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Abstract: High molar mass materials (nano-silica slurry
[NSS] and aggregate of steel furnace slag [ASFS]) can
improve concrete shielding properties. However, only a
few studies have been reported in this regard. Hence, this
paper aims to determine the effect of NSS and ASFS on
the properties of the resulting steel slag heavyweight con-
crete (SSHWC). The use of NSS in this study is a novel
contribution. Furthermore, the maximum percentage of
NSS to be introduced into the concrete for maximum
effect was also optimized. This study also implemented
an investigation program with six concrete mixtures pre-
pared using ASFS as the primary by-product aggregate.
The engineering, X-ray, and γ-ray attenuation character-
istics of the SSHWC were evaluated. The results showed
that the addition of NSS in SSHWC at the optimal content
of 3% by weight of cement improved the X-ray shielding
by 6.4%. Besides, all the concrete’s engineering and
γ-rays’ properties were enhanced correspondingly.
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List of abbreviations

ASFS aggregate of steel furnace slag
ASTM American Society of Testing Materials
BS British Standard Institute
CS compressive strength
FE-SEM field emission scanning electron microscope
HVL half-value layer
HWC heavyweight concrete
ITZ internal transition zone
MS Malaysia standard
NSS nano-silica slurry
OPC ordinary Portland cement
SEM scanning electron microscope
SSHWC steel slag heavyweight concrete
STS splitting tensile strength
TEM transmission electron microscopy
TVL tenth value layer
UHPCs ultra-high performance concrete
UPV ultra pulse velocity
W/C water to cement ratio
XRD X-ray diffraction
ZPV zeta potential value
γ-ray Gamma-ray
μ linear attenuation coefficient

1 Introduction

Lasting buildings are specifically aimed at reducing the
harmful environmental impact of the building industry.
The rapid rate of industrialization has contributed to the
rapid rate of waste generation, which makes waste man-
agement a global problem with a detrimental effect on
the climate. The construction industry sector contributes
significantly to the waste management in the construc-
tion industry, as this sector produces large amounts of
waste materials in building activities [1]. Nonetheless, the
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metallurgical waste from the manufacturing processes of
steel and iron has great concern regarding its manage-
ment. For instance, blast furnace slag is a by-product
formed during pig iron production [2]. This waste is
usually processed and used as a raw material in other
manufacturing processes. Even so, most of the metallur-
gical wastes are deposited in landfills as they are gener-
ated in huge quantities [3]. Owing to the environmental
effect of these wastes when deposited in landfills, it has
become a necessity to minimize the quantity of steel and
iron wastes generated from production activities by
exploring novel ways of using the wastes for economic
benefits. The slag is produced as waste material from
iron and steel manufacturing processes, and it can be
used as a raw material in other sectors [4–6]. It contri-
butes to the management of slag impacts on the envir-
onment. The aggregate of steel furnace slag (ASFS) is a
waste material of the steel processing industry that
formed during the smelting of pig iron and scrap metal
in the electric arc furnaces [7].

The previous study focused on putting forward some
of the production percentages of ASFS for different coun-
tries, in which utilization rate of ASFS is low. India gen-
erates 72.2 million metric tons of steel every year and
produces almost 1,80,00,000 MT of waste; however,
only about 25% of the quantity produced is used in
cement production. The output of the European Union
is at 10 million per year, of which 1.5 million per year is
attributed to Spain [8]. Heavyweight concrete (HWC) is a
specific concrete type primarily used as a nuclear reactor
shielding wall [9]. Concrete materials that contain aggre-
gates of heavy elements show strong radiation protective
properties, as the incorporation of these aggregates in
HWC enhances the neutron and proton absorption ability
of HWC [10,11]. Khalaf et al. carried out a comprehensive
study of HWC [12] and found that concretewith>2,600 kg/m3

density is classified as HWC. Other studies stipulate that
concrete must have a density of at least 3,000 kg/m3 to be
considered HWC [8,13]. Normally, HWC serves as embodi-
ments in structures that barricade the emission of a high
dose of radioactive rays to avoid harmful effects on people.
Therefore, HWC is mainly used in nuclear reactor sites and
other structures like hospitals, radiotherapy systems, and
facilities for the storage of radioactive wastes [14]. Because
of these critical HWC functions and characteristics, it is
necessary for these concretes to be dense and designed
to the desired purpose. Therefore, the heavyweight aggre-
gates must be used for the manufacture of concrete tomeet
these purposes [15,16].

Previous researchers [17,18] have agreed on the neces-
sity of testing the behavior of concrete in isolating harmful

radiation (such as X-rays) to humans. The need to identify
the characteristics of concrete for the isolation of X-rays
arises for various industrial applications such as the pro-
duction of devices and laboratories with exposure to a
high dose of X-ray radiations. A significant trend in
modern structural engineering is the production of a
more robust and sustainable concrete to reduce the life-
cycle costs of structures. Nanotechnology has opened up a
new world in the field of building and construction mate-
rials [19,20]. The fineness increment of the material widens
its applications in various applications, such as in struc-
tural, automotive, marine, and military [21,22], as the
nanostructures are playing significant roles in the devel-
opment of new functions and the enhancement of the
existing functions of industrial applications, because of
their piezoelectricity, biocompatibility, and pyroelectrical
characteristics. The work focused on the review of the
characteristics, applications, workingmechanism and pro-
duction method of different nanomaterials [22]. Many
nanomaterials have been examined for use in the con-
struction sector, such as nano-silica, nano-clay, CaCO3

nanoparticles, nano-titania, carbon nanotubes, graphene
oxide, and nano-alumina [23,24]. To study the effect
of nano-graphene on chloride penetration resistance of
recycled concrete, ultra-high-strength nano-graphene oxide
with good hydrophilicity and dispersibility was used to
investigate the mechanism of action. The results showed
that nanomaterials fill the recycled concrete micro-cracks,
decrease the most probable aperture, increase the number
of harmless small apertures, and improve the volume sta-
bility of recycled concrete, thereby improving the resistance
to chloride penetration, which is important for improving
concrete durability [24].

