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EXECUTIVE SUMMARY

Introduction

This report summarizes the findings from the study on the
influence of nanoadditives on the properties of concretes with and
without supplementary cementitious materials (SCMs) cured at
ambient (23°C) and low (4°C) temperatures. The objective of the
study was to determine how the processes that occur on the
nanoscale will affect the engineering properties and durability of
concrete. The nanomaterials used in the study included nano-
titanium dioxide (nano-TiO,) and two forms of colloidal
nanosilica. A series of experiments, including fabrication, curing,
and conditioning of specimens, microstructural analysis, mechan-
ical strength testing, and durability testing were conducted in the
laboratory. The effects of nanoparticles on the properties of
concretes were evaluated for their influence on the following
properties: (1) hydration kinetic of cementitious pastes, (2)
mechanical properties of mortars and concretes, and (3) dur-
ability-related properties of concretes, including porosity, perme-
ability, scaling, and freeze-thaw resistance. Selected fragments of
the description of the experimental methods, quantitative results,
and supporting discussion have been previously published in the
Proceedings of the 7th International Conference on the Durability of
Concrete Structures in 2022 (refer to Appendix A).

Findings

Effect of Nano-TiO, Addition in Cement Paste With and
Without SCMs

Results suggest that nano-TiO, is beneficial in accelerating the
hydration process of ordinary Portland cement, fly ash, and slag
pastes based on isothermal calorimetry and Vicat setting time
tests. Nonetheless, the effect of nano-TiO, in increasing the
amount of hydration product is more significant in fly ash pastes,
as indicated by thermogravimetric analysis. This indicates the
enhancement strength of cement matrix produced by the addition
of nano-TiO, is more relevant in fly ash cement pastes than in
OPC and slag cement pastes.

Effect of Nano-TiO> Addition in Mortars With and
Without SCMs

Results show that the addition of nano-TiO, can enhance the
compressive and flexural strengths for both OPC and fly ash
mortars. Such effect is more significant when cured at low
temperature and when fly ash is used.

Impact of Nano-TiO, Addition in Mechanical Per-
formance and Durability of Concretes With and
Without SCMs

The 7-day and 28-day compressive strengths of concretes were
proven to be improved by the addition of nano-TiO,, for all
studied concrete types (with or without SCMs) and curing
temperatures. This effect is more significant in concretes contain-
ing slag and with higher w/c. Results from the fundamental
resonant frequency test suggest that nano-TiO, addition improves
the dynamic modulus of elasticity after 14 days of curing,
especially at low curing temperature. Above findings indicate that
the addition of nano-TiO, could reduce the porosity of the
cementitious composites, especially when SCMs are used.

The study on the durability properties of concretes involves
evaluating the pore systems and permeability and appraising the
frost resistance of concretes modified by nano-TiO,. It was found
that nano-TiO, addition in concretes tends to reduce slump and
increase the unit weight of fresh concretes. The resistivity and
formation factor of fly ash concrete was improved by nano-TiO,.
Moreover, the total pore volume and water absorptions of all
types of concretes were reduced by nano-TiO,, and nano-TiO,
seems to be more beneficial in improving the frost resistance of fly
ash concretes compared to OPC and slag concretes. It seems that
the addition of nano-TiO, to improve the scaling resistance of
concrete is more effective when concretes are previously cured at
low temperature.

Impact of Nanosilica Addition on Concrete’s Perfor-
mance

Like the addition of nano-TiO,, the addition of nanosilica
produced an improvement in the 28-day compressive and flexural
strength of concretes, especially when cured at low temperature.
The porosity can be reduced due to the addition of nanosilica in
concretes. Furthermore, the overall scaling resistance of concretes
fabricated for this study was good while the addition of nanosilica
can still reduce the surface deterioration of concretes exposed to
freeze-thaw cycles and deicers. The microstructural analysis
suggests that the addition of nanoadditives reduces the cracks
and porosity near the interfacial transition zone (ITZ), which can
contribute to a higher strength of the bulk concrete. Further
testing will be required to assess the effect on the air void system.

Overall Conclusions

Overall, applying nanoadditives in concrete is beneficial, but the
degree of benefit depends on the cementitious system. Based on
the results of this project, it seems that the addition of nano-TiO,
is more effective in concrete containing fly ash. The improvement
of nano-TiO, on the scaling and freeze-thaw resistance of fly ash
concrete could be related to the densification of microstructure
(e.g., strengthen of the paste matrix, less-cracked and less porous
ITZ), less connected pore system, reduced porosity, finer and
more well-distributed air void system. However, an excess of
nanoadditives might affect the air void system negatively and
produce negative effects on scaling resistance, as results showed.
The optimum amount of nanoadditives would depend on the
mixture proportioning of the concrete pavement.

Nanosilica addition has shown a great potential in terms of
benefits for the performance of concrete pavements. However,
further investigation will be required to determine the effect on the
air void system. Results of both nano-TiO, addition and
nanosilica addition effects on durability of concrete pavements
were performed under lab conditions. Further investigation will be
required to determine the effect of the use of nanoadditives in
concrete pavement scaling resistance and freeze and thaw
resistance when used in the field.

Implementation

Based on the findings established above, guidelines regarding
the influence of nanoadditives on the properties of concrete are
included in this report. The addition of nanoadditives (including
nano-TiO, and nanosilica) have a potential in improving the
scaling resistance of concrete pavement. The mechanisms of such
improvements involve the accelerated hydration of cement pastes,
reduced and modified pore system (hence the denser microstruc-
ture), enhanced mechanical properties, and lowered water



permeability of concretes based on experimental results. However,
high percentages of nanoparticles showed a detrimental effect in
terms of scaling resistance. Water to cement ratio and presence of
different supplementary cementitious materials affect the final
effect of the nanoadditives on concrete scaling resistance. Thus, to

determine the optimum amount of nanoadditives for a given
mixture, further investigations should be performed.
Recommendations for future work, including research suggestions
for other types of durability testing, are also included in this
report.
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1. INTRODUCTION
1.1 Background

Porous materials (e.g., concrete) containing moisture
are susceptible to damage under repeated cycles of
freezing and thawing. Concrete infrastructure in cold
climates is negatively impacted by such freeze-thaw
cycling, which has been commonly reported (Harnik
et al., 1980; Yuan et al., 2015). Frost damage in con-
crete can reduce its mechanical integrity and require
expensive repairs.

Supplementary cementitious materials (SCMs) have
proven to be good candidates of ordinary Portland
cement (OPC) replacement. SCMs are used in many
cases as they can be beneficial in many ways, including
decreasing permeability, aiding in pumpability and
finishability, mitigating alkali reactivity and improving
the overall hardened properties of concrete through
hydraulic or pozzolanic activity or both (Kosmatka &
Wilson, 2016; Sukhvarsh & Nicholas, 2007; Thomas,
2007; Yu et al., 2018). Furthermore, the use of SCMs
can lead to a more durable concrete in long term
(Berry & Malhotra, 1980; Verian & Behnood, 2018; Xu
& Shi, 2018).

However, concrete containing certain SCMs (i.e., fly
ash and slag) shows a slower strength gain and a higher
susceptibility to scaling damage (Jeong et al., 2018;
Pigeon et al., 1996; Valenza & Scherer, 2007b). As a
result, many state agencies tend to limit the degree of
replacement of cement by SCMs and restrict their usage
during the colder parts of the year.

Even though many cases of frost damage (especially
surface scaling) in the field were related to poor mix
design, bad finishing, inadequate curing, etc., there is
still space for improvement of durability of concrete
itself by incorporating additives. Usage of nanoparticles
has received widespread attention from both industry
and research communities due to their distinctive
physical and chemical properties (very fine particle
size, high specific surface area, etc.). It is reported that
nanoparticles used in concrete can accelerate the
hydration process (Ma et al., 2016; Ren et al., 2018).
Studies on durability properties, including porosity and
chloride penetration (Ying et al., 2017) suggest that the
addition of nanoparticles can improve the overall
durability of concrete. However, research on the effect
of nanoparticles on the scaling resistance of concrete
were not found.

With the emerging of nanotechnology in concrete,
research-based guidance is needed to fabricate concrete
with better performance. This guidance should address
the extent of nanoadditive in the concretes, the poten-
tial of the modification of nanoadditives on the perfor-
mance of concretes, and potential mechanisms of such
modifications, etc. The focus of the study presented in
this report is to utilize the in-depth understanding of
mechanism of action of nanoadditives to develop a
reliable and relatively inexpensive method of improving
the scaling resistance (and other durability properties)
of concretes.

1.2 Project Objectives

The main objectives of this project were to do the
following.

® Conduct a literature review of the current state-of-
knowledge regarding the effect of nanoparticles on the
durability and performance of concretes.

® Determine the influence of nano-TiO, on the hydration
kinetics of paste specimens containing SCMs at different
curing temperatures.

® Understanding the effect of adding nano-TiO, on the
mechanical properties of mortars and concretes when
cured at different temperatures.

® Determine how nano-TiO, modifies the durability of
concretes cured at different temperatures.

® Understanding the effect of nanosilica on the durability
of concretes (at different curing temperatures).

® Develop recommendations and guidance for the utiliza-
tion of nanoparticles to improve the scaling resistance of
concrete.

2. LITERATURE REVIEW

2.1 The Mechanisms of Freeze-Thaw and Scaling
Damage in Concrete

Water is the primary agent of both, creation and
destruction of many natural materials and happens to
be central to most durability problems in concretes
(Mehta & Monteiro, 2006). There is a 9% volume
expansion when water freezes into ice. Such a property
can be a major cause of many types of physical
processes of degradation in porous materials.

Frost damage is a very common type of durability
issue in concrete structures exposed to combined
wetting/drying and freezing/thawing cycles. The con-
sequences of frost attack on concrete can include severe
spalling and scaling of the top surface (resulting in
exposure of aggregates), disintegration of the bulk
volume into smaller pieces, internal cracking parallel to
the proposed surface, formation of gaps around aggre-
gate, and so on.

Frost damage can be divided into two different
categories: surface damage and internal damage. Figure
2.1 shows some typical examples of scaling damage of
concrete.

Powers (1945) firstly proposed the hydraulic pressure
is the source of stress that causes the internal frost
damage in 1945. He proposed that when water freezes,
it expands and generates pressure on the pore wall.
Based on this theory, Powers also suggested that
introducing air voids into the concrete microstructure
can offer a potential way to improve the frost resistance
of concrete as the extra air voids can provide more
space for the expansion. However, other researchers
found this mechanism by itself is not sufficient to
explain some of the other sources of stress were found.
A specific mechanism should be determined by different
situations. Later, Powers (1975) added another theory
which considered osmotic pressure to be the primary
cause of excessive internal stress as he realized that the
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Coarse Aggregate

b)

Sidewalk Destroyed by Scaling and
Subsequent Internal Frost Action

Figure 2.1 (a) Picture of a severely scaled sidewalk. (b) Sidewalk that was severely scaled, probably by internal frost damage,
which led to a complete loss of mechanical integrity (Valenza & Scherer, 2007b).

temperature at which water will freeze in concrete is a
function of the alkali concentration as well as the size of
the pores present in the microstructure.

2.2 The Freeze-Thaw Resistance of Concrete Containing
Supplementary Cementitious Materials (SCMs)

Fly ash and blast furnace slag, commonly referred to
as supplementary cementitious materials (SCMs), are
incorporated in concrete by replacing, typically on the
weight basis, of ordinary Portland cement (15% to
25% for Class F fly ash, 15% to 40% for Class C fly
ash, and 30%-50% for slag cement). As shown in
Table 2.1, the sizes of SCMs can be finer than cement
OPC particles, therefore, they can increase the den-
sity of concrete by filling voids between adjacent
cement grains and between cement grains and aggregate
particles.

In the presence of calcium hydroxide (CH), the
amorphous silica (S) in fly ash (and other materials like
silica fume, metakaolin, natural pozzolans, etc.) will
undergo the pozzolanic reaction to form C-S-H gel
(Equation 2.1):

xCH+yS+zH-C—S—H (Eq. 2.1)

However, a high pH is needed to start the pozzolanic
reaction in cementitious system (Valenza & Scherer,
2007a), which is about 13. Normally, the pozzolanic
reaction will not happen until the concrete has cured for
about 3 days, when enough alkalis have been released
to raise pH to about 13 and enough CH forms for the
reaction.

On the other hand, slag is a latent hydraulic cement
that hydrates after it is activated at high pH. In general,
the hydration products are the same as those result-
ing from hydration of the ordinary Portland (OPC),
except for a lower content of CH (Valenza & Scherer,
2007a).

In general, the particle size of fly ash is only slightly
smaller than cement grains, and it takes a very long
time for the amorphous silica in fly ash to be activated.
Therefore, concrete containing fly ash can have a lower
strength at early ages compared to OPC concrete.
However, in long term (1 to 2 months), the pozzolanic
reaction of fly ash can produce a very dense micro-
structure. Therefore, the strength of fly ash concrete
will eventually be comparable or even higher than that
of the OPC concrete. Similarly, concrete containing slag
also shows lower early strength, though the time needed
for the strength to increase above that realized with
OPC concrete is much shorter (7 to 28 days) compared
to the time needed for fly ash containing systems. The
reason is the particle size of slag is typically smaller
than that of the OPC grains.

As water demand can be reduced by incorporating
some SCMs (e.g., fly ash) in concrete, especially at high
substitution, durability of concrete might be improved
partly because the lower w/c. However, the addition of
SCMs can cause extended period of bleeding compared
to OPC-only concrete, which can compromise the
strength of the surface (Valenza & Scherer, 2007a).
Therefore, a higher susceptibility to salt scaling might
be found in concrete containing SCMs.

Salt scaling experiments on concrete containing fly
ash indicate that fly ash addition reduces the resistance
to salt scaling (Bilodeau et al., 1991; Gebler & Klieger,
1986; Johnston, 1987). This can be partly explained by
the fact that short moist curing periods (28 days) result
in lower strength. Unlike fly ash, there are very few
studies on the salt scaling resistance of slag concrete.
One study (Bouzoubaa et al., 2008) indicated that the
incorporation of slag can reduce the scaling resistance
of concrete even when the concrete was cured for
28 days. The authors of the study indicated that the
observed reduction in scaling resistance is likely due to
the formation of a weak surface (with unsatisfactory
quality of their air-void parameters).
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TABLE 2.1

Typical physical characteristics of ordinary Portland cement and supplementary cementitious materials (SCMs) (Valenza & Scherer,

2007a)

Material Specific Surface Area, mzlkg Particle Size, pm Silica, %
Ordinary Portland cement 150-250 3-100 -
Fly ash 250-600 1-100 45-50
Slag 350-500 - 20-30

2.3 The Effect of Nano-TiO, on the Mechanical
Properties and Durability of Cementitious Composites
Containing SCMs

The nanoscale material is defined as the one that has
at least one dimension that is considered to be in the
nanoscale range (1 to 100 nm). As one of the most
popular zero-dimensional nano materials, nano tita-
nium dioxide (nano-TiO,) has attracted a lot of
attention in both, academia, and industry. In concrete
industry, many studies indicated that TiO, nanoparti-
cles can modify material microstructure, thus providing
a new approach to develop high performance, durable,
multifunctional, and environmentally friendly cementi-
tious composites (Li, Ding, et al., 2018).

2.3.1 Hydration Process and Microstructure

Nano-TiO,, as a type of zero-dimensional nanoma-
terial, has the “small size effect” and the “filling effect”
which enables it to modify the pore structure of
cementitious material (Li, Ding, et al., 2018). Porosity
of nano-TiO,-engineered cementitious composites con-
taining fly ash is reported (by Li, Wang, et al., 2018) to
decrease compared to the reference samples (without
the addition of nano-TiO,).

According to (Li et al., 2017), due the nucleation
effect of nano-TiO,, the hydration process of the
cementitious composites containing fly ash is acceler-
ated at early ages by an addition of 0.25 wt. % of nano-
TiO,. It is also reported that nano-TiO, can limit the
growth space of CH, and therefore decrease the size of
CH (Li, Wang, et al., 2018). The SEM results confirmed
that the nucleation effect of nano-TiO, can restrict the
size of CH in pastes containing fly ash, as shown in
Figure 2.2 (Li et al., 2017).

Chen et al. (2012) also proposed that the addition of
nano-TiO, will significantly accelerate the hydration
rate and promote the degree of hydration of the
cementitious materials at early ages. Nazari and Riahi
(2011) were using ground granulated blast furnace slag
as partial replacement of OPC for concrete mixtures
and found out adding nano-TiO, into the concrete can
promote the physical and mechanical properties of
concrete. They proposed that the nano-TiO,, when
used as a partial (up to 3 wt.%) replacement for cement
can accelerate C-S-H gel formation as a result of
increased production of crystalline calcium hydroxide
at early age of hydration, which can also be the reason
for the observed increase in compressive strength.

2.3.2 Mechanical Properties

The mechanical properties of cementitious compo-
sites are strongly related to the type, amount, and forms
of the hydration products within the matrix of the
composites. Most researchers report that the compres-
sive strength of cementitious materials can be enhanced
by the incorporation of nano-TiO,. Jalal et al. (2013)
also found that the addition of nano-TiO, can improve
the compressive strength compared to the normal
concrete containing fly ash. However, such improve-
ment has a limitation in terms of the content of nano-
TiO, addition. Jalal et al. (2013) mentioned that using
nano-TiO, as a partial replacement of cement at levels
higher than 4 wt.% caused reduction in flexural and
split tensile strength values due to the decreased
crystallinity of CH (Jalal et al., 2013).

