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-is paper investigates the cement hydration, and the slag reaction contributes to the compressive strengths of mortars mixed with
ground river sand (GRS) and ground-granulated blast furnace (GGBF) slag with different particle sizes. GRS (inert material) and
GGBF slag (reactive material) were ground separately until the median particle sizes of 32± 1, 18± 1, and 5± 1 micron and used to
replace Portland cement (PC) in large amount (40–60%) by weight of the binder. -e results showed that, at the early age, the
compressive strength obtained from the cement hydration was higher than that obtained from the slag reaction. -e results of
compressive strength also indicated that the GGBF slag content and particle size play important roles in the slag reaction at the
later ages, whereas cement hydration is more prominent at the early ages. Although the results could be expected from the use of
GGBF slag to replace PC in mortar or concrete, this study had presented the values of the compressive strength along with ages
and the finenesses of GGBF slag that contributed from cement hydration and from GGBF slag reaction.

1. Introduction

Blast furnace slag (BFS) is an industrial by-product of the
manufacturing of pig iron. In the production of the pig iron
process, iron ore and limestone (as a flux) are burnt together
by coke at 1500°C in a blast furnace. Liquid slag and liquid
pig iron are products. -e liquid slag has a lower density
than liquid pig iron and floats on the top of the liquid pig
iron. After being separated from the liquid pig iron, the
liquid slag was quenched with water to form glassy granular
particles called granulated blast furnace (GBF) slag. GBF slag
exhibits hydraulic cementing properties when it is finely

ground, and it is called ground-granulated blast furnace
(GGBF) slag or slag cement [1]. GGBF slag has been used as a
supplementary cementitious material (SCM) in blended
cement, and annual worldwide production of GGBF slag is
estimated at 250 million tons a year [2].

-e benefits of GGBF slag (when used as a partial re-
placement in cement) include the enhancement of long-term
strength and durability of concrete, cost reduction, and a
reduced environmental impact [3, 4]. In addition, the heat
evolution was reduced when the replacement of GGBF slag
was increased [5]. GGBF slag is specified by ASTM C989 [6]
in three grades (Grade 80, Grade 100, and Grade 120),
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depending on the relative mortar strength. -e common
dosages of GGBF slag in blended cement have been varied
from 6 to 95% according to BS EN 197-1 [7] and can be used
in cement production according to ASTM C595 [8] and
ASTM C1157 [9].

-ere are 3 major processes contributing to the com-
pressive strength of mortars or concretes containing GGBF
slag: the hydration of Portland cement, the GGBF slag re-
action, and the packing effect of small particles. Celik [10]
studied the effect of particle size distribution and fineness of
Portland cement (PC) on the strength development and
found that the fineness of PC is the major factor affecting the
strength development of mortar, especially in the early age of
cement hydration.

PC hydration and GGBF slag reaction are chemical
reactions between PC, GGBF slag, and water. -e main
products of the hydration reaction are calcium silicate hy-
drate (C-S-H), calcium aluminate hydrate (C-A-H), and
calcium hydroxides (Ca(OH)2). Ca(OH)2 released from the
hydration of the calcium silicate phase in PC can react with
SiO2 and Al2O3 in GGBF slag to form C-S-H and C-A-H.
Additionally, calcium oxide (CaO) in GGBF slag can create
C-S-H from the hydration similar to PC hydration, but it is a
much slower rate [11]. -e slag reaction of GGBF slag is very
complex, which depends on the chemical composition,
mineralogical composition, glass content, and fineness of the
GGBF slag [12]. -e slag reaction is one of the most im-
portant properties to consider when assessing the suitability
of SCM in replacing PC in concrete production [13].

Binder materials with small particles can also improve the
compressive strength due to the packing effect or filler effect by
physically filling the spaces without any chemical reaction [14].
Furthermore, the replacement of PC with an optimal dosage of
highly refined SCM can reduce the pore structure and porosity
of concrete, resulting in dramatically decreased penetration of
aggressive chloride ions into the concrete [15, 16]. Many re-
searchers [15, 17, 18] reported that ground river sand (GRS) in
the form of quartz with the same particle size as PC and
pozzolanic material can be used as an inert material to evaluate
compressive strengths obtained from cement hydration,
pozzolanic reactions, and packing effect. However, only a few
reports on the reaction of GGBF slag have been presented.

Norrarat et al. [19] investigated the heat evolution pastes
containing inert and reactive materials (ground river sand
and GGBF slag) with different particle sizes using an iso-
thermal conduction calorimeter. -e results showed that the
heat evolution obtained from the slag reaction increased
with the increase of GGBF slag content in the pastes. Kocaba
et al. [20] studied themethods for determination of degree of
reactions of pastes containing GGBF slag using an iso-
thermal conduction calorimeter, selective dissolution, dif-
ferential scanning calorimetry, image analysis, and chemical
shrinkage. Jaturapitakkul et al. [21] used GRS in the form of
quartz with the same particle size as PC (median particle size
of 11.5 micron) as an inert material to evaluate compressive
strengths obtained from cement hydration and packing
effect. However, their study did not cover the packing effect
and the slag reaction of GGBF slag contributing to the
compressive strength.