The application of nano-silica has led to substantial
improvements in the mechanical properties of cementi-
tious materials [25]. Zhuang and Chen [26] have also
reported that the improvement effect of nano-SiO2 on
concrete is remarkable, especially in the aspect of enhan-
cing the durability of concrete. Recent studies suggested
that nanotechnology can help in achieving significant tech-
nological advancement, particularly in the field of produ-
cing alternative cementitious materials. Hence, nanotech-
nology can be used significantly in improving mix designs,
manufacturing processes, and workability of cement-based
materials [27]. Nano-silica exists in two forms: dry grain
densified and colloidal suspension. A unique method is
needed for drying nano-silica before mixing so that the
nanoparticles become distributed uniformly within the sol-
vent [28–30].

In a recent study on the use and production of cir-
cular nano-silica concrete-filled stainless steel tube, the
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study provides for testing the resulting concrete for envir-
onmental factors as in a number of the freeze-thaw cycle
test. The study was expanded to include design calcula-
tions for the bearing capacity of nano-silica concrete-
filled stainless steel tub column. The result of the study
showed that the extent of the improved ability of nano-
materials was optimistic and could be expanded to
include different applications [30]. Contrarily, colloidal
nano-silica is developed as a stabilized suspension using
a dispersive agent [31]. A related study [32] proposed
that colloidal nano-silica application to mortar mixes
enhanced the mixing uniformity. It was attributed to
improved dispersion behavior and low nano-silica
agglomeration rate in the mixture, which facilitated
the distribution.

The characteristics of the pozzolanic reactivity of
nano-silica were investigated to understand its pozzo-
lanic reaction kinetics, the morphology of hydrates struc-
ture, and effect on the properties of cement-based mate-
rials [33]. Land and Stephan [34] studied the effect of
various nanoparticles on the cement hydration. The
cement hydration acceleration depended on the total
surface area of the nano-silica particles. The inclusion
influence of colloidal nano-silica on microstructure and
hardened properties of ultra-fine cement have been
investigated. The ideal content of nano-silica was found
to be 4% by weight of cement [35]. The filler effect was
responsible for decreased pore volume, finer pore size
distribution, and improved physicomechanical charac-
teristics of the mortar. However, because of agglomera-
tion, the addition of powders in amounts exceeding
1.25% increased the pore volume of certain mortars [36].

The nano-silica is similar to the silica fume, which
improves the paste and concrete packing density, espe-
cially at the internal transition zone (ITZ) between pastes
and aggregates. At 90 days, 1% of nano-silica affects
approximately equal to or similar to that of 10% of
micro-silica. On the contrary, with nano-silica above
2% (e.g., 3% by weight of cement), the resulting perfor-
mance of concrete was still higher than those without
nano-silica (control concrete mix). The binary use of
nano and micro-silica was found to have a better impact
on the characteristics of ultra-high performance concrete
(UHPCs) compared to their impacts [37]. Because of the
high reactivity of nanoparticles and fillers, they can serve
as nuclei for cement phases, which encourage cement
hydration that enhances the micro-structure density
and reduces the porosity of the ITZ. Results showed
that the density and mechanical properties in the ITZ
were obviously improved by nano-strengthening.

The penetration of nanomaterials was helpful to
block the pores and cracks in the ITZ, as well as to avoid
the directed gathering of CH crystal. The most significant
problem for all nanoparticles is effective dispersion. The
use of nanoparticles at high dosage impaired the advan-
tages of their small individual particle size and produced
unreacted clusters of agglomerated particles. It may lead
to an increased potential for stress concentration in the
material. The nano-silica was reported to improve the
strength and workability of concrete, as well as to
improve water permeation resistance. Furthermore, the
large and reactive nature of nanoparticles coating has
been shown to accelerate hydration reactions of C3S
phase in cement mortar [38].

In another study, the nano-silica was applied in five
percentages (1%, 2%, 3%, 4%, and 5%) by weight of
cement. The results showed 3% nano-silica content
from cement weight as the optimum [39]. Nano-silica
addition was reported to achieve better mechanical
performance, and the study attempted to investigate the
effect of various parameters on the axial compressive
behavior of nano-silica concrete-filled angle steel-
reinforced GFRP tubular columns. It was found that as
the nano-silica concrete compressive strength (CS) of
the specimens increased, the load-bearing capacity and
initial stiffness increased. However, specimens with a
higher CS of nano-silica concrete showed lower deforma-
tion capacity than specimens with a lower CS of nano-
silica concrete [40]. However, the excessive dosage or
dispersion of nano-silica will affect the concrete mechan-
ical properties in an inverse manner [41]. It has gained
much research attention since the discovery of nanoma-
terials regarding the effect of nanomaterials on properties
of concrete.

Various nano-additives were found to perform better
compared to other micro counterparts. For instance, it
was found that there is a two-fold increase in the early
age CS in concrete that produced with nano-silica (size =
40 nm) as compared with the silica fume concrete mix
(0.10 μm) [42]. The findings showed that the UHPC’s CS
increased with the increase in nano-silica content up to
3%, and the mechanical characteristics dropped slightly
because of nano-silica agglomerations when the nano-
silica contents are above 3%. The addition of nano-silica
accelerated the hydration process of cement. The
increase in nano-silica content resulted in decreasing
the porosity and the average diameter of the pore. For
nano-silica specimens, the microstructure was more
homogeneous and compact compared to the control
specimen [43].
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A recent study by ref. [44] reviewed the importance of
using nanomaterials, such as nano-silica, nano-calcium
carbonate, and nano-zinc oxide, to improve the charac-
teristics of HWC. Researchers have reported the use of
nano-titanium [45,46] and nano-ferrite [47] for this pur-
pose. The results showed the positive effects of nanoma-
terials on the improvement of all HWC-related properties.
Therefore, it is desirable to use nanomaterials as addi-
tives in HWC. Hence, this study aims to evaluate the suit-
ability of adding nano-silica slurry (NSS) to enhance the
(X-ray and γ-ray) engineering attenuation properties of
HWC using ASFS.

