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Review Article

Nanotechnology has emerged as a transformative innovation in civil engineering, offering new possibilities for
enhancing the mechanical, durability, and functional properties of construction materials. The integration of
nanomaterials such as nano-silica, titanium dioxide (TiO,), carbon nanotubes, and graphene significantly improves
strength, permeability resistance, self-cleaning, and sensing capabilities in cementitious composites. This study reviews
the mechanisms by which nanomaterials influence hydration, pore structure refinement, and microstructural
densification. It also highlights advances in dispersion techniques, dosage optimization, and environmental safety
considerations. Despite remarkable laboratory results, large-scale adoption remains limited due to cost, handling
complexities, and the need for standardized testing. The paper concludes that with continued research and safer-by-
design approaches, nanotechnology can play a crucial role in developing sustainable, durable, and intelligent civil

infrastructure.
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1. INTRODUCTION

Civil infrastructure must meet higher
performance expectations: longer service life, lower
maintenance, improved sustainability, and added
functionality such as self-sensing or pollution mitigation.
Nanotechnology gives engineers tools to influence
matter at the scale where important chemical and
physical processes occur, for example hydration of
cement, interfacial bonding, and surface reactions. Over
the past two decades, laboratory studies and pilot
implementations have shown that certain nanomaterials
can improve strength, durability, and add functions such
as photocatalytic self-cleaning and electrical self-
sensing. However, translating lab benefits to the field
requires careful attention to dispersion, dosing, life-cycle
impacts, worker safety, and consistent production. The
following review synthesizes mechanisms, measured
performance improvements, processing strategies,
environmental and health considerations, real-world
examples, limitations, and future research needs [1].

2. Scope and objectives

This review aims to give a comprehensive, practical
view of how nanotechnology applies to civil
engineering. Specifically, | cover:

e major nanomaterials used in construction,

e how they change material behavior at the

micro- and nanoscales,

e documented performance changes in
mechanical, durability, fresh-state, and
functional properties,
processing and scale-up considerations,
environmental, health, and regulatory issues,
representative case studies and pilot trials,
current limitations and a roadmap for research
and responsible implementation.

The audience is engineers and materials
scientists who need both mechanistic understanding and
pragmatic guidance for introducing nanomaterials into
projects.
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Fig 1: Nanomaterials in construction industry: An overview of their properties and contributions in building house [2]

3. Brief history and definitions: nanotechnology in
construction

Nanotechnology refers to engineered materials
and structures with at least one dimension in the 1 to 100
nanometer range, although practical engineering uses
often include features slightly larger than 100
nanometers. The idea of manipulating matter at the
atomic scale dates to Feynman’s 1959 lecture, but
practical applications only became widespread after
advances in nanoparticle production around the 1990s
and 2000s. In construction, the initial wave of research
(2000-2010) was exploratory, focusing on potential
benefits. From about 2010 onward, studies moved
toward function-driven applications such as nano-silica
for densification, TiO, for photocatalytic surfaces, and
carbon nanomaterials for reinforcement and sensing.
Despite growing evidence of benefits, broad industrial
uptake has been gradual, limited by cost, dispersion and
standardization challenges, and outstanding health and
environmental questions [3].

4. Common nanomaterials used in civil engineering
4.1 Nano-silica

Nano-silica is among the most studied additives
for cementitious materials. It is typically amorphous
silica with primary particle sizes from a few nanometers
up to about 100 nm and a very high specific surface area.
Nano-silica contributes through multiple mechanisms: it
acts as a reactive pozzolan that consumes portlandite, it
provides abundant nucleation sites to accelerate
hydration, and it fills nanoscale pores to refine pore
structure. Empirical studies commonly report improved
early-age strength and reduced permeability, with
optimal dosages frequently in the 0.5 to 5 percent range
by mass of binder depending on particle state and mix
design [4]. Overdosing, or poorly dispersed nano-silica,
increases water demand and can reduce workability or
cause agglomeration-related defects. Meta-analyses and
reviews summarize consistent improvements in strength
and durability when process and dosage are optimized.
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4.2 Carbon nanotubes and graphene-based materials

Carbon nanotubes (CNTSs), graphene, and
graphene oxide are attractive because they combine high
tensile strength, high Young’s modulus, and electrical
conductivity. In cementitious matrices they are used at
very low dosages, typically fractions of a percent by
binder mass, since their aspect ratio and surface area are
extreme. Potential benefits include improvements in
tensile and flexural strength, fracture toughness, and the
ability to introduce electrical conductivity for health

monitoring [5]. The primary barrier is dispersion: CNTs
and graphene tend to agglomerate, which negates
benefits and can create weak zones. Surface
functionalization, surfactants, and pre-dispersed
masterbatches help, but they add cost and processing
steps. Recent reviews document consistent performance
gains in controlled experiments, but also emphasize that
benefits are highly sensitive to dispersion quality and
interfacial bonding [6].
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4.3 Titanium dioxide (TiOz) and photocatalytic
additives

