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Abstract

The construction industry is a major contributor to global carbon emissions and
resource depletion, primarily due to the extensive use of cement and water in
conventional concrete production. This study presents a comprehensive approach
toward the development and practical implementation of low-carbon,
environmentally sustainable concrete with significantly reduced cement and water
content. A systematic mix design methodology is proposed, integrating optimized
particle packing, supplementary cementitious materials (SCMs), and advanced
chemical admixtures to achieve enhanced performance while minimizing
environmental impact. Industrial by-products such as fly ash, ground granulated
blast furnace slag (GGBS), and limestone filler are incorporated as partial
replacements for Portland cement to reduce clinker consumption and associated
COy emissions. The proposed ecofriendly concrete mixtures are evaluated through
a combination of experimental and analytical techniques to assess their
mechanical, durability, and sustainability performance. Key parameters, including
compressive strength, workability, permeability, and resistance to chloride
penetration, are systematically analyzed. The results demonstrate that the
optimized mixes achieve comparable or improved performance relative to
conventional concrete, despite reductions in binder and water content. The role of
superplasticizers in maintaining workability at low water-to-binder ratios is also
critically examined, highlighting their importance in sustainable mix design.
Furthermore, a quantitative environmental impact assessment is conducted to
estimate reductions in carbon footprint, water consumption, and material usage.
The findings indicate that the proposed concrete design can achieve substantial
reductions in CO, emissions and water demand without compromising structural
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integrity or durability. Practical implementation aspects, including scalability, cost-

effectiveness, and compatibility with existing construction practices, are also
discussed to facilitate realworld adoption. This study contributes to the

advancement of sustainable construction materials by providing a robust

framework for designing eco-friendly concrete with reduced environmental impact.
The proposed approach supports global efforts toward low-carbon infrastructure

development and offers a viable pathway for transitioning to greener construction

practices in both developing and developed regions.

INTRODUCTION

The rapid growth of the global construction industry
has  significantly  contributed to  economic
development; however, it has also led to substantial
environmental challenges, particularly in terms of
carbon emissions and natural resource depletion.
Among  construction  materials, conventional
concrete remains the most widely used due to its
versatility, strength, and cost-effectiveness. Despite
these advantages, the production of Portland cement
the primary binding component of concrete is highly
energy-intensive and is responsible for a considerable
portion of global carbon dioxide (CO,) emissions. It
is estimated that cement manufacturing alone
contributes nearly 7-8% of total global CO,
emissions, making it a critical target for
sustainability-driven research and innovation. In
addition to high carbon emissions, conventional
concrete production requires large quantities of
water, further exacerbating environmental concerns,
especially in regions facing water scarcity [1]. The
increasing demand for infrastructure, combined with
limited natural resources, necessitates the
development of alternative construction materials
that are both environmentally sustainable and
structurally efficient. Consequently, the concept of
ecofriendly or low-carbon concrete has gained
significant attention in recent years as a promising
solution to mitigate the environmental impact of the
construction sector. One of the most effective
strategies for reducing the environmental footprint
of concrete is the partial replacement of Portland
cement with supplementary cementitious materials
(SCMs), such as fly ash, ground granulated blast
furnace slag (GGBS), and limestone filler. These
materials not only reduce clinker consumption and
associated CO, emissions but also enhance certain
properties of concrete, including long-term strength
and durability. Furthermore, advancements in

particle packing optimization and mix design
methodologies have enabled the development of
high-performance concrete with reduced binder
content while maintaining or improving mechanical
properties. Another critical aspect of sustainable
concrete design is the reduction of water content
without compromising workability and performance
[2]. The use of advanced chemical admixtures,
particularly  high-range  waterreducing  agents
(superplasticizers), allows for the production of low
water-to-binder ratio mixes with improved flow
characteristics and reduced porosity. This contributes
to enhanced durability and longterm structural
performance, which are essential for sustainable
infrastructure  development. Despite significant
progress in sustainable concrete technologies,
challenges remain in achieving an optimal balance
between environmental performance, mechanical
properties, and practical implementation. Many
existing studies focus either on material substitution
or performance enhancement, but limited attention
has been given to integrated approaches that
simultaneously address cement reduction, water
optimization, and realworld applicability. In this
context, the present study aims to develop a
comprehensive framework for the design and
practical implementation of eco-friendly concrete
with reduced cement and water content [3]. The
proposed approach combines optimized particle
packing, the incorporation of SCMs, and the use of
advanced admixtures to achieve sustainable and high-
performance concrete mixtures. Experimental and
analytical evaluations are conducted to assess key
performance indicators, including compressive
strength, workability, permeability, and durability
Additionally, a  quantitative
environmental impact assessment is performed to
evaluate reductions in carbon footprint and resource

characteristics.
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consumption. The main contribution of this
research lies in providing a systematic and scalable
methodology for designing low-carbon concrete that
meets both  environmental and  structural
requirements. By addressing both  technical
performance and practical feasibility, this study
supports the transition toward sustainable
construction practices and contributes to global
efforts aimed at reducing the environmental impact
of infrastructure development.

