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ABSTRACT

The addition of nanomaterials to concrete allows structural modifications, improving their properties like
mechanical strength and durability. Within these possible nanoscale materials is silica hydrosol (SH). There
are many studies highlighting the influence of the surface area of SH particles on the pozzolanic reaction
with cement, however little has been studied on the influence of percentage and particle size on the reaction.
In this context, the objective of this work was to investigate the influence of the particle size distribution of
silica nanoparticles on the pozzolanic reaction in cement pastes, from the comparison of 4 colloidal
suspensions. The addition content of these particles, with different sizes, was defined as 3.00% (SH-A),
0.89% (SH-B), 0.77% (SH-C) and 0.32% (SH-D), to equalize the surface areas of all of them, so that the only
variables were the percentage and particle size distribution of the silicas. The pozzolanic effect was evaluated
by the direct method named Modified Chapelle test, and by indirect methods like Fourier transform infrared
spectroscopy (FT IR), and mechanical strength tests. It was concluded that for the same surface area resulting
from the addition of SH, the sample that presented the best performance was the CP SH-A, which presented
the largest particle size and volume of addition. However, when analysing the relative performance,
regarding the concentration of SH added to the paste, the CP SH-D sample obtained the highest mechanical
resistance and the highest pozzolanic index. It showed that concentration and particle size, not just surface
area, influenced the performance of the nanosilica pozzolanic reaction. The conclusions obtained in the
present work allow a better understanding about the addition of SH in cementitious composites and how the
content and particle size of such products impact their performance.
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1. INTRODUCTION

The demand for stronger and more durable structures capable of withstanding higher compressive and
flexural forces has stimulated the development of research in the area of cementitious compounds and
nanotechnology. The addition of nanomaterials to the cement mix allows structural modifications of the
concrete, improving its properties, like mechanical strength and durability [1-2]. Within these possible
nanoscale materials, there is colloidal silica (SC), which can be in water solution, called SH [3].

In recent years, much attention has been focused on SH applications in cementitious composites for
property improvement. As SH is an aqueous suspension, it is more easily dispersed during the concrete
dosage, and its potential for addition is increased [4].

The addition of SH due to its surface area (50-900 m?/g), degree of crystallinity and purity is highly
reactive. Thus, this material has the potential to bind to the remaining portlandite or calcium hydroxide,
forming additional calcium silicate hydrate (C-S-H) and consequently promoting mechanical strength gain,
decreased porosity and increased durability [5]. In addition, due to its area and surface reactivity, acts as
nucleation site of cement hydration products, promoting acceleration in the dissolution and hydration process
and consequently, the gain of mechanical strength [6-7].

According to KUNTHER et al. [8], another form of SH performe in the cementitious medium is
decreasing the Ca / Si ratio. This happens because the addition of SH in cement paste, increase the Si value in
the medium, decreasing the difference between Ca and Si quantity. This results in the elongation and
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densification of the silicate chains that form the C-S-H gel. The authors concluded that the compressive
strengths of the C—S—H pastes increases with decreasing Ca/Si ratio.

The addition, due to its small size, still acts as a filler, that is, it occupies the empty physical spaces of
the cementitious composite, reducing porosity and densifying the mixture. The inclusion of SH also enables
modification of the cementitious composite in both fresh and hardened state, even when compared with other
mineral additions [9]. It is happened because this material has the ability to decrease the setting time and
accelerate the hydration of cementitious composites compared to the addition of microsilica.

The inclusion of SH allows the reduction of cement paste porosity and increase of silicate chains,
enhancing the mechanical strength and durability of the composite [10]. There are studies showing several
benefits resulting from the use of SH in cementitious composites: GAITERO et al. [11] verified the influence
of the addition of 3 types of SH with different particle sizes and 1 type of NSP in the cement paste. The
authors concluded that the compressive strength for the SH sample with a size of 20 nm was the most
reactive, presenting higher compressive strength (20 to 30% higher than the reference) and higher pozzolanic
activity, as measured by X-ray Diffraction (XRD). They explained the increase in mechanical strength due to
the pozzolanic reaction promoted by the addition of SH, which reduced the porosity of the cement composite.
BERRA et al. [12] investigated the effect of the addition of SH on the workability and compressive strength
of cement pastes using a mass content of 0, 0.8 and 3.8 mass% of cement. They concluded that the addition
of SH resulted in a mechanical strength gain of around 7 to 12% over the reference sample for 7 days of cure.

