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ABSTRACT

This study investigated the performance, durability, environmental impact, and practical implementation
of fly ash concrete through a blend of laboratory experiments, literature analysis (2007—2025), Indian
Standard-based testing, and over 20 real-world case studies. Fly ash was found to enhance workability
and long-term strength due to its pozzolanic properties. Durability metrics, including resistance to sulfate
attack and reduced permeability, significantly improved. Adherence to IS 10262:2019, IS 456:2000, and
IS 3812:2013 confirmed its technical suitability for Indian construction practices. Replacing 30% of
cement with fly ash reduced CO- emissions by approximately 27% and resulted in 15-20% cost savings.
Case studies from national and international projects validated its success across diverse environmental
conditions. Despite benefits, challenges like inconsistent quality and limited awareness were identified.
The study recommends performance-based tendering, source-based classification of fly ash, and adoption
of Al tools for mix design optimization. Overall, the research underscores fly ash concrete as a vital
solution for sustainable and cost-effective infrastructure development in India.
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. INTRODUCTION

Concretes remains the most commonly used construction material across the globe, renowned for its
strength, versatility, and economic viability. However, the environmental concerns associated with
cement production, the principal binder in concrete, have necessitated a shift toward more sustainable
construction practices. The cement industry alone accounts for approximately 8% of global carbon dioxide
(CO2) emissions due to the calcination process and the burning of fossil fuels during manufacturing. Thus,
the demand for alternative or supplementary materials can either partially or fully replaceable cement has
intensified over the past few decades.

High-Strength Concrete: Importance: High-strength concrete is those whose compressive strength is more
than 50 MPa. It offers significant advantages in terms of load-carrying capacity, durability, and reduced
cross-sectional dimensions, making it ideal for high-rise buildings, long-span bridges, offshore structures,
and nuclear containment structures. However, the production of HSC typically demands high cement
content, supplementary materials like silica fume, and careful quality control to ensure workability and
performance. Crucial to explore sustainable pathways for HSC produce ash as mitigates the environmental
burden but also has the potential to enhance the mechanical and durability properties of HSC when
optimally used.
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1. MATERIALS AND METHODOLOGY

Adequate selection of materials, accurate mix proportioning, careful experimental protocol, and methodical
data analysis are critical to the success of experimental research. In the current study, sustainable concrete was
created by partially substituting fly ash for cement. The materials, concrete mix design approach, specimen
preparation, curing process, and testing methods used to evaluate fresh, arbitrary, along with durability
qualities are all thoroughly described in this paper. Practical theoretical approaches and materials. This study
describes the cement preparation ingredients, the experimental strategy employed in the study, and the testing
process used to evaluate fly ash concrete. To guarantee the study's repeatability and transparency, a thorough
explanation of each phase is provided.

Materials

The materials used in this study were selected based on their typical availability in construction projects.
All materials were tested for their compliance with relevant Indian Standards (IS) to ensure consistency
and quality control throughout the study.

Cement: Ordinary Portland (OPC) 1S:8112- 2013 specifications and IS 269: 2015 specifications (opc 43)
43-Grade OPC is available in the market. The cement was sourced from a single manufacturer batch to
maintain consistency throughout the study, Ordinary Portland Cement (OPC) of 43-grade was used. OPC
is the most commonly used type of cement for general construction purposes. The Blaine air permeability
method was employed to calculate the specific surface area of the cement, while its chemical composition
was determined using X-ray fluorescence.

The key components of OPC are calcium silicates, aluminates, and ferrites, which contribute to its
hydraulic properties.

Table: The Physical Properties of The Cement Are Summarized

Value
Property
Specific

3.15
Cirmvaty
Standard

27%
Consistency
Initial Sectting 30
lime minutes
Final Setting 600
lime minutes
28-Duy

43.4
( 'n-n)pu:\--q\ <
X MPa
Strength

Fly Ash: The study's fly ash came from a nearby thermal power station. The minute, granular substance known
as fly ash is created when coal is burned in nuclear power plants. Iron oxide (FeOs), alumina (AlOs), and silica
(SiO2) make up the majority of it, with trace quantities of other oxides. Fly ash is divided into two
classifications, Class F and Class C, in accordance with ASTM C618. Class F fly ash was used in this study
due to its accessibility and pozzolanic effects when mixed with water and lime.

