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Abstract: There have been many studies on the effect of durability and compressive strength on the
increase of the mixing rate of admixtures. However, there is no research that can provide a guide
on the optimal mixture proportions for maintaining compressive strength and secure durability
properties when using local materials. Therefore, the purpose of this article is to assess the durability
and engineering performances of concrete based on local fly ash (FA), as well as to derive the
optimum CaO content scope for ensuring durability. The results of this study were compared with the
results of the previous study of high-volume ground-granulated blast-furnace slag (GGBFS) concrete.
To achieve this, tests were carried out by increasing the admixture mixing rate in 10% increments from
0% to 70%. The unit water was set at 175 kg/m3 and the amount of binder was set at 330 kg/m3. It was
found that the overall compressive strength of the hardened concrete decreased when the admixture
mixing rate increased. In addition, the compressive strength of specimens tended to improve as all the
CaO contents of the admixture types increased. When the durability properties were examined, it was
found that the relative dynamic elasticity modulus and carbonation depth decreased, and the chloride
penetration depth increased as the CaO content increased for both GGBFS and FA. The weight loss
rate, however, remained similar. Based on the results of this study, the optimal CaO content that
achieved satisfactory engineering and durability properties was found to be between 39% and 48%
for FA. The results of this study will be able to offer guidelines for the mixture rates of FA when
mixing durable concrete for use in the field. Additionally, these results are expected to be utilized as a
basis for determining instructions relating to chemical composition in order to develop binders with
improved durability.

Keywords: durability properties; ordinary Portland cement (OPC); ground-granulated blast-furnace
slag (GGBFS); fly ash (FA)

1. Introduction

The new global standards in relation to engineering have resulted in the development of recycled
building materials, as an increased amount of energy-saving and eco-friendly infrastructure is
required [1,2]. Traditional concrete, the most frequently used building material worldwide, is known
to result in severe environmental pollution because it uses both energy and raw materials in large
quantities [3,4]. Therefore, research on methods to minimize its negative impact on the environment is
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essential. For this reason, ground-granulated blast-furnace slag (GGBFS) and fly ash (FA), which are
industrial byproducts, have been extensively used as substitutes of ordinary Portland cement (OPC),
and many related studies have been conducted on this subject [5–7]. GGBFS and FA act not only
as alkali-activated materials (AAMs), but also as supplementary cementitious materials (SCMs) [8].
If admixtures are used as SCMs, they can improve the durability, long-term strength, and constructability
of the fabricated concrete [9,10]. Geopolymers are a representative example of an admixture that may
be used as an AAM. Xie et al. [11] experimentally verified that GGBFS- and FA-based geopolymers can
provide the excellent sulfuric acid resistance of recycled concrete. AAMs, however, are not yet used in
the field due to their fast setting time, large shrinkage, and high unit price. Therefore, an in-depth
study on the usability of SCMs is required to improve their construction site applicability.

GGBFS is an industrial by-product, generated when producing pig iron. It turns into a granular
and amorphous fine powder through quenching and grinding. GGBFS is mainly composed of SiO2,
Al2O3, CaO, and MgO. Therefore, it can be called aluminosilicate, which uses CaO and MgO as its
base components [12–14]. When in contact with water, GGBFS slowly undergoes a hydration reaction,
and the reaction rate increases as the pH value is increased [10,15]. Khatib et al. [16] conducted an
experiment by replacing up to 80% of cement with GGBFS and reported that compressive strengths
equivalent to that of OPC concrete were obtained when the mixing rate was 60% or less. In particular,
they verified that GGBFS is effective in improving the long-term strength of concrete by confirming that
the compressive strength was increased after 28 days of aging. In addition, Parron-Rubio et al. [17]
found that the specimens for which cement was replaced with GGBFS exhibited 10% higher compressive
strength than the plain specimen after 90 days of aging. They also reported that the specimens with
GGBFS showed similar or higher compressive strengths than the conventional concrete after seven
days of aging.

