Journal of Technology and Engineering
E-ISSN: 3025-4094
Volume 3, Nomor 2,2025

Developing Sustainable High-Volume Fly Ash Concrete
with Enhanced Self-Consolidating Capabilities

Yogie Risdianto!

Civil Engineering Department, Universitas Negeri Surabaya, Surabaya
60231, Indonesia

Email: yogierisdianto@unesa.ac.id

Abstrak: This study explores the potential of high-volume fly ash

Kata Kunci:
High-Volume Fly Ash, Self- concrete (HVFAC) with enhanced self-consolidating capabilities as a
Consolidating Concrete, sustainable alternative to traditional concrete. The primary issue
Sustainable Concrete addressed is the environmental impact of cement production, which
Development

contributes significantly to CO2 emissions. The study aims to optimize the
use of fly ash in concrete mixtures to reduce CO2 emissions while
maintaining concrete's strength, workability, and durability. A library
research methodology was employed, analyzing existing literature on
HVFAC, self-consolidating concrete, and sustainable concrete
development. The research reveals that while high fly ash content can
slightly reduce early-age strength, it enhances long-term durability and
resistance to chemical attacks. The integration of superplasticizers is
essential to improve self-consolidating properties, allowing the concrete
to flow smoothly without mechanical compaction. Additionally, the study
emphasizes the significant environmental benefits of HVFAC, including
reduced CO2 emissions and resource conservation. However, challenges
remain in optimizing the mix design and achieving a balance between fly
ash content, strength, and workability. The research concludes that
HVFAC has substantial potential for sustainable construction practices,
provided that future research addresses the remaining challenges and
refines mix designs for broader application.
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INTRODUCTION

In the rapidly growing infrastructure development era, concrete has become a
fundamental material used in a wide range of construction projects. However, the production of
traditional concrete, primarily relying on Portland cement as the main binding agent,
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significantly contributes to global carbon dioxide (CO2) emissions. The cement manufacturing
process generates high greenhouse gas emissions, making it one of the primary contributors to
climate change. This highlights the urgent need to develop more environmentally friendly
concrete alternatives to mitigate its negative environmental impact. One promising solution that
has garnered increasing attention is the use of fly ash in concrete mixtures, particularly in high-
volume fly ash concrete (HVFAC), which is believed to reduce the carbon footprint of traditional
concrete. Moreover, the application of self-consolidating concrete (SCC), which allows the
concrete to flow and fill molds without the need for mechanical compaction, can improve
construction efficiency and reduce labor-intensive processes(Meena et al., 2023).

Although numerous studies demonstrate the potential of high-volume fly ash concrete to
enhance concrete durability and reduce environmental impact, several technical challenges
remain. One primary challenge is ensuring that concrete with a high percentage of fly ash still
possesses excellent self-consolidating capabilities. Concrete with higher fly ash content may
sometimes exhibit lower strength and more difficult compaction characteristics, which
negatively impacts its structural performance. Despite significant research on fly ash usage in
concrete, there exists a gap in the literature regarding how to optimize high-fly-ash concrete
while maintaining superior self-consolidating properties, without compromising its strength or
durability(Blume, 2024).

This study aims to develop high-volume fly ash concrete that is not only environmentally
sustainable but also exhibits enhanced self-consolidating capabilities, making it suitable for
practical applications in construction without sacrificing strength or durability. The research
will focus on adjusting the fly ash mix ratio to find a balance between reducing CO2 emissions
and improving the performance of the concrete, while also exploring various techniques and
additives to enhance self-consolidating properties in HVFAC. By understanding the interaction
between these materials and additives, the study seeks to address the existing gap in the
literature concerning the development of concrete that is both more sustainable and structurally
robust(Salih et al., 2022).

The importance of this research lies in the fact that the construction industry is in urgent
need of sustainable solutions to reduce the environmental impact of conventional building
materials. By utilizing fly ash in concrete mixtures, we not only reduce the use of Portland
cement, but also recycle industrial waste that would otherwise go unused. Additionally, by
optimizing self-consolidating concrete properties, the resulting concrete becomes easier to
apply in construction, which can reduce costs and labor time. Therefore, this research is highly
relevant in the quest for more environmentally friendly building materials while simultaneously
improving efficiency in the construction industry. With its potential to reduce carbon emissions
and enhance construction processes, the findings of this research could contribute significantly
to advancing sustainable practices in the construction secto(Bala et al., 2024).

