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In order to analyze the effects of fly ash and blast furnace slag on CO, uptake and compressive strengths in CO, curing, two
tests were carried out. First, the compressive strength test of a non CO, cured specimen and a specimen with W/C 30% and
20% admixture was conducted at three hours and three days while curing in a chamber with 20 °C and RH 60% after CO,
curing for an hour. Second, the compressive strength test of a non CO, cured specimen and a specimen with W/C 35-40% and
10% admixture was conducted at 7 days and 28 days while curing in chamber with 60 °C and RH 100% after steam curing
at 20 °C and RH 60% and CO, curing for 2 hrs. In the first test results, the CO, uptake rate of the case with 20% of admixture
was found to be 2% lower than the case without admixture, and CO, curing turned out to be very effective in increasing the
early compressive strength. The second test results showed that CO, uptake rate of the case with fly ash and blast furnace slag
was found to be similar with the case without admixture. Even in terms of increasing the compressive strength, CO, curing
of two hours was found to exhibit a similar strength development effect to steam curing of 4 hrs.
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Introduction CsS + (3 x)CO, + yH,0 — C,SH, + (3 x)CaCO5 (1)
CsS + (2 x)CO, + yH,O — CSHy + (2 x)CaCO;  (2)
As of 2012, global CO, emissions reached 34.5

billion tons, of which CO, emissions arising from These reactions are characterized by accelerated
cement production accounted for 9% (3.1 billion tons). setting and rapid strength gain [1, 2].

The amount of CO, emissions from Korea was 620 million In addition, concrete products such as bricks and
tons, ranked 7" in the world, of which CO, emissions blocks are subjected to high temperatures or steam
released from manufacturing cement were approximately curing in the plant to secure the initial strength, when
48 million tons. Therefore, efforts to reduce CO, emissions energy is consumed and therefore CO, emissions are
in the cement industry are underway in various ways both released. If the curing process that consumes energy
in Korea and other countries. In particular, as the Carbon during manufacturing of the concrete products is reduced,
Emissions Trading Scheme started to be implemented in and the strength is secured by using the carbonation
Korea and Germany among the top 10 global emitters of reaction, reduction in CO, emissions as well as storage of
carbon emissions from January 2015, the government CO, can be achieved at the same time.

enabled companies to buy and sell excess greenhouse In this regard, studies on how to use CO, in the initial
emission allowances, and fined companies for the curing of the concrete product using CO, reaction in
offence of not adhering to emission targets. This has the initial stage was in progress [3-5], and basic
imposed a huge burden on CO, emitting companies. research to confirm the CO, curing possibilities of

Cement has a characteristic that causes CO, emissions cement products was also conducted in Korea [6].

but can also store CO, by carbonation reaction. This In addition, industrial by-products such as flay ash
characteristic is referred to as carbonation, and CO, is and blasted furnace slag have been used as mineral
bonded to Ca(OH), and C-S-H produced after the admixtures for quality improvement and reductions in the
hydration reaction of cement to generate CaCO;in a amount of cement for the concrete products. However, as
typical cement carbonation process. However, the these admixture materials replace the cement and therefore
carbonation reaction in the initial stage leads to the sslow down the hydration reaction [7], the reaction cannot
formation of CaCOj; and C-S-H by follow reactions be activated until the initial three weeks due to the
instead of Ca(OH),  a product of hydration reaction. pozzolan reaction [8]. Later, C-S-H is additionally

formed, while consuming Ca(OH),, a product of the
cement hydration reaction, which poses a problem that
promotes the carbonation by reducing the amount of

*g;@efgggﬁi?gﬁgggg Ca(OH), reacted with CO, [9, 10]. This indicates that
Fax: +82-31-0112689 the CO, storage capacity decreases in concrete products
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expected that if the carbonation is applied in the early
stages of forming the concrete products that use
admixture materials where hydration reaction does not
occur, it is possible to increase the initial strength and
store CO,.

This study seeks to develop a CO, reduction-type
concrete product that reduces the amount of cement by
using industrial by-products such as fly ash and blast
furnace slag, stores CO, and uses energy at the same time
by applying CO, curing, and therefore can reduce the
existing high-temperature curing time. Towards this end,
the CO, uptake rate and initial strength improvement
effects according to the mixing ratio of the admixtures
and CO, curing were identified, and the CO, curing
applicability of the concrete products made using admixture
materials was investigated through a comparison of the
existing steam curing, CO, uptake rate and compressive
strength of 28 days.

