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Abstract.

The use of nanotechnology materials and applications in the construction industry should be considered for

enhancing material properties. However, in this paper, the technical and economical assessment of applying silica nanoparticles
for construction of concrete structure is studied. In order to obtain the equivalent material properties of the structure, the Mori-
Tanaka model is used considering agglomeration of nanoparticles. The effect of using these nanoparticles on mechanical
properties of concrete, such as the modulus of elasticity, compressive strength, as well as its indirect effect on armature
percentage is investigated. Finally, the price of silica nanoparticles and its effect on the price increase of concrete structure is
investigated. The results show that increasing the volume percent of silica nanoparticles up to 10% improves elastic modulus

111% and reduces amateur percentage up to 72%.
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1. Introduction

Concrete can be nano-engineered by incorporating
nano-sized building blocks or objects (e.g., nanoparticles
and nanotubes) to control material behaviour and add novel
properties, or by grafting molecules onto cement particles,
cement phases, aggregates, and additives (including nano-
sized additives) to provide surface functionality, which can
be adjusted to promote specific interfacial interactions. The
nanoparticle is the elementary building block in
nanotechnology and is comprised of up to thousands of
atoms combined into a cluster of 1-100 nm. A reduction in
size provides an exceptional surface area-to-volume ratio
and changes in the surface energy, surface chemistry, and
surface morphology of the particle, altering its basic
properties and reactivity (Scrivener 2009, Zhou et al. 2016).
Computer programs in the field of civil engineering and
other field is necessary for mathematical modeling of the
structure (Yang and Yu 2017, Padhy and Panda 2017, Zhao
et al. 2017, Rishikeshan and Ramesh 2017, Wen et al. 2017,
Torres-Jimenez and Rodriguez-Cristerna 2017, Liu et al.
2018).

Mechanical analysis of nanostructures has been reported
by many researchers (Zemri 2015, Larbi Chaht 2015,
Belkorissat 2015, Ahouel 2016, Bounouara 2016, Bouafia
2017, Besseghier 2017, Bellifa 2017, Mouffoki 2017,
Khetir  2017). Nanoparticles have been shown to
significantly enhance the mechanical performance of a
variety of materials, including metals, polymers, ceramic,
and concrete composites (Jo et al. 2007). Nanosilica (silicon
dioxide nanoparticles, nano-SiO,), for example, has been
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shown to improve workability and strength in high-
performance and self-compacting concrete (Sanchez and
Sobolev 2010). Most research on nanotechnology in
concrete has focused to date on the investigation of
structure and mechanical properties of concrete at the
nanoscale (Mart and Mijangos 2009). Recent advances in
instrumentations have made it possible to characterize the
structure of concrete at the nanoscale and to measure the
local mechanical properties of its micro- and nanoscopic
phases (Trtik and Bartos 2001). Significant progress in
understanding nano-scale processes in cementitious
materials has been achieved thanks to the use of nano-scale
characterization techniques (Trtik and Bartos 2001). These
advanced techniques include nuclear magnetic resonance,
atomic force microscopy, micro-and nano-indentation,
neutron scattering, ultrasonic force microscopy, and focus-
ion beam (FIB) nanotomography. For example, the use of
atomic force microscopy (AFM) has revealed that, contrary
to general thought, nanoscale C-S-H has in fact a highly
ordered structure. A better understanding of the structure of
concrete at the nano-level will allow for a better control of
concrete performance and even the tailoring of desired
properties and is expected therefore to affect the method of
production and use of concrete.