Nano-TiO, is applied to facades, paving units,
and coatings for photocatalytic self-cleaning and some
level of air-pollutant degradation, primarily NOx and
certain volatile organics. Under UV radiation TiO,
generates reactive oxygen species that oxidize adsorbed

organics and transform NOx to nitrate species. Field
trials and chamber studies show measurable surface de-
soiling and NOXx reduction in favorable conditions,
though real-world efficiency depends on UV availability,
surface area, weathering, and how TiO, is fixed to the
surface [7]. Long-term durability and wash-off
behaviour are central to real-world performance.
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4.4 Nano-clays, nano-calcium carbonate, and metal
oxides

Nano-clays and nano-calcium carbonate are
used primarily for rheology control, filler effects, and
dimensional stability. Nano-alumina, nano-iron oxide,
zinc oxide, and other metal oxides are explored for

accelerating hydration, modifying thermal or color
properties, and providing antimicrobial behavior in
coatings. These particles typically act through filler,
nucleation, or chemical effects depending on reactivity

[8].
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4,5 Other emerging nanomaterials (nanosilver,
nanoscale polymers)

Nanosilver and  functional  polymeric
nanoparticles are mainly applied for antimicrobial
surfaces, water treatment, and specialty coatings. Their

broader structural use is limited by cost and concerns
about environmental release; such materials are best
suited to niche applications where antimicrobial action is
required [9].
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5. Mechanisms of action: how nanomaterials change
cementitious and structural systems

A concise mechanistic understanding improves transfer
from lab to field.

5.1 Pozzolanic and filler effects at the nanoscale
Reactive nanoparticles such as nano silica
chemically react with portlandite to produce additional
calcium silicate hydrate, which is the principal binding
phase in hydrated cement. This reaction reduces free
portlandite, densifies the matrix, and increases strength.
Non-reactive nanoparticles provide a filler effect,
occupying nanoscale voids and disrupting connected

capillary pathways. Both effects reduce overall porosity
and improve transport resistance to aggressive species
[10].

5.2 Nucleation and altered hydration kinetics

High surface area nanoparticles act as
nucleation sites that accelerate early hydration reactions.
This produces a finer C-S—H morphology and faster
early strength gain. Accelerated hydration is useful for
precast production and rapid repairs, but it may require
adjustment to set control admixtures and curing regimes
[11].
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5.3 Microstructure densification and pore refinement

The combined pozzolanic, nucleation, and filler
actions refine pore size distribution and lower
connectivity. Reduced permeability limits ingress of
chlorides, sulfates, and carbon dioxide, thereby
improving durability and corrosion resistance.
Microstructural analysis using SEM and MIP commonly
confirms reduced capillary porosity in nano-modified
systems [12].

5.4 Crack-bridging, pull-out, and toughening
mechanisms

Fibrous and tubular nanoscale reinforcements,
especially CNTs, can bridge microcracks and increase
post-crack toughness. For effective load transfer, a
strong interfacial bond is necessary. When dispersion is

poor, bundles or agglomerates create stress concentrators
that reduce toughness, so processing is critical.
Functionalization of CNTSs or the use of graphene oxide
can improve bonding with the cement matrix [13].

5.5 Surface chemistry, photocatalysis, and sorption
mechanisms

TiO, provides a catalytic surface reaction that
degrades organic matter and oxidizes certain gases.
Other  nanoparticles influence surface energy,
hydrophobicity, and sorption of ions or organics,
enabling anti-soiling, anti-graffiti, or pollutant-capture
functions. The efficiency of surface reactions depends on
particle accessibility and durability of fixation.

Advances in the Mechanism and Application of Nanoparticles in
Concrete Property Modification
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6. Performance enhancement across key properties
6.1 Mechanical properties: strength, stiffness,
toughness

Empirical studies show measurable increases in
compressive, tensile and flexural strengths with
optimized nano-additives. Nano-silica commonly
improves compressive strength through densification
and additional C-S—H formation. CNTs and graphene
are particularly effective at enhancing tensile and
flexural performance and fracture toughness, albeit at
low dosages and when dispersion is managed. Reported
numeric gains vary across studies; for example, some
studies document compressive strength gains from 10 to
40 percent with nano-silica under favorable conditions,
and significant tensile or flexural improvements with
well-dispersed carbon nanomaterials [14]. However, the
improvements are highly dependent on particle form,
surface treatment, mixing procedure, and overall mix
design.