2 Experimental program

2.1 Materials

2.1.1 Cement, superplasticizer, and ASFS

In this study, the ordinary Portland cement (OPC) 42.5 N
used as a binder met BS EN 197-1 criteria [48] as CEM I.
The cement was mixed with a superplasticizer compliant
with ASTM C494 to achieve efficient dispersion [49]. The
polycarboxylate ether superplasticizer used was pro-
cured commercially as WP 30. It was used to ensure the
fresh concrete that meets the desired workability at low
w/c ratios. ASFS was used as aggregate, which is a waste
product that is readily available in Malaysia. It is used as
both fine and coarse aggregates in concretes. The che-
mical and physical properties of the ASFS used in this
work have been previously reported by ref. [8].

2.1.2 Nano-silica slurry

MC-Bauchemie provided the NSS used in this study. The
material was made from undensified nano-silica to
ensure full dispersion. The suspension has a relative
density of 1.38 g/cm3. The FE-SEM micrographs for NSS
are shown in Figure 1(a) after 24 h of drying in an oven.
The TEM images of NSS are shown in a liquid state in
Figure 1(b). They confirm that the physical characteristics
of the suspended particles are identical to those of the
dried form. The results of the FE-SEM and TEM showed a
particle size range of 60–100 nm [13]. The NSS XRD pat-
tern is shown in Figure 2. The NSS consisted of silicon
carbide in the mineral phase. The chemical composition
of the NSS is presented in Table 1.

2.2 Mix design

The steel slag heavyweight concrete (SSHWC) was pro-
duced with ASFS (fine and coarse) to evaluate the impact
of NSS on the engineering, gamma-ray, and X-ray protec-
tive properties of the concrete. The mix design was carried
out using the approved procedures in ACI 211.1R. This
study adopted the absolute volume mix design technique
because it is the standard way of proportioning HWCmate-
rial [8]. In terms of nomenclature, the mix S1.0 represents
concrete mix containing 1.0% NSS as cement additive. The
mix designs of the study are presented in Table 2.

The cement contents (fine and coarse) ASFS were
fixed at a ratio of 1:2:3 [8]. The NSS was used to increase
the percentage of C–S–H and to serve as a filler in the ITZ.
In addition, the incorporation of the nanomaterial was
aimed at increasing the atomic number of SSHWC. For
the composite materials, the effective atomic number
(Zeff) is the average number of electrons in the materials
that actively take part in the interaction [50]. The aggre-
gate was used in the saturated dry surface condition to
prevent the effect of water absorption during the mixing
process. A fixed w/c ratio of 0.23 was used for all the
mixes while adjusting the superplasticizer content to
achieve 100–120mm constant fresh concrete slump.

2.3 Mixing samples

The samples weremixed as normal concrete in the following
manner. First, the ASFS (fine and coarse) was added to the
mixer, followed by 2min dry-mixing with cement. Then, the
mixture was homogenized with water, followed by adding
about 80% from the required mixing water volume and
further mixing for 90min. Finally, the remaining 20% of
the amount of water needed was added gradually. The
whole mixing time was 5min for all the batches to prevent
the segregation of aggregates [13]. Aftermixing, the resulting
concrete was subjected to a slump test recommended by
ASTM C143 for workability assessment [51].

3 Methods of treatment and tests

3.1 X-ray attenuation measurement

The mass attenuation coefficient of the concretes was mea-
sured in the X-ray fluorescence instrument. The high purity
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metal plate (Tungsten; see Figure 3) was irradiated with a
59.54 keV (peak) of 100mCi 241 Am to produce the charac-
teristic X-ray with 59.32 keV kα energy as shown in Figure 4.
The X-ray photons were attenuated by the absorber and

detected by CANBERRA low energy Germanium (LEGe)
detector with narrow beam geometry. The ORTEC 572 ampli-
fier amplified the detector output pulses, and the spectrum
was collected by a multichannel analyzer (MCA-3 series) for

Figure 1: (a) FE-SEM and (b) TEM images of the NSS, adapted from ref. [13].

Figure 2: Mineralogy of NSS, adapted from ref. [13].
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10min. The 20mm thick test concrete samples were posi-
tioned, as shown in Figure 4. The average reading of the
three samples was taken for each mix. Each sample was
analyzed for 10min at 7, 28, and 90 days of sample ages.
The calculation of the test results was done using the same
previous attenuation measurement of γ-ray [8,52].

3.2 The γ-ray attenuation measurement

The attenuation properties of concretes for γ-ray were
evaluated by calculating the linear attenuation coeffi-
cient (μ), tenth value layer (TVL), and half-value layer
(HVL), as previously done in the study by ref. [8]. The
experimental setup and stand device used for the γ-rays
test in this study are shown in Figure 5. The 100mm thick
test samples were positioned between the γ-ray source
and the detector. An average of three samples per mix
was used for this test at 7, 28, and 90 days of age.

3.3 Zeta-potential measurement

The nanomaterial was assessed for zeta-potential distri-
bution. One milliliter of each sample was dispersed in
10mL of distilled water; 5 mL of this solution was placed

in a cuvette and investigated for particle stability on a
dynamic light scattering equipment. The outcome of this
assessment was taken as the zeta potential of the sample.

