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The growing demand for cement has created a signiﬁcant impact on the environment. Cement production requires huge energy
consumptions; however, Pakistan is currently facing a severe energy crisis. Researchers are therefore engaged with the introduction of agricultural/industrial waste materials with cementitious properties to reduce not only cement production but also
energy consumption, as well as helping protect the environment. This research aims to investigate the inﬂuence of binary
cementitious material (BCM) on fresh and hardened concrete mixes prepared with metakaolin (MK) and ground granulated blast
furnace slag (GGBFS) as a partial replacement of cement. The replacement proportions of BCM used were 0%, 5%, 10%, 15%, and
20% by weight of cement. A total of ﬁve mixes were prepared with 1 : 1.5 : 3 mix proportion at 0.54 water-cement ratios. A total of
255 concrete specimens were prepared to investigate the compressive, tensile, and ﬂexural strength of concrete after 7, 28, and 56
days, respectively. It was perceived that the workability of concrete mixes decreased with an increasing percentage of MK and
GGBFS. Also, the density and permeability of concrete decreased with an increasing quantity of BCM after 28 days. Conversely,
the compressive, tensile, and ﬂexural strength of concrete were enhanced by 12.28%, 9.33%, and 9.93%, respectively, at 10% of
BCM after 28 days. The carbonation depth reduced with a rise in content of BCM (up to 10%) and then later improved after 28, 90,
and 180 days. Moreover, the eﬀect of chloride attack in concrete is reduced with the inclusion of BCM after 28 and 90 days.
Similarly, the drying shrinkage of concrete decreased with an increase in the content of BCM after 40 days.

1. Introduction
Concrete is a widely used construction material all over the
world. Due to its adaptability and relative proﬁtability, it is
considered a competitive building material [1]. Concrete
includes cement, aggregate, and water. The component
aggregates make up from 75% to 80% of the total volume of
concrete, which aﬀects the essential properties of fresh and
hardened concrete, as well as the performance of concrete

[2, 3]. Cement production has some disadvantages, like high
production costs, and its production requires a lot of energy.
Cement production also leads to the massive production of
carbon dioxide and other greenhouse gases. Previous studies
[4, 5] reported that about 1 to 1.25 tons of carbon dioxide is
emitted during the production of one ton of cement and
about 1.60 MWh of energy is required. Cement production
is considered an expensive and environmentally unfriendly
process [6]. According to earlier studies [7], human activity

