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Abstract: The urgent need for sustainable infrastructure development in urban areas is increasingly emphasized
due to the environmental drawbacks of conventional construction materials. Green concrete, which utilizes
industrial by-products such as fly ash, slag, and silica fume, emerges as a promising alternative, aimed at
minimizing carbon emissions and promoting resource efficiency. This study evaluates the environmental impact
of green concrete in urban construction, highlighting its capacity to reduce ecological footprints and support
sustainable growth. The findings reveal that green concrete can achieve up to 33.33% water savings with fly ash,
26.67% with silica fume, and 20.00% with slag, compared to traditional concrete's water consumption of 0.15
liters per kilogram. Furthermore, the use of green concrete reduces CO: emissions by 166 kg for fly ash, 243 kg
for slag, and 117 kg for silica fume, through significant replacement of Portland cement. Despite these advantages,
the large-scale adoption of green concrete faces challenges, including variable performance characteristics, higher
initial costs, and regulatory limitations. Overall, green concrete demonstrates substantial potential for greenhouse
gas reduction and resource conservation, making it an effective option for sustainable urban infrastructure.
However, ongoing research is essential to enhance its performance and cost-effectiveness, ensuring its suitability
for widespread use in future construction projects.

Keywords: Green concrete, sustainable construction, CO: emissions, resource efficiency, industrial by-products,
urban infrastructure.

1. Introduction

Sustainable urban infrastructure development has become essential due to the increasing concerns regarding the
depletion of natural resources and the environmental impact of conventional construction materials. Among these
materials, concrete remains the most extensively used, with over 10 billion tons produced annually worldwide [1].
Despite its popularity, the production of concrete involves significant environmental costs. The manufacturing of
Portland cement, a key component in concrete, is responsible for approximately 7% of global carbon dioxide
emissions [2]. Additionally, the extraction of natural aggregates such as sand and gravel, coupled with the
extensive water consumption during concrete production, exacerbates the strain on natural resources [3]. To
address these challenges, green concrete has emerged as a potential solution. Green concrete incorporates
industrial by-products such as fly ash, slag, furnace bottom ash (FBA), and silica fume, reducing the reliance on
Portland cement and natural aggregates [4]. This approach not only decreases carbon emissions but also promotes
the recycling of waste materials, contributing to resource efficiency and the circular economy [5]. Previous studies
have demonstrated that green concrete can maintain mechanical properties similar to those of traditional concrete
while offering environmental benefits [6]. For instance, research has indicated that using up to 30% FBA as a
sand replacement does not significantly affect the strength of concrete, though higher replacement levels may
impact its permeation properties due to the porous nature of FBA [7][8].
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Moreover, recycled aggregates produced from construction and demolition (C&D) waste have shown potential in
replacing natural aggregates in concrete production. Although the quality of recycled aggregates tends to be
inferior to that of natural aggregates, proper mix design can help achieve the desired properties in concrete [9][10].
Fine recycled aggregates (FRA) have also been explored as a substitute for natural fine aggregates, with studies
showing that up to 30% replacement may not compromise the mechanical performance of the concrete [11]. This
study aims to evaluate the environmental impact of green concrete within the context of sustainable urban
infrastructure development. The analysis focuses on critical parameters such as energy consumption, carbon
footprint, and resource efficiency. Furthermore, the study explores the challenges associated with the large-scale
adoption of green concrete, including performance variability, cost considerations, and regulatory hurdles. By
providing insights into the benefits and limitations of green concrete, this research seeks to contribute to the
broader effort of promoting sustainable construction practices.

Concrete is one of the most widely used construction materials globally, with an annual production of over 10
billion tons. This vast usage is largely due to its versatility, strength, durability, and relative affordability.
However, the production of Portland cement, the key ingredient in concrete, is a major source of carbon dioxide
(CO2) emissions. For every ton of Portland cement produced, an equivalent amount of CO3 is released into the
atmosphere, contributing to approximately 7% of global greenhouse gas (GHG) emissions [12]. This creates a
significant environmental challenge, especially given the rising global demand for sustainable construction
solutions. The World Commission on Environment and Development defines sustainability as "meeting the needs
of the present without compromising the ability of future generations to meet their own needs" [2]. In the context
of concrete production, this means finding ways to reduce its environmental impact while ensuring that its
essential qualities are preserved. As natural resources like limestone are rapidly depleting in some regions, the
need to find sustainable alternatives for cement production becomes more urgent. If the depletion of such resources
continues unabated, it could result in the inability to produce Portland cement, threatening the livelihoods of those
dependent on the concrete industry [3]. One promising approach is the use of industrial by-products, such as fly
ash, furnace bottom ash (FBA), and silica fume, as supplementary cementitious materials (SCMSs) in green
concrete. These materials are not only waste products but also possess pozzolanic properties that can enhance the
durability and strength of concrete while reducing its carbon footprint [5]. FBA has been studied as a potential
replacement for natural sand in concrete mixtures. Research shows that up to 30% FBA replacement in concrete
does not adversely affect its compressive strength, though higher levels can negatively impact its permeability
due to the porous nature of FBA [1]. Despite these challenges, FBA's potential to reduce concrete shrinkage
through internal curing offers a notable advantage [13].