Its chemical makeup was ascertained with particular attention to the quantity of silicon oxide2, which
directly affects the cement's responsiveness the hydration contraction expansion stress mechanism
building strength.
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Table: The Chemical Composition Determined

Oxide Percentage (%)
Si0: 525
ALOs 2.82
Fe.0s 5.34
Ca0 7.16
MgO 2.56>5.0
Na:0 +K:0 145>1.5

Aggregates: Aggregates used in the study included both fine and coarse aggregates.8

Fine Aggregates (Sand): As fine aggregate, river sand which was sieved to 4.75 mm is used conforming

to 1S 383: 2016. The sand was tested for its fineness modulus, specific gravity, and water absorption
capacity.

Table: Fine Aggregates Properties

Property Value
Specific Gravity 2.64
Fineness Modulus 2.65

Splitting Tensile Strength Test: Cylindrical specimens were subjected to splitting tensile strength tests
at 28 and 56 days as per 15:5816-1999.

Figure: Split Tensile Test
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Flexural Strength Test: The in accordance with 1S 1199: 1959 the compaction factor test was also
performed which in turn measured the workability of the mix under controlled conditions. we tested beams
at 28 and 56 days’ mark with two point loading in accordance with IS:516-1959.

The flexural strength of the concrete was determined by casting beam specimens (500 mm x 100 mm X
100 mm) and subjecting them to a three-point bending test. The test was conducted as per 1S 516: 1959
to evaluate the concrete’s ability to resist bending and cracking under applied loads.

Durability Tests: Sulfate Resistance Test: To evaluate how well the concrete resists sulfate, we
submerged samples in a 5% sodium sulfate (Na2S04) solution for a period of 28 days. The assessment of
the concrete ‘s sulhate ressistance involved checking for dimensional changes and any signs of damage.

Chloride Penetration Test (Rapid Chloride Penetration Test — RCPT): According to ASTM C1202,
the RCPT was done to check how permeable the concrete is to chloride ions. Understanding how concrete
stands up to corrosion from chlorides is crucial, particularly in coastal regions and places that use de-icing
agents.

Water Absorption and Sorptivity Tests: To figure out how well the concrete can soak up and hold onto
water, we did some tests on its water absorption and sorptivity. It's really important to look at these
properties when judging how durable concrete will be in damp situations, particularly for structures that
encounter rain and groundwater.

1. EXPERIMENTAL RESULTS AND DISCUSSION

In this paper, we delve into the findings from the experimental study and explore what these results really
mean in the broader context. This study evaluates the effects of replacing concrete with different amounts
of fly ash, specifically 15% and 30%, looking closely at workability, compressive strength, durability,
and how it impacts environmental sustainability.

Fresh Properties of Concrete
Slump Test Results

The workability of concrete is super important because it affects how easily we can mix, transport, and
place the material during construction The slump test results for the various concrete mixes are shown in
the table below:

Table: Slump Values for Different Ash

MixID Fly Ash (%) Slump(mm)
MC 0% (Control) 65
FA1S 15% 75
FA30 30% 80
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Figure: Slump Values for Different Ash

The table highlights how adding fly ash enhanced the slump of the concrete mixes. The control mix, which
didn't include fly ash, showed a slump of 65 mm. In contrast, the mixes that contained 15% and 30% fly
ash registered slumps of 75 mm and 80 mm, respectively. The enhanced workability is chiefly because of
how the fly ash particles are spherical, which decreases friction and creates a more fluid mixture. The
compaction factor test results align with what we found in the slump test. The improvement in workability
is also attributed to the water retention properties of fly ash, which enhance the flow of the mix without
significantly affecting the water-to-cement ratio. The increase in slump for the FA30 mix is notably higher
compared to FA15, indicating that higher levels of fly ash provide more workability without requiring
additional water.