Supplementary Cementitious Materials (SCMs) for
Cement Reduction:

The use of supplementary cementitious materials
(SCMs) has emerged as one of the most effective and
widely adopted strategies for reducing the
environmental footprint of concrete. SCMs are
materials that exhibit pozzolanic or latent hydraulic
properties and can partially replace Portland cement
in concrete mixtures. Common SCMs include fly
ash, ground granulated blast furnace slag (GGBS),
silica fume, and limestone filler. Their incorporation
significantly reduces clinker content, which is the
primary source of carbon dioxide (CO,) emissions in
cement production. From a chemical perspective,
SCMs actively participate in the hydration process by
reacting with calcium hydroxide (Ca(OH),), a by-

Table 1: Properties and Benefits of Common SCMs

product of cement hydration, to form additional
calcium silicate hydrate (C-S-H) gel. This secondary
reaction enhances the microstructural density and
contributes to improved longterm strength and
durability. High-volume SCM systems, typically
involving 30-70% replacement of cement, have
demonstrated significant improvements in durability
performance, particularly in terms of resistance to
chloride ion penetration, sulfate attack, and alkali-
silica reaction (ASR). These improvements are
mainly attributed to reduced pore connectivity and a
refined internal microstructure. However, the use of
SCMs introduces certain challenges, including
slower early-age strength development and variability
in material properties due to differences in industrial
by-product sources [4]. To address these issues, recent
studies have emphasized optimizing replacement
levels and employing multi-component blended
systems that balance early-age and longterm
performance. A comparative overview of commonly
used SCMs, their sources, properties, and typical
replacement levels is presented in Table 1, which
highlights their respective roles in enhancing
concrete performance while reducing environmental
impact.

SCM Type Source Key Properties Typical Main Benefits
Replacement (%)

Fly Ash Coal combustion | Pozzolanic, 15-50% Improved workability, long-term

by-product spherical strength, reduced heat of
particles hydration

GGBS Iron/steel Latent hydraulic | 30-70% High durability, sulfate
industry slag resistance, low permeability

Silica Fume | Silicon metal Highly reactive 5-15% High strength, reduced porosity,
production pozzolan improved bond

Limestone | Natural Filler + limited 5-20% Improved particle packing, early

Filler limestone reactivity strength enhancement

In particular, fly ash enhances workability due to its
spherical particle shape, while silica fume
significantly improves strength and durability due to
its high reactivity and ultrafine particle size.
Similarly, GGBS contributes to long-term strength
gain and improved resistance to aggressive

environmental conditions, making it highly suitable
for durable applications. The
underlying mechanism of SCM interaction with
cement hydration products and the resulting
microstructural enhancement is illustrated in Figure
1, which provides a conceptual representation of the

infrastructure
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pozzolanic reaction process and its role in refining
the pore structure of concrete.
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Figure 1: Mechanism of SCM Reaction in Concrete

In recent developments, the use of ternary and
quaternary blended systems has gained considerable
attention, where multiple SCMs are combined to
optimize performance characteristics. For example,
the combination of fly ash and silica fume can
compensate for early-age strength reduction while
maintaining durability benefits, whereas the
inclusion of limestone filler improves particle
packing density and accelerates early hydration [5].
Such integrated approaches enable the development
of eco-efficient concrete mixtures with reduced
binder content and enhanced performance. The
incorporation of SCMs provides a viable pathway for
reducing the carbon footprint of concrete while
improving its mechanical and durability properties.
However, successful implementation requires careful
consideration of material variability, compatibility
with admixtures, and optimization of mix
proportions. Therefore, a systematic and integrated
mix design approach is essential to fully exploit the
potential of SCMs in sustainable concrete
development.

Low Water-to-Binder Ratio and Role of Chemical
Admixtures:

Reducing the waterto-binder (w/b) ratio is a
fundamental strategy for enhancing the mechanical
strength and durability of concrete. A lower water
content leads to a denser microstructure with
reduced capillary porosity, which directly improves
compressive strength, permeability resistance, and
longterm durability. In conventional concrete
systems, excess water that does not participate in
hydration eventually evaporates, leaving behind voids

that weaken the concrete matrix. Therefore,
minimizing the w/b ratio is essential for producing
high-performance  and  sustainable  concrete.