METHOD

Research Object

The object of this study revolves around the exploration and optimization of high-volume
fly ash concrete (HVFAC) with enhanced self-consolidating capabilities for sustainable concrete
development. The research focuses on investigating the relationship between the amount of fly
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ash used in concrete mixtures and the performance of the concrete in terms of workability,
strength, and durability. It addresses the specific issue of how to combine the benefits of high-
volume fly ash—such as reduced CO2 emissions and improved durability—with the need for
efficient self-consolidating behavior, which ensures that the concrete flows smoothly and fills
molds without mechanical compaction. The study also examines the potential environmental
benefits of using fly ash in concrete, as well as its practical implications for the construction
industry. This case addresses the gap in the literature regarding the challenges and solutions in
developing HVFAC with optimized self-consolidating properties(Aldikheeli et al., 2018).

Research Type

This study is classified as a library research study, utilizing qualitative research methods
to analyze existing literature relevant to the research problem. The primary data sources consist
of scholarly articles, books, and research papers related to the components of high-volume fly
ash concrete, self-consolidating concrete, and sustainable concrete development. These sources
provide valuable insights into the current understanding of fly ash usage in concrete, including
its impacts on concrete performance and its potential for reducing environmental harm.
Secondary data, which includes reports, journal articles, and research publications from experts
in the field of concrete technology and sustainable building materials, are also consulted to gain
a broader understanding of the topic. The combination of primary and secondary data will help
to identify gaps in current research and form the basis for the development of recommendations
for future concrete designs(Zhao et al., 2022).

Theoretical Framework

The theoretical foundation of this study is based on several key theories that underlie the
concepts of sustainable concrete development and self-consolidating concrete. One of the
primary theories guiding this research is the Sustainability Theory (Sachs, 2015), which
emphasizes the need for sustainable development in the construction industry. This theory
advocates for minimizing environmental impact through efficient resource use, including the
incorporation of industrial by-products such as fly ash into concrete. Another crucial theory is
the Rheology Theory, which deals with the flow and behavior of materials, including the self-
consolidating characteristics of concrete. The Rheology Theory explains how the concrete mix’s
viscosity, yield stress, and plastic viscosity can be controlled to enhance self-consolidating
performance, allowing the material to flow easily without the need for mechanical vibration.
These theories provide a solid framework for analyzing the interaction between fly ash and other
components in the concrete mix, while also addressing the environmental impact and
performance requirements for sustainable concrete solutions(Hernandez & Myers, 2015).

Research Process

The research process consists of several stages, with data collection being primarily
conducted through extensive literature review. The first stage involves identifying and
reviewing previous studies related to high-volume fly ash in concrete and self-consolidating
concrete. Key publications, research reports, and case studies will be systematically analyzed to
understand the current state of knowledge on the subject. In this phase, particular attention is
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given to works that explore the effects of high fly ash content on concrete’s workability, strength,
and durability, as well as its environmental advantages. Additionally, articles discussing the use
of chemical admixtures and other additives that enhance self-consolidating behavior in concrete
are included in the review. The second phase involves synthesizing the findings from the
literature to draw conclusions about the feasibility of combining high-volume fly ash with self-
consolidating properties. By examining the benefits and challenges highlighted in previous
studies, the research will formulate recommendations for optimizing HVFAC mixtures for
sustainable development(Myers et al., 2014).

Data Analysis Techniques

The data analysis for this study employs content analysis, a qualitative technique used to
systematically examine and interpret textual data from the literature. This approach allows for
the identification of patterns, themes, and significant relationships within the existing research.
The content analysis process begins with the categorization of various studies based on their
focus, such as the effects of fly ash on concrete’s mechanical properties, its influence on
sustainability, and the role of self-consolidation in improving workability. Key findings from
each category are then compared and contrasted to understand the relationships between the
different components. The analysis also focuses on identifying any gaps in current research,
especially regarding the optimization of HVFAC with enhanced self-consolidating behavior. By
examining the results from multiple studies, this research aims to generate a comprehensive
understanding of the subject and provide practical recommendations for future concrete
mixture designs that prioritize both sustainability and performance(Guo et al., 2022).

