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A B S T R A C T

This study presents the results of an experimental evaluation of the performance of high strength concrete (HSC)
with basic oxygen steel-making (BOS) slag and nano-silica respectively used as a partial replacement of sand and
cement. The properties of fresh and hardened concrete specimens containing 25%, 50%, 75%, and 100% BOS as
partial replacement of sand and 2% of cement replaced with nano-silica were evaluated. According to the results,
concrete samples containing nano-silica with higher BOS percentages, demonstrated improvements in strength
and durability properties, while workability was reduced. For example, at 50% BOS content, about 18% increase
in compressive strength and 50% reduction in water absorption was observed, while slump was reduced by 40%.

1. Introduction

Concrete is one of the most widely used construction materials in all
around the world due to its ease of access, durability, and proper me-
chanical properties. The global concrete consumption is estimated
about 25 billion tons yearly. The large consumption volume of this
construction material has raised many environmental issues including
depletion of natural raw materials, problems associated with extraction
of natural sand from river beds [1], and a great decrease in resources of
fine aggregates in the past 15 years [2]. Furthermore, the greenhouse
effect caused by ordinary Portland cement (OPC) production is the
main source of CO2 emissions [3], being responsible for 5–7% of global
CO2 emissions [4].

These problems have led many researchers to investigate alternative
materials for partial or full replacement of natural aggregates or cement
to reduce environmental impacts [5]. One alternative is to replace fine
aggregates with some by-products, which can be categorized as: 1)
agricultural such as rice husk ash [6,7], 2) industrial such as fly ash
[8–11], cement kiln dust [12], silica fume [13], granulated blast fur-
nace slag (GBFS) [5], and bagasse ash [14], and 3) municipal wastes
including glass, plastics [15], and paper [16]. Rashad provided a gen-
eral review on using different types of wastes in mortar and concrete
[17].

Regarding the industrial wastes, steel-making slag, especially Basic

Oxygen Steel-making (BOS) slag, which is produced during the iron/
steel manufacturing process, has attracted the attention of researchers
due to its environmentally safe applications [18]. BOS is a non-metallic
ceramic material produced from the reaction between flux such as
calcium oxide and inorganic non-metallic components in the steel
scrap. Typically, 130–200 kg of slag is obtained from one ton of steel
depending on the composition and manufacturing process [19]. BOS
slag usually contains large clusters, coarse and very fine particles
[20,21]. Water is typically poured over slag as it is channeled out of the
furnace, providing rapid cooling. This process causes a series of che-
mical reactions to occur within the slag and causes the material to
behave similar to rocks. The chemical composition of slag depends on
furnace type, steel grades, and pretreatment method, but generally it
consists of SiO2, CaO, Fe2O3, FeO, Al2O3, MgO, MnO, and P2O5 [22].
Furthermore, the grind ability index of steel slag is 0.7, compared to the
value of 0.96 and 1.0 for blast furnace slag and standard sand, re-
spectively [23].

The advantageous features of BOS such as simple manufacturing
process and long term stability in unbound conditions have made it as
an appropriate alternative granular material in concrete manufacturing
[24]. Maslehuddin et al. [25], reported that concrete containing steel
slag as partial replacement of cement shows higher mechanical and
durability properties. Wen et al. [26], reported that concrete with steel
slag exhibits higher compressive strength and an excellent anti-chloride
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ion penetration performance. Subathra and Gnanavel [27] studied re-
cyclable ground granulated blast furnace slag (GGBFS) materials, as
partial replacement of sand with percentages of 10%, 20%, 30%, 40%,
and 50%. The maximum compressive strength was observed in mix
designs with 50% GGBFS content. Furthermore, it was reported that
further replacement levels led to reduced compressive strength [27,28].
Kuthai and Malathy [29] studied the effect of steel slag on mechanical
properties of concrete. They reported that mix designs with 30% steel
slag exhibited improved compressive strength, flexural strength, and
modulus of elasticity. Manjunath and Narasimhan [30] used steel slag
as fine aggregates to produce self-compacting alkali-activated slag
concrete. Results showed that incorporation of steel slag improved the
compressive strength and reduced water absorption.