6.2 Durability: permeability, chloride ingress, freeze—
thaw, alkali-silica reaction

Reduced permeability from  nanoscale
densification lowers diffusion coefficients for chloride
and carbon dioxide, which helps delay reinforcement
corrosion and carbonation-related degradation. Nano-
silica and nano-clays show favorable reductions in water
absorption and chloride migration coefficients. For
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freeze—thaw, benefits occur when connected porosity is
reduced; however, entrained air and proper mix design
remain primary controls. Some nano-additives can
mitigate alkali-silica reaction by altering ion transport
and reducing the mobility of reactive species [15].

6.3 Workability and rheology of fresh mixes

A recurring challenge is increased water
demand and reduced flowability when high-surface-area
nanoparticles are added. Nano-silica and CNTSs increase
paste viscosity and yield stress, requiring additional
superplasticizer or modified mixing protocols. In some
applications, nano-clays are used deliberately to adjust
yield stress and reduce segregation in repair mortars, but
workability remains a key practical constraint for field
adoption [16].

6.4 Self-cleaning, air-purifying, and thermal
properties

TiO,-containing materials demonstrate self-
cleaning behaviour and measurable NOx oxidation under
laboratory and field conditions. Several field trials report
reduced soiling and localized NOx reductions, but
overall air-quality impact at city scale is typically modest
and depends heavily on surface area and local conditions.
Some nanoparticles alter surface thermal emissivity or
absorptivity and could influence urban heat island effects
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if used at scale, but these effects need systematic
evaluation [17].

6.5 Repair materials, coatings, and smart sensing
applications

Nano-enhanced repair mortars use nano-silica
to achieve rapid strength gain and low shrinkage. CNTs
and graphene incorporated into thin overlays or coatings
provide electrical conductivity and can enable distributed
strain sensing, damage detection, or electromagnetic
shielding. These multifunctional uses are where
nanomaterials currently offer the best economic case
since a single element can deliver structural repair and
added functionality [18].

7. Processing and practical implementation:
dispersion, dosage, and mixing strategies

7.1 Dispersion  techniques  (ultrasonication,
surfactants, functionalization)

Effective dispersion is critical. Common
techniques include ultrasonication in aqueous media,
high shear mixing, use of surfactants or dispersants, and
chemical functionalization to add hydrophilic groups.
Pre-dispersed products and masterbatches that industrial
suppliers provide reduce on-site variability. For carbon
nanomaterials, oxidation to graphene oxide or non-
covalent functionalization helps wetting and bonding but
changes electrical and mechanical properties. Each
dispersion step adds cost and a need for quality control
[19].

7.2 Optimum dosages and cost—benefit trade-offs

Typical effective dosage windows are narrow.
For nano-silica, many studies report optimum
performance between 1 and 5 percent by binder mass.
CNTs and graphene work at much lower fractions, often
below 0.5 percent, because of their high aspect ratio.
Above the optimum, agglomeration defeats benefit and
can create defects. Economic assessments show that
nanomaterials are currently most viable in high-value
applications such as precast elements, thin repair
overlays, sensor-embedded members, or projects where
life-cycle savings or multifunctionality justify higher
material costs [20].

7.3 Scale-up issues and production consistency

Scale-up challenges include ensuring consistent
nanoparticle quality, avoiding batch-to-batch variability,
training site personnel in handling and mixing, and
integrating pre-dispersed admixtures into standard
batching plants. Factory-controlled production, such as
adding nanomaterials at precast plants with controlled
mixing, reduces variability compared with on-site
addition. Suppliers that offer well-characterized, pre-
dispersed nano admixtures make field implementation
more realistic [21].

8. Health, safety, environmental and life-cycle
considerations
8.1 Occupational exposure and toxicity concerns

Engineered nanoparticles can exhibit biological
behaviors distinct from bulk materials. Studies have
shown potential cytotoxicity and oxidative stress in some
biological assays for certain nanoparticles, including
some forms of carbon nanomaterials and nanosilver.
Construction activities that cut, grind, or abrade nano-
enhanced materials could potentially release particles.
Occupational recommendations include containment for
powder handling, suitable respirators, local exhaust
ventilation, and worker training. Institutional EHS
programs emphasize precautionary measures and
monitoring when handling engineered nanomaterials
[22].