RESULT AND DISCUSSION
The findings from this study highlight several key aspects of high-volume fly ash concrete

(HVFAC) and its self-consolidating properties. The primary goal of this research was to assess the
potential of integrating fly ash at high volumes while maintaining or enhancing concrete's
workability, strength, and durability. A significant portion of the results focuses on understanding
how fly ash influences various performance aspects of the concrete, including its flowability, strength
at different curing ages, and its impact on long-term durability(Lotfy et al., 2015).

One of the initial findings is the improvement in the workability of concrete with high volumes
of fly ash. Fly ash, when used in the right proportions, helps reduce the viscosity of the concrete
mixture, thus enhancing its flowability. This is a critical factor for self-consolidating concrete (SCC),
which is designed to flow easily and fill molds without the need for external compaction. Concrete
with a high percentage of fly ash demonstrated significant improvements in self-consolidating
behavior, especially when combined with appropriate superplasticizers.

The addition of fly ash at high volumes was found to help concrete achieve a good balance
between viscosity and yield stress. This balance is crucial in ensuring that the concrete can self-
consolidate and fill complex molds without leaving voids or requiring mechanical vibration. The
study found that when the fly ash content is optimized, concrete mixtures exhibited enhanced fluidity
without compromising their ability to set and cure properly.

Another important result concerns the strength of the concrete. At early ages, concrete with
high volumes of fly ash generally showed a reduction in compressive strength compared to
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conventional concrete made with a higher proportion of Portland cement. This is due to the slower
hydration process of fly ash compared to cement, which delays the early strength gain. However, as
the curing process continued, HVFAC showed improved long-term strength and durability. The long-
term strength results were comparable to or even superior to that of conventional concrete,
especially after extended curing periods of 28 days or more.

This finding suggests that while the early-age strength of HVFAC may be lower, its long-term
performance is enhanced. Fly ash contributes to the pozzolanic reactions that continue beyond the
initial setting phase, resulting in a more durable concrete that resists chemical attacks such as sulfate
and chloride penetration. This characteristic is particularly valuable for infrastructure projects
exposed to aggressive environmental conditions, such as coastal regions and industrial areas.

In terms of sustainability, HVFAC presents substantial environmental benefits. The
incorporation of high volumes of fly ash into concrete reduces the reliance on Portland cement, which
is a major contributor to CO2 emissions in the concrete production process. By replacing a significant
portion of cement with fly ash, HVFAC contributes to the reduction of carbon emissions, making it an
attractive solution for sustainable construction practices. This reduction in CO2 emissions is an
essential benefit, especially in light of global efforts to mitigate climate change and promote
environmentally friendly construction materials.

Moreover, the cost-effectiveness of using fly ash in concrete is another significant finding. Fly
ash is often considered a waste product from coal power plants, making it a more affordable material
compared to Portland cement. By using fly ash, construction projects can reduce the overall cost of
concrete production while simultaneously addressing environmental concerns. This makes HVFAC
an attractive option for both large-scale infrastructure projects and smaller, more budget-conscious
construction efforts.

The self-consolidating nature of the concrete also leads to improved labor efficiency on
construction sites. The ability of HVFAC to flow and fill molds without the need for mechanical
compaction or extensive manual labor reduces the overall time required for concrete placement. This
increases productivity on construction sites and helps speed up project timelines, which is a critical
consideration in the construction industry where time is often a significant cost factor.

However, the study also uncovered some challenges associated with HVFAC. One of the key
challenges is ensuring consistency in the quality of the fly ash used in the concrete mixture. Fly ash is
a by-product of coal combustion, and its properties can vary significantly depending on the source.
This variability can affect the performance of the concrete, especially in terms of strength and
workability. Therefore, it is crucial to establish quality control measures to ensure that the fly ash
used in HVFAC is of a consistent and high quality.

