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Abstract. The construction industry is increasingly turning to green
concrete as a sustainable alternative to conventional materials. This paper
reviews recent developments in sustainable concrete, focusing on the role of
Supplementary Cementitious Materials (SCMs), nanomaterials, and
molecular dynamics (MD) simulations. SCMs such as fly ash and silica
fume, particularly when combined with nanomaterials like nano-silica or
carbon nanotubes, enhance the mechanical strength, durability, and
environmental performance of concrete. These innovations not only reduce
CO: emissions but also enable the reuse of industrial by-products,
contributing to a more circular economy. Additionally, MD simulations
offer deeper insight into the micro- and nanoscale behavior of cementitious
materials, helping researchers understand key factors such as ion transport,
thermal conductivity, and mechanical performance. This comprehensive
review highlights how the integration of SCMs, nanotechnology, and
computational modeling can significantly advance green concrete
innovation. It also underscores the need for continued research to address
scalability, cost, and long-term durability in practical applications. Overall,
this paper aims to guide future strategies for developing eco-friendly, high-
performance concrete that meets modern construction demands while
supporting sustainability goals.
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1 Introduction

In the era of the fifth industrial revolution, technological advancements have become deeply
integrated into societal functions, influencing not only lifestyles but also reshaping
fundamental needs and infrastructure systems. Among the sectors significantly impacted is
the construction industry, which now faces increasing pressure to adapt to sustainable
practices. Central to this transformation is the development and application of innovative
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materials, particularly Supplementary Cementitious Materials (SCMs) and nanotechnology-
based solutions [1].

Recent studies have highlighted the potential of green nanotechnology in addressing
global sustainability challenges, including clean energy generation and efficient material use
[1]. These innovations align with broader environmental goals, offering alternatives that
reduce dependence on traditional, resource-intensive practices. At the same time, nano-
engineering, especially through a bottom-up approach, has emerged as a powerful method
for tailoring the chemical and physical properties of materials at the molecular level.
Molecular dynamics (MD) simulations, in particular, serve as critical tools for exploring
nanostructural behaviors and predicting performance under various conditions [2].

Concrete, being the most widely used construction material, is a major contributor to
environmental concerns due to its substantial carbon footprint. Its production consumes large
amounts of fossil fuels and results in significant CO: emissions from the calcination of
limestone during cement manufacturing. In response, researchers have sought strategies to
lower emissions by replacing conventional cement with SCMs and incorporating recycled
materials. Moreover, the integration of nanoparticles with mineral admixtures has shown
promise in enhancing concrete’s microstructure and reducing calcium hydroxide through
pozzolanic activity, paving the way toward 'green concrete' solutions [2].

Despite a growing body of literature addressing these innovations, there remains a need
for a comprehensive and systematic synthesis of the advancements in nanotechnology and
SCMs within the context of sustainable concrete development. This review aims to
systematically analyze and evaluate the state-of-the-art approaches, identify current research
trends, and highlight existing gaps in the application of nanotechnology and SCMs for
sustainable concrete materials.

2 Methodology

This study employed a structured literature-review process aligned with three objectives:
evaluating supplementary cementitious materials (SCMs), examining nanotechnology
contributions, and exploring molecular dynamics (MD) simulations in sustainable concrete.
Following the systematic review approach, peer-reviewed journal articles, conference papers,
and authoritative reports published between 2018 and 2025 were collected from databases
such as Scopus, Web of Science, and ScienceDirect using key terms including “green
concrete,” “supplementary cementitious materials,” “nanotechnology,” and “molecular
dynamics simulation.” Inclusion criteria required studies to present experimental data or
computational modeling directly related to SCMs, nanomaterials, or MD applications in
cementitious systems, while non-peer-reviewed sources, non-English texts, and papers
lacking methodological clarity were excluded. Data was extracted on material types, mix
proportions, mechanical and durability outcomes, and modeling techniques, then organized
thematically under SCMs, nanotechnology, and MD simulations. Comparative tables and
narrative synthesis were used to highlight trends, benefits, limitations, and research gaps,
ensuring a transparent and replicable review consistent with established green-concrete
review methods [3].

ERINNT

3 Results and Discussion

3.1 The Role of Nanotechnology in Sustainable Concrete

Nanotechnology plays a pivotal role in advancing sustainable concrete by enhancing its
mechanical properties, durability, and environmental impact. The integration of
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nanomaterials into concrete not only improves its performance but also contributes to the
development of eco-friendly construction materials. This approach aligns with the growing
demand for sustainable construction practices, addressing both the performance and
environmental challenges associated with traditional concrete. The following sections delve
into the specific contributions of nanotechnology to sustainable concrete.