2.3.3 Durability

The durability of cementitious materials can be
largely influenced by freeze-thawing cycles in places
which has cold winter. Taking advantage of admixtures
to improve the freeze-thaw resistance of cementitious
materials can be of great benefit to the durability of
construction applications. Applying nano-TiO, in
cementitious materials has been proven to be helpful
to improve durability by decreasing the strength loss
after freeze-thawing cycles of cementitious material by
some research (Li et al.,, 2017; Salemi & Behfarnia,
2013). According to Salemi et al. (2014), the strength
loss of cementitious composites containing 2 wt.%
nano-TiO, particles is lower than that of control
cementitious composites after 300 freeze-thaw cycles.
The reason can be concluded as follow: nano-TiO,
works as nuclei and accelerate the cement hydration
to obtain more C-S-H, which contributes to higher
strength; the pressure generated by the volume change
of water in the pores decreases due to the deceased
porosity. As a result, the freeze-thawing resistance can
be improved by adding nano-TiO, in cementitious
materials (Li, Ding, et al., 2018). Mohseni et al. (2015)
found out that nano-TiO, has the tendency to decrease
the chloride permeability.

2.4 The Effects of Nano-Silica on the Performance of
Cementitious Composites

Nano-scaled silica (nano-silica) can also work as
nano-admixture in concrete. As Singh et al. (2013)
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Figure 2.2 SEM image of CH in T-engineered cementitious composites at curing age of 28 days: (a) without the addition of nano-
TiO,; (b) with 0.78 vol.% of nano-TiO,; and (c) with 2.32 vol.% of nano-TiO, (Li et al., 2017).

point put, applying nano-silica in cementitious materi-
als can be beneficial for strength and durability enhan-
cements, which are the results of pore structure refining
and hydration accelerating effects of the nano-silica.
The potential impacts of adding nano-silica in cementi-
tious composites are presented in Figure 2.3. Based on
literature review, the mechanisms of such impacts of
nano-silica on cementitious materials are concluded as
follows: (1) pore-filling effect: the addition of nano-silica
can enhance the particle packing density of cementi-
tious system, which can lead to a lower water demand
of the mixture and a higher strength (due to the
reduced capillary porosity) (Singh et al., 2013); and (2)
pozzolanic reactivity—mnano-silica has a much higher
pozzolanic reactivity compared to silica fume (Hou et
al., 2013; Madani et al., 2012) due to its higher specific
surface area. The pozzolanic reaction of nano-silica are
listed below (Singh et al., 2013):

nano — SiOs + H,O— H,SiO3~ (Eq. 2.2)
Ca(OH),+ H,O—Ca™* + OH ™~ (Eq. 2.3)
H,Si0; +Ca*t -C—S—H

(Additional C— S —H) (Eq. 2.4)

2.4.1 Hydration and Microstructure

Pastes with the addition of nano-silica showed
reduced stetting time, shortened duration of dormant
and induction period of hydration, shortening of time
to reach peak heat of hydration and increased pro-
duction of calcium hydroxide at early ages (Madani
et al., 2012; Senff et al., 2009). As aforementioned,
nano-silica has a much higher pozzolanic reaction rate
than silica-fume, which is related to the higher specific
surface area. This can contribute to the acceleration
of hydration process in pastes with the addition of
nano-silica.

The microstructure of the cementitious materials
with nano-silica is found to be denser and more com-
pact with lesser amount of calcium hydroxide crystals
(Jo et al.,, 2007b). According to (Said et al., 2012),
significant densification was observed in the matrix at

Figure 2.3 Potential impacts of nano-silica in cementitious
composites (Singh et al., 2013).

the interfacial transition zone (ITZ) for specimens with
nano-silica.

2.4.2 Mechanical Properties

Experimental results show that the compressive
strengths of mortars with nano-silica were all higher
than those of mortars containing silica fume at 7 and 28
days (both types of mortars have a higher compressive
strength than reference mortars) (Jo et al., 2007a). This
can be related to the fact that C-S-H formation is
quicker by nano-sized silica compared to silica fume.
Nanoindentation test was performed to study the
mechanical properties of nano-silica modified cement
pastes (Mondal et al., 2010), and it was found that
the modulus of elasticity and hardness were improved
compared to the reference pastes.

Compressive strength of concrete with the addition
of nano-silica is higher than reference concrete to a
significant level (Riahi & Nazari, 2011; Said et al.,
2012). Ji (2005) pointed out that applying a small
amount of nano-silica in concrete containing Class F
fly ash can be beneficial as the inherently slower rate
of strength development can be controlled by the
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increased strength due to the addition of nano-silica.
Riahi and Nazari (2011) reported the addition of nano-
silica in concrete can improve the abrasive resistance
and compressive strength of concretes.

2.4.3 Durability

Calcium hydroxide is very susceptible to leaching in
cementitious materials, and the addition of nano-silica
can reduce this issue, which is related to its ability to
modify the porosity of cement pastes and increase the
average chain length of silicate chains (Gaitero et al.,
2008; Singh et al., 2012). The increased silicate chain
length is also related to the improved resistance to
chemical attacks and calcium stabilization.

Many studies have been carried out to investigate the
effect of nano-silica on the durability of concrete (Said
et al., 2012; Zhang & Li, 2011). Nano-silica can reduce
the water absorption, capillary absorption, rate of
water absorption, and water permeability compared to
reference concretes. Zhang and Li (2011) reported the
refined pore structure, considerably reduced perme-
ability, and reduced chloride ion penetration in their
study. Said et al. (2012) presented that the total
porosity and threshold pore diameter were considerably
lowered, confirmed by the mercury intrusion porosi-
metry (MIP) test.

3. MATERIALS
3.1 Aggregates

Crushed limestone, meeting the requirements of
Section 904.03 of the Indiana Department of Trans-
portation (INDOT) Standard Specification for No. 8
Stone (INDOT, 2020b) was used as coarse aggregate.
The maximum size of the coarse aggregate was 1.0 in.
(25 mm). The coarse aggregate was obtained from the
US Aggregates plant in Delphi, IN. The fine aggregate
used was a natural siliceous sand meeting the require-
ments of Section 904.02 of INDOT’s Standard Specifi-
cation for No. 23 Aggregate (INDOT, 2020b). The
sand was obtained from the US Aggregates Swisher
Plant in Battleground, IN. The physical properties
of aggregates are shown in Table 3.1. The gradation
of both coarse and fine aggregates is illustrated in
Figure 3.1.

3.2 Cementitious Materials and Nanoparticles

The ASTM C150M-20 Type I Portland cement
(OPC) was used in this study. The ASTM C618-19

Class C fly ash (FA) and Grade 100 slag cement were
used in this study as the supplementary cementitious
materials. The chemical compositions of cementitious
materials are provided in Table 3.2. Figure 3.2 presents
the particle size distribution of OPC, fly ash, and slag
cement used in this study, obtained using particle size
analyzer. The reported results represent the average
from three replicate samples for each type of material.
The analysis was performed using liquid (isopropanol)
dispersion method. Fraunhofer model was used to drive
the data analysis of particle size distribution. The
results show that slag cement particles have a finer size
than that of the OPC and fly ash.

Nano-TiO, particles were used in this study. Figure
3.3 shows the image of the cluster of the particles of the
nano-TiO, provided by US Research Nanomaterials,
Inc. The XRD analysis of the nano-TiO, particles has
shown that the only phase present in the material was
anatase (see Figure 3.4). Table 3.3 provides the physical
properties of the nano-TiO, particles.

Nanosilica was used in this study as a second type
of nanoadditives. There are two different types of
nanosilica: E5S-LFA (short for E5-liquid fly ash) and
E5-IC (E5-internal curing), and both are proprietary
products. According to the manufacturer, E5-LFA can
achieve the same pozzolanic reactivity as traditional
SCMs, promotes secondary C-S-H development, and
create better interfacial bonds. Furthermore, ES-1C can
control the water of transport and the water of
convenience to cure, eliminate wet curing and topical
curing compounds, increase finishability and work-
ability, and reduce drying shrinkage and curling. Figure
3.5 presents the schematic of the relative size of ES5
nanosilica and cement grains.

-©-Fine aggregate

-8-Coarse Aggregate

Cumulative percentage passing, %

10 15 20 25 30

Sieve Size, mm
Figure 3.1 The gradation curves of coarse and fine aggre-
gates.

TABLE 3.1

Properties of coarse and fine aggregate

Aggregates Specific Gravity (SSD) Absorption, % Specification
Coarse aggregate 2.61 2.28 INDOT Section 904.03
Fine aggregate 2.74 1.97 INDOT Section 904.02
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TABLE 3.2
The chemical composition of Type I Portland cement, fly ash, and slag cement used in this study

Oxide/Phase, wt. % Type I OPC Class C Fly Ash Grade 100 Slag
Silicon dioxide/SiO, 19.55 41.62 34.57
Aluminum oxide/Al,O3 5.22 18.07 9.65
Iron oxide/Fe,O3 2.74 6.06 0.73
Calcium oxide/CaO 6291 21.81 40.69
Magnesium oxide/MagO 2.94 5.25 10.76
Sulfur oxide/SO53 3.22 1.08 1.75
Sodium oxide/Na,O 0.69 1.58 0.34

4
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OPC:dsp 12.45um
FA: dsp 12.67um
Slag: dsp 10.53pum

Size distribution by volume, %
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Figure 3.2 The results of particle size analyzer (PSA) for cemen- Figure 3.3 Transmission electron microscopy images of the
titious materials (OPC, fly ash, and slag) used in this study. particles of nano-TiO, (US Research Nanomaterials, n.d.).
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Figure 3.4 XRD patterns of nano-TiO, used in this study.

3.3 Chemical Admixtures . . .
high-range water-reducing admixture (HRWR) was

Air entrainer (satisfying ASTM C260-16) was used used during mixing to ensure adequate level of work-
when air-entrainment was required. The ASTM C494-19 ability and aid with the dispersion of nano-TiO,
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TABLE 3.3

Physical properties of TiO, nanoparticles (US Research Nanomaterials, n.d.)

Purity APS?

SSAP Density

99.9% 18 nm

200-240 m*/g 0.24 g/cm®

“APS: average particle size.
PSSA: specific surface area.

For same volume, surface
interaction is 1,000 times higher

Figure 3.5 Schematic of the relative sizes of ES nanosilica and cement grains (ENR, 2021).

(Li, Ding, et al., 2018). A constant amount of HRWR
(0.25 wt.% of the total weight of the cementitious
materials) was used in all mixtures.

4. IMPACT OF CURING TEMPERATURE ON THE
EFFECT OF NANO-TIO, ON THE HYDRATION
PROCESS OF CEMENT PASTES CONTAINING
SCMs

4.1 Preparation of Specimens and Testing Methods

4.1.1 Preparation of Specimens

Mixture proportions of pastes used in this study are
shown in Table 4.1. As can be seen, pastes were pre-
pared using three different types of binders: cement only
(OPC), OPC + 24% (by total weight of cementitious

materials) of fly ash (FA) and OPC +30% (by weight
of total cementitious materials) of slag cement (S).
Different levels (0%, 0.5%, 1%, and 2%) of nano-TiO,
were added as the weight percentages (wt.%) of the total
cementitious materials (i.e., the total weight of OPC,
OPC+FA, or OPC+slag).

The component materials were all conditioned at
room temperature and weighted before mixing. Paste
samples were prepared according to the requirements of
ASTM C305-20. All batch water and HRWR were pre-
mixed (by hand) in a small container first, and then the
nano-TiO, was added into the same container and
mixed for a few minutes by hand. The resulting liquid-
solid mixture (slurry) was then transferred to the mixing
bowl of the mechanical mixer. The dry cementitious
materials were added next, and all components were
then mechanically mixed following the procedure given
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TABLE 4.1

Mixture proportions of nano-TiO, modified cement pastes in this study (ratios are calculated based on weight basis)

Sample Type Sample FA (or slag)/Cem® Water/(SCMs+OPC) Nano-TiO, (wt.%)

Paste OPC-0T - 0.45 0

OPC-0.5T - 0.5

OPC-1T - 1.0

OPC-2T - 2.0
FA-0T 0.24 0.45 0

FA-0.5T 0.5

FA-1T 1.0

FA-2T 2.0
S-0T 0.30 0.45 0

S-0.5T 0.5

S-1T 1.0

S-2T 2.0

Note: Cem = total wt. of cementitious materials.

in ASTM C305-20. Once mixed, the fresh pastes were
used to cast specimens designed for the corresponding
tests. Once cast, the specimens were stored in the molds
for 24 hours (at 23°C). After that, pastes specimens
were demolded and cured at two different temperatures
(room or standard = 23°C and low = 4°C) in lime-
saturated water until the time of testing.

4.1.2 Testing Methods

4.1.2.1 Isothermal calorimetry (IC). In this study, the
isothermal calorimetry (IC) test was used to study
the kinetics of hydration of pastes with and without the
addition of nano-TiO,. The IC tests were performed
using the Tam Air isothermal calorimeter from TA
Instruments following the procedure outlined in ASTM
C1702-17. The tests were performed at both room
(23°C) and low (4°C) temperatures and the instrument
recorded the total heat evolved, and the rate of heat
evolution (thermal power).

To prepare pastes for IC test, the mixing water, and
the cementitious materials, as well as the glass mixing
rod and the glass mixing vessel, were all conditioned at
the corresponding temperatures (23°C or 4°C) for at
least 24 hours before mixing. At the end of the condi-
tioning period, the water was added to the cementitious
material contained in the glass vessel and mixed using
the glass rod. The resulting paste (around 10 grams)
was then transferred to the ampules used for the IC test.
The entire process (from the moment of combining
cementitious materials with water to placing the
ampules in the calorimeter) took less than 5 minutes.
The data collected during the initial 45 minutes after
mixing of water with cementitious materials were
excluded from the analysis as the samples were in the
process of thermal equilibration. The measurements
were performed over a period of up to 50 hours from
the time of the addition of water.

4.1.2.2 Thermal indicator of setting time. According
to ASTM C1679-17, the IC test results can be used to
determine so called “thermal indicator of setting time”
of cementitious mixtures, which is defined as “the
hydration time to reach a thermal power of 50% of the
maximum value of the main hydration peak.” This data
was used as a supplementary information to aid in
evaluating the effects of nano-TiO, on the hydration
process of cement pastes characterized in this study.

4.1.2.3 Vicat setting time. Setting time was measured
according to ASTM C191-19 Method A using Vicat
needle. The determination of the Vicat setting time was
performed on pastes with normal consistency as defined
in the ASTM C187-16. This procedure enabled a direct
comparison between samples with different levels of
nano-TiO, addition. The Vicat penetration depth was
measured every 15 minutes until final setting.

4.1.2.4 Thermogravimetric analysis (TGA). Since the
TGA is age-sensitive (i.e., the test reveals the extent of
hydration at a given age) if data is required at a particular
age the condition of the specimen at that particular age
needs to be preserved by stopping the hydration process
(Scrivener et al., 2016). To prepare the TGA specimens
freshly mixed pastes were cast in cylindrical plastic
containers (diameter of 25 mm and the height of 12 mm)
and cured at different temperatures (23°C and 4°C) in the
environmental chambers. At desired testing age (i.e., after
3, 7, or 28 days of curing) hardened pastes were removed
from the plastic containers and small pieces of the
material were broken-off from the body of the cylinder.
These broken-off pieces were then immersed for 10-15
minutes in an isopropanol in order to replace the pore
water and thus stop the hydration process (Scrivener,
2016). Subsequently, the isopropanol was washed-off
from the samples by soaking them in the diethyl ether for
30 sec. Samples were then dried in an aerated oven at a
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temperature of 40°C for no more than 10 minutes and
ground to pass the #200 (75 um) sieve. The weight
percentage of hydration products was determined using
the TA Instruments 2050 thermogravimetric analyzer.
During the test, the powder samples were heated up from
room temperature (around 20°C) to 900°C at a constant
rate of 10°C/minutes. The sizes of the test samples were
around 20 mg. A 99.9% pure N, gas was used as a purge
gas to provide an inert environment when operating the
TGA instrument. The curves of weight loss of samples
versus temperature were captured and analyzed to
calculate the weight loss due to the decomposition of
hydration product (C-S-H, ettringite, etc.). The
quantification of calcium hydroxide can be achieved by
applying the modified interpretation developed by Kim
and Olek (2012).

Table 4.2 presents the information of the physical
and chemical processes (and the corresponding tem-
perature ranges) taking place in a typical cementitious
system during the TGA testing (Hager, 2013). These
processes are mainly associated with decomposition of
C-S-H, ettringite, and calcium hydroxide (CH) phases,
which are the most abundant hydration products in
cementitious systems based on the OPC (Scrivener
et al., 2019). Typically, most of the hydration products
lose water from the beginning of the TGA test (at about
20°C) up to the end of decomposition of CH phase
(at around 450°C).

4.2 Results and Discussions

4.2.1 Rate and Total Heat of Hydration

The rate and total heat of hydration of cementitious
materials were evaluated by IC. As shown in Figure 4.1
a and b, the addition of nano-TiO, to both the room
temperature cured and the low temperature cured OPC
pastes increases the values of the heat flow, as indicated
by the higher maximum heights of the peaks for
specimens with nano-TiO, (dotted lines) compared to
the heights of the peaks for pastes without nano-TiO,
(solid lines). In addition, the main hydration peaks for
pastes with nano-TiO, appeared earlier when compared
to the main hydration peaks for pastes without nano-

TABLE 4.2
Physical and chemical changes in concrete as a function of
temperature (adopted from Hager, 2013)

Temperature (°C)  Physical/Chemical Effect

20-200 Loss of capillary water

70-80 Dissociation of ettringite

120-160 Dehydration of gypsum to hemihydrate and
anhydrite

200-350 Loss of bound water from cement paste (C-S-H)

400-450 Calcium hydroxide (CH) loses water

575 Quartz changes from o to  form (volume
increase)

600-850 Decomposition of carbonates

TiO5 (as indicated by the black arrows shown in Figure
4.1). Since the heat flow (thermal power) curves reflect
the rate (kinetics) of hydration, the increase in the
maximum values of these peaks, and shortening of time
needed to reach their maximum values, indicate that
hydration process of specimens with nano-TiO, was
faster compared to hydration process of specimens
without the nano-TiO,. Similarly, the total heat of
hydration values (as indicated by the cumulative heat
curves) was higher for the pastes with nano-TiO, when
compared to pastes without nanoparticles. That indi-
cates that the extent of cement hydration reactions in
pastes with nano-TiO, was greater than that observed
in pastes without nano-TiO,.