Another challenge identified was the optimization of the mix design. Achieving the correct
balance of fly ash, water, cement, and superplasticizers is essential for obtaining the desired self-
consolidating properties and strength. The study found that small adjustments in the fly ash content
and the use of specific chemical admixtures can greatly affect the final performance of the concrete.
As such, more research is needed to refine the optimal mix designs for HVFAC, particularly in relation
to different types of fly ash and the specific requirements of various construction projects.

The study also highlighted the need for further investigation into the interaction between fly
ash and other materials in the mix. The use of supplementary cementitious materials, such as silica
fume or slag, in combination with fly ash was found to potentially improve the properties of the
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concrete, especially in terms of early-age strength. The synergistic effects of these materials in HVFAC
should be explored further to enhance its overall performance and adaptability for various
construction applications.

Additionally, the role of curing methods in enhancing the strength and durability of HVFAC was
examined. The research found that proper curing techniques are essential for maximizing the benefits
of fly ash in concrete. Extended curing periods allow for the continued pozzolanic reactions that
improve the long-term strength of the concrete. Therefore, it is recommended that HVFAC be cured
under controlled conditions to ensure optimal performance, especially in projects where long-term
durability is a primary concern.

From a durability perspective, HVFAC demonstrated superior resistance to chemical attacks
and environmental degradation over time. The use of fly ash in concrete increases its resistance to
sulfate and chloride ion penetration, which are common causes of deterioration in concrete exposed
to aggressive environments. This makes HVFAC an ideal candidate for infrastructure projects that
require materials capable of withstanding harsh environmental conditions, such as bridges,
pavements, and marine structures.

Lastly, the study examined the overall sustainability of HVFAC, with a focus on its long-term
environmental benefits. The use of fly ash in concrete reduces the demand for raw materials, such as
limestone, which is typically used in cement production. This helps conserve natural resources and
reduces the energy consumption associated with the extraction and processing of these materials.
The reduction in carbon emissions, combined with the enhanced durability and performance of
HVFAC, positions this material as a sustainable alternative to traditional concrete in various
construction sectors.

Discussion
High-Volume Fly Ash Concrete and its Performance

The results of this study demonstrate the significant potential of high-volume fly ash concrete
(HVFAC) in enhancing concrete sustainability, durability, and performance, with a specific focus on
self-consolidating properties. Fly ash, a by-product of coal combustion, has long been recognized for
its beneficial properties when incorporated into concrete, such as improving workability, reducing heat
of hydration, and enhancing resistance to chemical attacks. However, high-volume fly ash concrete
presents unique challenges, particularly in terms of strength development at early ages and achieving
the desired self-consolidating capabilities. This study reveals that while HVFAC can exhibit excellent
long-term strength and durability, the mixture's early-age strength can be compromised due to the
slower hydration rate of fly ash compared to Portland cement. This finding highlights the importance
of mix optimization and curing methods to overcome the early-age strength limitations and maximize
the concrete's overall performance.

One of the significant advantages of using high-volume fly ash is its positive impact on self-
consolidating concrete (SCC) properties. HVFAC exhibited improved flowability and workability,
which are critical for ensuring that the concrete can fill molds without the need for mechanical
compaction. The reduction in viscosity due to the addition of fly ash makes it easier for the concrete
to flow, thereby reducing the need for labor-intensive processes such as vibration. Moreover,
combining fly ash with appropriate chemical admixtures, such as superplasticizers, was found to

https://journal.institutemandalika.com/index.php/jte/index 178



Yogie Risdianto

enhance the concrete's self-consolidating behavior. This is particularly valuable for complex
constructions, where the ability of the concrete to flow and fill intricate molds without the need for
vibration simplifies the construction process, reduces labor costs, and improves the overall efficiency
of the project.

Fly Ash as a Sustainable Solution

A major focus of this research is the sustainability of high-volume fly ash concrete. The construction
industry is one of the largest contributors to global CO2 emissions, with the production of Portland
cement accounting for a significant portion of these emissions. Fly ash, as a by-product of coal
combustion, offers a valuable opportunity to reduce carbon emissions in concrete production by
partially replacing Portland cement. The study found that using high volumes of fly ash in concrete
can substantially reduce the environmental impact of concrete production by cutting down on cement
usage, thus lowering CO2 emissions. This reduction is a key benefit of HVFAC and highlights its
potential to contribute to more sustainable construction practices.