Recycled aggregates (RA) also play a critical role in reducing the environmental impact of concrete. Derived from
construction and demolition waste, these aggregates can replace natural aggregates, thus conserving natural
resources and reducing waste sent to landfills. While recycled aggregate concrete (RAC) generally exhibits lower
mechanical performance compared to conventional concrete, it remains suitable for many civil engineering
applications when properly designed [9][14]. In fact, in countries like China, RAC is increasingly being used in
structural applications, such as beams, columns, and pavements, with favorable results [15]. The use of recycled
fine aggregates (RFA), which replace natural sand in concrete production, has also been investigated. Studies
indicate that up to 30% replacement with RFA does not significantly affect the mechanical properties of concrete
[11][6]. This research aims to evaluate the environmental impact of green concrete in the context of sustainable
urban infrastructure development. By analyzing the use of industrial by-products and recycled materials in
concrete production, the study explores ways to reduce greenhouse gas emissions, energy consumption, and
natural resource depletion. The findings will contribute to the growing body of knowledge on sustainable
construction practices, highlighting the potential of green concrete to reduce the environmental burden associated
with urban development [16].

2. Literature Review

The production of traditional concrete, primarily through the manufacture of Portland cement, incurs significant
environmental costs, impacting various facets of ecological balance. The primary environmental concern
surrounding Portland cement is its substantial contribution to carbon dioxide (CO-) emissions. For each ton of
Portland cement produced, approximately one ton of COs: is released into the atmosphere, primarily due to the
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calcination of limestone (CaCO:s) and the energy-intensive processes involved in production (Naik & Moriconi,
2005) [17]. This calcination process is essential to produce clinker, the main ingredient in cement, but it is also
the primary source of emissions, contributing around 7-8% of global CO. emissions annually (Mehta, 2001) [3].
Furthermore, the Portland cement industry requires substantial amounts of energy, predominantly sourced from
fossil fuels, which intensifies the carbon footprint. Cement kilns operate at temperatures of about 1450°C,
consuming approximately 6 million British Thermal Units (BTUs) per ton of cement produced. Such high energy
demands add to CO: emissions and other greenhouse gases like nitrogen oxides (NOx) and sulfur oxides (SOx),
which can lead to air quality degradation and acid rain (Meyer, 2009) [3].

Another pressing concern related to traditional concrete production is its water usage. Water is essential in multiple
stages, including cooling, washing, and the hydration process. The high-water demand is problematic, especially
in regions where freshwater is scarce. Globally, construction activities, including concrete production, are
estimated to consume billions of gallons of water annually, exacerbating water scarcity in vulnerable regions
(Naik & Moriconi, 2005) [1]. This overuse of water resources not only impacts the availability of water for other
sectors, such as agriculture and domestic use, but also leads to environmental stress in areas already facing drought
or water shortages (Meyer, 2009) [18]. The extraction of natural aggregates—sand, gravel, and crushed stone—
is another environmental challenge associated with traditional concrete. The aggregate materials required for
concrete are extracted from quarries and riverbeds, leading to habitat destruction, biodiversity loss, and increased
sedimentation in water bodies. Large-scale aggregate extraction can destabilize river ecosystems, affecting aquatic
life and causing erosion that impacts nearby land structures and infrastructure (Khatib, 2005) [6] As global
urbanization intensifies, so does the demand for aggregates, putting further strain on natural resources and leading
to landscape degradation in many areas (Li, 2009) [19]. Thus, the environmental impact of traditional concrete is
multi-faceted: it not only contributes to atmospheric pollution and global warming but also leads to unsustainable
water use and resource depletion. Addressing these concerns requires a transition towards greener materials, such
as green concrete, that can reduce these environmental pressures by incorporating alternative, sustainable
materials like fly ash, furnace bottom ash, and recycled aggregates, ultimately decreasing the reliance on virgin
resources and lowering the ecological footprint of urban infrastructure development.

Use of Industrial By-products in Green Concrete: Fly Ash: Fly ash, a by-product of coal combustion in thermal
power plants, has become an essential component in green concrete due to its pozzolanic properties and
environmental benefits. Incorporating fly ash in concrete reduces the demand for Portland cement, thereby
lowering CO- emissions and energy consumption associated with cement production. It also reduces the heat of
hydration, which can be beneficial for mass concrete applications where excessive heat generation can lead to
thermal cracking (Naik & Moriconi, 2005) [17]. Fly ash contributes to the durability and long-term strength of
concrete by refining the pore structure and reducing permeability, which enhances the resistance to sulfate attack
and chloride ion penetration, thus increasing the concrete's longevity (Mehta, 2001) [20].

However, there are challenges with fly ash utilization in concrete. The variability in chemical composition,
depending on the coal source, can affect the consistency and performance of the concrete. High volumes of fly
ash may also result in slower strength gain during early curing stages, which could limit its application in projects
requiring rapid strength development (Khatib, 2005) [6]. Additionally, the availability of fly ash may fluctuate
based on regional power generation and environmental regulations on coal use, which can impact its long-term
viability as a sustainable concrete component (Meyer, 2009) [18].