As shown in Figure 4.1b, when cured at low
temperature, the hydration reactions of OPC pastes
slowed down significantly, as both the maximum values
of the heat flow peaks and maximum values of the
cumulative heat curves were much lower than the cor-
responding results shown in Figure 4.1a. That 50-hour
reaction period was just long enough to capture the
majority of the heat flow peaks for OPC pastes. The
addition of nano-TiO, seems to be more effective in
accelerating the hydration process when curing tem-
perature was low. This is clearly illustrated by larger
values of the time shift of the maximum value of the
main hydration peaks due to the addition of nano-TiO,
in low temperature cured pastes compared to the time
shift values observed in pastes cured at room tempera-
ture (see Table 4.3). It should also be noted that,
regardless of the curing temperature, the increase in the
nano-TiO, addition increases the time shift values.

Figure 4.2 a and b present the normalized heat flow
and the normalized cumulative heat curves for fly ash
pastes cured at room and low temperatures, respec-
tively. The trends on the acceleration of hydration
observed in fly ash pastes with respect to the effects of
nano-TiO, were very similar to those observed in the
OPC pastes (Figure 4.2).

As presented in Table 4.4, the acceleration of
hydration process (as indicated by the shift in the
position of the maximum value of the main hydration
peak) for low temperature cured fly ash pastes contain-
ing nano-TiO,) was considerably greater than that
observed for the same type of pastes but cured at room
temperature. Specifically, for each curing temperature
and for each percentage of nano-TiO,, the time shift for
the location of the main hydration peak was greater in
samples containing fly ash than in OPC samples
(compare values in Table 4.3 vs. values in Table 4.4).
There results suggest a greater effect of nano-TiO, on
hydration process of fly ash pastes when compared to
OPC pastes.

Lastly, the normalized heat flow and the normalized
cumulative heat curves for slag pastes cured at room
and low temperatures are presented in Figure 4.3 a
and b. Although the same effect of addition of nano-
TiO, on the acceleration of hydration in slag paste
was also observed in this case, that effect was not very
significant compared to that observed in the case of
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Figure 4.1 The normalized heat flow and normalized cumulative heat curves for OPC pastes cured at (a) room temperature
(23°C), and (b) low temperature (4°C).
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Figure 4.2 The normalized heat flow and normalized cumulative heat curves for fly ash pastes cured at (a) room temperature
(23°C), and (b) low temperature (4°C).

TABLE 4.3
The time shift of the maximum value of the heat flow peak due to the addition of nano-TiO, to OPC pastes (relative to the time for
maximum value of the heat flow peak for pastes without nano-TiO,)

Curing Temperature Mixture Time Shift of the Max Temperature Peak, Min®
23°C OPC-0.5T -14

OPC-IT -26

OPC-2T -43
4°C OPC-0.5T -43

OPC-IT -59

OPC-2T -129

“With respect to the location of the maximum temperature peak of mixtures without nano-TiO, addition.

TABLE 4.4
The time shift of the maximum value of the heat flow peak due to the addition of nano-TiO, to fly ash pastes (relative to the time for
maximum value of the heat flow peak for pastes without nano-TiO,)

Curing Temperature Mixture Time Shift of the Max Temperature Peak, Min.”
23°C FA-0.5T -20

FA-1T -26

FA-2T -50
4°C FA-0.5T -143

FA-1T -178

FA-2T -207

“With respect to the location of the maximum temperature peak of mixtures without nano-TiO, addition.

OPC (Figure 4.3) and, in particular, in the case fly ash from the addition of nano-TiO, to slag pastes.

pastes (Figure 4.2). Although the addition of nano-TiO, accelerated the
Table 4.5 summarizes the changes in the position of hydration of slag pastes at both of the studied curing
the maximum of the main hydration peak resulting temperatures, in some cases (e.g., S-0.5T paste) this
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The time shift of the maximum value of the heat flow peak due to the addition of nano-TiO, to slag pastes (relative to the time for

maximum value of the heat flow peak for pastes without nano-TiO,)

Curing Temperature Mixture Time Shift of the Max Temperature Peak, Min.*
23°C S-0.5T -8

S-1T -14

S-2T -26
4°C S-0.5T -0.7

S-1T -13

S-2T -19

With respect to the location of the maximum temperature peak of mixtures without nano-TiO, addition.

acceleration was negligibly small. Furthermore, in this
case, the accelerating effect of nano-TiO, was much less
prominent compared to that observed in the OPC and
fly ash pastes. Besides, in pastes with slag, the acce-
leration of hydration due to the use of nano-TiO, was
greater for samples cured at 23°C than in samples that
were cured at lower temperature, while for plain cement
paste and cement paste with fly ash, the greater effect of
nano-TiO, was observed at lower curing temperature.

In summary, the test results obtained from the IC
experiments indicates that nano-TiO, is more effective
in accelerating the hydration in cases when fly ash is
used as a replacement for part of the cement and when
curing temperature is low (except for cement pastes
with slag).

4.2.2 Thermal Indicator of Setting Time of Pastes

As mentioned previously (Section 4.1.2.2) the IC
data can be used to obtain a thermal indicator of the
setting time of the hydrating system. For a given
mixture, the thermal indicator of the setting time is a
relative value, which can be correlated with a physical
setting time determined using such methods as ASTM
C191-19 (Vicat needle). Figure 4.4 shows an example
regarding how to obtain the thermal indicator of the
setting time from the IC data.

Figure 4.5 shows the variation in the setting time
(based on the thermal indicator data from the IC
method) for the OPC, fly ash, and slag mixtures as a
function of the level of nano-TiO, addition and the
curing temperatures. As can be seen, the addition of
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Figure 4.4 An example illustrating the way to obtain the
thermal indicator of setting time using the heat flow curve
from IC experiment.

nano-TiO, shortens the setting time for OPC, fly ash,
and slag mixtures, regardless of the curing tempera-
tures. Furthermore, the increase in the percentage of
the added nanoTiO, resulted in the shortening of the
thermal indicator of the final setting time.

For slag pastes cured at room temperature the values
of the IC-based setting time were always lower than
those of the OPC pastes. However, when the same types
of pastes were cured at low temperature, their setting
times very comparable, further underscoring the fact
that addition of nano-TiO, was more effective in the
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Figure 4.5 The variation in the final setting time (based on the thermal indicator data from the IC method) as a function of the
nano-TiO, addition for the OPC, fly ash, and slag pastes cured at (a) room temperature (23°C), and (b) low temperature (4°C).

TABLE 4.6

Shortening of the setting time (based on the thermal indicator
data from IC method) for OPC, fly ash, and IC pastes with 2% of
nano-TiO, cured at room and low temperatures

Curing Temperature = Mixture Shortening of Setting Time, min®
23°C OPC 38

FA 41

Slag 25
4°C OPC 63

FA 76

Slag 53

#Calculated with respect to setting time of specimens without nano-
TiO, addition.

case of OPC than in the case of slag mixtures. Table 4.6
shows the summary of the actual values of the reduc-
tion of setting times for OPC, fly ash, and slag pastes
containing 2% of nano-TiO, addition and cured at
room and low temperatures.

When comparing the values of the shortening of the
setting time, it can be observed that nano-TiO, seems to
be more effective in accelerating the setting when the
curing temperature is low compared to room tempera-
ture for OPC, fly ash, and slag mixtures.

4.2.3 Setting Time

Figure 4.6 shows the variation of the Vicat setting
time as a function of the percentage of the nano-TiO,
addition for the OPC, fly ash, and slag pastes tested at
standard temperature (23°C). The effects of nano-TiO,
on the setting time of OPC, fly ash, and slag pastes are
similar, in a sense that both the initial and the final
setting times of all three types of pastes were reduced
due to the addition of nano-TiO,. Moreover, as shown
in Table 4.7, the addition of 1% of nano-TiO, seems to
reduce the setting time of slag pastes to a larger extent
compared to OPC and fly ash pastes.
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Figure 4.6 The variation of Vicat setting time as a function
of the nano-TiO, addition for (a) OPC, (b) fly ash, and (c) slag
pastes tested at standard temperature (23°C).

4.2.4 Amount of Hydration Product

The changes in the content of calcium hydroxide
(CH) in the hydrating cementitious system can be
used to evaluate the kinetic of hydration as CH is a
byproduct of the primary hydration reaction. This
approach works in cases when there is only the ordi-
nary Portland cement (OPC) presents as cementitious
binder in the hydrating system is. Nevertheless, the CH
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TABLE 4.7

Shortening of the Vicat setting time for OPC, fly ash, and slag
pastes with 1% of nano-TiO, addition tested at standard
temperature (23°C)

Samples A-P A-F A-S

Reduction in setting time, 45 min 44 min 60 min

1% of nano-TiO,"

ACalculated with respect to the setting time of specimens without
nano-TiO, addition.

content might not be a good indicator of the degree of
hydration in samples with the blended binders (e.g., in
the system containing both, the cement and the fly ash,
and the cement and the slag cement), as the changes in
the CH content will reflect the combined effects of
cement hydration (addition of CH) and pozzolanic
reaction (consumption of CH). Therefore, rather than
focusing exclusively on the changes in the CH content
(the degree of weight loss in the temperature ranges
from 400°C to 450°C in TGA test) as an indicator of
the hydration process, a broader temperature range
should be considered when evaluating the amount of
hydration products when SCMs is present as part of the
cementitious binder.

The temperature range selected for this study when
evaluating the influence of nano-TiO, on the hydra-
tion process of OPC, fly ash, and slag pastes was from
20°C to about 450°C (the temperature where the CH
decomposition ends). As mentioned earlier (Section
4.1.2.4), the free water initially present in the specimens
was removed by the solvent exchange procedure,
any weight changes taking place in this broader tem-
perature range should only capture the removal of
the chemically/structurally bound water in the phases
of interest, i.e., C-S-H, ettringite, monosulfate, CH,
and other hydration products. Changes in the amounts
of these phases can be used as indicators of the kinetics of
hydration as higher weight losses in the TGA results will
indicate higher amount of hydration products, and thus
an accelerated rate of the hydration process.

4.2.4.1 The influence of nano-TiO, on the amount of
hydration products. For instance, Figure 4.7 shows the
TGA curves for OPC pastes with and without nano-
TiO, cured for 3 days at low temperature. The TGA
results from the reference sample OPC-0T (0 wt.% of
nano-TiO, addition) were presented by the solid green
line, whereas the dashed green line represents paste
containing 2% of nano-TiO, (OPC-2T). The amount of
hydration products (assumed to be directly propor-
tional to the weight loss in the temperature range from
20°C to about 450°C) increases because of the addition
of nano-TiO,. This indicates that for this particular
case (3-day old OPC pastes cured at low temperature),
the addition of nano-TiO, accelerates the hydration
process. As mentioned in the literature review part,
such acceleration of hydration can be explained by the
fact that nano-TiO, particles serve as the nucleation
sites for the formation of the hydration products.

Figure 4.8 a and b present the overall trends in the
amounts of the hydration product obtained from TGA
results for the OPC pastes with varying amounts of
added nano-TiO, and cured for 3, 7, and 28 days at
room and low temperatures, respectively. When cured
at room temperature, the addition of nano-TiO,
accelerated the hydration process, if at early ages
(3 and 7 days, green and blue lines, respectively), but
not at later age (28 days-yellow line).

A plateau can also be observed that the lines repre-
senting 3-day and 7-day results past the 1.0 wt.% of
nano-TiO, addition. This similar observation is also
reported by other researchers (Jalal et al., 2013; Nazari
& Riahi, 2010; Zhang & Li, 2011), which argue that the
space available for the growth of various hydration
products within the cementitious system is limited when
a higher dosage of nano-TiO, is added. To a certain
degree, this hypothesis is corroborated by the results
from specimens cured for 28 days, which show the
decreasing trend in the amount of hydration products
with the increase in the addition level of the nano-TiO,
past 0.5% (as shown by the solid yellow line). At the
end of 28-days, it is likely that most of the cement
phases have already reacted and the addition of higher
amounts of nano-TiO, is not promoting more hydra-
tion due to the lack of space.

When OPC paste samples was cured at low
temperature, see Figure 4.8b, nano-TiO, also seems to
have accelerated the hydration process. Compared to
specimens cured at room temperature, the acceleration
of hydration process due to the addition of nano-TiO,
happened at both, later ages and at higher contents of
nano-TiO,. As evident from the trends shown by the
green and blue lines in Figure 4.8b, 2.0 wt.% addition of
nano-TiO, still accelerates the hydration process of
OPC pastes cured at low temperature for 3 days and
the addition of up to 1% of nano-TiO, accelerates the
hydration process for both 7 days and 28 days. There-
fore, it appears that since the low temperature signi-
ficantly slows down the hydration process, the addition
of nano-TiO, is more effective at low temperature when
compared to its effects at room temperature.

Figure 4.9 a and b present the amounts of hydration
product obtained from the TGA results for fly ash
pastes with different levels of nano-TiO, addition after
3, 7, and 28 days of curing at room temperature and
low temperature. The trends shown in Figure 4.9a are
similar to those shown in Figure 4.8a. Nevertheless, as
indicated by the slopes of the green and blue lines, a
more significant acceleration of hydration was observed
in fly ash pastes compared to OPC pastes, especially at
early ages. This might be related to the addition of
nano-TiO, that was reported to reduce the size of CH
crystals (Li, Ding, et al., 2018). The smaller crystals of
CH may be accelerating the rate of the pozzolanic
reaction, thus producing higher amount of C-S-H (and
other hydrates) which will lead to higher weight losses
in the temperature range of interest (20°C to about
450°C) in the fly ash pastes.
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Figure 4.8 The amounts of hydration products in the OPC pastes with different levels of nano-TiO, addition after 3, 7, and
28 days of curing at (a) room temperature (23°C), and (b) low temperature (4°C).

Figure 4.9b presents that the addition of nano-TiO,
also accelerates the hydration process of fly ash pastes
cured at low temperature. The amounts of hydration
products formed at the 7 days and 28 days were very
comparable, when comparing the data from these two
ages for 1% addition of nano-TiO, (shown in Figure
4.9b). However, such an effect was not observed in
OPC pastes cured at low temperature (Figure 4.8b).
This is a confirm that when cured at low temperature,
the nano-TiO, is more effective in fly ash pastes than in
OPC pastes.

Figure 4.10 a and b show the amounts of hydration
products in the slag pastes with different levels of nano-
TiO, addition after 3, 7, and 28 days of curing at: (a)
room temperature, and (b) low temperature. Similarly,
the trends in Figure 4.10a are comparable to those
shown in Figure 4.8a and Figure 4.9a. However, the
effect of nano-TiO, on the acceleration of hydration at

14

early ages in slag pastes is not as significant as in fly ash
pastes. This might be related to the fact that the
pozzolanic reaction in fly ash pastes was also acceler-
ated, and thus produced pozzolanic C-S-H, while no
such mechanism exists in slag pastes.

However, when cured at low temperature (as shown
in Figure 4.10b), the acceleration of hydration due to
nano-TiO, seems to be less significant compared to the
same pastes but cured at room temperature (Figure
4.10a). There is even a significant reduction in the
amount of hydration product at 28 days when cured at
low temperature for slag pastes (yellow line in Figure
4.10b). As slag particles are finer than the articles of
OPC and fly ash, the addition of nano-TiO, might limit
the growth space for hydration product. Therefore, the
addition of nano-TiO, is not as effective in the case
of slag system as in the case of the OPC and fly ash
systems.
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Figure 4.9 The amounts of hydration products in the fly ash pastes with different levels of nano-TiO, addition after 3, 7, and
28 days of curing at (a) room temperature (23°C), and (b) low temperature (4°C).
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Figure 4.10 The amounts of hydration products in the slag pastes with different levels of nano-TiO, addition after 3, 7, and
28 days of curing at (a) room temperature (23°C), and (b) low temperature (4°C).

In conclusion, data presented indicate that the
addition of nano-TiO, is more effective in accelerating
the hydration process of OPC pastes cured at low
temperature compared to those cured at room tem-
perature. From the comparison of Figure 4.8 and
Figure 4.9, it seems that a higher content of nano-
TiO, is more beneficial at earlier ages (3 and 7 days),
irrespective of binder composition and curing tempera-
ture. These observations agree with the results from the
IC and setting time tests presented in previous sections,
which indicated formation of higher amounts of the
hydration products in the same type of cementitious
systems. These findings are also in agreement with
those reported by other researchers (Moro et al., 2020).
The effect of nano-TiO, on the hydration process is
least significant in slag pastes than in the OPC and fly
ash pastes.

4.2.4.2 Influence of nanoadditives on the QI,,, of
pastes. To appraise the relative increase in the amount
of hydration products formed in fly ash pastes (with
respect to the reference sample without the addition of
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nano-TiO,), the parameter QI,,, (a quantitative
increase in the amount of hydration product) was
introduced. The value of the Q1,,, was calculated using
Equation 4.1.

W, — W,
Olp = XTOO (Eq. 4.1)

Where: W, = weight loss in specimens with “x”
% nano-TiO, and W, = weight loss in specimens with
0% nano-TiO,.

The values of the QI,, for pastes cured for 3, 7, and
28 days at both the standard and low temperatures, are
shown in Figure 4.11. The values of Qy,,, for different
ages follow the sequence: 3 days > 7 days > 28 days,
for OPC, fly ash, and slag pastes. That sequence con-
firms the previously discussed trends in TGA results
(see Section 4.2.4.1), which indicates that nano-TiO; is
more effective in accelerating the hydration process at
earlier ages, regardless of the curing temperature.