In addition to the environmental benefits, the use of fly ash in concrete also contributes to resource
conservation. Fly ash is typically an industrial waste product, and its use in concrete provides a
sustainable method of recycling this waste material. Instead of being disposed of in landfills, fly ash is
repurposed into a valuable resource that enhances the properties of concrete. The study emphasizes
that high-volume fly ash concrete not only reduces reliance on non-renewable resources but also
minimizes waste, offering a dual benefit of sustainability—reducing emissions and promoting waste
recycling.

Challenges of Early-Age Strength

While the long-term benefits of HVFAC are well-established, one of the primary challenges that
emerge from the study is its performance at early stages. Due to the lower hydration rate of fly ash,
HVFAC typically exhibits reduced early-age strength when compared to conventional concrete. This
limitation makes HVFAC less suitable for applications that require rapid strength development, such
as in precast concrete elements or certain structural components. However, this challenge is not
insurmountable. The study found that with the proper use of accelerators or supplementary
cementitious materials (SCMSs), such as silica fume or ground granulated blast furnace slag, the early
strength of HVFAC could be improved. These additives can enhance the rate of hydration and increase
the initial strength gain, allowing HVFAC to be used in a broader range of applications.

Moreover, the importance of curing conditions cannot be overstated. The study indicated that adequate
curing is essential for maximizing the long-term benefits of fly ash concrete. Extended curing times
are necessary to allow the fly ash to fully react with the calcium hydroxide in the cement, which
enhances the material's overall strength and durability. It is recommended that HVFAC be cured under
controlled conditions, such as in wet environments or with the use of curing compounds, to ensure that
the optimal hydration process occurs. This approach can mitigate the initial strength deficit and provide
a more balanced performance over the lifecycle of the concrete.

Optimization of Mix Design
The mix design of HVFAC is a critical factor in achieving the optimal balance between sustainability,
workability, and strength. This study highlights that the proper ratio of fly ash, cement, water, and

superplasticizers is essential to obtaining the desired self-consolidating behavior without
compromising the strength of the concrete. The research indicates that fly ash content should be
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carefully balanced to ensure that the concrete retains sufficient strength while benefiting from the self-
consolidating properties. While higher fly ash content improves sustainability by reducing the use of
Portland cement, it can also reduce the compressive strength of the mix, especially at early ages. Thus,
determining the ideal proportion of fly ash in the mix is key to achieving both performance and
sustainability goals.

Superplasticizers play a crucial role in optimizing the mix design for HVFAC. These chemical
admixtures are essential for improving the workability of concrete by reducing the amount of water
required to achieve the desired flowability. The study found that the combination of high fly ash
content and superplasticizers significantly improved the flow properties of the concrete, making it
more self-consolidating. However, it was also observed that the correct dosage of superplasticizers
must be applied, as too much can lead to segregation, while too little can reduce the concrete’s
flowability. Fine-tuning the dosage and understanding the interaction between different materials is
therefore essential to ensuring that the HVFAC mix design achieves the desired performance.

Durability and Long-Term Performance

The long-term durability of HVFAC is one of its strongest attributes, particularly when compared to
conventional concrete. As fly ash reacts with calcium hydroxide in the mix, it forms additional
cementitious compounds that contribute to the concrete’s strength and resistance to chemical attacks.
The study found that HVFAC exhibited superior resistance to sulfate and chloride penetration, which
are common causes of degradation in concrete exposed to harsh environmental conditions. This makes
HVFAC particularly suitable for infrastructure projects in coastal or industrial areas, where the
concrete is subjected to aggressive environmental conditions. The enhanced durability of HVFAC also
reduces maintenance costs over time, making it a more cost-effective and sustainable option in the
long run.

