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Abstract: In the field of construction, securing the early strength of concrete (on the first and third
days of aging) has been an important problem in deciding the mold release time (i.e., shortening the
construction time period). Therefore, the problem of reduced compressive strength in the early aging
stage caused by mixing granulated blast furnace slag (GBFS) with concrete must certainly be resolved.
In this study, we conduct experiments to explore methods for generating a concrete that develops
an early strength equivalent to that of 100% OPC. The objective of this study is the development of
an early-strength accelerator (ESA) made from an industrial by-product, for a GBFS-mixed cement
mortar. This study also analyzes the mechanism of the early-strength generation in the concrete
to evaluate the influence of the burning temperature of ESA on the optimal compressive strength
of the concrete. According to the results of the experiment, GBFS, whose ESA is burnt at 800 ◦C,
shows an activation factor of 102.6–104.7% in comparison with 100% OPC on the first and third days
during early aging, thereby meeting the target compressive strength. The results of the micro-analytic
experiment are as follows: ESA showed a pH of strongly alkaline. In addition, it was found that the
content of SO3 was high in the chemical components, thus activating the hydration reaction of GBFS
in the early age. This initial hydration reaction was thought to be due to the increase in the filling
effect of the hydrate and the generation of C-S-H of the early age by the mass production of Ettringite.

Keywords: early strength accelerator (ESA); granulated blast furnace slag; early strength development;
industrial by-product

1. Introduction

Currently, eco-friendly and low-carbon products are being actively developed and efforts are
being made to innovate their manufacturing processes in all the industrial fields in accordance with
the green-growth policies implemented worldwide. In the construction industry, cement is an essential
binder used for manufacturing concrete. However, the volume of limestone mining is expected to reach
its limit soon, so that a rise in the manufacturing cost of cement is inevitable in the future because of
the regulations on greenhouse gas emissions. Notably, the construction industry emits approximately
7–9% of CO2 globally, and therefore, more efforts have been made by the industry to reduce carbon
emissions [1–4]. To establish an eco-friendly structure of the construction industry, priority should be
given to its environmental load. It is crucial to more vigorously apply environmental load standards to
the construction industry in terms of reducing the energy use, using low-carbon construction materials,
and recycling industrial by-products and wastes [5–7]. In particular, Granulated Blast Furnace Slag
(GBFS), a by-product of the steel industry, has a relatively stable chemical composition and useful latent
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hydraulic property. GBFS also has a significantly lower per-unit CO2 emission in comparison with
Ordinary Portland Cement (OPC), and it offers diverse technological, economical, and environmental
advantages. Therefore, it is very important to use it more actively as an admixture for concrete. In view
of the above, the use of GBFS is expected to expand more widely worldwide [8–13].

Portland Blast Furnace Slag Cement (PBFSC), which is a mixture of OPC and 20–40% of GBFS,
is the most typical type of GBFS used in the construction industry. More recently, High-volume
Blast Furnace Slag Cement (HBFSC), whose GBFS content is heightened to 60–70% by applying
a cutting-edge technology, is being used for the reduction of the heat of hydration and improvement of
seawater and chemical resistance performances [6]. However, GBFS-mixed concrete also has certain
disadvantages such as a delayed setting and substantial decrease in the compressive strength in the
early aging stage in comparison with 100% OPC. That is why the range over which GBFS-mixed
concrete can be used is limited despite its several advantages [10–14]. In the construction field,
securing concrete with an early strength (on the first and third day of aging) is a particularly crucial
factor that determines the time of removal of the forms (or the shortening of the construction time
period). Consequently, reduction in the early strength of concrete caused by the mixing of GBFS must
certainly be resolved.

The methods for improving the early strength of a GBFS-mixed concrete include increasing
the fineness of the powder (8000–10,000 cm2/g) and using an early-strength admixture [15,16].
However, these methods are not economically feasible because of the drying shrinkage and rise
in costs, and so, their applications are limited to special concrete only. Recently, studies have been
conducted internationally regarding approaches for improving the early strength of concrete such
as the use of alkali-activated blast furnace slag cement and Geopolymers [1,3,4,17–19]. However,
these methods are limited in their practical applications in the construction industry. In addition,
a majority of these studies were focused on the strength of concrete on the third and seventh day
of aging, as well the as long-age-strength, rather than the early-strength (on the first and third day
of aging). They also failed to clearly identify the mechanism of the hydration reaction triggered
by alkali-activation.