The values of Ql,p, for OPC pastes at 3, 7, and 28
days cured at room temperature are shown in Figure
4.11a. It seems that the addition of nano-TiO, is only
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Figure 4.11 The values of Qpanp (quantitative increase in the amount of hydration products) for OPC, fly ash, and slag pastes
cured for 3, 7, and 28 days cured at room and low temperatures. (a) OPC, room temperature; (b) OPC, low temperature; (c) fly
ash, room temperature; (d) fly ash, low temperature; (e) slag, room temperature; and (f) slag, low temperature.

beneficial at early age for OPC pastes. As shown in
Figure 4.11c, the amount of hydration product
increases with the increase in the amount of nano-
TiO, addition (up to 2.0 wt.%) at early ages (3 and
7 days) for fly ash pastes. However, the addition of
2.0 wt.% of nano-TiO, negatively affects the amount
of hydration products at 28 days. Similar effect of
nano-TiO, is also observed in slag pastes, as shown in
Figure 4.11e.

Several previously published works also reported on
diminishing effectiveness of increased dosages of nano-
TiO, with respect to improving the properties of
cementitious materials (Jalal et al., 2013; Nazari &
Riahi, 2010; Zhang & Li, 2011). Some of the reasons for
this behavior might be related to the difficulty in
achieving a good dispersion of higher amounts of nano-
TiO, within the cementitious system. More impor-
tantly, some researchers (such as Jalal et al., 2013),
argue that higher content of nanoparticles can effec-
tively reduce the distance between the particles in the
cementitious system and thus limit the space available
for growth of the hydration products. Moreover, as
mentioned previously (Section 4.2.4.2) for specimens
which are cured at room temperature, by the age of 28
days most of the hydrating phases have likely already
reacted, thus limiting the effectiveness of nano-TiO,
addition.

For OPC and fly ash pastes cured at low temperature
(Figure 4.11 b and d), the addition of nano-TiO, seems
to be more beneficial in accelerating the hydration at
28 days compared to pastes cured at room temperature
(Figure 4.11 a and c). However, such a trend was not
observed in slag pastes (compare Figure 4.11 e and f).

5. THE EFFECT OF NANO-TIO, ON
MECHANICAL PROPERTIES OF MORTARS AND
CONCRETES CONTAINING SCMs CURED AT
DIFFERENT TEMPERATURES

5.1 Materials and Methods

5.1.1 Materials

All details regarding materials to prepare specimens
described in this chapter were presented in Chapter 3.

5.1.2 Preparation of Specimens

All OPC, fly ash, and slag cementitious mixtures
(mortars and concretes) with and without nano-TiO,
used in the study were prepared using either standard
laboratory mortar mixer or pan concrete mixer. Various
levels of nano-TiO, were added as the weight percentages
of the total cementitious materials (i.e., the total weight of
OPC, OPC+FA, or OPC+slag). The mixture proportions
of mortars and concretes used in this study are shown in
Table 5.1 and Table 5.2, respectively.

Mortar specimens were prepared according to the
requirements of ASTM C305-20. Water and high range
water reducer (HRWR) were pre-mixed in a mixing
bowl first, and then nano-TiO, was added into the same
mixing bowl. The resulting mixture was transferred into
the mixing bowl of the mechanical mixer. Fine aggre-
gate was added in the following step. Finally, OPC or
OPC+FA or OPC+slag was added. After completion of
the mixing process mortars were placed either in 160 x
40 x 40 mm prismatic steel molds (to prepare beams
for flexural strength testing) or a 50 x 50 x 50 mm
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TABLE 5.1

Mixture proportions of plain and nano-TiO, mortars (all ratios calculated on weight basis)

Sample Type Sample FA/IOPC Sand/(FA+OPC) Water/(FA+OPC) Nano-TiO, (wt.%)
Mortar P-0 0 3.55 0.45 0

P-0.5 0 3.55 0.45 0.5
Mortar F-0 0.313 2.48 0.45 0

F-0.5 0.313 2.48 0.45 0.5

TABLE 5.2

Mixture proportions of TiO, nanoparticles modified concrete (all ratios calculated on weight basis)

Mix Designs

Material C-p C-S A-P A-F A-S
Cement (Ibs/cu yd) 658 460 564 451 395
Fly ash (Ibs/cu yd) / / / 141 /
Slag (Ibs/cu yd) / 198 / / 169
Water/cement ratio 0.42 0.42 0.44 0.44 0.44
Cement/fly ash ratio / / / 3.2 /
Cement/slag ratio / 2.3 / / 2.3
Total cementitious material (Ibs/cu yd) 658 658 564 592 564
Fine aggregate (Ibs/cu yd) 1,255 1,240 1,350 1,315 1,350
Coarse aggregate (Ibs/cu yd) 1,650 1,650 1,700 1,670 1,700
Air entrainer (fl oz/cwt) 1.5 1.5 1.5 1.5 1.5
HRWR (fl oz/cwt) 3.6 3.6 5.3 5.3 5.3

steel cubical molds (to prepare specimens for compres-
sive strength testing). The molds were tamped by hand
to ensure homogenous compaction. Then the molds
were stored in the lab for 24 hours (at 23°C and 50%
RH). After that, mortars were demolded and cured at
two different temperatures (room 23°C and low 4°C)
until tested (at the age of 3, 7, and 28 days).

All materials used for preparation of the concrete
mixtures were conditioned at room temperature and
weighted before mixing. The batch weights of the
aggregates and water were adjusted as needed to
account for the moisture content and absorption of
both coarse aggregate and fine aggregate. The process
involved placing the approximate amounts of aggre-
gates needed for the mixture in sealed containers a day
before the batching. Representative samples of the
same aggregates were then oven dried for 24 hours to
determine their actual moisture contents.

At the day of mixing, fine and coarse aggregate were
put into the mixer along with part of a batch water.
These components were then mixed for a short time after
which all cementitious materials and another part of the
batch water were added to the mixer. For mixtures
containing the nano-TiO,, this material was added to the
remaining part of the batch water and mixed by hand to
form a uniform suspension. The suspension of nanopar-
ticles in water was then added into the mixer for the final
mixing step. Once the mixing process was completed, the
fresh concrete was tested for slump and air content.
Afterwards the fresh concrete was cast into molds (4-in.
by 8-in. cylinder molds and 3-in. by 4-in. by 16-in. steel
molds) to prepare various specimens needed for future

tests. Upon completion of the casting process the molds
were stored in the lab for 24 hours (at 23°C and 50%
RH). After that, concrete samples were demolded and
cured in lime saturated water at two different tempera-
tures (room: 23°C and low: 4°C) until tested.

5.1.3 Testing Methods

5.1.3.1 Fresh properties of concrete: slump, density,
and air content. After mixing, the fresh concrete was
tested for slump, density (unit weight), and air content
according to ASTM C143-20 and ASTM C138-17,
respectively. The cylindrical metal container with the
internal volume of 0.25 ft* and the empty mass of M,
was used for determination of the unit weight and air
content of the fresh concrete. The test involved filling
the container with the concrete mixture and using a flat
strike-off plate to finish the top surface so that the
container was level full. Excess concrete was then
cleaned from the exterior of the container and the mass
of the container and concrete was measured (M,). The
density (unit weight) (D) of concrete was be calculated
following the Equation 5.1.

Mc_Mm

D=
Mm

(Eq. 5.1)

The theoretical density of concrete (T) can be
calculated as follows:

(Eq. 5.2)

<l
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Where M is the total mass of all materials batched;
and V is the total absolute volume of the component
ingredients in the batch.

Finally, the air content (A) can be calculated as:

_T-D

A x 100 (Eq. 5.3)

5.1.3.2 Compressive and flexural strength of mortars.
The flexural strength testing of mortar specimens was
performed according to the ASTM C348-18 whereas
the compressive strength testing was performed
according to the ASTM C109M-16.

5.1.3.3 Compressive and flexural strength of concretes.
The compressive and flexural strength of concretes were
tested following ASTM C39-20 and ASTM C78-18,
respectively.

For studying the effect of nano-TiO, on the strength
of concretes, five types of concrete specimens (with mix
proportions listed in Table 5.2) were prepared and
cured at either standard (23°C) or low (4°C) tempera-
tures. In total, two classes of concrete were fabricated
according to INDOT specification (INDOT, 2020).
Class A and Class C concrete were selected as they have
a lot of applications as structural concretes. In Indiana,
concrete in superstructure, integral bents, and railings
should be Class C concrete. Concrete in bent caps, pier
caps, abutment caps, pier stems, abutment walls, columns,
crash walls, collision wall, and wind walls shall be Class
A concrete (INDOT, 2020a). The naming system for the
mixtures was as follows: the first letter indicates the class
of concrete (Class A or Class C), and the second letter is to
indicate the composition of its cementitious system (P for
plain, F for fly ash, and S for slag). The number following
the second letter indicates the percentages of nano-TiO, in
the mixtures (0, 0.5, and 1). These numbers are accom-
panied by a letter “T” to emphasize that they pertain to the
level of TiO, in the mix. As an example, Class C con-
crete with slag and 0.5% of nano-TiO, will be labeled as
C-S-0.5T.

5.1.3.4 Static and dynamic moduli of elasticity of
concretes. The values of static modulus of elasticity at
28 days were calculated based on the corresponding
compressive strength of concretes, using Equation 5.4
from the ACI 318 (ASTM, 2019).

E=33xw'" x\/f¢ (Eq. 5.4)

Where, E is the static modulus of elasticity (in psi), w

is the unit weight of concrete, in 1b/ft>, and fc is the spe-
cified compressive strength of concrete at 28 days (in psi).

The dynamic modulus of elasticity was determined
on the same prismatic (3 in. x 4in. x 16 in.) specimens
as those used for freeze-thaw (FT) test (see Section
6.1.4). The values of the dynamic modulus of elasticity
were determined just before start of the FT test (i.e.,
after 14 days of moist curing at two different curing
temperatures (23°C and 4°C). The values of the

dynamic modulus of elasticity (DME) were calculated
following ASTM E1876 (ASTM, 2015a). Fundamental
transverse frequency was measured in the lab with a
typical setup of apparatus shown in Figure 5.1.
According to ASTM EI1876-15, the dynamic mod-
ulus of elasticity can be calculated using Equation 5.5.

2 3
E=0.9465 x "\ (£ T
b 3

Where, E = dynamic modulus of elasticity, Pa; m =
mass of the specimen, g; b = width of the specimen,
mm; L = length of the specimen, mm; t = thickness of
the specimen, mm; fy = fundamental resonant frequency
of the specimen in flexure, Hz; and T| = correction factor
for fundamental flexural mode to account for finite
thickness of specimen, Poisson’s ratio (1), and so forth
(given by Equation 5.6). The value of the Poisson’s ratio
used in the calculations was assumed to be 0.15 (which is
confirmed by performing the calculation prescribed in
Section 10 of ASTM E1876-15 (2015a)).

(Eq. 5.5)

t 2
Ty =1+6.585(1 +O.O752u+0.8109u2)(z>

—0.868 (%)4

t 4
8.340(1 +0.2023u+2.173 12 (Z)

t 2
1.000 4+ 6.338(1 +0.1408 1+ 1.536,2 (Z)
(Eq. 5.6)
5.2 Results and Discussions

5.2.1 Fresh Properties of Concretes

5.2.1.1 Slump. Figure 5.2 presents the slump test
results for all types of concretes (with and without the
addition of nano-TiO,). The data show that addition
of nano-TiO, reduces the slump of concretes for
both plain mixtures and mixtures with SCMs (i.e.,
fly ash and slag mixtures). This can be explained by the
increase in water demand of mixtures containing
nanoparticles (due to their high specific surface area)
(Li, Ding, et al., 2018).

5.2.1.2 Unit weight and air content of concretes. The
influences of nano-TiO, on the unit weight and air
content of fresh concretes are presented in Figure 5.3.
The addition of nano-TiO, increases the unit weight
(density) of concretes while it causes slight reduction in
the air content.

5.2.2 Compressive Strength and Flexural Strength of
Mortars

The values of the compressive strengths of the OPC
and fly ash mortars with and without the addition of
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nano-TiO, as a function of age and the curing
temperature are shown in Figure 5.4. For mortars
cured at room temperature (Figure 5.4a), the addition
of 0.5 wt.% of nano-TiO, improves the compressive
strength of the OPC mortars when tested at 3, 7, and
28 days. Smaller improvements were also observed for
room temperature cured fly ash mortars, especially at
3 and 7 days.

Similarly, the improvement of compressive strength
was observed for the samples cured at low temperature
(Figure 5.4b). As mentioned in Section 4.2.4, the addition

of nano-TiO, can lead to acceleration of the hydration
process, and reduction of porosity within the paste matrix
(reported by Li, Ding, et al., 2018). Therefore, the bulk
strength of mortars can be enhanced. A significant
increase in the 28-day compressive strength can be
observed in the case of fly ash mortars cured at a low
temperature (as indicated by the black arrow in Figure
5.4b. Again, this indicates that nano-TiO, is more
effective when cured at low temperature.

The values of the flexural strengths of OPC and fly
ash mortars with and without the addition of nano-
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temperature (23°C), and (b) low temperature (4°C).

TiO, as a function of age and the curing temperature
are presented in Figure 5.5. For specimens cured at
room temperature (as shown in Figure 5.5a), the
addition of 0.5 wt.% of nano-TiO, can increase the
flexural strength of both OPC, and fly ash mortars
cured for 3, 7, and 28 days. For both OPC and fly ash
mortars, a slight improvement of flexural strength can
be observed for specimens cured at low temperature
(Figure 5.5b).

5.2.3 Compressive Strength of Concretes

The compressive strength of Class A concretes (series
A-P, A-F, and A-S) with different levels of nano-TiO,
and cured at both room and low temperatures for 7 and
28 days were shown in Figure 5.6. A-P reference con-
cretes developed higher values of compressive strength
compared to concretes with SCMs (series A-F and A-
S). These findings agree with previously reported (see
Section 4.2.4) TGA results as the total amount of
hydration product was following the same trends. As
presented in Figure 5.6a, the addition of nano-TiO,
enhanced the compressive strength and resulted in an
increased rate of strength gains for all types of Class A
concretes, regardless of curing temperature. Speci-
fically, there is a ~80% increase in strength of A-S
concrete (compared to A-S reference concrete) due to
addition of 0.5% of nano-TiO-.

The enhancement of values of compressive strength
upon addition of nano-TiO, can also be observed in
specimens cured for 28 days. However, as shown in
Figure 5.6b, and more quantitatively in Figure 5.8, this
enhancing effect is less prominent when compared to
results observed in specimens cured for 7 days. This is
expected, as similar trends were observed in the TGA
test. Specifically, in that test the effect of nano-TiO, on
the later-age hydration process was somewhat limited
when compared to its effect on the early-age hydration.
While such observations are true for A-P and A-S
concretes, it seems that the addition of nano-TiO, on
compressive strength of A-F concretes was somewhat
more pronounced (this is also shown more clearly in
Figure 5.8). This can be expected as the addition of
nano-TiO, can promote the pozzolanic reaction in
concretes containing fly ash, which is a long-term effect.

The values of the compressive strength of Class C
concretes (C-P and C-S series) with different levels of
nano-TiO, cured at both room and low temperatures
for 7 and 28 days are shown in Figure 5.7. The influence
of nano-TiO, on the strength of Class C concrete is
comparable to that observed in Class A concretes.
Specifically, there is an enhancement in strength of Class
C concretes due to the addition of nano-TiO,, regardless
of curing temperatures and ages. Similarly, addition of
nano-TiO, resulted in greater strength increases in C-S
concretes compared to the C-P concretes.
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Figure 5.6 The values of the compressive strength of concretes (Class A) with different levels of nano-TiO, addition cured at both

room and low temperatures for (a) 7 days, and (b) 28 days.

mC-P-0 @aC-P-0.5 8C-P-1 mC-S-0 @C-S-0.5 =C-S-1

(a) 7 days

Curing Temperature

mC-P-0 @C-P-0.5 8C-P-1 mC-S-0 #nC-S-0.5 =C-S-1

(b) 28 days

I

°C

Curing Temperature

Figure 5.7 The values of the compressive strength of concretes (Class C) with different levels of nano-TiO, addition cured at both

room and low temperatures for (a) 7 days and (b) 28 days.

Combining these results with the results obtained
from Class A concretes, it seems that nano-TiO, can
significantly improve the strength of concretes contain-
ing slag.

The relative increase in compressive strength values
for both Class A and C concretes due to the addition of
nano-TiO, at different ages cured at both room and low

temperatures are shown in Figure 5.8 and Figure 5.9,
respectively. These graphs were prepared to better illus-
trate the effect of nano-TiO, on the strength in terms of
different mixtures, curing ages, and temperatures.
Regardless of curing ages and temperatures, it seems
that the influence of nano-TiO; is more pronounced in
Class A concretes. It might be related to the different
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w/cm used in different class of concretes. As shown in
the mixture design of concrete, Class A concretes had
higher w/cm ratio (0.44) compared to Class C concretes
(0.42). It was previously reported (Moro et al., 2021),
that with respect to enhancement of the extent of
hydration and strength at earlier ages, mixtures with
higher w/cm may benefit from higher dosages of nano-
TiO,. In case of mixtures containing the same amounts
of nano-TiO,, its influence on the strength might be
more significant in concretes with higher w/cm (Class A
concrete in this case). Concrete with higher w/cm will
initially have higher number of capillary pores. As such,
the addition of nano-TiO, to such mixtures could be
more effective with regard to reducing their poro-
sity and thus improving the strength significantly.

Furthermore, as previously discussed, the effects of
addition of nano-TiO, on early-age strength are more
significant than those observed for later-age strength,
regardless of the curing temperature and the type of
concrete. These trends are also observed in Figure 5.8
and Figure 5.9.

5.2.4 Flexural Strength of Concretes

Figure 5.10 presents the values of the 7-day and 28-
day flexural strength of concretes (Class A with partial
replacement of slag (A-S), and a modified Class A plain
concrete with w/c = 0.45 (OPC) with and without the
addition of nano-TiO, cured at both room and low
temperatures. At early age (as shown in Figure 5.10a),
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the addition of nano-TiO, to plain (i.e., OPC) concretes
significantly enhanced their flexural strength, regardless
of the curing temperature. The effect of nano-TiO,
on the 7-day flexural strength of A-S concretes was
minimal. After 28 days of curing, the influence of nano-
TiO, on the flexural strength on both types of concretes
seems to be limited, as shown in Figure 5.10b. This can
be expected as the previous chapters also indicated the
influence of nano-TiO, is more significant at earlier
ages compared to later ages.

