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ABSTRACT

Nanotechnology can significantly improve the mechanical strength and durability of concrete. At the
nanoscale, good dispersion of constituent materials is an essential factor for the improvement of concrete
properties. In this scenario, the objective of this research was to evaluate the mechanical properties of high
performance concrete containing stabilized nano-silica. The incorporation of nano-silica to the
polycarboxylate chemical admixture allowed its application in concrete, since the nano-silica was evenly
dispersed in the concrete mass. For this study, three different concretes were employed: a reference concrete,
one containing stabilized nano-silica and another containing a mixture of silica fume and stabilized nano-
silica. The evaluated concrete mechanical properties were the axial compressive strength and secant modulus
of elasticity measured in three different ages. The results indicated a substantial increase in concrete
compressive strength and modulus of elasticity with the addition of stabilized nano-silica combined with a
reduction in cement content. The results also showed that use of stabilized nano-silica proved to be very
advantageous, especially when mixed with silica fume. When they were combined, a synergy effect occurred
in the concrete that was of chemical nature in addition to the physical effect of better concrete particle
packaging. Analysis by scanning electron microscopy showed the improvement in microstructure of
concretes with stabilized nano-silica, which contributed to gains in mechanical properties.

Keywords: Nano-silica, high performance concrete, compressive strength, secant modulus of elasticity,

microstructure.

1. INTRODUCTION

High performance concrete is essentially a concrete having a low water/cement ratio to ensure longer service
life and adequate mechanical strength specified by design. The strength of the hydrated cement paste used in
this type of concrete can be improved by reducing its porosity, since a large number of large pores or voids,
especially when concentrated in a certain location, reduces the mechanical strength and the durability of con-
crete. Grain size of materials used also influences the properties of concrete because the strength of a crystal-
line phase increases with decreasing grain size [1].

The use of nanotechnology can significantly improve the property of various types of materials, such
as plastics, metals or carbon fibers, for example. The use of nanomaterials allows for increased contact and
surface reactivity, promoting improvement in the properties of the materials. The application of nanomateri-
als in concrete production enables the improvement of its properties, since the mechanical strength and the
service life of concrete structures are determined by its microstructure [2]. The proper use of nanomaterials
can still decrease the dimensions and the weight of the concrete structures, and may generate a significant
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economy in the use of natural resources, especially with regard to the consumption of cement, and in some
cases other components (steel, aggregates and water).

In the case of cementitious materials, nanotechnology can improve their properties such as cohesion,
cracking due to water loss by drying or under endogenous conditions, mechanical strength, ductility [2,3],
and corrosion of reinforcement [4]. Several studies on nanomaterials applied to cementitious materials can be
found in the literature [5-13]. Overall, the research focused in the addition of nano-silica or carbon nanotubes
to Portland cements, mortars and concretes. The analysis included the evaluation of the rheological proper-
ties, compressive and flexural strength, microstructure and durability.

At the nanoscale, good dispersion of materials is an essential factor for the improvement of concrete
properties [13, 14]. The mechanical properties of the nanocomposites are influenced by the level of
dispersion of the particles in the matrix. The better performance of nano-sized materials in the cement paste
is obtained by the uniform distribution of the same. When a matrix is made up of materials that exhibit large-
sized particles, the maximum dispersion of minor inclusions (nanoparticles) is reduced due to the formation
of large contiguous volumes that are inaccessible to nano-inclusions [14]. When nanomaterials are used in
the cement, the cement volume induces some sort of agglomeration of nano-particles. In practice, the cement
particles can form lumps before and during the production of the paste. The size of lumps can reach hundreds
of microns, causing also the agglutination of nanoparticles. The cement particle size is not the only factor
influencing dispersion: the used percentage has also an effect. Normally, a good dispersion of nano-
inclusions is more difficult to achieve in relation to larger materials. Concrete is composed of materials of
various sizes and proportions that behave non-continuously; therefore, the inclusion of nanomaterials in this
case is more complex [14]. In this way, materials with highly dispersing characteristics when incorporated
into the concrete allow the improvement of its properties.

