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The current paper investigates the effects of partial cement replace-
ment with nano-titanium dioxide (nano-TiO, [NT]) in varying
weight proportions in concrete. In the C20/25 grade of concrete,
NT was added by weight of cement with partial replacement of 0,
0.5, 1.5, 2.0, 2.5, and 3.0% using portland pozzolana cement. The
physical and mechanical properties of the resulting concrete were
assessed, as well as aspects of durability such as sorptivity and
nondestructive tests (NDT) such as ultrasonic pulse velocity (UPYV).
Compared with the control mixture, the fresh concrete produced
showed a drastic reduction in slump with increasing percentage
of replacement, with a 54% reduction at a 3.0% replacement.
Furthermore, for 1.5% NT, the compressive, flexural, and splitting
tensile strengths peaked at 7, 28, 56, and 90 days, after which the
values decreased. The addition of NT improved the homogeneity
and integrity of the resulting concrete based on the UPV values. As
the percentage of NT increased, chloride penetration decreased.
From microstructural studies, it can be concluded that NT acts as a
filler material and can be used as a partial replacement for cement
in concrete up to 2% by weight.

Keywords: chloride penetration; durability; mechanical properties;
nano-titanium dioxide (nano-TiO, [NT]); slump.

INTRODUCTION

The use of concrete in buildings and construction may
have begun a century ago. However, as the use of concrete
has increased from decade to decade, extensive and effec-
tive research has been conducted on improving concrete
properties by incorporating a wide range of supplementary
cementitious materials such as pozzolans and nanoparticles.!
The addition of fine fillers has been shown to alter the initial
hydration reaction, setting time, dimensional stability, and
strength development of cement.> Owing to the growing
interest in inert additives to cement, such as nano-titanium
dioxide (nano-TiO, [NT]), a study focusing exclusively on
the effects of chemically inert fillers on cement hydration
is required.’* In recent years, nanoparticles have received
much attention, and their various forms have been shown to
be very useful in enabling the development of stronger and
more durable concrete with better mechanical properties.*

NT is one of the most commonly used nano-additives in
cement-based materials.>* Titanium dioxide is a noncom-
bustible, odorless powder that has been widely produced and
used in a variety of applications® because of its high chemical
stability, nontoxicity, anticorrosion, electrical, and superior
photocatalytic properties.® It exists in three stages: brookite,
rutile, and anatase.” Although the majority of TiO, used to
date has not been nanosized, the use of titania nanoparticles
has increased significantly and is expected to surpass the use
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of conventional titanium dioxide in the coming years.® When

compared to conventional TiO,, NT has a 500% increase in

the surface area.’ It is also available in extremely pure form

(99.9%).

Several researchers®®!? have developed cement-based or
asphalt-based concrete that incorporates TiO, nanoparticles
to increase its durability or impart certain desirable prop-
erties. Due to its chemical stability, high catalytic activity,
and low cost, the incorporation of NT into cement-based
materials has garnered considerable interest.® However, its
effects on the properties of cement-based materials are far
from satisfactory.

Due to the strong binding property of cementitious mate-
rials, NT can be used in these materials without any addi-
tional processing.® In addition, hardened mortars/concretes
have porous structures that are ideal for the adsorption of NT
particles. The three most common forms of titanium dioxide
are rutile, anatase, and brookite. Titanium dioxide is also
referred to as self-cleaning concrete or white concrete.'! It
not only ensures the structural integrity of the structures, but
also their aesthetic appearance.

According to some reports,'>!3 NT can extend the service
life of cement-based materials and thus their construction,
resulting in long-term economic benefits.

*  Spurred by the increasing value of sustainability, there
is a growing interest in TiO, use in construction mate-
rials to create photocatalytic coatings and materials.

* In the presence of near-ultraviolet (UV)/UV radiation
(hv), oxygen, and water, a chain of photochemical
surface reactions occur, which lead to strong oxidizing
capability and which can oxidize NO, (NO + NO,),
organic (volatile organic compounds [VOCs]), and
inorganic compounds.

* The addition of NT provides a reduction in porosity,
leading to pore structure refinement (smaller pores)
while reducing clinker content.

»  Strength is maintained while reducing clinker fraction;
nanoparticles densify the paste structure.

