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Abstract:

Nanomaterials, defined by at least one dimension in the range of 1 to 100 nano-meters, exhibit unique physical
and chemical characteristics distinct from their bulk counterparts. These materials can be naturally occurring,
formed unintentionally during combustion processes, or engineered for specific purposes. Due to their ultra-
fine scale, nanoparticles offer new opportunities in geotechnical engineering, particularly in enhancing soil
behaviour through more effective interaction with soil particles. This is especially relevant in regions with weak
or unstable ground where modern construction is expanding. Nanoparticles such as silicon dioxide (SiOz),
titanium dioxide (TiO2), and aluminum oxide (Al.0Os) have demonstrated potential in improving soil strength
and consistency, making them valuable in soil stabilization techniques.
Beyond geotechnical applications, nanomaterials are also transforming housing construction. Innovations using
nanocellulose, nano-silica, carbon nanotubes, nano-alumina, and nano-clays have shown promising results in
increasing the mechanical, thermal, and functional performance of construction materials. These improvements
include enhanced durability, over 20% gains in mechanical strength, lower thermal conductivity, and self-
cleaning surfaces. The integration of nanotechnology in building materials not only boosts structural efficiency
but also supports sustainable construction practices.
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I. Introduction

Nanotechnology, the manipulation of matter at the molecular and atomic levels, enables the design of high-
performance systems from the bottom up. Its cross-disciplinary nature combines elements of physics, chemistry,
and engineering, allowing for the development of innovative solutions across various sectors. One emerging
application is in geotechnical engineering, where nanoparticles—ranging from 1 to 100 nano-meters—can
significantly influence the behaviour of soils. Due to their minute size, these particles can intimately interact
with soil minerals, many of which are naturally nanoscale in form, influencing chemical and mechanical
properties at a fundamental level.
Despite its potential, nanotechnology remains underutilized in geotechnical applications. Yet, past studies
suggest that additives can enhance soil stability, implying that nanomaterials may be equally, if not more,
effective in reinforcing weak foundations. As urban development continues in areas with poor soil quality,
nanoparticle-based stabilization offers a modern, efficient alternative.
In the context of building construction, nanomaterials are making significant strides as performance enhancers
in materials like cement, coatings, and composites. Nano-silica and nano-alumina, for instance, have been
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shown to increase strength and durability by up to 20%, while carbon nanotubes provide superior elastic
modulus, thermal performance, and electrical conductivity. Photocatalytic materials like titanium dioxide
contribute to cleaner air and reduced pollution within buildings by breaking down harmful gases such as NOy
and COx. Nano-clays reduce permeability and shrinkage in concrete, thus lowering the risk of structural
cracking.

Although extensive research exists on nanotechnology in general construction, its focused application in
residential housing—particularly regarding sustainable sourcing and preparation techniques—remains limited.
This review aims to explore recent developments in nanomaterial use for soil stabilization and housing
infrastructure, examining how eco-friendly nanoparticle additives can improve the performance of concrete,
lightweight composites, and surface treatments to support the construction of more sustainable, durable, and
efficient homes.

I1. Nano-Enhanced Soil Stabilization Techniques

This section focuses on the application of nanomaterials for stabilizing weak or problematic soils, addressing
common issues in construction, geotechnical failures, slope instability, and transportation infrastructure
deterioration. Table 1 presents various case studies where different types of soils were treated with a range of
nanomaterials at specific concentration levels. These studies highlight the percentage improvements in
properties such as unconfined compressive strength (UCS), plasticity index, specific gravity, and compaction
behaviour. The dosage levels at which the most significant improvements were recorded are referred to as
optimal dosages.

Nanomaterial-enhanced soil treatments demonstrated consistent improvements in both index and engineering
properties of weak soils. By operating at the nanoscale, these materials alter soil behaviour at the atomic and
molecular levels, leading to enhanced performance across multiple parameters. Importantly, these benefits can
be achieved using minimal quantities of nanomaterials, making the treatment both technically effective and
economically viable. The overall low dosage requirement contributes to the cost-efficiency of using
nanotechnology in geotechnical applications.