Si0O, nanoparticles were very effective in improving concrete workability, durability and mechanical
strength [15]. The pozzolanic activity of nano-silica in the cement paste has proved to be more efficient than
the silica fume due to its higher specific surface area [15-17]. The use of nano-silica was also efficient in
concrete reinforced with polypropylene fibers [18]. When only polypropylene fibers were used in the
concrete, their contribution was not very positive due to poor dispersion. However, when used with the nano-
silica, the concrete gained more strength because the nanomaterial contributed to a porosity reduction at the
transition zone between the fibers and the cement paste.

Supplementary cementitious materials are widely used in concrete. These materials can be cementing,
fillers or pozzolanic. Their effects on the kinetic reactions are complex due to their interactions with the
phases of the clinker. In the early stages, the filler effect is dominant which increases the rate of the clinker
phase reactions due to nucleation [19]. The reactivity of pozzolans depends on the chemical composition, the
vitreous degree and fineness of the material, although these are not the only factors that influence their
reactivity [20]. Pozzolans were originally used in concretes and mortars due to their reaction with Ca(OH),
released during cement hydration. Ca(OH), susceptible to chemical attack is then reduced, and in its place
CSH gel and other products are formed increasing concrete durability [21]. Artificial pozzolans can also be
used such as fly ash, silica fume, rice husk ash among other materials originated from industrial processes
[21,22].

The addition of micro and nano-size particles of pozzolanic materials influences the transformation of
calcium hydroxide into hydrated calcium silicate according to Hemalatha et al. [23]. In XRD analyses carried
out on cement pastes, calcium hydroxide peaks in pastes containing only cement have a higher intensity
when compared to pastes made with cement and pozzolanic additions. The microstructure of the cement
paste with nano-additions also appears denser in comparison to pastes produced with larger particle size
pozollans [23].

The cements produced worldwide contain, on average, approximately 5% gypsum, 12% of supple-
mentary cementitious materials (blast furnace slag, lime and pozzolan) and 83% of clinker [24]. Due to the
increasing clinker replacement by supplementary cementitious materials, the clinker content in cement is
being gradually decreased, and as a result, CO, emissions during cement production. Nanomaterials used as
cementitious materials may therefore contribute to the reduction of these emissions by reducing the cement
content needed to achieve certain requirements in concrete.

Currently some mineral additions are grinded to achieve nano-scale particle sizes. Particle size
reduction can improve the properties of cementitious materials such as the filler and pozzolanic effects.
Water demand and workability of cement pastes containing nano-silica were evaluated by Quercia et al. [11].
With nano-silica rates above 1.5% with respect to cement content, the pastes showed quite hard consistency,
as result of high cohesive forces between the particles due to their higher surface area.
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Senff et al. [12] investigated the rheological behavior of cement pastes containing silica fume, nano-
silica and polycarboxylate based chemical admixture. The used nano-silica was in the form of a suspension.
The results showed that the high reactivity of the nano-silica and silica fume due to their larger surface area
led to an increase in the initial yield stress of the pastes when the plastic viscosity was kept constant.

Besides the pozzolanic activity of nano-silica, these particles can also act as nucleation sites due to
their high specific surface area accelerating the hydration of the cement paste [23, 25-30]. Nano-silica reacts
quickly with the calcium hydroxide released during cement hydration generating mineral compounds similar
to CSH gel produced by cement.

Addition of colloidal silica sol with mono-dispersed nano-particles has shown a more significant
accelerating effect on cement hydration than that of powered nano-silica [30]. As result of the accelerating
effect on cement hydration, most of compressive strength gain of cement pastes containing nano-silica is
attained within the first 7 days [13].

Only a few studies evaluate the modulus of elasticity of concrete produced with nanomaterials. The
rheological properties as well as the mechanical properties and microstructure of self-consolidated concrete
with the addition of nano-silica were investigated by Maghsoudi et al. [9].The results indicated that there was
improvement of compressive and flexural strengths and modulus of elasticity of concrete with nano-silica.

With regard to the use of nano-silica and silica fume, test results of chloride penetration in concrete
have shown that nano-silica is more efficient than the silica fume under the same conditions. However, when
combined, better performance was achieved [10].