However, a significant reduction in water content
adversely affects workability, making the concrete
mixture difficult to mix, transport, and place,
particularly in practical construction scenarios [6]. To
overcome this limitation, chemical admixtures—
especially high-range waterreducing admixtures
(HRWRAS), commonly known as superplasticizers—
are widely employed. These admixtures function by
dispersing cement particles through electrostatic
repulsion and steric hindrance mechanisms, thereby
reducing particle agglomeration and improving
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flowability without increasing water content. As a
result, concrete mixtures with low w/b ratios can
achieve high workability and ease of placement. A
summary of commonly used chemical admixtures
and their primary functions in low water-to-binder

ratio concrete systems is presented in Table 2, which
performance

highlights

their

contribution to

enhancement and sustainability.

Table 2: Types and Functions of Chemical Admixtures in Low w/b Concrete.

reduction

Admixture Type Chemical Basis Primary Effect on Concrete
Function
Superplasticizers Polycarboxylate ether (PCE), | High-range Improved workability, reduced
(HRWRAS) Sulfonated polymers water reduction | water demand, increased
strength
Plasticizers Lignosulfonates Moderate water | Enhanced flowability, slight

strength improvement

Air-Entraining Synthetic surfactants

Agents

Introduce air
voids

Improved freeze-thaw resistance

Set Retarders Organic acids, sugars

Delay setting
time

Improved workability in hot
conditions

Set Accelerators Calcium-based compounds

Accelerate
hydration

Faster strength gain

These admixtures enable the production of dense
and durable concrete by lowering the water demand
without compromising fresh properties. In contrast,
traditional plasticizers provide only moderate
improvements and are less effective in high-
performance concrete systems. The selection of
appropriate admixtures and their dosage plays a
critical role in achieving the desired balance between

Air voids
Water I

Vw)
Cement paste

o
(Vo)

Aggregates

a) At time O

workability, strength, and durability. The mechanism
by which superplasticizers improve the dispersion of
cement particles and enhance flowability in low w/b

ratio systems is illustrated in Figure 2, which
conceptually represents the interaction between

cement particles and admixture molecules.
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Figure 2: Mechanism of Superplasticizer Action in Low Water-to-Binder Ratio Concrete
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The addition of superplasticizers disperses these
particles by introducing electrostatic and steric
repulsion forces, allowing water to be more
effectively distributed throughout the mixture. This
results in improved flowability, reduced viscosity,
and enhanced packing density, ultimately leading to
a more homogeneous and dense concrete
microstructure. In recent studies, the combined use
of low water-to-binder ratios and advanced admixture
systems has enabled the development of ultra-high-
performance concrete (UHPC) and eco-efficient
concrete mixtures with significantly improved
mechanical and durability properties. However, the
performance of such systems is highly dependent on
the compatibility —between admixtures and
cementitious materials, including supplementary
cementitious  materials (SCMs).  Incompatible
combinations may lead to issues such as rapid slump
loss, delayed setting, or reduced strength
development [7]. The reduction of water content
through the use of chemical admixtures represents a
critical approach for achieving sustainable and high-
performance concrete. By optimizing the interaction
between water, cementitious materials, and
admixtures, it is possible to produce concrete
mixtures with superior strength, durability, and
environmental performance. Therefore, careful
selection and optimization of admixture systems are
essential for the successful implementation of low-
carbon  concrete  technologies in  modern
construction practices.

Methodology:

The methodology adopted in this study is designed
to develop and evaluate eco-friendly concrete with
reduced cement and water content through an
integrated experimental and analytical approach. The
research focuses on optimizing material selection,
mix design, and performance evaluation while
ensuring environmental sustainability. A systematic
procedure is followed, including the incorporation of
supplementary cementitious materials (SCMs) for
cement reduction, the application of particle packing
principles for improved density, and the use of
advanced  chemical admixtures to maintain
workability at low water-to-binder ratios. The
developed concrete mixes are assessed through a
comprehensive experimental program to evaluate

their mechanical properties, durability performance,
and environmental impact. This approach ensures a
balanced evaluation of both structural performance
and sustainability, enabling the development of
practical and scalable solutions for low-carbon
concrete.

4.1- Research Framework and Approach:

This study adopts a comprehensive and structured
research  framework that integrates material
optimization, advanced mix design techniques, and
multi-level performance evaluation to develop
environmentally sustainable concrete systems with
reduced cement and water content. The proposed
methodology is based on a sequential and iterative
approach, ensuring that both technical performance
and environmental sustainability are addressed
simultaneously. The framework begins with the
careful selection and characterization of constituent
materials, including Ordinary Portland Cement
(OPQC), fine and coarse aggregates, supplementary
cementitious materials (SCMs), and chemical
admixtures. Particular emphasis is placed on the use
of SCMs such as fly ash, ground granulated blast
furnace slag (GGBS), and limestone filler to reduce
clinker content and associated carbon emissions.
Following material characterization, an optimized
mix design strategy is implemented using particle
packing principles to achieve maximum density and
minimum void content within the concrete matrix
[8]. This approach enhances the efficiency of
material utilization and reduces the overall binder
requirement. The waterto-binder (w/b) ratio is
systematically reduced to improve strength and
durability characteristics, while high-range water-
reducing  admixtures  (superplasticizers)  are
incorporated to maintain adequate workability and
flowability. The interaction between SCMs, chemical
admixtures, and water content is carefully controlled
to ensure compatibility and consistent performance.
The overall research framework is organized into a
series of interconnected stages, as summarized in
Table 3, which outlines the key steps involved in the
development and evaluation of eco-friendly concrete
mixtures.
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Table 3: Research Framework and Sequential Methodological Stages

