4

Journal of Materials Science and Chemical Engineering, 2024, 12, 55-70

"“ Scientific https://www.scirp.org/journal/msce
0 “ Research :
94% Publishing ISSN Online: 2327-6053

@,

ISSN Print: 2327-6045

Fundamental Study on Alkali-Activated Slag
System with Sodium Carbonate or Calcium
Hydroxide

Seunghyun Na?*, Wenyan Zhang?, Yuichi Ichikawa?!, Masaya Komatsu?, Aoi Takemura?3

'Department of Architecture, Nishinippon Institute of Technology, Fukuoka, Japan
2School of Materials Science and Engineering, Henan Polytechnic University, Jiaozuo, China

*Fukuya Corporation, Fukuoka, Japan
Email: *nash@nishitech.ac.jp

How to cite this paper: Na, S., Zhang, W.,
Ichikawa, Y., Komatsu, M. and Takemura,
A. (2024) Fundamental Study on Alka-
li-Activated Slag System with Sodium Car-
bonate or Calcium Hydroxide. Journal of
Materials Science and Chemical Engineer-
ing, 12, 55-70.
https://doi.org/10.4236/msce.2024.126005

Received: April 30, 2024
Accepted: June 24, 2024
Published: June 27, 2024

Copyright © 2024 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

(OMOMMY e pcces:

Abstract

Cement as a building material, has high fluidity, compressive strength, and
durability, but carbon dioxide emissions during cement production are a
major problem. As one of the countermeasures, alkali-activated cement using
blast furnace slag powder with alkaline stimulants is considered to be a very
promising solution for reducing carbon dioxide emissions, but there is a lack
of information about the fundamental properties of alkali-activated materials.
This study presents an experimental investigation of the fundamental proper-
ties of an alkali-activated slag system with sodium carbonate (NC) and cal-
cium hydroxide (CH). The effects of calcium sulfo-aluminate (CSA) and
shrinkage reducing agent (SRA) on the properties of blast furnace slag (BES)
based alkali-activated mixture were also investigated. In the experiments,
fundamental characteristics including compressive strength, drying shrin-
kage, and water penetration tests of mortar were evaluated. Porosity, pH, and
ignition loss were measured to verify the effectiveness of the materials. The
experimental investigation revealed that the compressive strength was in-
creased with the increasing replacement rates of NC in the BFS mortar, and
in the case of water to BFS ratio of 0.45 with sodium carbonation addition
contents 10 wt.%, the compressive strength for 28 days of curing reaches
more than 50 MPa. Low water to BES ratio and higher addition ratio of NC
had a positive effect on the compressive strength development of mortar. In-
corporating NC into BFS would affect the decrease in porosity and increase in
ignition loss, leading to higher compressive strength. There was a negligible
change to the compressive strength, porosity, pH, and ignition loss of BES
samples made with CH, thus, the addition rates of CH to BFS have no or little
significant effect on the fundamental properties of alkali-activated cement.
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From the results of drying shrinkage and water penetration tests, the addition
of NC and CH only to BFS exhibited poor drying shrinkage and water pene-
tration characteristics. However, these problems may be overcome due to the
use of CSA or SRA in the alkali-activated system made with NC or CH.

Keywords

Alkali-Activated Cement, Compressive Strength, Drying Shrinkage, Water
Penetration Characteristic

1. Introduction

Concrete used in the construction and civil engineering fields has many advan-
tages to high flowability, high compressive strength, chemical resistance, wa-
ter-tightness, and so on [1] [2]. Nevertheless, cement as an adhesive among con-
crete materials has the problem of emitting carbon dioxide during manufactur-
ing.

Therefore, measures to utilize various industrial by-products are being active-
ly researched to reduce cement contents. In general, industrial by-products such
as BFS, fly ash, and metakaolin are used as building and civil engineering mate-
rials. When these materials are partially replaced with cement, carbon dioxide
emissions can be reduced [3] [4] [5].