Furthermore, when comparing the reference slag and
OPC concrete (as shown in Figure 5.10a), it seems that
the early flexural strength of reference slag concrete is
higher than OPC concrete without distinguishing the
curing temperature. Besides the slightly lower w/c (0.01)
of reference slag concrete, such higher early flexural
strength (compared to OPC) suggests partially supple-
menting OPC with slag could be beneficial in improving
the early flexural strength. However, such effect is not
observed at 28 days of curing.

5.2.5 Static and Dynamic Moduli of Elasticity of
Concretes

Figure 5.11 presents, respectively, the values of the
dynamic modulus of elasticity (DME)—Figure 5.11a,
and the relative increase in DME due to the addition of
nano-TiO, for Class A concretes after 14 days of curing
at both standard (23°C) and low (4°C) temperatures.
As shown in Figure 5.11a, the low curing temperature
seems to be negatively affecting the DME of reference
concretes containing SCMs (A-F and A-S), while not
affecting the DME values of the OPC reference
concrete. Furthermore, it can be seen that addition of
the nano-TiO, increased the values of the DME for all
concretes, regardless of their composition and the curing
temperature. The relative increases in DME due to the
addition of nano-TiO, for all types of concretes at 14
days of curing are presented in Figure 5.11b. It seems
that the effect of nano-TiO, is more significant when
curing temperature is low, especially for A-S concrete.
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(a) room temperature (23°C), and (b) low temperature (4°C).

Figure 5.12 presents the effect of nano-TiO, on
the relationship between the values of the static and
dynamic moduli of elasticity of concretes cured at
different temperatures. For specimens cured at stan-
dard temperature, the influence of nano-TiO, on the
static and dynamic moduli of elasticity of Class A
concretes (A-P, A-F, and A-S) results in comparable
trends, in a sense that both types do increase. However,
the addition of nano-TiO, seems to enhance the static
modulus of elasticity more significantly compared to
dynamic modulus of elasticity of A-S concretes. As
shown in Figure 5.12b, for specimens cured at low
temperature nano-TiO, can promote the increase in
both static and dynamic moduli of elasticity for all
Class A concretes. Furthermore, there seems to be a
more significant increase in the dynamic modulus of
elasticity of concretes with SCMs. This indicates that
when concrete with fly ash and slag is expected to be
exposed to low curing temperatures at early ages, it may
be beneficial to use nano-TiO, to improve its stiffness,
and thus potential resistance to FT damage.

6. THE EFFECT OF NANO-TIO, AND CURING
TEMPERATURES ON THE DURABILITY OF
CONCRETES CONTAINING SCMs

6.1 Materials and Methods

All the details for materials have been introduced in
Chapter 3. The mix designs and mixing procedures were
the same as discussed in Chapter 5.

6.1.1 Determination of the Resistivity and the Formation
Factor

The resistivity tests were performed on 28 days old
4 in. x 8 in. concrete cylinders following the procedure
given in AASHTO TP 119-15 (AASHTO, 2019) on
uniaxial resistance test. Prior to the test, the cylinders
were stored in a saturated lime water at room
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The effect of nano-TiO, on the relationship between the static and dynamic moduli of elasticity of concretes cured at

temperature (23°C). Right before measurement of
resistivity the cylinders were removed from the water
tank and their surfaces were wiped with a damp paper
towel. The uniaxial resistivity measurement system used
during the test consisted of the stainless-steel plate
electrodes, electrical cables, resistivity meter and
sponges which were saturated with lime and placed
between the electrodes and end surfaces of the
cylinders. The picture of the specimen in the assembled
resistivity measurement unit is shown in Figure 6.1.
The resistance displayed by the resistivity meter
during the test (R casured) 18 actually the bulk resistance
(i.e., the resistance of the system composed of the
concrete cylinder plus two sponges). In order to obtain
the actual value of the resistance of the cylinder
(Reyiinder), the resistances of both the top and the bot-
tom Sponges (Rtop sponges Rbottom sponge» respectively)
need to be determined separately and subtracted from
the bulk resistance (R easurea)—Se€ Equation 6.1.
(Eq. 6.1)

Rcylinders = Rmeaxured - Rmp sponge Rbotlom sponge

Figure 6.1 The setup of resistivity measurement.
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The resistivity of cylinders can then be calculated as:

pP= Rcylinders X = (Eq 62)

L

Where, p is the resistivity of cylinder, R yiinder is the
resistance of cylinder, A is the cross-sectional area of
the cylinder, and L is the length of the cylinder.

The resistivity values determined following the
AASHTO TP 119-15 (2019) procedure can then be
used to calculate the values of the apparent formation
factor as per AASHTO PP84-19:

p(L2m)
po(£2 m)

Where, Fapp is the formation factor that can be
determined by dividing the resistivity p determined by
AASHTO TP119-15 (2019) by a pore solution resis-
tivity po. According to AASHTO PP84 (AASHTO,
2020a), the resistivity of pore solution can be estimated
using a combination of mixture proportions, chemistry
of the cementitious materials, and a degree of hydra-
tion. These estimations were obtained using publicly
available calculation software program (NIST, n.d.)
This is the approach used in this study. Although the
AASHTO PP84 prescribed the test age is 91 days, in
this study, the resistivity of cylinders was tested at
28 days and most of the other properties were also
determined at that age. Determination of bulk densities
and the total pore volumes of concretes.

The total pore volumes and bulk densities of
concretes used in the study were determined according
to AASHTO TP135-20 (AASHTO, 2020b). As sug-
gested by previous research (Bu et al., 2014), ASTM
C642 does not result in filling all the voids in concrete,
especially the air entrained voids, so it does not provide
a measure of the pore volume at complete saturation.
Therefore, this test does not provide a total volume
void in concrete. On the other hand, AASHTO TP135
requires the use of vacuum saturation (at an absolute
pressure of less than 20 Torr (2,666 Pa)) to ensure the
saturation of all the voids in concrete.

This test involves preparing two duplicates of con-
crete discs (4-in. diameter and 2-in. thick). Three discs
are oven-dried (at the temperature of 110+ 5°C) for no
less than 24 hours. When the drying is completed, the
specimens are removed from the oven and air cooled to
room temperature (23 +2°C). Subsequently, there the
mass (A) is determined to the nearest 0.01 g. Such
procedure should be performed at least twice to have
less than 0.1% difference between two successive mea-
surements. Otherwise, additional measurements should
be performed. The saturated mass (B) is then measured
after 3 hours of vacuum saturation under water, followed
by 18 hours of additional soaking. The apparent mass
(C) should also be determined by weighing vacuum-
saturated specimen placed in the wire basket suspended
inside of the water tank.

FAPPZ (Eq 63)

The volume of permeable pore volume can be
calculated as follows (Equation 6.4):
Total volume of permeable pore,
_B—4
~ B-C

(Eq. 6.4)

% x 100

The bulk density of concrete specimen can be
calculated by Equation 6.5.

A
Bulk density = B X p (Eq. 6.5)

C
Where p is the density of water (1 Mg/m® = 1 g/em?).

6.1.2 Permeability and Absorption Test

The ASTM C1585-20 (2020) specifies the test
procedure to determine the absorption and rate of
absorption of water in unsaturated hydraulic cement
concrete. This standard is based on the work reported
by Hall (1989). The test is performed on two concrete
discs (4-in. diameter and 2-in. thick), which need to be
water saturated and then exposed to known moisture
environment. Initially, the water-saturated specimens
need to be kept in a 50°C/80% relative humidity (RH)
oven for 3 days. After that, the specimens are subjected
to 15 days long “equilibration period” during which
they are placed in a sealed container which should be
stored in an environmental chamber kept at the
temperature of 23°C and 50% RH. Once the condition-
ing cycle is completed, the side surface of each specimen
is sealed with suitable sealing material (in this case with
electrical tape) and the end of the specimen that is not
intended to be exposed to water is sealed with loosely
attached plastic sheet (in this case cling plastic food
wrap). The other end of the specimen is then exposed to
room temperature water and the increases in mass of
the specimen (m,) are recorded at predetermined time
intervals specified by the ASTM C1585 standard
(ASTM, 2020). The schematic of the water absorption
set-up procedure is illustrated in Figure 6.2.

The recorded changes in the mass of the specimen
(m,) are used to calculate the absorption values using
the Equation 6.6 given below:

my

I=xa

(Eq. 6.6)

Where [ is the absorption, m;, is the change in
concrete sample mass (in grams) at time t, « is the cross-
section area of the sample exposed to the water (mm?),
and d is the density of the water (g/mm?).

As described by ASTM C1585-20 (ASTM, 2020), the
values of absorption (I) need to be plotted as a function
of the square root of time. The initial rate of water
absorption is defined as the slope of the line best fitting
all points between 1 minute and 6 hours of testing. The
secondary rate of water absorption is determined by the
slope of the line best fitting the data points collected
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Figure 6.2 Schematic of the water absorption test (adapted from ASTM C1585-20 Standard (ASTM, 2020).

from 1 day to 7 days. Especially, the secondary rate of
absorption is often used to correlate with the air void
content of concrete. The results from water absorption
can be used in evaluating the permeability and the
connectivity of the pore network.

However, researchers pointed out that the water
absorption strongly depends on the initial water
content of the concrete sample (Hall, 1989; Nokken &
Hooton, 2002; Zhutovsky & Hooton, 2019). Therefore,
a modified absorption test was performed in this study
to investigate the influence of initial water content on
the result of water absorption.

The modified absorption test used different sample
conditioning method than that provided in the ASTM
C1585 standard (ASTM, 2020). Specifically, the con-
ditioning process involved drying discs in an oven at the
temperature of 60°C until constant mass (defined as the
difference of two consecutive mass measurements being
less than 0.2%). At the end of preconditioning
procedure, samples were prepared for water absorption
test according to ASTM C1585-20 (ASTM, 2020).

6.1.3 Scaling Resistance

The scaling resistance test was performed according
to ASTM C672-03 (ASTM, 2012) using two 3 in. x
8 in. x 11 in. slabs prepared from each series of concrete.
The surface areas of the test specimens (8 in. x 11 in.
= 88 in.?) exceeded the ASTM C672-03 requirements
for a minimum surface area (72 in.?) The specimens
also met the minimum depth requirement of 3 in. The
concrete was placed in the molds in one layer and
consolidated by rodding (one stroke for each 2 in.> of
surface area). The molds were tapped around the
periphery with a rubber mallet (to close any visible
voids) and the surface of the concrete was leveled using
wood strike-off board. Once the bleeding stopped
(usually around 2-4 hours), the surfaces of the speci-
mens were finished with three sawing passes of the
wood strike-off board and brushed with a medium-stiff
brush. The specimens were then covered with the
polyethylene sheet to prevent evaporation. The plastic
sheet did not contact the surface of the of specimens.

The slabs were demolded after 1 day of curing in the
laboratory environment. Afterwards, all slabs were
cured for 13 days in the saturated lime water at either
standard (23°C) or low (4°C) temperatures. This was
followed by a 2-week period of air drying (at the
temperature of 23°C) before the first exposure to
deicers. Prior to the initiation of the exposure to
deicers, a small dike (about 1-in. wide and 0.75-in. tall)
was installed around the perimeter of the top surface of
the slabs. The purpose of the dike was to contain the
deicing solution that the concrete specimens were
exposed to during the entire scaling test. During the
scaling resistance test, the depth of the deicing solution
was maintained at 0.25 in. If necessary, water was
added between each exposure cycle to maintain the
required depth of the solution.

The scaling test was performed in the programmable
environmental chamber which was capable of lowering
the temperature of the specimens to -18+3°C within
1 hour and maintaining it with a full load of specimens
for 16 hours. At the end of the freezing cycle, the
chamber was programmed to start raising the tempera-
ture to 23+ 3°C (within a period of about 1 hour) and
maintaining it for 6 hours. The slabs were exposed to a
standard (4%) deicing solution specified in the ASTM
C672 (ASTM, 2012) (i.e., each 100 ml of solution
contained 4 g of anhydrous calcium chloride (CaCl,).
See Figure 6.3. The specimens were exposed to 50
freeze-thaw cycles, and the appearance of the surfaces
was evaluated (after thorough flushing with water) at
the end of each five cycles. At that time, the surfaces of
the slabs were examined visually and photographed. In
addition, any spalled flakes of concrete were collected
and carefully weighed to determine the mass of concrete
lost during the scaling test.

The severity of scaling was rated using the procedure
provided in ASTM C672-03 (Figure 6.4 and Table 6.1).
In addition to the rating of the surface, the recorded
mass losses were used to quantify the scaling resistance
according to the criterion established by the Ontario
Ministry of Transportation (MTO) (Hooton &
Vassilev, 2016). This criterion states that the cumulative
mass loss after 50 freeze-thaw cycles should not be
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Figure 6.3 Schematic of the scaling test specimens.
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Figure 6.4 Illustration of the surface scaling rating scale for
visual evaluation of scaling resistance (Kosmatka & Wilson,
2016).

TABLE 6.1
The rating for the surface scaling (adopted from ASTM C672/
C672M-12 Standard (ASTM, 2012).

Rating Condition of Surface

0 No scaling

1 Very slight scaling (3 mm [1/8 in.] depth, max, no coarse
aggregate visible)

2 Slight to moderate scaling

3 Moderate scaling (some coarse aggregate visible)

4 Moderate to severe scaling

5 Severe scaling (coarse aggregate visible over entire

surface)

higher than 0.8 kg/m? for the concrete to be considered
scaling resistant.

6.1.4 Freeze-Thaw Resistance

The freeze-thaw (FT) resistance test was performed
according to ASTM C666-15 (ASTM, 2015b) proce-
dure A (rapid freezing and thawing in water) using 3 in.
x 4 in. x 16 in. concrete prims. Three duplicates are
required for each type of concrete. Once prepared, all
concrete prisms were cured for 14 days in lime saturated
water. The nominal freezing-and-thawing cycle con-
sisted of 2 hours of freezing (from 40°F to 0°F) and
2 hours of thawing (from 0°F to 40°F). The measure-
ments of the fundamental transverse frequencies were

conducted after every 30 cycles. The measured funda-
mental transverse frequencies were used to calculate the
values of the relative dynamic modulus of elasticity
(RDME) after specific numbers of cycles (n.) using
Equation 6.7.

p (Eq. 6.7)

)
RDME = (—‘) x 100

Where:

RDME = the relative dynamic modulus of elasticity

after ¢ cycles of freezing and thawing, percent

n = the fundamental transverse frequency at 0 cycles

of freezing and thawing, and

¢ = is the fundamental transverse frequency after ¢

cycles of freezing and thawing.

6.2 Results and Discussions

6.2.1 Resistivity and Formation Factor of Concretes

The results of resistivity tests of Class A concretes,
with and without nano-TiO,, cured for 28 days at two
different temperatures are shown in Figure 6.5. For all
three types of concretes cured at standard temperature,
(i.e., 23°C), the addition of 0.5 wt.% of nano-TiO, does
not seem to affect their resistivity (see Figure 6.5a). This
figure also shows that A-S concretes have higher
resistivity compared to the resistivity of the reference
concrete (i.e., A-P), and concert with fly ash (i.e., A-F).
On the other hand, the resistivity of concretes cured at
low temperature (i.e., 4°C), was significantly reduced,
as shown in Figure 6.5b. In addition, the influence of
low temperature curing on reduction of resistivity seems
to be more prominent for concretes with SCMs (A-F
and A-S). It can also be seen that the addition of nano-
TiO, does not really affect resistivity of the A-P and
A-S concretes. However, there was a small (about 8%)
increase in the resistivity of the A-F concrete.

Figure 6.6 shows the values of the formation factor
of Class A concretes with and without nano-TiO, cured
at two different temperatures. As mentioned previously
(Section 6.1.2), the formation factor of a concrete
specimen was calculated by dividing the resistivity of
the bulk concrete specimen by the resistivity of pore
solution.

As shown in Figure 6.6a, the addition of nano-TiO,
does not seem to have a significant effect on the
values of the formation factor (i.e., connectivity of its
pore system) for plain (i.e., A-P) and slag cement
(A-S) concretes cured at room temperature. However,
an increase in the formation factor resulting from the
addition of nano-TiO, was observed in A-F concrete.
In addition, the incorporation of fly ash significantly
increased the value of the formation factor.

For concretes cured at low temperature (Figure 6.6b),
the values of formation factors for all concretes were
lower than those obtained for concretes cored at room
temperature (Figure 6.6a). In particular, the values of
the formation factors for A-F and A-S concretes were
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Figure 6.6 The 28-day formation factor of Class A concretes (with and without nano-TiO,) cured at (a) room temperature, and

(b) low temperature.

significantly reduced (especially for A-S concrete).
Similar to what was observed in the case of room tem-
perature curing, the addition of nano-TiO, improved
the formation factor of A-F concrete.

The reason that nano-TiO, is not affecting the
resistivity and formation factor of A-P and A-S concretes
might be related to the fact that the influence of nano-
TiO, is more significant at earlier ages. Since this test was
performed at 28 days, there is a great chance that such
test cannot capture the influence of nano-TiO, on the
pore connectivity of concrete at earlier ages. However,
for A-F concretes, nano-TiO, seems to be reducing the
pore connectivity and potentially improve the durability
of concretes. This might be because the hydration process
of A-F concretes is delayed (especially at low curing
temperature) compared to A-P and A-S concretes. As
such, the effect of adding nano-TiO, might not be
possible to capture even at 28 days.

6.2.2 Total Pore Volume

The total volume of pores in Class A concretes (with
and without nano-TiO,) and cured for 28 days at
different temperatures is shown in Table 6.2. The poro-
sities of reference (i.e., A-P) concretes with no addition
of the nano-TiO, were lower than the porosities of the

same category (i.e., no nano-TiO, addition) A-F and
A-S concretes, regardless of the curing temperature.
The addition of nano-TiO, universally reduced the
porosity of all types of concretes at both curing
temperatures. The reduction in porosity due to the
addition of nano-TiO, seems to be more significant in
A-F concretes (presented in both Table 6.2 and Figure
6.7). This is observed at both standard and low curing
temperatures.