3.4 Physical and mechanical properties of
SSHWC

Different tests were aimed at the physicomechanical
properties of the produced SSHWC. The first test on the
concrete samples was the slump test, as prescribed in BS
EN 26-1-2 [53], which aimed at determining the work-
ability of the fresh concrete. The slump level was classi-
fied as S3 in MS EN206, where it was controlled within
100–120mm. The slump level was classified as S3 in BS
EN 206, which was controlled within 100–120mm [54].
After the mixing process, a density test on the fresh con-
crete was also carried out. For each batch of concrete, an
average of three samples was tested. Then, the next test
was the bulk density test of hardened concrete, which
was done according to the BS EN 12390-7:2009 specifica-
tion [55]. The samples were treated for 2, 7, 14, 28, 56 and
90 days, taking into consideration an average density of
three samples.

Table 1: The chemical composition of NSS (wt%)

Oxides NSS

SiO₂ 95.77
TiO₂ 0.01
Al₂O₃ 0.61
Fe₂O₃ (t) 0.11
MgO 0.35
CaO 0.27
Na₂O 0.06
K₂O 0.32
P₂O₅ 0.04
Total 97.53

Table 2: SSHWC mixing ratios/1 m3

Mixes Cement (kg/m3) Fine ASFS
(kg/m3)

Coarse ASFS
(kg/m3)

Nano-
silica (%)

w/b
ratio (%)

Superplasticizer (%) Slump (mm)

S0.0 486 972 1,458 0.0 0.23 1.2 110
S1.0 486 972 1,458 1.0 0.23 1.2 118
S2.0 486 972 1,458 2.0 0.23 1.1 110
S3.0 486 972 1,458 3.0 0.23 1.1 115
S4.0 486 972 1,458 4.0 0.23 1.0 110
S5.0 486 972 1,458 5.0 0.23 1.0 105

Figure 3: Tungsten used in the study.
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The CS was established for 2, 7, 14, 28, 56, and 90
days after treatment, according to the BS EN 12390-3
recommendation [56]. The CS test was done on the sam-
ples after 30min of removal from the water tank. In addi-
tion, the UPV test was performed on the samples according
to the BS EN12504-4 specification [57]. Before the CS test,
the pulse velocity of the test samples was noted at different
sample ages. Splitting tensile strength test was also per-
formed on the sample cylinders of height = 100mm and
diameter = 200mm. After treating the concrete cylinders 7,
28, and 90 days, the test was performed according to the
ASTM C496-96 specification [58].

3.5 Sorption properties measurement and
characteristics of microstructural
appraisal

The samples were tested for water absorption according
to the BS 1881-122 specification [59]. Three sample cylin-
ders of 75mm diameter and 100mm height were prepared

for the test. They are tested at 2, 7, 14, 28, 56, and 90 days
of age.

The capillary absorption test was performed as
recommended by ref. [60] to determine the relative
sample pore size distribution. The outcome of the test
was reported as the coefficient of capillary absorption
(Ca(t)) at (g/cm2). Three sample prisms of 40 × 40 ×
160mm were prepared and treated for 7 days before
the test.

A scanning electron microscopy (SEM) was done to
assess the quality of paste’s microstructure of the con-
crete. The results were used to explain the mechanical
and pore structure properties of the concrete. The SEM of
the hardened samples was tested for the microstructural
evolution of concrete composites for the prepared mixes
at 28 days of age [8].

4 Results and discussion

4.1 Zeta potential

The surface charge of nanoparticles is an essential prop-
erty, which shows the stability of the material in suspen-
sion, as well as its uniform dispersion in water devoid of
agglomeration. It is important that nanomaterials show
uniform dispersion when combined with other concrete
components. In the concrete mix, the uniform distribu-
tion of nanomaterial improves the radiation attenuation
property, and it can cover the cement particles, thereby
increasing its radiation attenuation properties [61].

The surface zeta potential values (ZPVs) of NSS are
given in Figure 6, which showed good ZPVs of the NSS
(−29.5 mV). This value indicates that the NSS has a low

Figure 4: Schematic of the narrow-beam geometry experiment (X-ray experiment).

PMT

Lead block

LEGe detector
Concrete sample

Am 241 

radiation 

Figure 5: The test stand of γ rays, adapted from ref. [8].
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potential to agglomerate. A negative ZPV means a nega-
tive organic molecule covering the metal nanoparticles;
therefore, the stability is increased in suspension
during the regarding of aggregation [13]. Nanoparticles
that show surface ZPV of −30 mV to +30 mV are consid-
ered stable with low potential for agglomerating. The
result is considered to be good within these limits,
whereas it is an excellent result at >±30 mV. For med-
ical applications, such results are necessary, as it takes
longer stability time than using as a constituent con-
crete material [62].

4.2 The SSHWC workability

The concrete workability refers to the ease of compacting
and finishing fresh concrete. The slump test is commonly
used to determine concrete workability. The slump values
of all the concrete mixes were within 100–120mm. The
amount of cement used for all mixes is relatively high
(486 kg/m3). Therefore, the minimum superplasticizer
utilization is 1%; this could be attributed to the large
surface area of the cement particles [63]. The amount of
superplasticizer was about 1% lower for the S5.0 mix
compared to 1.2% of mix S0.0, as presented in Table 2.
The spherical shape of the nano-silica particles (as
shown in Figure 1) provided a “ball bearing” effect
that improved the workability of the fresh concrete.
The positioning of HWC at the lowest slump level is
commonly recommended. The specific factors to be con-
sidered during the designing of HWC mixes for use in
construction works are the pumping requirements, the
formwork specifics, the placement conditions, and the
reinforcement spacing [44].

4.3 The fresh and hardened density of the
SSHWC

The fresh SSHWC displayed values of density ranging
between 3,000 and 3,004 kg/m3. The addition of NSS
increases the density of concrete because the material
that fills the voids and the interface at the ITZ is improved
correspondingly. The control mix (S0.0) is the strongest
combination of many mixtures that were tested in any
earlier studies [8]. In this study, a fixed concrete mix-
ing proportion was maintained for all mixes (1:2:3) (see
Table 2).