Compaction Factor Test Results

The compaction factor test was performed to assess the density of the mixes and evaluate the ease of
compacting the concrete under the same amount of pressure. The results are shown below:

Table: Slump Values for Different Ash Using Compaction Factor Test

MixID Fly Ash (%0) Compaction factor
MC 0% (Control) 0.92
FALS 15% 0.94
FA30 30% 0.96

The compaction factor test results align with what we found in the slump test. The mixes with fly ash
(both FA15 and FA30) exhibited higher compaction factors than the control mix, indicating better
compact ability. The FA30 mix, with 30% fly ash, showed the highest compaction factor, suggesting that
it required less effort to achieve the desired density compared to the other mixes. This improvement in
compaction may be attributed to the pozzolanic properties of fly ash, which enhance the interparticle
bonding in the mix, leading to more efficient packing and a denser concrete structure.
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Hardened Properties of Concrete

Compressive Strength

Compressive strength is one of the most important properties of concrete, determining its load-bearing
capacity. We took a look at how strong the different concrete mixes got after curing them for 7, 28, 56,
and 90 days, and you can see the results in the table below.

Table: Compressive Strength

Mix ID 7 Days (MPa) 28Days (MPa) 56 Days (MPa) 90 Days (MPa)
MC 28 38 42 45
FA15 24 36 44 48
FA30 20 33 41 46
60
50
40 — -
——MC
30 //
FA 15
20
FA 30
10
0 ‘
7d 284 56d 90d

Figure: Compressive Strength for Different Ash%

Early-Stage Strength (7 Days)

At 7 days, the compressive strength of the control mix (28 MPa) was significantly higher than that of the
fly ash mixes. The FA15 mix achieved a strength of 24 MPa, while the FA30 mix showed a strength of
20 MPa. The early strength declines in concrete incorporating fly ash occurs because fly ash hydrates
more slowly than ordinary Portland cement (OPC). When mixed with water and calcium hydroxide (lime),
fly ash gradually forms calcium silicate hydrate (C-S-H), which contributes to strength development.
However, this pozzolanic reaction proceeds at a slower rate compared to the primary hydration of OPC,
leading to reduced early-age strength.

Mid-Term Strength (28 Days)

The control mix attained a strength of 38 MPa at 28 days. FA15 and FA30 mixes attained strengths of 36
MPa and 33 MPa. A slight strength drop appeared for FA15 when compared to the control mix. FA30
showed a larger drop. The drop in strength was not large. Fly ash concrete shows good compressive
strength, especially when fly ash content is low.

Long-Term Strength (56 and 90 Days)

At 56 and 90 days, the strength of fly ash concrete surpasses that of the control mix. The FA15 mix
reached 44 MPa at 56 days, while the FA30 mix reached 41 MPa. At 90 days, the FA15 mix reached 48
MPa, and the FA30 mix reached 46 MPa. The continued pozzolanic reaction of fly ash causes long-
term strength gain. This reaction improves concrete microstructure as time passes. 7*-45869+The results
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indicate that fly ash concrete exhibits delayed strength development, but it ultimately reaches higher
strengths in the long term compared to conventional concrete. This delayed gain in strength makes fly ash
concrete ideal for applications where long-term durability and sustainability are prioritized over early

strength.

Split Tensile Strength

Table: Splitting Tensile Strength

Mix ID 7 Days (MPa) 28Days (MPa) | 56 Days (MPa) 90 Days (MPa)
MC 3.15 4.05 4.20 4.25
FA15 3.05 4.10 4.35 4.50
FA30 2.65 3.75 4.05 4.20

Flexural Strength

7

28 56

90

mMC
W FA15
m FA30

Figure: Splitting Tensile Strength

Flexural strength results at 7,28,56 and 90 days are shown in Table.

Table: Flexural Tensile Strength

Mix ID 7 Days (MPa) 28Days (MPa) 56 Days (MPa) 90 Days (MPa)
MC 4.45 5.55 5.75 5.80
FA15 4.30 5.65 5.90 6.00
FA30 3.85 5.15 5.55 5.70

7
6
5
4 -
3 - | |
5 | = FY30
1
0 -

7 28 56 90

Figure: Flexural Strength
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Durability Characteristics: The durability of concrete is a critical factor in determining its performance
in aggressive environments Sulfate resistance, chloride penetration as well as water absorption tests
happened to assess how fly ash concrete performs over time.