It is expected that themortar containing GRS, which is in
a crystalline phase, can provide a compressive strength from
cement hydration. -us, the compressive strength of mortar
obtained from the slag reaction was the different value of the
compressive strength of GGBF slag mortar and the com-
pressive strength of GRS mortar, when the same cement
replacement rate, same fineness of PC, GRS, and GGBF slag,
same workability, and same curing age of mortars are
considered.

-erefore, the aim of this paper is to evaluate the
compressive strength of mortar obtained from the cement
hydration and from the slag reaction when GRS and GGBF
slag with different particle sizes are used to replace PC in
large amounts (40 to 60%) by weight of the binder. -is
study based on the assumption that the packing effect value
of GRS and GGBF slag is little or no in the mortar, if PC,
GRS, and GGBF slag have the same particle size. -ese
results lead to a better understanding of the factors affecting
the rate of reaction of GGBF slag. -e results of this study
may be helpful for cement and concrete manufacturers in
selecting suitable fineness of GGBF slag to replace a portion
of PC. Moreover, the filler (ground river sand) with the same
particle size as PCmay be used as a partial replacement of PC
because it is known how much the compressive strength
decreased when the PC was replaced by ground river sand.

2. Materials and Methods

2.1. Materials. -e materials used in this study consisted of
Portland cement type I (PC) according to ASTM C150 [22],
ground river sand (GRS), ground-granulated blast furnace
(GGBF) slag, local river sand, and water. GGBF slag, a by-
product of the production of pig iron, was obtained from the
Eastern part of -ailand. Local river sand passed 1.18mm
(no. 16) mesh and retained on 150 µm (no. 100) mesh and
was used as a fine aggregate. -e fineness modulus and the
water absorption of the fine aggregate were 2.34 and 0.72%,
respectively.

River sand and GBF slag were ground separately using a
ceramic ball mill to have three different median particle sizes
(d50) of 32± 1, 18± 1, and 5± 1 µm. -ese sizes are specified
as L (large-sized), M (medium-sized), and S (small-sized).
After grinding, the binder materials are called ground-
granulated blast furnace (GGBF) slag and ground river
sand (GRS).

2.2. Physical Properties of Materials. Physical properties of
PC, GRS, and GGBF slag with different particle sizes are
given in Table 1. PC has a median particle size (d50) of
18.1 µm and has a specific gravity, and a weight of the
particle retained a 45 µm (no. 325) of 3.15 and 16.6%, re-
spectively. LGRS, MGRS, and SGRS have median particle
sizes (d50) of 32.2, 17.7, and 4.8 µm, respectively, while those
for LGGBF, MGGBF, and SGGBF slag are 32.0, 17.8, and
4.4 µm, respectively. ASTM C989 [6] specified that the
particles of GGBF slag retained on a 45 µm·mesh (no. 325)
shall not be higher than 20% by weight. Table 2 shows the
mineralogical compositions of GRS and GGBF slag
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determined by using quantitative X-ray diffraction analysis.
LGRS, MGRS, and SGRS consist of 100% crystalline phases
(quartz, microcline, albite, and muscovite), whereas LGGBF,
MGGBF, and SGGBF slag consist of 99.5, 99.2, and 99.6%
amorphous or glass content.

-e particle shapes of PC, MGRS, and MGGBF slag as
shown in Figure 1 were determined by a scanning electron
microscope. All of them had solid angular particles with
some rough surfaces. Figure 2 shows the particle size dis-
tributions of PC, GRS, and GGBF slag. It should be noted
that the particle size distributions and the d50 of PC, MGRS,
and MGGBF slag were very similar which were in the range
of 18± 1 µm (Figure 2(b)). -is process was intended to
avoid the particles packing effect when ground river sand
(GRS) or GGBF slag was used to partially replace PC. -e
particle size distributions and the d50 of LGRS and LGGBF
slag (Figure 2(a)) and SGRS and SGGBF slag (Figure 2(c))
were nearly the same which were in the range of 32± 1 and
5± 1 µm, respectively.

2.3. Chemical Composition of Materials. Chemical compo-
nents of PC, LGRS, and LGGBF slag, which are determined
by using X-ray fluorescence analysis, are shown in Table 3.
-e main chemical component of the PC was CaO (65.0%),
whereas the main chemical component of LGRS was SiO2
(93.6%).-e SiO2 was in the form of quartz; thus, it was not a
pozzolanic material.

Similar results of ground river sand containing ap-
proximately 91.8–92.9% SiO2 (quartz) were reported by
Tangpagasit et al. [17] and Yang et al. [23], respectively.
Quartz is normally recognized as a chemically inert material
[24, 25].-us, GRS is an inert material and cannot react with
PC or GGBF slag.