Moreover, the durability of 100% OPC concrete could be improved by using GGBFS as an SCM [18].
The improvement of durable concrete is an important issue in relation to the extension of the service
lives of concrete structures. It was verified that the use of GGBFS can improve the microstructures
of concrete by adding a C-S-H phase, and it is effective in reducing the conductivity of chloride due
to its provision of an increased alumina content [19]. Jang et al. [20] conducted a 180-day immersion
test with a 30% CaCl2 solution and reported that the system with GGBFS and MgO endured damage
far more effectively. Cheng et al. [21] claimed that the partial substitution of cement with GGBFS
had a significant effect on the total flexural stiffness, corrosion rate, and permeability of a fabricated
concrete beam.

FA is a byproduct of coal-fired power generation and can be used as an SCM in concrete [22].
Van Nguyen et al. [23] experimentally verified that the long-term compressive strength of concrete
mixed with FA increases due to the continuous hydration process, even though its compressive strength
decreases initially. They also reported that FA increases the sulfuric acid resistance of concrete but has
a limited effect on reducing the corrosion potential of the steel reinforcement structures in concrete.
According to Thomas et al. [24], the focus on the use of FA in concrete has shifted towards quantifying
the benefits for boosting the sustainability of concrete. Moreover, Papadakis et al. [25] reported that
the substitution of FA in an appropriate proportion can improve the chlorine resistance as well as the
compressive strength of concrete.

As mentioned above, an increase in the admixture mixing rate generally improves the durability of
concrete under the same mixing conditions, but decreases the compressive strength. There is, however,
currently no study that presents guidelines for optimum mixing rates that can address compressive
strength degradation and ensure durability using local GGBFS and FA materials in the actual field.
There are also no practical data that can be used as a basis for determining the chemical compositions
required to develop GGBFS- and FA-based binders with excellent durability. However, in a previous
study, Lee [26] evaluated engineering performance and durability according to the CaO content rates
of concrete mixed with high-volume GGBFS produced in a local area. The optimum range of CaO
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content was derived, which can secure durability. Therefore, studies related to concrete based on
high-volume FA are urgently required.

In this article, the durability properties and engineering performance of binary mixed concrete
with locally produced FA were evaluated to derive the optimum CaO content, to obtain concrete
with remarkable durability for use in standard construction applications. In addition, by comparing
the results of this study with those of previous studies, we intend to enhance its applicability for
construction sites.

2. Experimental Procedure

2.1. Materials

Table 1 shows the chemical composition rate of the binders used. OPC showed the highest
CaO content at 60.20%, whereas FA showed the highest SiO2 content at 57.90%. This result was
derived from X-ray fluorescence, using Axios PW 4400 equipment (Malvern Panalytical, Seongnam-si,
Korea). In addition, the second highest constituents of OPC and FA were SiO2 and Al2O3, respectively,
indicating that the chemical composition of the two materials was significantly different. Table 2
summarizes the physical characteristics of OPC, FA, aggregate, and chemical admixture used in this
study. The OPC type 1 was used according to KS L 5201 [27], and in the case of FA, type 2 was used
according to KS L 5405 [28]. As fine aggregates, crushed sand and washed sea sand were blended at
a weight rate of 60:40, respectively. In addition, crushed granitic aggregate was applied for coarse
aggregate, and polycarboxylate superplasticizer (widely used in the field) was applied for the liquid
admixture. The density and fineness of OPC and FA were calculated according to ASTM C188 [29] and
ASTM C204 [30], respectively. The density and absorption of aggregates were calculated based on
ASTM C127 [31], whereas the fineness modulus (FM) was calculated based on ASTM C136 [32].

Table 1. Chemical compositions of the binders used.

Binder
Chemical Composition (%)

SiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O SO3 Others

OPC (1) 21.60 3.30 5.15 60.20 2.30 0.53 0.99 1.50 4.43

FA (2) 57.90 6.80 20.50 4.00 1.38 0.89 1.18 - 7.35
(1) OPC: Ordinary Portland cement; (2) FA: Fly ash.

Table 2. Physical properties of the materials used.