8.2 Environmental fate and life cycle assessment
results

Life-cycle assessments for nanomaterials in
construction are mixed. In-service benefits such as
longer service life or reduced maintenance can offset
higher production impacts of some nanomaterials, but
production can be energy intensive and involve chemical
precursors. End-of-life questions include persistence of
nanoparticles in demolition waste, leaching potential,
and behavior in landfills. Recent LCA reviews call for
more system-level studies that include manufacturing,
use-phase gains, and end-of-life scenarios [23].

8.3 Regulation, standards, and guidance gaps

Regulatory frameworks and standardized
testing protocols specific to engineered nanomaterials in
construction are still developing. This lack of
standardized exposure metrics, release measurement
methods, and performance protocols increases
uncertainty for industry adoption. Research groups and
standards organizations are working to define test
methods for nanoparticle release from construction
products and for assessing long-term environmental
behaviour [24]. Until standards mature, conservative
occupational controls, transparent labelling, and supplier
data sheets are prudent.

9. Case studies and real-world applications
9.1 Nano-TiO, in pavement and fagade applications
Several pilot projects have used TiO,-enhanced
paving elements and fagade materials. Field studies, for
example in Denmark and selected European projects,
reported reduced soiling and measurable local reductions
in NOx under favorable conditions. Chamber tests
support the underlying photocatalytic reactions, but field
results are very dependent on sunlight, surface
maintenance, and longevity of the TiO, fixation method.
Practical lessons include the need for robust fixation
methods to prevent wash-off and for ongoing monitoring
to validate long-term benefits [25].

9.2 Nano-silica in high-performance concrete and
repair mortars

Precast producers and specialty repair product
manufacturers increasingly offer nano-silica-containing
admixtures and pre-dispersed products. Field experience
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shows clear benefits in early strength gain and reduced
permeability when factory-controlled mixing is used.
Repair mortars formulated with nano-silica are valued
for rapid strength and improved bonding with existing
substrate.  Consistent  production of nano-silica
dispersions is a key enabler [26].

9.3 CNT/graphene for sensing and structural
reinforcement

CNT- and graphene-enhanced composites have
been demonstrated in pilot sensing applications, such as
conductive overlays for strain monitoring or repair
patches with built-in sensing capability. These remain
niche because of cost, but they show unique value where
continuous structural health information reduces
inspection costs or enables predictive maintenance.
Successful demonstrations typically combine carefully
controlled dispersion in factory conditions with
integrated sensing electronics [27].

10. Limitations, challenges, and knowledge gaps
Key remaining issues include:

e Ensuring homogeneous dispersion reliably at
field scale, particularly for CNTs and graphene.

e Narrow optimum dosage windows and the risk
of performance reversal when particles
agglomerate.

e Cost and supply chain hurdles that limit use to
high-value or niche applications.

e Incomplete understanding of nanoparticle
release during service, at cutting or demolition,
and at end-of-life. More release and exposure
data are needed.

e Need for harmonized testing standards for
mechanical and environmental performance,
and for occupational exposure.

11. Future perspectives and research priorities

To move from promising research to practical, safe, and

cost-effective adoption, | recommend the following

priorities:

1. Develop standardized methods for nanoparticle
characterization in construction products, and for
measuring release during service and demolition.

2. Conduct field trials with transparent monitoring and
data sharing, to validate lab predictions under
realistic environmental conditions.

3. Advance safer-by-design nanomaterials that
minimize toxicological risks and reduce potential
release, while keeping performance.

12. CONCLUSIONS

Nanotechnology has demonstrated multiple
routes to enhance civil engineering materials and add
new functions. Nano-silica, TiO,, carbon nanomaterials,
and other nanoscale additives can improve strength,
reduce permeability, add photocatalytic activity, and
enable sensing. The principal barriers to broad adoption
remain dispersion and processing complexity, cost,
knowledge gaps on human and environmental impacts,

and limited standardized test methods. Responsible
adoption will require interdisciplinary work involving
materials scientists, civil engineers, toxicologists, life-
cycle analysts, standards organizations, and industry,
with an emphasis on field validations and safer-by-
design approaches.

REFERENCES

1. Ahuja, A., & Parvizi, A. (2019). Nanotechnology in
construction materials: A review of current status
and future prospects. Construction and Building
Materials, 202, 872-889.

2. Alhozaimy, A. M., & Al-Negheimish, A. 1. (2018).
Effect of nano-silica addition on the performance of
cementitious materials. Journal of Materials in Civil
Engineering, 30(5), 04018104.

3. Ashraf, W. (2016). Nanotechnology in concrete: A
review on mechanisms and applications. Cement
and Concrete Research, 85, 123-139.

4. Balaguru, P. N., & Chong, K. (2008).
Nanotechnology =~ and  concrete: Research
opportunities. Transportation Research Record,
2142, 59-66.