LGGBF slag had the major chemical components of
35.6% CaO, 36.4% SiO2, 14.6% Al2O3, and 7.1% MgO and
other minor components including alkali and iron oxides.

Figures 3 and 4 show the X-ray diffraction patterns of SGRS
and SGGBF slag, respectively. -e results also showed that
SGRS consisted mostly in a crystalline peak, whereas SGGBF
slag was in a noncrystalline or amorphous peak.

2.4. Mortars. To evaluate the compressive strength con-
tributing from cement hydration, slag reaction, and packing
effect, three types of mortars, Portland cement mortar made
with Portland cement type I (PC mortar), inert material
mortar (GRSmortar), and GGBF slag mortar, were prepared
and investigated in this study.-e PCmortar contained only
PC as a binder. GRS or GGBF slag was used separately as a
binder material to replace PC at rates of 0, 40, 50, and 60% of
total binder (PC or PC+GRS or PC+GGBF slag) by weight.
Mortar mixture had a ratio of binder to fine aggregate as 1 to
2.75 by weight.-e flows of all fresh mortars were controlled
in the range of 110± 5% by adjusting the mixing water. -e
method for measuring the flow of mortar followed ASTM
C230 [26].

Mortar cube specimens (50× 50× 50mm) were cast for
testing compressive strength and the specimens were cov-
ered with a plastic sheet to prevent the evaporation of water
after finishing casting. After casting for 24 h, the mortars
were demolded and then cured in saturated lime water at
23± 2°C until the age of testing.

Table 4 shows the mix proportions, water-to-binder ratio
(W/B), and the flow of PC mortar, GRS mortar, and GGBF
slag mortar. It was found that the PC mortar had the flow
107% with W/B ratio of 0.54. -e GRS mortars produced
flows ranging from 105–115% with W/B ratios from 0.53 to
0.55, whereas GGBF slag mortars produced flows ranging
from 106–115% with W/B ratios from 0.53 to 0.55. Since all
of the binders (PC, GRS, and GGBF slag) had almost the
same fineness (Table 1), the same shape of particles (Fig-
ure 1), and the same particle size distributions (Figure 2), the
W/B ratios of all mortars were almost the same and in the
ranges of 0.53–0.55. -is suggests that the difference in the
compressive strengths of GRS and GGBF slag mortars due to
the different W/B ratios was assumed to be small and could
be neglected. -is means that the results of the influence of
the slag reaction and the replacement rate of the GRS and
GGBF slag seemed to be the major factors affecting the
compressive strength of mortars.

-e compressive strengths of the mortars were de-
termined according to ASTM C109 [27] at ages of 3, 7, 28,
90, and 180 days. -e load was applied to the mortar
specimen with the force control and the rate in the range of

Table 1: Physical properties of PC, GRS, and GGBF slag.

Materials Specific gravity Retained on a no. 325 sieve (%) Median particle size, d50 (µm)
PC 3.15 16.6 18.1
LGRS 2.62 38.3 32.2
MGRS 2.61 17.9 17.7
SGRS 2.63 1.1 4.8
LGGBF 2.92 37.6 32.0
MGGBF 2.92 12.2 17.8
SGGBF 2.92 2.4 4.4

Table 2: Mineralogical compositions of GRS and GGBF slag.

Materials
Crystalline (%) Amorphous

Quartz Microcline Albite Muscovite (%)
LGRS 79.5 13.6 3.8 3.1 —
MGRS 79.4 13.6 3.9 3.1 —
SGRS 79.4 13.8 3.8 3.0 —
LGGBF 0.5 — — — 99.5
MGGBF 0.8 — — — 99.2
SGGBF 0.4 — — — 99.6

Advances in Civil Engineering 3



0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100 1000

Cu
m

ul
at

iv
e p

as
sin

g 
(%

)

Particle size distribution (µm)

LGGBF slag
LGRS

(a)

Cu
m

ul
at

iv
e p

as
sin

g 
(%

)

0.1 1 10 100 1000
Particle size distribution (µm)

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

PC

MGGBF slag

MGRS

(b)

Cu
m

ul
at

iv
e p

as
sin

g 
(%

)

0.1 1 10 100 1000
Particle size distribution (µm)

0

10

20

30

40

50

60

70

80

90

100

SGGBF slag

SGRS

(c)

Figure 2: Particle size distributions of PC, GRS, and GGBF slag: (a) particle size distributions of LGRS and LGGBF; (b) particle size
distributions of MGRS, MGGBF, and PC; (c) particle size distributions of SGRS and SGGBF.
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Figure 1: Particle shapes by scanning electron microscopy images: (a) PC; (b) MGRS; (c) MGGBF slag.

Table 3: Chemical compositions of PC, LGRS, and LGGBF slag.