Stage Description

Objective

Stage | Material Selection and
1 Characterization

Identify suitable materials and determine physical and
chemical properties

Stage | SCM Incorporation Strategy

Optimize cement replacement levels to reduce CO,
2 emissions

Stage | Particle Packing-Based Mix Design
3

Achieve maximum density and reduced voids

Stage | Water Reduction and Admixture

Minimize w/b ratio while maintaining workability

4 Optimization
Stage | Experimental Evaluation Assess fresh and hardened concrete properties
5

Stage | Durability Assessment

Evaluate resistance to permeability, chloride attack, and
6 environmental exposure

Stage | Environmental Impact Analysis

Quantify CO; reduction, water savings, and material
7 efficiency

The framework presented in Table 3 demonstrates a
systematic progression from material selection to
performance sustainability
assessment, ensuring that each stage contributes to
the overall objective of developing low-carbon
concrete. This structured approach enables the
identification of optimal combinations of materials
and mix parameters that achieve both environmental
and mechanical performance targets. Following the
development of optimized mix designs, an extensive
experimental program is conducted to evaluate both
fresh and hardened properties of the concrete
mixtures. Fresh properties, such as workability and
consistency, are assessed using standard tests, while
hardened properties, including compressive strength,
permeability, and durability, are evaluated at
different curing ages. These tests provide critical
insights into the performance of the developed mixes
under realistic conditions. Furthermore, durability-
related parameters, such as resistance to chloride

evaluation and

penetration and sulfate attack, are analyzed to ensure
long-term performance in aggressive environments.
In addition to experimental evaluation, a
quantitative environmental impact assessment is
performed to measure the sustainability benefits of
the proposed concrete mixtures [9]. Key indicators
include reductions in carbon emissions due to
decreased cement content, lower water consumption
resulting from optimized mix design, and improved
material efficiency through enhanced particle
packing. This integrated assessment allows for a

comprehensive comparison between conventional
and eco-friendly concrete systems. The proposed
research framework provides a robust and scalable
methodology for the development of sustainable
concrete  materials. By combining material
innovation, optimized mix design, and performance-
based - evaluation, the study ensures that the
developed concrete mixtures meet structural
requirements while significantly reducing
environmental impact. This approach not only
advances the field of sustainable construction
materials but also offers practical solutions for real-
world implementation in modern infrastructure
projects.

4.2- Materials Selection and Characterization:

The primary materials used in this study consist of
Ordinary Portlaind Cement (OPC), fine aggregates
(natural river sand), coarse aggregates (crushed
stone), potable water, supplementary cementitious
materials (SCMs), and chemical admixtures. OPC
serves as the main binding material, while SCMs
such as fly ash, ground granulated blast furnace slag
(GGBS), and limestone filler are incorporated as
partial replacements to reduce clinker content and
associated carbon emissions. The selection of SCMs
is based on their pozzolanic and latent hydraulic
properties, which contribute to enhanced long-term
strength and durability. Fine aggregates are selected
to ensure proper grading and workability, whereas
coarse aggregates provide the necessary mechanical
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strength and  structural stability. ~ Chemical
admixtures, particularly polycarboxylate ether (PCE)-
based superplasticizers, are utilized to improve
workability and flow characteristics in low water-to-
binder ratio systems without increasing water
demand. The properties of the selected materials are
carefully evaluated through standard characterization
techniques to ensure compatibility and optimal
performance in concrete mixtures [10]. Physical
properties such as particle size distribution, fineness,
bulk density, and specific gravity are determined

using standardized laboratory procedures. Chemical
composition analysis is conducted to evaluate the
presence of key oxides such as SiO,, Al,O3, CaO,
and Fe,O3, which influence hydration behavior and
pozzolanic activity. A summary of the key physical
and chemical properties of the materials used in this
study is presented in Table 4, which highlights their
suitability for sustainable concrete design.