The objective of this study is to form an economical Early-Strength Accelerator (ESA), which can
be mass-produced by applying a source technology, for a material that helps in the development of
its early-strength (on the first and third day of aging) earlier than 100% OPC. The experiment for this
study was conducted on the basis of the results obtained from preceding studies [20,21].

The industrial byproducts used in this study are: tap water, which is refined, and the remaining
sludge. A High content of SiO2-Al2O3 (Sludge), Chemical Gypsum (CG) is generated during the
manufacturing process of titanium oxide [22,23]. Limestone Powder (LP) [24] that affects the hydration
reaction during early aging was selected for the experiments in this study. An ESA with different
chemical substances and different ratios of the admixture was placed in a pilot calcination furnace
and burnt at different temperatures (700–1100 ◦C) in the form of a clinker. The burnt ESA was mixed
with OPC and GBFS to experimentally investigate the changes in properties and development of
compressive strength at different points of aging. Then, the cement paste experiment was performed to
analyze and compare the influence of the hydration reaction of GBFS [25] and the chemical properties.
The results of this study could be utilized as the basic reference for the material technology for
generating concrete that uses the ESA developed herein. In addition, the environmental impact
evaluation of ESA energy consumption and the emission calculation utilized in this study have been
carried out as in previous research [26].

2. Experimental

2.1. Experimental Plan and Mortar Mix

After individually burning (0–1100 ◦C) each of the raw materials selected in this study,
their chemical compositions and substances were analyzed. The experiment was conducted separately
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for the mortar level and cement paste level. The mortar experiment was designed to identify the flow
performance and property of compressive strength development.

The experiment with the cement paste was designed to identify the mechanism of the hydration
reaction on the cement paste resulting from the use of ESA and mechanism of early compressive
strength development via microanalysis. Mixtures of the substances used in the experiments are
displayed in Figure 1.
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2.2. Materials for Experiment (Raw Materials)

The type of OPC used possessed a fineness of 3450 cm2/g. For PBFSC, three types of GBFSs were
mixed at 30% of the content (including 3.7% of natural anhydrous gypsum).

The basicity (b = (CaO + MgO + Al2O3)/SiO2) was 1.79 and fineness was 4330 cm2/g.
In consideration of the economic feasibility, OGE (70% OPC + 23% GBFS + 7% ESA) without natural
anhydrous gypsum was used for the experiment. Its chemical composition is demonstrated in Table 1.

CaSO4 + 2H2O (1)

Table 1. Chemical compositions of cement and GBFS (%).

Raw Materials Blaine (cm2/g) Ig. Loss SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3

OPC 3450 1.54 21.58 4.77 3.43 62.59 2.59 0.11 0.85 2.22
GBFS1 1 4330 0.13 34.56 15.30 0.33 42.71 3.90 0.19 0.36 1.98
GBFS2 2 4325 0.12 36.1 15.24 0.45 43.33 4.16 0.21 0.49 0.01

1 Natural anhydrous gypsum mixed 3.7%; 2 Natural anhydrous gypsum mixed 0.0%.

Based on Table 2, a sludge with a high content of SiO2–Al2O3, used as a raw material for the
development of an ESA, includes 60–70% moisture. It also contains chemical components such
as SiO2 (25–46%), Al2O3 (25–38%), and Fe2O3 (2–5%). When organic impurities are removed by
burning, the sludge shows an advantage in contributing to an improved early-strength development
of concrete. CG is a by-product generated during a chemical reaction that neutralizes acidic sulfur
to lime, and whose main components are CaO (32–39%) and SO3 (45–50%). When the ignition is lost
and impurities are removed, LP is the main component of OPC, which exists as CaCO3. Usually,
it is converted into CaO during decarboxylation at a temperature > 900 ◦C. The pH of LP increases
from 6 before burning to 12 after burning. It plays the role of a catalyst for the early hydration of
Ca(OH)2 crystals and it accelerates the hydration of OPC particles [24]. It was selected as one of the
raw materials for this study as it can help draw the optimal mix of raw materials for different burning
temperatures, because it is a strong alkaline substance that affects the hydration process of GBFS [25].
Table 3 displays the chemical composition of the ESA that was burnt (700–1100 ◦C) with a 40:30:30
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ratio of CG, sludge, and LP in the pilot kiln. Due to the mixing of the LP, the pH of the ESA is strongly
alkaline, which promotes the initial hydration of PBFSC. Table 4 compares the chemical composition of
7% ESA with PBFSC compared to OPC (70% OPC + 23% GBFS + 7% ESA: OGE). Also, each production
time was 90 min from the injection time through the firing line. Changes in the pH of ESA resulted
from the firing temperature of LP in ESA.