More recently, RUPASINGHE et al. [13] used SH as an addition to replace part of the cement content
in cement pastes. The compound was added to replace cement at 4, 8 and 12% by mass, with a w/c
(water/cement) ratio of 0.3. The replacement of SH (12%) has been shown to reduce the amount of calcium
hydroxide in the medium by 40-50% compared to the standard sample. In addition, SH (8%) improved the
mechanical strength of cement paste by 30 to 40% for 28 days of cure, which was attributed to the pozzolanic
reaction promoted by SH. ZHANG et al. [14] evaluated the influence of adding different particle sizes of SH
(30, 60 and 140 nm) to cement paste. The SH sample with a particle size of 30 nm had a higher pozzolanic
activity among them and the produced sample presented 32% less calcium hydroxide than the reference one
for 3 days. The authors related that to the larger surface area and smaller particle size of the 30 nm sample.

Despite these examples of efficiency in the use of SH, there are still studies that show contrary results,
compared to the major publications in area. DURGUN and ATAHAN [15], for example, evaluated the
influence of the addition of SH with fumed silica on self-compacting concrete. Different sizes of SH were
used and the properties of compressive strength and pozzolanic activity were evaluated. The authors found
that the 5 nm particle was not the one with the highest pozzolanic yield, but the 17 nm one. It was contrary to
many studies, which state that the smaller the particle the higher its pozzolanic reactivity. Thus, they
observed that size and percentage of SH addition may also be directly related to the efficiency of the
pozzolanic reaction, consequently influencing the properties of cementitious mixtures.

Therefore, the objective of this work was to verify the influence of different particle size distributions
and SH concentrations on the pozzolanic reaction in cement paste in order to improve the knowledge of the
application of this technology in the civil construction sector.

2. MATERIALS AND METHODS

2.1 Materials

The binder used was the initial high-strength sulphate-resistant Portland Cement (CP-V ARI-RS). According
to the manufacturer the product presented characteristics in accordance with the ABNT NBR 16697:2018
[16] specifications. The water used for the cement pastes and modified Chapelle tests agreed with the
potability criteria recommended by ABNT NBR 15900-1:2009 [17], which requires the water to be potable.

The additions that have been used are four commercially available aqueous silica suspensions. The
samples have different particle size distributions to compare them each other. Table 1 shows the particle sizes
and surface areas of each SH used.

For the characterization of the SH samples, the powder method diffraction technique, by XRD, was
used. The samples were prepared with oven drying for 24.00 h at 60.00 ° C, in order to avoid possible
damage to the structure of SH’s. At the end of this process, the samples were milled to fine particle size and
passed through a 200 mesh sieve to obtain uniform size particles. The fine powder was prepared in the
sample holder and inserted into the measuring equipment.
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Table 1: Specifications of Mineral Additions Used.

PARTICLE SIZE SUPERFICIAL AREA CONCENTRATION
SAMPLES >
nm m-/g % (wi/w)
SH-A 35.00 80.00 m?/g 50.00
SH-B 12.00 270.00 m%g 40.00
SH-C 8.00 310.00 m?/g 30.00
SH-D 3.00 750.00 m%g 15.00

The tests were performed on an X-ray Diffractometer, D2 PHASER, Bruker. The analysis was
performed between 5.00° and 70.00° 26, with angular step of 0.02° 26 and time per step of 1.00 s. In the
collection, a tube with copper anode, 30 kV / 10 mA and divergent slot of 1 was used.