Another application of nanotechnology in concrete has
come from the “bottom-up” possibilities of nano-chemistry
with the development of new products such as novel
superplasticizers and new coating materials (Babazadeh et
al. 2016). The development of coating materials with new
self-cleaning properties, discoloration resistance, anti-
graffiti protection, and high scratch-and-wear resistance is
promising direction. In addition to these, self-cleaning
materials based on photo catalyst technology were
developed (Babazadeh et al. 2016). Titanium dioxide (TiO5)
is used as a photo catalyst for the decomposition of organic
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compounds. TiO, is active under exposure to UV light,
exhibiting self cleaning and disinfecting properties. Another
aspect of self-cleaning is provided by the hydrophilicity of
the surface, which helps to prevent dust and dirt from
attaching to it. In the past, major developments in concrete
technology have been achieved through the use of super-
fine particles such as fly ash and silica fume. Recent
advances in nano-chemistry and the development of new
methods for synthesis of nanoparticles are now expected to
offer a new range of possibilities for improvement of
concrete performance (Flores et al. 2010). Incorporation of
nanoparticles into conventional construction materials can
provide the materials with advanced or smart properties that
are of specific interest for high-rise, long-span, or intelligent
infrastructure systems (Flores et al. 2010). Nonlinear
vibration of embedded nanocomposite concrete was
investigated by Shokravi et al. (2017) based on Timoshenko
beam model. A mathematical model was introduced by
Bakhshandeh Amnieh and Zamzam (2017) for the concrete
models reinforced by silicon dioxide (SiO,) nanoparticles
subjected to impact load for wave propagation analysis.
Zamani Nouri (2016) studied stability analysis of concrete
pipes mixed with nanoparticles conveying fluid.

To the best of author knowledge, no report has been
found in the literature on technical and economical
assessment of using silica nanoparticles for construction of
concrete structure. Motivated by these considerations, in
order to improve optimum design of concrete structures, we
aim to present the effect of nanoparticles on the mechanical
properties of concrete, such as the modulus of elasticity,
compressive strength, as well as its indirect effect on
amateur percentage. The agglomeration effects are
considered based on Mori-Tanaka approach. In addition, the
price of silica nanoparticles and its effect on the price
increase of concrete is investigated.

2. Mori-Tanaka model and agglomeration effects

There are many new theories for modeling of different
structures. Some of the new theories have been used by
Tounsi and co-authors (Bessaim 2013, Bouderba 2013,
Belabed 2014, Ait Amar Meziane 2014, Zidi 2014, Hamidi
2015, Bourada 2015, Bousahla et al. 2016a, b, Beldjelili
2016, Boukhari 2016, Draiche 2016, Bellifa 2015, Attia
2015, Mahi 2015, Ait Yahia 2015, Bennoun 2016, El-Haina
2017, Menasria 2017, Chikh 2017). In this section, the
effective modulus of the concrete column reinforced by
SiO, nanoparticles is developed. Different methods are
available to obtain the average properties of a composite
(Mori and Tanaka 1973). Due to its simplicity and accuracy
even at high volume fractions of the inclusions, the Mori-
Tanaka method (Mori and Tanaka 1973) is employed in this
section. The matrix is assumed to be isotropic and elastic,
with the Young’s modulus E;, and the Poisson’s ratio op,.
The constitutive relations for a layer of the composite with
the principal axes parallel to the r, 8 and z directions are
(Mori and Tanaka 1973)
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where gy, &, 7 K, m, n, I, p are the stress components, the
strain components and the stiffness coefficients
respectively. According to the Mori-Tanaka method the
stiffness coefficients are given by (Mori and Tanaka 1973)
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where the subscripts m and r stand for matrix and
reinforcement respectively. C,, and C, are the volume
fractions of the matrix and the nanoparticles respectively
and kg, I;, n, p,, m, are the Hills elastic modulus for the
nanoparticles (Mori and Tanaka 1973). The experimental
results show that the assumption of uniform dispersion for
nanoparticles in the matrix is not correct and the most of
nanoparticles are bent and centralized in one area of the
matrix. These regions with concentrated nanoparticles are
assumed to have spherical shapes, and are considered as
“inclusions” with different elastic properties from the
surrounding material. The total volume V, of nanoparticles
can be divided into the following two parts (Shi and Feng
2004)

V :Vrinclusion +Vm (3)

r r

where V™" and V™ are the volumes of

nanoparticles dispersed in the spherical inclusions and in
the matrix, respectively. Introduce two parameters & and ¢
describe the agglomeration of nanoparticles

5 :Vinillusion , (4)
Vinclusion
g=- ®)
VI’
However, the average volume fraction c¢, of

nanoparticles in the composite is

C =-L. (6)
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Assume that all the orientations of the nanoparticles are
completely random. Hence, the effective bulk modulus (K)
and effective shear modulus (G) may be written as

Kin _
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where, K, and G,, are the bulk and shear moduli of the
matrix which can be written as

Em
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Furthermore, £, a can be obtained from
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Finally, the elastic modulus (E) and poison’s ratio (v)
can be calculated as