Furthermore, some studies investigated the possibility of using
nano-silica in different concrete types. Aydın et al. [31] studied the
behavior of self-compacting concrete with nano-silica and carbon nano
tubes combined with different percentages of fly ash. It was shown that
concrete with 2% nano-silica, 0.08% carbon nano tubes, and 40% fly
ash exhibited the best performance. Naniz and Mazloom [32] studied
the influence of different levels of nano-silica on fresh and hardened
properties of self-compacting concrete with different water-to-binder
ratios. According to the experimental results, replacing 3% of cement
with nano-silica led to satisfactory self-compacting concrete. Mo-
hammed and Adamu [33] examined the performance of roller com-
pacted concrete pavement with 1%, 2%, and 3% nano-silica as re-
placement of cement with different crumb rubber levels. The results
showed improved microstructure, strength, and durability.

In the light of previous studies, the main objective of the present
experimental work was to investigate the feasibility of producing high
strength concrete (HSC) containing BOS and nano-silica as partial re-
placement of natural fine aggregates and cement, respectively. As far as
the authors are concerned, no study to date has evaluated the me-
chanical properties of high strength concrete containing different per-
centages of BOS and nano-silica at different ages. For this purpose,
natural sand was partially replaced with BOS at levels of 0%, 25%,
50%, 75% and 100% by weight of sand and 2% of cement was replaced
with nano-silica. The physical, mechanical, and durability properties of
specimens including density, water absorption, crack width, compres-
sive strength, tensile strength, flexural strength, modulus of elasticity,
and ultrasonic pulse velocity (UPV). The experimental program in this
study was designed to provide comprehensive data regarding the
properties of high strength concrete with BOS and nano-silica and to
contribute to better understanding of the behavior in short term and
long term conditions.

2. Experimental program

2.1. Materials

2.1.1. Cement
Type I cement was provided from Ardestan cement plant with

specific density of 3.19 g/cm3, Blaine surface area of 3050 cm2/g, and
28-day compressive strength of 37MPa. The chemical analysis of ce-
ment revealed that it is composed of 63.1% CaO, 22.5% SiO2, and 6%
Al2O3 followed by small amounts of MgO, K2O, and SO3.

2.1.2. Basic oxygen steel-making (BOS) slag
BOS used in this study (see Fig. 1(a)) was provided from Mobarakeh

steel plant in Isfahan, Iran (see Fig. 1(b)), with the specific gravity of
3.45 g/cm3, unit weight of 1800 kg/m3, and water absorption of 3%.
The quality of BOS was evaluated in accordance with standard test
methods including weight loss in mixtures exposed to sodium sulfate
solution per AASHTO T-104 [34], weight loss ratio in Los Angeles
abrasion test according to AASHTO T-96 [35], and damage percentage
in 1 and 2 sides of the specimen per ASTM D-5821 [36]. The results are
presented in Table 1.

Furthermore, according to the chemical analysis results, BOS par-
ticles mainly consist of calcium oxide (CaO:45%), Iron oxide
(FeO:26%), Quartz (SiO2:15%), and Periclase (MgO:8%). The X-ray
diffraction (XRD) analysis of BOS particles also confirmed the results
obtained by the chemical analysis as shown in Fig. 2. Furthermore, SEM
analysis was carried out on BOS particles to gain an understanding
regarding their shape and physical property. As illustrated in Fig. 3, the
particles vary in size and shape and are mostly angular.

2.1.3. Nano-silica
Nano-materials such as nano-silica and nano-fibers, owing to their

high silica content can be used in concrete to produce additional cal-
cium silicate hydrate (CSH) by reacting with calcium hydroxide to
achieve improved strength, density, durability. Yu et al. suggested
nano-silica and hybrid fibers such as steel for crack reduction and im-
provement of flexural strength of ultra-high performance concrete [37].
The nano-silica used in this study was provided from Isatis nano-silica
industries with density of 1.4 g/cm3 and PH of 9.5.

2.1.4. Aggregates
.River washed gravel with 4.75–10mm grain size and natural sand

with grain size less than 4.75mm were used as coarse and fine ag-
gregates, respectively. The sieve analysis of gravel and sand aggregates
are plotted in Fig. 4 in accordance with ASTM C33 [38].

2.1.5. Super-plasticizer
Brown modified polycarboxylic ether (PCE) polymer, with specified

weight of 1.06 of g/cm3 And PH of 8 was incorporated as super-plas-
ticizer in all mixes to improve workability of concrete.