Cementitious materials mixed with NT have the functions
of air purification,'! self-cleaning,® and disinfection,'* which
are the reasons for their wide application in the exterior
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Table 1—Physical properties of OPC (Grade 53)

Setting time, seconds

(minutes) Compressive strength, psi (MPa)
Le Chatelier soundness, Specific Consistency, Initial setting | Final setting
Fineness, % in. (mm) gravity seconds (minutes) time time 3 days 7 days 28 days
2.0 0.29 (7.5) 3.14 1800 (30) 6000 (100) | 14,400 (240) | 4206.09 (29) | 5511.43 (38) | 8412.18 (58)

surface of buildings including hospitals, restaurants, and
airports.

There are few cases of nanoparticles being incorporated
into cement-based concrete. Lee!® examined the characteris-
tics of cement mortars containing nanoparticles to determine
their super-mechanical and smart (temperature and strain-
sensing) potentials. So far, however, research”'® has mostly
focused on establishing good mechanical performance with
cement replacement materials at the microlevel.

Furthermore, despite being chemically inert in terms of its
potential to directly react during cement hydration,'?!3!17-19
NT can generally improve the mechanical performance
and durability, as well as decrease the rigidity of cementi-
tious materials.*?*2> Moreover, the flexural fatigue perfor-
mance and abrasion resistance of concretes were reported
to be remarkably improved with the use of TiO, nanopar-
ticles.?* The gain in strength in this case might be related
to the microstructural modification and the hydration accel-
eration effects of NT by providing additional surface arca
for product nucleation (that is, the boundary nucleation
effect).!®**27 The addition of TiO, nanoparticles leads to
greater homogeneity, better compaction, and reduction in
the pore volume and the pore size of cementitious mate-
rials, which results in a remarkable reduction in permea-
bility.>#1628.2% Titania nanoparticles have been also found to
behave as an activator to accelerate the pozzolanic reaction,
increase the rate of cement hydration, increase the intensity
of the heat peak, and reduce the initial and final setting times
and freezing-and-thawing damage. The mechanical proper-
ties were also enhanced with the use of NT. The addition
of NT to cement-based materials can help them overcome
some of their shortcomings, such as low tensile strength and
resistance to harmful chemical penetration.

The effect of using NT in cementitious composites on
their fresh properties, mechanical properties, and durability
is demonstrated in this section.®® In addition, the micro-
structural properties of nano-titania-incorporated mortar and
concrete are investigated using scanning electron micros-
copy (SEM) images. Because the final performance of
cementitious composites is directly related to their strength
and permeability,®' this section will concentrate on the effect
of NT on the mechanical properties and permeability of
cement mortar and concrete.

RESEARCH SIGNIFICANCE
The effects of NT on the strength, durability, and micro-
structure of ordinary portland cement (OPC) are investigated
in this paper. The compressive, splitting tensile, and flexural
strengths were used to determine the mechanical proper-
ties. Water absorption, capillary absorption, and chloride
penetration tests were used to determine the transport
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Table 2—Chemical properties of OPC (Grade 53), %

Loss on
ignition CaO | SiO, | ALO; | Fe,0O; | MgO | K,O | Na,O
2.75 66.52 | 1833 | 437 | 470 | 0.73 | 0.75 | 0.12

properties. The pore structure and microstructure of the
concrete were examined using SEM. The sorptivity, chloride
penetration, and ultrasonic pulse velocity (UPV) character-
istics of endurance materials were investigated. The authors
believe that this study will demonstrate that it is possible
to obtain good-quality concrete at a slight cost increase by
using novel materials.

Because NT improves the overall performance of cement-
based materials, as well as their durability and sustain-
ability, it reduces construction maintenance and repair costs.
Furthermore, NT endows cement-based materials with new
properties such as self-cleaning properties, resulting in lower
routine cleaning and maintenance costs.?’ According to some
reports,?*3233 NT can extend the service life of cement-based
materials and, as a result, constructions, resulting in long-
term economic benefits.

EXPERIMENTAL PROCEDURE

Materials

The following materials were used in the experimental
procedure. The materials, along with their physical and
chemical properties, are given in the following tables.

Cement—OPC Grade 53 conforming to IS 12269:20133
was used in this work. The physical properties of the cement
used in the construction of slabs are presented in Table 1.

The chemical properties following IS 12269:2013%* were
also evaluated and are presented in Table 2.

Aggregates—Basalt with a particle size of less than 20 mm
that satisfied IS 2386-1963%° was used. These were cleaned
and dried in the open air for 24 hours after being thoroughly
washed with tap water. Silt, dust, and unsound particles were
removed from the concrete. The properties of the aggregates
used are presented in Table 3.1

In this study, river sand that met the requirements of IS
383:2016 was employed for the particle-size distribution.