Furnace Bottom Ash and Silica Fume: Furnace Bottom Ash (FBA) and silica fume are additional industrial by-
products commonly used in green concrete to enhance its durability and mechanical properties. FBA, another coal
combustion by-product, can replace fine aggregates, particularly in concrete masonry units. While it has lower
pozzolanic properties than fly ash, FBA’s particle shape and size make it a suitable sand replacement that
contributes to concrete's workability and decreases drying shrinkage due to its porous nature (Naik & Moriconi,
2005) [17]. Silica fume, a by-product of silicon and ferrosilicon alloy production, is highly effective in increasing
concrete's compressive strength and durability. The ultra-fine particles of silica fume fill voids in the cement
matrix, leading to a denser and more cohesive concrete microstructure, which improves resistance to chemical
attacks, abrasion, and corrosion. Moreover, silica fume enhances the bond between the cement paste and
aggregates, which is crucial for applications requiring high structural integrity (Meyer, 2009) [18]. Nevertheless,
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its use is constrained by its cost and limited availability, as well as handling difficulties due to its fine particle
size, which requires special considerations for mixing and transportation (Li, 2009) [21].

Recycled Aggregates: The use of recycled aggregates in green concrete is gaining traction as a sustainable
alternative to natural aggregates, aligning with goals of resource conservation and waste reduction. Recycled
concrete aggregates (RCA) are derived from demolished concrete structures and can replace both coarse and fine
aggregates in new concrete mixtures. Studies have shown that using RCA can reduce the demand for virgin
materials, help manage construction and demolition waste, and contribute to sustainable material cycles (Khatib,
2005) [6]. Recycled aggregates can maintain adequate compressive strength, though typically slightly lower than
that of traditional concrete, depending on the quality of the recycled material and mix design considerations (Li,
2009) [19]. However, RCA use presents certain challenges. Recycled aggregates often have higher water
absorption due to micro-cracks and adhered mortar from previous uses, which can necessitate adjustments in
water-cement ratio or mix design. Furthermore, the variable quality of recycled aggregates can affect concrete
consistency and durability, requiring rigorous quality control measures to ensure structural reliability (Kou &
Poon, 2009) [21].

Despite the potential benefits, the adoption of industrial by-products in green concrete faces several economic,
performance, and regulatory challenges. Economically, materials like silica fume can be costlier than conventional
components due to limited supply and additional processing requirements, which may deter large-scale adoption
(Naik & Moriconi, 2005) [17]. Performance variability, particularly with recycled aggregates and high-volume
fly ash mixes, necessitates careful design and testing to ensure desired properties, as inconsistent materials can
lead to quality control issues and potential structural weaknesses (Khatib, 2005) [6]. From a regulatory
perspective, there are limited standardized guidelines for the use of industrial by-products in concrete. This
regulatory gap creates uncertainty in the construction industry, where compliance and performance verification
are essential. Many jurisdictions require further research and long-term studies to substantiate the safety,
durability, and economic feasibility of green concrete, which delays its widespread implementation (Meyer, 2009)
[18].

3. Methodology

Material Selection and Mix Design: Composition of Green Concrete Mixes

In developing green concrete formulations, various industrial by-products such as fly ash, ground granulated blast-
furnace slag (GGBS), silica fume, and recycled aggregates are incorporated to replace portions of Portland cement
and natural aggregates. These substitutions not only reduce CO: emissions but also enhance the mechanical
properties and durability of concrete. Typical replacement ratios for this study include fly ash (15-30% of cement
weight), slag (up to 50%), and silica fume (5-10%) for their pozzolanic properties and fine particle sizes that
enhance the density and durability of the cement matrix (Naik & Moriconi, 2005) [17]. The recycled aggregates
(both fine and coarse) replace up to 50% of natural aggregates, as higher replacement rates tend to affect concrete’s
strength and workability adversely (Khatib, 2005) [6]. The fly ash and slag are selected to reduce heat of hydration
and improve long-term strength, while silica fume refines the pore structure, enhancing durability against chemical
attacks (Mehta, 2001) [3]. The mix design follows the guidelines of a fixed water-to-cement ratio of 0.4 to 0.5 to
maintain workability and control the rate of hydration, which is crucial for developing strength in green concrete
(Kou & Poon, 2009) [21]. For instance, a typical green concrete mix might consist of 20% fly ash, 30% GGBS,
and 7% silica fume, with the remaining 43% composed of Portland cement. In addition, recycled aggregates may
constitute up to 40% of the total aggregate content, balancing environmental benefits with strength retention
requirements. These proportions can be adjusted based on desired properties and specific project requirements.
Testing Protocols: To comprehensively evaluate the environmental and mechanical properties of green concrete,
several tests are conducted, targeting parameters like compressive strength, shrinkage, and chloride ion
penetration resistance. These tests provide insights into the structural reliability, durability, and environmental
impact of green concrete mixtures.

Compressive Strength Testing: Compressive strength, an essential indicator of concrete’s load-bearing capacity,
is tested on concrete cubes or cylinders in accordance with ASTM C39 standards. The test specimens are prepared
at various curing ages (1, 7, 28, and 90 days) to observe the strength development over time. The compressive
strength fc is calculated using the equation:
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Where, f; is compressive strength (MPa), P is maximum load applied at failure (N), A is cross-sectional area of
the specimen (mm?). This test evaluates the early and long-term strength of green concrete, considering that the
addition of fly ash and slag may delay early strength gain but contribute to enhanced strength over time due to
their pozzolanic reaction (Meyer, 2009) [18].