Recently, to further reduce carbon dioxide emissions, research on alkaline ac-
tivated cement based on BFS made with NC, sodium hydroxide, and CH instead
of cement has been performed specifically and implemented. The potential to
apply the construction material as low-carbon society from BFS has attracted the
attention of many researchers [6]-[21].

According to previous researchers, Omatsu et al (2021) used inorganic salts
based on sodium and calcium compounds such as Na,S,0;, Na,SO4, NaNOs,
CaS04, Ca(NO,),, and Ca(NO;), as hardening accelerators, they have investi-
gated the effects on the reaction and elucidation of the reaction mechanism and
reported that the addition of inorganic salts increases the reaction rate of BFS
powder and improves strength development [17]. Katoda ef al (2013) studied
the hydration mechanism and hardening properties of BES or fly ash with NC
and reported that the use of the BFS-based with Na,CO; aqueous solution was
found to be demoldable strength [18]. More recently, Atarashi et al (2022)
studied the effect of the hydration mechanism of CH, sodium carbonation,
and BFS. They have reported that the combination of CH and sodium carbo-
nation significantly promotes the hydration of BFS, resulting in compressive
strength development in the early period. In addition to that, it was also
shown, using X-ray diffraction analysis, 8 wt.% NC only in BFS, CaCO; (cal-
cite), Na,Ca(CO:s),-5H,O(gaylussite), and C-S-H are produced up to 24 hours,
and calcite and C-S-H are produced at 72 hours. Meanwhile, when CH, and NC
were used in the BFS paste, the hydration products including calcite, C-S-H, and
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AFm(CO;) mono-carbonate were formed [19]. From the previous studies above,
it has been shown that by using inorganic salts such as NC and CH in BFS, these
materials were attributed to the hydration reaction of BFS, which is accelerated,
resulting in the increase of compressive strength in the paste. The effect of two
types of materials on the BFS hydration mechanism was also investigated.

Although all researchers can help and contribute to the hardening mechanism
of alkali-activated cement using BFS with activators, there is little information in
the literature on the fundamental properties concerning dimensional stability
due to drying shrinkage and water penetration, which are closely related to long-
term durability including reinforcement corrosion and scaling of the concrete
structures, which is very important for expanding the long-term use of alka-
li-activated cement.

The objective of this study was to investigate the effect of NC and CH on the
fundamental characteristics of BFS made with alkali excitation materials, in-
cluding compressive strength, drying shrinkage, and water penetration. The ef-
fects of expansion materials and shrinkage-reducing agents as drying shrinkage
compensation materials on the basic properties were also examined. Additional-
ly, the effects of porosity, hydration products, and pH due to differences in ma-

terial design were also examined.

2. Materials and Methods
2.1. Materials

In this study, the density of fine slag powder is 2.91 g/cm?, the specific surface
area is 4310 cm?/g, and the content of SO; is 0.01%. As an alkaline activator, CH
(pure more than 95.0%) or NC (pure more than 95.0%) was purchased from
Hayashi Pure Chemical Ind. Ltd.; as drying shrinkage compensation materials,
CSA (CSA#20, Denka CSA) and SRA (Master Life R SRA 900, Pozzolith Solu-
tions Ltd.) were used. To compare the basic properties, two types of normal ce-
ment including ordinary Portland cement (N) and BES cement (BB) were pur-

chased and used in the experiment.

2.2. Mixture Proportion

Tables 1-2 show mixture proportion of mortar and paste. The ratio of water to
W/BES was 0.45 and 0.55, and CH or NC 5 or 10 wt.% was mixed with W/BEFS.
Two types of materials to reduce the drying shrinkage of mortar were used, 5%
of CSA as expansion material was added to the BFS, and 2% of SRA was diluted
in water. When manufacturing mortar, silica sand was used, and the ce-

ment-sand ratio was set to 1.5.

Table 1. Mixture proportion of mortar for the evaluating fundamental properties.