Materials
Chemical compositions (%)

SiO2 Al2O3 Fe2O3 CaO SO3 Na2O K2O MgO LOI
PC 19.5 5.3 3.2 65.0 2.7 0.1 0.4 0.8 2.4
LGRS 93.6 4.3 0.3 0.1 0.0 0.4 0.3 0.1 0.4
LGGBF slag 36.4 14.6 1.5 35.6 1.9 0.2 1.3 7.1 0.6
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900 to 1800N/sec. For each testing age, �ve mortars spec-
imens were used as an average value, with the acceptable
range of the tested results being within 8.7%.

3. Results and Discussion

3.1. Slag Activity Index. According to ASTM C989 [6],
GGBF slag has 3 grades that depend on the mortar strength,
i.e., grade 80, 100, and 120. �e slag activity index (SAI) of
mortar using GGBF slag to replace PC at a rate of 50% by
weight of the binder will not be less than 75% of the strength
of the PC mortar at 28 days for grade 80. Grade 100 must
obtain an SAI of more than 70% at 7 days and 90% at 28 days.
For grade 120, SAI shall be less than 90% at 7 days and 110%
at 28 days.

From the results of SAI or the percentage of compressive
strength of mortars as compared to PC mortar, the mortars
containing LGGBF slag with the median particle size of

32.0 µm had SAI less than 70% at 28 days (62.2%). SAI of the
MGGBF (d50�17.8 µm) mortars at 7 and 28 days was 53.5
and 78.3%, respectively, and was classi�ed as grade 80
according to ASTM C989 [6]. SAI of the SGGBF
(d50� 4.4 µm) mortars at 7 and 28 days was 73.6 and 105.4%,
respectively. SGGBF slag can be categorized as grade 100
according to ASTM C989 [6].

�e SAI or the compressive strength of GGBF slag
mortars increasing with age could be observed clearly at 180
days.�e results of mortars at 90 and 180 days indicated that
there was continuous and signi�cant improvement in the
SAI beyond the age of 28 days. For example, the SAI of
mortars MGGBF50 and SGGBF50 at the age of 28 days was
78.3 and 105.4% of the control mortar, respectively. At the
ages of 90 and 180 days, the SAI increased to 95.1 and 103.1%
and 122.7 and 123.5% of the PC mortar, respectively. �e
increases in SAI from 28 days to 90 and 180 days were 16.6
and 24.6% and 17.0 and 18.1%, respectively, which suggests
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that the particle size, replacement, and curing age of GGBF
slag significantly influenced the SAI.

3.2. Effect of GRS Replacement on the Compressive Strength.
Table 5 shows the compressive strength of the PCmortar and
mortars containing GRS with different particle sizes at the
cement replacement rates of 40, 50, and 60% by weight of the
binder. It was observed that the 3, 7, and 28 days com-
pressive strengths of the PC mortar were 30, 41.3, and
52.1MPa, respectively, and revealed that the compressive
strengths of the PC mortar increased very quickly up to
28 days (increasing from 30MPa at 3 days to 52.1MPa at
28 days). After 28 days, the compressive strengths increased
slightly, and the compressive strengths of the PC mortar at
90 and 180 days were 54.7 and 55.0MPa, respectively.

For mortars containing GRS, the compressive strengths
of the LGRS, MGRS, and SGRS mortars decreased with the
increasing GRS replacement. -e mortars containing GRS
contents at 50 and 60% showed lower compressive strengths
than the mortar with GRS 40% at the same age because GRS
is an inert material (SiO2 of GRS in the form of quartz) and
cannot react with cement and water to create the strength
from the chemical reaction [24]. -us, the PC content of the
GRS mortar was decreased as the high replacement of GRS
(40 to 60% in the binder) increased, resulting in a reduction
of calcium silicate hydrated from the hydration of Portland
cement.

Figure 5 shows the percentage of compressive strength of
mortars containing GRS with different particle sizes as
compared to PC mortar. -is finding suggests that the
mortars mixed with all particle sizes of GRS provided much
lower compressive strength than that of the control mortar
at all testing ages. -e results were also indicating that the
percentage of compressive strengths of MGRS and LGRS
mortars were slightly lower than that of SGRS mortar at the
same replacement rate of PC and same testing age. -is

could be attributed to the small particle size of SGRS pro-
ducing higher particle packing and creating a more ho-
mogeneous paste and denser paste [28].

3.3. Evaluation of Compressive Strength of GRSMortars due to
CementHydration. Because the GRS is an inert material and
PC and GRS have almost the same particle size distributions
(Figure 2(b)), the compressive strengths of MGRS40,
MGRS50, and MGRS60 mortars were only obtained from
the cement hydration, and no packing effect due to GRS
particles was involved as shown in Table 5.

At early ages, the strength developments of the MGRS
mortars obtained from the cement hydration were much
lower than that of PC mortar. At 7 days, MGRS40, MGRS50,
and MGRS60 mortars had the compressive strengths ob-
tained from the cement hydration of 16.0, 14.7, and 9.7MPa,
or 38.7, 35.6, and 23.5% of the PC mortar, respectively.