2.2. Mix design

To investigate the effects of BOS and nano-silica on physical, me-
chanical, and durability properties of high strength concrete, mixtures
with 25%, 50%, 75%, and 100% BOS as substitution of natural fine
aggregates and a mixture containing 2% nano-silica as replacement of
cement in addition to a control concrete were prepared as given in
Table 2. The dosages for BOS were selected to investigate the effect of
partial to full replacement of natural fine aggregates on the properties
of high strength concrete. Furthermore, the percentage of nano-silica to
replace cement was selected based on the values suggested by the
previous studies [33,39–41]. Note that the water-to-binder ratio was
fixed at 0.37 for all mixtures to strike a balance between workability
and strength of the high strength concrete in consistence with previous
studies [42–44]. It should be noted that the calculated amount of ce-
ment to be used in the concrete mix design was 459 kg, which was
reduced to 450 kg when 2% nano-silica was included.

After casting the specimens, they were kept for 24 h in the molds
and then they were demolded and immersed in water at 23 °C to be
cured until the required age in accordance with IS 10086 [45].

2.3. Methods

The properties of fresh and hardened concrete containing different
percentages of BOS were evaluated through a comprehensive experi-
mental program. The fresh concrete workability was assessed by slump
test conducted in accordance with ASTM C143/C143M− 12 [46].
Furthermore, fresh, dry, and saturated surface dry (SSD) densities were
evaluated based on provisions of ASTM C138/C138M− 14 [47], ASTM
C642-13 [48], and ASTM D7172–14 [49], respectively.

The compression test was conducted on cube specimens with the
dimensions of 150 × 150 × 150mm at the ages of 7, 28, and 91 days in
accordance with ASTM C39/C39M–14 [50]. The splitting tensile
strength of 150 × 300mm cylindrical specimens and flexural strength
of 100 × 100 × 500mm beam specimens were determined at the ages
of 7, 28, and 91 days based on ASTM C496/C496M–11 [51] and ASTM
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C78/C78M–10 [52], respectively. Furthermore, the modulus of elasti-
city of 150 × 300mm cylindrical specimens was evaluated according
to ASTM C469/C469M–14 [53].

Regarding the durability assessment of BOS concrete with nano-si-
lica, water absorption, surface crack width, and ultrasonic pulse velo-
city tests were conducted on 150 × 150 × 150mm cube specimens in
accordance with ASTM C642-13 [48], ASTM E2899–15 [54], and ASTM
C597 [55], respectively. The results of the experiments are presented in
the following.

3. Results and discussion

3.1. Fresh concrete

The fresh concrete workability was assessed using slump test. As
observed in Fig. 5, with increasing values of BOS and inclusion of nano-
silica, the slump value decreased, i.e., the control mix demonstrated the
highest slump. It was observed that with inclusion of nano-silica, about
8% reduction in slump value occurred due to the increased surface area
of the total binder in the mixture. Further, increase in BOS content
resulted in a significant reduction of slump. For example, 61% reduc-
tion was observed in the slump value of concrete containing 75% BOS

compared to the control specimen. The reduction can be attributed to
the fact that BOS particles were much finer than sand, which resulted in
higher surface area. Therefore, workability decreased as also reported
by Kim et al. [56]. In addition, BOS particles were more angular, which
increased the interlocking in the concrete mixtures and hence, work-
ability decreased.

3.2. Density

Fresh, dry, and saturated surface dry (SSD) densities were measured
for all mixtures. Fig. 6 shows the variations of the specimen densities
with respect to BOS content. As seen, due to the higher density of BOS
particles compared to natural sand, the density of concrete samples
increased with increasing values of BOS, e.g., at 50% BOS, dry density
increased up to 6%. Furthermore, the formation of additional CSH gel
due to the reactions between nano-silica particles and hydration pro-
ducts, led to a denser structure and increased the dry and SSD densities.

3.3. Mechanical properties

3.3.1. Compressive strength
The compression test was conducted on cubic samples with the side

length of 150mm at the ages of 7, 28, and 91 days. Based on the test
results, inclusion of BOS and nano-silica had a positive effect on the
compressive strength. Fig. 7(a) and Fig. 7(b) respectively illustrate the
compressive strength and its variations for different BOS percentages at
different ages. As seen, with increasing values of BOS content an as-
cending trend was observed. For example, by replacing 75% of sand
with BOS, approximately 22%, 20%, and 21.5% increase in compres-
sive strength at the ages of 7, 28, and 91 days compared to the control
sample was observed, respectively. Furthermore, it was observed that
the effect BOS on compressive strength was more pronounced at earlier

Fig. 1. (a) BOS used in this study, (b) Landfills of steel slag wastes in steel plant.