No. Symbol W/BES BFS NC CH CSA SRA
1 W45-NC5 0.45 100 5
2 W55-NC5 0.55 100 5
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Continued
3 W45-NC10 0.45 100 10
4 W55-NC10 0.55 100 10
5 W45-CH5 0.45 100 5
6 W55-CH5 0.55 100 5
7 W45-CH10 0.45 100 10
8 W55-CH10 0.55 100 10
9 NC5-C0S2 0.45 100 5 5
10 NC5-C5S0 0.45 100 5 2
11 NC5-C5S52 0.45 100 5 5 2
12 CH5-C5S2 0.45 100 5 5 2
13 N 0.45
14 BB 0.45

Table 2. Mixture proportion of paste for the measuring porosity, ignition loss and pH.

No. Sym. W/BES BES NC CH CSA SRA
1 NC5 0.45 100 5
2 NC10 0.45 100 10
3 CH5 0.45 100 5
4 CH10 0.45 100 10
5 CH5-C5 0.45 100 5 5
6 CH5-S2 0.45 100 5 2
7 N 0.45
8 BB 0.45

2.3. Test Methods

2.3.1. Compressive Strength

Compressive strength tests were conducted to evaluate the effect of adding each
material on the compressive strength. The materials were twice mixed for 2 mi-
nutes and then cast in a prism mold with dimensions of 40 x 40 x 160 mm. After
casting, the mortar samples were sealed using a lap on the top and placed at
20°C in the experimental room for 3 days. After 3 days, the samples were
de-molded and then moved into water until the planned ages at 20°C. The com-

pressive strength was tested according to JIS A 1108.

2.3.2. Drying Shrinkage

After casting, the mortar samples were placed in water at 20°C until 7 days,
and then mortar samples were moved to the curing room at conditions of 20 +
2°C and 50 = 5%. The drying shrinkage test was performed by JIS A 1129. The
initial length (LO) and initial mass (m0) were measured and set as the zero

point for drying shrinkage. Length (Lt) and mass(mt) measurements were
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performed. Length measurements were conducted using a micrometer (1/1000
mm). The drying shrinkage rate was calculated by using the formula:
(LO-Lt)/Lo0.

2.3.3. Water Penetration Depth

The water penetration depth was measured by JSCE-G 582-2018. The materials
were cast in cylinder mold with dimensions of 50 x 100 mm and then sealed us-
ing a plastic vinyl bag. The mold was placed in a container at a condition of
20°C. After 28 days, the samples were dried at 40°C until 56 days. The weight
loss of each mortar sample was measured before and after high temperature. Af-
ter drying, all mortar samples were placed in the experimental room for 6 hours.
After taping the sides of the test samples, they were immersed in water for part
of 10 mm from the bottom surface. The sample was also immersed in water for 2
days and split using the universal testing machine. Then, the water penetration
depth of the mortar test was measured using a simple water spray. Additionally,
the weight of the mortar sample before and after water immersion was measured

to compare the results of water penetration depth.

2.3.4. pH Value

Here, paste samples were prepared. Each material was mixed for about 5 mi-
nutes using a hand mixer and then placed into a silicone mold with a dimension
of 75 x 75 x 5 mm. Afterward, they were de-molded after 3 days and stored in a
container at 20°C in water. At 7, 21, and 28 days of age, the samples were moved
to an oven at 40°C and dried for 1 day. Then, the paste was pulverized to less
than 150 micrometers. The liquid-to-solid ratio was 5, and after mixing for
about 2 minutes by hand, the pH value was measured using a pH meter
(DKK-TOA CO., HM-30P) after 60 minutes.

2.3.5. Porosity

To assess the change in the porosity of the paste due to the addition of each ma-
terial, Archimedes’ porosity was measured. After manufacturing the paste in the
same manner as the pH test, they were placed in water at 20°C. Then, before
testing, the hydration of the paste was stopped using ethanol. Afterward, it was
dried at 40°C for 1 day to dry the ethanol. Then, using a vacuum pump, the
paste was immersed in water for 1 day to measure the weight of underwater and
surface dry. Then, the paste samples were stored at 40°C for 1 day and their dry

weight was measured.