Material Type Density
(g/cm3)

Fineness
(cm2/g)

Fineness
Modulus

Absorption
(%)

OPC Type 1
(KS L 5201) 3.15 3322 - -

FA Type 2
(KS L 5405) 2.14 3964 - -

Fine aggregate

S1 Washed sea
sand 2.60 - 2.01 0.79

S2 Crushed
sand 2.57 - 3.29 0.87

Coarse aggregate
Crushed
granitic

aggregate
2.60 - - 0.76

Chemical admixture Polycarboxylic
acid group 1.05 - - -
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2.2. Experimental Proceses

Table 3 shows the experimental design used in this study. The unit binder was set at 330 kg/m3,
and the unit water was fixed at 175 kg/m3 according to the most commonly used mixing ratio standards
in the local field. The test was carried out under the condition that the temperature was kept constant
at 20 ◦C. The rate of the admixture changed between 0% and 70% using increments of 10%. The test
parameters of this study consisted of 13 items, and were used to evaluate raw material properties,
engineering properties, and durability properties. Table 4 shows the concrete mix table, and the mix ID
is divided into 8 types, from Plain to F70. The water/binder ratio was fixed at 0.53. The standard of
ready-mixed concrete was 25-24-180, which is most commonly used in the general field.

Table 3. Experimental design.

Fixed Item Binder Type Admixture
Mixing Rate (%) Test Parameter

B (1): 330 kg/m3

W (2): 175 kg/m3

T (3): 20 ◦C

OPC
FA

0
10
20
30
40
50
60
70

� Raw material properties

- Particle size distribution and
grading distribution (%)

- X-ray fluorescence and
X-ray diffraction

- Scanning electron microscope

� Engineering properties

- Unit water content (kg/m3)
- Slump (mm) and air content (%)
- Compressive strength (MPa)

� Durability properties

- Chloride penetration depth and
carbonation depth (mm)

- Relative dynamic elasticity modulus
and weight loss rate (%)

(1) B: Binder weight per unit; (2) W: Water weight per unit; (3) T: Curing temperature.

Table 4. Mixing rates of concrete.

Mix ID Unit Weight (kg/m3)
AD (4) (B × wt.%)

OPC FA WSS (1) CS (2) CGA (3)

Plain 330 0 351 521 878 0.90
F10 297 33 349 517 872 0.85
F20 264 66 346 514 866 0.80
F30 231 99 344 510 860 0.75
F40 198 132 342 507 854 0.70
F50 165 165 339 503 848 0.65
F60 132 198 337 500 843 0.60
F70 99 231 335 496 837 0.55

(1) WSS: washed sea sand; (2) CS: crushed sand; (3) CGA: crushed granitic aggregate; (4) AD: chemical admixture.

2.3. Testing Methods

Table 5 shows the testing methods used in terms of the items evaluated in this study. The results
of all tests were calculated as the average value for three specimens. In evaluation parameter 1,
for the raw material properties, the article size distribution and grading distribution were measured
according to the standards of ASTM C204 [30] and ASTM C136 [32]. Furthermore, X-ray fluorescence
(XRF), X-ray diffraction (XRD), and scanning electron microscopy (SEM) were used for microstructure
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analysis, and tests were performed according to the standards of ASTM C114 [33] and ASTM C457 [34],
and ASTM C1723 [35], respectively. In evaluation parameter 2, slump and air volume tests were
conducted based on ASTM C143 [36] and ASTM C231 [37]. For the compressive strength test,
ASTM C873 [38] and ASTM C39 [39] were referenced. Compressive strength specimens were fabricated
at a columnar mold (size: Ø 100 × 200 mm) for these tests.

Table 5. Testing methods for the assessed parameters.

Assessed Parameter Testing Method Geometry

� Raw material properties

- Particle size distribution and grading distribution (%)
- X-ray fluorescence and X-ray diffraction
- Scanning electron microscope

ASTM C204 and
ASTM C136

ASTM C114 and
ASTM C457

ASTM C1723

-
-
-
-
-

� Engineering properties

- Slump (mm) and air content (%)
- Compressive strength (MPa)

ASTM C143 and ASTM C231
ASTM C873, ASTM C39

-
Ø 100 × 200 mm

� Durability properties

- Chloride penetration depth and carbonation depth (mm)
- Relative dynamic elasticity modulus and weight loss rate (%)