In this scenario, the objective of this research was to evaluate the mechanical properties and
microstructure of high performance concrete containing stabilized nano-silica. For this study, three different
concretes were employed: a reference concrete, one containing stabilized nano-silica and another containing
a mixture of silica fume and stabilized nano-silica. The evaluated concrete mechanical properties were the
axial compressive strength and modulus of elasticity measured in three different ages. Scanning electron
microscopy was used in the microstructure analysis.

2. MATERIALS AND EXPERIMENTAL PROCEDURES

2.1 Materials

Brazilian type CP V ARI PLUS Portland cement [31] (ASTM Type III) was used since it does not have any
supplementary cementitious materials (blast furnace slag, lime and pozzolan). The cement characteristics are
shown in Table 1. Based on the chemical analysis of this cement, the potential composition, calculated
according to Bogue [32-35], resulted on the following: C;S = 69.3%, C,S = 11.6%, C;A = 8.6% and C4AF =
10.4%.

Quartz sand with a fineness modulus of 2.40 was used as fine aggregate. As coarse aggregate, gneiss
was employed; it had a specific gravity equal to 2.680 g/cm’. The coarse aggregate size distribution was
composed of 80% and 20% of aggregates with maximum dimensions of 19 and 12.5 mm, respectively.

Two different active silica based mineral additions were used: silica fume and stabilized nano-silica.
Silica fume showed an amorphous SiO, content greater than 85%, a specific surface of 20,000 m*/kg, and a
specific gravity of 2.220 g/cm’. Particle shape was spherical with a size between 200 nm and 1 pm. This
silica fume was in aqueous suspension in a 50:50 ratio.

The employed nano-silica was evenly dispersed and stabilized in the polycarboxylate based chemical
admixture. This fact allowed the nano-silica particles to be well distributed throughout the mass of concrete
at the time of mixing and casting. The nano-silica typical size was between 3 and 200 nm.

A multifunctional setting retardant plasticizer was used in all the concretes. It had a specific gravity
equal to 1.23 g/cm’. According to its specifications, it can be used in conjunction with superplasticizers
admixtures.

The employed water was locally supplied and satisfied the requirements of Brazilian NBR 15900-1
standard [36].



ABREU, G.B.; COSTA, S.M.M.; GUMIERI, A.G.; CALIXTO, J.M.F.; FRANCA, F.C.; SILVA, C.; QUINONES, A.D. revista Matéria,

v.22,n.2,2017.

Table 1: Brazilian type CP V ARI PLUS Portland cement characteristics (ABNT NBR 5733).

CHEMICAL COMPOSITION

PROPERTIES RESULTS NBR 5733 SPECIFICATIONS

Insoluble residue (%) 0.73 <1.0

Loss on ignition — 1000°C (%) 3.63 <45

Loss on ignition — 500°C (%) 0.76 -

Si0; (%) 19.37 -

ALLO; (%) 4.73 -

Fe,03 (%) 2.98 -

CaO (%) 63.58 -

MgO (%) 0.70 <6.5

SO; (%) 2.98 <45

CO, (%) 2.65 <3.0

K,0 (%) 0.82 -

PHYSICAL PROPERTIES

Specific surface - Blaine (m%kg) 474.2 >300

Specific gravity (g/cm?) 3.07 -

Fineness mesh #400 (%) 2.5 -

Initial setting (min) 131 > 60

Final setting (min) 188 <600

UNIAXIAL COMPRESSIVE STRENGTH (MPa)

1 day 28.7 >14.0

3 days 40.5 >24.0

7 days 44.8 >34.0

28 days 54.0 -

2.2 Experimental Procedures

For this investigation, three different concrete mixes were produced. The first one was the reference concrete.
The second concrete contained stabilized nano-silica, while the third concrete has a mix of stabilized nano-
silica combined with silica fume. The concrete mixes were design to have a slump equal to 120 + 20 mm and
a characteristic compressive strength f; = 45 MPa at the age of 28 days. Multifunctional plasticizer,
silica fume in suspension and polycarboxylate superplasticizer admixture containing nano-silica were consid-
ered in percentage with respect to cement content. The concrete mixes are shown in Table 2.

