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Abstract: This study aimed to evaluate the durability and engineering performance of concrete
mixed with locally produced ground granulated blast-furnace slag (GGBS) based on CaO content
and ratio, and to derive the optimal CaO content range that can secure durability. Hence, tests
were conducted by increasing the GGBS replacement ratio by 10% from 0% to 70%, while the unit
binder weight was fixed at 330 kg/m®. The results indicated that the compressive strength exhibited a
tendency to increase when the CaO content and basicity increased within 28 d of age, although similar
compressive strength characteristics were observed at 56 d of age, irrespective of the CaO content and
basicity. Additionally, four test items (i.e., carbonation depth, chloride penetration depth, relative
dynamic elastic modulus, and weight reducing ratio) were measured to evaluate durability. The
optimal CaO content satisfying all four parameters was observed as ranging between 53% and 56%
(GGBS replacement ratio: 27.5%—47.1%). The results of the study can provide guidelines on the mixing
proportions of GGBS concrete with excellent durability that can be applied to local construction sites
and can be used as basic data to set chemical composition criteria for the development of binders to
improve durability.

Keywords: durability performance; engineering performance; CaO content and ratio; ordinary
Portland cement; ground granulated blast-furnace slag

1. Introduction

Ground granulated blast-furnace slag (GGBS) is an industrial byproduct that is widely used
as a substitute for ordinary Portland cement (OPC), and several extant studies focused on the
same [1]. Specifically, GGBS are mainly used as supplementary cementitious materials (SCMs) and
alkali-activated materials (AAMs). When GGBS is used as a SCM, it improves durability, long-term
strength, and constructability [2,3]. Given the high demand for natural resources to satisfy demands for
infrastructure, there are significant opportunities to apply SCMs in the construction of carbon-saving
infrastructure [4,5]. Furthermore, studies on AAMs have attracted considerable attention in the
construction industry over the last few decades because it provides effective alternatives to OPC [6,7].
However, AAMs are not actually applied to the field due to high cost, short initial setting time, and
high shrinkage. Therefore, in-depth research on SCMs is necessary to improve field applicability.

Specifically, GGBS is a byproduct that is generated during the production of pig iron. It becomes
fine, granular, and amorphous after quenching and crushing. Additionally, GGBS is mainly composed
of four chemical elements, namely SiO;, Al,O3, CaO, and MgO. Thus, GGBS can be referred to as
aluminosilicate with CaO and MgO as base chemical elements [8,9]. Furthermore, GGBS exhibits a
hydration reaction when it is in contact with water, sulfate, or alkali starter, etc. The reaction rate
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increases when the pH value increases [3,10]. For example, when GGBS is placed in a saturated
aqueous solution of calcium hydroxide (Ca(OH),) corresponding to or exceeding pH 12, hydration
begins when the chain structure of aluminosilicate is cut. Nevertheless, the reaction stops when the
supply of Ca(OH), is interrupted and the amount of alkali decreases below a certain concentration or
the reaction products shielding effect [11]. Additionally, impermeable acid film is generated on the
particle surface when GGBS is in contact with water. In this case, the reaction can be resumed when the
film is destroyed by the strong alkali stimulation of NaOH, KOH, and Ca(OH), + CaSO,4. Hardening
begins when insoluble matter precipitates in the solution following the occurrence of the dissolution
reaction on the GGBS surface via the aforementioned type of stimulation [12].

Furthermore, the durability of concrete composed of OPC 100% can be improved by adding
GGBS as SCMs [13]. The durability of concrete mixed with GGBS is improved by the latent hydraulic
reaction that occurs during the hydration process of the cement [14,15]. Calcium hydroxide (CH)
and calcium silicate hydrate (C-S-H) gels are formed during the better hydration of Portland clinker.
Moreover, CH is the most soluble hydration product and becomes a fragile linkage by cement. When
concrete is in contact with water, porosity increases due to the dissolution of CH, and concrete becomes
more sensitive for further leaching and chemical intrusion [16]. Subsequently, the GGBS added to
concrete reinforces and fills pores and improves durability to prevent the intrusion of water and other
chemicals [17,18].