Table: Performance of Various Soils Modified with Nanoparticles and Stabilizing Agents

S No Dosage Optimal
Soil Type Additive(s) | Range (% by Key Outcomes Reference
. Dosage
weight)
1 Improved UCS and
formation over CH gel.
2 Cohesion increased by
o oy
Silty Soil | Nano silica | 1-12 8% ;rll;é’ “g;mall ngczt;"z [10]
@100 kPa stress.
3 CBR strength
Clay Soil Terrasil 0.01-0.08 0.041% | increased from 6% to | [15]
13%.
S No Dosage Optimal
Soil Type Additive(s) | Range (% by D Key Outcomes Reference
. osage
weight)
4 CBR properties
Soft Clay Terrasil 0.05-1 0.07% improved by 6 times | [40]
for subgrade use.
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5 Reduction n

. 0
Soft Clay Fly Ash >-10 7% settlement observed. 271

6 UCS and permeability
BC Soil Terrasil 0.03-0.09 0.07% characteristics [36]

improved.

7 Collapsible Nano silica | 2-5 50, Overall  engineering

Soil properties enhanced. [30]

8 Strength, cation
exchange capacity
Residual Soil | Nano silica | 0.2—1 0.4% (CEQ), and ER | [37]
improved; CSH gel
observed.

9 Nano .
Geperal Weak calcium 0.4-12 2% uUcCSs a}nd residual [31]
Soil (Ca) strength increased.

10 Improved both index
General Soil | Terrasil 0.8-1.2 1% and engineering | [4]
properties.

11 UCS improved;
General Soil | Nano silica | 0.5-4 1% confirmed via SEM |[17]
and FT-IR analysis.

12 Enhanced freeze—thaw
Iron Slag Nano silica | 1-20 10% durability with slag— | [4]
nano silica mix.

IT1. Examining the Influence of Nanoparticles on Granular vs. Cohesive Soils
A. Silica Gel

Research has demonstrated that colloidal silica can significantly enhance the mechanical properties of coarse-
grained soils. For instance, when coarse soil was treated with 32 wt.% colloidal silica, an unconfined
compressive strength (UCS) of 335 kPa was achieved [40]. Further experiments revealed that grouting sand
with increasing amounts of silica—up to 27%—Iled to a UCS of 400 kPa after 7 days of curing [27]. A tri-axial
test on sand samples reinforced with nanomaterials indicated enhanced resistance to structural loads.
Specifically, the introduction of 4.5 wt.% colloidal silica into sand with 45% relative density yielded liquefaction
resistance comparable to untreated samples with 75% or higher relative density [35].

Colloidal silica has also been effectively applied in soil stabilization using centrifuge modelling. In this method,
loose sand was successfully reinforced, increasing its load-bearing capacity [5]. Additionally, silica grouting
was used in subsurface injection techniques to reduce settlement in loose soils, where settlement was reduced
by as much as 40% through controlled explosions [5].

B. Clay Nanoparticles

Studies on nano clay have shown its effectiveness in modifying soil plasticity and strength characteristics. At a
concentration of 0.5 wt.%, nano clay did not produce significant changes. However, when the dosage was
increased to 1 wt.%, the liquid limit and plastic limit increased by 13% and 38%, respectively—resulting in a
40% reduction in the plasticity index [23].

Nano clay has also been tested for improving sand strength in combination with 7 wt.% cement. Various nano
clay dosages (0.5 to 5 wt.%) were examined, and after 7 days of curing, the California Bearing Ratio (CBR)
increased from 84.66 to 112.75, a roughly 25% improvement [2]. Additionally, when 2% to 4% nano clay was
added to soft soil, compressive strength increased between 3% and 22% [18].
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Changes in the water-binder (w/b) ratio also significantly affect material strength. According to [19], increasing
the w/b ratio led to a notable drop in compressive strength—39.7%, 39.4%, and 40% after 3, 7, and 28 days of
curing, respectively. A related study found that when the w/b ratio rose from 0.22 to 0.30, strength dropped from
45 MPa to 38 MPa after just one day due to excess water increasing matrix permeability [24].