The diffractogram of the evaluated SH, as shown in Figure 1, showed that, for all samples, the silica
had no organized or crystalline structure and was therefore amorphous. The amorphous halo, identified in
position 21.80-22.00° degree, based EVA software library and literature [18], represents SiO, from dried CS
powder. The area of the amorphous halo of each sample was calculated by EVA software and the results are
shown in Table 2. It was possible to identify that the area is similar for the four samples and based on
ANOVA and Tukey test the results has no significantly differences. These means that the SH samples are
equal when related to SiO, amorphous quality. In addition, it was possible to identify in the diffractogram
that there is absence of salts and crystalline impurities, indicating high purity of the addition.
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Figure 1: SH samples difratogram. a) SH-A; b) SH-B; ¢) SH-C; d) SH-D.

For evaluation of the functional groups of the SH samples used in this work, FT IR 70 equipment,
equipped with attenuated total reflection accessory (ATR) was used. For the FT IR assays, the SH samples
were prepared in similar way to the XRD analysis. For ATR, the samples were placed under direct contact
with the diamond crystal. All measurements were collected in the range of 4000-400 cm™. Spectra were
measured at 4.0 cm™ resolution, accumulating a total of 32 scans per sample analysed. After the measure-
ments, the spectra were organized in sequence for better visualization. Figure 2 shows the FT IR spectra
obtained for the SH samples. Based on literature [19-20], it was possible to identify for the wavelength of
430 and 800 cm™ the appearance of absorption bands, related to the oxygen movements, flexion and bending
vibrations in the Si-O-Si plane. In addition, the absorption band at 1000-1150 cm™ refers to the elongation of
the characteristic bands of Si-O bonds.
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Table 2: Amorphous halo area at position 21.80°-22.00° for each SH sample.

MEDIUM AREA
SAMPLES
counts x 2theta
SH-A 306.20
SH-B 305.00
SH-C 305.20
SH-D 306.90
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Figure 2: SH samples FT IR spectrum. a) SH-A; b) SH-B; ¢) SH-C; d) SH-D.

2.2 Methods

2.2.1 Direct evaluation of the pozzolanic activity of cement pastes by modified Chapelle test.

The modified Chapelle test was adopted to determine the amount or capacity of a mineral addition, by
pozzolanic action, in fixing lime for formation of hydration compounds (ABNT NBR 15.895:2010 [21])

Once, the aim of this study was to compare the pozzolanic activity of SH with different particle size
distributions and, therefore, different addition percentages to keep the resulting surface area equal for all
samples, the Chapelle method dosage was modified. The content was based on the solid mass of SiO, of each
sample. The water mass present in SH was discounted to obtain an equal volume for all samples. Dosage
specifications are presented in Table 3.
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Table 3: Dosage for Modified Chapelle Assay.

SUPERFICIAL SIO, MASS FOR RESULTANT SUPER- TOTAL MASS WATER

SAMPLES AREA CHAPELLE METHOD FICIAL AREA (SH) OF SH MASS
m’lg g m’lg g g

SH-A 80.00 1.00 80.00 2.00 249.00

SH-B 270.00 0.29 80.00 0.74 249,55

SH-C 310.00 0.26 80.00 0.86 249.39

SH-D 750.00 011 80.00 0.71 249.39

2.2.2 Cement paste dosage for compressive strength and FT IR tests

The cement paste dosages were based on ABNT NBR 7215:2019 [22], the same one used for the cement
mortar compressive strength tests. The addition content added to the cement paste depended on the surface
area of each sample as it was desired to match the final surface area of each SH. In addition, the content was
based on the solid mass of SiO, of each sample in relation to the cement mass. The water mass presented in
SH was discounted to obtain an equal wi/c ratio for all samples. Table 4 shows the proposed mass dosage of
each material present in the cement paste. Since SH-A had a larger particle size and therefore a smaller
surface area, it was added at a higher content (3%) than the other samples. SH-B, SH-C and SH-D, due to
their growing surface areas, were added at 0.89%, 0.77% and 0.32%, respectively

Table 4: Dosage of cement pastes for mini-slump, mechamical strenght and FT IR tests for each SH sample.