Table 2. Change in chemical composition of individually burnt raw materials according to the type of
activator (%).

Materials 1 Ig. Loss SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 pH

Sludge

105 ◦C 19.42 43.16 23.92 6.07 0.85 1.60 0.58 2.27 0.55 7.6
600 ◦C 4.25 50.72 29.71 6.76 0.96 1.96 0.80 2.61 0.51 7.7
900 ◦C 1.29 52.35 31.22 6.72 0.94 2.02 0.76 2.65 0.33 7.7
1100 ◦C 0.00 53.38 30.73 7.20 1.03 2.06 1.00 2.76 0.10 7.7

CG

105 ◦C 11.66 1.89 0.49 0.84 31.72 1.33 0.11 0.38 47.84 7.1
600 ◦C 4.14 2.20 0.60 0.92 34.28 1.64 0.13 0.42 51.69 7.4
900 ◦C 1.09 2.51 0.66 0.99 35.57 2.04 0.15 0.55 52.12 8.4
1100 ◦C 0.00 2.34 0.56 1.01 37.40 1.84 0.14 0.51 51.95 7.9

LP

105 ◦C 40.68 2.15 0.34 0.24 55.31 1.02 0.00 0.06 0.03 7.2
600 ◦C 40.86 2.16 0.35 0.23 55.12 1.02 0.01 0.06 0.04 8.1
900 ◦C 34.00 2.39 0.39 0.26 61.19 1.37 0.02 0.08 0.15 12.3
1100 ◦C 0.00 4.49 0.49 0.37 91.04 2.55 0.03 0.05 0.77 12.3

1 Raw materials were burnt separately.

Table 3. Change in chemical composition at different ESA burning temperatures (%).

ESA Ig. Loss SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 pH

ESA 700 ◦C 12.11 13.23 7.79 2.50 33.08 0.90 0.24 0.73 25.87 11.7
ESA 800 ◦C 6.86 14.00 8.41 2.65 35.06 0.95 0.25 0.78 27.20 12.3
ESA 900 ◦C 2.04 13.65 8.07 2.86 38.78 1.02 0.23 0.74 28.63 12.4
ESA 1000 ◦C 0.00 16.86 9.86 3.06 39.82 1.25 0.30 0.81 24.17 11.8
ESA 1100 ◦C 0.00 16.98 9.30 3.28 44.42 1.24 0.33 0.91 19.48 11.2

Table 4. Change in chemical composition of OGE at different ESA burning temperatures (%).

OGE Ig. Loss SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3

PBFSC 1 1.07 24.67 7.49 2.12 56.59 3.69 0.18 0.86 2.15
OGE 1 2 (ESA 700 ◦C) 1.59 22.81 6.73 2.27 57.07 3.14 0.16 0.94 3.89
OGE 2 2 (ESA 800 ◦C) 1.19 23.05 6.76 2.27 57.49 3.19 0.15 0.93 3.87
OGE 3 2 (ESA 900 ◦C) 0.73 22.99 6.79 2.27 57.58 3.18 0.15 0.94 3.90
OGE 4 2 (ESA 1000 ◦C) 0.00 23.26 7.01 2.32 57.63 3.17 0.17 0.96 3.92
OGE 5 2 (ESA 1100 ◦C) 0.00 23.42 6.95 2.33 58.10 3.21 0.15 0.95 3.82

1 PBFSC (OPC + 70% + GBFS1 30%); 2 OGE (OPC + 70% + GBFS2 23% + ESA7%).

2.3. Method of Experiment and Items for Measurement

Table 5 shows the mix, compressive strength, and flow of mortar and Table 6 displays the mix of
cement paste.



Materials 2017, 10, 1050 5 of 15

Table 5. Mix, compressive strength, and flow of mortar.

NO Specimen W/B
(%)

Dosage (Mass Ratio) Flow
(mm)

Compressive Strength (MPa)

OPC GBFS ESA 1 day 3 day 7 day 14 day 28 day

1 OPC 50 100 0 0 174 10.7 27.4 39.7 48.9 52.8
2 PBFSC 50 70 30 0 193 6.0 20.1 35.0 47.8 58.3
3 OGE 1 50 70 23 7 176 9.8 25.6 40.0 48.7 56.3
4 OGE 2 50 70 23 7 176 11.2 28.1 41.1 51.3 58.4
5 OGE 3 50 70 23 7 175 9.3 26.1 38.0 48.9 57.5
6 OGE 4 50 70 23 7 179 9.3 23.9 36.5 45.6 52.1
7 OGE 5 50 70 23 7 180 9.8 22.3 34.0 45.2 58.3

Table 6. Table of cement paste mix.