Water—All the concrete mixtures were mixed and cured
with municipally supplied portable tap water that was free
of organic contaminants, as proven by IS 456:2000°¢ and IS
10500:2012.%7 Table 4 shows the qualities of the tap water.

TiO; nanoparticles—A company in India supplied the NT
powder directly. The properties of the TiO, nanoparticles are
provided in Table 5.

Mixture proportions and preparation of specimens

According to IS 10262:2019,% the nomenclature and
proportions of the concrete mixtures are presented in Table 6.
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The concrete was mixed using a pan mixer with a capacity of
26.41 gal. (100 L). The surface of all of the particles used in
the concrete mixture was saturated and dry. All of the combi-
nations were created by substituting cement in the following
weight percentages: 0, 0.5, 1, 1.5, 2.0, 2.5, and 3.0%.

The dispersing agent sodium tripolyphosphate (STPP) for
dispersing the nanoparticles, which works as a high-range
water-reducing admixture (HRWRA) as well, was mixed
with half the amount of water. The workability, strength, and
durability of numerous concrete combinations were tested
using cube, beam, and cylinder specimens. For curing, the
test specimens were immersed in water at 80.6 = 3.6°F (27 +
2°C) until they achieved the testing age. Table 7 summa-
rizes all of the experiments, including the specimen age,

specimen size, testing apparatus, and the standard code used
throughout testing.

Testing methods

Compressive strength—Cubes sized 5.91 in. (150 mm)
were made and evaluated at 7, 28, and 56 days after curing
for the five different replacements under IS 516-1959.26 A
steady force of 458.87 kp/s (4.5 kN/s) was applied during
compression testing until the cube disintegrated and no
higher load could be sustained. After 28 days, SEM and
energy-dispersive spectroscopy (EDS) investigations were
conducted on the broken samples from each replacement.

Splitting  tensile test—Splitting tensile tests were
conducted following IS 5816:1999,%° which required the
preparation of 5.91 in. (150 mm) diameter and 11.81 in.

Table 3—Properties of coarse aggregate and fine aggregate conforming to IS 2386-1963 (Revision 2016)°

Coarse aggregate Fine aggregate
S.No. Property Values S.No. Property Values
1 Aggregate crushing value, % 19.62 1 Bulk density, kg/m? 1582
2 Aggregate impact value, % 10.88 2 Fineness modulus 2.58
3 Los Angeles abrasion value, % 12.58 3 Water absorption, % 0.57
4 Bulk density, kg/m? 1643 4 Specific gravity 2.63
5 Fineness modulus 6.35
6 Water absorption, % 0.49
7 Flakiness index, % 6.8
8 Elongation index, % 11.8
9 Specific gravity 2.68
Table 4—Tap water characteristics Table 5—Properties of TiO, nanoparticles
S.No. Parameter Value S.No Properties Observed values
1 Chloride 0.0014 Ib/gal. (168 mg/L) 1 Type TiO; (rutile)
2 pH 76 2 Diameter, in. (nm) 393 % 187(; IZ ;08)7 <107
3 Fluoride 0.000003 Ib/gal. (0.4 mg/L)
4 Dissolved oxygen 0.00008 Ib/gal. (10.15 mg/L) 3 Surface volume ratio, m’/g 163
P Chemical oxygen demand 0 4 Density, 1b/in.? (g/cm?®) 0.135(3.74)
6 Biological oxygen demand 0 > Purity, % ~99.9%
7 Free residual chlorine 8.34 x 107 Ib/gal. (0.1 mg/L)
Table 6—Nomenclature and mixture proportions of NT-added concrete
Mixture proportions, 1b/yd® (kg/m?)
Concrete mixture
nomenclature Cement replacement, % Cement Fine aggregate Coarse aggregate NT Water
NTO 0 648.93 (385) 1172.42 (695.57) 1913.82 (1135.43) 0 323.62 (192)
NTO.5 0.5 645.68 (383.07) | 1172.42 (695.57) 1913.82 (1135.43) 3.23(1.92) | 323.62(192)
NTI 1 642.44 (381.15) | 1172.42 (695.57) 1913.82 (1135.43) 6.48 (3.85) | 323.62(192)
NT1.5 1.5 639.21 (379.23) | 1172.42 (695.57) 1913.82 (1135.43) 9.72 (5.77) | 323.62(192)
NT2 2 635.95 (377.30) | 1172.42 (695.57) 1913.82 (1135.43) | 12.97(7.70) | 323.62(192)
NT2.5 2.5 632.70 (375.37) | 1172.42 (695.57) 1913.82 (1135.43) | 16.21 (9.62) | 323.62(192)
NT3 3 629.47 (373.45) | 1172.42 (695.57) 1913.82 (1135.43) | 19.46 (11.55) | 323.62 (192)
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Table 7—Details of experiments carried out