Table 4: Physical and Chemical Properties of Constituent Materials

Material Specific Fineness Major Chemical Key Characteristics
Gravity (m2/kg) Components
OPC 3.15 300-350 Ca0, SiO,, Al,Os, High early strength, primary
Fe,O4 binder

Fly Ash 2.1-2.6 200-400 SiO,, Al,O4 Pozzolanic, improves workability
and durability

GGBS 2.8-2.9 400-500 Ca0, SiO,, MgO Latent hydraulic, enhances long-
term strength

Limestone 2.6-2.7 250-400 CaCO3 Improves particle packing and

Filler early strength

Fine 2.6-2.7 — SiO, Provides workability and

Aggregate cohesion

Coarse 2.71-2.9 — Silicates Provides strength and load-

Aggregate bearing capacity

The data presented in Table 4 indicate that SCMs
possess distinct physical and chemical characteristics
that influence their reactivity and performance in
concrete systems. For instance, fly ash, with its
spherical particle shape and high silica content,
improves workability and contributes to long-term
strength development through pozzolanic reactions.
In contrast;, GGBS exhibits latent hydraulic
behavior, enabling it to react with water in the
presence of activators to form additional binding
phases. Limestone filler primarily acts as a micro-

filler, improving particle packing density and
accelerating early-age hydration. The combined use
of these materials enables the development of
optimized concrete mixtures with reduced cement
content and enhanced performance. The interaction
between the selected materials and their role in
forming a dense and durable concrete microstructure
is illustrated in Figure 3, which provides a
conceptual representation of the material system and
hydration process.

https://thesesjournal.com

| Alkhatib et al., 2026 |

Page 330


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

Synthesized Microstructure

Multi-scale 3D
Noise Input |——

34 Z ={20,.,2x}

2D Ex

emplar
& oR

5

— | Descriptor, D |—

{ulv ) u} 3D Slicle—based
Loss
2D Slices l
| — (o]
Nejv3n
{van, € {1,..., D}, n{1,..,Ng}

Generator |—

Multi-scale 3D

Noise Input

4z ={20.,A.2K}
1) 2

Loss = ZL[G’(F'd,n)) - G'(F’(U(I)]:
1
2D Slices ‘

Figure 3: Interaction of Constituent Materials and Microstructure Development in Concrete

The hydration of cement and the pozzolanic reaction
of SCMs contribute to the formation of a dense
matrix composed primarily of calcium silicate
hydrate (C-S-H) gel. The presence of well-graded
aggregates and fine filler materials enhances packing
density, reducing voids and improving overall
structural integrity. The role of superplasticizers is
also critical, as they facilitate uniform dispersion of
particles, ensuring efficient  hydration and
minimizing defects within the matrix. In addition to
physical and chemical characterization, the
compatibility between different materials is carefully
evaluated to prevent issues such as segregation,
bleeding, or inconsistent setting behavior [11].
Particular attention is given to the interaction
between SCMs and chemical admixtures, as
variations in composition can significantly influence
performance. Standard testing procedures are
employed to ensure that all materials meet the
required specifications for structural concrete. The
selection and characterization of materials form a
crucial foundation for the development of eco-
friendly concrete mixtures. By carefully choosing and
analyzing each component, it is possible to achieve a
balanced combination of strength, durability, and
sustainability. This systematic approach ensures that

the developed concrete mixtures are not only
environmentally efficient but also suitable for
practical implementation in modern construction
applications.

4.3- Mix Design Strategy on Particle Packing
Optimization and Multi-Parameter Control:

The mix design adopted in this study is developed
using an advanced particle packing optimization
framework combined with multi-parameter control
of binder composition, water content, and chemical
admixture dosage to achieve high-performance, low-
carbon concrete. The primary objective of this
approach is to maximize packing density, minimize
void content, and reduce binder demand while
maintaining superior mechanical and durability
properties. The gradation of aggregates and binder
materials is systematically optimized to follow a
continuous particle size distribution curve, thereby
enhancing particle arrangement and reducing inter-
particle voids within the concrete matrix [12]. The
theoretical foundation of the particle packing model
is based on the modified Andreasen and Andersen
distribution, which can be expressed as:
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D9 —-DpZ.
P(D) = < ha m,;"
Dmax Dmin

where P(D) represents the cumulative fraction of
particles smaller than size D, q is the distribution
modulus governing the fineness of the mix, and
Dinin and Dy gy correspond to the minimum and
maximum particle sizes, respectively. The value of q
is carefully selected (typically between 0.20 and 0.35)
to achieve dense packing suitable for high-
performance concrete systems. To further refine the
packing density and reduce porosity, the volumetric
packing density 17 of the granular system is evaluated
as:

_ Vsoria 1—V
= + 7 Vvoid

Vtotal
where V154 tepresents the volume of solid particles

and Vj,piq denotes the void volume. The objective is
to maximize 1, thereby minimizing pore space and
reducing the demand for paste volume [13].