Experimental

Materials

The materials used in this study include cement
suitable for KS L 5201, ground granulated blast
furnace slag corresponding to three kinds of KS F
2563, fly ash applicable to one kind of KS L 5405 as a
substitute for cement. For fine aggregate, sand suitable
for KS F 2526 was used.

Test overview

Tests were conducted by dividing them into two
categories. Test A for investigating the CO, uptake rate
of CO, cured specimens and comparing the initial
strengths of 3 hrs and three days with dry cured
specimens; test B for investigating the CO, uptake rate
of CO, and high-temperature cured specimens and
comparing it to high-temperature cured specimens.

First, for test A specimens, a cubic specimen of
50 x 50 x 50 mm was molded using a mold according
to the formulation of Table 1 and then demolded after
being kept for two hours at room temperature. CO,
cured specimens were cured at a CO, concentration of
more than 95% for an hour in a CO, chamber (Fig. 1)
and subjected to dry curing for three days in a constant

Table 1. Mixing plan.

Regulator

co n rati CO; gas concentration
G0 concentration over 95%
meter

CO: gas
Specimen

Electronic
Scale

Pressure gage

Mass data

logging C0, chamber

Portable computer

(a) Equipment schematic diagram

(b) Equipment photo

Fig. 1. CO, curing equipment.

temperature & humidity chamber with 20°C and RH
60%, together with non CO, cured specimens with the
same formulation. For CO, cured specimens, the
compressive strengths of three hours after CO, curing and
three days after dry curing were measured, and as for non
CO, cured specimens, the compressive strengths after three
hours and three days were measured for a comparison.
For test B, specimens were fabricated in the same
size and manner as in Test A according to the
formulation of Table 1, and CO, cured specimens were
cured at a CO, concentration of more than 95% for
2 hrs in a CO, chamber), and then cured in a constant
temperature & humidity chamber with 20 °C and RH
60% for 7 and 28 days after being cured in a stem
curing chamber with 60 °C and RH 100% for 4 hrs.
Non CO, cured specimens were cured in a steam

. FA BS Unit weight(kg/m?)

Test specimens ~ W/C (%) (%) c W S A BS

C30-30 30 0 0 300 90 2058 0 0

Test A C24F2-30 30 20 0 240 90 2036 60 0
C24S2-30 30 0 20 240 90 2053 0 60

C24F1S1-30 30 10 10 240 90 2044 30 30

C30-35 35 0 0 300 105 2020 0 0

Test B C24F1S1-35 35 10 10 240 105 2006 30 30
C24F1S1-40 40 10 10 240 120 1967 30 30
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curing chamber with 60 °C and RH 100% for 6 hrs, and
then cured in a constant temperature and humidity
chamber with 20 °C and RH 60% for 7 days and 28
days.

CO, uptake rate measurements

For CO, uptake rate measurements, the method of
using changes in weight measured in real time at
one-minute intervals with the use of electronic scales
in a CO, curing process, and the method of using
differences in thermal gravity by the composition of
CO, with the use of thermogravimetric analysis (TGA)
was used in this study.

First, real-time CO, uptake rate measurements using
electronic scales (GF 6100, AND, Japan) were
conducted according to Equation (3) modified by the
expression proposed by El-Hassan et al [11].

G,

wherein, M,: weight change of specimen during
COycuring (g)

A,: weight change of air in a chamber during
COycuring (g)

E,: natural water evaporation loss of specimen under
a curing condition in a chamber without CO, (g)

C,,: amount of cement used for specimen (g)

In addition, the amount of cement used in the
specimen was calculated according to Equation (4).

C.
CAWAS,

wherein, MN_.: specimen weight before CO,curing (g)
C,: cesment content per unit volume of concrete (kg/m®)
W, water content per unit volume of concrete (kg/m°)
S.: weight of fine aggregate per unit volume of

concrete (kg/m®)

In CO, cured specimens, CaCO; is produced by
carbonation reactions, and the CaCOj; is known to be
decomposed into CaO and CO, at heating temperatures
ranging from 550 to 950 °C [12]. Therefore, TGA is a
method of analyzing the components using changes in
the thermal gravity of specimens according to the
heating temperature, and thus it can analyze CO, weight
by the weight difference when heated up to 1,000 °C. In
this study, the thermal gravity was measured using DSC-
TGA (SDT Q600, TA Instrument, USA).