Test

Age of concrete, days

Specimen size, in. (mm)

Apparatus/instrument

Reference

Slump

Fresh concrete

Standard slump cone

IS 1199-1959%

Compressive strength

7,28, 56, and 90

59x59x59 (150 x 150 x
150) (cube)

Compression testing machine/universal

testing machine

IS 516-1959%

Splitting tensile strength

7,28, 56, and 90

3.93 diameter and
7.87 height (100 diameter
and 200 height) (cylinder)

Compression testing machine/universal

testing machine

IS 5816:19994

Flexural strength

7,28, 56, and 90

3.93x3.93x19.68 (100 x

Flexure testing machine

IS 516-1959%¢

100 x 500) (beam)
.. 59x59x5.9 (150 x 150 x L .
Sorptivity 90 150) (cube) Weighing machine —
5.9 diameter x 11.81
Water absorption 28 height (150 diameter x Extensometers IS 516-1959%
300 height) (cylinder)
Scanning electron microscopy 28 Samples of SEM Scanning electron microscope —
(300 mm) height cylinders and their testing at 7, 28, Concarete Sample in
and 56 days. The specimens were tested using universal comtact with 5 mm
testing equipment capable of withstanding a force of water from bottom

203,943.2426 kip (2000 kN). Without using a shock, a
steady load was introduced and gradually increased over
time at a rate of 1.2 to 2.4 N/(mm?/min).

Flexural strength—According to Nazari,’ the specimens
containing NT were tested for 28 days under four-point
loads using flexural testing equipment. The experiment was
conducted using a constant loading system with a shear span
of 11.81 in. (300 mm) and a depth ratio of 3.0 for the shear
span. Following production, the examples were positioned
on the supporting bearing blocks with one side in propor-
tion to the other. At a quarter distance from the ends of the
supports, the upper surface of the test specimen was brought
into contact with the load-applying block.*! The load-bearing
block is brought into complete contact with the beam surface
as a result of this technique. The beam was tested for uniform
contact between the bearing and load-bearing blocks. The
specimen was loaded repeatedly until it failed and the dial
ceased to spin.*! The maximum applied load was indicated
and recorded by the testing equipment. The following equa-
tion is used to determine the flexural strength

_ 3FL
4bd*

where R is the flexural strength in N/mm?; F is the applied
load at failure; L is the beam span measured in mm; b is
the beam breadth measured in mm; and d is the beam depth
measured in mm.

Sorptivity—Three 30 mm slices were cut from three
concrete cubes measuring 3.93 x 3.93 x 2.75 in. (100 x
100 x 70 mm) to conduct the sorptivity test.!> These cubes
have a life span of 90 days. The specimens were dried in
an oven at a temperature of 131°F (55°C) for 3 days before
being chilled in desiccators. Water absorption from the sides
was blocked by coating the sidewalls with epoxy resin,
allowing absorption only from the bottom. The specimens
were immersed in tap water in pans with a water level of
0.19 in. (5 mm) above the pan’s bottom. The experimental

28

Fig. 1—Experimental setup for sorptivity measurements.

setup is depicted schematically in Fig. 1. After draining extra
water with an absorbent cloth, the mass of these specimens
was accurately determined at regular intervals. The slope of
a line fitted to the plot of the cumulative absorbed volume
of water per unit area of inflow surface versus the square
root of time was obtained using data on the absorbed volume
of water.*> The sorptivity coefficient is calculated using the
following formula

fee =it

where f;, is the sorptivity coefficient in mm/\Nmin; i is the
cumulative absorbed volume of water per unit area of inflow
surface in mm; and ¢ is the elapsed time in minutes. For
each test, the readings up to 960 seconds (16 minutes) were
ignored to find the slope of the best-fit curve.