Huang [19] reported that finer GGBS (specific surface area: 5000 cmz/g or 6000 cmz/g) increased
the fracture toughness of concrete. Ganesh [20] inferred that the compressive strength of ultrahigh
performance concrete (UHPC) with a high volume fraction of GGBS improved when the replacement
ratio ranged from 40% to 60% based on the temperature condition. It was also verified that UHPC with
a higher volume fraction of GGBS exhibited denser microstructure by analyzing the microstructure
characteristics by using a scanning electron microscope (SEM). Additionally, Reddy Suda [21] suggested
the economic ratio of ternary blended concrete for securing strength at 28 d of age as corresponding to
silica:GGBS:OPC = 10:30:60. Cheng [22] reported that the partial replacement of cement with GGBS
affected the total charge passed, permeability, and corrosion rate and flexural stiffness of the beam.

On the other hand, Lofgren [23] conducted a laboratory study on concrete with various dosages
and W/B ratio of mineral admixtures exposed to accelerated carbonation at 1% CO, concentration
at different ages. As a result, it was found that exposure specimen at accelerated carbonation at
an early age increased scaling, but the carbonization depth corresponded to a natural exposure of
10 years. It also reported that scaling was significantly reduced by increasing the curing period prior to
accelerated carbonation exposure, and that salt frost scaling resistance appeared to be better related to
field observation. In addition, Koenig [24] tested performance on UHPC, normal, and high-strength
concrete through an acid testing device for 12 weeks by stressing an organic acid mix and a sulfuric
acid. As a result, it was reported that very high acid resistance could only be achieved by very low
capillary porosity and very low reactivity to acid solutions. In particular, it was proven that the depth
of degradation can be minimized by reducing the content of Ca(OH), by using pozzolanic or latent
hydraulic GGBS. In addition, it has been demonstrated that the addition of finely ground secondary
raw materials (GGBS, silica fume, fly ash) to cement or concrete can increase the resistance to acidic
fluids [25].

As previously mentioned, an increase in the GGBS replacement ratio improves durability under
the same unit binder weight, although it decreases compressive strength. However, to the best of the
authors’ knowledge, extant studies do not suggest guidelines on optimal mixing proportions that can
secure compressive strength and durability using locally produced GGBS materials for the framework
of actual construction sites. There is also a paucity of basic data on chemical compositions to develop
GGBS-based binders with excellent durability.

Therefore, in the study, durability and engineering performance of binary blended concrete with
locally produced GGBS were evaluated based on CaO content and ratio to derive optimal CaO content
for excellent durability that can be applied to the framework of actual construction sites. Hence, in series
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I, particle size distribution, SEM, X-ray fluorescence, X-ray diffraction, and grading distribution were
measured for raw material analysis. In series II, slump, air content, water content, and compressive
strength were measured for engineering performance analysis. In series III, carbonation depth, chloride
penetration depth, relative dynamic elastic modulus, and weight reducing ratio were evaluated for
durability performance analysis.

2. Experimental Procedure

2.1. Materials

Table 1 shows the chemical compositions of OPC and GGBS used in the study. Specifically, OPC
and GGBS were mainly composed of CaO, SiO,, and Al,O3;. However, GGBS exhibited higher SiO,,
AlyO3, and MgO content when compared to OPC. Table 2 shows the physical properties of the materials
used. Type 1 OPC (KS L 5201) [26] with a 3322 cm?/g specific surface area was used. With respect to
GGBS, type 3 (KS F 2563) [27] with a 4592 cmz/g specific surface area was used. A mixture of washed
sea sand and crushed sand was used for the fine aggregate. Crushed granitic aggregate was used for
the coarse aggregate. The polycarboxylic acid group was used for the chemical admixture.

Table 1. Chemical compositions of the used binders.

Chemical Composition (%)

Material
CaO Si02 A1203 F8203 MgO Kzo NaZO 503
orc® 60.20 21.60 5.15 3.30 2.30 0.99 0.53 1.50
GGBS®@  44.90 35.40 13.00 0.47 5.01 0.37 0.00 1.31
() OPC: ordinary Portland cement; ¥ GGBS: ground granulated blast-furnace slag.
Table 2. Physical properties of the materials.
Material Property
oPC Type 1 ordinary Portland cement (KS L 5201)
Density: 3.15 g/cm?, specific surface area: 3322 cm?/g
GGBS Type 3 Ground Granulated Blast-furnace Slag (KS F 2563)
Density: 2.90 g/cm3, specific surface area: 4592 cmz/g
s1 Washed sea sand
Fine aggregate FM ®: 201, density: 2.60 g/cm3, absorption: 0.79%
52 Crushed sand
FM: 3.29, density: 2.57 g/cm3, absorption: 0.87%
Crushed granitic aggregate
Coarse aggregate Size: 25 mm, density: 2.60 g/cm?, absorption: 0.76%
Chemical admixture Polycarboxylic acid group, density: 1.05 g/cm?