5. Bhattacharya, S., & Ghosh, S. (2020). Recent
developments in nanotechnology for construction
applications. Journal of Building Engineering, 32,
101773.

6. Borse, R. V., & Tandel, Y. N. (2021). Nano-
engineered cement composites: Performance and
durability aspects. Materials Today: Proceedings,
43, 3078-3086.

7. Chen, S, & Xu, G. (2020). Nano-modification of
cement-based  materials:  Mechanisms  and
performance enhancement. Construction and
Building Materials, 264, 120253.

8. Cwirzen, A., Penttala, V., & Lofgren, 1. (2008). The
effect of nano-silica on the hydration and
mechanical properties of concrete. Materials and
Structures, 41(10), 1451-1459.

9. Das, C. S, Kumar, R, & Jha, B. (2021).
Applications of nanotechnology in construction
materials and infrastructure. Journal of Cleaner
Production, 312, 127731.

10. Du, H., & Pang, S. D. (2015). Enhancement of
mechanical properties of cement paste by carbon
nanotubes. Journal of Materials in  Civil
Engineering, 27(2), 04014116.

11. Ghafoori, N., & Najimi, M. (2021). Nano-
engineered concrete: Advances in microstructure
and sustainability. Construction and Building
Materials, 303, 124491.

12. Hussain, M., & Kalita, S. (2019). Nanomaterials in
civil infrastructure: Challenges and opportunities.
Nanomaterials, 9(11), 1552.

13. Jalal, M., Pouladkhan, A., Harandi, O. F., & Jafari,
D. (2015). Comparative study on effects of nano-
silica, nano-alumina, and nano-titania on concrete
durability. Construction and Building Materials, 70,
416-430.

| © 2025 Scholars Journal of Engineering and Technology | Published by SAS Publishers, India | 908 |




Hassan Muhammad et al, Sch J Eng Tech, Dec, 2025; 13(12): 902-909

14,

15.

16.

17.

18.

19.

20.

Jo, B. W,, Kim, C. H., Tae, G. H., & Park, J. B.
(2007). Characteristics of cement mortar with nano-
SiO; particles. Construction and Building Materials,
21(6), 1351-1355.

Kakooei, S., Akil, H. M., & Jamshidi, M. (2012).
Carbon  nanotube  reinforced  cementitious
composites: A review. Construction and Building
Materials, 24(11), 371-378.

Khan, M. 1., & Rafig, M. (2020). Smart
nanomaterials for sustainable construction.
Materials Today Communications, 25, 101390.

Li, H., Zhang, M. H., & Ou, J. P. (2007). Abrasion
resistance of concrete containing nanoparticles for
pavement. Wear, 260(11-12), 1262-1266.

Li, Z. (2004). A review of the applications of
nanotechnology in construction materials. Journal
of Nanoscience and Nanotechnology, 4(7), 949—
955.

Lim, S., & Mondal, P. (2019). Understanding the
role of nanomaterials in cement hydration and
microstructure development. Cement and Concrete
Composites, 97, 54-65.

Nazari, A., & Riahi, S. (2011). The effects of TiO,
nanoparticles on physical, thermal and mechanical
properties of concrete. Materials Science and
Engineering: A, 528(21), 756-763.

21.

22.

23.

24,

25.

26.

27.

Nili, M., & Ehsani, A. (2015). Nanotechnology in
concrete: Durability and performance
improvement. Construction and Building Materials,
80, 63-71.

Ozyildirim, C., & Halmen, C. (2020). Nano-
engineered concrete for infrastructure resilience.
Transportation Research Record, 2674(5), 123-134.
Parveen, S., Rana, S., Fangueiro, R., & Paiva, M. C.
(2013). Microstructure and mechanical behavior of
nanomaterial-reinforced cementitious composites.
Construction and Building Materials, 46, 146—153.
Sanchez, F., & Sobolev, K. (2010). Nanotechnology
in concrete—A review. Construction and Building
Materials, 24(11), 2060-2071.

Singh, L. P., Goel, A., & Bhattacharyya, S. K.
(2013). Nanotechnology in cement-based materials:
A review of durability improvement. Construction
and Building Materials, 47, 1132-1145.

Sobolev, K., & Shah, S. P. (2015). Nanotechnology
of concrete: Recent developments and future
perspectives. Cement and Concrete Composites, 65,
22-33.

Zedan, Y., El-Gamal, S., & Khalil, A. (2022).
Recent advances in nanotechnology applications for
sustainable construction. Journal of Building
Engineering, 53, 104596.

| © 2025 Scholars Journal of Engineering and Technology | Published by SAS Publishers, India | 909 |