NO Specimen W/B (%)
Dosage (Mass Ratio)

Curing Temperature (◦C)
OPC GBFS ESA

1 OPC 50 100 0 0 20
2 PBFSC 50 70 30 0 20
3 OGE 1~5 50 70 23 7 20

In the mixtures used for the experiments (70 wt % OPC, 23% GBFS 23% mass, 7% ESA mass),
the ratio of each binder and fine aggregates was set at 1:3. The ratio of water to binder was fixed at 50%.
The 7% ESA mixture against the mass of cement was experimented at five levels (700–1100 ◦C). Curing
was conducted in an isothermal-isohumidity room at a curing temperature of 20 ◦C ± 2 ◦C and with a
high relative humidity of 95%. After one day of aging, the cured water was removed. The compressive
strength was tested on the 1st, 3rd, 7th, 14th, and 28th day of aging and the compressive strength
was determined by calculating the average of three compressive strength values measured for the
day. Furthermore, its basic property was compared using the measuring flow. The cement paste
experiment was conducted at seven levels: OPC, PBFSC, and OGE1 to OGE5. The ratio of water to
cement (W/C) was fixed at 50%. The method of curing was the same as that of the mortar experiment.
Table 7 displays the raw materials for ESA and the items measured in the mortar experiment and
cement paste experiment.

Table 7. Items measured for each experiment.

Experiments Measurement Items Standard

Material (ESA) XRD analysis ASTM C457

Mortar
Slump flow ASTM 1437-15

Compressive strength ASTM C109

Cement Paste

setting time by Vicat needle ISO 9587
Hydrates by XRD analysis ASTM C457
Hydrates by SEM analysis -

Free-lime -

3. Result of Experiment and Discussion

3.1. Analysis of Crystal Structure for Different Burning Temperature of Raw Material (ESA) (XRD)

As can be seen from Figures 2–4, the experiments in this study are conducted to analyze the
influence of each raw material on the activation of ESA. When the CG, sludge, and LP are burnt
individually, CG is dehydrated at 105 ◦C, as demonstrated by the appearance of the peak of gypsum
hemihydrate. Then, at the burning temperature of 500 ◦C or higher, it is turned into anhydrous gypsum
with a high solubility. The use of CG appears to enable early-strength development by inducing the
generation of C-S-H and C-A-H of GBFS. The peak of SiO2 was high in sludge. In the chemical
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composition of the sludge, the content of the SiO2 component was 45–55. LP existed as CaCO3 at
800 ◦C, and was then decarbonated at 900 ◦C and turned into CaO, which is a strong alkaline substance
that accelerates the generation of Ca(OH)2 when reacting with water. It is thought to enable early
hydration by removing the oxide coating of GBFS during the early stage.Materials 2017, 10, 1050  6 of 14 
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3.2. Mortar Experiment

3.2.1. Flow of Mortar

Figure 5 displays the measured values of the mortar flow at different burning temperatures of
ESA. The value of flow for 100% OPC mortar was 174 mm, the lowest among all the experiment factors.
The one with the largest flow was PBFSC, which showed a value more than 11% higher than the flow
of 100% OPC. The flow of ESA-mixed OGE factors was 0.5–1.0% larger than the flow of OPC, which is
almost the same as the flow with OPC. Further study on the constructability of concrete in its fresh
state, including time-lapsed changes in the value of flow, will have to be conducted in the future.
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3.2.2. Compressive Strength (MPa) and Activity Factor (%) of OGE at Different ESA Burning
Temperatures

Figures 6 and 7 show the plots of the compressive strength development of OGE mortar at
different ESA burning temperatures. The three compressive strengths for each age are shown as
average values. When the compressive strength is measured, the activity factor of PBFSC is 56.1–73.4%
of the factor for 100% OPC from the first to third day of early aging. Such low early-strength poses
a serious problem in the construction industry because it restricts the shortening of the construction
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period. For OGE with the ESA, a higher burning temperature did not result in a higher compressive
strength, but caused a strength decrease. However, OGE 2 that employed OGE at 800 ◦C, burns at a low
temperature and shows an activity factor of 102.6–104.7% that fulfills the criteria for strength during
the early aging stage (on the first and third day of aging). Interestingly, the compressive strength at a
long-term age on the 28th day is also satisfactory. Therefore, the use of OGE at 800 ◦C is thought to not
only activate the reaction of GBFS earlier, but also affect the compressive strength during long-term
aging. Such a result also indicates that burning at a low temperature reduces the requirement of
energy use.
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3.3. Cement Paste Experiment