At later ages, the strength developments of the GRS
mortars obtained from cement hydration were still much
lower than that of PC mortar. For instance, the compressive
strengths of mortars MGRS40, MGRS50, and MGRS60 at

Table 4: Mix proportions of mortars by weight.

Mixture PC GRS GGBF Slag Fine aggregate W/B Flow (%)
PC 1.0 — — 2.75 0.54 107
LGRS40 0.6 0.4 — 2.75 0.53 106
LGRS50 0.5 0.5 — 2.75 0.54 105
LGRS60 0.4 0.6 — 2.75 0.54 105
MGRS40 0.6 0.4 — 2.75 0.54 111
MGRS50 0.5 0.5 — 2.75 0.55 105
MGRS60 0.4 0.6 — 2.75 0.54 113
SGRS40 0.6 0.4 — 2.75 0.53 106
SGRS50 0.5 0.5 — 2.75 0.54 115
SGRS60 0.4 0.6 — 2.75 0.55 111
LGGBF40 0.6 — 0.4 2.75 0.53 106
LGGBF50 0.5 — 0.5 2.75 0.53 112
LGGBF60 0.4 — 0.6 2.75 0.55 112
MGGBF40 0.6 — 0.4 2.75 0.54 114
MGGBF50 0.5 — 0.5 2.75 0.54 113
MGGBF60 0.4 — 0.6 2.75 0.53 114
SGGBF40 0.6 — 0.4 2.75 0.53 106
SGGBF50 0.5 — 0.5 2.75 0.53 115
SGGBF60 0.4 — 0.6 2.75 0.53 115

Table 5: Compressive strengths of mortars containing ground river
sand (GRS).

Mixtures Flow (%)
Compressive strength (MPa)

3 days 7 days 28 days 90 days 180 days
PC 107 30.0 41.3 52.1 54.7 55.0
LGRS40 106 10.7 14.8 18.7 19.6 19.9
LGRS50 105 9.1 12.5 15.7 16.7 17.0
LGRS60 105 6.6 9.0 11.8 12.6 13.0
MGRS40 111 11.5 16.0 20.2 21.2 21.8
MGRS50 105 10.7 14.7 17.9 19.3 19.8
MGRS60 113 7.2 9.7 12.0 12.7 13.2
SGRS40 106 11.7 17.0 21.1 22.4 22.8
SGRS50 115 11.0 15.4 19.5 20.7 20.9
SGRS60 111 8.2 11.2 14.1 15.0 15.4

6 Advances in Civil Engineering



180 days were 21.8, 19.8, and 13.2MPa or 39.6, 36.0, and
24.0% of the PC mortar, respectively, suggesting that the age
of GRS mortar slightly affected the strength development.
-is is because GRS is an inert material in the form of quartz,
as shown in Figure 3, and is a 100% crystalline phase such as
quartz, microcline, albite, and muscovite, as determined by
XRD quantitative. -us, GRS cannot contribute the com-
pressive strength to the mortar by the chemical reaction, and
the results were conformed to those obtained by Tangpagasit
et al. [17] and Kiattikomol et al. [24].

Figure 6 shows the relationship between the percentage
of compressive strength of GRS mortar due to cement
hydration and ages. -e average percentage of compressive
strengths from cement hydration at the ages of 7, 28, 90, and
180 days was 39.0, 35.3, and 23.4% for the MGRS40,
MGRS50, and MGRS60 mortars, respectively. According to
Figure 6, the percentage compressive strengths of the
mortars (MGRS40, MGRS50, and MGRS60) were almost
constant from 7 days to 180 days.

Similar results for GRS mortars were reported by Jatur-
apitakkul et al. [18] who found that the percentages of
compressive strengths of mortar with W/B ratio of 0.49
obtained from the hydration of Portland cement were 89.0,
80.6, 73.5, and 58.0% of the PC mortar, respectively, with the
replacements of GRS of 10, 20, 30, and 40%, respectively.
Moreover, Sata et al. [29] studied themortars with aW/B ratio
of 0.58 containing GRS (10 to 40% replacement rates of ce-
ment) and found that the percentages of compressive
strengths of GRS mortar obtained from the cement hydration
were 93.1, 83.4, 73.4, and 58.2% of the PCmortar, respectively.

It should be noted that the difference in compressive
strength of GRS 40 mortar obtained from this study com-
pared with those of Jaturapitakkul et al. [18] and Sata et al.
[29] could be explained as having two reasons: (1) the
different the fineness of GRS and Portland cement, the

higher the fineness and the greater the compressive strength
due to the hydration reaction, and (2) with the differentW/B
ratios of mortar, the compressive strength of mortar due to
the hydration reaction increases with W/B ratio.

