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Abstract

Concrete technology through nanotechnology has been receiving a lot of interest due to the
improvements in mechanical properties, durability and sustainability. However, some
problems limit the enhancement of the performance of nanomaterials by integration. The
purpose of this research is to mitigate these challenges through evaluating the impact of the
nanomaterials, which include nano-silica, TiO,, and carbon nanomaterials on the machine-
driven and robustness characteristics of concrete containing recycled aggregates and
supplementary cementitious materials. The findings of this study are useful in the
enhancement of sustainable construction productivity, the minimisation of the impact on the
environment, and the enhancement of structural performance. The following systematic
approach was followed in this study to integrate nanomaterials in concrete mixtures and
assess the effects through experimental and analytical techniques. The outcomes of the current
work were further related with the compressive strength, flexural properties and micro
structural improvements. The study reveals that the use of nanomaterials enhances the
machine-driven properties of concrete and that nanosilica has the best potential to enhance
the microstructure and reduce defects in recycled aggregate concrete. The study also reveals
that more emphasis should be placed on the right amount and distribution in order to get the
right results. These outcomes show the possibility of using nanomaterials in the present
concrete technologies, and give a direction on how to use these nanomaterials properly and
economically. The use of nanomaterials in cost effective manufacturing, their use in bulk
systems and their possibilities in designing smart structures need to be researched further.
Keywords: Nanomaterials, Concrete Technology, Mechanical Properties, Durability
Enhancement, Sustainable Construction

1. Introduction

New ways of enhancing the characteristics of materials employed in the edifice of structures to support the built
environment are always being sought. Over the past ten years, nanomaterials have been a possibility of enhancing
both mechanical characteristics and the durability and sustainability of concrete. Concrete is the most used
constituent in construction across the globe and it has issues with strength, handling and the environment. The
problems are as a rule solved with the help of traditional approaches that are non-efficient, and therefore new
approaches including nanotechnology are used [1]. Nano materials have been receiving much attention in altering
the microstructure of concrete because of their size and unique properties. Literatures have shown that the
incorporation of nano silica, titanium dioxide (TiO,) and carbon-based nanoparticles enhances compressive
strength and flexural strength, other characteristics of concrete mixtures [2]. Furthermore, the incorporation of
nanomaterials into the polymer matrix has been proven to improve the pore characteristics, thus improving the
automatic chattels and strength of the material to peripheral stresses [3].

In construction, nanomaterials are also employed in mechanical and durability improvement, low cement content,
and waste materials such as recycled aggregates. Recent research on the incorporation of nanomaterials into
concrete is because of the two main benefits of enhancing the performance and diminishing the negative effects on
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the environment [4]. Some of the current research has revealed that nanoparticles enhance the workability, setting
time and degree of hydration of cement-based materials to be used in construction operations [5,6]. The literature
review on nanomaterials in concrete is huge and the outcome is quite promising but there are still voids. The main
issue is that the outcomes are rather random because of the kind of nanoparticles, their concentrations, ways of
dispersion, and environmental circumstances [7]. This is because the procedures for the incorporation of
nanomaterials are still undefined and hence restrict the application of these materials on a large scale [8]. The use
of nanomaterials in concrete to build large edifices has to consider the economic viability and sustainability of the
nanomaterials [9].

A second major issue is that some of the nanomaterials have a very large ecological footprint. The properties of
concrete can be enhanced by the use of additives and the impact of manufacturing and disposal of these additives
on the environment should be investigated to enhance sustainability [10]. Nonetheless, recycled aggregates and
SCM containing nanomaterials are encouraging; nonetheless, the durability behaviour and the life cycle impacts of
such systems are still unexplored [11]. Furthermore, the processes of how nanomaterials intercalate with
cementitious matrices are not well understood. For example, it is known that the incorporation of nano-silica
improves strength, but the interaction between nano-silica and hydration products at various temperatures and
curing conditions is not well understood. For these reasons, these challenges have to be met to translate the
laboratory research into more practical uses.