2.3.6. Ignition Loss

An ignition loss was measured to evaluate the change of hydration reaction with
curing age and different mixtures. The method of the paste system was the same
as that of the pH test, the hydration of the paste was stopped using ethanol, and
paste samples were dried at 40°C for 1 day. Then, the paste was pulverized to less
than 150 micrometers, and 1 to 2 grams of paste was placed in the furnace for 30

mins. The temperature ranged between 40°C to 300°C and the ignition loss was
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calculated using the formula: (m4o — ms00)/m4ox 100.

3. Results

3.1. Compressive Strength

Figure 1 shows the results of the compressive strength for the alkali activated
blended mortar samples with different alkali materials of NC or CH ratios 5 and
10 wt.%, and water to BES ratio was also evaluated. It was found from the Figure
1(a) that in case of high NC contents and low water to BFS ratio, the compres-
sive strength increases with increasing the curing age and NC contents, indicat-
ing that the incorporation of NC and low water to BFS ratio in the mortar sam-
ple has a positive effect on the increasing compressive strength characteristics. It
is because that NC could promote and accelerate the hydration of BES and con-
sequently increase the compressive strength. This will be further discussed in the
discussion part.

However, it can be seen from Figure 1(b) that, in the case of different CH
contents and water to BFS ratio, the compressive strength has the same tendency
despite the CH contents or water contents were different, which implies that
these parameters would not affect the compressive strength in the mortar.

Figure 1(c) and (b) present the compressive strength of mortar with CSA or
SRA at the same NC contents of 5 wt.%. In the case of CSA of 5 wt.% (C5), it was
found that the compressive strength at 7 days of age was low, but no significant
difference could be confirmed at 28 days of age, which is considered that hydra-
tion of NC and BFS would be delayed by addition to the CSA at the early age.

As can be seen form Figure 1(b), it is found that there is no significant dif-
ference among different contents of SRA. This indicates that the SRA contents
probably have a negligible effect on the compressive strength of NC mortar.

Figure 1(e) shows the effects of CSA and SRA on the compressive strength of
mortar containing alkaline stimulants. As can be seen from the figure, in the
case of the NC5-C5S2 mortar sample, it was confirmed that the compressive
strength decreased slightly at 7 and 28 days compared to the NC5 sample with-
out CSA and SRA. As mentioned above, the decrease of compressive strength in
NC5-C5-S2 was not evident in this study. This behavior should be existed and

needed for further investigation.
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Figure 1. Compressive strength of mortar.

3.2. Drying Shrinkage and Weight Loss

Figures 2-4 show the results of the drying shrinkage for the alkali-activated
blended mortar when the ratio of alkali materials (NC, CH) is 5 wt.% with 0.45
of W/BFS. In addition, the effect of CSA and SRA on the NC or CH system was
also investigated. All mortar samples were exposed to 20°C at 60% RH. It was
confirmed that the drying shrinkage of the mortar samples was decreased with
the extension of the drying age. At the drying age of 84 days, the shrinkage
amount was —3287 and —-3778 for the CH5 and NC5 mortar samples, but the
weight loss for each sample was similar. It is confirmed from the drying shrin-
kage test result that the addition of NC was more likely to cause drying shrin-
kage compared to the addition of CH.

Figure 3 shows the drying shrinkage test results of 5% NC mortar containing
CSA and SRA. At 84 days of age, when 5% CSA was added to NC, the drying
shrinkage was —3430 and -2325 x 107° for the samples of NC5-C5S0 and
NC5-C0S2. A slight reduction is observed in NC5-C5S0 in comparison to
NC5-C0S0. Additionally, with the addition of CSA and SRA, the drying shrin-
kage of C552 was 2092 x 107°. This indicates that the combination of CSA and
SRA had a positive effect on dimensional stability.