Characterization using SEM and EDS

The microstructure and morphology of NT concrete were
investigated using EDS and SEM.*'? After 28 days, the
sample strength was determined and minute fragments of the
core were removed. Before SEM analysis, the samples were
placed in a desiccator and dried at 1472°F (800°C) overnight
to remove moisture. Broken fragments from tested concrete
specimens were mounted on brass stabs with carbon ribbons,
gold-coated, and viewed under a scanning electron micro-
scope for their microstructure.”’ The samples were analyzed
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using a 78.74 in. (2 pm) diameter probe, a 15 kV acceler-
ating voltage, and a 50 mA probe current. The SEM results
are projected to be accurate to within a margin of error of
+2%. Figure 2 shows the microstructure of the NT concrete.

RESULTS AND DISCUSSION
In this experimental program, the durability properties of
the mixtures were measured by slump flow D (mm). Figure 3
presents the results of the tests performed on fresh concrete.

Slump flow

The fresh properties of all replacements are depicted in
Fig. 3 (with and without NT). All of the concrete mixtures
included the same quantity of water.”” When NT was added
to the concrete, it resulted in a new material that was hard but
cohesive and sticky. As a result, the specimen workability
decreased in direct proportion to the amount of cement
replaced with NT. NT2, roughly 1.42 in. (36 mm), had the
lowest slump value. NT has a limited lubricating effect and
thus low workability due to its fast water absorption rate and
low water content.* As a result of the mixing technique, the
porous NT particles absorbed more water internally than the
natural fine aggregate in the mixture. The rough texture and

Fig. 2—Microstructure of NT.

140 T T

uneven shape of the material enhance interlocking and hard-
ness, hence minimizing the ball-bearing effect.* As a result
of all of these factors, concrete containing NT has a lower
slump and a higher water requirement. When the slump test
results were compared to those from earlier research,*-4 it
was determined that there was a high degree of agreement
that increasing NT decreased slump value. 310

Although the addition of TiO, nanoparticles in various
volume fractions reduced flowability characteristics, the
nanoparticles increased the consistency of the concrete
mixtures.*’” In the mixtures containing TiO, nanoparticles,
there was less bleeding and segregation.

Mechanical properties

Figures 4 to 6 show the compressive, splitting tensile,
and flexural strength of each combination as an average of
three specimens at 7, 28, 56, and 90 days. At 7 days of age,
NTO’s compressive strength was tested to be 3237.24 psi
(22.32 MPa). When NT0.5, NT1, and NT1.5 were compared
to the control mixture (that is, NT0), the compressive
strength increased nominally by 2.15%, 5.15%, and 18.67%,
respectively. The percentage increase in strength of NT2 and
NT2.5 was determined to be 6.67% and 3.34%, respectively.
The maximum gain in compressive strength was found at a
replacement level of 1.5%.

As shown in Fig. 5, splitting tensile strength was tested
with NT substitution in various percentages. The split-
ting tensile strength of the NT1, NT1.5, and NT2 concrete
mixtures increased on all days when compared to the control
mixture. On the 28th day, the splitting tensile strength
improved significantly when compared to the seventh day.
When 1.5% of the cement in concrete was substituted with
NT, the splitting tensile strength rose.

The effect of nominal pozzolanic activity of NT and the
filler effect could be some of the probable explanations for
the improvement in strength up to 1.5% of NT. The type
of cement paste produced and the interfacial transition zone
(ITZ),both of which affect tensile strength, are also influenced
by NT properties. At 7 days, the splitting tensile strength of
NTO was 2.2 MPa, whereas the splitting tensile strength
of the other mixtures NT0.5, NT1.0, NT1.5, NT2, NT2.5,
and NT3 were 333.58 psi (2.3 MPa), 362.59 (2.5 MPa),

120

Slump (mm)
3

0 05 1

15 2 25 3

Composition (%)

Fig. 3—Slump values of concrete with varying NT percentage.
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Fig. 4—Compressive strength of concrete containing NT.
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Fig. 5—Splitting tensile strength concrete containing NT.

406.10 psi (2.8 MPa), 390.15 psi (2.69 MPa), 384.35 psi
(2.65 MPa), and 359.69 psi (2.48 MPa), respectively.

The beam flexural strength after 7, 28, 56, and 90 days is
shown in Fig. 6. The strength parameters are comparable to
those of splitting tensile strength, with low strength at 7 days
and a significant increase at 28 days.