Water Absorption and Sorptivity: Water absorption and sorptivity tests measure the concrete’s ability
to absorb water under capillary suction. The results are as follows:

Table: Water Absorption and Sorptivity Values

Mix ID Water Absorption (%6) Sorptivity (mm/min”0.5)
MC 55 1.23
FA15 4.2 1.05
FA30 3.8 0.98

6

5

4

3 - B Water absorption
2 B Sorptivity

1 -

0

MC FY15 FY30

Figure: Water Absorption and Sorptivity Values

Rapid Chloride Permeability Test/ Chloride Penetration (RCPT): Chloride penetration is a significant
factor in the durability of concrete structures exposed to de-icing salts or coastal environments. Results
from the Rapid Chloride Penetration Test (RCPT) appear below.

Table: RCPT results (Total Charge Passed)

Mix ID Charge Passed (Coulombs)
MC 4200
FY15 2900
FY30 2400
M40 FLY ASH CONCRETE
5000
4000 -
3000 -
B M40 FLY ASH
2000 + CONCRETE
1000 -
0 |
MC FY15 FY30

Figure: RCPT Results (Total Charge Passed)
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The RCPT results showed a significant reduction in chloride penetration for the fly ash mixes, with FA30
showing the lowest permeability. A smaller particle size of fly ash is the reason for this. It fills spaces in
the concrete mix and lowers pathways for chloride ions. The reduced permeability enhances the durability
of the concrete in environments exposed to chloride-induced corrosion.

Sulfate Resistance: The sulfate resistance of the concrete was tested by immersing the samples in a 5%
sodium sulfate (Na2SQOs4) solution for 28 days. The results showed a significant improvement in sulfate
resistance for fly ash mixes:

Table: Sulphate Resistance Expansion

Mix ID Expansion (%)
MC 0.18
FY15 0.10
FY30 0.08
M40
0.2
0.18
0.16
0.14
0.12
0.1 m M40
0.08
0.06
0.04
0.02
0
MC FY15 FY30

Figure: Sulphate Resistance Expansion

Environmental and Economic Assessment: By contrasting the CO: outputs from the manufacturing of
fly ash and conventional Portland cement (OPC), the environmental research on the construction of fly
ash concrete was evaluated. Fly ash replaced 30% of OPC, resulting in a roughly 27% reduction in carbon
dioxide released into the atmosphere. About 0.9 tonnes of greenhouse gas emissions were prevented for
every tonne of fly ash used in place of cement. One of the main benefits of employing fly ash in concrete
is the decrease in carbon emissions. In terms of cost, fly ash is a more economical component than OPC.
Depending on the fly ash's local availability, the estimated cost reductions for adopting 15% and 30% fly
ash replacements were 15% and 25%, correspondingly. Fly ash concrete is a desirable alternative for
building projects looking to save material costs because of this cost decrease.

IV.  ENVIRONMENTAL AND ECONOMIC ASSESSMENT

There are a number of financial as well as green benefits to using fly ash in concrete, particularly when it
comes to lowering the carbon footprint of the building sector. By replacing some of the cement in concrete
mixtures with fly ash, an aftermath of burning coal, the creation of cement uses less energy and has a less
detrimental impact on the environment overall. The environmental advantages of fly ash concrete, such as its
long-term ecological responsibility, reduced energy use, and decreased carbon footprint, are the main topic of
this paper. The economic ramifications are also covered, notably material efficiency and cost savings.
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Environmental Impact of Fly Ash Concrete

Carbon Footprint Reduction: One of the biggest sources of CO2 emissions worldwide is the cement sector.
Around 0.9 tonnes of CO- are produced for every tonne of Portland cement. The environmental effects of
producing masonry can be decreased by using fly ash in place of some of the cement. Using fly ash instead
of cement has major environmental benefits, especially when large amounts of fly ash are utilised in
concrete.

Carbon Emission Reduction: Replacing 30% of cement with fly ash results in approximately 27% less
CO: emission. This reduction is due to the fact that the pozzolanic reaction of fly ash requires less energy
compared to the high-temperature process of cement production.