3.3.1. Setting Time of Cement Paste

Figure 8 shows the setting time of OGE cement paste at different ESA burning temperatures.
The time of initial setting and final setting was the earliest for 100% OPC, respectively. The initial and
final settings of PBFSC were 40 and 90 min later than those of 100% OPC. These settings indicate that
the reaction of cement is substantially decelerated, resulting in a delay in the setting time. The speed
of the reaction of OGE is slowed following an increase in the ESA burning temperature. For OGE2
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which showed a satisfactory compressive strength, the same cement reaction was observed. The Initial
setting time was 245 min and the Final setting time was 320 min.
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3.3.2. Change in Chemical Composition of ESA and OGE according to Burning Temperature

Figures 9 and 10 demonstrate the changes in the chemical composition as a function of the
ESA burning temperature and contents of the chemical composition of ESA-mixed OGE. The major
components that have a valid effect on early aging are compared in the figures.

Materials 2017, 10, 1050  9 of 14 

 

Furthermore, OGE has a similar chemical composition regardless of the burning temperature of 
ESA, which is considered to be due to the insignificant share of ESA in the entire OGE, at about 7%. 

 
Figure 9. Change in ESA chemical composition (%) at different burning temperatures. 

 
Figure 10. Scope of chemical composition (%) of SO3 at different ESA burning temperatures. 

3.3.3. Analysis of Crystal Structure (XRD) according to Use of ESA 

Figures 11–13 display the results of the analysis of the XRD crystal structure, which was obtained 
in order to identify the influence that OPC and ESA-mixed OGE paste have on the hydration chemical 
characteristics. 

Figure 11 shows that as the crystal structure changes as a function of the burning temperature 
of ESA, the peak is generally higher for the anhydrous gypsum and it turns into the peak of CaCO3 
at 700–800 °C and then into the peak of CaO at 900 °C or higher. ESA-mixed OGE shows the best 
compressive strength at 800 °C in terms of the burning temperature. In this region, XRDs of 
anhydrous gypsum, CaCO3, co-exist. 

When the burning temperature increases, the main peak point is turned into CaO from the 
anhydrous gypsum. The higher the CaSO4 content compared with the CaO content, the more effective 
that CaSO4 is as an effective activator for improved compressive strength in the early aging stage. 

According to Figures 12 and 13, hydration of the hardened ESA-mixed OGE cement paste is 
suspended after the first and third days of early aging and the hydrates are measured instead. OPC 
has the highest Ca(OH)2 peak, showing a typical hydration product of OPC. In contrast, ESA-mixed 
OGE generates Ettringite as a hydration product. The generation of Ettringite and C-S-H in early 
aging is thought to be the cause of the compressive strength development from its filling effect.  
On the third day of aging, C3S, which is a non-hydration product, decreases and Ca(OH)2 increases. 

Figure 9. Change in ESA chemical composition (%) at different burning temperatures.

Among the major chemical components of ESA, the SO3 content decreases, while the CaO and
SiO2 content increases as the burning temperature increases. Such changes are thought to be attributed
to the change in the chemical composition following the decarboxylation of LP and combustion of
CO2. In comparison with OPC, the SO3 content in PBFSC is higher by approximately 2%. The SO3

content in OGE with ESA burnt at different temperatures is also greater by approximately 2% when
compared to PBFSC.

Furthermore, OGE has a similar chemical composition regardless of the burning temperature of
ESA, which is considered to be due to the insignificant share of ESA in the entire OGE, at about 7%.
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3.3.3. Analysis of Crystal Structure (XRD) according to Use of ESA

Figures 11–13 display the results of the analysis of the XRD crystal structure, which was obtained
in order to identify the influence that OPC and ESA-mixed OGE paste have on the hydration
chemical characteristics.

Figure 11 shows that as the crystal structure changes as a function of the burning temperature
of ESA, the peak is generally higher for the anhydrous gypsum and it turns into the peak of CaCO3

at 700–800 ◦C and then into the peak of CaO at 900 ◦C or higher. ESA-mixed OGE shows the best
compressive strength at 800 ◦C in terms of the burning temperature. In this region, XRDs of anhydrous
gypsum, CaCO3, co-exist.
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Figure 13. Quantitative analysis on the crystal structure of OGE by aging time at different ESA burning
temperatures (3rd day).

