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High-performance concrete (HPC) is widely used in modern construction due to its
superior mechanical strength, improved durability, and enhanced resistance to
aggressive environmental conditions. However, achieving further improvements in
concrete performance requires the development of innovative materials and
sustainable modification techniques. In this context, the incorporation of hybrid
nanoparticles, such as nano-silica (NS), nano-titanium dioxide (nano-TiO:), nano-
alumina (nano-Al.Os), and other nanomaterials, has attracted considerable attention
in concrete technology. Hybrid nanoparticles can improve the microstructure of
cementitious materials through filler effects, nucleation of hydration products, and
pozzolanic reactions, resulting in a denser cement matrix and a potentially stronger
interfacial transition zone (ITZ). This review paper examines the influence of hybrid
nanoparticles on the strength and durability characteristics of high-performance
concrete. Particular emphasis is placed on compressive strength, split tensile strength,
flexural strength, water absorption, porosity, chloride penetration, sulphate resistance,
and resistance to chemical and environmental deterioration. The review also discusses
the importance of nanoparticle dosage, particle dispersion, water-to-binder ratio, and
compatibility with chemical admixtures in determining concrete performance.
Although hybrid nanoparticles offer promising opportunities for improving HPC
properties, excessive dosages and poor dispersion may cause agglomeration, reduce
workability, and negatively affect mechanical performance. The review identifies key
research gaps related to the combined effects of different nanoparticles, long-term
durability, environmental sustainability, and the development of optimum hybrid
nanoparticle proportions. The findings provide a foundation for further experimental
investigations into the development of durable, high-strength, and sustainable
concrete for advanced construction applications.

Keywords: High-performance concrete, hybrid nanoparticles, nano-silica, nano-
titanium dioxide, compressive strength, durability, microstructure, cement hydration.

1. Introduction

High-performance concrete (HPC) represents an advanced category of concrete designed to provide improved
mechanical properties, durability, and long-term service performance compared with conventional concrete. It is
extensively used in high-rise buildings, bridges, marine structures, industrial facilities, tunnels, and other infrastructure
exposed to demanding loading and environmental conditions. The performance of HPC depends on several factors,
including the water-to-binder ratio, cementitious material composition, aggregate characteristics, chemical
admixtures, curing conditions, and the quality of the interfacial transition zone between cement paste and aggregates.

Despite its advantages, conventional HPC may still experience deterioration due to chloride-ion penetration, sulphate
attack, carbonation, freeze—thaw cycles, moisture movement, and the development of microcracks. These problems
can reduce structural durability and increase maintenance costs over the service life of concrete structures. Therefore,
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researchers have increasingly investigated the use of advanced supplementary materials and nanotechnology to
improve the internal structure and performance of cement-based composites.

Nanoparticles are materials with dimensions generally within the nanoscale range. Their small particle size and high
specific surface area can influence cement hydration, pore structure, and the development of hydration products. Nano-
silica, nano-titanium dioxide, nano-alumina, and other engineered nanomaterials have been studied individually as
modifiers for cementitious systems. Among these materials, nano-silica is particularly important because it can act as
a filler, provide nucleation sites for hydration products, and react with calcium hydroxide to form additional calcium
silicate hydrate (C—S—H) gel.

The concept of hybrid nanoparticles involves combining two or more types of nanoparticles to obtain complementary
or synergistic effects. For example, nano-silica may contribute to pore refinement and additional C—S—H formation,
while nano-titanium dioxide may contribute to particle packing and, under suitable conditions, photocatalytic surface
functions. Nano-alumina may influence hydration reactions and the formation of aluminium-containing hydration
products. The combined effect depends on the chemical composition, particle size, relative proportions, dispersion
quality, and compatibility of the selected nanomaterials.

The incorporation of hybrid nanoparticles into HPC may improve compressive, tensile, and flexural strengths by
refining the pore structure and improving the bonding within the cementitious matrix. A reduction in connected
capillary pores may also restrict the movement of water and aggressive ions, thereby improving resistance to certain
durability-related deterioration mechanisms. However, these improvements are not automatic. High nanoparticle
contents can increase water demand, reduce workability, and promote particle agglomeration if suitable dispersion
techniques and superplasticizers are not used.