At 56 and 90 days, a minor increase in strength is also
observed while the hydration process continues. At 1.5%
replacement, flexural strength, like compressive and split-
ting tensile strength, reaches a maximum value.

Sorptivity

All samples were tested for capillary suction after curing
for 28 days using a sorptivity test. Sorptivity is the slope
of the straight line that displays the relationship between
absorption and the square root of time.”* In Table 8, the
absorption as a function of time and the square root of the
absorption coefficient are presented for the NT concrete
mixtures.?! The concrete mixtures with NT3.0 have the
lowest sorptivity, followed by NT2.5, NT2, NT1.5, NT1,

30

Table 8—Sorptivity and water absorption of
concrete containing NT

Sorptivity,
NT, % mm/sec’ | Water absorption, % | Apparent porosity, %
NT 0.0477 4.96 25.45
NTO.5 0.0409 4.89 23.62
NT1.0 0.0359 4.74 21.65
NT1.5 0.0369 4.64 19.27
NT2.0 0.0327 4.59 16.31
NT2.5 0.0231 4.45 14.08
NT3.0 0.0102 4.36 10.63
12 T d T g T J T d T ¥ T v T
114 7 Days |
10 28 Days| 1
56 Days| |
9 - 90 Days|

Flexural Strength (MPa)
o
]
|
]

NTO NT0.5 NT1 NT1.5 NT20 NT25 NT3.0
Composition (%)

Fig. 6—Flexural strength of concrete containing NT.

NTO0.5, and NTO. Pore characteristics can be related to
differences in sorptivity levels.

The smaller particle size of NT results in the low sorptivity,
and increasing the production of calcium-silicate-hydrate
(C-S-H) gel shrinks the pores, hence decreasing the sorp-
tivity.* Due to the presence of NT in the C-S-H gel, samples
containing a higher concentration of NT demonstrated lower
sorptivity.*®#’ As a result, the pores become less connected,
resulting in decreased absorption.® These findings are
consistent with those reported in previous research on water
absorption (Table 8).

Water absorption

Water absorption was determined using soaking tests,
and the findings are reported in Table 8. Water absorption
increased throughout 24 hours. Water absorption reduced
as the fraction of NT increased, owing to the increase in
smaller particles.?® This is in addition to the results obtained
for sorptivity and apparent porosity. Sorptivity and apparent
porosity diminish when the NT content increases.

Apparent porosity

Three cubes from each series were oven-dried for 24 hours
at 185°F (85°C) to determine the water absorption capacity
of mortar specimens, and their weight served as the starting
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weight. After 24 hours of immersion in water, the saturated
surface-dry weight of the samples was determined to be
the final weight. The weight loss of specimens that have
absorbed water is expressed as a percentage.*® The speci-
mens were dried at 185°F (85°C) because higher tempera-
tures could disturb the microstructure of mortar specimens,
resulting in erroneous water absorption measurements.*>!
The third set of three samples was used to determine the
apparent porosity.

The following equation was used to find the apparent
porosity

Apparent porosity = [(M,, — My)/(M,, — NT)] x 100%

where M,, is the weight of the specimen after immersion in
water for 48 hours; M, is the weight of the specimen after
oven drying at 185°F (85°C) for 24 hours; and NT is the
weight of the specimen suspended in water.

UPV and dynamic modulus of elasticity

The UPV test is a nondestructive technique for measuring
the dynamic modulus of elasticity of concrete specimens as
well as their quality and homogeneity.?> Additionally, this
test can be used to discover concrete fractures, defects, and
pores. In the current investigation, concrete cube samples
cast for compressive strength were subjected to a UPV test
before being evaluated for compression on the 28th day.
After coating the test surface with petroleum jelly to ensure
good acoustic coupling, the pulse velocity was applied
through the direct transmission method.> The variability of
the results for each specimen was reduced by dividing the
cube surface into three 3 x 3 grids, as the test is dependent
on a variety of variables, including aggregate density and
modulus; physical and mechanical properties of cement; the
presence of voids; moisture; temperature; and the mixture,
shape, and size of concrete.’> UPV measurements were
obtained and averaged at each junction location. The wave
velocity was calculated using Erdogan’s proposed equation®!

V= (hit) x 106

where V is the ultrasonic wave speed (m/s); / is the distance
between the surface of the concrete specimen from which
the ultrasonic wave is sent and the surface where the wave
is received (m); and ¢ is the time passed from the concrete
surface from which the ultrasonic wave is sent and the
surface wave is received (ps).