Also, for the CO, uptake rate estimation method using
TGA, a calculation was conducted using Equation (5)
modified from the expression proposed by El-Hassan et
al [11].

CO, uptake(%)= 100 3)

C.(g)=MN,_x 4

Css0—=Ciony  MCs50—NC\y
C, NC,,

CO, uptake(%)=( O)x 100
()

wherein, Csso: thermal gravity of CO, cured specimen
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at 550 °C (g)

Ciooo: thermal gravity of CO, cured specimen at
1000 °C (g)

C,: cement weight of CO,cured specimen (g)

NCssg: thermal gravity of non CO,; cured specimen at
50°C (g)

NClggo: thermal gravity of non CO, cured specimen
at 1000 °C (g)

NC,,: cement weight of non CO,cured specimen (g)

Since the sample for TGA is obtained from the cured
specimen, it is mixed with cement and sand.
Accordingly, there is a need to calculate the amount of
cement contained in the sample. The cement amount of
the sample is calculated as the ratio of cement to the
sum of the cement content per unit volume of concrete
and weight of fine aggregate per unit volume of
concrete in the sample under absolutely dry conditions
at 550 °C as shown in Equation (6). However, in order
to meet the absolutely dry conditions of the sample, the
weight of fine aggregate per unit volume of concrete
was calculated by applying an absolutely dry weight
ratio of 98.22% obtained from subtracting the absorption
rate.

C.
C.+0.9822xS.

Phenolphthalein spray test

Phenolphthalein is commonly used as a pH indicator.
It turns red in alkaline conditions and shows no change
in color in neutral ones. Therefore, it can be easily
identified as there is no change in color when carbonation
is made.

C(NC,)(g) = Csso(NCss) % (6)

Compressive strength test

In order to analyze the strength characteristics according
to curing methods and the strength characteristics according
to the use of admixture materials, the compressive strengths
at 7-and 28-day ages were tested according to KS L 5105,
“Compressive Strength Test Method of Hydraulic Cement
Mortar”.

Results and Discussion

CO; uptake rate and carbonation

The results obtained by the weight change
measurement method using an electronic scale in the
CO; curing process of being carbonated to CO, with a
concentration of 95% for an hour showed that the CO,
uptake mass increased until the initial 15 minutes, but
then it decreased slightly and maintained a constant
value about 30 minutes later (Fig. 2). Therefore, the
mean value in 30 minutes after the CO, measurement
was calculated as theCO, uptake mass, and the CO,
uptake rate and cement amount calculated according to
Equation 3 and Equation 4 were summarized in Table 2.
According to the results, the CO, uptake rate ranged
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Fig. 2. CO, uptake mass result by electronic scale.

Table 2. CO, uptake rate by electronic scale.

Specimens Binder CO, uptake CO, uptake
mass (g) mass (g) rate (%)
C30-30 25.63 1.98 7.73
C24F2-30 2591 2.00 7.73
C24S52-30 25.70 1.54 6.01
C24F1S1-30 26.61 1.54 5.79

from 5.79 to 7.73%, and the uptake rate of the specimen
mixed with blast furnace slag was found to be slightly
low.

CO, &
cured 4
spcei |
mens

Non
CO,
cured .

speci
mens

C30-30
Fig. 3. Phenolphthalein spray results of the CO, cured specimen and the non CO, cured specimen (3 hours after forming).

C24F2-30
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Table 4. Calculated real CO, uptake rate of specimens with
admixture by TGA.

Specimens  C30-30  C24F2-30 (C24S2-30 C24F1S1-30
CO, uptake
rate (%) 4.57 6.75 8.37 422

For calculation of the CO, uptake of specimens by
TGA, the CO, uptake rate, cement amount and TGA
specimens weight before and after CO, curing calculated
using Equation 5 and Equation 6 were shown in Table 3.
Then the real CO, uptake rate of specimens calculated
using the preceding results were summarized in Table 4.
The CO, uptake rate of specimens by TGA ranged from
4.22 to 8.37%, which leads to a difference of 0.3%p
when compared with the specimen not mixed with
admixture materials, showing similar or more than 2%
higher tendencies.