(1) FM: fineness modulus.

2.2. Experimental Procedures

Table 3 shows the experimental plan of the study. The binder types corresponded to OPC and
GGBS, and tests were conducted by increasing the GGBS replacement ratio by 10% from 0% to 70%
while the unit binder content and curing temperature were fixed at 330 kg/m? and 20 °C, respectively.
In series I, the particle size distribution, SEM, X-ray fluorescence, X-ray diffraction, and grading
distribution were measured for raw material analysis. In series I, the slump, air content, water content,
and compressive strength were measured for engineering performance analysis. In series III, the
carbonation depth, chloride penetration depth, relative dynamic elastic modulus, and weight reducing
ratio were evaluated for durability performance analysis. Table 4 shows the mixing proportions of the
concrete (ready-mixed concrete specification 25-24-180) used in the study.
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Table 3. Experimental plan.

Experimental Factor and Level

o s GGBS .
Series Unit Binder Curing Evaluation Item
eplacement
Content Ratio Temperature
3 o
(kg/m>) (%) (@)
Particle size distribution (%)
L Scanning electron microscope
Raw 0 X-ray fluorescence
material analysis 10 X-ray diffraction
20 Grading distribution (%)
30 Slump (mm)
II. Engineering 330 40 20 Air content (%)
performance analysis 50 Water content (kg/m?)
60 Compressive strength (MPa)
70 Carbonation depth (mm)
III. Durability Chloride penetration depth (mm)
performance analysis Relative dynamic elastic modulus (%)

Weight reducing ratio (%)

Table 4. Mixing proportions of the concrete.

MixNo. W/B® Unit Weight (kg/m’) (3 b
Water OPC  GGBS WSs®@  ¢cs®  cga®w  (BY xwth)
Plain 330 0 351 521 878 0.90
Gl 297 33 351 520 877 0.85
2 264 66 350 519 875 0.80
G3 231 99 350 519 874 0.75
G4 0.53 175 198 132 349 518 873 0.70
G5 165 165 349 517 872 0.65
G6 132 198 348 516 871 0.60
c7 99 231 348 516 870 0.55

@ W/B: water/binder ratio; ® WSS: washed sea sand; @ CS: crushed sand; ® CGA: crushed granitic aggregate; ®)
AD: chemical admixture; © B: unit binder weight.

2.3. Test Methods

Table 5 shows the test methods with respect to the evaluation item in the study. Tests on
the evaluation items in series I (i.e., particle size distribution, scanning electron microscope, X-ray
fluorescence, X-ray diffraction, and grading distribution) were conducted based on ASTM C204 [28],
ASTM C1723 [29], ASTM C114 [30], ASTM C457 [31], and ASTM C136 [32], respectively. Additionally,
for series II, the slump test was conducted based on ASTM C143, and the air content was measured based
on ASTM C231 [33]. The compressive strength test was conducted based on ASTM C873 (specimen size:
100 mm x 200 mm) [34] and ASTM C39 [35]. The target slump was set to 180 + 25 mm, and the
target air content was set to 4.5 + 1.5%. For series IlI, the carbonation depth and chloride penetration
depth were measured based on KS F 2584 (specimen size: 100 mmX 200 mm) [36] and NT Build
492 (specimen size: J100 mm x 50 mm) [37]. Tests on the relative dynamic elastic modulus and
weight reducing ratio were conducted based on ASTM C666 (specimen size: 100 mm x 100 mm X
400 mm) [38]. For carbonation depth measurement, an accelerated carbonation test was conducted
after specimens were fabricated and subjected to standard curing until 28 d of age. The carbonation
depth was measured in the fourth and eighth week after the test commenced. To measure the chloride
penetration depth, a chlorine ion penetration resistance test was conducted based on the potential
difference using 0.5 M NaCl solution as the cathode cell solution and saturated Ca(OH), solution as
the anode cell solution.
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Table 5. Test methods by evaluation items.