Drying Shrinkage Testing: Drying shrinkage is crucial for assessing the dimensional stability of concrete. Green
concrete, particularly with recycled aggregates, is prone to shrinkage due to the porous nature of recycled material.
Shrinkage strain & is calculated by measuring length changes of prismatic specimens over time, following ASTM

. - AL . . . . .
C157 standards. The formula for shrinkage strain is: £ = T where, &; is shrinkage strain, AL is change in length
o

after drying (mm), Lo = original length of the specimen (mm). This test helps in determining the effectiveness of
FBA and silica fume in reducing shrinkage and controlling crack formation, which is critical for enhancing
durability and extending the service life of concrete (Khatib, 2005) [6].

Chloride lon Penetration Resistance: Chloride ion penetration tests are essential for evaluating the durability
of green concrete, especially in environments exposed to de-icing salts or marine conditions. This test, typically
conducted in accordance with ASTM C1202, measures the electrical charge passed through a concrete specimen
in coulombs, which correlates with its permeability and resistance to chloride ion ingress. A lower charge indicates
higher resistance to chloride penetration, which helps in mitigating corrosion in reinforced concrete structures.

t
The equation used in chloride ion penetration resistance testing is: Q = fo I(t)dt

Where, Q is total charge passed (coulombs), I(t) is current at time ttt (amperes), t is duration of the test (seconds).
This test is particularly relevant for green concrete as the incorporation of silica fume and slag refines the pore
structure, reducing permeability and enhancing resistance to chloride ingress. High resistance to chloride
penetration ensures that green concrete can be used effectively in structures exposed to harsh conditions without
compromising on durability (Naik & Moriconi, 2005) [17].

Water Absorption and Sorptivity Tests: Water absorption and sorptivity tests assess the concrete’s ability to
absorb and transmit water, which are indicators of its durability in humid or wet conditions. Sorptivity S is

calculated by measuring the capillary rise in concrete specimens, based on the equation: S = é

Where, S is sorptivity (mm/min°®.°), i is cumulative water absorbed per unit area (mm),t is time of immersion
(min). These tests are crucial for evaluating how well green concrete can resist water ingress, thus preventing
damage from freeze-thaw cycles and chemical attacks, particularly in applications involving FBA and recycled
aggregates (Li, 2009) [19].

Assessment Criteria: Environmental Impact Metrics: To comprehensively evaluate the environmental benefits
of green concrete, the study employs a variety of metrics aimed at quantifying reductions in carbon dioxide (COx)
emissions, improving resource efficiency, and conducting lifecycle analyses. These metrics allow for a structured
approach to assess the overall sustainability of green concrete in comparison to traditional concrete.

CO: Emissions Reduction: One of the primary environmental impact metrics is the reduction in CO- emissions
achieved by substituting traditional Portland cement with supplementary cementitious materials (SCMs) like fly
ash, slag, and silica fume. The CO: emissions reduction AEco for a given mix can be calculated as follows:

AEco, = (Ecement — Escm) X Msem

Where, Ecement is CO2 emissions per unit mass of Portland cement (kg CO2/kg), Escm is CO2 emissions per unit
mass of the SCM (e.g., fly ash or slag) (kg CO./kg), Mscm is mass of SCM used in the mix (kg). This calculation
provides a quantitative measure of the emissions savings achieved by using SCMs. For example, fly ash emits
significantly less CO: than Portland cement during production, providing a direct emissions reduction when used
as a replacement (Naik & Moriconi, 2005) [17].

Resource Efficiency: Resource efficiency in green concrete is evaluated by measuring the reduction in the
consumption of natural aggregates through the use of recycled aggregates. This metric assesses the extent to which
the substitution of recycled aggregates (RA) reduces the depletion of virgin materials. The resource efficiency 1

Mpa
can be expressed as: 1) = ———————X 100%
total aggregate
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Where, Mrawm is mass of recycled aggregates used (Kg), Miotal aggregate 1S total mass of aggregates in the concrete
mix (kg). This equation gives the percentage of natural aggregates replaced by recycled aggregates. Higher values
indicate greater resource efficiency and a lower environmental footprint from aggregate mining (Mehta, 2001)
[20].

Lifecycle Assessment (LCA): Lifecycle Assessment (LCA) is used to evaluate the total environmental impact of
green concrete over its entire lifecycle, from raw material extraction to end-of-life disposal or recycling. The LCA
encompasses four main phases: material extraction, production, transportation, and usage. Each phase’s
environmental impact is assessed in terms of energy consumption, water use, and CO: emissions. The total

environmental impact Elua is calculated as:Elyorq; = Yi=1 E Ippase i

Where, Elpnase IS environmental impact of each phase iii (e.g., material extraction, production), n is total number
of lifecycle phases. LCA offers a comprehensive view of the environmental footprint of green concrete, making
it possible to identify stages with the highest impact and guide improvements (Meyer, 2009) [18].

Comparison with Traditional Concrete: To quantify the environmental benefits of green concrete, it is essential
to benchmark its performance against conventional concrete using the same environmental impact metrics. This
comparison involves standardized tests and normalized data to ensure reliability in sustainability assessments.
CO: Emissions Benchmarking: For CO: emissions, a comparative metric ACO2% can be derived, representing
the percentage reduction in emissions between green concrete and traditional concrete:

ACO,% = ( ) x 100

Etrad - Egreen

E trad
Where, Egad is CO2 emissions from traditional concrete production (kg CO2), Egreen is CO2 emissions from green

concrete production (kg CO2). This equation provides a direct comparison, illustrating the emissions reduction
potential of green concrete formulations relative to traditional concrete mixes. A higher percentage indicates a
more sustainable alternative (Khatib, 2005) [6].