In comparison with the measurement method using
the electronic scale, the CO, uptake rate calculation
method using TGA is adjudged to have a variation
since the size of the sample is small, but it showed the
results, where the CO, uptake rate of specimens mixed
with each 10% of fly ash and blast furnace slag was
lowest, identically.

Fig. 3 shows the phenolphthalein spray results of the

(C2452-30 C24F1S1-30

Table 3. Mass and CO, uptake rate of specimens with admixture by TGA.

Mass of

Specimens Initial Mass at Mass at Binder CO, uptake
mass (g) 550 °C (g) 1000 °c (g) () rate (%)

C30-30 4521 4470 4343 16.59 7.70

CO, cured C24F2-30 25.46 25.26 24.32 9.41 9.99
specimen (C2482-30 26.95 26.66 25.57 9.90 11.00
C24F1S1-30 36.02 36.02 35.02 13.42 7.45

C30-30 51.60 50.56 49.96 18.93 3.14

CO, cured C24F2-30 44.84 44.05 43.51 16.57 3.24
specimen (C2482-30 51.89 51.18 50.68 19.07 2.63
C24F1S1-30 42.43 41.66 41.15 15.64 323
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Fig. 4. Early compressive strength of specimens by CO, curing.

CO, cured specimen (3 hours after forming) and non CO,
cured specimen. While the non CO,cured specimen
turned red as it became alkaline due to the production of
Ca(OH),through a hydration reaction, the CO, cured
specimen was found to exhibit little change in color and
was subjected to carbonation inside as the hydration
reaction was not properly made. However, the C30-30
specimens appear to look a little redder than other
specimens mixed with admixture materials, which is
due to a slight hydration reaction.

Compressive strengths

As shown in Fig. 4, the compressive strength of the
non CO, cured specimen mneasured after 3 hrs ranged
from 0.04 to 0.08 N/mm?, and from 0.89 to 1.15 N/
mm?Zafter 3 days. On the other hand, the compressive
strength of the CO, cured specimen was 2.31-2.85 N/
mm? in two hours after forming and immediately after
CO,curing for an hour, and it was 4.01 ~ 4.79 N/mm?
at the age of 3 days, which confirms that CO, curing is
effective in the early strength development. In addition,
the compressive strength of the CO, cured specimens
was highest in the specimen not mixed with admixture
materials, followed by the specimen mixed with 10%
fly ash and blast furnace slag, the specimen mixed with
20% blast furnace slag, and the specimen mixed with
20% fly ash, indicating that the mixing of fly ash and
blast furnace slag by 10% is effective in terms of the
strength development.

Table 6. Mass of specimens with admixture by TGA.
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Fig. 5. CO, uptake mass by electronic scale.
Table 5. CO, uptake rate by mass change.
Specimens Binder mass CO, uptake CO, uptake
P (2) mass (g) rate (%)
C30-35 29.21 2.66 9.10
C24SF-35 29.15 2.70 9.26
C24SF-40 29.55 2.46 8.31

CO, uptake rate and carbonation

Fig. 5 shows the CO, uptake mass measured in real
time using an electronic scale in the CO, curing process
of being carbonated to CO, with a concentration of 95%
for 2 hrs. Of these measurement values, the mean values
for an hour after an hour with few variations were
presented in Table 5. The CO, uptake rate according to
admixture materials and W/C differences was 8.31-
9.26 % and was the highest in the specimen mixed
with 10% each of fly ash and blast furnace slag, W/C
30%.

The results of the CO, uptake rate analysis using
TGA were summarized in Tables 6 and 7. The results
revealed that the specimen with 10% each of fly ash and
blast furnace slag, W/C 40% provided the highest rate of
18.64%, followed by the specimen with 10% each of fly
ash and blast furnace slag, W/C 35% (12.6%), and the
specimen with no admixture materials, W/C 35%
(11.09%), which showed a different tendency from that of
the method using an electronic scale. However, since
TGA methods may yield different result values depending

Specimens Initial Mass at Mass at ]\]g?rfcsi;f CO, uptake
mass (g) 550 °C (g) 1000 °C (g) () rate (%)

C30-35 43.06 41.68 40.42 5.48 23.06
CO; curing C24SF-35 43.32 42.19 40.96 5.58 22.03
C24SF-40 54.59 53.18 51.34 7.15 25.69
Non C30-35 39.76 37.86 37.26 497 11.97
CO, C24SF-35 41.67 39.80 39.15 5.26 12.38
curing C24SF-40 44.25 41.81 41.21 5.62 10.75
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Table 7. Calculated CO, uptake rate of specimens with

admixture by TGA.
Specimens C30-35 C24SF-35 C24SF-40
CO, uptake
rate (%) 11.09 12.06 18.64
100 |