3.4. Evaluation of Compressive Strength of GGBF SlagMortars
due to Slag Reaction. -e results of the compressive strength
of GGBF slag mortars with different particle sizes are shown
in Table 6. Figure 7 shows the percentage of compressive
strength of GGBF mortars and the replacement of PC by the
GGBF slag with different particle sizes (as compared to PC
mortar). -e compressive strength development of GGBF
slag mortars increased with the curing age similarly to the
PCmortar. It was found that the mortars mixed with smaller
size of GGBF slag produce a higher compressive strength
than the larger size at all testing ages. Additionally, the
compressive strengths of GGBF mortars were somewhat
decreased as the Portland cement replacement level
increased.

At an early age of 3 to 7 days, the compressive strengths
of LGGBF (d50 of 32.0 µm), MGGBF (d50 of 17.8 µm), and
SGGBF (d50 of 4.4 µm) mortars were lower than that of the
PC mortar because the cement in the mortar mixture was
replaced with high amount of GGBF slag (40 to 60% re-
placement of PC). In addition, the compressive strengths of
mortars containing GGBF slag decreased with the increased
of GGBF slag replacement. -e decreasing of the com-
pressive strength with the increasing of GGBF slag is due to
the lower quantity of Portland cement, such that the
compressive strength obtained from the slag reaction of the
GGBF slag is not high enough to compensate for the re-
duction in compressive strength generated by Portland
cement hydration process. For instance, the 7 days com-
pressive strengths of mortars (LGGBF50, MGGBF50, and
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Figure 5: Percentage of compressive strength of mortars containing GRS with different particle sizes.
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SGGBF50) were 18.0, 22.1, and 30.4MPa, or 43.6, 53.5, and
73.6% of the PC mortar, respectively.

-e low compressive strength of the mortar containing
GGBF slag was expected at early ages, and this result is
consistent with the results of Douglas et al. [30]. -is is
because the slag reaction was slower than the hydration
reaction of Portland cement at early ages [31, 32].

At the later ages of 90 and 180 days, the compressive
strengths of LGGBF50, MGGBF50, and SGGBF50 mortars
increased to 38.4, 52.0, and 67.1 and 44.4, 56.7, and 67.9MPa
or 70, 95, and 123 and 81, 103, and 124% of the PC mortar,
respectively. -e compressive strengths of GGBF slag
mortars at later ages developed significantly becoming
higher than that at early ages because the hydration of PC
provided an alkali that activated the reaction of GGBF slag
[1]. Moreover, the higher compressive strength at the later
ages (after 90 days) of mortar containing GGBF slag as
compared with PC mortar could be also attributed to the
pozzolanic reaction between Ca(OH)2 released from the
Portland cement hydration process and SiO2 and Al2O3 in

GGBF slag to form C-S-H and C-A-H. In addition, CaO in
GGBF slag can create C-S-H from the hydration reaction
similar to PC, resulting in an increase in the compressive
strength.

-e mortars containing MGGBF and SGGBF slag
contents at 40, 50, and 60% showed higher compressive
strengths than that of PC mortar at the later ages (180 days)
because the slag reaction of GGBF slag contributed to the
development of strength [31]. -e compressive strength of
mortar containing GGBF slag decreased with the increased
GGBF slag replacement at all testing ages, consistent with
Güneyisi and Gesoğlu [32] who reported that the com-
pressive strength of concrete-containing GGBF slag de-
creased with the increased GGBF slag replacement from 50
to 80%. In addition, Elahi et al. [33] found that concretes
with aW/B ratio of 0.30 containing GGBF slag at 50 and 70%
in a binder had the compressive strengths at 28 and 90 days
of 98.6 and 74.3% and 96.8 and 77.9% of the concrete
without GGBF slag, respectively.

3.5. Evaluation of the Compressive Strength of GGBF Slag
Mortars Obtained from Slag Reaction. -e compressive
strengths of mortars containing 40, 50, and 60% GGBF slag
obtained from the slag reaction are shown in Table 7. -e
compressive strength of mortar due to the packing effect of
the small particles has to be considered and taken out from
the total compressive strength. To determine the com-
pressive strength obtained from the slag reaction, GRS and
GGBF slag mortars were used to calculate. -us, the results
of the compressive strength of mortar obtained from slag
reaction were the differences between the compressive
strength of GGBF slag mortar and the compressive strength
of GRS mortar at the same replacement rate, same fineness
of GGBF slag and GRS, same workability, and same curing
age of the mortars.

Table 6: Compressive strengths of mortars containing GGBF slag.