The UPV of concrete containing varying concentrations of
NT after 28 days is illustrated in Table 9. In general, when
the NT content increases, the UPV values fall. However,
all concrete containing NT falls within the category of
good concrete, as defined by IS 13311-2:1992,% with UPV
values of more than 5000 m/s. Additionally, all concrete
can be regarded as being of high-quality NT of uniformity
and integrity.>* As a result, it can be inferred that the addi-
tion of NT to concrete improves its UPV testing quality.
The decrease in voids and microcracks observed as the
NT concentration increased could be attributed to NT filler
action, which lowers voids and microcracks.*
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Table 9—UPV at 28 days

S. No. Mixture UPV, m/s
1 NTO 6173.44
2 NTO0.5 6126.42
3 NT1.0 6052.05
4 NT1.5 5918.63
5 NT2.0 5812.55
6 NT2.5 5699.91
7 NT3.0 5602.58

Isikdag and Topgu® provided formulas for calculating
the dynamic modulus of elasticity (E,). The formula is as
follows

Eq= V(1 +p)(1 -2 x 10°9(1 - p)

where p is the dynamic Poisson’s ratio for concrete and is
taken as 0.23; and vy is the unit weight (kg/m?).

Figure 7 shows the dynamic modulus of elasticity in GPa
versus the percentage of NT.

Chloride penetration

Cubic specimens 150 x 150 x 150 mm were immersed in
a 3% NaCl solution for 90 days after a 90-day curing period.
Then specimens were oven-dried for 24 hours. After that, to
prepare some pulverized concrete samples (powder samples)
for the test, all six faces of the cubic specimens were drilled
to depths of 0 to 0.19 in. (0 to 5 mm), 0.19 to 0.39 in. (5 to
10 mm), 0.39 to 0.59 in. (10 to 15 mm), 0.59 to 0.78 in. (15
to 20 mm), and 0.78 to 1.81 in. (20 to 30 mm). The concrete
powder samples obtained from all six faces for each depth
were blended, and the samples were ready for the next step
of the test (ASTM C1218/C1218M-15).%

The total chloride content of pulverized concrete is deter-
mined using a potentiometric titration of chloride with silver
nitrate (ASTM C114)°7 in this test procedure. The produced
crushed concrete sample is dissolved in nitric acid, and if the
solution is acidic, a small amount of NaHCOj is added until
the pH value reaches 6 or 7. The K,CrO, indicator is then
added, resulting in a light yellow color change in the solu-
tion. Eventually, 0.05 N AgNO; is added until the solution
turns orange-yellow (weak brown) in color, and the volume
of the AgNOj solution is measured. To determine the Cl ion
percentage, the volume of the AgNOj; solution is substituted
in the following equation

3.5453(V - N)
w

where W is the weight of pulverized (powder) concrete
prepared from the sample; N is the normality of AgNOj; solu-
tion; and ¥ is the volume of AgNO; solution.

In this study, the chloride penetration was calculated as a
fraction of the weight of the concrete sample.>® The chloride
percentages at various depths of the concrete samples are
shown in Fig. 8.

CI (%) =
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Fig. 8—Chloride penetration depth versus percentage of NT.

The results show a general decrease in chloride percentage
by the depth of the concrete sample, indicating that the
concrete components, particularly aggregates, are free of
chloride ions.

According to the results obtained, increasing the TiO,
nanoparticles to a concentration of 3 wt. % results in a
decrease in chloride penetration. The findings of this study
corroborate those of other researchers.’®*° For instance,
Detwiler et al.' investigated the efficacy of using supple-
mentary cementitious materials to improve the chloride
resistance of accelerated cured concrete and discovered that
concretes containing supplementary cementitious mate-
rials outperformed portland cement concrete. Additionally,
the use of supplementary cementitious materials can help
prevent detrimental expansions caused by both delayed
ettringite formation and the alkali-silica reaction.®

Regarding the beneficial effect of TiO, nanoparticles as
supplementary cementitious materials on chloride penetra-
tion through concrete, this could be because the nanopar-
ticles located in the cement paste as the kernel can further
promote cement hydration due to their high activity,
resulting in a more homogeneous and compact cement
paste.’® As a result, the pore structure of concrete is signifi-
cantly improved. When the nanoparticle content is increased
above 3% by weight, the improvement in the pore struc-
ture of concrete is weakened.®® This is because the distance

32

between nanoparticles decreases as the nanoparticle content
increases, and the Ca(OH), crystal quantity decreases as a
result.®! This results in a low ratio of crystal to strengthening
gel, increased shrinkage and creep of the cement matrix, and
a looser pore structure of the cement matrix, which could
result in increased chloride penetration.’!