In addition to particle packing, the binder
composition is  optimized  through  partial
replacement of cement with supplementary
cementitious materials (SCMs), such as fly ash,
GGBS, and limestone filler. The total binder content
B can be expressed as:

B=C+FA+ GGBS + LF

where C is cement content, FA is fly ash, GGBS 'is
slag, and LF is limestone filler. The replacement

ratio R is defined as:
_ FA+ GGBS + LF

R = B X 100%

In this study, multiple mix compositions are
developed by varying the SCM replacement levels
(e.g., 20%, 40%, and 60%) to evaluate their effect on
performance and sustainability.

The water-to-binder ratio (w/b) is another critical
parameter, which is systematically reduced to
enhance strength and durability. The relationship
between porosity m and water content can be

approximated as:
w
n« E
indicating that a lower w/b ratio leads to reduced
pore connectivity and improved microstructural
density. However, to maintain adequate workability
at low w/b ratios (typically ranging from 0.25 to
0.40), high-range = waterreducing  admixtures
(superplasticizers) are incorporated. The effective

water content Wesr in  the presence of
superplasticizers can be represented as:
Weff = Wiotat = Wadsorbed

where Wygsorpeqa is the water retained within
flocculated structures, which is reduced due to
particle dispersion. The workability of the concrete
mix is controlled through the optimization of
superplasticizer dosage SP, which is typically
expressed as a percentage of binder content:

m
SP(%) = —F x 100

In mg, is the mass of superplasticizer. The dosage is

carefully adjusted to achieve a balance between
flowability and segregation resistance. Furthermore,
the overall mix proportioning is governed by
volumetric consistency, ensuring that the sum of all
component volumes equals unity:
Ve + Vagg + Vg + Vair = 1

where V. is the volume of cementitious materials,
Vagg is the volume of aggregates, ¥, is the volume of
water, and Vg represents entrapped or entrained
air. By integrating particle packing theory, SCM
optimization, and admixture-based workability
control, the proposed mix design methodology
enables the development of eco-riendly concrete
with reduced binder and water content while
maintaining high structural performance [14]. This
advanced approach not only enhances mechanical
and durability properties but also significantly
reduces the environmental impact associated with
conventional concrete production, making it highly
suitable for sustainable infrastructure applications.

4.4- Water-to-Binder Ratio Optimization and

Rheology Control in Sustainable Concrete Systems:
The water-to-binder (w/b) ratio is one of the most
influential parameters governing the mechanical
strength, durability, and
characteristics of concrete. In the present study, the
w/b ratio is systematically optimized within a low
range to achieve a dense and durable concrete matrix
while minimizing water consumption. A reduction in
w/b ratio leads to decreased capillary porosity,
improved interfacial transition zone (ITZ) properties,
and enhanced resistance to permeability and
aggressive environmental conditions [15]. However,
excessive reduction in water content adversely affects
workability, necessitating the use of advanced

microstructural
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chemical admixtures to ensure proper rheological
behavior. The relationship between compressive
strength and water-to-binder ratio is fundamentally
described by Abram’s law, expressed as:

B
=ity

where f, is the compressive strength, and A and B
are empirical constants dependent on material
composition, curing conditions, and testing age. This
relationship indicates that compressive strength
increases nonlinearly with decreasing w/b ratio. To
further capture the influence of porosity on strength,
the gel-space ratio concept is incorporated, which
relates strength to the ratio of hydrated cement gel
volume to total space:

n
fe= k(—Vgel )
¢ Vgel + Vcap

where Vg, is the volume of hydration products, V4,
is the capillary pore volume, and k, n are material
constants [16]. This formulation highlights that
reducing capillary porosity through lower w/b ratios
directly enhances strength and durability. The

porosity of the concrete matrix is further related to
the water-to-binder ratio through:

=)

where n is total porosity, and @, B are empirical
coefficients. This relationship emphasizes the
exponential increase in porosity with higher water
content, reinforcing the importance of w/b
optimization. To maintain workability at low w/b
ratios  (typically between 0.25 and 0.40),
polycarboxylate ether (PCE)-based superplasticizers
are incorporated. The rheological behavior of fresh
concrete can be described using the Bingham model:
T =71+ Kpy

where 7 is shear stress, T is yield stress, uy, is plastic
viscosity, and ¥ is shear rate. The addition of
superplasticizers reduces vyield stress and plastic
viscosity by dispersing cement particles, thereby
improving flowability without increasing water
content [17]. A summary of selected water-to-binder
ratios and their corresponding performance
characteristics is presented in Table 5, which
illustrates the relationship between w/b ratio,
workability, strength, and durability.