Series Evaluation Item Test Method
Particle size distribution (%) ASTM C204
Scanning electron microscope ASTM C1723
L. Raw material analysis X-ray fluorescence ASTM C114
X-ray diffraction ASTM C457
Grading distribution (%) ASTM C136
Slump (mm) ASTM C143
II. Engineering performance Air content (%) ASTM C231
analysis
. ASTM C873
Compressive strength (MPa) ASTM C39
Carbonation depth (mm) KS F 2584
III. Durability performance Chloride penetration depth (mm) NT Build 492
lysi i i i %
analysis Relative dynamic elastic modulus (%) ASTM C666

Weight reducing ratio (%)

3. Results and Discussion
3.1. Effects on Engineering Performance

3.1.1. Raw Material Analysis

Figure 1 shows the particle size distribution of OPC and GGBS used in the study. Specifically, OPC
exhibited a mean size of 19.46 um and a fineness modulus of 1.18, and GGBS exhibited a mean size of
22.47 um and a fineness modulus of 1.08. The mean size of OPC was lower than that of GGBS although
the fineness modulus of OPC exceeded that of GGBS. To observe the detailed grain shapes of OPC
and GGBS, SEM analysis was performed via Genesis-2020 (Emcrafts, Gwangju-si, Korea), as shown in
Figure 2. The SEM analysis results indicated that OPC and GGBS appeared similar and corresponded
to ellipsoidal polyhedrons for particles exceeding 10 um and atypical crystals for particles lower
than 10 um. Additionally, sieve analysis (ASTM C136) was conducted to analyze the grading of the
mixed fine aggregate and crushed coarse aggregate used in the study. The results satisfied all the
passing criteria for fine and coarse aggregates based on the sieve opening size as shown in Figure 3,
and the fineness modulus was analyzed as 2.84 and 6.94, respectively. Figure 4 shows the results of
analyzing the X-ray diffraction (XRD, X"pert3 Powder PW 3050, Malvern Panalytical, Seongnam-si,
Korea) patterns to identify the types of crystalline materials in the OPC and GGBS particles. The results
indicated that OPC was mainly composed of C35(3Ca0O-5i0;,), C25(2Ca0-5i0;), C3A(3Ca0O-Al,03),
and C4AF(4Ca0-Al,O3-Fe;O3) minerals while GGBS was composed of gehlenite, akermanite, and a
very high X-ray amorphous content.

6 120
—0—OPC volume
—e—GGBS volume
5 —o—OPC cumulative volume p 100
—e—GGBS cumulative volume
S
4 8 <
S Mean size :19.46 um §
g 3 Mean size : 22.47 um Fineness modulus : 1.18 U
° Fineness modulus : 1.08 =
> K]
3
2 0 E
]
1 20
0 Seant? - b 0
0.1 1 10 100 1000

Particle size (um)

Figure 1. Particle size distribution of ordinary Portland cement (OPC) and ground granulated
blast-furnace slag (GGBS).
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(a) (b)
Figure 2. Scanning electron microscopy images of (a) OPC and (b) GGBS.
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20
- Grading limit
—O— Expperimental value
0
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Sieve opening size (mm) Sieve opening size (mm)
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Figure 3. Gradation sieve analysis curves of aggregates used: (a) coarse aggregates and
(b) fine aggregates.
GGBS A Ge : Gehlenite A : Akermanite

OPC C3S : C3S monoclinic  C2S : C2S beta
C3A : C3A Cubic+C3A Na orthorhombic C4A : C4AF
S:Structure G :Gypsum B: Bassnite C: Calcite
Q:Quartz Ge :Gehlenite A :Akermanite M : Mullite

Counts

S+B+C

C3S+C2S+C3A C3S+C3A

10 15 20 25 30 35 40 45 50 55 60 65
Position [2Theta] (Copper (Cu))

Figure 4. X-ray diffraction patterns of OPC and GGBS.
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3.1.2. Engineering Property Analysis