KS F 2584 and
NT Build 492
ASTM C666

Ø 100 × 200 mm
Ø 100 × 50 mm

100 × 100 × 400 mm

In evaluation parameter 3, for checking the chloride penetration and carbonation depth, KS F 2584
(columnar specimen size: Ø 100 × 200 mm) [40] and NT Build 492 (columnar specimen size:
Ø 100 × 50 mm) [41] were used as the test standardization. In addition, the test for the relative dynamic
elasticity modulus and weight loss rate were conducted according to ASTM C666 (cubic specimen
size: 100 × 100 × 400 mm) [42]. For this test, a specimen was prepared and standard curing was
performed until the age of 28 days, and then an accelerated carbonization test was performed. At this
time, the accelerated carbonation was set under the conditions of 10% CO2 concentration, 60% ± 3%
relative humidity, and 20 ◦C ± 1 ◦C temperature. The carbonation depth was measured by spraying a
1% phenolphthalein solution at the age of 4 and 8 weeks. In addition, 0.5 M NaCl solution was used as
a negative electrode cell solution and a saturated Ca(OH)2 solution was used as a positive electrode
cell solution in order to test the chlorine ion penetration resistance according to the potential difference.

3. Experimental Test Results

3.1. Raw Material Properties

The particle size distributions of OPC and FA are showed in Figure 1, and are compared with
the results of GGBFS obtained by Lee [26]. The mean sizes and fineness moduli of OPC, GGBFS,
and FA were measured to be 19.46 µm and 1.18, 22.47 µm and 1.08, and 21.30 µm and 1.23, respectively.
As shown in Figure 2, to compare the shape of the grain of the OPC, GGBFS, and FA powders,
SEM analysis was conducted using a Genesis-2020 (Emcrafts, Gwangju-si, Korea). It was observed that
OPC and GGBFS similarly appeared as ellipsoidal polyhedrons when their particles were larger than
10 µm and as atypical crystals when the particles were smaller than 10 µm, through SEM imaging.
In the case of FA, however, a spherical shape and atypical crystals were observed.

In addition, for analyzing the grading of the coarse and fine aggregates, sieve analysis was carried
out. The analysis results satisfied all the cumulative passing criteria based on ASTM C136 [33] according
to the sieve opening size for the fine and coarse aggregates, as shown in Figure 3. The FM of the mixed
fine aggregate was found to be 2.84, whereas that of the coarse aggregate was found to be 6.94. In order
to know the types of crystalline substances contained in particles by binder types used, X’pert3 Powder
PW 3050 equipment (Malvern Panalytical, Seongnam-si, Korea) was used to analyze the XRD patterns
and the result is shown in Figure 4. It was found that OPC was primarily composed of 3CaO·SiO2

(C3S), 2CaO·SiO2 (C2S), 3CaO·Al2O3 (C3A), and 4CaO·Al2O3·Fe2O3 (C4AF) minerals. In addition,



Appl. Sci. 2020, 10, 6944 6 of 16

GGBFS was formed of akermanite (2CaO·MgO·2SiO2) and gehlenite (2CaO·Al2O3·SiO2) minerals.
Li et al. [43] reported that GGBFS contains a mixture of depolymerized calcium aluminosilicate glass
in addition to the two minerals. On the other hand, FA was composed of mullite and quartz minerals.Appl. Sci. 2020, 9, x FOR PEER REVIEW 6 of 17 
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3.2. Engineering Properties

Figure 5 shows the measured values of slump and air content of OPC and FA compared with
GGBFS by Lee [26] for fresh concrete by the admixture mixing rate. The slumps of GGBFS and FA were
165~205 mm and 195~205 mm, whereas the air contents were 4.1%~5.3% and 4.6%~5.7%, respectively.
Therefore, the slump was suitable for the target value of 180 ± 25 mm, and the air content also was
within the standards of 4.5% ± 1.5% for all mixing proportions. Under the same mixing conditions,
both the slump and air content of FA were found to have lower properties than those of GGBFS. In this
study, to examine the influences of the admixture type and mixing rate on workability, the water
content required to guarantee the target slump range of 180 ± 25 mm was measured after fixing the
unit binder content and chemical admixture content at 330 and 2.31 kg/m3, respectively. As shown in
Figure 6, it was found that the unit water content decreased by approximately 2.75 kg/m3 for GGBFS
and 3.00 kg/m3 for FA as the admixture mixing rate increased by 10%. This indicates that workability
can be improved through the substitution of the admixtures under the same unit binder content
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conditions, and that FA demonstrates a higher workability improvement effect than GGBFS at the
same mixing rate.
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Figure 5. Results of the air content and slump values of OPC and FA compared with GGBFS as
measured by Lee (adapted from [26]) in terms of the mixing rate.
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Figure 6. Results of the unit water content of OPC and FA compared with GGBFS as measured by Lee
(adapted from [26]) in terms of the mixing rate.