Global Impact: If fly ash was used as a supplementary material in concrete worldwide, the reduction in
CO: emissions could be substantial. For instance, replacing 20% of cement with fly ash in global concrete
production could potentially save several million tons of CO- annually.

Energy Savings

The production of cement is energy-intensive. Cement kilns operate at high temperatures (around
1450°C), which requires significant amounts of fuel, mostly derived from fossil fuels. The use of fly ash
reduces the amount of cement required for concrete production, thereby reducing energy consumption.
This leads to a reduction in the overall demand for fossil fuels, which further decreases the environmental
impact of concrete.

Waste Management and Landfill Reduction: Fly ash is a waste byproduct of coal combustion, and a
large proportion of it is deposited in landfills. By utilizing fly ash in concrete, it is possible to reduce the
environmental burden of landfills. This process not only reduces the need for landfill space but also
provides a sustainable solution for managing fly ash, which would otherwise be an environmental hazard.

Life Cycle Assessment (LCA) of Fly Ash Concrete

LCA Methodology: Life Cycle Assessment (LCA) is an analytical method used to assess the
environmental impacts of a product or process throughout its entire life cycle—from raw material
extraction, production, use, and disposal. For fly ash concrete, LCA helps in evaluating the overall
environmental impact, including energy consumption, CO2 emissions, and resource usage.

LCA for Fly Ash Concrete: In an LCA study, the environmental benefits of fly ash concrete were
compared to traditional concrete. Results showed that fly ash concrete had a lower embodied energy (the
total energy consumed during the production of materials) and a reduced carbon footprint. Additionally,
fly ash concrete demonstrated a longer service life due to its enhanced durability, further improving its
overall environmental performance.

Comparative LCA Results
Table: Comparative LCA Results

Environmental Impact Conventional Concrete FY (15%) FY30
CO: Emissions (kg CO:/ton) 1.05 0.79 0.74
Energy Consumption (MJ) 900 730 690
Embodied Water (liters) 1100 900 850
Durability (years) 50 55 60
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The above table highlights the environmental advantages of using fly ash in concrete, with reductions in
CO: emissions, energy consumption, and water usage. Moreover, fly ash concrete has enhanced
durability, leading to a longer service life compared to conventional concrete.

Economic Impact of Fly Ash Concrete

The economic advantages of fly ash concrete are primarily derived from cost savings associated with the
replacement of cement. Fly ash is typically less expensive than cement, especially in regions where fly
ash is readily available. The overall material cost reduction can be significant, especially for large-scale
projects.

Cost Comparison

Table: Comparative Cost

Material Cost per Ton (Indian Rupees)
Ordinary Portland Cement (OPC) 8545
Fly Ash (Class F) 3400-5130

Cost Savings with Fly Ash Replacement: How much cement replacement with fly ash saves money
depends on the replacement amount and fly ash cost in the area. For example, replacing 30% of cement
with fly ash can reduce material costs by approximately 20-25%. This reduction is particularly beneficial
for large-scale infrastructure projects, where material costs make up a significant portion of the overall
budget.

Economic Benefits: Large-scale construction projects, such as highways, bridges, and dams, can save
millions of dollars by incorporating fly ash into their concrete mixes. Furthermore, using fly ash can help
in reducing transportation costs since fly ash is often produced locally, whereas cement may need to be
transported over longer distances.

Summary of Environmental and Economic Benefits: There are several financial and environmental
advantages to using fly ash in concrete. In terms of the environment, fly ash concrete reduces CO2
emissions, energy consumption, and the environmental burden of disposing of fly ash. Fly ash concrete is
a cost-effective concrete option that maintains performance. Fly ash concrete is therefore essential to the
global advancement of sustainable building methods.

V. CONCLUSION

Concrete uses fly ash as a common practice. This practice supports construction material's sustainability
plus durability as well as construction material's performance over time.This thesis undertook a
comprehensive experimental, analytical, and case-based investigation into the application of fly ash
concrete ranging from its mechanical performance to real-world deployments across varied environments.
Through a combination of laboratory testing, literature analysis from 2007 to 2025, Indian Standard (1S)
based procedures, and over 20 detailed case studies, this research validates the multi-faceted benefits of
fly ash concrete. The following sections summarize the key conclusions drawn across the study's papers.