2
on Earth produces more than 5000 tons of solid waste every
year, including industry and agriculture.
Solid waste includes important components such as
silica fume, rice husk ash [8], ﬂy ash, and corn cob ash. When
these byproducts are used under the weight of cement, a lot
of money will be saved, and the energy consumption will be
reduced [9]. Use agricultural waste such as rice husk ash,
bagasse ash, waste glass powder, ﬂy ash, and straw ash [10].
To reduce costs, waste, and carbon dioxide emissions, these
resources are readily available [11, 12]. In this pilot study, the
combination of metakaolin (MK) and ground granulated
blast furnace slag (GGBFS) (byproduct of industrial waste) is
considered as wastes because it creates environmental
pollution. The performance of both pozzolans is almost
identical with similar replacement level for enhancing the
compressive strength and improving the permeability of
concrete [13]. However, the use of metakaolin oﬀers higher
strength development of the interfacial transition zone than
the other materials [14]. Metakaolin is a natural pozzolanic
material, and it is a primary product which is achieved by
burning kaolin clay under the controlled temperature of
650–800°C. Over the past decades, MK has been commercially introduced in the concrete construction industry [15].
There are several studies conducted on the strength development of concrete containing MK in concrete. Those
studies have revealed that the use of MK showed considerable enhancement in strength development.
Poon et al. [16] investigated the eﬀects of metakaolin
content on hardened concrete. They reported that increasing
the amount of MK in concrete enhances the strength and
decreases the concrete porosity. MK concrete having a 0.5 w/
b ratio performed better as compared to 0.3 w/b ratio with
regards to strength development. The porosity and pore size
of concrete signiﬁcantly decreased at 28 days of curing. At
the same time, Jin and Li [17] reported a similar trend.
Ahmed et al. [18] described that the crushing and ﬂexural
strength were improved with the inclusion of 15% MK in
concrete. The performance of MK concrete was also better
for permeability-related properties of concrete. Dinakar
et al. [19] observed replacement of 10% MK in concrete as
the ideal substitution for compressive strength. It was
achieved by 106 MPa while 10% of cement replaced with MK
whereas splitting tensile strength and values elastic modulus
also showed a similar trend. In relation to this, the ﬁndings
are also consistent with other studies [20, 21]. Moreover,
ground granulated blast furnace slag is a waste material from
the metallurgical industry. A mixture of limestone, iron ore,
and coke enters the kiln under temperatures from 15,000 to
16,000°C; the resulting molten slag is suspended in molten
iron. The slag contains 35 to 45% silicon dioxide (SiO2) and
about 45% calcium oxide. The slag chemical composition is
almost the same as that of ordinary Portland cement (OPC).
When the molten iron is removed, the molten slag containing the silicon-containing aluminium slag rapidly sinks
into the liquid, thereby forming glassy particles [22–27]. The
glassy particles are dehydrated and then pressed to the required size [28, 29]. This ground slag is called ground
granulated blast furnace slag. Ground granulated blast is
eco-environmental construction material. By replacing
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cement with crushed blast furnace slag, carbon dioxide
emissions can be controlled to a certain extent [23, 30].
GGBFS improves concrete impermeability as well as corrosion and sulfate resistance. Considering these characteristics, the service life of the concrete structure is increased,
and maintenance costs may be reduced. The high proportion
of the eco-environment GGBFS for cement replacement
results in the concrete not only using waste but also protecting the consumption of natural resources and energy
[31, 32].
Investigations conducted by Cervantes and Roesler [33]
found that the compressive and ﬂexural strength of GGBFS
concrete increase with increasing content of GGBFS after 28
days. Karrri et al. [24] investigated the inﬂuence of GGBFS
on the freshness and strengthening properties of concrete. In
this study, concrete grades M20 and M40 were studied,
replacing cement with 30, 40, and 50% GGBFS. The experimental outcomes were noted that the workability of
concrete was inclined with the increases in replacement level
of GGBFS. However, the compressive, tensile, and ﬂexural
strength were enhanced with the inclusion of GGBFS
content in concrete after 28 and 90 days, respectively.
In the available literature, there are a limited number of
studies available on the individual and combined eﬀects of
MK and GGBFS as cement replacing material in concrete.
Several types of mineral admixtures are used in concrete, but
their eﬀects on concrete properties with binary and ternary
blends are not much investigated. The purpose of this investigational study is to examine the combined inﬂuence of
MK and GGBFS as BCM on fresh and hardened concrete.

2. Materials and Methods
2.1. Materials. In this study, Portland cement (PC), metakaolin, and GGBFS are utilized as binding materials in
concrete. The chemical composition of the binding materials
is presented in Table 1. Metakaolin is a natural pozzolanic
material, obtained by burning kaolin clay under a controlled
temperature arrangement of 650–800°C. After burning, it
was sieved through 75 µm to remove the unwanted materials. Moreover, GGBFS is a waste product obtained from the
mixture of limestone, iron ore, and coke in the kiln under
temperatures ranging from 15,000 to 16,000°C; the resulting
molten slag is suspended in molten iron. The obtained slag is
sieved through 75 µm, and it is utilized as a cement substitution in concrete. The hill sand was used as ﬁne aggregates (FA) having size 4.75 mm, and crushed stone was used
as coarse aggregates (CA) of 20 mm in size. The physical
properties of the aggregates are presented in Table 2. The
potable water was utilized for this experimental work.
2.2. Research Methodology. In this experimental work, ﬁve
concrete mixes were prepared with the introduction of
diﬀerent percentages of MK and GGBFS as presented in
Table 3. An equal quantity of MK and GGBFS is utilized as a
binary cementitious material (BCM) for replacement of
cement up to 20%, in which concrete mix was made with the
inclusion of 0% BCM, and the remaining four mixtures were

Advances in Civil Engineering

3

Table 1: Chemical composition of binders.
Compound
SiO2
Al2O3
Fe2O3
CaO
Na2O
SO3
Speciﬁc gravity

PC
20.78
5.11
3.17
60.22
0.18
2.86
3.15

MK
54.60
33.40
2.88
3.40
—
0.47
2.34

GGBFS
37.22
10.37
1.23
35.66
0.23
0.34
2.25

Table 2: Physical properties of the aggregate.
Property
Fineness modulus
Speciﬁc gravity
Absorption (%)
Bulk density (kg/m3)