As can be seen in Figure 4, in the case of mortar containing CH, similar re-
sults to that in Figure 3 were observed. It was found that the drying shrinkage
was —1041 x 107° and a significant reduction of drying shrinkage was observed
for CH5-C5S82. This trend corresponds to the results of the weight loss of the
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Figure 3. Drying shrinkage of NC with CSA and SRA.
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Figure 4. Drying shrinkage of CH with CSA and SRA.

mortar during the drying period. From the results above, it is concluded that the
addition of NC or CH only to BFS may be susceptible to drying shrinkage and
can cause poor resistance to drying. However, this can be compensated effec-
tively and improved by using the combination of CSA and SRA in the mortar
samples.

3.3. Water Penetration Characteristics

3.3.1. Water Content Change before Test
To evaluate the moisture penetration characteristics of alkaline-activated ce-

ment, the test specimen was de-molded after sealing and curing for 28 days. Af-
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terward, the mortar sample was dried at 40°C for 28 days. In addition, the
weight change of the test specimen during this drying process was measured.
Figure 5 presents the weight change result of all mortar samples before and after
drying at 40°C. As can be seen in Figure 5, the weight of the mortar was
changed from —4.5 to —10.0% after drying. In the case of NC5 or CH5 mortar
samples containing NC and CH alone, the moisture evaporation contents were
found to be —9.5% or —8.7%, which was lower than that of N and BB.

In comparison to NC5 and CH5 mortar samples, it was found that the water
evaporation amount was —5.1% and —4.5% for NC5-C5S2 and CH5-C5S2, re-
spectively. The water evaporation content of those mixtures was lower than that
of other mortar samples. This implies that CSA and SRA can contribute to the

decreasing water evaporation content.

3.3.2. Water Penetration Depth

Figures 6-7 show the results of the water penetration depth for the alka-
li-activated blended mortar with different mixtures. As can be seen in Figure 6,
in the case of normal cement of N and BB, it was confirmed that the water pene-
tration depth was 44.6 and 17.5 mm, implying that the water penetration depth
of BB cement is relatively low. This is due to the densification of the micro-
structure of BB cement.

For the alkali-activated mortar samples, the water penetration depth of NC5
was found to be almost 100 mm. This result indicates that incorporating NC of 5
wt.% only exhibits poor water penetration resistance compared to the normal
cement of N and BB.

N BB NC5 NC5-C5-S2  CH5  CH5-C5-S2

0.0
c -2.0
.2
£S 40
gE
s 61 45

|- =J.
55 69 o =
= :
= 80
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Figure 5. Water evaporation contents at 40°C before water penetration test.
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Figure 6. Water penetration depth.
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Meanwhile, the water penetration depth of CH5 mortar was recorded to be
13.9 mm and is lower than that of normal cement of N and BB, which implies
that a more significant decrease in water penetration depth was observed in CH5
mortar. For incorporating CSA and SRA mortar, the water penetration depth for
NC5-C5S2 and CH5-C5S2 was 4.6 and 0 mm, significantly lower than that of
other mortar samples, suggesting that the addition of CSA and SRA has a posi-

tive impact on the water penetration properties.

3.3.3. Water Penetration Content before and after 48 Hours

Figure 8 presents the results of the water penetration content of the mortar
sample. The results showed that the weight of moisture in the samples contain-
ing NC, NC5, and NC5-C5-52, was 11.4 and 6.8%, and the amount of moisture
penetration was high compared to other samples. This indicates that water can

penetrate the NC-based mortar sample.

3.4. pH Result

The PH measurement results of each paste sample are shown in Figure 9. The
pH of N and BB, which are normal cement and BB cement, was measured to be
12.6 to 12.7. It was thought to be caused by the CH from the hydration product
of cement and potassium oxide or sodium oxide from cement. Other samples
containing NC and CH were confirmed to have pH values of 12.2 to 12.6, similar
to or slightly lower than that of normal cement. The pH of NC5 with 5 wt. % NC

50mm

100mm

v TN

N BB NC5 | NC5-C5S2| CH5 | CH5-C5S2

Figure 7. Mortar samples after water penetration test.