Table 5: Effect of Water-to-Binder Ratio on Concrete Performance

w/b Ratio Workability Compressive Strength Porosity Durability
0.40 High Moderate High Moderate
0.35 Good High Medium Good
0.30 Moderate Very High Low Very Good
0.25 Low (without admixture) Ultra High Very Low Excellent

The microstructural evolution associated with
different water-to-binder ratios and the role of
superplasticizers in improving particle dispersion are

illustrated in Figure 4, which provides a conceptual
comparison between high and low w/b ratio systems.
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Figure 4: Influence of Water-to-Binder Ratio on Concrete Microstructure and Density

Concrete with a high w/b ratio exhibits a porous
microstructure with interconnected capillary voids,
which adversely affects strength and durability. In
contrast, low w/b ratio concrete forms a dense and

compact microstructure  with  reduced  pore
connectivity, The addition of superplasticizers
enhances particle dispersion, allowing efficient

hydration and uniform distribution of cementitious
materials, thereby further improving structural
performance [18]. In advanced mix design systems,
the optimization of the w/b ratio is not considered
in isolation but is integrated with particle packing
density, SCM incorporation, and admixture dosage.
The combined effect of these parameters can be
expressed through a generalized performance
function:

Performance = f(w/b,n, Rscy, SP)

n packing density, Rgcy SCM
replacement ratio, and SP is superplasticizer dosage.
This multi-variable optimization approach enables
the development of high-performance, eco-friendly
concrete with reduced environmental impact. The
optimization of the water-to-binder ratio, coupled
with advanced admixture technology, plays a pivotal
role in achieving sustainable concrete systems [19].

where is is

By carefully controlling water content and enhancing
particle dispersion, it is possible to produce concrete
with superior mechanical properties, enhanced
durability, and significantly reduced environmental
footprint, making it highly suitable for modern low-
carbon construction applications.

Results and Discussion:
The performance of the developed eco-friendly
evaluated

concrete  mixtures is through a
comprehensive experimental program focusing on
mechanical, durability, and sustainability

characteristics. The results are analyzed to assess the
influence of reduced cement content, low water-to-
binder (w/b) ratio, and the incorporation of
supplementary cementitious materials (SCMs) on
overall concrete performance. A comparative analysis
is conducted with conventional concrete to highlight
improvements achieved through the proposed mix
design approach. The compressive strength results
for different mix compositions at 7, 28, and 56 days
are summarized in Table 6, which illustrates the
effect of SCM replacement and reduced w/b ratio on
strength development.
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Table 6: Compressive Strength Results for Different Mixes

Mix ID SCM Replacement w/b 7-Day Strength | 28-Day Strength | 56-Day Strength
(%) Ratio (MPa) (MPa) (MPa)
Ml 0% 0.40 28 38 42
(Control)
M2 20% 0.35 30 42 47
M3 40% 0.30 32 45 50
M4 60% 0.25 26 40 48

The incorporation of SCMs combined with a
reduction in w/b ratio significantly enhances the
compressive strength of concrete at later ages. Mix
M3, with 40% SCM replacement and a w/b ratio of
0.30, exhibits the highest 28-day and 56-day strength,
demonstrating the beneficial effects of optimized
particle packing and pozzolanic reactions. Although

Mix M4 shows slightly lower early-age strength due to
high SCM content, it achieves comparable long-term
strength, highlighting the delayed hydration
characteristics of SCM-based systems [20]. The
variation of compressive strength with curing time
for different mixes is illustrated in Figure 5, which
clearly shows the strength development trend.
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Figure 5: Compressive Strength Development of Concrete Mixes

All mixes exhibit a progressive increase in strength
with curing time. The ecofriendly mixes
demonstrate slower early-age strength development
but surpass the control mix at later ages due to
continued pozzolanic activity. This confirms that
SCM  incorporation contributes to longterm
strength enhancement and improved microstructural
development. Workability results indicate that the
use of superplasticizers effectively compensates for

reduced water content [21]. Despite low w/b ratios,
the mixes maintain adequate slump values suitable
for practical applications. The improved flowability is
attributed to the dispersion of cement particles,
which reduces internal friction and enhances particle
mobility. Durability performance is evaluated
through water absorption and chloride penetration
tests, with results summarized in Table 7.
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Table 7: Durability Performance of Concrete Mixes

Mix ID Water Absorption (%) Chloride Penetration (Coulombs) Durability Rating
M1 (Control) 5.8 3200 Moderate
M2 4.5 2500 Good
M3 3.8 1800 Very Good
M4 3.5 1500 Excellent

The results in Table 7 demonstrate a significant
reduction in water absorption and chloride
penetration with increasing SCM content and
decreasing w/b ratio. Mix M3 and M4 exhibit
superior durability due to their dense microstructure
and reduced pore connectivity. The refinement of
pore structure resulting from pozzolanic reactions

100

plays a crucial role in enhancing resistance to
aggressive environmental conditions [22]. The
influence of water-to-binder ratio on microstructural
density and durability is illustrated in Figure 6,
which compares porous and dense concrete
structures.
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Figure 6: Effect of w/b Ratio on Concrete Microstructure and Durability