FA
2.35
2.60
1.54
1780

CA
—
2.68
0.77
1640

prepared with the addition of 5%, 10%, 15%, and 20% BCM,
respectively. The concrete specimens were cast using 1 : 1.5 :
3 mix ratio with a 0.54 water-cement ratio. A total of 255
numbers of concrete specimens (cubes, cylinders, and
prisms) were studied.
2.3. Testing Methods
2.3.1. Slump Test. It was conducted on fresh concrete by
measuring the workability of concrete in terms of slump
reduction in accordance with BS EN 12350-2 [34].
2.3.2. Hardened Concrete. The compressive, splitting tensile,
ﬂexural strength and the density of the hardened concrete
were evaluated in this study. The cube samples
(100 × 100 × 100 mm) were cast to investigate the compressive strength of concrete under BS EN 12390-3 [35], and the
cylindrical specimens (200 × 100 mm) were made for examining the indirect tensile test by following BS EN 12390-6
[36]. Similarly, the concrete prisms (500 × 100 × 100 mm)
were cast for the ﬂexural strength of concrete using BS EN
12390-5 [37]. All the concrete specimens were cured after 7,
28, and 56 days. The density of concrete was calculated by
using BS 12390–7 [38] at 28 days. Also, the water penetration
test of concrete was conducted as per BS EN 12390-8:2009
[39] after 28 days, and the carbonation depth of concrete test
was conducted by using phenolphthalein method after 28,
90, and 180 days. Besides, the drying shrinkage of concrete
was evaluated following the BS ISO 1920-8, 2009 [40], at 40
days.

3. Results and Discussion
3.1. Workability of Concrete. Figure 1 illustrates the workability of fresh concrete mixes with the inclusion of 0%–20%
of BCM. The result showed that the workability reduces with
an increasing percentage of BCM in concrete. This decrement in the slump value is due to some amount of water
absorbed by metakaolin and GGBFS. The trend of the result
is similar to that observed in the work of Bheel et al. [41, 42]

where a reducing slump value is obtained with an increasing
percentage of limestone and sugarcane bagasse ash [41], and
corn cob ash and glass powder [42] as a binary cementitious
material in concrete. However, a water-reducing admixture
can be introduced to improve the workability of the
concrete.
3.2. Density of Concrete. Figure 2 presents the density of
concrete with the addition of metakaolin and GGBFS after
28 days. The experimental outcomes indicated that the
density of the concrete with the introduction of 5%, 10%,
15%, and 20% BCM achieved 1.88%, 3.56%, 5.03%, and
6.92%, respectively, lower density than concrete with the
inclusion of 0% of BCM after 28 days. It was detected that the
density is reduced as the quantity of BCM increases in
concrete. This decrement in the density of concrete with the
addition of BCM is due to the speciﬁc gravity of cement
being higher than that of metakaolin and GGBFS. This
observation is similar to that of [5], where the density of
concrete decreases with increasing marble and tile powder
content in concrete after 28 days. Also, Raza et al. [43]
reported that the concrete density decreases as the amount of
wood waste ash increases in concrete after 28 days.
3.3. Compressive Strength. The compressive strength test was
conducted on hardened concrete with inclusion 0%–20% of
BCM for 7, 28, and 56 days, and the results presented in
Figure 3. The outcome indicates that the compressive
strength was enhanced while using BCM up to 10% for 7, 28,
and 56 days. The optimum compressive strength was
achieved by 8.45%, 12.28%, and 13% at 10% of BCM and the
minimum values were calculated by 17.27%, 9.23%, and
8.69% while using 20% of BCM after 7, 28, and 56 days,
respectively. This experimental study clariﬁes that the
compressive strength is decreased by using 10% of BCM in
the concrete mix. This decrement in strength is because
concrete becomes more porous which results in lesser
strength. On the other hand, this is due to the existence of
metakaolin and GGBFS materials; concrete reduces its water
content. Subsequently, MK and GGBFS absorbed more
amount of water. Resultantly, this reduction in water content
might slow the hydration process of concrete, which causes a
decrease in strength after ever curing periods. This shows
that the incorporation of 10% MK was optimum in terms of
compressive strength, which is better than the 15% replacement described in an earlier study with a water/binder
ratio of 0.30 [19]. Bheel et al. [42] indicated that the compressive strength was improved while using 10% of BCM in
concrete after 28 days. Similarly, Bheel et al. [5] described
that the use of marble and tile powder up to 10% as cementitious material caused an increase in strength after 28
days.
3.4. Splitting Tensile Strength. Figure 4 presents the split
tensile strength of concrete by incorporating 0%–20% of
BCM in concrete after 7, 28, and 56 days. The indirect tensile
strength was estimated by 5.65%, 9.33%, and 9.67% at 10% of
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Table 3: Mixtures composition.