Table 1
BOS properties according to standard test methods.

Test Standard specification Test result

Los Angeles abrasion AASHTO T-96 [35] 15%
Weight loss due to Sulfate solution

exposure
AASHTO T-104 [34] 0.25%

Failure in side 1 ASTM D-5821 [36] 99%
Failure in side 2 ASTM D-5821 [36] 96.3%

Fig. 2. X-ray diffraction analysis of BOS particles.
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ages. This was because of the chemical reactions due to the presence of
free lime (about 40–50% in slag), and nano-silica as a pozzolanic ma-
terial, which increased the amount of CSH gel in the concrete [57–59].
Also, inclusion of BOS and nano-silica densified the matrix and reduced
the pore size due to the increased surface area of binder, which led to
lower water bleeding in the interfacial transition zone as well. In ad-
dition, since the BOS particles were in angular shape, the interlocking
and adhesion between the aggregates and cement paste was enhanced
as also reported by [60]. The results were in a good agreement with the
previous studies, which also stated that inclusion of slag as partial re-
placement of natural sand at levels of 5–15% led to an increased
compressive strength of concrete pipes [61]. In another study, Sharmila
and Dhinakaran [42] suggested 10% of ultrafine slag as the optimum
value to increase strength and durability properties of high strength
concrete. Qasrawi [62] reported up to 20% increase in the compressive
strength of concrete with steel slag.

3.3.2. Splitting tensile strength
Fig. 8(a) and Fig. 8(b) show the effect of BOS on splitting tensile

strength and its variations. As seen, by replacing cement with nano-
silica, the splitting tensile strength was increased, e.g., 13.7%, 9.4%,
and 9.8% increase in 7-, 28-, and 91-day splitting tensile strength was
observed. This owed to the fact that nano-silica contains a high amount
of SiO2, which can react with the hydration products and produce ad-
ditional CSH gel.

Furthermore, with increasing values of BOS content, an increase in
the splitting tensile strength was observed. By way of illustration, by
replacing natural sand with 100% BOS, 27.4%, 21.3%, and 24.5% in-
crease in splitting tensile strength at the ages of 7, 28, and 91 days was
observed, respectively. This behavior could be related to the chemical
reactions between nano-silica particles and free lime existing in BOS,
which yield to the production of CSH gel. Moreover, slag exhibits a
pozzolanic effect in presence of calcium hydroxide Ca(OH)2 [63]. The
results confirmed the findings of other studies. Sharma et al. [64]

Fig. 3. SEM micrograph of BOS particles: (a) 50× magnification, (b) 200× magnification, (c) 500× magnification, (d) 1000× magnification, (e) 2000× mag-
nification, (f) 8000× magnification.
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studied HSC with 10–50% foundry Slag (FD) as partial replacement of
conventional fine aggregates and 15% alccofine as partial replacement
of cement and reported improvements in compressive strength, tensile
strength, and flexural strength at the ages of 7, 14, 28 and 91 days.
Singh and Siddique [65] reported that self-consolidating concrete (SCC)
with 40% of its fine aggregates replaced with steel slag, showed 21%
higher splitting tensile strength compared to the control sample.

3.3.3. Flexural strength
Fig. 9(a) and Fig. 9(b) show the flexural strength of samples and its

variations at the ages of 7, 28, and 91 days. Similar to the results of
compression and tensile tests, replacing cement with nano-silica led to
an improvement in flexural strength. For example, about 11%, 9.5%
and 8.5% increase was observed. Moreover, with increasing BOS con-
tent, the flexural strength increased as well. For example, 21.4%, 19.3%
and 22.6% improvement was observed in 7-, 28-, and 91-day flexural
strength of specimens containing 100% BOS as replacement of sand,
respectively.

As mentioned in the previous sections, two factors contributed to
the strength development of concrete specimens: pore refinement by
slag and nano-silica particles and production of additional CSH gel due
to pozzolanic activity of BOS and nano-silica [66]. The results obtained
in this study were comparable with the previous works. Singh and
Siddique [65] showed that replacement of cement with steel slag im-
proved the flexural strength, e.g., 15% increase was observed at 40%
steel slag content. Also, Qasrawi [62] reported that concrete with steel
slag showed improved flexural strength.