However, as summarized in Figure 7, it is important
to have differences in hardened concrete densities, espe-
cially at an early age. Such difference normally comes
from the addition of relatively small amounts of nanoma-
terials relative to the total concrete weight. However, the
concrete showed increased hardened densities because
of the role of NSS, which facilitated the primary cement
hydration by interacting with the cement at the nuclea-
tion sites. At the early concrete age, the C–S–H gel was
further produced in the matrix of a produced concrete
binder. An improved bonding was observed between
the aggregates and cement paste, as the nanoparticles
occupy the voids in the ITZ [64].

The increase in NSS content up to 3% would improve
the density of the concrete at an early age; it is essential
for better protection from radiation. Besides, the higher
NSS content of 4% resulted in negative effects, as depicted
in Figure 7. It could be caused by the difficulty in homo-
genizing the NSS at higher contents. It could also be
attributed to the larger amount of water contained in
NSS, which makes the real w/c ratio higher. The presence
of entrapped air reduced the rheological property; it also
affected the density of the concrete [13]. The mechanical

Figure 6: Surface charge (zeta potential) value of NSS, adapted from ref. [13].
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properties were also affected negatively at higher NSS
content (>4.0%). The radiation shielding property of har-
dened concretes is affected by the presence of voids.

The concrete containing 5.0% and 3.0% NSS by
weight of cement content showed density values of
3,010 and 3,015 kg/m3 respectively. The NSS content
should be optimized to ensure an optimal concrete den-
sity and physicomechanical characteristics [65]. With the
increasing curing period, the mass density of most mixes
increased. In addition, the improvements were apparent
until the 28th curing day. Under prolonged curing, the
samples show a dense microstructure with continuous
cement hydration [13]. The mixes S4.0 or S5.0 showed
improved hardened density; however, higher amounts
of NSS can inverse the effect of the micromorphology of
the produced C–S–H gel [63].

4.4 Compressive strength

The CS reflects the quality of hardened concrete. The test
result is a direct reflection of the quality of the concrete. It
is believed that the physical and mechanical properties of
the components of ASFS help in achieving high SSHWC
packing density and strength performance. The low w/c
ratios were attained because of the activity of the super-
plasticizer and the optimal cement content used. These
factors are essential for SSHWC development for all mix-
tures, including the control mix [8].

Although the concretes generally showed good per-
formances, the presence of NSS further improved their
performance. Previously, the improved performance of
concrete upon adding the nano-silica was believed
because of the filler effect of the added nano-silica [66].
However, recent studies have shown that this improve-
ment comes from the small size of the introduced nano-
silica. It offered a large surface area that encouraged the
rate of cement hydration and pozzolan reactions, which
leads to an early higher strength [13]. According to the
values in Figure 8, the CS of the SSHWC was directly at
the 0.0–3.0% NSS content. Besides, there was a decline
in the CS, as the NSS content (4.0–5.0%) exceeded the
cement reaction limit [67].

As illustrated in Figure 8, the CS enhancement was
evident at an early age compared to the control mix. The
CS of concretes was improved by adding 3.0% NSS by
cement weight. The CS of all hardened concrete increased
until the 28th day of curing because of the increase in the
cement paste efficacy during the primary cement hydra-
tion. However, there was a decline in the rate of CS devel-
opment after 28 days; it was virtually nonexistent even
when the curing period was extended [68].

The CS of the SSHWC mixes, namely S0.0, S1.0, S2.0,
S3.0, S4.0, and S5.0, met the CS requirement of grade 100
HWC after 28 days of curing. Besides, the ideal SSHWC
(S3.0) obtained the maximum CS value [8]. The small
increase in CS with adding the NSS could make a signifi-
cant difference in radiation isolation, which is the pri-
mary objective of this study [8].
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Figure 7: Fresh and hardened density of SSHWC.
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4.5 Ultrasonic pulse velocity

The ultrasonic pulse velocity test is one of the nondes-
tructive tests for the quality assessment of SSHWC.
During this test, the longitudinal ultrasonic waves are
propagated through the length of the concrete material.
The UPV test aims to record the velocity value of this
wave, as it is propagated throughout the material [69].
The UPV values of SSHWC prepared with different NSS
contents are shown in Figure 9. The observed UPV values
followed the same trend of the CS outcome. The UPV
values of SSHWC after 2 days of age were significantly
lower than those of samples at 28 days of age. It could be
because of the increasing rate of cement hydration with
age, which comes with greater microstructural compac-
tion [70].

The UPV values of the 28 days showed the role of NSS
in increasing the density of mixes S2.0 and S3.0. It is
evidenced by the UPV values of the mixes, which
exceeded 5,000m/s. The mix S5.0 exhibited lower UPV
value because of its greater porous microstructure, as a
result of the larger quantity of added NSS. At 56 and 90
days of age, there was no noticeable improvement in the
UPV values of SSHWC, when matched to the values at 28
days of age. It could be because of primary cement hydra-
tion, which was near completion by the 28th day [71].

In general, at the age of 7 days, the mixes S1.0, S2.0,
S3.0, S4.0, and S5.0 showed excellent UPV values of
>4,650m/s. However, the UPV performances were excel-
lent (>4,850m/s) at the age of 28 days for all mixes (S0.0,
S1.0, S2.0, S3.0, S4.0, and S5.0). In an earlier study, the

UPV values ranging from 4,300 to 4,650 ms−1 are consid-
ered good. The quality of the concrete is considered as
excellent when its value exceeded 4,650ms−1 [45]. All
the concrete mixes used in the study were considered
to exhibit excellent quality at the age of 28 days and
beyond.