6.2.3 Permeability and Water Absorption

Class A concrete samples were conditioned for water
absorption tests, and the results are presented in Figure
6.8. The values of both the initial and the secondary
rates of absorptions and the correlation coefficients
R? for these concretes are shown in Table 6.3. Those
parameters are required to report in a water absorption
test, as described in ASTM C1585-20 (ASTM, 2020).
The initial rate of absorption is mainly related to the
amount of gel and capillary porosity of concrete, while
the secondary rate of absorption is related to infilling of
coarser (i.e., entrained and entrapped) air voids and
can be correlated with both, the volume of air and the
characteristics of the air void system (i.e., air void
distribution) of concrete.
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TABLE 6.2

The total volume of pores (in %) and bulk densities of Class A concretes (with and without nano-TiO,) cured at different temperatures

(28 days) with and without nano-TiO,

Curing Temperature Sample Nano-TiO,, wt. % Total Pore Volume, % Reduction in Porosity, %
23°C A-P 0 12.81 7.27
0.5 11.88
A-F 0 23.67 26.44
0.5 17.41
A-S 0 22.86 11.18
0.5 20.31
4°C A-P 0 13.44 5.79
0.5 12.67
A-F 0 23.57 12.90
0.5 20.53
A-S 0 22.88 10.40
0.5 20.50
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Figure 6.7 The reduction in porosity of Class A concretes due to the addition of nano-TiO,.

Figure 6.8 a and b show the absorption test data for
Class A concretes with and without nano-TiO, cured
for 28 days at, respectively, room and low tempera-
tures. The water absorption results for reference
concretes (i.e., concretes without addition of nano-
TiO,) are represented by solid lines (red for A-P, green
for A-F, and blue for A-S). It can be seen that both, the
initial and secondary absorption values for concretes
containing SCMs (i.e., A-F and A-S mixtures) are lower
than the absorption values of the OPC concrete (A-P),
regardless of the curing temperature. This clearly
demonstrates that substituting part of the OPC with
SCMs results in reduced permeability (similar findings
have been reported by numerous other studies, e.g.,
Lothenbach et al., 2011). While, as mentioned earlier,
the positive effects of addition of SCMs on water
absorption were observed at both curing temperatures,
comparing Figure 6.8 a and b shows that the reduction
in absorption was even more pronounced when curing

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2022/32

temperature as indicated by greater separation of
absorption curves (especially for initial absorption).

Figure 6.9 illustrates that the addition of nano-TiO,
further reduced both the initial and secondary absorp-
tions for all types of Class A concretes, regardless of the
curing temperatures. As described earlier in the report,
the addition of nano-TiO, reduces the total porosity
and increases the bulk density of concretes. As a result,
their permeabilities (and thus absorptions) are also
reduced.

Furthermore, (as shown in Table 6.3), the initial and
secondary rates of absorption of Class A concretes were
also reduced due to the addition of nano-TiO,. This is a
proof that the amount of capillary porosity is reduced
in concretes with nano-TiO, (as the initial rate of
absorption is lower). In addition, the reduced secondary
rate of absorption indicates that concretes with nano-
TiO, had lower air content, in agreement with the
results previously shown in Figure 5.3. The reductions

29



5 ®A-P-0 AA-P-0.5 ®A-F-0 BA-F-05 ¢A-S-0 EA-S-0.5 5 ®A-P-0 EA-P-0.5 ®A-F-0 EIA-F-0.5 ¢A-S-0 EIA-S-0.5

(a) 23°C (b) 4°C

Absorbed water, mm?3/mm?
Absorbed water, mm?/mm?
N
.

L L L L L 0
300 400 500 600 700 800 300 400 500 600 700 800

Time, sec’!? Time, secV?

Figure 6.8 The results of water absorption test for Class A concretes with and without nano-TiO, after 28 days of curing at (a)
room temperature, and (b) low temperature.
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Figure 6.9 The results of (a) initial absorption, and (b) secondary absorption for Class A concretes with and without nano-TiO,
cured at different temperatures.

TABLE 6.3
The initial and secondary rates of water absorption and the values of correlation coefficients R? for Class A concretes with and without
nano-TiO, and cured at different temperatures

Initial Rate of Absorption, Secondary Rate of Absorption,
Curing Temperature Sample x10~*mm/+/s R? x 10" 4 mm/+/s R?
23°C A-P-0 102 0.9974 31 0.9801
A-P-0.5 85 0.9970 25 0.9809
A-F-0 58 0.9996 38 0.9797
A-F-0.5 49 0.9999 31 0.9768
A-S-0 73 0.9996 39 0.9806
A-S-0.5 56 0.9990 38 0.9926
4°C A-P-0 103 0.9974 33 0.9813
A-P-0.5 94 0.9966 27 0.9763
A-F-0 61 0.9994 38 0.9727
A-F-0.5 63 0.9996 32 0.9728
A-S-0 56 0.9985 30 0.9887
A-S-0.5 51 0.9988 29 0.9896
in the initial and secondary rates of absorption were Another important observation is that the R? values
observed at both curing temperatures. In conclusion, for initial rate of absorption tend to be higher than
nano-TiO, seems to be effective in reducing the per- those recorded for secondary rate of absorption. This
meability and porosity of concrete, regardless of mix- might be because the initial degree of saturation of the
ture composition and curing temperature. samples is lowest during that initial period of testing,
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Figure 6.10 The evolution of the degree of saturation (DOS) of Class A concretes with and without nano-TiO, after 28 days of
curing at (a) room temperature, and (b) low temperature during the water absorption test.

and thus the capillary suction force is the highest resulting
in more “linear” correlation during the first stage of
absorption compared to the second phase of this test.

While the mass of water absorbed can be directly
presented in graphs, recent research has suggested that
it may be very useful to convert these data to the degree
of saturation (DOS), which is defined as the ratio of the
instantaneously absorbed mass of water to the total
mass of water that can be absorbed by a sample (Castro
et al., 2011; Li et al., 2012). Therefore, data from water
absorption test were converted to DOS in this study,
with the results shown in Figure 6.10.

As suggested by both Figure 6.10 a and b, A-P
reference concrete tends to have a lower DOS through-
out the entire duration of water absorption test com-
pared to A-F and A-S reference concretes, which is an
indication that OPC concrete has a higher amount of
air void content (entrained and/or entrapped air)
(Fagerlund, 1977, 2004). Furthermore, as indicated by
the dotted lines in Figure 6.10 a and b, the addition of
nano-TiO, can slightly increase the DOS of all types of
concretes during the testing period, regardless of curing
temperatures. This confirms the observation presented
previously that the addition of nano-TiO, can reduce
the amount of air voids, regardless of mixture composi-
tion and curing temperature.

6.2.4 Scaling Resistance

Table 6.4 presents the visual appearance of surfaces
of scaling specimens after 50 freeze-thaw cycles for
Class A (A-P, A-F, and A-S) concretes with and
without nano-TiO, addition. Figure 6.11 shows the
cumulative mass loss after 50 freeze-thaw cycles for all
Class A concretes with and without nano-TiO,. In
general, all concretes exhibited good scaling resistance
as they have an air content of 6.5+ 1.5%. Therefore, for
most slabs, only a minor scaling was observed.
However, the addition of nano-TiO, still played an
important role in modifying the scaling resistance of
these concretes, especially those containing fly ash.
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In general, all A-P concretes are scaling resistant as
the cumulative mass loss is much less than 0.8 kg/m>
even after 50 FT cycles, as shown in Figure 6.11 a and
b. For plain Class A concretes cured at standard (23°C)
temperature (designated as A-P-RT), lowest amount of
scaling was observed in concretes with 0.5% and 1% of
nano-TiO, addition compared to the reference con-
cretes (without nano-TiO, addition), as shown in Table
6.4 and Figure 6.11. For plain Class A concretes cured
at low (4°C) temperature (designated as A-P-LT), 1%
of nano-TiO, addition reduced the cumulative mass
loss compared the reference samples (without nano-
TiO, addition). This improvement of scaling resistance
can be explained by the fact that he microstructure of
concrete was refined by the addition of nano-TiO,, and
the permeability of concrete was reduced before the
exposure of FT cycles.

In general, Class A concretes with 24% replacement
of fly ash (labeled as A-F-RT and A-F-LT), had highest
degree of scaling when compared to A-P concrete, as
shown in Table 6.4 and Figure 6.11. The lower degree
of scaling was observed in concretes with 0.5% of nano-
TiO, addition compared to the reference concretes
(without nano-TiO, addition). However, an even more
severe scaling was observed in samples with 1% of
nano-TiO, addition compared to reference samples
(without any nano-TiO, addition). This might be
related to the fact that addition of 1% of nano-TiO,
causes greatest reduction in the amount of air voids,
which are critical with respect to providing good scaling
resistance. Similar observation was made for Class A
concretes with fly ash replacement cured at low (4°C)
temperature (designated as A-F-LT).

For Class A concretes with 30% replacement of slag
cured at both standard (23°C) and low (4°C) tempera-
tures (labeled as A-S-RT and A-S-LT, respectively), no
significant changes in the appearance of the surface
were observed in samples with nano-TiO, addition
(both 0.5% and 1%) compared the reference samples
(without nano-TiO, addition). As presented earlier,
since the compressive strength was significantly
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TABLE 6.4

The visual appearance of Class A concretes (A-P, A-F, and A-S) with and without nano-TiO, cured at different temperatures at the end of

scaling test (after 50 freezing and thawing cycles)

Nano-TiO, Addition, %

Sample 0%

0.5% 1%

A-P-RT

A-P-LT

A-F-RT

A-F-LT

A-S-RT

A-S-LT

improved by the addition of nano-TiO, for A-S con-
crete, one would expect the scaling resistance of these
concretes will also increase. However, one needs to keep
in mind that in addition to strength, the scaling
resistance is also strongly related to the air void system
of the concrete. The addition of nano-TiO, might have
reduced the porosity to such a level that less air voids
were available to release the hydraulic pressure upon
freezing. Therefore, no significant effect can be observed
by the addition of nano-TiO, on the scaling resistance of
A-S concrete. All A-S concretes have a good scaling

resistance as the cumulative mass loss due to scaling is
less than 0.8 kg/m?, indicated in Figure 6.11 e and f.
Table 6.5 presents the appearance of surface of
specimens after 50 freeze-thaw cycles for Class C (C-P
and C-S) concretes with and without nano-TiO,
addition. Figure 6.12 shows the cumulative mass loss
after 50 freeze-thaw cycles for all Class C concretes with
and without nano-TiO,. Similar to the overall observa-
tions reported for Class A concretes, all the Class C
concretes have good scaling resistance as they have
an air content of 6.54+1.5%. Therefore, for most C-P
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Figure 6.11 The cumulative mass loss due to scaling for Class A concretes with and without nano-TiO, cured at different
temperatures: (a) A-P-RT; (b) A-P-LT; (c) A-F-RT; (d) A-F-LT; (e) A-S-RT; and (f) A-S-LT.

and C-S slabs, only a minor scaling was observed.
However, the addition of nano-TiO, still played an
important role in modifying the scaling resistance for
those slabs.

The scaling resistance of plain Class C concretes
cured at standard (23°C) temperature (labeled as C-P-
RT) with 0.5% of nano-TiO, addition is comparable to
the scaling resistance of reference concretes (without
nano-TiO, addition) as shown in Table 6.5. However,
samples with 1% of nano-TiO, addition did show a
reduced scaling resistance compared to reference
samples (without any nano-TiO, addition). For plain
Class C concretes cured at low (4°C) temperature
(designated as C-P-LT), slabs with nano-TiO, addition
(both 0.5% and 1%) achieved a higher scaling resistance
compared to the reference samples (without nano-TiO,
addition). In general, all C-P concretes showed high
scaling resistance as the cumulative mass loss due to
scaling was less than 0.8 kg/m?, as shown in Figure 6.12
a and b.

For Class C concretes with 30% replacement of slag
cured at both standard (23°C) and low (4°C) tempera-
ture (named as C-S-RT and C-S-LT, respectively), no
significant changes in surface scaling were observed in
samples with nano-TiO, addition (both 0.5% and 1%)

compared the reference samples (without nano-TiO,
addition), as shown in Table 6.5. The same was obser-
ved for A-S concretes.

6.2.5 Freeze-Thaw Resistance

The changes in values of the relative dynamic
modulus of elasticity (RDME) and actual dynamic
Young’s modulus (DME) of A-P concretes with and
without the addition of nano-TiO, cured at different
temperatures are presented in Figure 6.13 a and b.
Regardless of curing temperature, the initial (i.e., before
the start of the FT testing) dynamic modulus of all
specimens with nano-TiO, was higher than that of the
reference specimens (compare the crosshatched bars to
the solid bars). This might be related to the fact that
nano-TiO, can densify the paste matrix due to the
acceleration of hydration process. Furthermore, poros-
ity and permeability of concrete are reduced by the
addition of nano-TiO,. Therefore, the initial DME can
be increased when nano-TiO, is used in concretes.
When comparing the initial DME of reference A-P
concrete cured at standard and low temperatures, it
seems that low temperature is not affecting the DME of
A-P concrete to any significant extend.
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TABLE 6.5

The visual appearance of Class C concretes (C-P and C-S) with and without nano-TiOQ, cured at different temperatures at the end of

scaling test (after 50 freezing and thawing cycles)

Nano-TiO, Addition, %

Sample 0%

0.5% 1%

C-P-RT

C-P-LT

C-S-RT

C-S-LT

There was a major reduction of RDME of A-P
concretes after the first 30 FT cycles, as shown in
Figure 6.13 a and b. The reduction during the
subsequent cycles was more gradual. When analyzed
during the period of the 300 freeze-thaw cycles, the rate
of reduction of RDME of A-P concretes with nano-
TiO, addition was comparable to that of the reference
concrete, regardless of the curing temperature.

The relative dynamic modulus of elasticity (RDME)
and actual dynamic modulus (DME) of A-F concretes
with and without nano-TiO, cured at different tem-
peratures and subjected to around 800 FT cycles are
presented in Figure 6.14 a and b. Similar to what was
discussed in the previous paragraph, the addition of
nano-TiO, improved the values of the initial DME (at
#0 FT cycle) of A-F concretes, regardless of curing
temperature. Furthermore, such enhancement due to
the addition of nano-TiO, is more significant compared
the that of on A-P concrete. Besides the reasons
discussed above, for A-F concrete the use of nano-
TiO, can also accelerate pozzolanic reaction. There-
fore, the addition of nano-TiO, can lead to an even
denser and less permeable concrete. When comparing

Figure 6.14b to 6.14a, it can be seen that A-F reference
concretes cured at low temperature had comparatively
lower DME than concretes cured at room temperature.
This is not unexpected as low temperature can delay the
hydration process of A-F concretes.

As shown in Figure 6.14a, the RDME of A-F
concretes with 0.5% of nano-TiO, cured at standard
temperature is reducing at a slower rate than the
RDME of reference concretes, which indicates a higher
freeze-thaw resistance can be achieved in fly ash
concrete when nano-TiO, is added. The addition of
nano-TiO, might be helpful with respect to mitigation
of the microcracking due to the FT damage. However,
such difference is not significant until more than FT 300
cycles, and even with about 800 FT cycles, and the
RDME of both A-F concretes (with and without nano-
TiO,) is still around 95%. This is indicating that,
originally, A-F concretes fabricated for this research
have a good freeze-thaw resistance.

On the other hand, as shown in Figure 6.14b, the
DME and RDME for both reference concrete and
concrete with nano-TiO, cured at low temperature were
found to be increasing, even throughout the first 400
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Figure 6.13 The relative dynamic modulus of elasticity (RDME) and actual dynamic modulus (DME) of A-P concretes with and
without nano-TiO, cured at (a) room temperature, and (b) low temperature and exposed to 300 FT cycles.

FT cycles. This might be because the hydrating process
in A-F concretes was much delayed during the 14-day
curing low temperatures before FT tests. Therefore,
even after the start of the FT test, the hydration is still
ongoing, which leads to increased values of DME and
RDME in A-F concretes. Comparing the RDME

values of reference concrete and concrete with 0.5%
of nano-TiO, (solid line and dashed line), it seems that
reference concrete holds a higher potential to develop
more DME after 14 days of low temperature curing
compared to the concrete with nano-TiO,. This might
be related to the fact that the hydration of concrete with
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Figure 6.14 The relative dynamic modulus of elasticity (RDME) and actual dynamic modulus (DME) of A-F concretes with and
without nano-TiO, cured at (a) room temperature, and (b) low temperature and exposed to ~ 800 FT cycles.
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Figure 6.15 The relative dynamic modulus of elasticity (RDME) and actual dynamic modulus (DME) of A-S concretes with and
without nano-TiO, cured at (a) room temperature and (b) low temperature and exposed to ~ 800 FT cycles.

nano-TiO; is accelerated (DME is improved) compared with and without nano-TiO, cured at both standard
to the reference concrete, which results in lower and low temperatures are shown in Figure 6.15. Simi-
potential for additional hydration. larly, to what was reported earlier, the addition of

The relative dynamic modulus of elasticity (RDME) nano-TiO, can enhance the initial values of the DME
and actual dynamic modulus (DME) of A-S concretes of A-S concretes, regardless of curing temperature.
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Furthermore, when curing temperature is low, such
effect is much more pronounced. This implies that the
addition of nano-TiO, can be more beneficial to the
microstructural modification when the curing tempera-
ture is comparatively low. Also, the influence of low
curing temperature on the reduction of initial DME is
observed in A-S reference concretes.

As seen in Figure 6.15a, the reduction rates of
RDME of A-S concretes with and without the addition
of nano-TiO, cured at room temperature are very
comparable. It should be noted, however, that the
overall decrease in the values of the RDME was very
small, and all specimens retained 95% of the original
levels even after ~800 FT cycles This indicates that
both concretes had excellent freeze-thaw resistance.