Figure 7 shows the compressive strength of OPC and FA compared with GGBFS by Lee [26]
at different ages for each admixture mixing rate. Overall, FA exhibited less compressive strength
development with aging than GGBFS. At 3 and 7 days of aging, the GGBFS and FA specimens began
to show a difference in compressive strengths when the admixture mixing rate was 40%. At 28 and
56 days of age, conversely, a difference in these compressive strengths occurred when the admixture
mixing rates were 10% and 30%, respectively. To examine the compressive strength development
rate with aging, the compressive strength rate—compressive strength of FA/compressive strength of
GGBFS—was calculated according to the admixture mixing rate, as shown in Figure 8. The result
showed a tendency to decrease along the curve of a quadratic equation as the admixture mixing rate
increased, even though the error range increased.

Figure 9 shows that the compressive strength tended to slightly decrease, except at 28 days of
aging, as the GGBFS mixing rate increased. FA exhibited larger decrements in compressive strength
than GGBFS at all ages. To examine the long-term strength development rate of each admixture after
28 days of aging, an analysis was conducted, as shown in Figure 10. Both GGBFS and FA exhibited high
long-term strength development rates as the mixing rate exceeded 15%. In particular, the development
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rate of GGBFS was higher than that of FA, indicating that GGBFS has a higher strength improvement
effect after 28 days than FA at the same mixing rate.
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Figure 7. Results of the compressive strength of OPC and FA compared with GGBFS as measured by
Lee (adapted from [26]) by age.
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Figure 8. Result of compressive strength (FA)/compressive strength (GGBFS) as measured by Lee
(adapted from [26]) in terms of the mixing rate.
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Figure 9. Results of the compressive strength of OPC and FA compared with GGBFS as measured by
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Figure 10. Results of compressive strength (56 days)/compressive strength (28 days) of OPC and FA
compared with GGBFS as measured by Lee (adapted from [26]) in terms of the mixing rate.

3.3. Durability Properties

Figure 11 shows the measured values of carbonation depth of OPC and FA compared with GGBFS
as measured by Lee [26], according to the mixing rate. The carbonation depth also tended to increase as
the admixture mixing rate increased. At an age of eight weeks, the carbonation depth of GGBFS grew
up to about 161.7% in comparison with the lowest value, 70% mixing rate. In addition, the carbonation
depth of FA increased to approximately 379.0% under the same conditions. FA exhibited a relatively
higher carbonation depth than GGBFS at the same mixing rate, confirming that FA has a lower
carbonation resistance than GGBFS at the same mixing rate.
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Figure 11. Results of the carbonation depth of OPC and FA compared with GGBFS as measured by Lee
(adapted from [26]) in terms of the mixing rate.

Figure 12 shows the measured values of chloride penetration depth by the admixture mixing rate.
The results showed a tendency to decrease as the mixing rate increased. The rate of the highest and
the lowest value was 442.1% for GGBFS and 153.3% for FA, indicating that the substitution of GGBFS
is more beneficial than that of FA in terms of a resistance towards chloride. It is necessary to further
examine the appropriate mixing rates for each admixture type in terms of the carbonation depth and
chloride penetration depth for their application in the field.

Tests for weight reduction rates and relative dynamic elasticity modulus were performed to
evaluate the influences of the admixture mixing rate on freeze-thawing and different chemical attacks.