Figure 8 shows the percentage of chloride penetration at
different average depths of the concrete samples.

MICROSTRUCTURE

The SEM images at 50 um magnification for all the
samples are presented in Fig. 9. While the matrix of the
control mixture and 1% NT showed relatively larger
(approximately 10 um) pores unevenly distributed, the 2%
NT showed smaller-sized pores (approximately 2 to 3 pm)
more uniformly distributed, and 3% NT showed relatively
lesser pores. The 2% NT and 3% NT also exhibited the
formation of more C-S-H gel. Thus, it is inferred that the
higher the percentage of NT, the lesser the pores.

SEM aids in the characterization of concrete’s microstruc-
ture and the identification of the components that affect its
mechanical properties and durability.®?> The concrete micro-
structure is made up of C-S-H gel, calcium hydroxide,
calcium sulfoaluminate hydrate (ettringite and monosul-
fate), coarse and fine aggregate, and an ITZ between the
aggregate and cement hydration products. In EDS spot
analysis results, calcium, silica, and alumina content in NT
were discovered in percentages of 35.24, 29.3, and 12.87,
respectively. Figures 9(a) and (b) show the microstructure of
NTO and NT1.0 concrete.

The microstructure of the specimens changed after
28 days of curing in all of the replacements. The main
hydration product, C-S-H gel, which was responsible for
improved mechanical properties, is present in significant
quantity. Hence, a sharp rise in the value of strength param-
eters was observed at 28 days. A pozzolanic reaction and
the production of a C-S-H gel were observed after 28 days
of curing. Figure 9 shows the microstructure of NAC,
NT1.0, NT2, and NT3 at 50 um magnification. Figure 9(a)
shows the microstructure of the control mixture. Microp-
ores up to 5 pum are seen scattered along with the matrix.
NT1.0 (Fig. 9(b)) and NT2 (Fig. 9(c)) show a progressively
improving microstructure with smaller voids and less in
number. The ITZ is intact, as seen in NT2 (Fig. 9(c)). In
the case of NT3 (Fig. 9(d)), EDS spot analysis revealed a
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Fig. 9—Microstructure of mortar containing: (a) control mixture; (b) 1% NT; (c) 2% NT; and (d) 3% NT.

dense microstructure and minimal voids. This is consistent
with the findings of compressive strength and further estab-
lishes the two-wall effect. The aggregates of NT3 are well
covered with the matrix and exhibit an excellent bond with
the matrix. Microcracks and micropores are nearly absent in
this sample.' The presence of NT thus reduces the voids in
the concrete.

CONCLUSIONS
Experimental investigations to study the effect of
partial replacement of cement with nano-titanium dioxide

(nano-TiO, [NT]) are attempted in this research work. The

physical and chemical properties of NT and its viability to

be used as a replacement for cement are studied. The results
obtained in this study can be summarized as follows:

* Increases in the fraction of nanoparticles often enhanced
the durability of the resulting concrete, which might be
attributed to finer particles in the cement mixture and
the nanoparticles’ filler effect.

*  TiO, nanoparticles as a partial replacement for cement
up to 1.5% could accelerate the formation of calcium-
silicate-hydrate (C-S-H) gels due to increased crystal-
line Ca(OH), concentration at an early stage of hydra-
tion, thereby increasing the flexural and splitting tensile
strengths of concrete specimens even at early stages
of hydration. The presence of more than 1.5% of TiO,
nanoparticles results in decreased flexural and splitting
tensile strengths because of the decreased crystalline
Ca(OH), content necessary for C-S-H gel formation.
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* Both water absorption and apparent porosity were
significantly reduced with the addition of TiO, nanopar-
ticles, as the nanoparticles act as nanofillers and improve
the concrete resistance to water permeability.

» Ultrasnoic pulse velocity (UPV) tests revealed that
when TiO, nanoparticles are added, the number of pores
in the concrete decreases, indicating that the density of
the concrete is raised and the pore structure is improved.

*  Chloride penetration decreased with the inclusion of
nanoparticles, which could be due to the more packed
microstructure created by the nanoparticles and the
increased volume of the paste.
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