CEMENT CEMENT | WATER SIO, SH RESULTANT
PASTE SUPERFICIAL AREA (SA)
m?/g

REF 100.00% | 48.00% - - -

SH-A 100.00% | 48.00% 3.00% 6.00% | 2400.00

SH-B 100.00% | 48.00% 0.89% 2.20% | 2400.00

SH-C 100.00% | 48.00% 0.77% 2.55% | 2400.00

SH-D 100.00% | 48.00% 0.32% 2.10% | 2400.00

2.2.3 Cement mass flow evaluation by mini-slump test

The mini-slump test was used to evaluate the possible influence of additions on fresh cement pastes. The
mini-slump method was described by KANTRO [23] and consists of evaluate the spreading of the fresh
cement past in a graduated glass or ceramic table. After spreading stops, with the aid of a ruler, two
perpendicular diameters shall be measured, and the values averaged. The number of representatives
represents the spread of the tested mass.

2.2.4 Evaluation of SH influence in compressive strength of cement pastes by mechanical rupture

The cylindrical specimens for compression rupture testing were moulded based on ABNT NBR 7215:2019
[22]. Each cement paste was prepared for rupture evaluation at ages of 1, 3 and 7 days. Nine specimens of
dimensions of (50.00 x 100.00) mm were dosed for each cement paste. From this set, 3 specimens were
tested for each age of rupture, totalling 45 ones.

The mixture of the components was performed in a low speed industrial blender. The mixture of water
with cement was performed for 90 seconds and then, with a spatula, the material retained in the blender wall
was removed and the SH was added, less for the reference sample. After this procedure, the blender was
activated again for more 60 seconds.

After dosing, the cement masses were kept for the first 24 h in a humid chamber with humidity above
95%. After this period, as demoulded, the cement masses related to 3 and 7 were submerged in a lime water
bath until the age of rupture. Cement masses related to 1 day were tested shortly after demolding. To perform
the compression tests, a duly calibrated EMIC test machine model DL 10,000 was used.
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2.2.5 Evaluation of Ca(OH), consumption by FT IR

For the FT IR tests, cement pastes were prepared with the dosage specifications shown in Table 4. These
were stocked in containers at 20 °C and stored under vacuum until the curing age of 7 days to avoid
carbonation of the pastes. At the age of analysis, the cement pastes were ground to fine particle size and
passed through a 200 mesh sieve. For ATR, the samples were placed under direct contact with the diamond
crystal. All measurements were collected in the range of 4000-400 cm™. Spectra were measured at 4.0 cm™
resolution, accumulating a total of 32 scans per sample analysed. After the measurements, the spectra had
their baseline corrected and were normalized for comparison. In order to explain the significant increase in
compressive strength of the samples with SH addition, FT IR analyses were performed for samples with and
without SH for 7 days of cure.

3. RESULTS AND DISCUSSION

3.1 Evaluation of the pozzolanic activity of cement pastes through the modified Chapelle test.
The data obtained by the modified Chapelle method assay are presented in Table 5.

Table 5: Modified Chapelle results for each SH sample.

HCI MEDIUM VOLUME CHAPELLE

SAM- | JSED FOR TITULATION HCl CORRECTION | |\pEx
PLES FACTOR 0.1 M

mL Ca(OH), mg/g
REF 54.4+0.10 ;
SH-A 20.30+0.10 1037.00
SH-B 47.60%0.10 1.04 880.00
SH-C 45.30%0.10 1352.00
SH-D 46.00+0.10 3018.00

The sample of SH-A had the lowest HCI expenditure for titration, demonstrating higher Ca(OH),
consumption among all samples. The HCI volume expenditure compared to the reference was 62.68% lower
for the CS-A sample.

The remaining samples, SH-B, SH-C and SH-D showed similar HCI volume expenditure results, of
which sample SH-B presented the lowest consumption values. The value obtained was approximately
12.50% lower than that resulting from the reference test. In addition, the titration HCI consumption of the
SH-A sample was 57.35% lower than SH-B sample.