The material placing sequence during the concrete mixing was:
1) place the coarse aggregates in concrete mixer;
2) add half of the required water content;
3) mix until all coarse aggregates were wet;
4) add the cementitious materials (cement and silica fume);
5) mix for 30 seconds;
6) add the nano-silica dispersed in polycarboxylate based superplasticizer;
7) mix for another 30 seconds;
8) add the fine aggregate;
9) mix for more 30 seconds;
10) add slowly the remaining water until the desired slump was achieved;
11) mix for another 60 seconds.
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Table 2: Concrete mix design (per m”).
CONCRETE WITH
CONCRETE WITH
REFERENCE STABILIZED
CONCRETE STABILIZED
CONCRETE NANO-SILICA
NANO-SILICA
AND SILICA FUME
water/cement 0.41 0.41 0.41
water/binders 0.41 0.41 0.40
Mix proportion

Cement : Sand : Coarse aggregate 12.5 mm :

1:1.26:0.43:1.72

1:1.93:0.52:2.07

1:1.84:0.50:2.01

Coarse aggregate 19 mm

Cement (kg) 483 401 401
Sand (kg) 610 774 740
Coarse aggregate

12.5 mm (kg) 208 207 202
Coarse aggregate

19 mm (kg) 832 830 807
Water (1) 199 165 165

Multifunctional plasticizer (kg) 3.86 (0.80%) 3.21 (0.80%)

Silica fume (suspension) (kg) - -

3.21 (0.80%)
28.07 (7.0%)

Polycarboxylate superplasticizer admixture

- 2.81 (0.70%) 2.09 (0.52%)

containing nano-silica (kg)

In order to keep the water cement ratio constant, the amount of water present in the silica fume
suspension was considered in the concrete mix design. Slump was determined according to the Brazilian
NBR NM 67 Standard [37]. Concrete was cast into cylindrical molds (10 x 20 cm) according to the Brazilian
NBR 5738 specification [38]. A total of 15 cylindrical specimens were cast for each concrete mix. After 24
hours, the specimens were stripped from the molds and kept immersed in a tank with water until the day of
testing. Before testing, the specimens had their top and bottom surfaces rectified. All these procedures were
conducted at laboratory facilities of Wanmix Concrete Company, in Lagoa Santa, Brazil.

Concrete compressive strength tests were performed according to the Brazilian Standard NBR 5739
Standard [39]. For each mix design, five specimens were tested at the ages of 3, 7 and 28 days. Concrete
secant modulus of elasticity determination was carried out in accordance to Brazilian NBR 8522 standard
[40]. For each mix design, three specimens were tested at the ages of 3, 7 and 28 days. Linear variable
displacement transducers were used for evaluation of the concrete strains. The concrete maximum stress
corresponded to 40% of the respective compressive strength. A 2,000 kN servo-controlled digital electric
hydraulic testing machine, manufactured by Mohr & Feder Haff Losenhausen, was used in all these tests. All
tests were performed at Holcim laboratory facilities in Pedro Leopoldo, Brazil.

A scanning electron microscope Quanta FIB EGF 3D FEI was employed in the microstructural
evaluation of concretes. Backscattered (BSE) and secondary electrons (SE) detectors were used. These
analyses were carried out at the Federal University of Minas Gerais Microscopy Center.

For microscopic analysis, samples of concrete slices were first immersed in acetone aiming to stop the
cement hydration process. At the age of 2 months, the samples were then placed into a cylindrical mold with
epoxy resin. Once they were impregnated, the resin was left to polymerize. After that, the samples were
polished using SiC paper and isopropanol as lubricant, and then stored in a desiccator. Before the
microscopic analyses, the samples were immersed in isopropyl alcohol for 5 minutes. The carbon coating
process of samples was done using a LEICA EM SCD 500 equipment.

3. RESULTS AND DISCUSSION

During mixing, the concretes with stabilized nano-silica and with silica fume combined with nano-silica were
easy to handle and showed good cohesion without mobility loss. The incorporation of nano-silica to the poly-
carboxylate chemical admixture is very efficient, since it allows the nano-silica to be well dispersed in the
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concrete mass during mixing. The reference concrete as well as the concretes with stabilized nano-silica sat-
isfied the slump design requirements of 120 + 20 mm

The results of concrete average compressive strength at each age are presented in Table 3, with their
respective standard deviations. These results can also be seen in Figure 1. In order to compare the concrete
average compressive strength, Student's t-test with a significance level of 95% (o = 0.05) was employed. In
this case, the two samples had 8 degrees of freedom; the corresponding value of t (for o = 0.05) is equal to
2.306. Table 4 presents these results. In this table, codes R, nS and SF are used to denote reference, nano-
silica and silica fume, respectively.