When the burning temperature increases, the main peak point is turned into CaO from the
anhydrous gypsum. The higher the CaSO4 content compared with the CaO content, the more effective
that CaSO4 is as an effective activator for improved compressive strength in the early aging stage.

According to Figures 12 and 13, hydration of the hardened ESA-mixed OGE cement paste is
suspended after the first and third days of early aging and the hydrates are measured instead. OPC has
the highest Ca(OH)2 peak, showing a typical hydration product of OPC. In contrast, ESA-mixed OGE
generates Ettringite as a hydration product. The generation of Ettringite and C-S-H in early aging is
thought to be the cause of the compressive strength development from its filling effect. On the third
day of aging, C3S, which is a non-hydration product, decreases and Ca(OH)2 increases. The peak
of Ettringite is generally reduced on the third day of aging, which is because when gypsum runs
out in the process of hydrate generation of cement, it comes to exist as a monosulfate, which is a
stable hydrate.



Materials 2017, 10, 1050 12 of 15

3.3.4. Stability Test (Free-lime Quantitative Analysis)

A test (free-lime) on the stability of OGE at different burning temperatures of ESA was conducted.
It was based on the formula below, by using the Ethylene Glycol method. As displayed in Table 8
and Figure 14, the expandability of OGE and size of the degree of cracks compared with those of
OPC. The largest amount of free-lime existed in OPC and the amount was 50 to 54.8% in ESA-mixed
OGE, in comparison with OPC. Such a result indicates that OGE is stable for expandability and cracks
are caused by free-lime. Generally, the content of free-lime in OGE is similar for different burning
temperatures of ESA.

Free lime(%) =
V×F×K

Sample weight(g)
× 100 (2)

V : 0.1 N HCl Consumption (mL)

F : 0.1 N HCl Factor

K : 0.1 N HCl 1 mLAn amount corresponding to CaO

(1 mL = 0.002804 g CaO)

(3)

Table 8. Measurement of free-lime in OGE at different ESA burning temperatures.

NO 0.1 N HCl Consumption (mL) Free Lime (%)

OPC 2.20 0.62
PBFSC 1.15 0.32
OGE 1 1.20 0.34
OGE 2 1.20 0.34
OGE 3 1.15 0.32
OGE 4 1.20 0.34
OGE 5 1.20 0.31
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3.3.5. Result of SEM Measurement of OGE for Different ESA Burning Temperatures

Figure 15 displays the SEM pictures (×2000 magnification) of OPC, ESA-mixed OGE 1, and OGE
2 on the first and third day of aging. For 100% OPC, a large amount of Ca(OH)2 crystals are generated
after the reaction of C3S with water, which is correlated with the peak measured in the XRD analysis.
In OGE 1 and OGE 2, the generation of Ca(OH)2 and C-S-H was observed. These are generated from
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the chemical bonding involving Ca2+ around the C3S particle. In OPC, a monosulfate was observed
on the third day of aging. Generally, after one day of aging, gypsum is exhausted and turns into
a low sulphate. The SO3 content in OGE 1 and OGE 2 is higher than in OPC, as shown in the table of
chemical analysis, and SO3 is still observed on the third day of aging. In addition, their compressive
strength is similar to that of OPC. OPC is thought to be attributable to the effect of GBFS, which has a
higher level of fineness than OPC, as well as to the speed of hydration accelerated by the ESA that has
a strongly alkaline pH. Another reason for this may be that the active C-S-H hydration reaction has a
greater impact on Ettringite and the compressive strength than the generation of a large volume of
Ca(OH)2 when compared with 100% OPC on the first day of aging.
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4. Conclusions

• In the mortar experiment, the compressive strength decreased as the sintering temperature of
ESA increased. The use of OGE 2 showed an equivalent compressive strength in OPC and early
age. In addition, the compressive strength at 28 days was also excellent.

• When the setting time was measured in the cement paste experiment, the OPC reaction was the
fastest. As the burning temperature rises, the content of SO3 decreases, leading to a rise in the
content of CaO and SiO2.

• In the XRD and XRF analysis, an increase in the early compressive strength development of OGE
was caused by the continuous generation of Ca(OH)2 from the pH of the strongly alkaline ESA.
In addition, the early strength development was also attributable to the generation and filling
effect of C-S-H and Ettringite from the supply of SO3.