The use of hybrid nanoparticles also presents practical challenges, including material cost, safe handling of
nanopowders, mixing procedures, quality control, and the limited availability of long-term field-performance data.
Consequently, a systematic review of their effects on both strength and durability is necessary to understand their
potential benefits and limitations.

2. Literature review

The application of nanotechnology in concrete has become an important area of research because nanoparticles can
modify cement hydration, refine pore structure, improve the interfacial transition zone, and enhance mechanical and
durability performance. Previous studies have primarily investigated nano-silica, nano-titanium dioxide, nano-
alumina, graphene oxide, and carbon-based nanomaterials. The following literature review summarizes the major
findings relevant to high-performance concrete containing hybrid nanoparticles.

Zhang et al. (2017) conducted a state-of-the-art review on the influence of nano-silica (NS) on the fresh and hardened
properties of high-performance concrete. The authors examined workability, setting time, compressive strength,
flexural strength, fracture behaviour, permeability, chloride penetration, abrasion resistance, frost resistance, and
microstructure. The review indicated that nano-silica generally improves mechanical properties and durability by
refining the cementitious matrix and strengthening the interfacial transition zone. However, the addition of nano-silica
may reduce flowability because of its high specific surface area and increased water demand.

Balapour, Joshaghani, and Althoey (2018) reviewed the contribution of nano-SiO. to the mechanical, fresh,
microstructural, and durability characteristics of concrete. Their study highlighted that nano-silica can improve
compressive, tensile, and flexural strengths through the formation of additional calcium silicate hydrate (C—S—H) gel
and the refinement of the pore structure. The authors also discussed improvements in chloride penetration resistance,
electrical resistivity, and abrasion resistance. Nevertheless, they noted that excessive nano-silica may increase
shrinkage, demonstrating the importance of selecting an appropriate dosage.

Recent Progress in Nanomaterials for Modern Concrete Infrastructure (2019) reviewed several nanomaterials,
including nano-silica, nano-alumina, nano-titanium oxide, carbon nanotubes, graphene, and graphene oxide. The
review indicated that suitable nanoparticle dosages can improve compressive, tensile, and flexural strengths while
influencing workability and water absorption. It also highlighted the potential benefits of combining nanomaterials
with other reinforcement materials and supplementary cementitious materials. The findings support further
investigation into hybrid nanoparticle systems for developing high-performance cementitious composites.

Nanotechnology in Cement-Based Materials: A Review of Durability, Modeling, and Advanced Characterization
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(2019) examined the interaction of nanomaterials with cement-based materials, particularly their effects on physical
deterioration, chemical deterioration, and reinforcement corrosion. The review emphasized that nanoparticle
dispersion and the interactions between nanoparticles and hydration products are important factors governing concrete
performance. It also highlighted the importance of microstructural characterization and predictive modelling for
understanding the long-term behaviour of nanomodified concrete.

Fu etal. (2022) investigated the influence of nano-silica on the microstructure and durability of cement-based materials
through a comprehensive review. Their study discussed hydration characteristics, pore structure, the internal interface,
chloride-ion corrosion resistance, sulphate resistance, carbonation resistance, and freeze—thaw resistance. The authors
reported that nano-silica promotes cement hydration and the formation of C—S—H gel through nucleation and
pozzolanic reactions. These mechanisms can produce a denser microstructure and improve durability. However, the
review identified uncertainty regarding the optimum nano-silica content and particle size, indicating a need for further
investigation.

Tabish, Zaheer, and Baqi (2023) reviewed the mechanical, microstructural, and durability properties of cement-based
materials containing nano-silica. The study considered different nanomaterials and highlighted the role of nano-silica
in improving matrix density, promoting secondary hydration, and reducing the ingress of aggressive chemicals.
Particular attention was given to particle agglomeration and dispersion techniques, as poorly dispersed nanoparticles
can reduce the expected performance benefits. The authors emphasized that effective dispersion is essential for
obtaining consistent improvements in cementitious composites.