3.3.4. Modulus of elasticity
In general, safety, durability, density, and service life of reinforced

concrete are influenced by the modulus of elasticity. Fig. 10 shows the
effect of BOS and nano-silica on modulus of elasticity of concrete spe-
cimens. The average modulus of elasticity of different mixes were 45.7,
46.9, and 48 GPa when 25%, 50%, and 75% of sand was replaced with
BOS. The incorporation of BOS led to increased modulus of elasticity

due to densification and refinement of the pore structure. The results of
other studies confirmed the findings of this study. Etxeberria et al. [67]
used electric arc furnace slag (EAFS) and blast furnace slag (BSF) as
substitution of coarse aggregates in 25%, 50% and 100% percentages,
which led to similar modulus of elasticity obtained with sand replaced
by BOS in this study. Also, Singh and Siddique [65] observed a linear
increase in the value of modulus of elasticity with increasing steel slag
content.

3.3.5. Linear regression analysis
This section briefly summarizes the results of a linear regression

analysis carried out on the tests data. The relationship between mod-
ulus of elasticity, flexural, tensile, and compressive strengths are pre-
sented in Fig. 11. As seen, good correlation exists between the obtained
results and the high R-factor value confirms the accuracy of the pro-
posed equations. The linear regression equations presented in this
figure can be used to predict the each strength property based on the
value of another.

Fig. 4. Grain size distribution of gravel, sand, and BOS.

Table 2
Concrete mix design.

Mix plan w/b BOS (%) BOS (kg/m3) Cement (kg/m3) Water (kg/m3) Nano-Silica (%) Gravel (kg/m3) Sand (kg/m3) Super-plasticizer (%)

CTL 0.37 0 0 450 170 0 900 750 0
M0 0.37 0 0 450 170 2 900 750 1
M25 0.37 25 187.5 450 170 2 900 562.5 1.5
M50 0.37 50 375 450 170 2 900 375 2
M75 0.37 75 562.5 450 170 2 900 187.5 2.5
M100 0.37 100 750 450 170 2 900 0 3

Fig. 5. Slump test results.

S.A. Zareei, et al. Journal of Building Engineering 25 (2019) 100791

5



3.4. Prediction of mechanical properties based on codes

Design codes and standards have proposed equations to predict the
elastic modulus Ec, flexural strength (fr), and splitting tensile strength
(fst) of concrete based on compressive strength (fc) or characteristic
compressive strength (fcm) [68–73]. Generally, the experimental results
should be in good agreement with the existing codes predictions. In this
section, modulus of elasticity, flexural strength, and splitting tensile
strength were calculated using the equations proposed by standard
codes and were compared with the experimental results. To estimate
the tensile and flexural strengths, different expressions have been sug-
gested by the codes, which are listed in Table 3.

Fig. 12 compares the predicted modulus of elasticity using equations
proposed by the codes to the values obtained through experiment. As
seen, ACI 318, JCI-08, and ABA equations provided the closest values to
the experimental ones. It seems that the expression = ′E f5c c proposed
by ABA for ordinary concrete can be extended to high strength con-
crete. Furthermore, NZS 3101 underestimated the modulus of elasticity
and the difference between the predicted and experimental values was
about 20%.

Fig. 13 shows the experimental splitting tensile strength values

versus the predicted ones. As observed, ACI 318 provided the closest
prediction, while JSCE-07 and NZS 3101 underestimated the splitting
tensile strength. On the other hand, EC-04 and JCI-08 overestimated the
splitting tensile strength about 26% by average.

Moreover, Fig. 14 demonstrates the results regarding flexural
strength. As seen, all design codes except EC-04, provided comparable
predictions. Flexural strength predicted by ACI 318 was closest to the
experimental data with the maximum difference of 5%. In addition, EC-
04 provided overestimated predictions up to 50%. In summary, the
equations proposed by ACI 318 led to the best prediction of the me-
chanical properties with reference to the experimental data.

