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Abstract- In recent years combined usage of the supplementary cementitious materials especially Ns and MS has
become a popular topic. The aim of this study is to investigate the synergistic effect of nano- and micro-silica on the
porosity of the cement mortar by using FE-SEM images. Therefore, 12 mix designs with different amounts of nano-
and micro-silica with two W/B ratios have been considered. Also, FE-SEM images were taken from the control
specimen, and the best mixtures in the form of Ns alone, Ms alone, and combined Ns and Ms. Consequently, a
comparative investigation was carried out to evaluate the effect of different percentages of nano- and micro-silica on
the porosity and microstructure of cement mortar. The results show that the addition of nano- and micro-silica
gradually decrease porosity and improves the microstructure of the specimens. nevertheless, simultaneously usage of
them leads to the lowest porosity values and the most compact microstructure. Also, The microstructure observations
have been confirmed the experimental porosity results.
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1. INTRODUCTION

Over the past decades, in mortar or concrete mixtures cement has been replaced with cementitious or pozzolanic materials in
order to improve mechanical properties and microstructure [1-3]. In this regard, nano-silica [4], micro silica [5], fly ash [6],
metakaolin [7] and etc. have been extensively used as supplementary cementitious materials. For instance, due to pozzolanic
reactivity and chemical compositions of fly ash as supplementary cementitious material, the compressive strength of the mortar
would improve [8]. Another high reactive pozzolanic material is metakaolin which has been successfully added to the mortar
mixtures and leads to improvement in compressive strength and sulfate resistance [7]. Furthermore, the materials with finer
size than cement particles such as micro silica are more effective [9]. The high reactivity of them is due to the large surface
area and also they could fill the voids because of their fine size [10]. The effect of adding Ms has been widely investigated and
showed that it can improve the mechanical properties and microstructure of the cement-based materials [11]. For example,
Perraton et al. [12] observed that Ms has significantly reduced the chloride ion permeability as a result of pore refinement by
adding Ms. In another study the pore structure of the silica fume concrete investigated and demonstrate that higher amount of
silica fume leads to lower porosity and average pore size [2].

By the development in nanotechnology, nanomaterials with finer size than Ms become known and used more in the
cementitious materials [13]. Many pieces of research have been investigated the effect of adding various nanoparticles as
supplementary cementitious materials. As an example, nano-CaCQO; [14] improves the microstructure and strength of concrete.
Other investigations have been studied the effect of nano-TiO,, nano-Fe;O, , and nano clay on microstructure, mechanical
properties, and durability of cement-based materials [15-17]. Due to the high pozzolanic reactivity and ultrahigh fineness of
nano-silica, more attention has been attracted to Ns as additives to cement-based materials [18].

In recent years combined usage of the supplementary cementitious materials especially Ns and MS has become a popular
topic [2,9,19]. In cement-based materials, MS fills the void between cement grains and Ns which is finer particle would fill the
void between Ms particles. Due to this fact, a more compact structure would be formed so the microstructure and performance
of the mortar and concrete would improve. For instance, the effect of adding Ms and Ns to the concrete studied and showed
that the combination of 10%Ms and 2%Ns lead to the highest compressive strength and lowest chloride penetration of the
concrete [20]. Sharkawi et al. [21] investigated the effect of adding Ms and Ns on the durability performance of the cement-
based materials and revealed that blending of 8%Ms+2%Ns leads to most increment in compressive strength and remarkably
improve the durability performance . In 2017, Li et al. [19] investigated the synergistic effect of the Ms and Ns on the
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durability of the mortar and noted that the presence of Ms and Ns simultaneously would improve the chloride, sulfate,
carbonation, and water resistance of the cement mortar. The synergistic effect of the Ns and Ms on the microstructure of the
cement mortar has been studied by li et al. in 2017 [2]. They have been indicated that blended usage of Ns and Ms has a
synergistic and more significant effect on densifying the microstructure of mortar in comparison to using them alone.

The aim of this study is to investigate the synergistic effect of Ns and Ms on porosity and microstructure of cement mortar.
Therefore, several mixtures with different Ns and Ms contents were produced to calculate the porosity of specimens and
microstructure analysis. A comparative evaluation of the effect of adding Ns alone, Ms alone, and blended Ns and Ms on
porosity and microstructure of the specimens have been done based on the experimental results.