• In the stability test, ESA-mixed GBFS was found to be stable in terms of excessive expansion
and cracks were generated because of the existence of free-lime when applying a construction
technology such as steam curing. As the content of free-lime in it is lower than that in OPC,
ESA-mixed GBFS is thought to be available when applying the steam curing method such as
Precast and when manufacturing special products.
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• In conclusion, ESA developed by using an industrial by-product and industrial waste could be
used to supply SO3 and apply alkaline-activation to improve the compressive strength at the
mortar level, as a way of improving the early strength of GBFS-mixed concrete, which usually has
the problem of a low early-strength.
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1. Bilim, C.; Atiş, C.D. Alkali activation of mortars containing different replacement levels of ground granulated
blast furnace slag. Constr. Build. Mater. 2012, 28, 708–712. [CrossRef]

2. Hannesson, G.; Kuder, K.; Shogren, R.; Lehman, D. The influence of high volume of fly ash and slag on the
compressive strength of self-consolidating concrete. Constr. Build. Mater. 2012, 30, 161–168. [CrossRef]

3. Özodabaş, A.; Yılmaz, K. Improvement of the performance of alkali activated blast furnace slag mortars
with very finely ground pumice. Constr. Build. Mater. 2013, 48, 26–34. [CrossRef]

4. Rashad, A.M. A comprehensive overview about the influence of different additives on the properties of
alkali-activated slag—A guide for Civil Engineer. Constr. Build. Mater. 2013, 47, 29–55. [CrossRef]
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of ternary Portland cement-blast-furnace slag—Metakaolin blends. Constr. Build. Mater. 2014, 64, 333–341.
[CrossRef]

9. Barnett, S.J.; Soutsos, M.N.; Millard, S.G.; Bungey, J.H. Strength development of martars containing
ground blast-furnace slag: Effect of curing temperature and determination of apparent activation energies.
Cem. Concr. Res. 2006, 36, 434–440. [CrossRef]

10. Kumar, S.; Kumar, R.; Bandopadhyay, A.; Alex, T.C.; Kumar, B.R.; Das, S.K.; Mehrotra, S.P. Mechanical
activation of granulated blast furnace slag and its effect on theproperties and structure of portland slag
cement. Cem. Concr. Compos. 2008, 30, 679–685. [CrossRef]

11. Miyazawa, S.; Yokomuro, T.; Sakai, E.; Yatagai, A.; Nito, N.; Koibuchi, K. Properties of concrete using high
C3S cement with ground granulated blast-furnace slag. Constr. Build. Mater. 2014, 61, 90–96. [CrossRef]

12. Bellmann, F.; Stark, J. Activation of blast furnace slag by a new method. Cem. Concr. Res. 2009, 39, 644–650.
[CrossRef]

13. Zhu, J.; Zhong, Q.; Chen, G.; Li, D. Effect of particlesize of blast furnace slag on properties of portland
cement. Procedia Eng. 2012, 27, 231–236. [CrossRef]

14. Mun, K.J.; So, S.Y.; Soh, Y.S. The effect of slaked lime, anhydrous gypsum and limestone powder on properties
of blast furnace slag cement mortar and concrete. Constr. Build. Mater. 2007, 21, 1576–1582. [CrossRef]

15. Binici, H.; Temiz, H.; Köse, M.M. The effect of fineness on the properties of the blended cements incorporating
ground granulated blast furnace slag and ground basaltic pumice. Constr. Build. Mater. 2007, 21, 1122–1128.
[CrossRef]

16. Lim, N.-G.; Her, J.-W. A Foundational Study on Properties of High-Strength Concrete using Nanoslag by
Silica Fume Replacement. Archit. Inst. Korea 2008, 12, 23–29.

http://dx.doi.org/10.1016/j.conbuildmat.2011.10.018
http://dx.doi.org/10.1016/j.conbuildmat.2011.11.046
http://dx.doi.org/10.1016/j.conbuildmat.2013.06.047
http://dx.doi.org/10.1016/j.conbuildmat.2013.04.011
http://dx.doi.org/10.1016/j.conbuildmat.2012.06.052
http://dx.doi.org/10.1016/j.conbuildmat.2010.02.029
http://dx.doi.org/10.1016/j.conbuildmat.2014.04.018
http://dx.doi.org/10.1016/j.cemconres.2005.11.002
http://dx.doi.org/10.1016/j.cemconcomp.2008.05.005
http://dx.doi.org/10.1016/j.conbuildmat.2014.03.008
http://dx.doi.org/10.1016/j.cemconres.2009.05.012
http://dx.doi.org/10.1016/j.proeng.2011.12.448
http://dx.doi.org/10.1016/j.conbuildmat.2005.09.010
http://dx.doi.org/10.1016/j.conbuildmat.2005.11.005


