussions
R3
Figure 2 shows the R® results. The most reactive clay is Clay III. Clays I and II are much less

reactive. Clay II being the least reactive.
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Mortar Strength

The summary of strength data for the mortar cubes is presented in Figure 3. The strength
results show an increase in strength for mortar mixes containing 0.4% CO; by mass of binder, as
shown in Figure 4. This strength gained in the CO, mixes may be due to the carbonation of the
free calcium hydroxide in the cement paste acting as C-S-H nucleation sites. Mortar mix 6
showed the most increase in strength from the addition of CO.. Mortar mixes 2 and 4 had greater
strength increases at 7 days versus 1 day. The different calcined clays have different minerology
leading to the difference in hydration rates and consequently the strength. The effects of CO; on
strength boosts are also shown to be affected by different SCMs as the different clays saw
differing effects from the COs..
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Figure 3. Mortar Mix Average Strengths (mix number in parentheses)
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Figure 4. Mortar Mix Percent Increase from 0.4% CO2 Addition by Binder Mass

Concrete Strengths

The average cylinder strengths can be seen in Figure 5. Figure 6 shows the comparison of the
average strength of mixes A compared to that of B. The calcined clay mixes Al and A2 showed
a large increase in 1-day strengths with the addition of CO, compared to mix Blseen in Figure 6.
At 1 day, mixes A vs B showed a 32% increase compared to 18 % increase for the C vs D mixes
seen in Figure 6. The A and B mixes showed greater strength increases at 7 and 28 days

compared to mixes C and D. These strength gains are attributed to the carbonation effects of

CO2.
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Figure 5. Concrete Mix Average Strengths

University of Florida | Journal of Undergraduate Research | Volume 27 | 2025



STRENGTH BOOSTING LOW-CARBON CONCRETE USING CO»

35.00% -

w
=
o
=
S

25.00% A
20.00% -

15.00% 4

0.00% -

Strength Increase (percent)

MixAvs B MixCvs D
Mix

m1Day 7Day .28Day
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Heat of Hydration

The heat flow measured using isothermal calorimetry for the mortar and concrete mixes can
be seen in Figure 7 through Figure 16. The first characters represent the mix and the characters
after the hyphen represent the vial in the legend. For example, Heat Flow 1-2 is the second
isothermal vial made for mix 1. Each mix had 2 isothermal vials made for reproducibility. The
heat curves showed no significant increase in the total heat produced when CO> was used,
indicating that the CO; did not significantly increase the rate of hydration. For mortar mixtures 3
and 4 and for mixtures 5 and 6, the addition of CO» seemed to lower the alumina phase peak
suggesting the CO, also interacted with the calcined clays. A shift can be seen for concrete mix
D2 in the first 15 hours of hydration. The heat of hydration for mixtures D1 and D2 at 24 hours

was comparable to mixes C1 and C2.

University of Florida | Journal of Undergraduate Research | Volume 27 | 2025



FORTIER, ZEIDAN, AND DAS GUPTA

Heat (J/g Binder )

250

200

150

100

50

24

4
t
- 3.5 i
<5}
e 3
=
025
=
E 2
215
i
= 1
(<]
I o5
0
0 4 8 12 16 20 24
Time (hrs)
S R 12 =----- 21 ----22
Figure 7. Mortar Mixes 1 and 2 Heat Flow
- w)""'*au-“
: AT
ﬁ""’*ﬂﬁ
o
¥
A5
<
o
i -
_———-'—"—'-'/
0 4 8 12 16 20
Time {hrs)
B 12 ------ 21 ----22
Figure 8. Mortar Mixes 1 and 2 Heat
4
=35
(3]
2 3
£
™25
z 2
215
ic
= 1
[«]
T 05
0
0 4 8 12 16 20 24
Time (hrs)
e B AT B e A gD

Figure 9. Mortar Mixes 3 and 4 Heat Flow

University of Florida | Journal of Undergraduate Research | Volume 27 | 2025



STRENGTH BOOSTING LOW-CARBON CONCRETE USING CO»>

Heat (J/g Binder)

160

140

120

100

80

60

40

20

0 4 8 12 16 20

Time (hrs)