3.5. Durability properties

3.5.1. Water absorption
The water absorption of concrete with different BOS percentages

were determined using the following relationship:

= ×
−W W W

W
100i

w D

D (1)

In which, Wi denotes water absorption at 30min, WD is the dried

Fig. 6. Effects of BOS on fresh, dry, and saturated surface dry (SSD) densities.

Fig. 7. (a) Compressive strength of different concrete mixtures at different ages, (b) Compressive strength variations.
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specimen's density (heated in oven for 72 h), and Ww is the specimen's
density after immersion in water for 30min. Fig. 15 shows the varia-
tions of the water absorption with increasing values of BOS percentage.
As seen, inclusion of nano-silica as substitution of cement led to re-
duced water absorption, e.g., about 35% reduction was observed, which
was due to the micro-filling effect of nano-silica particles. Furthermore,
in concrete mixtures with BOS, as the BOS content increased, the water
absorption decreased. For the sake of illustration, replacing sand with
25% and 100% BOS, resulted in 46% and 60% reduction in water ab-
sorption value, respectively. This owed to the fact that BOS particles
were finer than sand, which led to pore refinement of concrete matrix
and interfacial transition zone. Also, the results confirmed the findings
of the previous studies [76,77]. Palankar et al. [78] reported reduced
water absorption in steel slag concrete, which was attributed to the
refined structure of the mixture.

3.5.2. Crack width
Reinforced concrete durability is mainly influenced by the crack

Fig. 8. (a) Splitting tensile strength of different concrete mixtures at different ages, (b) Splitting tensile strength variations.

Fig. 9. (a) Flexural strength of different concrete mixtures at different ages, (b) Flexural strength variations.

Fig. 10. Modulus of elasticity of concrete samples at the age of 28 days.
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width. Crack width is an indication of lacking compaction and integrity
in mix designs. Different methods are examined to measure crack width
such as monitoring the distance between polycarbonate reference
points by using a digital calliper [79] or by using a Digital Image
Correlation (DIC) technique [80]. In this study, the crack width of cubic
samples were determined by using crack width gauge TC410, which is a
widely used device for non-destructive evaluation of crack width in
tunnels, bridges, and concrete structures. The system is based on taking

images from the crack and displays real-time image and calculates the
crack width through a powerful processing software [81]. The mea-
suring range of the device is between 0.01mm and 6.5mm with the
accuracy of 0.02mm. The results are presented in Fig. 16. As observed,
replacing cement with nano-silica reduced the crack width from
0.05mm (CTL) to 0.03mm (M0). This owed to the great potential of
nano-silica particles to arrest cracks [82]. Conversely, replacing sand
with BOS resulted in increase in the crack width, e.g., 0.1 mm increase
in crack width of M100 mixture was observed compared to the control
sample. This could be ascribed to finer particles of BOS and nano-silica
in comparison with natural sand and cement, which increased the water
demand of the mixture. Since the water content was kept constant in all
mixtures, higher shrinkage and consequent crack formation were ex-
pected with increasing values of BOS content. Furthermore, later hy-
dration of BOS particles could be another reason responsible for the
increased crack width.

3.6. Ultrasonic pulse velocity

Ultrasonic pulse velocity (UPV) test is being widely used as a non-
destructive test method in examining the integrity of concrete struc-
tures. The UPV test was conducted on 150 × 150 × 150mm cubic
specimens at the ages of 28 days and 91 days using Ultrasonic Concrete
Tester 110–240V 50/60Hz 1Ph device. Fig. 17(a) shows the UPV test

Fig. 11. Relationships between different strength properties: (a) relationship between tensile and compressive strength, (b) relationship between flexural and tensile
strength, (c) relationship between flexural and compressive strength, (d) relationship between modulus of elasticity and compressive strength.

Table 3
Equations proposed by design codes and standards.

Standard Modulus of elasticity
(Ec) (GPa)

Flexural
strength (fr)
(MPa)

Splitting tensile
strength (fst)
(MPa)

ABA (Iran) = ′E f5c c = ′f f0.60r c
–

ACI 318–1 [68] = ′E f4.73c c = ′f f0.62r c = ′f f0.53st c
CSAA23.3–04 [70] = ′E f4.5c c = ′f f0.60r c