Mixtures Flow
(%)

Compressive strength (MPa)
3 days 7 days 28 days 90 days 180 days

PC 107 30.0 41.3 52.1 54.7 55.0
LGGBF40 106 12.6 19.0 33.4 39.4 45.0
LGGBF50 112 10.7 18.0 32.4 38.4 44.4
LGGBF60 112 8.6 12.4 28.0 36.5 42.0
MGGBF40 114 15.0 24.1 42.0 53.5 57.6
MGGBF50 113 13.2 22.1 40.8 52.0 56.7
MGGBF60 114 9.2 17.6 37.4 48.7 55.4
SGGBF40 106 17.8 31.6 55.5 68.5 69.5
SGGBF50 115 17.0 30.4 54.9 67.1 67.9
SGGBF60 115 14.1 29.2 52.0 64.4 69.3
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Figure 6: Relationship between percentage of compressive strength of GRS mortar and age of curing.
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For instance, the 7 days compressive strength of mortar
SGGBF60 obtained from the slag reaction can be calculated
as the 7 days compressive strength of mortar SGGBF60
(29.2MPa) in Table 6 subtracting the 7 days compressive
strength of mortar SGRS60 (11.2MPa) in Table 5, which is
equal to 18.0MPa in Table 7. Figure 8 illustrates the re-
lationships between compressive strength of GGBF slag
mortar and median particle size of GGBF slag at 40 to 60%
replacement of PC (compared to PC mortar) obtained from
slag reaction at a specified curing age.

At the early age of 3 days, the compressive strengths
obtained from the slag reaction of the LGGBF, MGGBF, and
SGGBF mortars were lower than that obtained from the
cement hydration. For example, the compressive strengths
obtained from slag reaction of LGGBF50, MGBF50, and
SGGBF50 mortars at 3 days were 1.6, 2.5, and 6.0MPa or 5,
8, and 20% of the PC mortar, respectively, whereas those of
LGRS50, MGRS50, and SGRS50 mortars were 9.1, 10.7, and

11.0MPa or 30, 36, and 37% of the PC mortar, respectively.
-is is because the slag reaction was slower than the hy-
dration of PC at the early ages [34]. In addition, Douglas
et al. [30] and Bougara et al. [13] concluded that the total
heat of GGBF slag during the first 24 hours is less than that of
PC and the slow heat release is associated with the low early
strength of GGBF slag.

At the age of 7 days, the compressive strength of the
SGGBF60 mortar obtained from the slag reaction was higher
than that of the SGRS60 mortar obtained from cement
hydration. At the age of 28 days, the compressive strengths
due to the slag reaction of MGGBF (d50 �17.8 µm) and
SGGBF (d50 � 4.4 µm)mortars ranged from 21.8 to 25.4MPa
and 34.4 to 37.9MPa or 41.8 to 48.8% and 66.0 to 72.7% of
the PC mortar, respectively, whereas those of MGRS
(d50 �17.7 µm) and SGRS (d50 � 4.8 µm) mortars ranged
from 12.0 to 20.2MPa and 14.1 to 21.1MPa or 23.0 to 38.8%
and 27.1 to 40.5% of the PC mortar, respectively. -e results
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Figure 7: Percentage of compressive strength of GGBF mortar and the replacement of PC by the GGBF slag with different particle sizes.

Table 7: Compressive strengths of GGBF slag mortars obtained from the slag reaction.

Mixtures Compared mortar
Compressive strength obtained from slag reaction (MPa)
3 days 7 days 28 days 90 days 180 days

LGGBF40 LGGBF40-LGRS40 1.9 4.2 14.7 19.8 25.1
LGGBF50 LGGBF50-LGRS50 1.6 5.5 16.7 21.7 27.4
LGGBF60 LGGBF60-LGRS60 2.0 3.4 16.2 23.9 29.0
MGGBF40 MGGBF40-MGRS40 3.5 8.1 21.8 32.3 35.8
MGGBF50 MGGBF50-MGRS50 2.5 7.4 22.9 32.7 36.9
MGGBF60 MGGBF60-MGRS60 2.0 7.9 25.4 36.0 42.2
SGGBF40 SGGBF40-SGRS40 6.1 14.6 34.4 46.1 46.7
SGGBF50 SGGBF50-SGRS50 6.0 15.0 35.4 46.4 47.0
SGGBF60 SGGBF60-SGRS60 5.9 18.0 37.9 49.4 53.9
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suggest that the compressive strengths at 28 days of
MGGBF and SGGBF mortars obtained from the slag re-
action were higher than those of the MGRS and SGRS
mortars obtained from cement hydration at the same re-
placement level. However, the strength of LGGBF
(d50 � 32.0 µm) mortar obtained from the slag reaction was
still lower than that of LGRS mortar obtained from cement
hydration.

At the later ages of 90 and 180 days, the compressive
strength of the GGBF mortars (LGGBF, MGGBF, and
SGGBF) obtained from the slag reaction was still higher than
that obtained from the cement hydration. For instance, the
180 days compressive strengths of mortars LGGBF60,
MGGBF60, and SGGBF60 mortars were 29.0, 42.2, and
53.9MPa, respectively, whereas those from the cement
hydration of LGRS60, MGRS60, and SGRS60 mortars were
13.0, 13.2, and 15.4MPa, respectively.