4.6 Split tensile strength

The split tensile strength (STS) of SSHWC at different ages
is shown in Figure 10. Observably, there was a slight
increase in the STS value with increases in the NSS
content from 1.0% to 3.0% by weight of cement. The
observed increase in the STS value of SSHWC indicates
improved bond strength between aggregates and cement.
Besides, a decline was observed in the STS value of mixes
S4.0 and S5.0 from the optimum. It was because of the
effect of high NSS amount, which negatively impacted
the reaction of the cement and caused the development
of voids and gaps in the mix [13].

The properties of ASFS contribute to a high STS per-
formance [72] as its irregular shape is necessary for the
production of concretes with good tensile strength [47].
However, the decline in the STS of S5.0 could be caused
by the weakness of the ITZ between the aggregate and the
paste matrix (Figure 10). On the contrary, the rest of the
mixes performed well in terms of tensile strength with the
inclusion of NSS. The trend may also be because of a
stronger developed ITZ [67]. The STS behavior of SSHWC
is similar to the CS of SSHWC and the UPV results [8].
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4.7 Water absorption

SSHWC mixes prepared with different NSS contents
were evaluated for water absorption capability at dif-
ferent ages, as depicted in Figure 11. The samples
showed improved water absorption capacity with age
(from 2 to 28 days). However, it showed no discernible
improvement in water absorption at older ages (28–90
days). It could be because of the high rate of cement
hydration at an early age, and it was near to completion

by 28 days [73,74]. The water absorption values of the
mixes S3.0 and S4.0 were below 0.65% by the age of 7
days. At the same age, the control mix recorded 0.8%
water absorption test value. These good results agreed
with those of the mechanical tests. Besides, the water
absorption test values could be caused by the irregular
shape of the aggregate, as it interacted well with the
superplasticizer to improve the structure of the paste-
aggregate pore. The aggregates’ mechanical properties
also improved the durability of the concrete. Water

3800

4000

4200

4400

4600

4800

5000

5200

S0.0 S1.0 S2.0 S3.0 S4.0 S5.0

U
PV

 (m
s-1

)

SSHWC

2 days 7 days 14 days 28 days 56 days 90 days

Figure 9: UPV of SSHWC mixes.

6.4

6.6

6.8

7

7.2

7.4

7.6

S0.0 S1.0 S2.0 S3.0 S4.0 S5.0

)aP
M(,htgnerts

elisnet
gnittilpS

SSHWC

7 days 28 days 90 days

Figure 10: Splitting tensile strength of SSHWC mixes.

Effect of nano-silica on properties of steel slag heavyweight concrete  1255



absorption was impeded by the impermeable voids pre-
sent in the aggregates.

Concrete mixes S2.0, S3.0, and S4.0 showed signifi-
cantly lower water absorption test value. This is because of
the filler action of NSS which filled the voids (action phy-
sically) and accelerated primary cement hydration (action
chemically) to form a dense network of C–S–H gel [75].
This observation is consistent with previous research.
Zareei et al. [76] observed that the inclusion of nano-silica
led to a 35% reduction in the water absorption of the con-
crete because of the micro-filling effect of nano-silica par-
ticles. The water absorption rate of the mix S5.0 mix was
significantly higher than that of mix S3.0 because of
internal voids and gaps that weakened the ITZ [71]. The
pessimistic effect of NSS with 5% could be attributed to the
extra water content of the stabilizer of the NSS. It adds
more water to the total amount of the mixture of water
content. The addition of nano-silica beyond the optimum
limit has been reported to negatively affect the mechanical
strength of the resulting concrete [77].

4.8 Capillary absorption

SSHWC mixes produced with different NSS contents were
tested for capillary action. The results are presented in
Figure 12. The reason for this test is to determine the
relative volume of capillary pores present in the mixtures.

This test also explains the resistivity of the concrete to the
penetration of harmful ions, such as sulfate and chloride,
through capillary actions. The deleterious ions will affect
the long-term concrete durability upon penetration [71].
From the capillary test results, it was observed that
within the first 8 h, the capillary absorption rate was
higher, as the whole mixes achieved a steep linear gra-
dient. It was because of the influx of water saturated of
the large capillary voids in the matrix through capillary
action. The control mix (S0.0) and mix S5.0 showed the
maximum capillary absorption rate within the first 8 h.

Besides, the capillary absorption rate was lowest in
S1.0, S2.0, S3.0, and S4.0 mixes. The results indicated
that within the cement paste matrix, S0.0 and S5.0 had
the maximum relative volume of the continuous capillary
pores. Because of the high capillary absorption rate, the
resistance of S0.0 and S5.0 to aggressive ion penetration
would be lower than the other NSS mixes. It was because
of the role of the NSS in improving the properties of the
resulting concrete. The NSS content is not recommended
to exceed the limits, which may affect the properties of
the resulting concrete as in the case with mix S5.0 [78].
Throughout the test, the capillary absorption rates for
mixes S1.0, S2.0, S3.0, and S4.0 were lower than mixes
S0.0 and S5.0.

The capillary absorption of mix S3.0 was significantly
improved compared to the control mix (S0.0). The effect
was optimistic, with an increase of 5.2% in capillary
values at 1 h and 1% after 28 days of testing [79,80]. These
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results agreed with previous studies that reported
improvement in capillary absorption property upon addi-
tion of 1.5% and 3% of nano-silica and micro-silica,
respectively [26]. These results also indicated the impor-
tant role of NSS in C–S–H gel nucleation and capillary
pores filling in the concrete. The irregular shape of the
aggregates and the superplasticizer can also influence the
capillary absorption of SSHWC, as the excellent cement
paste–aggregates interaction will reduce the voids [71].