C. Alumina Nanoparticles

The inclusion of nanoscale aluminum oxide in cohesive soils—particularly those stabilized with sewage sludge
ash and cement in a 1:3 ratio—yielded significant results. When treated with 1 wt.% nano alumina, the UCS of
the sample increased to 4.2 times that of the untreated control. The CBR value also improved, rising from 60.2
to 70.1 with just 1% ALOs addition [18]. Moreover, the plasticity index of the treated sample decreased,
indicating better workability and reduced deformation [18].

D. Soil Stabilization Using Nano-clay Enhancement

Further investigations into nano clay in silt (classified as MH and ML) stabilization show significant
improvements in strength properties. UCS and CBR tests were performed on specimens treated with 0.5-2 wt.%
nano clay. CBR values for untreated MH and ML soils were 5 and 8, respectively. Upon treatment with 1.5 wt.%
(MH) and 1 wt.% (ML), these values increased by 68.75% and 77.7%, respectively [19].

Another study reported that the addition of 0.1-0.3 wt.% nano clay modified the geotechnical properties of soft
soil. Specifically, the plastic and liquid limits decreased, the plasticity index was reduced, and the maximum
dry density increased—demonstrating the suitability of nano clay as an effective soil stabilizer [24].

IV. Nanomaterials for Construction: Varieties and Applications

In recent decades, nanotechnology has seen remarkable advancement, reshaping numerous sectors including
healthcare, electronics, and notably, construction. Its rapid progress is driven by the development of engineered
materials with novel physical and chemical characteristics at the nanoscale, which are enabling transformative
changes in construction practices—especially in the housing sector. These innovations directly support global
needs for stronger, longer-lasting, energy-efficient, and sustainable building solutions, aligning with the
increasing demands posed by climate change and urban expansion.

The initial appearance of nanomaterials in construction can be traced back to the mid-1980s with the emergence
of carbon-based nanostructures. The landmark discoveries of fullerenes in 1985 and carbon nanotubes (CNTs)
in 1991 laid the groundwork for their future integration into construction materials. However, the real
application momentum began to build in the early 2000s, propelled by continuous improvements in materials
research, synthesis methods, and cross-disciplinary innovations.

Currently, nanotechnology continues to play a pivotal role in the development of advanced construction
materials. The integration of nanoparticles like titanium dioxide (TiOz), nano silica (SiO2), nano clay, carbon
nanotubes, and nano alumina has significantly broadened the performance capabilities of conventional
construction components. These nanomaterials have been particularly impactful in residential construction due
to their ability to enhance mechanical strength, durability, thermal insulation, and surface functionality.

Additionally, nanocellulose, although not one of the five main focuses in this study, has gained attention for
being a renewable, biodegradable alternative that could further support sustainable construction practices.

These nanomaterials were selected after a thorough review of current literature, focusing on studies that
demonstrate both experimental success and potential scalability in the residential construction context. While
other nanomaterials exist and show potential, they were excluded due to a lack of sufficient empirical data or
limited field applications specific to housing infrastructure.
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i. Titanium Dioxide (TiO2)

Titanium dioxide (TiO2), with particle sizes ranging from 10 to 100 nano-meters, is widely utilized in the
construction industry for its photocatalytic capabilities. These properties allow TiO: to enhance the strength,
durability, and environmental performance of cement-based composites. Its integration into construction
materials such as photocatalytic cement is considered a breakthrough in sustainable building practices, as it not
only extends the life of structures but also contributes to air purification by breaking down pollutants like
nitrogen and carbon oxides when exposed to sunlight.

TiO: is also favoured for its non-toxic nature, chemical stability, and economic availability, making it suitable
for large-scale use. Recent advancements have led to the development of single-crystalline Ti O. nanowire
arrays via an alkaline hydrothermal synthesis method involving ion exchange and topotactic transformation
through calcination. These nanowires boost both photocatalytic and photovoltaic efficiency. TiO:’s
compatibility with diverse composite matrices enables uniform distribution, which is vital for maximizing its
functional benefits, including enhanced mechanical integrity and long-term resistance to environmental
degradation.

ii. Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTs), typically 3—15 nm in diameter, consist of carbon atoms arranged in hexagonal and
pentagonal lattices. These tube-like structures exist as either single-walled (SWCNTs) or multi-walled
(MWCNTs) and offer outstanding mechanical, electrical, and thermal properties. Their high conductivity, low
density, and large surface area make CNTs ideal for reinforcing polymer composites, metals, and ceramics in
construction materials.