Mixture ID
0BCM
5BCM
10BCM
15BCM
20BCM

PC (%)
100
95
90
85
80

MK (%)
0
2.50
5
7.50
10

GGBFS (%)
0
2.50
5
7.50
10

Water/cement ratio (%)
0.54
0.54
0.54
0.54
0.54

Coarse aggregate (%)
100
100
100
100
100

40
Compressive strength (N/mm2)

80

60
Slump (mm)

Fine aggregate (%)
100
100
100
100
100

40

20

30

20

10

0

0

0

5
10
15
Percent BCM content

0

20

5

10
15
Percent BCM content

20

7 days
28 days
56 days

Slump (mm)

Figure 1: Workability of concrete.

Figure 3: Compressive strength of concrete.
2500

Density (kg/m3)

2300
2200
2100
2000
0
Density

5
10
15
Percent BCM content

20

(kg/m3)

Figure 2: Density of concrete after 28 days.

BCM is higher than concrete with inclusion 0% of BCM in
concrete after 7, 28, and 56 days, respectively. Similarly,
lower split tensile strength was measured by 14.78%, 11.67%,
and 9.70% while using 20% of BCM in concrete after 7, 28,
and 56 days, respectively. The reduction in split tensile
strength is due to the increase in the surface area of MK and
GGBFS in concrete. This observation correlated with that of
Bheel et al. [42] where they presented that the split tensile
strength of concrete was inclined as the content of BCM
increases up to 10% after 28 days. Similarly, Raza et al. [43]
stated that the tensile strength was improved at 10% of wood
waste ash in concrete after 7, 28, 56, and 90 days, respectively. This same trend is observed by Bheel et al. [41] as they

Splitting tensile strength (N/mm2)

4

2400

3

2

1

0

0

5

10
15
Percent BCM content

20

7 days
28 days
56 days

Figure 4: Splitting tensile strength.

informed that the indirect tensile strength was inclined while
using up to 10% of limestone and sugar cane bagasse ash in
concrete after 28 days.
3.5. Flexural Strength. Figure 5 shows the ﬂexural strength of
concrete with inclusion 0%–20% of BCM in concrete after 7,
28, and 56 days. It was noticed that ﬂexural strength was
improved by 5.15%, 9.93%, and 10.20% at 10% of BCM after
7, 28, and 56 days, respectively. This increment in ﬂexural
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20
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Figure 6: Permeability of concrete containing BCM after 28 days.

Figure 5: Flexural strength of concrete.

3.6. Permeability of Concrete. Figure 6 presents the plot of the
permeability of concrete with the addition of several proportions of BCM after 28 days. The maximum permeability is
estimated as 19.5 mm at 0% of BCM, and the minimum was
calculated as 9 mm while using 20% of BCM in concrete after
28 days. It was revealed that the water penetration depth reduced as the content of BCM improves in concrete every day.
This observation is correlated with that of Guneyisi et al. [44] as
they reported that the permeability of concrete declined as the
content of MK increases (up to 15%) after every curing period.
Moreover, the permeability of concrete is an essential feature of
the durability of concrete, and lower water penetration depth of
concrete showed high resistance against chemical attacks [45].
3.7. Chloride Attack Test. As shown in Figure 7, the eﬀect of
chloride on the concrete without BCM is more than that of
concrete with BCM. An increase in the amount of BCM in
concrete that results in reducing the chloride attack eﬀect in
concrete was noted. It can be concluded that mineral additives can better ﬁll the concrete cavity due to ﬁne particles.
They can also increase the resistance of concrete against
harmful impacts caused by chloride. Replacing cement with
BCM in concrete mix design can also be proﬁtable economically. However, BCM is also used instead of cement in
concrete mixes to provide signiﬁcant economic beneﬁts.
This observation is agreed on by Dharani et al., [46] that the
concrete blended with GSA has better resistance to the
chloride attack as compared to control mix concrete.