2. EXPERIMENTAL PROGRAM
2.1 Materials

Three main ingredients of the cement mortar are cement, aggregates and water. Portland cement with 32.5 MPa strength
class and various amounts of Ns and Ms were selected for the preparation of mix designs. The chemical and physical
properties of cement, nano and micro silica are shown in Table 1. High range water reducing (HRWR) based on carboxylic
ether polymer has been used to improve the workability of the mixtures. The maximum particle size of the sand aggregates and
fineness module was 4.75 mm and 2.6, respectively. The particle-size distribution curve of aggregates in accordance with
ASTM C778 [22] is represented in Fig. 1.

Table 1. Chemical and physical properties of cement, Nano and Micro silica.

Properties Variable CEM 325 Ms Ns
SiO, 20.89 89.6 23.6
Al,O4 4.21 - 0.13
Fe,03 3.80 - 0.07
CaO 64.21 - 0.07
MgO 1.94 - 0.05
. . SO, 2.4 - 0.1
0,
Chemical Analysis (%) Na,0 0.31 011 9.2
K,0 0.67 0.3 0.12
LOI 2 3.8 -
FCaO 1 - -
CA 4.73 - -
CsS 62.07 - -
Density (gr/cm®) 3.183 1.9 1.2
. . Sieve residue on
Physical Analysis 90 mm (%) 0.6 - -
Blaine Test(cm?/gr) 3467 22000 -
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Fig 1. Grading curve of sand aggregate.
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2.2 Mixture proportions

An experimental plan was developed to investigate the effect of various amounts of Ns and Ms on porosity. In this study, 0.4
and 0.5 are the used W/B ratios while the amounts of Ms are 0%, 9%, and 13%, and also the Ns amounts are 0%, 2.8%, and
4.2%. The proportions of 12 mix designs are presented in Table 2. The HRWR amounts discovered through the mixing
procedure by gradually adding until gaining at least 120+5 mm flow spread. Cubic specimens with 50 mm? dimensions were
used. All the specimens were cut from the mold after 24h and then cured in the water for 28 days.

With a view to measure the porosity of specimens at the age of 28-days, saturated surface dry (Wssd), water immersed (Ww)
and dried specimens weight have been measured. Consequently, the following equation has been used to calculate the porosity:

W_ -W
P :W—ssd Wd x100 1)

ssd w

Where P is the percentage of porosity. It is worth noting that this method has been successfully utilized in other
investigations [23].

Table 2. Mix proportions of cement mortar specimens.

Mix ID C (gr) W/C SIC Ns/B Ms/B w/B HRWR (ml)
NMsi-0/0 1200 0.500 2.667 0 0 0.50 4
NMsi-0/9 1092 0.549 2.930 0 9 0.50 11.6
NMsi-0/13 1044 0.575 3.065 0 13 0.50 145
NMsi-2.8/0 1166.4 0.514 2.743 2.8 0 0.50 75
NMsi-4.2/0 1149.3 0.522 2.784 4.2 0 0.50 9
NMsi-2.8/9 1058.4 0.567 3.023 2.8 9 0.50 135
NMsi-0/0 1200 0.400 2.667 0 0 0.40 5
NMsi-0/9 1092 0.440 2.930 0 9 0.40 14
NMsi-0/13 1044 0.460 3.065 0 13 0.40 175
NMsi-2.8/0 1166.4 0.412 2.743 2.8 0 0.40 9
NMsi-4.2/0 1149.3 0.418 2.784 4.2 0 0.40 11
NMsi-2.8/9 1058.4 0.454 3.023 2.8 9 0.40 16

“C = Cement, W/C = Water to Cement ratio, S/C = Sand to Cement ratio, Ns/B = Nano silica to Binder ratio, Ms/B = Micro silica to Binder ratio, and
HRWR= High range water reducer.

2.3 FE-SEM analysis

In order to investigate the effect of Ns and Ms on the microstructure of the cement mortar, SEM images were taken by a
field emission scanning electron microscope (FE-SEM) from small mortar samples with a volume of less than 1 cm?®. In this
regard, small particles were cut from virgin specimens that cured for 28 days and then soaked in ethanol for over 7 days to stop
the chemical reactions. The Hitachi-S-4160 apparatus was used for image scanning in 1000X magnification.

3. RESULTS
3.1 Porosity

The experimental results of porosity at the age of 28 days versus Ns and MS content values for 12 mix designs with 0.5 and
0.4 WIB ratios are shown in Fig. 2. It can be observed from fig.2 that in both W/B ratios adding Ms alone up to 9% and Ns
alone up to 4.8% gradually decreases the porosity of the mortar specimens. In this regard, it is worthy to note that the addition
of 2.8% Ns alone decreased the porosity values more than adding 9% Ms alone. Furthermore, it clearly illustrated that the
combined addition of Ns and Ms has a more significant effect on decreasing the porosity of the cement mortar specimens.