Materials 2017, 10, 1050 15 of 15

17. Yang, K.-H.; Cho, A.-R.; Song, J.-K.; Nam, S.-H. Hydration products and strength development of calcium
hydroxide-based alkali-activated slag mortars. Constr. Build. Mater. 2012, 29, 410–419. [CrossRef]

18. Thomas, J.J.; Allen, A.J.; Jennings, H.M. Density and water content of nanoscale solid C–S–H formed
in alkali-activated slag (AAS) paste and implications for chemical shrinkage. Cem. Concr. Res. 2012, 42,
377–383. [CrossRef]

19. Xu, H.; Gong, W.; Syltebo, L.; Izzo, K.; Lutze, W.; Pegg, I.L. Effect of blast furnace slag grades on fly ash
based geopolymer waste forms. Fuel 2014, 133, 332–340. [CrossRef]

20. Gwak, B.-H.; Lee, H.-S.; Kim, J.-H.; Kim, J.-S. The study on the development of mortar’s early compressive
strength with blast furnace slag powder using firing powders. Korea Concr. Inst. 2012, 24, 265–266.

21. Kim, J.-H.; Lee, H.-S.; Lee, K.-J. An experimental study on the early compressive strength improvement
of cement mortar mixing Ground Granulated Blast Furnace Slag using Industrial byproducts developed
in Mock-up rotary kiln. Archit. Inst. Korea 2013, 33, 585–586.

22. Zhong, S.; Ni, K.; Li, J. Properties of mortars made by uncalcined FGD gypsum-fly ash-ground granulated
blast furnace slag composite binder. Waste Manag. 2012, 32, 1468–1472. [CrossRef] [PubMed]

23. Michel, M.; Georgin, J.; Ambroise, J.; Péra, J. The influence of gypsum ratio on the mechanical performance
of slag cement accelerated by calcium sulfoaluminate cement. Constr. Build. Mater. 2011, 25, 1298–1304.
[CrossRef]

24. Menéndez, G.; Bonavetti, V.; Irassar, E.F. Strength development of ternary blended cement with limestone
filler and blast-furnace slag. Cem. Concr. Compos. 2003, 25, 61–67. [CrossRef]

25. Li, C.; Sun, H.; Li, L. A review: The comparison between alkali-activated slag (Si+Ca) and metakaolin (Si+Al)
cements. Cem. Concr. Res. 2010, 40, 1341–1349. [CrossRef]

26. Kim, T.H.; Tae, S.H.; Chae, C.U.; Choi, W.Y. The Environmental Impact and Cost Analysis of Concrete Mixing
Blast Furnace Slag Containing Titanium Gypsum and Sludge in South Korea. Sustainability 2016, 8, 502.
[CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.conbuildmat.2011.10.063
http://dx.doi.org/10.1016/j.cemconres.2011.11.003
http://dx.doi.org/10.1016/j.fuel.2014.05.018
http://dx.doi.org/10.1016/j.wasman.2012.02.014
http://www.ncbi.nlm.nih.gov/pubmed/22440404
http://dx.doi.org/10.1016/j.conbuildmat.2010.09.015
http://dx.doi.org/10.1016/S0958-9465(01)00056-7
http://dx.doi.org/10.1016/j.cemconres.2010.03.020
http://dx.doi.org/10.3390/su8060502
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Experimental Plan and Mortar Mix 
	Materials for Experiment (Raw Materials) 
	Method of Experiment and Items for Measurement 

	Result of Experiment and Discussion 
	Analysis of Crystal Structure for Different Burning Temperature of Raw Material (ESA) (XRD) 
	Mortar Experiment 
	Flow of Mortar 
	Compressive Strength (MPa) and Activity Factor (%) of OGE at Different ESA Burning Temperatures 

	Cement Paste Experiment 
	Setting Time of Cement Paste 
	Change in Chemical Composition of ESA and OGE according to Burning Temperature 
	Analysis of Crystal Structure (XRD) according to Use of ESA 
	Stability Test (Free-lime Quantitative Analysis) 
	Result of SEM Measurement of OGE for Different ESA Burning Temperatures 


	Conclusions 