Table 3: Concrete average compressive strength and corresponded standard deviations.

CONCRETE MEAN COMPRESSIVE STRENGTH AND CORRESPONDED STANDARD DEVIATION (MPa)

CONCRETE AGE = 3 DAYS AGE =7 DAYS AGE = 28 DAYS
Reference 50.6 £0.17 57.7+1.21 70.0 £0.87
Stabilized nano-silica 64.4+1.62 69.2 £1.58 76.6 £1.42
Stabilized nano-silica and silica fume 64.6+1.21 793 +1.14 86.5+1.74
90,0
OF.eference
200 A OStabilized Nano-zilica
W Stabilized Nano-zilica and Sihea fume -
70,0 A —I- —
g ] i
E. 600 A
o 1
7 5004
2400 -
=300 A
200 -
10,0 4
0,0
3 days 7days 28 days
Age (days)

Figure 1: Concrete average compressive strength.

The analysis of these test results reveals first that the concrete compressive strength values satisfy the
specified f.; of 45 MPa at the age 28 days. In all ages, the calculated standard deviations were always less
than 5% of the corresponded measured strength. These results also show that the compressive strength of
concrete made only with stabilized nano-silica was always significantly higher in relation to the reference
concrete: a gain of 27% was found at 3 days, 20% at 7 days and 11% at 28 days. In the case of concrete with
addition of stabilized nano-silica and silica fume, the strength was even higher with respect to the reference
concrete: a gain of 28% was obtained at 3 days, 37% at 7 days and 24% at 28 days.

The Student’s t-test analysis of the average compressive strength of the different concrete also shows
that the concrete with addition of stabilized nano-silica and silica fume had a significant gain in strength with
respect to the concrete containing only stabilized nano-silica. This result indicates the synergistic effect when
nano-silica and silica fume are combined.
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Table 4: Student’s t-test analysis of the average compressive strength for the different concretes.

AGE REFERENCE VERSUS REFERENCEVERSUS NANO-SILICAVERSUS
(DAYS) NANO-SILICA NANO-SILICA + SILICA FUME NANO-SILICA + SILICA FUME
R x nS R x (nS + SF) nS x (nS + SF)
t Student = - 18.537 t Student= - 33.123 t Student = - 0.198
: R <nS R < nS+SF nS= nS +SF
; t Studen—= - 12.800 t Student= - 26.440 t Student = - 10,709
R<nS R < nS+SF nS < nS+SF
’8 t Student = - 8.976 t Studen= - 16.984 t Student = - 8,571
R < nS R < nS+SF nS < nS+ SF

The values of the secant modulus of elasticity of the different concretes at each tested age are
presented in Table 5. These results are also shown in Figure 2. Student’s t-test was also employed to compare
the average secant modulus of elasticity of the different concretes. In this case, the two samples had 4 degrees
of freedom: consequently the corresponding value of t (for a = 0.05) is equal to 2.776. Table 6 presents these
results, where the terms R, nS and SF are used to denote reference, nano-silica and silica fume, respectively.

Table 5: Concrete average modulus of elasticity and corresponded standard deviations.

CONCRETE SECANT MODULUS OF ELASTICITY AND CORRESPONDED STANDARD DEVIATION (MPa)

CONCRETE AGE = 3 DAYS AGE =7 DAYS AGE = 28 DAYS
Reference 30682 + 1591 33738 £ 1802 34812 £ 2119
Stabilized nano-silica 38810 + 3241 40802 + 355 39834 + 803
Stabilized nano-silica and silica fume 36948 + 845 39000 + 1935 41368 £ 1593

Mlocdulogs of Bluslicily (MM

0000 4

40000

30000 4

20000 -

10009

OEeference
O Stabilized Nano-silica
B Stabilized Nano-slica end Silica fume

- -

3 davs 7 day=

Age (davs)

Figure 2: Secant modulus of elasticity of the different concretes.