As active elements in electrochemical systems and structural composites, CNTs enhance both strength and
functionality. For optimal performance, they must disperse evenly and form strong bonds with the host material.
Their use in construction supports the creation of multifunctional materials, addressing both structural demands
and sustainability goals in modern infrastructure development.

iii. Nano-silica
Nano-silica consists of tetrahedral siloxane units (Si-O-Si) that create a highly reactive nanostructure. Its

properties—such as particle size, morphology, pore size, crystallinity, and thermal resistance—can be tuned
based on the synthesis method, enhancing its adaptability across multiple applications.

In construction, nano-silica is valued for its thermal insulation, low electrical conductivity, and high chemical
stability. These features make it an excellent additive in cementitious materials, improving mechanical strength,
durability, and thermal regulation in buildings. Nano-silica’s ability to reduce internal temperatures is especially
useful in hot climates, while its contribution to microstructural integrity supports the development of resilient
and environmentally conscious construction practices.

iv. Nano-alumina

Nano-alumina, a nanoscale form of aluminum oxide (Al20s), exhibits excellent mechanical, thermal, and
electrical properties, making it a versatile material in building applications. Synthesized through various
techniques—including sol-gel methods using aluminum isopropoxide and structural templates like P123—
nano-alumina offers controlled surface area, pore volume, and thermal stability.

It acts as a protective coating due to its corrosion and wear resistance and is also a high dielectric strength
insulator. Emerging techniques include biosynthesis using natural materials such as Neem leaves, which yield
eco-friendly nano-alumina that enhances hybrid fibre composites made from sisal, coconut, and banana fibres.
Another method involves high-pressure radiofrequency plasma reactors, which convert micro-sized alumina
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into spherical nanoparticles. When added to glass fibre and polypropylene composites, nano-alumina
significantly improves structural performance, supporting applications even in orthopedic device fabrication.

v. Nano-clay

Nano-clays are layered silicate minerals available in both natural and synthetic forms. They have gained
attention due to their ability to form polymer-clay nanocomposites with enhanced thermal, mechanical, and
barrier properties. Chemical modifications—such as the functionalization of sodium montmorillonite with
amino-silanes and grafting with amino acid monomers—enhance their interlayer spacing and compatibility with

polymers.

Another strategy includes cation exchange reactions using quaternary ammonium methacrylates to produce
organo-modified nano-clays for use in industrial and construction materials. Nano-clays are also employed in
sectors like automotive, biomedical, petroleum, and wastewater treatment. In the construction industry, nano-
clays are being studied for their ability to enhance cement compatibility, thermal resistance, and mechanical
reinforcement. Their incorporation into polymer matrices enables the production of nanocomposites with
improved durability and biocompatibility, offering considerable potential for future developments in sustainable
residential construction.

V. Conclusion

This review has highlighted the significant strides made in geotechnical engineering and construction through
the integration of nanotechnology. Nanoparticles, due to their ultra-fine size and high surface area, exhibit
remarkable reactivity within the soil matrix, enabling profound changes in mechanical strength, liquefaction
resistance, and settlement behaviour.

The application of nanomaterials in weak soil has consistently resulted in improved unconfined compressive
strength, reduced settlement, and enhanced resistance to external stresses. It is essential to recognize that the
effects of these materials are condition-dependent, and their performance varies based on composition, dosage,
and environmental factors. As shown in Table 1, multiple studies have verified these outcomes under varying
conditions, providing a robust foundation for future geotechnical applications.

Beyond soil stabilization, the inclusion of nanomaterials in building materials—particularly in cementitious
mixtures—has proven to yield multiple advantages. These include enhanced strength and durability, reduced
permeability, thermal insulation, and self-cleaning properties. Such improvements contribute not only to safety
and longevity in built structures but also support eco-friendly and cost-efficient construction methodologies.
Moreover, the reduction in traditional material usage further amplifies the environmental benefits, aligning
construction practices with broader sustainability goals.

In summary, nanotechnology represents a transformative tool in both soil engineering and the broader
construction sector. Its continued development and application promise to redefine performance standards,
energy efficiency, and sustainability across the built environment.
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