–

EC-04 [71]
= ( )E 22c

fcm
10

0.3
= ′f f0.435r c

2
3 = ′f f0.3st c

2
3

JSCE-07 [74] = ′E f4.7c c
– = ′f f0.44st c

JCI-08 [72] = ′E f6.3c c
0.45 – = ′f f0.13st c

0.85

NZS 3101 [75] = ′ +E f3.32 6.9c c = ′f f0.60r c = ′f f0.44st c
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results for different concrete mixtures at the ages of 28 days and 91
days. As seen, the results adequately satisfied the quality requirements
even at high levels of replacement. It was observed that full replace-
ment of natural sand with BOS, led to 27.4% and 29% increase in 28-
day and 91-day UPV compared to the control sample, respectively. The
increase in pulse velocity was due to reduction in pore size by nano-
silica and BOS particles and formation of additional CSH due to poz-
zolanic reaction between nano-silica and BOS particles and hydration
products. Maslehuddin et al. [83] also reported that concrete with steel
slag as replacement of aggregates showed higher UPV.

Furthermore, the correlation between UPV and the compressive
strength is shown in Fig. 17(b), while Fig. 17(c) demonstrates the linear
regression curve fitted to the results. As observed, the results of both
tests demonstrated the same trend. A direct relationship was observed
between the compressive strength and UPV and the high R-factor value
indicates the accuracy of the experimental work.

In addition, the water absorption coefficient is plotted against UPV
test results in Fig. 18. As expected, an indirect relationship was ob-
served between the aforementioned properties. In fact, specimens with
higher BOS content were less porous, due to pore refinement and

additional CSH gel produced by the reaction between nano-silica and
Ca(OH)2, which filled the voids of the concrete and as a result, the
water absorption of the concrete decreased.

As mentioned before, using high quality fine aggregates is becoming
difficult mostly because of environmental and economic limitations.
Thus, possible use of industrial by-products as partial replacement of
sand has been investigated extensively in the literature. Previous stu-
dies suggested various optimum replacement levels of by-products,
which are listed in Table 4.

4. Conclusions

Based on the findings of the present study, the following conclusions
were drawn:

- The incorporation of BOS and nano-silica in concrete led to a re-
duction in workability. For example, 80% reduction in the slump
value was observed when 100% of sand was replaced with BOS.

- The concrete density increased by increasing values of BOS per-
centages due to the higher specific density of BOS compared to

Fig. 12. Predicted versus experimental modulus of elasticity.

Fig. 13. Predicted versus experimental splitting tensile strength.
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natural sand. For example, by replacing sand with 50% and 100%
BOS, the dry density was increased by 6% and 10%, respectively.

- Improvements in strength properties of concrete containing nano-
silica and BOS were observed. The strength properties of concrete
consistently increased with increasing values of BOS. The maximum

increase was observed at 100% replacement of sand with BOS,
where 21.4%, 20.3%, and 19.4% increase in 28-day compressive,
tensile, and flexural strength were observed, respectively.

- The modulus of elasticity of specimens containing nano-silica and
BOS particles was increased as the BOS percentage increased. The
increase can be attributed to the micro-filling effect of nano-silica
and a series of chemical reactions including hydraulic and pozzo-
lanic reaction between nano-silica and slag and other constituents,
which produced additional CSH gel and led to reduced pore size and
a denser matrix.

- Water absorption of specimens containing nano-silica and BOS was
reduced. This owed to pore refinement by nano-silica and BOS
particles. Therefore, the water absorption of the concrete decreased.
For example, at 100% replacement of sand with BOS, 60% reduction
in water absorption was observed.

- The inclusion of nano-silica reduced the crack width. The nano-si-
lica particles bridged the cracks and prevented further opening of
the cracks. However, increasing BOS content resulted in higher
crack width due to increased water demand and later hydration of
slag.

- In concrete mixtures with nano-silica, it was observed that by

Fig. 14. Predicted versus experimental flexural strength.

Fig. 15. Water absorption of mixtures.

Fig. 16. Crack width for different mixtures.
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increasing BOS content, the pulse velocity increased as well. This
was expected, since nano-silica and BOS particles filled the voids
and increased the density of concrete.

Based on the findings of this study, it can be concluded that BOS and
nano-silica combination reasonably satisfies the strength and durability
properties of high strength concrete. It should be noted that each of the
industrial wastes presents particular advantages and disadvantages.
Further research is required to investigate other potential alternatives
to reduce the consumption volume of aggregates in different concrete
types.
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Fig. 18. Comparison between water absorption ratio and UPV variations.
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