The DME and RDME values of A-S concretes cured
at low temperature seem to be during the first ~400 FT
cycles. This, again, indicates that concretes with SCMs
were not mature enough after a 14-day low temperature
curing. Hydration process continued even after initia-
tion of the FT test. Furthermore, reference A-S con-
crete seems to have more unreacted hydrating phases as
its DME curve (solid line) is higher that of concrete
with nano-TiO, (dashed line). Slag is a latent hydraulic
SCM, and as discussed previously, the addition of
nano-TiO, accelerates the hydration process. There-
fore, after 14-days of low temperature curing, concrete
with nano-TiO, might have less unhydrated cementi-
tious materials, thus its DME is developing slower than
that of the reference concrete (without nano-TiO,). It
was not until ~600 cycles of FT that the both reference
concrete and concrete with nano-TiO, showed a decrease
in RDME. A lower reducing rate of RDME in concrete
with nano-TiO, compared to that of reference A-S
concrete is observed after ~600 FT cycles.

7. THE EFFECT OF NANOSILICA AND CURING
TEMPERATURES ON THE DURABILITY OF
CONCRETE CONTAINING SCMs

7.1 Materials and Methods

7.1.1 Sample Preparation

Nanosilica-modified concretes were fabricated in
laboratory to investigate its impact of these nanoaddi-
tives on the strength, porosity, and durability of con-
cretes cured at different temperatures, following the mix
design shown in Table 7.1. In total, four different types
of concrete were prepared and then cured at two

TABLE 7.1
The mix design for nanosilica-modified concretes

different temperatures (standard: 23°C and low: 4°C).
According to the recommendations from the manufac-
turer, ES-LFA (E5-liquid fly ash) was added at a rate
of 8 oz/cwt (i.e., per hundred pounds of cementitious
materials) while E5-IC (E5-Internal Cure) was added at
the rate of 4 oz/cwt. One of the mixtures (ES-LFA_IC)
use both, LFA and IC version of nanosilica admixtures.

All the materials needed for mixing were conditioned
at room temperature and weighted before mixing.
Moreover, the moisture contents of both fine and
coarse aggregates were calculated, and the batching
water was adjusted accordingly. Mixing process started
by first placing 50% to 70% of the weight of batch
water in the mixer. Then fine and coarse aggregates
were added, and the mixing process was initiated. After
about 2 minutes of mixing the cement, AEA, and
superplasticizer were added in sequence and all the
ingredients were then mixed for a period of 3 minutes.
The nanosilica was combined with the remaining batch
water in a separate bucket and added into the mixer
using a syringe. The application of syringe replicates
tail water addition from a dispenser. This process took
about 4 minutes and help to evenly distribute the pro-
duct over the entire surface of the mix. Once the addition
of nanosilica was completed, the mixing continued for
another 5 minutes. In total, the entire mixing cycle took
about 15 minutes.

The resulting concretes were molded after the mixing
and demolded the following day. Curing was carried
out at two different temperatures (standard: 23°C and
low 4°C) for prescribed number of days.

7.1.2 Methods

All details of all relevant testing methods (i.e., slump,
air content (unit weight), resistivity, formation factor,
total pore volume, water absorption, and scaling
resistance) have been discussed in Chapters 5 and 6.

7.2 Results and Discussions

7.2.1 Fresh Properties of Concrete

The test results of fresh properties of concretes
(slump, unit weight, and air content) are presented in
Figure 7.1. As shown in Figure 7.1a, the addition of
nanosilica (with other components kept at the same
levels) resulted in reduction of the slump of con-
cretes. The slump of concrete with combined types of

Content (Ib/ft>)

Nano-Additives and Admixtures (0z/cwt)

Mix No. Water Cement Fine Aggregate Coarse Aggregate Nano-Silica SpP AEA
Ref. 253.8 564 1,345 1,700 0 5.3 1.5
ES5-LFA_IC 253.8 564 1,345 1,700 12 53 1.5
ES-LFA 253.8 564 1,345 1,700 8 5.3 1.5
ES-IC 253.8 564 1,345 1,700 4 53 1.5
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Figure 7.1 The fresh properties of concrete (slump, unit weight,

nanosilica was the lowest among four types of concretes
studied. Many researchers reported that the addition of
nanosilica results in so-called “filler effect,” where small
particles of the additive fill-up the voids between cement
grains and enhance the packing density of the matrix
making it less flowable (Du et al., 2014; Singh et al.,
2013). This can explain the reduced slump of concrete
with the addition of nanosilica observed in this study.

The densification of the fresh matrix, at the expense
of the total air content upon addition of nanosilica is
confirmed by the data shown in Figure 7.1b which
shows inverse relationship between the unit weight and
the air content.

7.2.2 Compressive and Flexural Strength

The 28-day compressive strengths of concretes with
and without nanosilica cured at room and low
temperatures are shown in Figure 7.2. It is clear from
this data that the addition of nanosilica increased the
strength of concrete, regardless of the curing tempera-
ture. Specifically, an increase of 14.5%, 7.2%, and 4.7%
in the strength (with respect to the reference concrete)
was observed for, respectively, concretes with combined
(LFA + IC), LFA-only, and IC-only types of nanosi-
lica. The mechanism of such strength enhancement is
mainly related to the previously mentioned nano-filler
effect and the accelerated pozzolanic reaction. Nano-
sized silica can partially fill the large voids and capillary
pores to refine the pore structure of cement paste (Du
et al., 2014). On the other hand, the pozzolanic reaction
due to the addition of nanosilica consumes calcium
hydroxide (CH) and produces additional C-SH-phase.
Other potential contributing factors include reduction
in the size of the CH crystal which leads to more
homogenous C-S-H phase (Du et al., 2014). Potentially,
the above-mentioned mechanisms can improve the
bonding between aggregates and cement paste. As a
result, a denser and stronger ITZ can be formed with
the addition of nanosilica.

For concretes cured at low temperature the enhance-
ment of strength of concrete due to the addition of
nanosilica appears to be more significant, as higher
increases relative to the reference concretes were
observed compared to that of room temperature curing
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Figure 7.2 The 28-days compressive strength values of
concretes with and without nanosilica cured at different
temperatures.

(16.9% vs. 14.5%, 16.7% vs. 7.2%, and 10.6% vs. 4.7%,
for combined types, LFA-only, and IC-only, respec-
tively). This suggests that the addition of nano-silica
might be more effective in improving the compressive
strength of concretes when curing temperature is low.
Furthermore, concretes cured at low temperature yield
a lower strength and higher standard deviation of
strength data compared to that of room curing
temperature condition.

Figure 7.3 presents the influence of nanosilica (with
both types combined) on the flexural strength of plain
concretes cured at different temperatures. At early age
(as shown in Figure 7.3a), a significant increase in
flexural strength in plain concrete was observed due to
the addition of nanosilica, while such effect is minimal
after 28 days of curing, as presented in Figure 7.3b.
This observation seems to be similar to that of nano-
TiO, on the flexural strength as presented previously
(enhancement in flexural strength is more significant at
earlier ages).

7.2.3 Pore Connectivity

The results of resistivity and formation factor for
concretes with and without nanosilica cured at both
room and low temperatures are shown in Figure 7.4.
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Figure 7.3 The flexural strength of concretes with and without nanosilica at different curing temperatures for (a) 7 days, and (b)

28 days.
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Figure 7.4 The 28 days values of (a) resistivity and (b) formation factor

different temperatures.

As mentioned before, the formation factor was calcu-
lated based on AASHTO TP84-19.

As shown in Figure 7.4, concretes (all types) cured at
low temperature tend to have a lower formation factor.
This is because lower temperature slowed down the
hydration process, resulting in more open and con-
nected pore system. The addition of nanosilica (regard-
less of the type) increased the formation factor of
concretes, regardless of the curing temperature. This
observation corroborates previously reported observa-
tions that nanosilica can improve the particle packing
and reduce porosity in concrete. The trends in the
formation factor further suggest that nanosilica can
reduce the connectivity of pores in concretes.

7.2.4 Total Pore Volume

Figure 7.5 shows the results for the total volume of
the pores in concretes with and without nanosilica
cured at both room and low temperatures. It appears
that addition of nanosilica reduces the total permeable
porosity of concrete, regardless of curing temperature
and type of nanosilica used.

The correlation between the total pore volume and
formation factor of concretes with and without
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of concretes with and without nanosilica and cured at

nanosilica cured at different temperatures can be found
in Figure 7.6. When cured at low temperature, all
concretes (regardless of the composition) had higher
number of permeable pores and lower value of for-
mation factor (indicating more connected porosity).
The addition of nanosilica can not only reduce the
number of pores but also reduce the connectivity of
pores. This suggests that the addition of nanosilica can
be beneficial with respect to improving the durability of
concretes. Furthermore, such effect of nanosilica was
more significant at lower temperatures.

7.2.5 Water Absortion

After 28-day curing, concretes with and without
nanosilica were prepared for water absorption test, and
the results are presented in Figure 7.7. The initial rate of
water absorption can be related to the amount of gel
and capillary porosity of concretes, while the secondary
rate of absorption is indicative of the amount and the
quality of the air-void system present in concrete.

When cured at low temperature, reference concrete
(without the addition of nanosilica) seems to have
higher absorption levels (both initial and secondary),
which is expected as concretes cured at low temperature
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Figure 7.5 The total pore volume of concretes with and without nanosilica cured at different temperatures.
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Figure 7.7 The results of water absorption for concretes with and without nanosilica after 28-day curing at (a) room temperature,
and (b) low temperature.
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can have higher amount of porosity. The addition of
nanosilica can reduce both the initial and secondary
absorption, regardless of the types of nanosilica and
curing temperatures used, as shown in Figure 7.7.

Another observation can be made when comparing
the water absorption results of concretes with and
without nanosilica at different curing temperatures. It
seems that a more significant impact of various types of
nanosilica on the results of water absorption can be
found when curing temperature is low as curves shown
in Figure 7.7b are more separated. This suggests that
the addition of different types of nanosilica might have
a more profound influence on the permeability of
concretes when curing at low temperature. Specifically,
IC-type of nanosilica is more beneficial in reducing
the water absorption of concretes compared to the
other two scenarios (combined types of nanosilica and
LFA-only).

Previous results suggest that nanosilica can reduce
the total permeable pores. Therefore, the permeability
of concrete can be reduced due to the addition of
nanosilica. Furthermore, the rates of both initial and
secondary absorption of concretes can be reduced due
to nanosilica, as shown in Table 7.2. Table 7.2 presents
the data of the rate of initial and secondary absorption
and R? of water absorption results of concretes with
and without nanosilica cured at different temperatures.
This finding suggests that the gel and capillary porosity

TABLE 7.2

can be reduced, and the air void content can be lowered
when nanosilica is added to concretes. This observation
is true for concretes cured at both room and low
temperatures. Therefore, nanosilica seems to be effec-
tive to reduce the permeability and porosity of concrete
regardless of the type and curing temperatures used.

Similarly, as discussed in previous chapter, the R? for
initial rate of absorption seems to be higher than R?
value for the secondary absorption (as shown in Table
7.2), regardless of the type of concretes and curing
temperatures. This might be related to the fact that
during the stage of initial absorption, the degree of
saturation of concretes is lower compared to the degree
of saturation experienced during later stages of absorp-
tion. Therefore, the suction force due to the porosity
at initial state is higher, and this can lead to a higher
linearity of absorption results.

The results of both initial and secondary water
absorption test are presented in Figure 7.8 to better
illustrate the influence of curing temperatures on the
effect of nanosilica on reducing the absorption of
concretes. As shown in Figure 7.8a, the addition of
nanosilica (regardless of the type) can reduce the initial
absorption of concretes, and such effect is more
significant when curing temperature is low. Similarly,
nanosilica seems to be more beneficial in reducing the
secondary absorption of concrete at low curing tem-
perature, as shown in Figure 7.8b When cured at low

Initial and secondary rates of water absorption results for concretes with and without nanosilica cured at different temperatures

Rate of Initial

Rate of Secondary

Curing Temperature Sample Absorption, 10" R? Absorption, x10"* R2?
23°C Ref. 106 0.9976 41 0.9802
E5-LFA_IC 93 0.9905 39 0.9882
ES5-LFA 98 0.9941 36 0.9839
ES5-IC 90 0.9944 36 0.9811
4°C Ref. 128 0.9948 44 0.9818
E5-LFA_IC 105 0.0058 47 0.9861
ES5S-LFA 88 0.9946 39 0.9844
E5-1C 92 0.9934 32 0.9828
ERef. BES-LFA_IC BES-LFA BES-IC o B Ref. & ES-LFA_IC = ES-LFA B ES-IC
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Figure 7.8 The results of (a) initial absorption and (b) secondary absorption of concrete with and without nanosilica at different

curing temperatures.
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TABLE 7.3

The visual appearance of concretes with and without nano-silica after 50 FT cycles of scaling test with and without nanosilica cured at

different temperatures

Nano-Silica Addition

Sample Ref. E5-LFA_IC

ES-LFA ES-IC

RT

LT

B Ref. BES-LFA_IC EES5-LFA HES-IC
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0.02

0.00

Cumulative weight loss, kg/m?

RT LT
Curing condition

Figure 7.9 The cumulative mass due to scaling of concretes
with and without nanosilica cured at different temperatures.

temperature, the hydration process of concrete is
negatively affected, and thus the paste may have more
open porosity than the paste cured at standard
temperature.

7.2.6 Scaling Resistance

Table 7.3 presents the appearance of surfaces of
concretes with and without nanosilica after 50 scaling
(i.e., freeze-thaw) cycles. Figure 7.9 shows the cumula-
tive mass loss for the same concretes. In general, all
concretes tested in this study have a good scaling
resistance. This is somewhat expected as all of them
were designed to have the air content of about 6.5+
1.5%. Therefore, only a minor scaling was observed for
all types of concretes tested. However, the data suggests
that addition of nanosilica, especially IC-type, can still
lead to improvement of scaling resistance.

8. THE INFLUENCE OF NANO-TIO, AND
NANOSILICA ON THE MICROSTRUCTURE OF
CONCRETES CONTAINING SCMs

8.1 Sample Preparation and Methods

8.1.1 Sample Preparation

Nanoparticles-modified concretes were fabricated in
laboratory to investigate the impact of these admixtures
on the microstructure and air void system of concretes
cured at different temperatures, following the mix
design shown in Table 8.1 a and b.

8.1.2 Methods

8.1.2.1 Scanning Electron Microscopy (SEM).
Approximately 1” cube was cut from the bulk con-
crete specimens. After cutting, samples were dried in the
oven at the temperature of 35+5°C for 3 days to
remove free water. Subsequently, the specimens were
impregnated with a low viscosity epoxy. When the
epoxy hardened, the top layer of the specimen was cut
off, ground (45 micron, 30 micron, and 15 micron) and
polished (9 pm, 6 pm, 3 pm, 1 pm, 0.25 pm) in suc-
cessive steps. Samples were then coated with palladium
(Pd) to provide a conductive layer. The SEM analysis
was performed using the ASPEX Personal SEM
equipped with the energy dispersive x-ray (EDX)
analyzer and operated in the backscattered electron
mode. The accelerating voltage used in the examination
was 15 keV.

8.1.2.2 RapidAir. The RapidAir, shown in Figure 8.1,
is an automated system for analyzing the air void
content of hardened concrete. Prior the test, surfaces of
concrete samples were polished following the procedure
described in ASTM C457. The polished surfaces were
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TABLE 8.1

The mix design for concretes with the addition of (a) nanosilica and (b) nano-TiO,

Content (Ib/ft3)

Nano-Additive (oz/cwt) and
Admixtures (oz/cwt)

(a) Mix No. Water Cement Fine Aggregate Coarse Aggregate Nano-Silica SP AEA
Ref. 253.8 564 1,345 1,700 0 5.3 1.5
E5-LFA 253.8 564 1,345 1,700 8 5.3 1.5
Nano-Additive (wt. %) and
Content (Ib/ft?) Admixtures (oz/cwt)
(b) Mix No. Water Cement Fine Aggregate Coarse Aggregate Nano-TiO, SP AEA
F-0 260.5 592 1,315 1,670 0 53 1.5
F-0.5 260.5 592 1,315 1,670 0.5 wt. % 5.3 1.5
S-0 248.2 564 1,350 1,700 0 5.3 1.5
S-0.5 248.2 564 1,350 1,700 0.5 wt. % 5.3 1.5

el o e
=R e
b D ¢

¥

Figure 8.1 The RapidAir system for automatic analysis of the air void system in hardened concrete (Jakobsen et al., 20006).

then painted black while the voids were filled with
contrast enhancing white powder (BaSO,) as described
in the next paragraph.

Concrete samples, with dimensions of approximately
100 x 100 x 20 mm was from the cylinders using a
concrete saw having a smooth, continuous blade with a
small diamond cutting edge. The resulting saw cutting
was smooth without major damage of the concrete
surface. Afterwards, concrete samples were polished on
a cast iron plate using a slurry consisting of silicon
carbide and water. Five different grit sizes were used,
starting with grit 80, then 120, 240, 400, and finished
with grit 800. During the lapping process, water was
constantly provided to provide lubrication between the
concrete samples and the grit. The sample preparation,
including cutting, and polishing is crucial for obtaining
good results in the air void analysis.

After finalizing the polishing, concrete samples were
colored black by gently dragging a broad tipped marker
pen over the surface in slightly overlapping lines. After
a few seconds, (to allow for the drying of the ink),

samples were turned 90°, and the coloring process was
repeated. Such process was done to make sure that
aggregate was covered while the voids were not filled
with black ink. Following that, a dry white powder
(BaSO,4) was sprinkled over the surface. The BaSO,
powder was packed into the air voids by tamping a
hard rubber stopper over the surface of the sample.
‘When all voids appeared to be filled, the excess powder
was removed by using a low-pressure air hose. The
surface was then cleaned by moving the palm of a hand
in circular motion over the surface until it appeared
shiny and not covered with a white dust. Finally, a fine
tipped marker was used to paint the holes and pores
present in aggregate black.