3.1.1 Enhancement of Mechanical Properties

Nanoparticles (NPs) significantly enhance the mechanical properties of concrete composites
through various mechanisms, including improved microstructures, accelerated hydration, and
effective pore filling. This leads to increased strength, durability, and overall performance of
the materials [4].

The inclusion of nanosilica (NS) significantly accelerates the hydration of Ordinary
Portland Cement (OPC), as shown in Figure 1, which tracks heat release over time for varying
NS contents. The graph compares a control sample with OPC binders containing 1%, 2%,
and 3% nanosilica. Results show that increasing NS content leads to higher and earlier heat
peaks, indicating faster and more intense hydration. This effect is attributed to the
nanoparticle's ability to act as nucleation sites and enhance chemical reactivity. Key terms
include hydration rate (the speed of cement-water reaction), OPC binders (cement mixtures),

and nanosilica (SiO: in nano form used to improve cement performance) [4].
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Fig. 1. Effect of NS contents variation on hydration rate of OPC binders [4].

Nano-silica improves concrete microstructure through several key mechanisms. Its
pozzolanic activity reacts with calcium hydroxide to form additional C-S-H gel, enhancing
homogeneity and reducing porosity. As a nano-filler, it physically fills micro-cracks and
pores, densifying the matrix and increasing bond strength at the paste—aggregate interface, as
confirmed by SEM images. It also strengthens the interfacial transition zone (ITZ), leading
to better adhesion between cement paste and aggregates, especially in GGBS mixtures. These
combined effects result in reduced porosity and permeability, limiting water and chloride
ingress, and increased compactness and uniformity, contributing to improved durability and
mechanical performance [5].



BIO Web of Conferences 199, 05008 (2025) https://doi.org/10.1051/biocont/202519905008
SAGE-Grace 2025

Cementitious
paste-aggregate
interface

Cementitious

Cementitious

paste-aggregate
interface

Cementitious
paste-aggregate
interface

Fig. 3. SE and BSE images of (A) M4, (B) M5, and (C) M6. [5].

3.1.2 Functional Improvements

Nanotechnology plays a key role in enhancing the self-cleaning and anti-corrosion properties
of construction materials. By integrating nanomaterials into products such as paint, glass, and
concrete, surfaces gain the ability to repel dirt and reduce the need for frequent cleaning.
Additionally, nano-encapsulated coatings offer advanced protection against corrosion,
helping extend the lifespan of materials and infrastructure. These innovations contribute to
more durable, low-maintenance, and sustainable construction practices, marking a significant
advancement in material performance and longevity [6].

Nano-engineered concrete provides significant improvements in durability and structural
performance, enabling it to better resist environmental challenges such as moisture,
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temperature variations, and chemical attack. The incorporation of nanoparticles refines the
concrete’s microstructure, reducing porosity and enhancing strength. These enhancements
contribute to increased reliability and extended service life of infrastructure, even under harsh
conditions. Additionally, the improved resistance to degradation results in lower maintenance
needs and reduced lifecycle costs. Overall, nano-engineered concrete presents a promising
solution for building resilient, sustainable, and long-lasting structures [6].

3.1.3 Challenges and Future Prospects

Research and development in nanotechnology is playing a vital role in advancing sustainable
construction, particularly through improvements in concrete materials. By manipulating
matter at the nanoscale, nanomaterials such as nano-silica, nano-alumina, nano-kaolin, and
nano-clay have been shown to enhance concrete's strength, durability, workability, and
resistance to cracking. These innovations contribute to longer-lasting and more resilient
infrastructure [7].

Nanotechnology also supports the integration of waste-based supplementary
cementitious materials (SCMs) like rice husk ash and slag, reducing reliance on traditional
cement and lowering CO: emissions. Globally, countries like China, the U.S., and Germany
lead in nanotech research, while emerging economies are expanding their involvement.
Current R&D aims to create multifunctional, eco-friendly concretes with features such as
self-healing and self-cleaning, contributing to the development of smart and sustainable
construction materials [7].
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Fig. 4. Top 25 countries with the highest volume of Nanotechnology-related papers in 2014 [7].

While nanotechnology offers promising improvements in strength, durability, and
sustainability, several general challenges remain. Nanomaterials are often costly to produce
and require specialized processing and mixing techniques, which increase overall production
costs. Their large-scale application also faces issues with consistent quality, safe handling,
and integration into existing construction processes. Moreover, regulatory and environmental
considerations may impact future scalability. Overall, despite their benefits, cost and
scalability remain significant barriers to widespread adoption of nanomaterials in concrete

[7].

3.2 Molecular Dynamics (MD) Simulations for Structural Analysis

Molecular Dynamics (MD) is a technique that applies classical mechanics to analyze the
movement of atoms and utilizes statistical mechanics to determine the physical properties of
different systems. This approach allows for the simulation of large atomic systems over
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extended periods, making it valuable for understanding complex processes like cement
hydration and transport properties [8].