Thus, the results obtained for HCI volume expenditure indicate that for the same surface addition area
the sample SH-A, which has the largest particle size and percentage of addition, achieved the higher
consumption of Ca(OH),. The results showed that the efficiency of the pozzolanic reaction in a system
containing CS and Ca(OH), was not only dependent on the surface area of the nanoparticles but also on their
size and their addition content.

However, when the results are analysed considering that SH addition levels would be equal for all
samples, therefore 1.00g of material of each SH, the sample SH-D presented better pozzolanic performance.
As is shown in Table 5, analysing the results in terms of modified Chapelle Index, expressed as consumption
of Ca(OH), mg per g of material, it was possible to identify that the addition of 1.00g of SH-D allowed a
consumption of 3018.00 mg of Ca(OH),, while the addition of 1.00 g of SH-A reacts with only 1037.00 mg.

The sample SH-A presented lower consumption of HCI and therefore higher amount of Ca(OH),
reacted because it was added in a larger amount than the other samples, for the equality of surface areas
among all. But when analysing the results, considering equal addition contents and different surface areas,
the SH-D silica nanoparticles showed better pozzolanic performance. It corroborated with the results
obtained by the authors [11-14], that indicated that the smaller the individualized nanoparticle size and
therefore the larger surface area, the higher the pozzolanic activity index will be. Except for this trend, the
sample SH-B showed lower Ca(OH), consumption than SH-A, which has a larger particle size.
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3.2 Evaluation of the flowability of cement pastes by means of the mini-abatement test

Scattering data as well as temperature and humidity are presented in Table 6. There was a decrease in the
average scattering diameter for samples with SH addition and this was verified for those with higher content
of addition. It is possible to observe that the cement paste with SH-A addition (CP SH-A), presented smaller
scattering while the reference obtained greater fluidity among all the samples.

Table 6: Mini-slump tests results for each SH sample.

MEDIUM DIAMETER OF SCATTERING
SAMPLES
mm

REF 45.00+10.00
CP SH-A 35.00+10.00
CP SH-B 38.00+10.00
CP SH-C 38.00+10.00
CP SH-D 40.00+10.00

Based on the measurement error it was possible to verify that the spreading results obtained by the
cement pastes CP SH-D, CP SH-C and CP SH-B were statistically equal. The observed loss of workability
agrees with the literature [9, 15]. However, this loss of scattering, did not affect the confection of the
specimens, which were molded and did not disaggregate after the unmold. As is shown in table 6 the
workability loss of cement pastes increased with increasing SH addition content, that is higher for CP SH-A
and lower for CP SH-D.

3.3 Evaluation of SH influence in compressive strength of cement pastes by mechanical rupture

As is shown in Figure 3, for all samples with addition of SH, it was possible to identify an increase in the
mechanical compressive strength with the advancing age of analysis and in relation to the reference sample.
This was significantly higher for the cement paste CP SH-A, with addition of SH-A at a concentration of 3%
by mass per cement mass. The paste presented the highest strength value for all ages analysed. In addition, it
was obtained an increase of resistance in relation to the reference sample, from 46.32%, 20.00% and 24.25%
for 1.3 and 7 days, respectively.

In addition, it can be noted that pastes with 3% SH-A and 0.7% SH-C addition allow the cementitious
compound to achieve a mechanical strength in 3 days of cure, higher than the reference sample in 7 days.
That is, with the addition of the product, a resistance of 7 days was reached with only 3 days of cure. In
practical terms, for example, this could reduce construction lead times and increase production efficiency for
precast.

The results also showed that the reference cement paste presented the lowest compressive strength
values for all ages. This indicates that the addition of SH, even at low concentrations, was capable of
increasing the mechanical strength of cementitious composites.