Figure 5 shows the slump and air content measurement results based on the GGBS replacement
ratio. The slump satisfied the target range corresponding to 180 + 25 mm, and the air content also
satisfied the target range corresponding to 4.5 + 1.5 mm. In the study, to secure data with high field
applicability, the content of the chemical admixture was fixed and the unit water content required to
secure the target slump was measured based on the GGBS replacement ratio. The results indicate that
the unit water content exhibited a tendency to decrease by approximately 2.75 kg when the GGBS
replacement ratio was increased by 10% as shown in Figure 6. When the GGBS replacement ratio was
70%, the unit water content to secure the same workability decreased to 90.7% when compared to that
when the replacement ratio corresponded to 0%. This result was similar to the previous studies [22,39],
and the surface of GGBS was denser than OPC and had the characteristics of particle shape, which
is advantageous for increased fluidity. Therefore, it is known to have an effect of reducing friction
between the paste and the aggregate interface. This indicated that the substitution of GGBS in the field
under the same total binder weight condition is helpful in improving the workability of concrete.

255 12.0
—=slump
—o—Air
205 FF 9.0
Range of
target slump. —~
£ g T $
£ HoEd ], E
o 155 60 €
£ Fe\ 3
=} =]
Q’ Range gf
target afr confient
105 30
55 H H H H H H H 0.0
0 10 20 30 40 50 60 70

Replacement ratio (%)

Figure 5. Result of slump and air contents with respect to replacement ratio.
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Figure 6. Result of unit water content with respect to replacement ratio.

Figure 7 shows the compressive strength with respect to age for each GGBS replacement ratio.
At 3,7,28, and 56 d of age, the minimum-maximum values of compressive strength were observed
as 5.0-12.0, 15.1-24.9, 30.4-37.3, and 35.0-40.0 MPa, respectively. Figure 8a shows the compressive
strengths based on the GGBS replacement ratio. At 3, 7, and 28 d, the compressive strength tended to
decrease by 1.0, 1.4, and 0.9 MPa, respectively, when the GGBS replacement ratio increased by 10%.
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Conversely, the compressive strength at 56 d remained similar even though the GGBS replacement ratio
increased. When the ratio of the compressive strength at 56 d to that at 28 d was analyzed, the results
indicate that the ratio exhibits a tendency to increase when the GGBS replacement ratio increases, as
shown in Figure 8b. The ratio ranged from 101.3% to 101.6% when the GGBS replacement ratio ranged
from 0% to 10%, thereby indicating an insignificant increase in compressive strength. However, the
ratio increased to 106.4%-123.3% when the GGBS replacement ratio exceeded 20%. This confirmed that
the long-term strength after 28 d of age improved when the GGBS replacement ratio increased. These
results and reasons can also be found in a previous study [23]. The development of the compressive
strength of GGBS based concrete depends on the GGBS replacement ratio and concrete curing age.
GGBS’s glassy compounds react slowly with water, and it takes time to obtain hydroxyl ions to break
the glassy slag parcels from the hydration products of OPC at an early age. However, GGBS concrete
had a property where the compressive strength was higher than that of OPC after the GGBS hydration
and pozzolanic reactions were almost completed.
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Figure 7. Result of compressive strength with respect to age.
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Figure 8. Results of (a) compressive strength and (b) CS (56 d)/CS (28 d) ratio with respect to the
replacement ratio.

3.1.3. Chemical Composition Analysis

Figure 9 shows the CaO/SO3 and SO3/Al,O3 molar ratios based on the GGBS replacement ratio.
When the GGBS replacement ratio increased, the CaO/SO3 and SO3/Al,O3 molar ratios decreased.
With respect to the representative chemical components, CaO, Fe,O3, and SO3 exhibited a tendency to
decrease, although SiO;, Al,O3, and MgO increased when the GGBS replacement ratio increased. This
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is because GGBS exhibited higher SiO,, Al,O3, and MgO content when compared to OPC. Regression
analysis on the triangular graph of CaO/SO3 and SO3/Al,O3 indicated that construction must be
managed by considering long-age strength when the GGBS replacement ratio is increased.

(Long-age strength)
Sio,

Ca0 AlLO,
(Expansion) (Rapid hardening)

Figure 9. CaO/SO; and SO3/Al,O3 molar ratios based on the replacement ratio.