3.2.1 Enhancement with Carbon Nanotubes

Molecular dynamics studies show that adding carbon nanotubes, especially functionalized
ones, enhances the mechanical properties of cement by strengthening the interface at the
atomic level. While simulations yield higher elastic modulus values than experiments, this is
largely due to porosity differences. Denser, low-porosity structures consistently demonstrate
greater stiffness, confirming the strong link between porosity and mechanical performance
in cement-based materials [9].

Table 1. Young’s modulus and porosity [9].

- E (GPa) E (GPa)
Composition E (GPa) p=026 p =036
T 57.98 23.95 17.05
T+ CNT 60.56 25.02 17.81
T+ CNT + 2COOH 76.74 31.70 22.56
T+ CNT + 4COOH 83.08 3433 2443

The optimal concentration of carbon nanotubes (CNTs) in cement composites is around
0.5% by weight, which can improve mechanical properties by approximately 12%. However,
exceeding this amount may reduce performance due to CNT agglomeration. This clumping,
caused by Van der Waals forces, prevents uniform dispersion and weakens the reinforcing
effect within the cement matrix [10].

Table 2. Various concentrations of cement nanocomposite [10].

Composite designation Composition

CSH-CNT-1 99.75% CSH + 0.25% CNT
CSH-CNT-2 99.50% CSH + 0.50% CNT
CSH-CNT-3 99.25% CSH + 0.75% CNT
CSH-CNT-4 99.00% CSH +0.25% CNT
CSH-CNT-5 99.75% CSH + 1.25% CNT

0 o
CSH-CNT-1 CSH-CNT-2 CSH-CNT-3 CSH-CNT-4 CSH-CNT-5 CSH-CNT-1 CSH-C

Fig. 5. Mechanical properties of various cement nanocomposites. (a) Flexural strength. (b) Young’s
modulus [10].

3.2.2 Transport Properties and Durability

Table 3 reveals that the diffusion coefficients of water molecules and chloride ions increase
with larger C-S-H pore diameters. This is because larger pores reduce the influence of
interatomic potential from the pore walls, allowing particles to move more freely. Fatigue
loading further amplifies this effect by continuously expanding the pore diameter, which
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lowers the confinement forces and increases diffusion rates. Additionally, repeated loading
causes continuous extrusion of the solution within the pores, accelerating particle transport
at the microscopic level. As a result, both pore size and fatigue loading significantly enhance
ion and water diffusion in C-S-H nanopores [11].

Table 3. Diffusion coefficient of water molecules and chloride ions under different working
conditions [11].

Diffusion Coefficient Without Fatigue Loading

Under Fatigue Loading

(x10-9 m?/s) Pore Diameter: 1.5 nm Pore Diameter: 3.0 nm
Chloride ion 0.287 0.896 2.502
Water molecule 0.383 1.794 4779

Non-Equilibrium Molecular Dynamics (NEMD) simulations are used to study fluid
transport in C-S-H nanopores, offering key insights into water and solution behavior in
cement-based materials. These simulations reveal the presence of Poiseuille flow in pores
larger than 4 nm under applied force and show that the Navier-Stokes equations, typically
used in continuum mechanics, can still describe flow behavior at the nanoscale when proper
boundary conditions are applied. Overall, NEMD provides a valuable approach for
understanding nanoscale transport processes that affect concrete durability and performance

[11].

3.3 Utilization of Supplementary Cementitious Materials (SCMs)

Supplementary Cementitious Materials (SCMs) are reactive mineral additives used in
modern green concrete technology. They are added to cement-based composites to refine the
microstructure and improve overall performance. Supplementary Cementitious Materials
(SCMs) are a crucial component in modern concrete production, offering both environmental
and technical advantages. They can be used as a partial replacement for ordinary Portland
cement (OPC) [12].

3.3.1 Commonly Used SCMs

Supplementary Cementitious Materials (SCMs) play a key role in producing green concrete
by partially replacing Ordinary Portland Cement (OPC) and making use of industrial by-
products. Their use offers significant environmental advantages, lowers construction costs,
and improves the long-term durability of concrete.

a. Fly Ash (FA)

Fly ash (FA) is an aluminosiliceous material generated from the exhaust gas of coal-
fired thermal power plants. Fly ash is rich in silicon dioxide and aluminum oxide, which,
after high-temperature calcination, transform into highly reactive glassy silicate and
aluminate compounds. Fly ash, a by-product of coal combustion, is extensively utilized as
a supplementary cementitious material (SCM) in concrete. Fly ash, serving as a pozzolanic
material, can be used as a substitute for cement. This use is primarily due to its inherent
pozzolanic properties, which contribute to enhanced concrete performance and offer a more
sustainable alternative to traditional cement [13].