Ashwini et al. (2023) examined the compressive and flexural strength of concrete containing different nanomaterials.
Their review covered nano-silica, nano-alumina, nanometakaolin, carbon nanotubes, and nano-titanium oxide. The
findings indicated that nanomaterials have considerable potential for improving the strength and performance of
concrete. However, the effectiveness of each material depends on its properties, dosage, dispersion, and compatibility
with the cementitious system. The study supports the need to evaluate different nanoparticle combinations rather than
relying solely on individual nanomaterials

Recent Advances in Nano-Modified Concrete (2024) reviewed the use of nano-silica and nano-titanium dioxide in
concrete, with particular emphasis on strength, durability, and sustainability. The review identified nano-silica as a
promising material for accelerating hydration and densifying the cement matrix. It also discussed nano-titanium
dioxide for applications involving photocatalytic surface functions. These findings suggest that combining
nanoparticles with complementary characteristics may offer opportunities to develop multifunctional concrete,
although the benefits must be confirmed for specific mixture proportions and exposure conditions.

Mondal (2026) presented a comprehensive review of nanomaterials in pavement and structural concrete, covering
nano-silica, nano-titanium dioxide, nano-alumina, graphene oxide, carbon nanotubes, and other nanomaterials. The
review discussed microstructural mechanisms, mechanical performance, durability, occupational safety, and
sustainability. It highlighted the potential of nanomaterials to improve strength and reduce the penetration of
aggressive substances while identifying challenges such as high material costs, the absence of standardized testing
approaches, and limited field-performance data. These observations are relevant to the development and practical
implementation of hybrid nanoparticle-based HPC.

Identified Research Gap

Based on the reviewed literature, there is a need for a systematic experimental investigation to evaluate the combined
influence of selected hybrid nanoparticles on the strength and durability characteristics of high-performance concrete.
The study should compare conventional HPC with nanoparticle-modified mixtures containing different proportions of
hybrid nanoparticles. The investigation should include fresh properties, compressive strength, split tensile strength,
flexural strength, durability indicators, and microstructural characteristics wherever appropriate. The findings may
help identify suitable nanoparticle proportions and clarify whether their combined use provides measurable benefits
over individual nanoparticles.

3. Conclusion

The present review highlights the importance of hybrid nanoparticles in improving the strength and durability
characteristics of high-performance concrete (HPC). The incorporation of nanoparticles such as nano-silica, nano-
titanium dioxide, and nano-alumina has emerged as a promising approach for enhancing the performance of cement-
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based materials. These nanoparticles can improve the microstructure of concrete through filler effects, acceleration of
cement hydration, and the formation of additional hydration products, resulting in a denser cementitious matrix and
an improved interfacial transition zone.

The literature indicates that the appropriate incorporation of nanoparticles can enhance the compressive, split tensile,
and flexural strengths of concrete. Furthermore, the refinement of pore structure may reduce water absorption,
permeability, and the penetration of aggressive substances, thereby improving resistance to chloride ingress and certain
chemical deterioration mechanisms. However, the effectiveness of hybrid nanoparticles depends on their type, particle
size, dosage, dispersion, water-to-binder ratio, and compatibility with chemical admixtures. Excessive nanoparticle
content may lead to agglomeration, increased water demand, reduced workability, and undesirable changes in concrete
performance.

Although considerable research has been conducted on individual nanoparticles, further investigations are required to
understand the combined effects of different nanoparticle combinations on the mechanical and durability properties
of HPC. In particular, the identification of optimum hybrid proportions, evaluation of long-term durability, and
assessment of microstructural characteristics remain important areas for further research. The economic feasibility,
environmental impact, and practical applicability of hybrid nanoparticle-modified concrete also require careful
consideration.

Therefore, it can be concluded that hybrid nanoparticles have significant potential for developing high-performance
concrete with improved strength, durability, and service life. A systematic experimental investigation of different
nanoparticle combinations and their optimum dosages is necessary to establish reliable conclusions regarding their
effectiveness. The outcomes of such investigations may contribute to the development of durable, efficient, and
sustainable concrete suitable for advanced structural applications.
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