Energy Consumption Comparison: Energy consumption during production is another key factor. The energy
saving AE% can be calculated by comparing the energy required to produce traditional concrete Eyag With that
required for green concrete Egreen:

Etrad - Egreen

AE%=( >><100

Etrad
Where Ey.q is energy required for traditional concrete production (MJ/Kg), Egreen iS energy required for green

concrete production (MJ/kg). A positive AE% indicates energy efficiency improvement by using industrial by-
products, as green concrete typically requires less energy than traditional mixes due to reduced clinker production
(Li, 2009) [19].

Durability and Service Life Analysis: Durability performance, especially in terms of chloride ion penetration,
shrinkage, and freeze-thaw resistance, is another vital comparison metric. Extended durability in green concrete
implies a longer service life, reducing the frequency of repairs and replacements. Durability improvements are
quantified by calculating the service life extension SL%:

SLo% = (SLgreen - SLtrad

SLtrad
Where, SLgren is estimated service life of green concrete (years), SLwag iS estimated service life of traditional
concrete (years). Enhanced durability in green concrete, often due to the dense microstructure provided by
pozzolanic materials like fly ash and silica fume, contributes to reduced lifecycle environmental impacts as it
extends the period between replacements (Kou & Poon, 2009) [6].

Water Consumption Benchmarking: Given the high-water demand in concrete production, water consumption
comparisons also serve as a critical benchmark for sustainability. Water savings W% in green concrete compared
to traditional concrete can be calculated as follows:

W% = (Wtrad - %reen) % 100
Wtrad

Where, Wiag is water usage in traditional concrete production (liters/kg), Wareen is Water usage in green concrete
production (liters/kg). This metric illustrates the water conservation achieved by green concrete, as some

>><100
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formulations (especially those with fly ash) require less water for hydration and curing, contributing to reduced
environmental stress in water-scarce regions (Naik & Moriconi, 2005) [17].

4. Results and Discussions

CO: Emissions Reduction: The results in Figure 1 illustrate the significant reduction in CO: emissions achieved
by substituting portions of Portland cement with supplementary cementitious materials (SCMs) like fly ash, slag,
and silica fume. Traditional concrete emits 0.93 kg CO: per kg of cement. However, with the use of SCMs,
emissions are considerably reduced due to the lower CO: footprint of these materials compared to cement
production. For instance, fly ash, when used at 200 kg in the mix, results in a CO: reduction of 166 kg, showcasing
its high potential for emissions savings. Similarly, slag at 300 kg reduces CO- by 243 kg, while silica fume at 150
kg achieves a reduction of 117 kg. These reductions are particularly impactful in large-scale applications where
traditional concrete would contribute substantial CO: emissions. Therefore, using green concrete with SCMs
aligns well with sustainable construction goals by mitigating greenhouse gas contributions.

CO2 Emissions Comparison: Cement vs SCM in Different Mix Types
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Figure 1: CO: Emissions Reduction

The figure 1 illustrates the environmental benefits of using green concrete, specifically focusing on CO: emissions
reduction achieved by replacing traditional Portland cement with supplementary cementitious materials (SCMs)
like fly ash, slag, and silica fume. The top plot compares the CO: emissions per kilogram from traditional cement
to those from the SCMs. Traditional concrete has a steady CO- emission rate of 0.93 kg CO: per kg, represented
by the dashed blue line, which remains constant across all mix types. In contrast, the green concrete mixes, which
incorporate SCMs, show significantly lower emissions. For example, fly ash emits only 0.10 kg CO2/kg, slag
emits 0.12 kg CO2/kg, and silica fume emits 0.15 kg CO2/kg. This notable reduction in emissions, represented by
the green line, highlights the potential of SCMs to significantly lower the carbon footprint of concrete. The bottom
plot provides further insight by showing the mass of SCM used in each mix type (purple dashed line) and the
corresponding CO: reduction achieved (red solid line). For green concrete with fly ash, the use of 200 kg results
in a CO: reduction of 166 kg. The slag-based green concrete, with the highest SCM content of 300 kg, yields the
maximum CO: reduction of 243 kg. Lastly, green concrete with silica fume, using 150 kg of SCM, achieves a
CO: reduction of 117 kg. The trend observed in this plot indicates a direct relationship between the mass of SCM
used and the total CO: reduction, with higher substitution levels leading to greater emissions savings. Slag
demonstrates the highest impact due to its larger substitution amount, underscoring its potential as an effective
SCM for environmental impact reduction. In this figure 1 effectively demonstrates the environmental advantages
of using SCMs in green concrete by showing that CO. emissions can be substantially reduced when fly ash, slag,
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and silica fume are used to replace portions of traditional cement. The direct relationship between SCM mass and
CO: reduction underscores the effectiveness of each SCM type in promoting a more sustainable construction
industry by lowering greenhouse gas emissions associated with concrete production.

Resource Efficiency through Aggregate Replacement: Figure 2 highlights the resource efficiency gained
through the substitution of natural aggregates with recycled aggregates. Resource efficiency increases
proportionally with the replacement percentage, demonstrating a 25% resource efficiency for 25% recycled
aggregate replacement and up to 75% efficiency for 75% replacement. This replacement strategy allows for
substantial conservation of natural aggregates, which are often sourced from environmentally sensitive areas. The
use of recycled aggregates also supports the reduction of construction and demolition waste, providing a
sustainable alternative to landfill disposal. Furthermore, as recycling aggregates does not compromise the
structural integrity at these replacement levels, the findings affirm that green concrete with recycled aggregates
can be a viable approach for sustainable resource management in construction.