Additionally, HVFAC's improved resistance to alkali-silica reaction (ASR), a common issue in
concrete exposed to certain aggregates, further enhances its suitability for use in durable infrastructure.
The pozzolanic reaction between fly ash and cement helps mitigate the expansion caused by ASR,
leading to a more stable and long-lasting material. As infrastructure projects increasingly require
materials that can withstand long-term exposure to harsh conditions, the durability benefits of HVFAC
make it an attractive option for sustainable construction projects.

Table 1, Long-Term Durability Advantages of High-Volume Fly Ash Concrete (HVFAC)

Durability Aspect Performance vs. Conventional Key Benefits and Applications
Concrete

Sulfate/Chloride Superior penetration resistance Ideal for coastal/industrial
Resistance environments
Alkali-Silica Reaction Mitigated expansion through Long-lasting infrastructure
(ASR) pozzolanic reaction stability
Chemical Attack Enhanced by additional Reduced degradation in harsh
Resistance cementitious compounds conditions
Maintenance & Cost Lower lifecycle costs Cost-effective sustainable

construction
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Future Research and Implementation

While HVFAC presents numerous benefits, several challenges remain that warrant further research.
One area for exploration is the effect of different types of fly ash, which can vary significantly
depending on the source. The variability in the chemical composition of fly ash from different power
plants could affect the performance of HVFAC, particularly in terms of its self-consolidating
capabilities and strength development. Further studies are needed to investigate how different fly ash
sources impact concrete performance and to develop guidelines for selecting the most suitable fly ash
for specific applications.

In addition, more research is required to refine the mix design and explore the optimal use of
supplementary materials like silica fume, slag, or natural pozzolans in HVFAC. These materials can
potentially improve both the early-age strength and long-term durability of HVFAC, making it even
more suitable for a wider range of applications. Investigating the use of advanced curing techniques,
such as steam curing or curing at higher temperatures, could also enhance the performance of HVFAC,
particularly in regions with extreme weather conditions.

Finally, the widespread implementation of HVFAC requires collaboration among researchers, industry
professionals, and policymakers to ensure that the material is integrated effectively into the
construction industry. Standardized testing methods, clear guidelines for mix design, and training
programs for construction workers will be necessary to facilitate the adoption of HVFAC in real-world
projects. By addressing these challenges, HVFAC can become a mainstream solution for sustainable
concrete, contributing to greener construction practices worldwide.

Table 2, Research Challenges and Future Directions for High-Volume Fly Ash Concrete (HVFAC)

Challenge Area Description Recommended Research
Focus

Fly Ash Variability — Different sources affect chemical Study impacts on  self-
composition and performance consolidation and strength

Mix Design Need optimal supplementary materials ~ Refine proportions for

Optimization (silica fume, slag, pozzolans) early/late-age performance

Curing Techniques  Advanced methods needed for extreme  Test steam curing and high-
weather conditions temperature methods

Industry Lack of standards hinders widespread Develop testing protocols,

Implementation adoption guidelines, training

CONCLUSION

The study demonstrates that high-volume fly ash concrete (HVFAC) offers significant
environmental and performance benefits, making it a promising solution for sustainable
construction. The integration of fly ash into concrete mixes not only reduces the environmental
impact of concrete production by lowering CO2 emissions but also enhances the durability of
concrete by improving resistance to chemical attacks and reducing the need for Portland cement.
The findings indicate that HVFAC can be optimized to maintain or even improve its strength over
time, with the use of appropriate mix designs and curing techniques. Additionally, the self-
consolidating properties of HVFAC, especially when combined with superplasticizers, provide
enhanced workability, reducing the need for labor-intensive mechanical compaction during the
construction process.
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However, challenges remain in optimizing HVFAC for widespread adoption. Achieving
the right balance of fly ash content, water-to-cement ratio, and admixtures is crucial to ensuring
that the concrete maintains both self-consolidating behavior and strength, particularly at early
ages. Further research is needed to address these challenges and refine mix designs to improve
both the short-term and long-term performance of HVFAC. Despite these challenges, HVFAC
represents a significant step toward more sustainable construction practices, with the potential
to improve the overall environmental footprint of the concrete industry while maintaining the
required structural performance in infrastructure projects.
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