20.0
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Figure 8. Water penetration contents after 48 hrs.
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Figure 9. Change of pH for paste samples.
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Figure 10. Change of porosity for paste samples.
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Figure 11. Change of ignition loss for paste samples.

decreased slightly with increasing age from 7 to 28 days. This may be due to the
hydration reaction of BFS with NC, resulting in a decrease in the pH value of the
system during hydration. In addition, in the case of CH5-C5 and CH5-C2 con-
taining CSA and SRA, the pH is measured to be 12.4 to 12.5, indicating that the
use of these materials does not affect the pH of CH-based paste.

3.5. Porosity

Figure 10 shows the results of porosity measurement using the Archimedes
method. The porosity of N and BB pastes was found to decrease gradually with the
increase of curing age, and the porosity of N and BB at 28 days of age was meas-
ured to be 31.8% and 29.1%, which was mainly affected by hydration reaction.
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At 28 days of age, the porosity of NC5 and NC10 containing NC was 42.1%
and 37.3%, and the porosity of CH5 and CHI10 containing CH was 46.9% and
45.2%, respectively. With the same additional amount, the porosity of the paste
containing calcium carbonate was lower than that of the sample containing CH.
From the above results, it is concluded that NC is more effective in densification
of pore structure compared to CH.

In addition, the porosity of the CH5-C5 or CH5-S2 sample prepared with CH
with the CSA and SRA was measured to be 40.5% and 38.7%, which are lower
than that of the CH5 sample, implying that CSA and SRA can contribute to the

decreasing porosity.

3.6 Ignition Loss

In this paper, the effect of NC, CH, CSA, and SRA on the hydration products of
BEFS was investigated, and the amount of change of residual water and hydration
products, such as C-S-H, Ettringite, and Mono-sulfate were evaluated. The result
was obtained from an average of three paste samples.

Figure 11 shows the results of ignition loss from 40°C to 300°C. In the case of
common cement of N and BB, the ignition loss was found to increase with the
increase of curing age, which was thought to be due to the progress of cement
hydration reaction. This increasing tendency for ignition loss was similar to the
NC5 and NC10 paste samples. However, in CH5 and CH10 pastes containing
CH, the ignition loss was measured at 5 - 6%, and ignition loss does not change
with the increase of curing age, which implies that contents of CH may not affect
the hydration reaction with BES. From this result, the hydration reaction of CH
with BFS may not effectively occur. In addition, at the curing age of 28 days, the
ignition loss of the CH5-C5 or CH5-S2 sample was measured to be 8.0% and
10.5% higher than that of the CH5 sample, implying that CSA and SRA can con-

tribute to the decreasing porosity.

4. Discussion
4.1. Effect of Stimulants
4.1.1.NC

From the results of the compressive strength test, as shown in Figure 1, it was
confirmed that the compressive strength of mortar samples with low W/BFS and
high NC addition content is approximately 40 MPa or more at 28 days. The in-
crease in compressive strength is generally related to the porosity and ignition
loss of the hydration product in the matrix. From the results of porosity and ig-
nition loss given in Figures 10-11, it was confirmed that the mixtures made with
BFS and NC had a low porosity and a high loss on ignition.

Therefore, to summarize the results obtained from this study, in the mixtures
based on BFS and NC, the hydration reaction of BFS can be improved by adding
NC. It is also concluded that BFS reacts with NC to form hydration products,

which can fill the voids in the hydration product, resulting in increasing the

DOI: 10.4236/msce.2024.126005

66 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2024.126005

S.Naetal.

compressive strength.