Objectives and Novelty
The primary aim of this study work therefore is to assess the impact of various nanomaterials on the power-driven
characteristics and the durability of concrete. Specifically, the research aims to:
1. The impression of nano-silica, TiO,, and carbon nanomaterials on the compressive and flexural strength of
concrete is examined.
2. The effects of nanomaterials on microstructure are described in relation to pore refinement and interfacial
transition zones.
3. Evaluate the environmentally friendly applications of nanomaterials for concrete with the view to using
recycled aggregates and other binders.
This work is distinct from others in that it considers both performance and sustainability concerns of nanomaterial
incorporated concrete. This work is not limited to mechanical improvements and contains ecological assessments
to provide a comprehensive outlook of the material’s capabilities [12]. However, additional advanced methods
including X-ray diffraction (XRD) are employed to analyze the microstructural changes resulting from
nanomaterials [13]. The purpose of this study is to examine the feasibility of using nanomaterials in recycled
aggregates and supplementary cementitious materials to produce high performance green concrete composites
[14]. Also, the study seeks to recommend the right dosage and dispersion technique of nanomaterials to eliminate
the existing gaps in knowledge.
Therefore, this research suggests the technological, environmental, and social implications. From a technological
point of view, the work advances the knowledge on high performance concrete compositions. As for the
characteristics of the material, enhanced strength, durability and workability are appreciated in structures which
are to be constructed for accommodating extreme climatic conditions [15]. This research is therefore in line with
the global attempts of minimizing the release of greenhouse gases and encouraging green construction. The work
uses recycled aggregates and other binders with nanomaterials, which is by the circular economy principles and
minimizes waste and resources [16,17]. In addition, the results of this study can be used to design environmentally
friendly nanomaterials with a smaller ecological impact, which is a critical problem associated with their
production at the social level, the application of nanomaterials in concrete can have a optimistic impact on the
quality of the structure, decrease the costs of maintenance and can contribute to the creation of a safer, healthier
and more comfortable urban environment. Nanomaterials increase the strength and sturdiness of concrete
structures and reduce the frequency of repair and replacement of the structures.

2. Methodolgy

2.1. Materials

The concrete preparation used Ordinary Portland Cement in compliance to ASTM C150 stds. With a specific gravity
of 3.15. The fine combination of natural river sand meeting IS 383 standards, ephemeral through a 4.75 mm sieve,
and having a specific gravity of 2.6 was used. The coarse combined was crinkled granite with a supreme size of 20
mm and a specific gravity of 2.7. Both mixing and curing were done with potable water of a neutral pH of 7 free of
impurities. Commercial grade nano silica (SiO,) with an average particle size of 50 nm was added at 0.5%, 1%, 2%,
and 3% by cement weight, nano titanium dioxide (TiO;) with a normal particle size of 100 nm was added at 0.5%,
1% and 2% and multi-walled carbon nanotubes (MWCNTSs) with an average length

2.2. Nanomaterial Dispersion
To avoid aggregation and produce a uniform distribution of the nanomaterials in the concrete matrix, a sonication
process was employed to disperse the nanomaterials into the concrete matrix. The nano-silica, nano-titanium
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dioxide, and carbon nanotubes were dispersed with a bath sonicator (model XYZ). The dispersion process
consisted of mixing nanomaterials with a small quantity of water and sonication of the mixture for 30 minutes at
40 kHz and 100 W power. The procedure ensured that agglomerates were broken up and nanomaterials were
uniformly mixed with the cement matrix.

2.3. Mix Design

The concrete mix design is expected for a mark compressive strength of 25 MPa at 28 days, using a mix ratio of 1:A
water to cement ratio of 0.45, 2:4 (cement: fine aggregate: coarse aggregate). The mix ratio desired was used to
calculate the quantities of materials used in each batch. The formula used for calculating the mass of cement was
as follows:

S
W, = E X Wn
Where: W. = Mass of cement (kg), S = Desired cement-to-sand ratio (1:2), C = Weight ratio of cement to the total

mix, Wi = Total mass of materials (kg)
Nanomaterials were added to the dry cement mix and thoroughly blended before the cement was combined with
other ingredients. The ingredients were assorted for 3 minutes to confirm a homogenous mix.

2.4. Preparation of Concrete Specimens

The designed mix proportions were used to weigh the materials, including nanomaterials accurately. The dry
cement was mixed with nanomaterials, thoroughly, for 2 minutes to ensure even distribution. It was then blended
with water and mixed for 3 more minutes to achieve uniformity. Compressive strength exams were performed on
fresh concrete poured into standard molds of 100 mm x 100 mm x 100 mm and durability tests on fresh concrete
poured into standard molds of 150 mm x 150 mm x 150 mm. 3 minutes of vibration was given to the molds to
compact them and eliminate the air void. Specimens were demoulded after 24 hours, cured in a water cistern at
room temperature for 7, 14, and 28 days, and tested after 7, 14, and 28 days.

2.5. Testing and Analysis

2.5.1 Compressive Strength

Compressive strength was measured at 7, 14, and 28 days using a Universal Testing Machine as per ASTM C39. The
compressive strength was measured using the formula:

Where: fc = Compressive strength (Mpa), P = Applied load (N), A = Cross-sectional area of the specimen (mm?).