< T R 32 —mm--- 41 ====42
Figure 10. Mortar Mixes 3 and 4 Heat
4
=) EAA
= 1w
@ R
o0 E
= Ly
AW\
E NS
g -..,__s:_.
(s i ———
© -‘_-*‘““-»--.
© e
T
0
0 4 8 12 16 20 24
Time (hrs)
5_1 ............ 5_2 ______ 6_1 - - - 6_2

Figure 11. Mortar Mixes 5 and 6 Heat Flow

University of Florida | Journal of Undergraduate Research | Volume 27 | 2025

24



FORTIER, ZEIDAN, AND DAS GUPTA

Heat (J/g Binder)

160

140

120

Heat (J/g Binder)

300

250

200

150

100

50

100

80

60

40

20

5T
_-—-""-—-'-'-"‘-
0 4 8 12 16 20 24
Time (hrs)
S 5-2 mmmmen 61 ====62
Figure 12. Mortar Mixes 5 and 6 Heat
6
T 5
©
[=
D 4
s
E 3
=
=)
[V
5
21
0
0 12 24 36 48 60 72
Time (hrs)
R A1-2 ------ A2-1 ====A22 =.=.-Bl-1 — —-B1-2
Figure 13. Concrete Mixes A and B Heat Flow
g BT
T
?.a_g&‘ﬁ'%w#’
-
-ﬁ‘gﬁ“‘:‘
=
12 24 36 48 60
Time (hrs)
ALl s AL2 mmmees A2l —==-A22 =-:.---Bl1 ——-Bl12

Figure 14. Concrete Mixes A and B Heat

University of Florida | Journal of Undergraduate Research | Volume 27 | 2025

72



STRENGTH BOOSTING LOW-CARBON CONCRETE USING CO»

3.5 ;f\\i;;::\
N
el N
S 1 b
§ 1 ! \\
5 it Ny
T 1
- "v{ \\\

0 12 24 36 48 60 72
Time (hrs)

—C11 C1-2 imemm=m C2-1 ====€2:2 =-=+-D11 ——-D1-2 —-—D2% —>~—D2-2
Figure 15. Concrete Mixes C and D Heat Flow

350

300

N
]
=]

200

Heat (J/g Binder)

0 12 24 36 48 60 72

Time (hrs)

- C1-1 C1-2 ====m= €21 ===--C22 =+=:-D1-1 — —-D1-2 =+ =D2-1 =—..=D2-2

Figure 16. Concrete Mixes C and D Heat

Carbonation

The increased strength of specimens can be attributed to the effects of carbonation. The
addition of CO» causes carbonation as the CO» reacts with the lime from the portland cement to
form calcium carbonate (CaCOs3). This reaction takes out calcium from the pore solution,
allowing more to dissolve. The CaCOs created a better hydration system as well as reduced the

porosity, therefore increasing the early strength.

Conclusion

The addition of CO; to concrete and mortar mixes containing SCMs aids in increasing the
early age strength. All mixes showed increases to day 1 strengths from the addition of CO>. The

heat of hydration curves showed no significant indication of increased hydration. The strength
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increases from the CO» is due to the early carbonation effects, where the CO> reacts with free
Ca(OH); to form CaCOs3. The CaCOs seemed to allow for a better hydration system and reduce
the porosity, which led to increased early age strength. Different SCMs had differing proportions
of strength gains due to their differing mineralogies and interaction with CO». Further studies are
needed to determine the exact effects of CO2 on low-carbon concretes and mortars with different
SCMs. The early carbonation effect can be implemented to aid in early age strength for mixes
containing SCMs that have low early strength. The addition of CO> proves to be a viable method
to increase early age strength. The environmental impacts of adding CO, back into cement make
it an ideal additive for creating low carbon building materials.

The limitation of this study is the lack of comparability between the different clays. More
tests need to be performed on the clays to determine why the clays saw different results in
strength gain. Another limitation is due to time constraints the concrete mixes were only tested
on one type of clay. Useful future tests would include X-ray diffraction and X-ray fluorescence
to determine the clays compositions. Thermogravimetric analysis can be conducted to quantify
the different hydration products seen in the isothermal calorimetry. Future work should also

include comparing mortar and concrete mixes containing the same materials.
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