Technical Performance

Strength and Workability: Fly ash concrete demonstrated commendable workability due to its spherical
particles and lower water demand. Mixes with 15%-30% fly ash exhibited increased slump values and
improved compaction. The mix with fly ash attained somewhat diminished strength soon after placement

IJESTI 5 (7) https://doi.org/10.31426/ijesti.2025.5.7.5523 173


http://www.ijesti.com/

Vol 5, Issue 7, July 2025 www.ijesti.com E-ISSN: 2582-9734
International Journal of Engineering, Science, Technology and Innovation (IJESTI)

compared to the mix without fly ash. But because of the pozzolanic reaction, strength increases at 28, 56
as well as 90 days were similar to or better than the control mix.

Durability: Fly ash contributed significantly to enhanced durability characteristics. Resistance to sulfate
attack, reduced permeability (RCPT values), and lower water absorption were observed. The refined pore
structure and slower hydration rate contributed to these improvements.

Compatibility with IS Standards: All mixes were developed and tested in accordance with IS
10262:2019 (mix design), IS 456:2000 (general concrete practice), and 1S 3812:2013 (classification of fly
ash). These standards validate the suitability of fly ash for structural and non-structural applications in
India.

Environmental and Economic Benefits

Reduction in Carbon Footprint: Replacing 30% of cement with fly ash led to a reduction of ~27% in
CO: emissions per cubic meter of concrete. The life cycle assessment (LCA) confirmed reductions in
embodied energy and global warming potential, aligning with international climate mitigation goals.

Cost Efficiency: The use of fly ash resulted in 15-20% cost savings due to the lower price of fly ash
compared to OPC and decreased energy consumption during curing. Long-term maintenance costs were
also reduced due to enhanced durability.

Sustainable Resource Utilization: By using industrial by-products, this study supports circular economy
practices and diverts waste from landfills. Integration with waste management strategies under the Swachh
Bharat Mission and fly ash utilization guidelines strengthens environmental performance.

Literature and Case Study Findings

Literature Insights: The 20-year literature review revealed that fly ash's popularity has steadily
increased, particularly in countries with high coal usage. The Indian context saw significant developments
post-2010, driven by policy shifts and IS updates. Artificial Intelligence (Al) tools such as genetic
algorithms and artificial neural networks are being increasingly used for predicting fly ash concrete
performance.

Case Study Validation: Detailed examination of 20 national and international case studies—ranging
from highway pavements, bridges, tunnels, to smart buildings—showed that fly ash concrete performs
well in diverse environmental and structural scenarios. Indian examples from IIT Delhi, BHEL, NTPC,
and CPWD illustrate real-world viability.

Challenges Acknowledged: Despite the advantages, the study acknowledges limitations such as:
Variability in fly ash quality.

e Limited availability in non-coal regions.

e Slower early strength development.

e Insufficient awareness and adoption at grassroots construction levels.

e Overcoming these barriers requires policy support, industry-academic

e collaboration, and adoption of advanced material characterization techniques.
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Recommendations for Practice and Research

Use fly ash up to 30% replacement for structural concrete and 50% for mass concreting,
based on project timelines.

Adopt performance-based specifications in tender documents rather than prescriptive ones to
promote innovation.

Implement source-based classification and grading of fly ash through standardized certification
mechanisms.

Encourage LCA and carbon accounting tools during project approvals for public infrastructure.
Promote Al-optimized mix design tools, especially for large infrastructure and prefabricated
structures.

Contribution to the Field

This thesis contributes by:

Providing a large-scale comparative study of fly ash mixes under Indian conditions.
Validating mix design through 1S standards and real-world application.

Offering a comprehensive 20-year literature and case study review.

Recommending practical and scalable strategies for implementation in infrastructure projects.

Final Remarks: Fly ash concrete is not merely a substitute for traditional OPC concrete—it represents a
paradigm shift toward environmentally responsible and economically viable infrastructure. With
advancements in digital tools, regulatory clarity, and increased awareness, fly ash concrete can play a
leading role in shaping India's sustainable development narrative. Continued interdisciplinary research,
policy innovation, and public-private collaboration are essential to harness its full potential in building
the future of sustainable construction.
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