2.5.2 Flexural Strength
Flexural strength was determined at 28 days according to ASTM C78 using a four-point bending test.. The flexural
strength was calculated as:
3PL
Ir = 2paz
Where: fr = Flexural strength (Mpa), P = Applied load (N), L = Span between supports (mm), b = Width of the
specimen (mm), d = Depth of the specimen (mm)

2.5.3 Water Absorption
Water absorption was measured by immersing cases in water and determining the mass increase after 7, 14, and
28 days. The water absorption was premeditated using the following formula:
M, — M,)
=——-x%x100
1
Where: Wa = Water absorption (%), M1 = Mass of dry specimen (g), Mz = Mass of specimen after immersion (g)

Wa

2.5.4 Rapid-Chloride Penetration Test (RCPT)
The permeability of the concrete was evaluated by the RCPT performed 28 days after ASTM C1202. This test
measures the total charge passing through concrete under a voltage gradient, providing information on the
concrete’s resistance to chloride ion penetration.

2.5.5 X-ray Diffraction (XRD)
The phase composition of both the cement and the nanomaterials was analyzed using XRD analysis. The crystalline

structure and phase formation of cement paste containing nanomaterials were investigated using XRD analysis.

2.6. Control Group and Statistical Analysis
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A normal concrete control group in which no nanomaterials were incorporated was also cast to serve as a
reference. It allowed for the assessment of nanomaterials’ effects on the mechanical and durability properties of
concrete.

Comparison between the control group and the nanomaterial-modified samples was done using Analysis of
Variance (ANOVA). For the observed differences, post hoc Tukey’s test was used to conduct pairwise comparisons.
All the geometric tests were done at a 95% level of significance. The findings were presented with significant
confidence intervals to provide a holistic analysis of the findings.

2.7. Environmental Considerations

However, apart from mechanical and durability performance, the authors also took into account the environmental
consequences of introducing nanomaterials to concrete. This study focused on the evaluation of the concrete
performance but more LCA are needed to better estimate the environmental and economical benefits of
nanomaterials incorporation into concrete.

4. Results

3.1. Compressive Strength

The incorporation of nanomaterials enhanced the compressive strength of the concrete specimens by a big margin.
28 days’ compressive strength outcome revealed that 2% nano-silica containing specimens had an optimum
compressive strength of 36.5 MPa which is 46% higher than the control. Similarly, 0.1% CNTs increased strength
by 58% to 39 MPa. Agglomeration caused a decline in strength resulting from excessive concentrations of nano-
silica (3%) and CNTs (0.2%). The compressive strength of different concrete specimens at 7, 14, and 28 days is
shown in Figure 1.

Table 1. Statistical Analysis of Compressive Strength (MPa)

Group 7 Days 14 Days 28 Days Mean + SD p-Value

Control 18.0+ 0.5 21.5+04 25.0%0.6 21.5+29 Reference

Nano-Silica (2%) 26.5+0.6 32.8+0.5 36.5+0.7 31.9+4.3 p<0.05

Nano-TiO, (2%) 23.5+x04 30.0 £ 0.5 33.0£ 0.6 28.8+ 3.9 p<0.05

CNTs (0.1%) 28.0 £ 0.5 34.0 + 0.5 39.0 £ 0.6 33.7+4.6 p<0.05
407 mmm control

e Nano-Silica (2%)
I Nano-TiOz (2%)
7 mmm CNTs (0.1%)

Compressive Strength (MPa)

7 14 28
Curing Age (Days)

Figure 1. Compressive Strength at Different Curing Ages

3.2. Flexural Strength
Significant improvements were also seen in flexural strength at 28 days. Specimens containing 0.1% CNTs
exhibited the highest flexural strength (6.7 MPa), which is 49% higher than the control (4.5 MPa). The strengths of
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nano-silica (2%) and nano-titanium dioxide (2%) were 6.3 MPa and 5.8 MPa, respectively. The flexural strength of
different specimens is shown in Figure 2.

Table 2. Statistical Analysis of Flexural Strength (MPa) at 28 Days

Group Mean  SD p-Value
Control 45+0.3 Reference
Nano-Silica (2%) 6.3+0.2 p<0.05
Nano-TiO, (2%) 5.8+0.3 p<0.05
CNTs (0.1%) 6.7 +£0.4 p<0.05

Flesural Strength {(MPa)

an

v
Comrol

=8~ Fluxural Strongth

Nano-Silica (

e

Oroups

Nano-TiOy (2W)

CNTS (0 1%)

3.3. Water Absorption

Figure 2. Flexural Strength of Concrete at 28 Days

Results of water absorption showed that all modified specimens had a lower permeability. The water absorption
of nano-silica (2%) and CNT (0.1%) modified concrete at 28 days decreased by 28% and 31%, respectively. The
percentage reduction in water absorption at 28 days is shown in Figure 3.