Figure 10a shows the compressive strength based on the CaO content. When the CaO content
increased, the compressive strength also increased. Under the mixing conditions of the study, the ratio
of the maximum strength among the specimens to the minimum strength was observed as 239.7%
at 3 d of age, 165.0% at 7 d, and 122.8% at 28 d. Conversely, all the specimens at 56 d exhibited
similar compressive strengths irrespective of the CaO content. The result suggested that the long-term
compressive strengths measured after 28 d were found to be similar because the total binder weight
was fixed at 330 kg/m>. To analyze the compressive strength increase rate after 28 d, the regression
curves of the rate of increase in compressive strength with increasing age at the same CaO content
level are shown in Figure 10b. The results indicated that the rate of increase in compressive strength
after 28 d exhibited a tendency to decrease. Specifically, the compressive strength (C.S., 7 d)/C.S. (3 d)
ratio regression curve exhibited the largest reduction rate. This indicated that when the CaO content
increased, the rate of increase in compressive strength exhibited a relative decrease when compared
with that for low CaO content after 28 d because the compressive strength was rapidly developed at an
age lower than 7 d.
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Figure 10. Results of (a) compressive strength and (b) compressive strength ratio with respect to
CaO content.

Figure 11 shows the compressive strength based on the basicity. The basicity was calculated as
the CaO content/SiO, content ratio. When the basicity increased, the compressive strength increased
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at all ages with the exception of 56 d. Specifically, when the basicity exceeded 2.3, the compressive
strength at 28 d was similar to that at 56 d. The result was similar to the aforementioned CaO content
analysis result. This was potentially because GGBS affected the development of long-term strength
in specimens with low basicity in the case of long-term strength after 28 d. Figure 12 shows the
CaO content and CaO/SiO; ratio based on the GGBS replacement ratio. The two variables decreased
when the replacement ratio increased. The CaO content decreased to approximately 82.2% and the
Ca0O/SiO; ratio to 56.8% when compared to that of the plain specimen. It is expected that these chemical
composition analysis data will be used as basic data for the development of binders for high volume
GGBS concrete.
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Figure 11. Compressive strength with respect to basicity.
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Figure 12. CaO content and CaO/iO; ratio with respect to replacement ratio.

3.2. Effects on Durability Performance

Figure 13 shows the carbonation depth measurement results based on the GGBS replacement ratio.
In the case of the specimens at four weeks of age, the carbonation depth remained at similar levels
until the replacement ratio reached 50%, although it significantly increased when the replacement
ratio exceeded 50%. In the case of the G7 specimen, the carbonation depth increased to approximately
266.7% when compared to the lowest value. For specimens at eight weeks of age, the carbonation
depth also remained at similar levels until the replacement ratio reached 50%, although it significantly
increased when the replacement ratio exceeded 50%. With respect to the G7 specimen, the carbonation
depth increased to approximately 161.7% when compared to the lowest value. These results indicate
that it is desirable to set the GGBS replacement ratio to 50% or less to minimize the carbonation depth
in the field application. This finding is complemented by the existing literature. It has long been known
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that concrete is adversely affected by carbonation when large amounts of GGBS are used [40,41]. Some
studies reported that the amount of GGBS that started to be affected by this negative effect was about
30-40% of the total binder content based on field data [42,43].

25

Wdweeks B weeks ¥ =0.003x2 - 0.1175x + 13.508
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=
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o

Replacement ratio (%)

Figure 13. Carbonation depth ratio with respect to replacement ratio.

Figure 14 shows the chloride penetration depth measurement results based on the GGBS
replacement ratio. The chloride penetration depth significantly decreased until the replacement
ratio reached 25%, although it remained at similar levels when the replacement ratio ranged from 25%
to 70%. In the case of the plain specimen, the chloride penetration depth was approximately 442.1%
when compared to the lowest value. Therefore, it is deemed as desirable to secure 25% or higher GGBS
replacement ratios during concrete mix design at construction sites where the chloride attack must be
considered. According to a previous study [44], laboratory accelerated tests resulted in lower chloride
transfer coefficients with higher replacement ratios of GGBS in concrete. Therefore, cement-free slag
concrete was found to have the greatest resistance to chloride ion penetration compared to other
specimens. In addition, it was similar to the previous studies [24,25] where the depth of degradation
can be minimized and resistance to acid fluids can be improved by adding raw materials such as GGBS.
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Figure 14. Chloride penetration depth relative to the replacement ratio.