Figure 13 shows the relative dynamic elasticity modulus of OPC and FA compared with GGBFS as
measured by Lee [26], according to the mixing rate. As the admixture mixing rate increased, the relative
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dynamic elasticity modulus tended to go up. Under the same mixing conditions, FA more rapidly
increased towards 100% than GGBFS and exhibited higher relative dynamic elasticity modulus values.Appl. Sci. 2020, 9, x FOR PEER REVIEW 11 of 17 
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Figure 12. Results of the chloride penetration depth of OPC and FA compared with GGBFS as measured
by Lee (adapted from [26]) in terms of the mixing rate.
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Figure 13. Results of the relative dynamic elasticity modulus of OPC and FA compared with GGBFS as
measured by Lee (adapted from [26]) in terms of the mixing rate.

To review the influences of the admixture mixing rate on the specimens’ surface degradation,
the weight loss rate was measured by the admixture mixing rate, as shown in Figure 14. The FA and
GGBFS specimens reached 100% or higher when the mixing rate exceeded 5% and 15%, respectively.
This indicates that it is necessary to design the mixing proportions reflecting the weight reduction rate
and relative dynamic elasticity modulus for application in construction sites.Appl. Sci. 2020, 9, x FOR PEER REVIEW 12 of 17 
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Figure 14. Results of the weight loss rate of OPC and FA compared with GGBFS as measured by Lee
(adapted from [26]) in terms of the mixing rate.
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4. Discussions

4.1. Engineering Properties Determined via Chemical Composition

Figure 15 shows the measured values of CaO content and CaO/SO3 rate according to the admixture
mixing rate. As the mixing rate increased, the CaO content and CaO/SO3 rate of GGBFS decreased to
82.2% and 90.2%, respectively. In the case of FA, conversely, the CaO content decreased to 34.7% and
the CaO/SO3 rate increased to 110.9%. Moreover, the representative chemical components (SO3, CaO,
and Fe2O3) tended to decrease, whereas CaO, Fe2O3, and SO3 increased as the mixing rate of GGBFS
increased. For FA, SiO2, Al2O3, and Fe2O3 increased, whereas CaO, MgO, and SO3 decreased.

Appl. Sci. 2020, 9, x FOR PEER REVIEW 12 of 17 

 

 
Figure 14. Results of the weight loss rate of OPC and FA compared with GGBFS as measured by Lee 
(adapted from [26]) in terms of the mixing rate. 

4. Discussions 

4.1. Engineering Properties Determined via Chemical Composition 

Figure 15 shows the measured values of CaO content and CaO/SO3 rate according to the 
admixture mixing rate. As the mixing rate increased, the CaO content and CaO/SO3 rate of GGBFS 
decreased to 82.2% and 90.2%, respectively. In the case of FA, conversely, the CaO content decreased 
to 34.7% and the CaO/SO3 rate increased to 110.9%. Moreover, the representative chemical 
components (SO3, CaO, and Fe2O3) tended to decrease, whereas CaO, Fe2O3, and SO3 increased as the 
mixing rate of GGBFS increased. For FA, SiO2, Al2O3, and Fe2O3 increased, whereas CaO, MgO, and 
SO3 decreased. 

Figure 16 shows the measured values of CaO/SiO2 and SiO2/Al2O3 molar rates according to the 
admixture mixing rate. As the GGBFS mixing rate increased, both the CaO/SiO2 and SiO2/Al2O3 molar 
rates decreased. In the case of FA, however, the CaO/SiO2 molar rate increased and the SiO2/Al2O3 

molar rate decreased. When regression analysis was conducted using the triangular graph of the 
CaO/SiO2 and SiO2/Al2O3 molar rates, it was confirmed that GGBFS is more beneficial in terms of 
long-age strength and less beneficial in terms of rapid hardening compared to FA. 

 
Figure 15. Results of the CaO content and CaO/SO3 rate in terms of the mixing rate. 

90

93

96

99

102

105

0 10 20 30 40 50 60 70

W
ei

gh
t l

os
s r

at
io

 (%
)

Mixing rate (%)

FA
GGBFS by Lee(2020)

Reverse
point

100%

+102.3%

0

12

24

36

48

60

0

20

40

60

80

100

0 10 20 30 40 50 60 70

C
aO

/S
O

3 
ra

tio
 (%

)

C
aO

 co
nt

en
t (

%
)

Mixing rate (%)

GGBFS-CaO/SO3 FA-CaO/SO3

GGBFS-CaO FA-CaO

CaO/SO3 CaO/SO3

100%

110.9%

90.2%

82.2%

34.7%

* GGBFS's value is the result of Lee (2020) 

Figure 15. Results of the CaO content and CaO/SO3 rate in terms of the mixing rate.