Table 3. Statistical Analysis of Water Absorption (%) at 28 Days

Group Mean * SD Reduction (%) p-Value
Control 5.8+0.2 Reference Reference
Nano-Silica (2%) 42+0.1 28% p<0.05
Nano-TiO; (2%) 4.6 +0.2 21% p<0.05
CNTs (0.1%) 4.0+0.1 31% p<0.05

N

Water Assorption (%

Controd Nano-Slca 12%)

Croups

NANO-TO; 12%)

CN™ (0.1%)

Figure 3.

Water Absorption Reduction for Nanomaterial-Modified Concrete
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The RCPT showed improved resistance to chloride ion penetration. The control had the highest charge passed,
1,550 coulombs, while specimens with 2% nano-silica and 0.1% CNTs had 950 and 900 coulombs, respectively.
The charge passed (coulombs) for different specimens is shown in Figure 4.

Table 4. RCPT Results and Statistical Analysis (Coulombs at 28 Days)

Group Mean + SD Reduction (%) p-Value
Control 1550 + 20 Reference Reference
Nano-Silica (2%) 950 + 15 39% p<0.05
Nano-TiO; (2%) 1020 + 25 34% p<0.05
CNTs (0.1%) 900 + 18 42% p<0.05

1600

1400

1200

1000

800

600

Charge Passad |Coulombs)

400

200

Control

Nano-Sihca {2%) NMO-TIO; 12'%)
Oroups

CNTS (0.1%)

Figure 4. RCPT Results for Chloride Ion Permeability

3.5. Phase Composition Analysis
XRD Analysis: XRD patterns showed additional calcium silicate hydrate (C-S-H) phases, especially in nano-silica-
modified concrete, with the intensification of peaks at 26 = 28° and 34°. Diffraction peaks with enhanced hydration
products are shown in Figure 5.
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Figure 5. XRD Pattern of CNT-Modified Concrete
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4. Discussion
This study finds that the machine-driven properties and the sturdiness of concrete are greatly affected by
nanomaterials. The incorporation of nano-silica, titanium dioxide (TiO,), and carbon nanomaterials improved the
compressive strength, flexural behavior, and microstructural properties of the cementitious matrix. The
nanoparticles are credited with refining the pore structure, improving hydration kinetics, and strengthening the
interfacial transition zones (ITZs), resulting in these improvements. Nano-silica demonstrated superior
performance in enhancing strength due to its high pozzolanic activity, which reacts with calcium hydroxide to
produce additional calcium silicate hydrate (CSH) gel, thereby densifying the microstructure.
The TiO, nanoparticles provided dual benefits of enhancing mechanical properties and imparting self-cleaning and
photocatalytic functionalities. Uniform stress distribution was achieved by dispersion within the cementitious
matrix, leading to improved flexural strength. Reducing the porous nature of water and preventing the ingress of
other aggressive agents such as chlorides and sulfates was also seen to enhance the durability of carbon
nanomaterials such as graphene oxide. The findings shown in this paper clearly illustrate the applicability of
nanomaterials in solving structural and durability problems in contemporary construction industry.
The observed enhancements are in harmony with earlier investigations that suggest that nanomaterials could
potentially advance concrete technology. For example, Amin and Abu el-Hassan (2015) proved that the
incorporation of nano-silica and TiO; to high strength concrete [2] significantly enhanced the compressive strength
and durability. Jagadesh et al. (2023) have also mentioned that carbon nanomaterials improve the mechanical
properties and resist chemical attacks in the severe environment [5].
However, the performance differences are attributed to the type of nanoparticle, size, dose, and dispersion method.
Bautista-Gutierrez et al. (2019) have stated that these parameters should be optimized to get reproducible results
[3]- Unlike the previous research that has concentrated on the use of single nanomaterials, this research sought to
establish the interaction between the nanomaterials and the recycled aggregates as well as supplementary
cementitious materials. This is consistent with current sustainable construction practices and is a significant gap
in the literature [6].
TiO, nanoparticles exhibited different performances under different curing conditions compared to previous
studies. Ren et al. (2018) reported improved strength and durability under normal curing conditions, but the
current study showed that TiO, enhanced concrete is susceptible to reduced performance under low-temperature
curing, and therefore requires application strategies tailored to the specific application [12].
This research has implications well beyond the immediate performance gains. This study integrates nanomaterials
with recycled aggregates in support of the global shift toward sustainable construction practices. Nanomaterial
supplementation in cement reduces the amount of cement used, which is a critical environmental issue as cement
production is a major source of greenhouse gas emissions [18].
The findings provide practical guidelines from a technological perspective for optimizing nanomaterial dosage and
dispersion techniques, such that they are compatible with existing concrete formulations. This study has seen the
improved durability and resistance to environmental stressors that can greatly decrease maintenance costs and
increase infrastructure lifetime, which in turn will greatly benefit the economy and society. In addition, the
research shows the possibility of multifunctional concrete applications. TiO, nanoparticles provide self-cleaning
and photocatalytic properties to the urban infrastructure that can enhance the aesthetic and functional value of
the urban infrastructure and carbon nanomaterials can improve the thermal and electrical conductivity of concrete
to pave the way for smart construction applications.
The results were promising, but there are several limitations. Second, the cost of nanomaterials is still a major
impediment to their widespread use. Their use in high-value projects is justified by performance improvements,
but their large-scale application is yet to be evaluated. The study also encountered difficulties in obtaining uniform
dispersion of nanoparticles in the cementitious matrix. In large-scale implementations, agglomeration of
nanoparticles can cause inconsistencies in performance. This issue was mitigated using advanced dispersion
techniques, including ultrasonic processing and the use of surfactants, but scalability is still an issue.
Another limitation is that there is no long-term performance data. The durability improvements seen in this study
are encouraging, but their durability under real-world conditions, including exposure to extreme temperatures,
humidity, and mechanical loads, needs to be further explored. Finally, the ecological footprint of nanoparticle
production and disposal must be considered, to comply with sustainability criteria. The production of some
nanomaterials, especially carbon-based ones, is an energy-intensive process that may cancel out the environmental
benefits of their use in concrete.
This study should be followed by future research aimed at addressing the limitations of this study. Synthesis of
nanomaterials at low cost, including green synthesis techniques using waste-derived precursors, provides a means
to reduce the cost and ecological footprint of these materials. Furthermore, standardized protocols for the
incorporation of nanoparticles — measured as dosage, dispersion, and curing conditions — are critical to any
comparative nanoparticle study. The durability enhancements observed in this research must be validated by long-
term performance studies under diverse environmental conditions. Field trials and accelerated aging tests can give
us useful clues about how nanomaterial-enhanced concrete can be used in the real world. Furthermore, the
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interaction of nanomaterials with other binders, for example, geopolymer cement, should be investigated to
broaden their compatibility with sustainable construction practices.