The experimental results of porosity at the age of 28 days versus Ns and MS content values for 12 mix designs with 0.5 and
0.4 W/B ratios are shown in Fig. 2. It can be observed from fig.2 that in both W/B ratios adding Ms alone up to 9% and Ns
alone up to 4.8% gradually decreases the porosity of the mortar specimens. In this regard, it is worthy to note that the addition
of 2.8% Ns alone decreased the porosity values more than adding 9% Ms alone. Furthermore, it clearly illustrated that the
combined addition of Ns and Ms has a more significant effect on decreasing the porosity of the cement mortar specimens while
the NMs-2.8/9 mixture has the lowest porosity. This fact is due to the synergistic effect of Ns and Ms which fills the voids and
pozzolanic reactions which in the hydration process use the CaOH, and produce more CSH gel. Accordingly, Although the
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presence of any Ms or Ns contents in the cement mortar specimens reduces the porosity values, the current study demonstrates
the effect of the simultaneous presence of Ms and Ns in the superior reduction of the porosity. Besides, it is worth noting that
the reduction trend in the porosity values has no change by a decrease in W/B ratios from 0.5 to 0.4. However, the variation in
porosity values is different by changing the W/B ratio where the specimens experience a smaller decrease in their porosity with
increasing in the micro and nano-silica amounts. For example, the addition of 4% Ms decreases the porosity of specimens with
a 0.5 W/B ratio about 6 percent while this value in the specimens with a 0.4 W/B ratio is about 4 percent.
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Fig 2. Porosity of each mixture.
3.2 SEM image analysis

The surface microstructure FE-SEM images and the porosity presentation of cement mortar specimens comprise of 0%
Ms+0% Ns, 9% Ms+0% Ns, 0% Ms+4.2% Ns, and 9% Ms+2.8% Ns at W/B of 0.50 and 0.40 and are depicted in Figs 3 and 4
respectively. According to the mentioned figures, huge crystals, numerous void and consequently poor microstructure could be
seen in the FE-SEM images of control mortar which significantly decreased by adding Ms and Ns to the mixtures.
Furthermore, using Ms or Ns alone decrease the number of pores, forms a more dense structure and in general, improves the
microstructure of the specimens but the FE-SEM images still indicate some enormous crystal. It is necessary to note that the
Ns has a larger surface area so, the lower values of Ns have more efficient influence than Ms values in the mixture. For
instance, the specimens comprising of mere 4.2%Ns have a better modification effect in comparison with specimens
comprising of mere 13% Ms. Moreover, it is obvious from Figs. 3d and 4d that the simultaneous use of Ms and Ns contents in
the mixture leads to a significant reduction in the number of formed large crystals and eventually a dense compact structure
have been formed. Also, as Figs. 3 and 4 shows, the density of the specimens with W/B of 0.50 was lower than that of the
similar mixture with W/B of 0.40. These microstructure observations indicate that the synergistic effects of the simultaneous
presence of Ms and Ns contents in the hardened mortar specimens lead to a dense microstructure, filled pore structures, and
ultimately, provoke higher amount of C-S—H gel and CH. Besides, these observations are in agreement with the experimental
porosity results in section 3.1 which showed that using simultaneously Ns and Ms has lowest porosity values.
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Fig.3. SEM image of surface microstructure of cement mortar for W/B of 0.50: (a) 0%Ms+0%Ns, (b) 9%Ms+0%Ns, (c) 0%Ms+4.2%Ns (d)

9Ms+2.8%Ns.
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Fig.4. SEM image of surface microstructure of cement mortar for W/B of 0.40: (a) 0%Ms+0%Ns, (b) 9%Ms+0%Ns, (c) 0%Ms+4.2%Ns (d)
9Ms+2.8%Ns.

4, CONCLUSION

In this research, the synergistic effect of Ns and Ms on porosity and microstructure of the cement mortar were investigated.
In this regard, the porosity results have been compared with the microstructure observations. Hence, the following conclusions
derived from the experimental porosity results and microstructure observations:

1. Adding nano- and micro-silica gradually decreases the porosity values and also improve the microstructure of the
cement mortar.
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2. Combined usage of nano- and micro-silica has a synergistic effect which causes the most decrease in porosity

values and most improvement in the microstructure of cement mortar compared to using them alone.

The lowest value of the porosity and most dense and compact microstructure observed in the NMs-2.8/9 mixture.

4. By reducing the W/B ratio, while the amount of nano- and micro-silica increase the specimens experience a
smaller decrease in their porosity.

5. The microstructural observations from FE-SEM images confirm the mentioned reduction trend for porosity
values.

w
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