As the water absorption and capillary absorption
tests reveal the fluid transport capabilities of concrete,
they are considered the most two significant tests for
HWC. Both tests also show the extent to which the con-
crete contains continuous and discontinuous pores and
voids. In addition, the test results indicate the ability of
the concrete to attenuate radiation in the same context
[12]. Besides, the distribution of pore sizes showed nar-
rowing of the large capillary pores by the nano-silica
because of the combined effect of the nano-filler and
the pozzolanic reaction [81]. The capillary absorption
test presented similar results as the water absorption
test. Both findings were in line with the trend of mechan-
ical tests.

4.9 SEM analysis

One of the most important tests in HWC evaluation is
the SEM test. This test provides a clear understanding
of the concrete microstructure. The best way for spreading

harmful radiation through concrete is the air void.
Therefore, the serious consideration that was taken to
ensure all voids is filled in the internal structure of the
concrete. This is to make sure that the radiation attenua-
tion property can be improved [8]. The reason for the SEM
analysis of the microstructure of the concrete was to
check the ITZ and binder phase performances. The ana-
lysis was carried out on the control mix (S0.0), the
optimum concrete mix (S3.0), and mix with NSS 5.0%.
The comparison between the SEM observations of these
samples is shown in Figure 13. The framework of the
C–S–H gel was also evaluated at 28 days of age. For
this study, the backscatter SEM mode was used to ensure
a clear observation of the internal microstructure of the
samples. In Figure 13(a–c), the internal structure of S0.0,
S3.0, and S5.0 is displayed at 500× magnification. The
general sample morphology was examined at the magni-
fication level of 500×. From the results of the SEM, the
mix S3.0 showed a significantly denser internal micro-
structure compared to S0.0 and S5.0 mixtures. This is
consistent with the observations of Zhang et al. [82]
who reported that nano-SiO2 particle improved the micro-
scopic structure of cementitious composites. On the con-
trary, the more nanomaterials content as in mix S5.0 will
effect inversely on the produced concrete microstruc-
ture [13,83].

In contrast, the microstructure of mixes S0.0 and
S5.0 (Figure 13a and c) had microcracks in the ITZ and
cement paste matrix. Although microcracks were also
present in S3.0, as shown in Figure 13(b), the number
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and width of cracks were significantly less than S0.0 and
S5.0. Consequently, the NSS particles are considered
useful in improving binder phase microstructural density
for the content used in S3.0 [84]. Furthermore, the SEM
evaluation was carried out at higher magnifications
(10,000× and 50,000×) to have a more unobstructed
view for the sample micromorphology at the binder phase.
As evidenced in Figure 13(d–f), the micrographs of S0.0,
S3.0, and S5.0 showed a complete cement paste reaction at
50,000× magnification, as it has formed a well-defined
C–S–H framework [8]. Despite the good performance of
mix S0.0 in developing the C–S–H gel, there were visible
micropores, as shown in Figure 13(d).

Regarding the mix S3.0, as shown in Figure 13(e), it
showed a uniform and impervious C–S–H gel network
with few micropores when compared to S0.0. It explains
the efficiency of an optimum NSS content in improving
the rate of cement reaction, which leads to the develop-
ment of additional C–S–H gel and forming an impervious
C–S–H gel network. Even though the NSS at 3.0% filled
the remaining nano-voids, it did not affect the cement
reaction [84]. Besides, the increase in NSS up to 5.0%

shows a pessimistic result as shown in Figure 13(f), and
this agrees with the results obtained by Khalaf et al. [13].
It could be because of the inadequate space required to
form hydration products. Besides, the excessive amount
of nanoparticles would also lead to uniform dispersion
difficulties.

Based on the SEM micrographs (Figure 13g–i), the
magnitude of the crack width in S0.0 and S5.0 was found
to be significantly larger when compared to the mix S3.0.
The smaller size of the crack in S3.0 could be because of
additional C–S–H gel formation, which led to a denser
paste matrix when compared to the other mixtures [84].
The SEM observation confirmed a denser matrix of the
S3.0 mix that resulted in better mechanical performance
and resistance to the transport of fluids compared to S0.0
and S5.0.

The outcome of this test agrees with the results of the
study by Li [85]. It indicated that the nano-silica would
strengthen the concrete microstructure and help in filling
in the blanks. The amount of calcium hydroxide crystals
is formed because of the hydration reaction between
cement and water. The Ca(OH)2 crystal is hexagonal; it
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facilitates the binding of the aggregates with the paste
matrix in the ITZ so that it affects the concrete’s perfor-
mance. The nano-silica has a high specific surface area as
compared with micro-silica; it shows high activity. It can
react quickly with Ca(OH)2 to form C–S–H gels; the out-
come of this reaction is reducing the crystal size and
the quantity of Ca(OH)2. As the C–S–H gel occupies the
voids, the ITZ increases in density, thereby increasing the
volume of the binding paste matrix. The C–S–H gel is
composed of 70% of the hydration products; its relative
diameter is around 10 nm. The filling of the voids in the
structure of C–S–H gel by nano-silica particles increases
the paste matrix density. The nano-silica particles can act
as a nucleus in the structure of C–S–H gel, which facil-
itate the formation of a strong bond with the C–S–H gel
particles. It improves the reliability of the hydration pro-
duct structure. In addition, it improves the long-term
mechanical properties of the concrete.

5 X-ray radiation shielding

The X-ray analysis presents one of the most significant
findings of the study. The test accomplishes the prime
purpose of producing the type of concrete that is suitable
for the X-ray shielding application. The main idea of
adding NSS is to improve the shielding ability of the con-
crete to X-rays. An overview of this work or its main
concept is given in Figure 14. The µ, HVL, and TVL of
the SSHWC mixes are presented in Table 3. The increase
in the Zeff of the material with NSS addition improved the
ability of the concrete to isolate X-rays. The reason is that

NSS particles have adequately covered the cement parti-
cles, as demonstrated by the zeta potential test. On the
contrary, the NSS significantly contributes to improving
the X-rays shielding property of the concrete by filling the
fine voids with the cement paste and the ITZ, as proven
by the SEM and durability tests. The optimum mix com-
position with superior radiation insulation property
among all mixes is mix S3.0. By comparing the mix
with the reference mix S0.0, it was found that the differ-
ence between them was only the percentage of NSS addi-
tion by cement weight. At a small NSS addition level, the
radiation isolation property was improved by 6.4% because
of the effectiveness of the NSS in enhancing all the studied
properties. The result agreed with the observation of [86]
regarding the improvement of the concrete properties to
isolate harmful X-rays by adding fine glass powder.