9KG
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3. Numerical results

Based on ACI, the elastic modulus of the concrete
without nanoparticles can be calculated by

E, =4700,f, = 470021 = 21.5GPa (24)

Based on Mori-Tanaka model, the elastic modulus of the
concrete with respect to the volume percent of silica
nanoparticles is shown in Fig. 1 for two cases of with and
without agglomeration of nanoparticles. As can be seen,
with increasing the volume percent of silica nanoparticles,
the elastic modulus is increased significantly. In other
words, reinforcing the concrete with 10% silica
nanoparticles leads to 111% increase in the elastic modulus.
This is due to this fact that with increasing the volume
percent of silica nanoparticles, the stiffness of the structure
improves. In addition, agglomeration of nanoparticles leads
to reduction in the elastic modulus up to 20%. However, in
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Fig. 1 The effect of silica nanoparticles on the elastic
modulus of the concrete
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Fig. 2 The effect of silica nanoparticles on the compressive
strength of the concrete
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Fig. 3 The effect of silica nanoparticles on the compressive
strength of the concrete

the process of construction, the disperse of nanoparticles in
the water is very important to reduce the effect to
agglomeration of nanoparticles.

The effect of silica nanoparticle volume percent and
agglomeration on the compressive strength of the concrete
is presented in Fig. 2. It is obvious that with increasing the
volume percent of silica nanoparticle, the compressive
strength of the concrete raises due to increases in the
stiffness of the structure. For example, the compressive
strength of the concrete without nanoparticle is 20.6 MPa
while it is 92.39 MPa for the concrete reinforced by 10%
silica nanoparticles. In other words, reinforcing the concrete
with 10% silica nanoparticles leads to increase in the
compressive strength of the concrete about 3.5 times.
Furthermore, agglomeration of the nanoparticles decreases
the compressive strength of the concrete.

Fig. 3 presented the effect of silica nanoparticle volume
percent and agglomeration on the armature percentage in
the concrete. It can be found that with increasing the silica
nanoparticle volume percent, the armature percentage will
be decreased. For example, with reinforcing the concrete

Table 1 Price analysis of using silica nanoparticle in the
concrete

Concrete with

. Silica nanoparticle  Total
Cement price

42 GPa price price
(503/1000)x 25
Sample 1 12578 0 12.57%
(265/1000)x25 (48/1000)x 150
Sample 2 —6.625% =728 13.825%

with 10% silica nanoparticles, the armature percentage is
decreases about 72%. In addition, the agglomeration of
nanoparticle increases the armature percentage.

In order to price analysis of using silica nanoparticle, we
use from the source of “Alibaba” site. The price of 1 ton
silica nanoparticle is 150$ and the price of cement for 1 ton
is 25%. In order to obtain the compressive strength of 42
GPa as shown in Table 1, 503 Kg cement without
nanoparticles or 265 Kg cement and 48 Kg silica
nanoparticle can be used. Two samples of without
nanoparticles (sample 1) and with nanoparticles (sample 2)
are considered. As can be seen, in 1 ton concrete, the price
will be increases about 1$ while reinforcing the concrete
with silica nanoparticle increases the compressive strength
about 3.5 times and reduce the armature percentage up to
72%.

4. Conclusions

The technical and economical assessment of applying
silica nanoparticles for construction of concrete structure
was studied in this paper based on Mori-Tanaka model. The
effect of using these nanoparticles on the modulus of
elasticity, compressive strength and armature percentage
was investigated. In addition, the price analysis of the
applying silica nanoparticles was done. The most findings
of this paper were:

¢ Reinforcing the concrete with 10% silica nanoparticles

leads to 111% increase in the elastic modulus.

+ Agglomeration of nanoparticles leads to reduction in

the elastic modulus up to 20%.

¢ With increasing the volume percent of silica

nanoparticle, the compressive strength of the concrete

raises due to increases in the stiffness of the structure.

¢ Reinforcing the concrete with 10% silica nanoparticles

leads to increase in the compressive strength of the

concrete about 3.5 times.

¢ With increasing the silica nanoparticle volume

percent, the armature percentage will be decreased. For

example, with reinforcing the concrete with 10% silica
nanoparticles, the armature percentage is decreases

about 72%.
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