Residual comp. strength (N/mm2)

30

strength is due to the presence of a high amount of silica,
Al2O3, and Fe2O3 and producing cement clinker. Similarly,
the minimum strength was achieved by 12.37%, 10%, and
8.82% at 20% of BCM in concrete after 7, 28, and 56 days,
respectively. The decline in strength caused by an additional
amount of BCM is due to its slow pozzolanic activity at every
time period. Similarly, Dinakar et al. [19] reported an improved ﬂexural strength at 10% of metakaolin after 28 days.

25

20

0

5

10
15
Percent BCM content

20

28 days
90 days

Figure 7: Residual compressive strength of samples exposed to
chloride attacks.

3.8. Carbonation Depth Test. Figure 8 presents the carbonation depth of the mixture with the inclusion of various
proportions of MK and GGBFS as binary cementitious
material after 28, 90, and 180 days. The maximum outcomes
of carbonation depth were recorded as 11 mm, 14 mm, and
19 mm at 20% of BCM, and minimum ﬁndings were estimated as 7 mm, 9 mm, and 12 mm at 10% of BCM after 28,
90, and 180 days, respectively. It was revealed that the
carbonation depth was reduced as the content of BCM
increased up to 10%. After 10% of BCM, it starts improving.
This decrement in the carbonation depth of concrete is due
to the pozzolanic activity of minerals admixtures [47].
3.9. Drying Shrinkage of Concrete. Figure 9 presents the eﬀect
of BCM on the drying shrinkage of the concrete. It can be seen
that the drying shrinkage of concrete reduced with the increase
in BCM content. This reduction in drying shrinkage of cement
pastes is due to the following reasons: (i) cement dilution by
BCM, a smaller amount of cement producing less shrinkage,
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Carbonation depth (mm)

20
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15
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20
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Figure 8: Carbonation depth of concrete containing BCM.

Drying shrinkage

2.5

2.0

1.5

1.0

(i) The workability of fresh concrete was measured by
16%, 27.58%, 36.20%, and 50% while using 5%,
10%, 15%, and 20% of BCM, which is smaller than
concrete with the introduction of 0% BCM in
concrete. The result showed that the workability is
increased with increase in the content of BCM in
concrete.
(ii) The density was achieved by 1.88%, 3.56%, 5.03%,
and 6.92% with the introduction of 5%, 10%, 15%,
and 20% metakaolin and GGBFS as BCM are lower
than that of concrete with the addition of 0% of
BCM after 28 days, respectively.
(iii) The compressive strength, split tensile strength, and
ﬂexural strength of the concrete were enhanced by
12.28%, 9.33%, and 9.93% at 10% of BCM after 28
days, respectively. The increment in strength may
be attributed to the eﬀect of pore ﬁlling and the
pozzolanic reaction of the BCM. But after 10% of
BCM, it starts reducing in mechanical properties
due to the dilution eﬀect of the BCM on the PC.
(iv) The water penetration depth of concrete reduced as
the amount of BCM increases in concrete at 28
days.
(v) The eﬀect of chloride on the concrete without BCM
is more than that of concrete with BCM.
(vi) The carbonation depth decreased with increases in
the content up to 10% of BCM and later increases.
(vii) The drying shrinkage of concrete reduced with
increases in the content of BCM.
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Figure 9: Drying shrinkage of concrete containing BCM.

(ii) pozzolanic reaction of BCM with CH formed by cement,
and (iii) increase in capillary tension [48–50]. This observation
is similar to that of [51–54] where rice husk ash (RHA) is used
as a partial replacement for cement in concrete. The drying
shrinkage is signiﬁcantly reduced compared to samples without
RHA. This may be due to a lower cement content compared to
the control mixture, as well as the pore size and grain size
reﬁnement process which improves the mechanical interlocking in the transition zone. Therefore, when shrinkage is a
problem, the use of RHA can be part of a mitigation strategy.

4. Conclusion
In this investigation, metakaolin and GGBFS were utilized as
a binary cementitious material up to 20% for determining
the mechanical properties of fresh and hardened concrete.
On the basis of the test results, the following is concluded:
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