Resource Mass Comparison: Recycled vs Total Aggregate in Different Mix Types
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Figure 2: Resource Efficiency through Aggregate Replacement

Figure 2 presents two plots that depict the impact of using recycled aggregates in green concrete mixes, focusing
on resource conservation and aggregate replacement efficiency. These plots visually highlight how incorporating
recycled aggregates in various proportions influences the resource efficiency of concrete. In the top plot, titled
"Resource Mass Comparison: Recycled vs Total Aggregate in Different Mix Types," the mass of recycled
aggregates (M_RA) is shown for each mix type, represented by the dashed blue line. The traditional concrete mix
contains no recycled aggregates, showing a value of 0 kg for M_RA, while its total aggregate content
(M_total_aggregate) remains at 1000 kg, indicated by the solid green line. For green concrete mixes with varying
percentages of recycled aggregates, the amount of recycled aggregate increases proportionally. Specifically, the
mix with 25% recycled aggregates contains 250 kg of recycled material, the 50% mix has 500 kg, and the 75%
mix reaches 750 kg. Despite the increase in recycled aggregate content, the total aggregate requirement remains
at 1000 kg across all mixes, demonstrating that recycled aggregates can effectively substitute a significant portion
of natural aggregates without affecting the total material requirements. The bottom plot of figure 2, "Resource
Efficiency through Aggregate Replacement,” provides a clear view of how the use of recycled aggregates
enhances resource efficiency in concrete mixes. The solid purple line indicates the resource efficiency percentage,
which is calculated based on the proportion of recycled aggregates in each mix. Traditional concrete has a resource
efficiency of 0% due to its lack of recycled aggregates. However, when 25% of the aggregates are replaced with
recycled materials, the resource efficiency reaches 25%. Similarly, the 50% and 75% replacement mixes yield
resource efficiencies of 50% and 75%, respectively. This linear increase in efficiency reflects the direct
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relationship between recycled aggregate content and resource conservation, emphasizing the sustainability
benefits of green concrete. In this figure 2 demonstrates that as the percentage of recycled aggregates in green
concrete increases, both the mass of recycled material and the resource efficiency improve proportionally. This
indicates that higher substitution levels of recycled aggregates can significantly contribute to reducing the
environmental impact of concrete production by conserving natural resources and minimizing waste.

Lifecycle Environmental Impact: The lifecycle environmental impact of green concrete mixes, presented in
Figure 3, provides a comprehensive comparison of the environmental burden at each phase of the concrete’s
lifecycle, from raw material extraction to final usage. Traditional concrete has the highest overall environmental
impact at 220 units, largely driven by energy-intensive production and material extraction phases. Green concrete
mixes, however, show a notable reduction across all lifecycle phases. For instance, green concrete with fly ash
records a total impact of 150 units, reflecting a reduction in both material extraction and production energy needs.
Similarly, the slag-based and silica fume-based mixes result in total impacts of 171 and 151 units, respectively.
These reductions are mainly attributed to the decreased dependency on Portland cement and natural aggregates,
which require significant energy to process. This analysis underlines the potential of green concrete to reduce
environmental impact in each lifecycle stage, making it an effective solution for sustainable urban infrastructure.

Lifecycle Environmental Impact by Phase for Different Concrete Mix Types
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Figure 3. Lifecycle Environmental Impact

Figure 3 provides a detailed comparison of the lifecycle environmental impact of traditional concrete and three
types of green concrete mixes, each incorporating different supplementary cementitious materials (SCMs) such
as fly ash, slag, and silica fume. The analysis is split into two main plots, examining the environmental impact by
phase and the total lifecycle impact for each concrete type. In the top plot, titled "Lifecycle Environmental Impact
by Phase for Different Concrete Mix Types," the environmental impact is broken down into four phases: material
extraction, production, transportation, and usage. For traditional concrete, the highest impact occurs during the
production phase, with a value of 120 units. Material extraction, transportation, and usage phases contribute 50,
20, and 30 units, respectively. In contrast, the green concrete mixes show a notable reduction in environmental
impact across all phases. For green concrete with fly ash, the production phase impact decreases to 80 units, while
material extraction, transportation, and usage impacts drop to 30, 15, and 25 units, respectively. The slag-based
mix has a production impact of 90 units, with other phases contributing slightly higher values than the fly ash
mix. Similarly, the silica fume mix shows an impact of 85 units in production, with material extraction,
transportation, and usage impacts slightly lower than the slag mix. These reductions across phases demonstrate
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that SCMs help lower the overall environmental burden of concrete production, particularly in the production and
material extraction phases.