Another important information that was identified in the results is that the increase in compressive
strength obtained from 1 day to 3 days of cure was greater for the reference sample. While the reference
cement paste obtained a 101% increase from 1 day to 3 days of cure, the increase for samples CP SH-D, CP
SH-C, CP SH-B and CP SH-A was 72.83%, 71.18%, 67.50 and 65.33%, respectively. This possibly indicates
that the action of SH was more intense in the first 24 hours of hydration, acting as a C-S-H nucleation site
and consuming Ca(OH), as it was formed [3, 9, 14]. After 1 day of hydration, the action of nanosilica tended
to decelerate and the difference in resistance between the added samples and the reference sample tends to
decrease.

Based on ANOVA and Tukey test demonstrated in Figure 4, it was possible to verify that the
mechanical strength results obtained by the cement pastes CP SH-D, CP SH-C and CP SH-B were
statistically equal for all ages. The sample with the addition of SH-C presented slightly higher results than the
others, but it was not statistically significant increase.

The mechanical strength values found show that for the same total surface area of SH added, the
cement paste with the addition of 3% SH-A, with the largest particle size, presented better performance than
the others. This indicated that for the effect of mechanical resistance it was not only the surface area of SH
that influences, but also the size and concentration of the addition.
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However, by analysing the result em terms of relative influence, that is, strength increased compared
to % SH mass addition the sample of CP SH-D showed better performance. This is because, with the addition
of only 0.32% by mass per cement mass, the paste presented resistance increase of 19%, 2% and 8%, for the
rupture ages of 1, 3 and 7 days respectively. While, the addition of 3.00% of SH-D increased the compressive
strength by 46.32%, 20.00% and 24.25% for 1, 3 and 7 days, respectively.

Therefore, according to the obtained results in the compression test, it was possible to identify that the
smaller the size and larger surface area of the individualized particle, the better its performance to increase
strength of cement paste, when added in equal amounts. This data was consistent with the conclusions ob-
tained in the literature [6-8, 11-14].
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Figure 3: Medium compressive strength for 1,3 and 7 days of rupture.
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Figure 4: Compressive strength for 1,3 and 7 days of rupture. Equal letters represent values that do not show significant
differences between them, while different letters represent significant differences according to the ANOVA and tukey
test.

3.4 Evaluation of Ca(OH), consumption by FT IR

Based on literature [19] and according to Figure 5, it was possible to observe that there is a band at 3640 cm’
wavelengths, which is related to the stretching movement of crystallized hydroxyl (OH") groups in the
calcium hydroxide structure. For 7 days of hydration, it was possible to identify that there is a lower presence
of Ca(OH), in the sample SH-A, indicating higher consumption of this structure by the addition of SH. Next,
the sample with the second smallest Ca(OH), peak area is SH-C and finally having the largest peak area, we
have the reference sample. This indicated that amorphous silica consumed calcium hydroxide, forming C-S-

1
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H gel, thereby aiding in gaining mechanical strength.

The data found for the curing age of 7 days by the FT IR equipment indicate that the addition that
presented the best performance in relation to consumption of Ca(OH), was the SH-A sample. This is in
agreement with the information obtained in the compressive strength and modified Chapelle tests.
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Figure 5: FT IR spectroscopy for cement paste samples after 7 days of aging.

4. CONCLUSIONS

When the surface areas are equalized, according to the SH addition levels, it was observed that the sample
that promoted the best mechanical strength in the cement paste and that presented the highest Ca(OH),
consumption was the SH-A. The data obtained are convergent, indicating that particle size and especially the
addition percentage of SH have influence on total performance of SH nanoparticles reaction with Ca(OH),.

By equalizing the resulting surface areas, the addition concentration becomes the predominant variable
for reaction efficiency evaluation. This possibly occurs because a lower concentration of addition, decreases
the probability of SH to react with the total Ca(OH), of the medium and therefore, lower efficiency was
verified. In addition, smaller nanoparticles have higher surface reactivity and therefore become easier to
agglomerate, and consequently this may also reduce their efficiency in the pozzolanic reaction, compared to
other samples that have been added in larger quantities

The results obtained are important for a better understanding of the variables that control the
efficiency of SH addition in cement pastes and possibly in cementitious composites. The greater knowledge
about the nano additions that can be used in construction aims to increase the material yield and promote cost
reduction in the sector.
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