Figure 16 shows the measured values of CaO/SiO2 and SiO2/Al2O3 molar rates according to the
admixture mixing rate. As the GGBFS mixing rate increased, both the CaO/SiO2 and SiO2/Al2O3 molar
rates decreased. In the case of FA, however, the CaO/SiO2 molar rate increased and the SiO2/Al2O3

molar rate decreased. When regression analysis was conducted using the triangular graph of the
CaO/SiO2 and SiO2/Al2O3 molar rates, it was confirmed that GGBFS is more beneficial in terms of
long-age strength and less beneficial in terms of rapid hardening compared to FA.Appl. Sci. 2020, 9, x FOR PEER REVIEW 13 of 17 
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Figure 16. CaO/SiO2 and SiO2/Al2O3 molar rates in terms of the mixing rate.

Figure 17a shows the compressive strength of the fabricated specimens by the CaO content. As the
unit CaO weight went up, the compressive strength also tended to increase. When the CaO content was
between 49.49% and 58.67%, however, the compressive strength of GGBFS was lower than that of FA at
ages of 3 and 7 days. This appears to be because GGBFS is less beneficial in terms of rapid hardening
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compared to FA, as indicated in the results of Figure 16. Figure 17b shows the compressive strength
development rate of each admixture by age. As the CaO content increased, the compressive strength
development rate tended to slightly decrease. In the case of the GGBFS specimens, in particular,
the strength development rate was higher for strengths at the early ages.

Appl. Sci. 2020, 9, x FOR PEER REVIEW 13 of 17 

 

 
Figure 16. CaO/SiO2 and SiO2/Al2O3 molar rates in terms of the mixing rate. 

Figure 17a shows the compressive strength of the fabricated specimens by the CaO content. As 
the unit CaO weight went up, the compressive strength also tended to increase. When the CaO 
content was between 49.49% and 58.67%, however, the compressive strength of GGBFS was lower 
than that of FA at ages of 3 and 7 days. This appears to be because GGBFS is less beneficial in terms 
of rapid hardening compared to FA, as indicated in the results of Figure 16. Figure 17b shows the 
compressive strength development rate of each admixture by age. As the CaO content increased, the 
compressive strength development rate tended to slightly decrease. In the case of the GGBFS 
specimens, in particular, the strength development rate was higher for strengths at the early ages. 

Figure 18 shows the compressive strength of each admixture type by the CaO/SO3 rate. As the 
CaO/SO3 rate increased, the compressive strength of the GGBFS specimens showed a tendency to 
increase except at 56 days of age, whereas that of the FA specimens showed a tendency to decrease 
at all ages. 

  
(a) (b) 

Figure 17. Results of the (a) compressive strength and (b) compressive strength development rate 
according to the varied CaO content. 

SiO2

Al2O3CaO

(Long-age strength)

(Rapid hardening)(Expansion)

CaO
SiO2

SiO2
Al2O3

Plain
F10

F20
F30F40F50F60F70

Regression 
curve

GGBFS’s 
result by
Lee(2020) 

0

10

20

30

40

50

10 20 30 40 50 60 70

C
om

pr
es

siv
e s

tr
en

gt
h 

(M
Pa

)

CaO content (%)

GGBFS-56d ays FA-56 days
GGBFS-28 days FA-28 days
GGBFS-7 days FA-7 days
GGBFS-3 days FA-3 days

Plain

F70

100%

288.9%

* Range of 
compressive 

strength
difference 

* GGBFS's value  is
the result of Lee(2020) 

Mixing rate
of 70%

0

100

200

300

400

500

600

10 20 30 40 50 60 70

C
om

pr
es

siv
e 

st
re

ng
th

 d
ev

el
op

m
en

t r
at

io
 (%

)
CaO content (%)

GGBFS-C.S.(7days)/C.S.(3days) ratio
GGBFS-C.S.(28days)/C.S.(7days) ratio
GGBFS-C.S.(56days)/C.S.(28days) ratio
Average regression curve of GGBFS
FA-C.S.(7days)/C.S.(3days) ratio
FA-C.S.(28days)/C.S.(7days) ratio
FA-C.S.(56days)/C.S.(28days) ratio
Average regression curve of FA

* Range of 
compressive 
strength ratio
difference 

* GGBFS's value is
the result of Lee (2020) 

Figure 17. Results of the (a) compressive strength and (b) compressive strength development rate
according to the varied CaO content.