In fact, up to 70-80% of cement can be replaced by fly ash without compromising its
performance. Due to its abundance, low cost, and availability, fly ash serves as an effective
and economical alternative to cement in concrete production. Fly ash may reduce early-age
compressive strength due to slower hydration, but its pozzolanic activity enhances strength
at later curing stages. This makes high-volume fly ash concrete a sustainable and effective
long-term option [13].
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Fig. 6. Compressive strength for different waste materials utilized in green concrete [13].

b. Recycling of Construction Waste

Recycling construction waste, particularly Recycled Concrete Aggregate (RCA), is a
significant approach to minimize waste generated from demolishing old buildings and to
promote sustainable construction practice. With the rising volume of construction and
demolition waste (CDW), utilizing recycled concrete aggregate (RCA) has emerged as an
effective strategy to reduce landfill disposal. Studies have shown that replacing 30% of
natural aggregate with RCA can result in the highest compressive strength, indicating an
optimal replacement level for performance. In contrast, lower replacement levels (10% and
20%) may lead to slightly reduced strength compared to conventional concrete. However,
combining 25% RCA with 1% superplasticizer has been found to improve strength beyond
that of the 30% RCA mix without admixture, demonstrating the potential of chemical
additives to enhance RCA-based concrete performance [14].

3.3.2 Benefits and Advantages of SCMs

Supplementary Cementitious Materials (SCMs), especially when enhanced with
nanotechnology, provide significant improvements in concrete performance and
sustainability. They refine the microstructure, increase strength, and reduce permeability,
leading to greater durability. Additionally, their use promotes eco-friendly construction by
recycling industrial waste, conserving resources, and lowering emissions, making them a key
component in developing high-performance, sustainable concrete.

The addition of SCMs, such as nano-silica, can significantly improve various durability
indicators of concrete, including conductivity, chloride migration and diffusion coefficients,
and freeze-thaw resistance. The incorporation of waste materials as supplementary
cementitious materials in concrete contributes to the reduction of waste in the environment

[4].

3.4 Green Concrete and Circular Economy Integration

Green concrete represents a sustainable approach in construction, primarily defined by its use
of waste materials as components, a production process that minimizes environmental harm,
or its high performance and life cycle sustainability. It is produced with lower energy
consumption and designed to be environmentally friendly, frequently utilizing industrial
waste materials as complete or partial replacements for conventional aggregates [ 15].

Green concrete provides numerous benefits compared to traditional concrete, playing a
vital role in environmental preservation and efficient resource utilization. One of its key
advantages is waste utilization, where industrial by-products or construction debris are
repurposed as raw materials, reducing landfill use and lowering the demand for natural
resources. Green concrete plays a crucial role in minimizing environmental impact by
incorporating waste materials into its composition. This approach not only reduces the
volume of construction and industrial waste that would otherwise end up in landfills but also
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lessens the need for extracting raw virgin materials. By doing so, it helps conserve natural
resources and supports more sustainable construction practices, making it a more eco-
conscious alternative to conventional concrete. In terms of performance, green concrete has
demonstrated comparable effectiveness to that of conventional concrete, meeting essential
strength and durability requirements in various applications [15].

Green concrete plays an essential role in advancing a circular economy by turning waste
into valuable construction resources. This contribution is particularly evident through waste
valorization, where industrial by-products and other discarded materials are repurposed as
functional components in concrete. By doing so, green concrete helps reduce landfill waste,
conserves raw materials, and promotes a more sustainable, closed-loop construction cycle
[15].

In essence, green concrete reflects the core principles of sustainable development by
addressing current construction demands while safeguarding the needs of future generations.
It achieves this by integrating industrial and construction waste into the concrete production
cycle, transforming these materials into valuable resources. This not only reduces
environmental harm and conserves natural resources but also promotes long-term
sustainability by creating a more efficient and responsible approach to material usage in the
construction industry.

4 Conclusions

This review aimed to evaluate sustainable, high-performance concrete through three
objectives: assessing the role of supplementary cementitious materials (SCMs), examining
nanotechnology contributions, and highlighting insights from molecular dynamics (MD)
simulations. SCMs such as fly ash and recycled concrete aggregate effectively reduce CO-
emissions, conserve natural resources, and maintain or improve long-term durability.
Nanomaterials including nano-silica and carbon nanotubes enhance strength, refine
microstructure, and add functions such as self-cleaning and corrosion resistance. MD
simulations clarify hydration, transport, and thermal mechanisms, supporting optimized mix
designs and durability predictions. Despite these advances, high material costs, dispersion
challenges, and limited field data remain barriers to large-scale adoption. Continued
interdisciplinary research, life-cycle assessment, and cost-efficient production methods are
essential to meet global sustainability goals and translate these laboratory findings into
practical construction applications.
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