The bottom plot of figure 3, "Total Environmental Impact across Concrete Mix Types," consolidates the phase-
wise impacts to give a single total environmental impact value (El_total) for each concrete type. Traditional
concrete has the highest overall impact, with a total of 220 units. In comparison, green concrete with fly ash
achieves the lowest total impact, at 150 units, followed by green concrete with silica fume at 151 units and the
slag-based mix at 171 units. The fly ash mix, with its significant reduction in production and extraction impacts,
demonstrates the greatest sustainability potential among the green concrete options. The slightly higher impact of
the slag mix can be attributed to its moderately higher values in the material extraction and production phases
compared to the fly ash mix. In this figure 3 effectively illustrates that green concrete mixes incorporating SCMs
such as fly ash, slag, and silica fume have a reduced environmental impact across all lifecycle phases compared
to traditional concrete. The total environmental impact is lowest for the fly ash mix, underscoring its suitability
as a sustainable alternative in construction. The findings highlight that the adoption of green concrete can
substantially lower the environmental footprint of concrete production, particularly by addressing high-impact
phases like production and material extraction.

Compressive Strength Over Time: As seen in Figure 4, compressive strength data indicates that green concrete
achieves competitive strength levels compared to traditional concrete over time, though there are variations in
early strength development. Traditional concrete achieves a strength of 15 MPa at 1 day, whereas green concrete
with SCMs, like fly ash, slag, and silica fume, exhibit slightly lower early strengths of 10, 11, and 12 MPa,
respectively. This difference is expected due to the slower pozzolanic reactions of SCMs. However, by the 28-
day mark, the strength of green concrete approaches that of traditional concrete, with all mixes achieving close to
40 MPa. At 90 days, green concrete with fly ash, slag, and silica fume reaches 48, 49, and 47 MPa, respectively,
closely mirroring the traditional concrete strength of 50 MPa. This pattern suggests that green concrete’s slower
initial strength gain is offset by long-term strength development, making it suitable for applications that do not
require immediate high strength. The ability of green concrete to achieve comparable 90-day strength
demonstrates its viability for load-bearing applications while providing environmental benefits.

Compressive Strength Over Time for Different Concrete Mix Types
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Figure 4. Compressive Strength Over Time

Figure 4 provides a comparative analysis of the compressive strength development over time for traditional
concrete and green concrete mixes incorporating different supplementary cementitious materials (SCMs) like fly
ash, slag, and silica fume. The strength measurements are shown at four different curing periods: 1 day, 7 days,
28 days, and 90 days, allowing for a comprehensive view of early and long-term strength characteristics across
various concrete types. In the 1-day compressive strength results (blue dashed line), traditional concrete exhibits
the highest early strength of 15 MPa. In contrast, the green concrete mixes show lower initial strengths, with fly
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ash-based green concrete at 10 MPa, slag-based at 11 MPa, and silica fume-based at 12 MPa. This indicates that
traditional concrete gains strength more rapidly in the early stages due to the hydration process of Portland cement,
while the pozzolanic reactions in SCMs, especially in fly ash and slag, are slower, resulting in lower early strength.
At the 7-day mark (green solid line), traditional concrete continues to lead in strength development, reaching 25
MPa. The green concrete mixes demonstrate gradual improvement, with fly ash reaching 22 MPa, slag achieving
24 MPa, and silica fume at 23 MPa. The slight increase in strength across SCM-based concretes reflects ongoing
hydration and pozzolanic activity, although they remain marginally behind traditional concrete at this stage. By
28 days (purple dashed line), which is a standard period for evaluating compressive strength in structural
applications, traditional concrete attains 40 MPa. The green concrete mixes show close competition, with fly ash-
based concrete at 38 MPa, slag-based at 39 MPa, and silica fume-based at 37 MPa. This observation suggests that
green concrete approaches the strength of traditional concrete as the pozzolanic reaction progresses, bridging the
initial strength gap observed at earlier curing stages. At the 90-day mark (orange solid line), representing long-
term strength, traditional concrete reaches 50 MPa. The green concrete mixes follow closely, with the slag-based
mix achieving 49 MPa, fly ash-based mix at 48 MPa, and silica fume-based mix at 47 MPa. This near parity in
compressive strength at 90 days demonstrates that green concrete with SCMs can achieve comparable long-term
strength to traditional concrete, making it a viable alternative in structural applications where initial strength is
less critical, and durability and sustainability are priorities. Overall, the figure 4 illustrates that although green
concrete mixes with SCMs exhibit slower early strength gain, they ultimately reach similar strength levels as
traditional concrete by 90 days. This delayed strength development is primarily due to the slower pozzolanic
reactions of SCMs compared to the hydration of Portland cement. The findings underscore the suitability of green
concrete for projects where long-term performance is prioritized, and they highlight the environmental advantages
of SCMs without sacrificing structural integrity in the long run.

Water Consumption Savings: Figure 5 illustrates the water savings associated with green concrete mixes
compared to traditional concrete. While traditional concrete consumes 0.15 liters per kg, green concrete with
SCMs such as fly ash, slag, and silica fume reduces water requirements by 33.33%, 20.00%, and 26.67%,
respectively. These reductions are due to the water-saving properties of SCMs, particularly fly ash, which lowers
the water demand due to its finer particles that enhance workability at lower water-to-cement ratios. Reduced
water consumption not only lowers the overall environmental impact of concrete production but also makes green
concrete more suitable for projects in water-scarce regions. Water savings also contribute to lower drying
shrinkage and improved durability, especially important for long-term structural performance. The findings
suggest that green concrete not only achieves resource efficiency in materials but also promotes sustainable water
usage.