98 r

9

Mass (%)

s

—c3035 ——--
92 || ——C24F151-35 Caco,
—— C24F151-40

S0
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Fig. 6. TGA result of CO, cured specimens.
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Fig. 7. TGA result of non CO, cured specimens.

on samples, each 10% of fly ash and blast furnace slag,
W/C 35% formulation is found to have a positive effect
on the CO, uptake rate, given that the results of the
CO, uptake rate measured using an electronic scale are
also taken into account.

Figs. 6 and 7 show the TGA results of specimens
subjected to CO, curing for two hours and non CO, cured
specimens after the same time. For CO, cured specimens,
only CaCQO;, which is a product of carbonation reactions,
was identified, and the non CO, cured specimen was found
to have a hydration product Ca(OH), and a carbonation
reaction product CaCOs;. The reason why CaCO; is
detected even in non CO, cured specimens is considered to
be due to the sample carbonation caused by CO, in the air
during the process of TGA test, which should be
subtracted in the CO, uptake rate measurements by TGA.

Compressive strengths

As shown in Fig. 8, the compressive strength of the
CO, cured specimen was 9.56-10.48 N/mm? at the age
of 7 days, and 12.25-14.10 N/mm?* at the age of 28
days. For the non CO, cured specimen, the compressive
strength ranged from 8.71 to 10.47 N/mm? at 7 days,
and ranged from 12.17 to 13.88 N/mm’ at 28 days,

16.00

E b1 11 T S———
E
=
£
)
o CO, curing Non CO, curing
i
@
2 400 —B-C30-35
g ——C24F151-35
E —A— C24F151-40
o
0.00
7 28 7 28

Time (days)
Fig. 8. Compressive strength of specimens with admixture.

160

| mC30-35 B C24F151-35 0C24F151-40

Compressive strength ratio

Time (days)

Fig. 9. Compressive strength ratio of CO, cured specimens to non
CO, cured specimens.

showing that the compressive strength in the early 7
days of CO, curing was slightly higher, but became
similar at 28 days. This suggests that the compressive
strength of the early 7 days is due to the effect of the
CO; curing on the strength development, and that of
the 28 days is attributed to the 4-hour steam curing
implemented after CO, curing. In other words, since
the non CO, cured specimen was subjected to steam
curing for 8 hours, 2-hr CO, curing is assumed to
provide the same strength development effect as that of
4-hr steam curing.

Fig. 9 shows the compressive strength development ratio
of CO, cured specimens to non CO, cured specimens,
which exhibits a generally positive effect of CO, curing on
the strength development. In particular, as CO, curing is
verified to be helpful in increasing the strength in both
C24SF-35 and C24SF-40 specimens, the applicability of
CO, curing techniques to cementitious products made
using admixture materials can also be confirmed.

Conclusions

This study was conducted to analyze the effects of
concrete products made using fly ash and blast furnace
slag as admixture materials on CO, uptake rates and
compressive strengths in CO, curing. Based on the
results, the following conclusions were drawn.

According to the first test results, if an admixture of
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20% compared to the cement weight was used,
regardless of the type of admixture material, the CO,
uptake rate was found to be 2% lower when compared
to the case when the admixture was not added. CO,
curing also turned out to be very effective in increasing
the early compressive strength. However, the strength
of the specimen mixed with the admixture was slightly
lower than that of the specimen to which the admixture
was not added even though CO, curing was conducted.

The second test results showed that if 10% each of
fly ash and blast furnace slag were used, and W/C was
more than 35%, the CO, uptake rate was found to be
similar when compared to the case when the admixture
materials were not added, and especially the case of W/
C 35% turned out to be superior, regardless of the CO,
absorption rate measuring method. Even in terms of
increasing the compressive strength, CO, curing of
two hours was found to exhibit a similar strength
development effect to steam curing of 4 hrs.

Therefore, it is expected that if concrete products are
produced through the formulation of W/C 35% and 10%
each of fly ash and blast furnace slag, the application of
CO, curing and steam curing in combination can contribute
to ensuring the equivalent strengths and reducing CO..
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