To examine the effect of the GGBS replacement ratio on freeze-thawing or other chemical reactions,
the relative dynamic elastic modulus was measured based on the GGBS replacement ratio, as shown
in Figure 15a. The relative dynamic elastic modulus exhibited a tendency to increase when the
replacement ratio increased. It was as low as 64.6% when the replacement ratio ranged from 0 to 45%,
although it increased to 86.8%-94.5% when the replacement ratio exceeded 45%. This indicated that
the GGBS replacement ratio must be 45% or higher to secure resistance to freeze-thawing.
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Figure 15. (a) Relative dynamic elastic modulus and (b) weight reducing ratio relative to the
replacement ratio.

Figure 15b shows the weight reducing ratio based on the GGBS replacement ratio. The test was
conducted to examine the effect of the replacement ratio on the surface degradation of the specimens.
When the replacement ratio increased, the weight reducing ratio exhibited a tendency to increase.
While the weight reducing ratio of the plain specimen was measured as 96.8%, the weight reducing
ratio reached 99.9% or higher when the GGBS replacement ratio exceeded 20%. This indicated that it is
necessary to secure 20% or higher GGBS replacement ratios in the field to minimize surface degradation
of structures. This result is similar to that of the previous study [44]. The slag replacement concrete
had a higher coefficient of durability as the slag replacement ratio was higher. In addition, it was found
that the slag replacement concrete was more resistant to freezing/thawing than cement concrete.

All of the aforementioned contents were summarized, and the optimal CaO content range to secure
durability performance is shown in Figure 16. For concrete mixed with GGBS to secure durability
performance, it is important to minimize the carbonation depth and chloride penetration depth and
maximize the relative dynamic elastic modulus and weight reducing ratio in the concrete mix design.
The results indicated that the optimal CaO content that can satisfy all four conditions ranged between
53% and 56%. This corresponded to the GGBS replacement ratio ranged from 27.5% to 47.1%. In the
study, the ready-mixed concrete specification was set to 25-24-180. When the CaO content ranged from
53% to 56%, the compressive strength at 28 d of age was observed as between 31.3 MPa (130.5%) and
33.0 MPa (137.6%), thereby confirming that the target compressive strength (f. = 24 MPa) was secured.
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4. Conclusions

In the study, the durability and engineering performance of binary blended concrete with ground
granulated blast-furnace slag (GGBS) were evaluated based on the CaO content and ratio, and the
optimal CaO content range to secure durability was derived. The results of the study are summarized
as follows.

(1) Regression analysis on the CaO/SO3; and SO3/Al;O3 molar ratios in the triangular graph
revealed that the molar ratios decreased when the GGBS replacement ratio increased. This indicated
that it is necessary to consider long-age strength when the GGBS replacement ratio increased.

(2) While the compressive strength exhibited a tendency to increase when the CaO content
increased within 28 d, similar compressive strengths were observed at 56 d, irrespective of the CaO
content. The rate of increase in compressive strength after 28 d decreased when the CaO content
increased. Additionally, within 28 d, the compressive strength exhibited a tendency to increase when
the basicity increased.

(3) When the GGBS replacement ratio ranged from 0 to 50%, the specimens at eight weeks of
age exhibited similar carbonation depths. However, when the replacement ratio exceeded 50%, the
carbonation depth significantly increased. Conversely, the chloride penetration depth significantly
decreased when the GGBS replacement ratio was less than 25%, although it remained at similar levels
when the replacement ratio ranged from 25% to 70%.

(4) The relative dynamic elastic modulus remained at similar levels when the GGBS replacement
ratio ranged from 0 to 45% although it increased to 86.8%-94.5% when the replacement ratio exceeded
45%. Additionally, the weight reducing ratio reached or exceeded 99.9% when the GGBS replacement
ratio exceeded 20%.

(5) The optimal CaO content to satisfy all of the four parameters set in the study to secure durability
performance (carbonation depth, chloride penetration depth, relative dynamic elastic modulus, and
weight reducing ratio) was observed as between 53% and 56% (GGBS replacement ratio: 27.5%—47.1%).

The durability and engineering performance evaluation data based on the CaO content and ratio
and optimal CaO content ranged to secure durability (which were derived in the study) can provide
guidelines on mixing proportions when high volume GGBS concrete is applied to local construction
sites in the future. They are also expected to be used as basic data to set chemical composition criteria
for the development of binders to improve durability.

In the future, we will proceed with research on ternary blended concrete that has been replaced
with high volume industrial by-products. For this, more detailed micro structural analysis is needed.
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