A relative improvement was found in the ability of
SSHWC X-ray isolation between 7 and 28 days, as shown
in Figure 15. It was mainly because of the increase in
material density along with an increase in C–S–H gel
formation during a prolonged curing duration of up to
28 days [87]. With a longer curing duration of up to 90
days, there was no significant change in X-ray radiation
isolation property. The results are consistent with the
mechanical and durability test results. The logical reason
for this is the completion of early-age cement reaction. In
other words, there is no noticeable increase in the density
of concrete after the age of 28 days [88]. The TVL and HVL
values are the thickness of the concrete material which is
required to reduce the intensity of radiation to 10% and
50% of the initial intensity, respectively. The HVL and
TVL are often inversely proportional to the µ as men-
tioned in Table 3. The thickness can be reduced by about

Figure 14: The role of NSS in enhancing the shielding capability of the produced SSHWC.
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6.4% when SSHWC is produced by 3% NSS by weight of
cement. It shows the effectiveness of the NSS in improving
the X-ray insulation of SSHWC. Thus, the incorporation of
NSS into HWC enhanced all the mechanical, microstruc-
tural, durability, and radiation insulation properties in
the work.

6 γ-Ray radiation shielding

The photon energy of 59.54 keV from the Am 241 radio-
active source was used to determine the HVL, TVL, and µ
of the samples. The results of the tests are presented in
Table 4, whereas Figure 16 presents the differences in the
values of µ at different radiation protective potentials of
the concretes at 7, 28, and 90 days of age. These values
were measured based on the γ-ray emitted from the Am
241 source. Observably, there were increases in the values
of μ as the sample density increases [8]. This is because
of the presence of more electrons in dense materials,

which promote further interactions. As a result, the photon
energy is reduced. However, the test results indicated that
the addition of NSS had a marginal effect on the radiation
isolation of the γ-ray. The finding was distinct as compared
to the observation of X-ray attenuation. It was because of
the difference between the γ-ray and X-ray, even though
both are types of electromagnetic radiation. Gamma-rays
are nuclear particles (produced by the decay of nuclei),
whereas X-rays are extra-nuclear. The gamma-rays have
a higher frequency, and therefore, it is more energetic and
penetrative compared to the X-ray photons [89].

The comparison of mix S3.0 (optimum mix) and mix
S0.0 (control mix) showed only a small difference in the
material composition upon addition of 3% NSS. The
resulting concrete also showed improvement in density
and performance, as the presence of NSS at 3% encour-
aged the development of more C–S–H gel [13]. The NSS
should be used below the content of 4.0% to achieve con-
crete with better γ-ray attenuation property, according to
the results presented in Table 4. As the NSS is in excessive
amounts, it would affect the interaction with cement,

Table 3: Relationship between HVL, TVL, and µ of SSHWC mixes subjected to X-Ray

Mixes µ (cm−1) HVL (cm) TVL (cm)

7 days 28 days 90 days 7 days 28 days 90 days 7 days 28 days 90 days

S0.0 0.0833 0.0858 0.0860 8.32 8.07 8.05 27.64 26.83 26.77
S1.0 0.0854 0.0874 0.0876 8.11 7.93 7.91 26.96 26.34 26.28
S2.0 0.0870 0.0893 0.0890 7.96 7.76 7.78 26.46 25.78 25.87
S3.0 0.0888 0.0913 0.0914 7.8 7.59 7.58 25.93 25.21 25.19
S4.0 0.0877 0.0899 0.0896 7.9 7.71 7.73 26.25 25.61 25.69
S5.0 0.0864 0.0881 0.0878 8.02 7.86 7.89 26.65 26.13 26.22
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Figure 15: Linear attenuation coefficient (μ) at 7, 28, and 90 days for concrete with different NSS contents.
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thereby creating more internal voids as a result of weak
bonding [69]. The TVL and HVL values are normally used
to determine the attenuation properties of most absor-
bers [13].

In this study, the TVL and HVL of the emitted γ-rays
from the Am 241 source for all the studied mixes are
tabulated in Table 4. The table showed a gradual decline
in the TVL and HVL values of the mixes as their densities
are increasing. Low HVL and TVL values normally indi-
cate good radiation shielding properties of the materials
[90]. The TVL and HVL values of S3.0 were slightly lower
than S0.0, possibly because of the higher density of S3.0
compared to that of S0.0. Ameri et al. [91] stated that
incorporating CS in concrete mixes increased the density,
and as a result, the attenuation thickness was reduced.
These observations give a clear indication of the indirect
relationship between HVL/TVL values and sample den-
sity [92]. It also evidenced that the γ-ray attenuation
capacity of SSHWC can be improved with NSS if used at
the appropriate addition level.

7 Conclusion

The SSHWC containing NSS, which contains the ASFS,
shows high engineering performance and better radiation
shielding properties. The use of NSS at 3% by weight of
cement improved the physical, mechanical, and radia-
tion shielding properties of the studied concrete. It is
not recommended to use the NSS as a concrete additive
in the HWC at more than 4% content by cement weight,
as it will have an adverse effect on the cement reaction.
The radiation attenuation property of HWC produced
with ASFS against X-ray was improved by up to 6.4%
upon the addition of NSS as a concrete additive.
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