Lower w/b ratios result in a dense and compact
microstructure with minimal capillary pores, thereby
reducing permeability and enhancing durability. In
contrast, higher w/b ratios lead to interconnected
pore networks, which facilitate the ingress of harmful
agents such as chlorides and sulfates. In addition to
mechanical and durability performance, an
environmental impact assessment is conducted to
evaluate the sustainability benefits of the proposed
concrete mixes. The results indicate that up to 40-
60% reduction in cement content leads to a

significant decrease in CO, emissions and water
consumption. The use of industrial by-products not
only reduces environmental impact but also
promotes resource efficiency and waste utilization.
The results demonstrate that the optimized eco-
friendly concrete mixtures achieve a balanced
combination  of  strength,  durability, and
sustainability. The integration of SCMs, low w/b
ratios, and advanced admixture systems enables the
development of high-performance concrete suitable
for modern construction applications. The findings
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confirm that sustainable concrete can effectively
replace conventional concrete without compromising
structural integrity, thereby supporting the transition
toward low-carbon infrastructure development.

Future Work:

While the present study demonstrates the
effectiveness of low-carbon, ecofriendly concrete
with reduced cement and water content, several areas
remain open for further research to enhance
performance, scalability, and long-term applicability.
Future investigations should focus on extending the
experimental program to evaluate longterm
durability under real environmental conditions,
including freeze-thaw cycles, carbonation, and
marine exposure [23]. Such studies will provide
deeper insights into the longterm behavior and
service life of sustainable concrete in diverse climatic
conditions. In addition, further optimization of
multi-component ~ binder  systems
supplementary cementitious materials (SCMs) is
required to achieve an ideal balance between early-
age strength and longterm durability. The use of
advanced materials, such as nano-silica and other
nano-additives, may significantly improve hydration
kinetics and microstructural refinement, thereby
addressing the limitations associated with slower
early strength development in high SCM-content
mixes [24]. Another important direction for future
work is the integration of computational modeling
and artificial intelligence techniques for mix design
optimization. Machine learning algorithms and
predictive models can be employed to establish
relationships  between mix parameters and
performance indicators, enabling faster and more
efficient design of sustainable concrete mixtures.
Such approaches can reduce experimental efforts
while improving accuracy in predicting strength,
durability, and environmental impact. Moreover, life
cycle assessment (LCA) and cost-benefit analysis
should be expanded to include large-scale
construction projects to evaluate the economic
feasibility and environmental advantages of eco-
friendly concrete in realworld applications. The
incorporation of locally available industrial by-
products and recycled materials should also be
explored to enhance regional adaptability and reduce
transportation-related emissions [25]. Future studies

involving

should also investigate the compatibility of
sustainable concrete with modern construction
techniques, such as 3D printing and prefabrication,
which require precise control over rheological
properties and setting behavior. Additionally, the
development of standardized guidelines and
specifications for low-carbon concrete will be
essential for facilitating widespread adoption in the
construction industry [26]. Future research efforts
should aim to bridge the gap between laboratory-
scale findings and field implementation by focusing
on longterm performance, advanced material
integration, and practical applicability. These
advancements will play a crucial role in accelerating
the transition toward sustainable and low-carbon
infrastructure systems worldwide.

Conclusion:

This study presents the development of low-carbon,
environmentally sustainable concrete with reduced
cement and water content through an integrated mix
design approach. By incorporating supplementary
cementitious materials (SCMs) such as fly ash,
ground granulated blast furnace slag (GGBS), and
limestone filler, the overall clinker content and
associated carbon emissions are significantly reduced.
The use of particle packing optimization further
enhances material efficiency by minimizing voids and
reducing binder demand. The experimental results
indicate that the proposed concrete mixtures achieve
comparable or improved mechanical performance
compared to conventional concrete, particularly at
later curing ages. The reduction in water-to-binder
ratio, supported by the use of superplasticizers, leads
to a denser microstructure, resulting in improved
compressive strength and durability. In addition, the
developed mixes demonstrate enhanced resistance to
water absorption and chloride penetration,
confirming their suitability for long-term structural
applications. The findings also highlight the
importance of combining multiple strategies,
including SCM incorporation, water reduction, and
admixture optimization, to achieve a balanced
performance in sustainable concrete systems.
Environmental assessment results show a notable
reduction in CO, emissions, water consumption,
and material usage, emphasizing the sustainability
benefits of the proposed approach. Overall, this
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study demonstrates that ecofriendly concrete can be
effectively designed to meet both performance and
environmental  requirements. The  proposed
methodology provides a practical and scalable
solution for sustainable construction, supporting the
transition  toward  low-carbon
development.

infrastructure
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