After completion of the above-mentioned procedure,
concrete samples were analyzed using a RapidAir 457
Air Void Analyzer (purchased from Concrete Experts
International ApS, located in Denmark). To distinguish
between black and white pixels, a threshold value needs
to be preset by the operator. The actual threshold value
depends on several factors, such as the light/contrast
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setting of the system, the general brightness of the
room, and the type of the black ink used for the
coloring of the concrete surface. During this research, a
threshold value was set to be the same for all specimens
to allow for direct comparison. The paste contents of
the samples were determined by the ASTM 457-point
count method while ASTM 457 liner traverse method
was used for air void analysis.

8.2 Results and Discussions

8.2.1 The Effect of Nano-TiO> and Nanosilica on the
Microstructure of Concretes

The microstructure of concrete specimens was
evaluated by the application of scanning electron
microscope (SEM). Such technique enables the analysis
of the general microstructural characteristics of a
concrete sample (e.g., the arrangement of aggregates,
condition of the paste and any defects). Moreover, the
possibility to apply energy dispersive x-ray (EDX)
analyzer provides a powerful tool to perform local
chemical microanalyses.

In this study, the characteristics of the interfacial
transition zone (ITZ), which is the boundary region
between aggregates and cement paste, was one of the
focuses of this analysis. This area can contain higher
porosity and lower number of cement particles com-
pared to other regions (Scrivener, 2004). Microcracks
often initiate and propagate preferentially in ITZ. In
addition, the collected images were analyzed using the
Image] software to determine the average size of
unhydrated cement particles in concrete specimens.

Table 8.2 presents the representative SEM images
based on the observation of ITZ for fly ash concrete
samples. As shown in the first row of Table 8.2,
extensive cracks were observed in ITZ in the SEM
images of F-O-RT (reference fly ash concrete cured at
room temperature) specimen. As highlighted by red
arrows, those cracks are either originating from ITZ or
propagating through ITZ, both scenarios suggesting
possibly weak ITZ for such specimen. On the other
hand, such crack patterns were not observed in
specimen with nano-TiO, addition, as shown in the
2nd row of Table 8.2. In this case, the ITZ seems to be
denser, with less cracks and defects. Similarly, when
comparing the images in the 3rd and 4th rows in Table
8.2 (obtained from low curing temperature samples),
more cracks were found in the reference specimen
compared to the specimen with nano-TiO,. It seems
that the addition of nano-TiO, improves packing of the
particles and thus enhances the quality of ITZ.

However, for slag concrete with and without nano-
TiO, (as shown in Table 8.3), such enhancement in the
microstructure due to addition of nano-TiO, was not as
significant as in fly ash concrete as the quality of the
ITZs observed in S-0 and S-0.5 concrete specimens were
very comparable. The greater enhancement of the
microstructure due to nano-TiO, addition observed in

concretes with fly ash than in concretes with slag agree
with the trends regarding the effects of nano-TiO, on
scaling resistance concretes with fly ash versus concretes
with slag.

Table 8.4 presents a comparison between the
microstructure of reference OPC concrete and OPC
concrete with the addition of nanosilica (LFA). The
cracks in the reference OPC concrete seems to be more
frequent compared to the samples with nanosilica.
Furthermore, the average size of air void of reference
OPC concretes tends to be larger.

Table 8.5, Table 8.6, and Table 8.7 present a similar
arrangement of SEM images from all concrete speci-
mens studied but obtained at higher magnification
(200 x). The addition of nano-TiO, seems to be more
significant with respect to reducing the cracks around
ITZ in fly ash concrete compared to slag concrete. OPC
concrete with the addition of nanosilica has less cracks
and smaller air void sizes compared to the reference
concrete (i.e., concrete without the addition of nanosi-
lica), as shown in Table 8.7.

The average particle size of unhydrated cement in
concrete samples with and without nanoadditives.
Figure 8.2 presents the results of the analysis of the
average size of unhydrated cement particles in the
corresponding concrete samples (obtained using ImagelJ
software). Three different areas/images were analyzed
and the particle size of unhydrated cement particles
were calculated. Compared to the reference concrete
samples (i.e., samples without the addition of nanoad-
ditives), the average size of unhydrated cement particles
in samples with nanoadditives (nano-TiO, or nanosi-
lica) is reduced. This indicates the addition of nano-
additives tends to accelerate the degree of hydration of
cement particles, which agrees with the conclusions
from Chapter 4.

8.2.2 The Effect of Nano-TiO, and Nanosilica on the
Air-Void System in Hardened Concretes

8.2.2.1 Effects of nano-TiO,. Table 8.8 presents the
effects of nano-TiO, on the characteristics of the air
void systems in concretes containing fly ash and slag.
The results are based on the air voids ranging in size
from 30 to 4,000 um. Air voids that are smaller than
30 um were excluded as they cannot be observed by the
operator if manual air void counting method is used
(Kevern et al., 2009). To ensure comparable parameters
between the manual and automatic air void counting,
such small sizes of air voids were not calculated. In both
types of concretes (i.e., fly ash concrete or slag
concrete), the addition of nano-TiO, slightly reduced
the air content. However, the specific surface area of air
voids was observed to increase, and the spacing factor
was observed to decrease. It appears that the addition
of nano-TiO; to concretes containing SCMs resulted in
a finer and more closely spaced air-void system
compared to the same types of concretes but without
nano-TiO, addition.
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TABLE 8.2
The characteristics of ITZ of fly ash concrete samples with and without nano-TiO, (mag 100 x)

Sample Microstructure of ITZ (100 x)

F-0-RT

F-0.5-RT
100 pm

F-0-LT

F-0.5-LT
100 pm
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TABLE 8.3

The characteristics of ITZ of slag concrete samples with and without nano-TiO, (mag 100 x)

Sample

Microstructure of ITZ (100 x)

S-0-RT
100 pm

S-0.5-RT
100 pm

TABLE 8.4

The characteristics of I'TZ of OPC concrete samples with and without nanosilica (mag 100 x)

Sample Microstructure of ITZ (100 x)

OPC-0-RT

100 pm

OPC-LFA-RT

100 pm
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TABLE 8.5
The characteristics of ITZ of fly ash concrete samples with and without nano-TiO, (mag 200 x)

Sample Microstructure of ITZ (200 x)

F-0-RT
50 pm

F-0.5-RT
50 pm

F-0-LT
50 pm

F-0.5-LT
50 pm
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TABLE 8.6
The characteristics of ITZ of slag concrete samples with and without nano-TiO, (mag 200 x)

Sample Microstructure of ITZ (200 x)

S-0-RT
50 pm

S-0.5-RT
50 pm

TABLE 8.7
The characteristics of ITZ of OPC concrete samples with and without nanosilica. (mag 200 x)

Sample Microstructure of ITZ (200 x)

OPC-0-RT
50 pm

OPC-LFA-RT
50 pm
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Figure 8.2 The average particle size of unhydrated cement in concrete samples with and without nanoadditives.

TABLE 8.8

The air content, specific surface area (SSA), and spacing factor (SF) values for concretes with and without nano-TiO,

Sample Air Void Content, % Specific Surface Area (SSA), mm™ Spacing Factor (SF), mm
F-0-RT 8.78 18.81 0.151
F-0.5-RT 7.68 23.54 0.138

F-0-LT 8.30 31.76 0.095

F-0.5-LT 7.85 32.58 0.098

S-0-RT 7.62 20.45 0.16

S-0.5-RT 6.85 24.24 0.151

TABLE 8.9

Results of the air content, specific surface area (SSA), and spacing factor (SF) of concrete with and without nanosilica

Sample Air Void Content, % Specific Surface Area (SSA), mm™! Spacing Factor (SF), mm
Ref. 6.63 24.93 0.183

E5-LFA 6.70 27.33 0.153

8.2.2.2 Nanosilica. The results of the RapidAir 9. CONCLUSIONS
analysis for concretes with and without nanosilica are 9.1 Findings
presented in Table 8.9. The addition of nanosilica did
not seem to affect the air void content of concrete ) ) o
significantly. On the other hand, the specific surface 9.1.1 The Effect of Nano-TiO> on the Hydration Kinetics
area (SSA) and spacing factor (SF) were modified by of Pastes
nanosﬂlca.. SPCCIﬁ,C ally, when ES-LFA was ,added to 1. As indicated by the IC data, the addition of nano-TiO,
concrete, its air void s.yste':m seems to hav'e a h.1gher SSA accelerated the hydration process of OPC, fly ash, and
and smaller SF. This indicates the air-void system slag pastes. The acceleration effect intensified with the
contains finer and more closely spaced voids. increase in the addition level of the nano-TiO,, especially
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for pastes cured at the low temperature. Specifically, the
IC data suggest that the addition of nano-TiO, accelerates
the appearance of the main hydration peaks in pastes,
especially in fly ash pastes. For low curing temperature
such acceleration can be 3-7 times (in terms of the length
of the time shift) higher than that observed for room
curing temperature, except for slag pastes.

Thermal indicators of setting time, inferred from the 1C
results, show that the addition of nano-TiO, shortened the
setting of OPC, fly ash, and slag mixtures, especially those
cured at low temperature. This observation agrees with
the results of Vicat setting time test.

For OPC and fly ash pastes, the effect of the addition of
nano-TiO, on the quantitative increases in the amount of
hydration products (QlI,,p) was higher at early ages (3 and
7 days) than at later ages (28 days), regardless of curing
temperatures. At later ages (28 days), the addition of
nano-TiO, seems to be more effective in accelerating
hydration of specimens cured at low temperature.
However, such effect of nano-TiO, is not significant in
slag pastes.

9.1.2 The Effect of Nano-TiO, on the Mechanical
Properties of Mortars and Concretes

The addition of nano-TiO, can enhance the compressive
and flexural strengths for both OPC and fly ash mortars.
Such effect is more significant in systems cured at low
temperature and containing fly ash.

The 7-day and 28-day compressive strengths of concretes
can be improved by the addition of nano-TiO,, regard-
less of the mix composition (i.e., with or without SCMs)
and curing temperature. This effect was more significant
in concretes containing slag and having higher values of
w/cm.

The addition of nano-TiO, to concretes with and without
slag increased their 7- and 28-days

Flexural strength for both room and low temperature
curing regimes.

Results from fundamental resonant frequency test
suggest that nano-TiO, addition improves the dynamic
modulus of elasticity after 14 days of curing, especially at
low curing temperature.

9.1.3 The Effect of Nano-TiO, on the Durability of
Concretes

The addition of nano-TiO, tends to reduce the slump of
the fresh concrete. At the same time, the unit weight of
fresh concrete was increased while the fresh air content
was reduced.

The addition of nano-TiO, seems to be especially bene-
ficial with respect to increasing electrical resistivity and
formation factor of fly ash concretes cured at low
temperature. However, the addition of nano-TiO, was
not found to affect the resistivity of A-P and A-S
concretes. This finding suggests that nano-TiO, seems to
be effective in modifying (reducing) pore connectivity of
concretes containing fly ash.

The results from measurements of the total pore volume
and bulk density suggest that the addition of nano-TiO,

can reduce the porosity and densify the microstructure
of concretes containing SCMs (i.e., fly ash and slag),
especially those cured at low temperature. This finding
correlates with previous findings regarding acceleration
of hydration by addition of nano-TiO, hydration as this
process leads to reduction in porosity.

4.  Water absorption tests revealed that the addition of
nano-TiO, reduces both the initial and secondary
absorption, which is an indication of reduced perme-
ability of concrete. Furthermore, adding nano-TiO, to
concretes also decreases the rate of both initial and
secondary absorption, which indicates that nano-TiO,
can modify the porosity system of concretes (reduce gel
and capillary porosity, and reduce the entrained and/ or
entrapped air content). This trend has been observed for
every concrete mixture studied in this project at both
standard and low curing temperatures.

5. The results of the scaling resistance test on the concretes
with and without SCMs cured at different temperatures
suggest the following.

® The overall scaling resistance of plain reference con-
cretes (A-P and C-P) was generally good and the addi-
tion of nano-TiO; lead only to small improvements.

® The scaling resistance of A-F concrete at both
standard and low curing temperatures can be
significantly enhanced by addition of about 0.5%
of nano-TiO, However, the addition of 1% of nano-
TiO, resulted in lower scaling resistance. The
addition of nano-TiO, seems to be more effective
in fly ash concrete (A-F) as compared to the plain
concrete (A-P).

® The overall scaling resistance of slag concrete was
good, regardless of whether it did or did not contain
nano-TiO, addition. The scaling resistance of A-S
and C-S concretes was not affected by the addition of
nano-TiO; at neither of the two curing temperatures
used in the study.

6.  The results of freeze-thaw resistance test suggested that
the addition of nano-TiO, can improve the initial (before
FT cycle starts) DME in all types of concrete (A-P, A-F,
and A-S) for both standard and low curing temperatures.
Such effect was more pronounced in concretes with
SCMs cured at low temperature. This is expected
because, as previously discussed, addition of nano-TiO,
modifies (reduces) the porosity. Moreover, the addition
of nano-TiO; slowed the rate of decrease of the RDME
of A-F concrete exposed to FT cycles. This indicates that
nano-TiO; can improve the freeze-thaw resistance of A-F
concretes. However, such behavior was not observed in
A-P and A-S concretes.

9.1.4 The Effect of Nanosilica on the Durability of OPC
Concretes

The addition of nanosilica to OPC concretes was
found to have similar effects on the strengths, porosity,
permeability, and scaling resistance of concretes as
the addition of nano-TiO,. Specifically, nanosilica
enhanced both the compressive and flexural strengths,
reduces the total porosity and permeability, and slightly
increased the scaling resistance of concretes.
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9.1.5 The Effect of Nano-TiO, and Nanosilica on the
Microstructure of Concretes

The addition of nano-TiO, reduces the occurrence of
cracks and defects near the ITZ in concretes with fly
ash. However, such effect was not significant in slag
concretes. The addition of nanosilica seems to reduce
the defects around the ITZ and decrease the size of air
voids in OPC concrete. Furthermore, the addition of
nanoparticles (i.e., nano-TiO, or nanosilica) reduces the
average size of unhydrated cement particles.

9.2 Recommendations and Future Work

Results showed that nanoadditives could improve
the scaling resistance of concretes containing supple-
mentary cementitious materials. Results also show that
this improvement is even more substantial when
concretes are cured at low temperatures. Thus, the use
of nanoadditives in low temperature environments can
be even more beneficial.

However, the results also showed with respect to
improvement of scaling resistance of concrete that there
is an optimum percentage of nanoparticles that can be
added, and that optimum percentage is different for
each system. Furthermore, use of the amounts higher
than the optimum percentage may actually reduce the
scaling resistance. Thus, it is critical to establish an
optimum percentage of nanoadditives to obtain the
maximum benefit from their usage and to avoid
undesirable side effects. Water-to-cement ratio and
presence of supplementary cementitious materials are
expected to be the two main factors that affect the
optimum percentage of nanoadditives. If the porosity
of a concrete without nanoparticles is already very low,
adding excessive amounts of nanoparticles to the
mixture might negatively affect the air void systems
and jeopardize the freeze-thaw resistance.

Based on the results of this study, it appears that full-
scale implementation of nanoadditives may benefit
from addressing the following issues.

1. The mechanisms behind the observation that addition of
1% or higher amounts of nano-TiO, could negatively
affect the scaling resistance of fly ash concrete should be
explored.

2. More studies should be conducted to understand the
effect of nano-TiO, on the slag concretes. Even though
many properties (e.g., strength, porosity, and perme-
ability) of slag concretes were modified by the addition of
nano-Ti0,, it seems that the effect of this admixture on
scaling resistance was minimal.

3. More experimental test for long-term durability of
concretes with and without the addition of nanoadditives
are needed to provide a more comprehensive under-
standing of the influence of these materials on the
durability of concrete (i.e., sulfate attack, alkali-aggre-
gate reaction).

4. The effect of nanoadditives used in the field should be
compared to their effect observed in the lab. It is very
important to understand how different conditions of

placement and consolidations may affect the final air
void system and durability in general.
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APPENDIX A. THE EFFECTS OF CURING TEMPERATURE ON THE HYDRATION
KINETICS OF PLAIN AND FLY ASH PASTES AND COMPRESSIVE STRENGTH OF
CORRESPONDING MORTARS WITH AND WITHOUT NANO-TI10, ADDITION

Huang, D., Velay-Lizancos, M., & Olek, J. (2022). The effects of curing temperature on the
hydration kinetics of plain and fly ash pastes and compressive strength of corresponding mortars
with and without nano-TiO2 addition.
https://docs.lib.purdue.edu/cgi/viewcontent.cgi?article=1651&context=icdcs

Publication abstract: Incorporation of fly ash in cementitious systems containing ordinary
Portland cement (OPC) increases their long-term strength and durability. However, replacement
of cement by fly ash also reduces the heat of hydration of such systems and reduces early-age
strength development. The reduced rate of strength development can increase the risk of
durability problems, e.g., scaling, in cases when young concrete is exposed to low temperatures
and deicing chemicals. This study investigated the potential of nano-titanium dioxide (nanoTiO2)
particles to modify the hydration kinetics of fly ash pastes and compressive strength
development of corresponding mortars cured under low (4°C) and standard (23°C) temperatures.
The kinetics of the hydration study was performed on paste specimens using the
thermogravimetric analysis (TGA) and isothermal calorimetry (IC) methods. The mortar
specimens used for compressive strength testing were prepared using the same w/cm values and
the same types of binders as those used to prepare the paste specimens. It was found that
although the addition of nano-TiO2 accelerated the hydration rate of all pastes, that treatment
was, however, more effective in the fly ash pastes than in the ordinary Portland cement (OPC)
pastes, especially for the cases of low temperature curing. These findings were confirmed by the
results of strength testing as the specimens experiencing accelerated rates of hydration were also
found to be stronger.
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