Meanwhile, as can be seen in Figure 9, the pH measurement results of the
sample containing 5% NC with BFS were confirmed to have a low pH compared
to BB as general cement. Miyahara et a/ conducted a hydration reaction analysis
of NC and BFS and they reported that C-S-H with a low calcium silicate ratio is
generated through the hydration reaction of NC and BFS and that sodium ions
as a stimulant are absorbed into C-S-H [21]. It is considered that these hydration
reaction products are probably related to the pH results measured in this study.

4.1.2.CH

The compressive strength results showed that with the increase of CH content to
the BEFS, the compressive strength at the age of 28 days was approximately 22 to
23 MPa, as given in Figure 1. Further, in the porosity and ignition loss tests,
there is no significant change in porosity and ignition loss, as shown in Figures
10-11. From the results above, this study suggests that the effect of the propor-
tion of CH added to BES on the compressive strength and hydration of BFS may
be negligible. In addition, from the perspective of water penetration depth, as
shown in Figure 6, the water penetration depth results show that when only
NCorCH is added, the water penetration depth is higher than that of common
cement such as N and BB.

Meanwhile, in the case of samples containing CH, a lower water penetration
depth was confirmed than that of NC, as shown in Figure 6. However, as shown
in Figure 1 and Figure 11, the sample containing NC has higher compressive
strength and slightly lower porosity in comparison to CH. This trend contrasts
with the water penetration depth results. One of the reasons for this result may
be that CH, which has a high specific surface area, remains in a not completely
dissolved state, resulting in the change of the pore structure.

In addition, the weight evaporation contents of the hardened mortar sample
containing NC before the water penetration test is slightly higher than that of
CH. This suggests that the water inside the mortar sample is evaporated easily.
The evaporation of water from the inside to the outside of this hardened mortar
has the potential to cause significant drying shrinkage. However, in this study,
the test of drying shrinkage at high temperatures for alkaline activated cement
has not been performed, thus, additional research is needed on quantitative di-
mensional stability in high-temperature environments and water movement

during moisture movement.

4.2. Effects of CSA and SRA

From the results of drying shrinkage, it could be found that when CSA was add-
ed to the BFS and NC mixture in the water curing process, the compressive
strength at 7 days of age was reduced, as shown in Figure 1. Although the reason
for this behavior is not clear in this study, it is assumed that the reaction between
the NC and the BFS is slightly delayed in the presence of CSA, which should be
further investigated. Furthermore, it was revealed that the dimensional stability
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of BFS is low when only NC or CH is added. However, this may be overcome by
the use of CSA and SRA, and the combination of these materials in BES systems
with NC or CH can improve resistance to drying. Although outside the scope of
this study, it is considered that this reduction in drying shrinkage is due to the
formation of ettringite and the reduction of surface tension, as well as changes in
pore structure [22] [23] [24].

5. Conclusions

1) The compressive strength test results confirmed that the addition of NC
increased the compressive strength compared with CH. In addition, according
to the test results of the porosity and ignition loss of cement paste containing
NG, it is confirmed that the porosity decreased and the ignition loss tended to
increase.

2) The pH test results showed that the pH value of all investigated paste was
12.4 to 12.7, except for the formulation with 5% NC added, which is approx-
imately the same value compared to N and BB. On the other hand, when the NC
content is 5%, the pH when the NC content is 5% tends to decrease with the in-
crease of the curing age.

3) From the test results of compressive strength, porosity, and loss on ignition,
it was found that the compressive strength of BFS samples added with CH did
not change significantly despite the increase of the addition rate, and the porosi-
ty and the ignition loss also showed a similar tendency. Therefore, it was as-
sumed that the addition of CH has little effect on the compressive strength of the
BES.

4) The results of the drying shrinkage test show that the dimensional stability
of the mortar sample prepared by adding NC and CH to the BFS is low, but the
combined use of CSA and SRA can improve its dimensional stability. These are
significantly effective for the drying shrinkage of mortar.

5) Adding NC and CH to the BFS mortar sample, the water penetration depth
was significantly increased. On the other hand, it was confirmed that the water
penetration depth tends to become smaller when CSA and SRA are used togeth-

er in the mortar.
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