Figure 18 shows the compressive strength of each admixture type by the CaO/SO3 rate. As the
CaO/SO3 rate increased, the compressive strength of the GGBFS specimens showed a tendency to
increase except at 56 days of age, whereas that of the FA specimens showed a tendency to decrease at
all ages.Appl. Sci. 2020, 9, x FOR PEER REVIEW 14 of 17 
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Figure 18. Results of the compressive strength in terms of the CaO/SO3 rate.

4.2. Derivation of an Optimum CaO Content Range

Figure 19 shows the optimum CaO content range for ensuring an adequate durability performance,
which was derived for FA by considering all of the contents mentioned above. For concrete replaced
with FA to ensure an adequate durability properties, it is desirable to reduce the carbonation and
chloride penetration depth while maximizing the relative dynamic elasticity modulus and weight
reduction rate when mixing concrete.

As can be seen from Figure 19, the optimum CaO content of FA was found to be between 39%
and 48%. This corresponds to a FA mixing rate range between 21.7% and 37.7%. In this range,
the compressive strength value at the age of 28 days was found to be between 25.1 and 31.0 MPa,
which exceeded the target compressive strength (fck = 24 MPa). For reference, according to a previous



Appl. Sci. 2020, 10, 6944 14 of 16

study by Lee [26], the optimum CaO content of GGBFS used to satisfy all of the four durability test
conditions was found to be between 53% and 56%. This corresponds to a GGBFS mixing rate range
between 27.5% and 47.1%. Therefore, the optimum mixing rate of FA was evaluated to be slightly
lower than that of GGBFS.
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5. Conclusions

In this article, the engineering performance and durability properties of binary blended concrete
containing a large amount of fly ash (FA) were evaluated, and the optimum CaO content range to
ensure adequate durability was deduced by each admixture type. In addition, the results of this study
and the results of a previous study by Lee [25,27] on high-volume GGBFS concrete were compared
with each other on the basis of various properties. The conclusions of this article are as follows:

(1) When the unit content of water required to ensure the target slump range of 180 ± 25 mm was
measured after fixing the unit binder content and chemical admixture content in fresh concrete, it was
found that the unit water content decreased by 3.00 kg/m3 in the case of FA (approximately 2.75 kg/m3

for GGBFS) as the admixture mixing rate increased by 10%.
(2) In hardened concrete, the compressive strength decreased when the admixture mixing rate

increased, and FA more significantly reduced the compressive strength than GGBFS. In addition, it was
found that both GGBFS and FA increased the compressive strength development rate after 28 days of
aging when the admixture mixing rate exceeded 15%.

(3) The overall compressive strength increased as the CaO content increased, regardless of the
admixture type. When the CaO content was between 49.49% and 58.67%, however, the compressive
strength of GGBFS was lower than that of FA at ages of 3 and 7 days. The GGBFS specimens exhibited
higher compressive strength development rates at the early ages.

(4) When the durability properties were examined, it was found that the depth of carbonation
and relative dynamic elasticity modulus decreased, whereas the depth of chloride penetration
tended to increase as the CaO content increased for both GGBFS and FA. The weight loss rate,
however, was relatively unchanged.

(5) The optimum CaO content satisfying all of the desired engineering and durability properties
required in this study was found to be between 39% and 48% for FA (i.e., an FA mixing rate of 21.7% to
37.7%). Therefore, the optimum CaO content of FA was found to be slightly lower than the results of
the previous study (i.e., between 53% and 56% for GGBFS).

The engineering and durability property evaluation data comparing FA and GGBFS derived in
this study and the optimum CaO content ranges derived to secure durability will be able to provide
guidelines for mixing proportions when applying high-volume FA-based concrete in local construction
fields in future projects. They are also anticipated to be utilized as a basis for determining chemical
composition standards for developing binders to improve the durability of the fabricated concrete.
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