-is finding suggests that the compressive strength due
to the slag reaction increases with the decrease of particle
size and cement replacement by GGBF slag, which can be

observed clearly at the later age of 180 days. Mortar
SGGBF60 had the highest compressive strength contributed
from the slag reaction which was 18.0 and 53.9MPa or 43.6
and 98.0% of the PC mortar, at 7 and 180 days, respectively.
Moreover, the compressive strength of mortar obtained
from the slag reaction was higher than the compressive
strength of mortar obtained from the cement hydration at
the later ages.

It should be noted that the GGBF slag mortar with the
highest compressive strength did not necessarily have the
highest strength from the slag reaction. For instance, the 180
days compressive strengths of the mortars MGGBF40 and
MGGBF60 were 57.6 and 55.4MPa, while their compressive
strengths obtained from the slag reaction were 35.8 and
42.2MPa, respectively. -is suggests that the compressive
strength obtained from the slag reaction depends signifi-
cantly on the dosage of cement replacement and particle size
of GGBF slag. In addition, a higher replacement of GGBF
slag gave a higher compressive strength obtained from the
slag reaction.
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Figure 8: Relationship between percentage of compressive strength of GGBF slag mortar with different sizes (compared to PCmortar) obtained
from slag reaction and age of curing: (a) 40% replacement of cement; (b) 50% replacement of cement; (c) 60% replacement of cement.
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-e improvement in the compressive strength of mortar
containing GGBF slag can be explained that the GGBF slag
in blended cement is comparable to the C2S in Portland
cement [35]. At early ages, the slag reaction is small or much
slower than the cement hydration. Slag reaction required
calcium hydroxide and an alkali from the hydration of PC to
increase the reaction rate, resulting in a higher compressive
strength at later ages [36]. Furthermore, at later ages, the
GGBF slag produced a cementitious material that improved
pore filling [37], created a denser microstructure, and en-
hanced the compressive strength obtained from the slag
reaction when the GGBF slag replacement was increased.

4. Conclusions

-e findings were summarized as follows:

(1) -e optimum replacement of Portland cement type I
by GGBF slag with the median particle size (d50) of
17.8 µm was 60% by weight of the binder since the
GGBF60 mortar gave the compressive strength as
high as the PC mortar at 180 days.

(2) Compressive strengths obtained from the cement
hydration of mortars containing ground river
sand (GRS) at 40, 50, and 60% by weight of the
binder decreased with the increased degree of
GRS replacement and were 39.0, 35.3, and 23.4%
of the strength of Portland cement mortar,
respectively.

(3) At the early ages and the replacement of GGBF slag
of 40 to 60% by weight of binder, the compressive
strengths of mortars obtained from cement hydra-
tion were higher than that obtained from the slag
reaction. At the later ages (28 days or more), how-
ever, the compressive strengths of mortars obtained
from the slag reaction were higher than that due to
cement hydration.

(4) At the early age of 3 days, mortars containing GGBF
slag with the median particle sizes (d50) of 32.2, 17.8,
and 4.4 µm used to replace Portland cement type I at
rates of 40–60% by weight of binder had the small
values of compressive strengths obtained from the
slag reaction and in the ranges of 1.6 to 6.1MPa.
However, at the age of 180 days, the compressive
strengths obtained from the slag reaction were 25.1
to 53.9MPa, depending on the replacement of GGBF
slag.

(5) -e slag reaction of GGBF slag increased with the
increasing GGBF slag content in the binder and the
curing age of the mortar. -e result also indicated
that the slag reaction of GGBF slag was small at the
early ages (3 to 7 days) and increased significantly at
the later ages (28 days and beyond).
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[32] E. Güneyisi andM. Gesoğlu, “A study on durability properties
of high-performance concretes incorporating high re-
placement levels of slag,” Materials and Structures, vol. 41,
no. 3, pp. 479–493, 2007.

[33] A. Elahi, P. A. M. Basheer, S. V. Nanukuttan, and
Q. U. Z. Khan, “Mechanical and durability properties of high
performance concretes containing supplementary cementi-
tious materials,” Construction and Building Materials, vol. 24,
no. 3, pp. 292–299, 2010.

[34] M. Shariq, J. Prasad, and A. Masood, “Effect of GGBFS on
time dependent compressive strength of concrete,” Con-
struction and Building Materials, vol. 24, no. 8, pp. 1469–1478,
2010.

[35] S. C. Pal, A. Mukherjee, and S. R. Pathak, “Investigation of
hydraulic activity of ground granulated blast furnace slag in
concrete,” Cement and Concrete Research, vol. 33, no. 9,
pp. 1481–1486, 2003.

[36] R. N. Swamy and A. Bouikni, “Some engineering properties of
slag concretes as influenced by mix proportioning and cur-
ing,” ACI Materials Journal, vol. 87, no. 3, pp. 210–220, 1990.

[37] J. Liu and D. Wang, “Application of ground granulate blast
furnace slag-steel slag composite binder in a massive concrete
structure under severe sulphate attack,” Advances in Materials
Science and Engineering, vol. 2017, Article ID 9493043,
9 pages, 2017.

12 Advances in Civil Engineering



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