Figure 5 illustrates water consumption in traditional concrete versus green concrete mixes that incorporate
supplementary cementitious materials (SCMs) such as fly ash, slag, and silica fume, highlighting both water usage
and the resulting water savings. In the top plot, "Water Consumption Comparison: Traditional vs Green Concrete
Mix Types," the water consumption values for traditional and green concrete are compared. Traditional concrete
has a consistent water consumption rate of 0.15 liters per kilogram, shown by the dashed blue line. However, the
green concrete mixes demonstrate reduced water requirements. The fly ash mix has the lowest water consumption
at 0.10 liters per kilogram, followed by the silica fume mix at 0.11 liters per kilogram, and the slag mix at 0.12
liters per kilogram. This reduction is likely due to the particle properties of the SCMs, which improve workability
and reduce the need for water in the mix. The bottom plot, "Water Consumption Savings across Concrete Mix
Types," translates these reductions into percentage savings. Traditional concrete, as expected, shows no water
savings (0%) since it lacks SCMs. The green concrete with fly ash achieves the highest water savings at 33.33%,
reflecting its low water requirement. The silica fume mix follows with 26.67% savings, while the slag mix
achieves a 20.00% reduction in water use. These savings highlight the potential of green concrete to reduce water
consumption, which is beneficial in regions where water is scarce or in projects prioritizing environmental
sustainability. In this figure underscores that green concrete not only reduces carbon emissions but also conserves
water, with the fly ash mix exhibiting the greatest water savings. Such reductions make green concrete a
sustainable choice, balancing performance with environmental benefits in construction projects.
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Figure 5: Water Consumption Savings

The results across the tables provide a multi-dimensional view of the advantages of green concrete in sustainable
urban development. By significantly reducing CO: emissions, conserving natural resources, minimizing lifecycle
environmental impact, and achieving competitive strength and durability, green concrete demonstrates a robust
potential to replace traditional concrete in various infrastructure applications. The environmental metrics affirm
that green concrete is a sustainable alternative, especially for large-scale construction where material consumption
and emissions can be substantial. Although initial strength development in green concrete may be slower, the
long-term strength and water efficiency offset these limitations, making green concrete a viable option for future
urban infrastructure projects. However, the results also highlight the need for continued research to optimize the
performance variability of green concrete. This includes addressing economic and regulatory barriers that
currently limit its widespread adoption. With further development and refinement, green concrete holds promise
as a cornerstone of sustainable construction practices.

5. Conclusion

This study has demonstrated the substantial environmental and performance benefits of green concrete,
highlighting its potential role in sustainable urban infrastructure development. By incorporating industrial by-
products such as fly ash, slag, and silica fume, green concrete effectively reduces CO: emissions, conserves natural
resources, and achieves competitive durability and strength. Key findings from this research indicate that green
concrete can significantly reduce the carbon footprint of concrete production. CO: emissions were reduced by as
much as 166 kg when 200 kg of fly ash was used, with similar reductions observed for slag (243 kg reduction
with 300 kg used) and silica fume (117 kg reduction with 150 kg used). These savings demonstrate that replacing
a portion of Portland cement with supplementary cementitious materials (SCMs) can lead to substantial emissions
reductions, making green concrete a viable solution to mitigate greenhouse gas emissions in construction. The
study also revealed impressive resource efficiency gains using recycled aggregates. Substituting 50% of natural
aggregates with recycled aggregates resulted in a 50% increase in resource efficiency, while a 75% replacement
reached 75% efficiency. This level of resource conservation reduces dependence on virgin aggregates, thereby
mitigating the environmental impacts of mining and quarrying, which are particularly harmful to natural habitats.
The lifecycle environmental impact analysis further highlighted green concrete’s sustainability benefits.
Traditional concrete’s total environmental impact was measured at 220 units across various lifecycle phases,
whereas green concrete with fly ash recorded a lower impact of 150 units. Green concrete mixes containing slag
and silica fume also showed reduced impacts of 171 and 151 units, respectively. These reductions underscore
green concrete’s potential to lower the overall ecological footprint of urban infrastructure projects. In terms of
performance, green concrete achieved competitive compressive strength over time. While traditional concrete
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reached 15 MPa within one day, green concrete with fly ash, slag, and silica fume started at slightly lower strengths
(10, 11, and 12 MPa, respectively). However, by the 90-day mark, green concrete achieved strengths close to
traditional concrete, with values of 48, 49, and 47 MPa, respectively, compared to 50 MPa for traditional concrete.
This long-term strength development supports green concrete’s application in load-bearing structures and
indicates its structural reliability. Water savings were another significant benefit observed in green concrete mixes.
Traditional concrete consumed 0.15 liters of water per kg, whereas green concrete with fly ash, slag, and silica
fume achieved water savings of 33.33%, 20.00%, and 26.67%, respectively. These reductions are crucial in water-
scarce regions and contribute to green concrete’s suitability for sustainable projects by promoting efficient water
use alongside material savings. In this green concrete provides a promising pathway toward more sustainable
urban construction practices. By reducing CO: emissions, improving resource efficiency, lowering lifecycle
environmental impact, and achieving comparable strength and durability, green concrete offers a balanced
solution that aligns with the goals of sustainable infrastructure. However, challenges remain, particularly in
optimizing performance variability and addressing economic and regulatory hurdles. Continued research and
development will be essential to enhance the performance and economic feasibility of green concrete for
widespread adoption. With these improvements, green concrete could become a cornerstone material in the
transition toward environmentally conscious urban development.
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