28 days
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Table 6: Student’s t-test analysis of the average secant modulus of elasticity for the different concretes
AGE REFERENCE VERSUS REFERENCEVERSUS NANO-SILICAVERSUS
(DAYS) NANO-SILICA NANO-SILICA + SILICA FUME NANO-SILICA + SILICA FUME
R x nS R x (nS + SF) nS x (nS + SF)
3 t Student — ~ 3.890 t Student— ~ 6.024 t Student — 0.963
R < nS R < nS+SF nS = nS+SF
7 t Student™ - 6.660 € Student = - 3.445 t Student™ 1.588
R < nS R < nS+SF nS = nS+SF
28 t Student™ ~ 3.838 tStudem =-4.283 tSIudem =-1.490
R < nS R < nS+SF nS = nS+ SF

The results show a significant increase in the secant modulus of elasticity for the concretes with
stabilized nano-silica and this one combined the silica fume in relation to reference concrete for all
investigated ages. The average values of the modulus of elasticity of concrete containing the combination of
nano-silica with silica fume showed no significant difference in relation to concrete containing only the
addition of nano-silica in ages studied. The results of improvement in the concrete mechanical properties
corroborate the observations by Maghsoudi ez al. [9] and by Sadrmomtazi ef al. [15].

It is important to point out that with the addition of stabilized nano-silica and the combination of
stabilized nano-silica and silica fume a reduction of 82 kg of cement per cubic meter of concrete was
achieved with respect to the reference concrete. This corresponds to a 17% cement rate saving.

Figures 3 and 4 show the microstructure images with x250 magnification for two regions of the refer-
ence concrete. These regions with x500 magnifications are presented in figures 5 and 6. The images were
obtained by backscattered electrons.

In spite of the reference concrete be considered a high-performance concrete (with a water/cement
ratio of 0.41), Figures 5 and 6 show evidence of the transition zone at the aggregate - cement paste interface
(ITZ), usually considered the weakest region of the concrete. Letters A and M mean aggregate and
cementitious matrix, respectively.

Figures 7 and 8 show microstructure images (x250 and x500 magnifications) for the concrete
containing stabilized nano-silica, respectively. For this concrete, note the ITZ and cement matrix has im-
proved with a much more dense structure. Figure 8 presents more clearly the differences between aggregate
and cement matrix phases: practically there is no sign of the ITZ phase.

Figure 9 illustrates images for the reference concrete microstructure obtained by secondary electrons
at x2000 magnification. Figure 10 shows a microstructure picture of the concrete with stabilized nano-silica
with a much more dense structure. These results are in agreement with those obtained by Sadrmomtazi and
Fasihi [18] and by Hemalatha et al. [23].
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Figure 4: BSE micrograph of the reference concrete (x250 magnification) — area 2.
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Figure 6: BSE micrograph of the reference concrete (x500 magnification) — area 2.
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Figure 7: BSE micrograph of the concrete containing stabilized nano-silica (x250 magnification) — area 3.

m
M-LFMG

Figure 8: BSE micrograph of the concrete containing stabilized nano-silica (x500 magnification) — area 3.
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Figure 10: SE micrograph of the concrete containing stabilized nano-silica (x2000 magnification).
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4. CONCLUSIONS

The analysis of the test results indicates a substantial increase in the compressive strength and secant modu-
lus of elasticity of concrete made with stabilized nano-silica. The incorporation of the nano-silica into the
polycarboxylate based superplasticizer admixture contributes to a much better dispersion and homogeniza-
tion of the material during the concrete mixing, which in turn made the concrete easy to handle.

The use of stabilized nano-silica proved to be very advantageous, especially when mixed with silica
fume. When they were combined, a synergy effect occurred in the concrete that was of chemical nature in
addition to the physical effect of better concrete particle packaging. The results also reveal that nano-silica is
a good alternative to reduce cement consumption in the production of concretes with high mechanical
strength.

The analysis by scanning electron microscopy showed improvements in the concrete microstructure
with addition of stabilized nano-silica, which in turns contributes to high values in the mechanical properties.
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