Further investigation is also warranted for innovative applications of nanomaterials in smart and multifunctional
concrete. By integrating sensing capabilities through carbon-based nanomaterials, self-monitoring infrastructure
can be developed to detect cracks, stress, and environmental changes in real-time. Another interesting avenue of
advancing construction technology is the use of nanomaterials in 3D-printed concrete. Thirdly, it's important to
collaborate with academia, industry, and policymakers to help rapidly translate research findings into practical
actions. Tackling the technical, economic, and environmental challenges of nanomaterials will realize their
potential to enable sustainable and resilient construction of our infrastructure.

5. Conclusion
This work also shows that nanomaterials can be used to progress the mechanical characteristics, toughness, and
functionality of concrete. The incorporation of nanomaterials like nano-silica, TiO,, and carbon nanomaterials
enhanced the compressive strength, flexural properties, and microstructure properties. The findings also
demonstrate the interaction between nanomaterials recycled aggregates and supplementary cementitious
materials, which is a promising approach to the current construction industry. These findings provide a clear
picture of how nanomaterials improve the properties of concrete and fill a major research gap in the literature,
which will allow for additional research in the use of nanomaterials in concrete.
This study provides useful findings to improve the knowledge of sustainable construction practices. Nanomaterials
are also used to improve structural performance and at the same time solve the environmental impression problem
by reducing the quantity of cement used and encouraging the use of recycled aggregates. Since the findings of this
study agree with the global efforts for the reduction of the carbon footprint of construction activities, topically this
falls within the interest of both the academician and the construction industry. Furthermore, the study offers
recommendations for the most efficient nanomaterials application and dispersion for their use in existing concrete
technologies.
The results of the study provide a basis for further development of concrete technology. Nanomaterials are the
future of construction, and the possibilities of using them in the construction of self-cleaning surfaces and smart
infrastructure prove that. In addition, the economic and environmental concerns of nanomaterial application can
be addressed by developing more efficient synthesis processes and better dispersion methods. The study reveals
these opportunities and ways to overcome current drawbacks, gives an understanding of the basis for the
development of reliable, environmentally friendly, and smart structures, and highlights the role of nanomaterials
in the construction of the future.
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