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Abstract

Ordinary Portland cement (OPC) is the major binder of concrete, which is still the most used manmade material
in infrastructure building. However, the manufacture of OPC uses a lot of energy and accounts for around 8% of
CO2 emissions worldwide, thus sustainable alternatives must be developed. Fly ash and other aluminosilicate-
rich minerals are alkali-activated to create geopolymer concrete, a promising low-carbon alternative with
improved mechanical and durability properties. The compressive strength behavior of geopolymer concrete with
Class F fly ash used as a partial OPC replacement at five different substitution levels 0%, 25%, 50%, 75%, and
100% is examined in this work. A mixture of sodium hydroxide (NaOH) and sodium silicate (Na.SiOs) solutions
with a molarity of 12 was used to activate the binder system. In accordance with ACI mix design
recommendations, M30-grade concrete was developed with a water-to-binder ratio of 0.45 and a mix proportion
of 1:1.84:2.58. Compressive strength tests were performed on 72 cube specimens (100 mm x 100 mm % 100 mm)
at 7, 14, and 28 days of cure. After 28 days of curing, the results showed a minimum compressive strength of
5.42 MPa at 100% replacement and a maximum of 35.42 MPa at 0% replacement of fly ash. A nonlinear link
between fly ash content and mechanical performance was indicated by the moderate strength retention of
intermediate mixtures (25-50% fly ash). By coordinating strength development with sustainability goals, our
findings aid in the optimization of geopolymer concrete formulations for structural applications.
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1 Introduction

1.1 Background of the Study

Portland Cement, the most used binding material in concrete has environmental sustainability issues and it is
important to find alternatives for less carbon emission. There are many environmental concerns regarding cement
manufacturing. The direct emission caused by the calcination of calcium carbonate and the indirect emissions
from the burning of fossil fuels, the processing of minerals, and the transportation of those materials make up the
cement production's carbon footprint(Amran, Murali, et al., 2021). The Bangladesh Cement Manufacturers
Association (BCMA) vice-president, Muhammad Shahidullah, states that 4 million tons of cement are needed
each month in Bangladesh (Report Archives - Business Inspection BD, n.d.). Numerous experiments have been
conducted to decrease the amount of Portland cement used in concrete, which will also lower greenhouse gas
emissions. Among those efforts is the search for Portland cement substitutes. Fly-ash based geopolymer concrete
is an excellent substitute in this regard. Given the global availability of fly ash (FA), which is used to create the
next generation of green concrete for contemporary construction(Siva Krishna et al., 2023). With a high silica
and alumina concentration, the pozzolanic FA material has cementitious properties when wet(Amran, Debbarma,
et al., 2021). A series of alkaline aluminosilicate binders created by the alkali activation of aluminosilicate rocks
was initially referred to as "geopolymers"(Komnitsas & Zaharaki, 2007). Aluminate and silicate-bearing
components, such as fly ash or slag from the manufacturing of iron and metal, are reacted with a caustic activator
to create geopolymer concrete(Gizachew & Makebo, 2021). A recent survey using questionnaires found that
there are few prospects for Bangladesh's cement industry to use green manufacturing techniques(Sabuz et al.,
2021). Therefore, using geopolymer concrete instead of cement can be a smart idea in Bangladesh.
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Figure 1 Advantages of Geopolymer Concrete
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This study describes a clarified binder system for geopolymer concrete, distinguishing between cement-free and
hybrid compositions. It explores the mechanistic impact of fly ash content on workability and strength, a topic
that has received little attention in the literature. The study adds to sustainable construction by optimizing low-
carbon geopolymer mix designs that use industrial by-products. Our main goals were to:

1)To evaluate the mechanical and fresh properties of geopolymer concrete with varying fly ash content.

2)To understand the binder system whether cement-free, partially changed, or hybrid—and its impact on
performance.

The compressive strength was done as ASTM C-39. Fly ash was collected from coal-fired electric and steam
generation plants.

2. Methodology

2.1 Work Scheme

Five M30-grade concrete mixes with a constant liquid-to-binder ratio of 0.45 were compared in this
investigation. Ordinary Portland Cement (OPC) made up 100% of the control mix (M-0). In the other
combinations, OPC was substituted with fly ash at 25%, 50%, 75%, and 100% levels. Sodium hydroxide
(NaOH) and sodium silicate (Na.SiOs) were employed as alkaline activators for all fly ash—based mixtures. With
12 M molarity, the Na.SiOs/NaOH ratio was kept at 2. 72 cube specimens measuring 100 mm by 100 mm were
cast and let to cure in both water and the open air. At 7, 14, and 28 days, the compressive, split tensile, and
flexural strengths were assessed. All samples were prepared for each replacement percentage and tested using a
Universal Testing Machine. Flowchart of the total program is shown below:

2.2 Material Properties

Table 1 Material Properties

Materials Properties Value Unit
Cement Consistency 28 %
Setting time (Initial, Final) 55 and 365 minutes
Unit Weight 1435 Kg/m?
Fine Aggregate Specific Gravity (SSD) 2.63
Absorption 3 %
Unit Weight 1436.54 Kg/m?
Fineness Modulus 2.56
Coefficient of Curvature 1.01
Coefficient of Uniformity 2.79
Moisture Content 0.7 %
Specific Gravity (SSD) 2.98
Coarse Aggregate Absorption 2.53 %
Unit Weight 1647.92 Kg/m?3
Fineness Modulus 6.57
Moisture Content 0.9 %

Key components of Fly ash are Calcium Oxide (CaO), Silicon-di-oxide (Si0O), Aluminum Oxide (Al,O3), Iron
(IT) Oxide (Fe»03), Magnesium Oxide (MgO) which is tabulated in Table 2

Table 2 Chemical Components of Fly ash(Sabuz et al., 2021)

Fly Ash . Loss of
Components CaO Si0, AlLO;3 Fe O3 MgO Ignition
Values (%) 12.34 72.08 5.15 0.57 4.04 0.76
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Figure 2 Grain Size Distribution for Fine Aggregate(L) and Coarse Aggregate(R)

2.3 Mix Proportion

Concrete mix proportion were made for M30 grade with w/c ratio of 0.45 for a control mix of slump 2inch
(50mm). The mix design ratio was found out to be 1: 1.84: 2.58(Cement: Fine Aggregate: Coarse Aggregate)
which gives the total materials needed for the experiment tabulated in table 3.

Table 3 Mix Design Ratio for M30 grade Concrete

Materials (kg/m?) M30
Cement 411.11 kg/m?
Water 164.7 kg/m3
Fine aggregate 757.14 kg/m3
Coarse aggregate 1057.31 kg/m?
Total Weight 2390.26 kg/m®

2.4 Chemicals

For geopolymer based concrete, an alkaline activator is needed. In our experiment, a mix of NaOH and Na,SiO;
was used. The ratio of sodium silicate solution to the sodium hydroxide solution was taken 2. The alkaline
solution had to be prepared one day before the casting of concrete. The solution was mixed as 12M with clean
and potable water.

2.5 Mix Ratio
The total samples used, and their particulars are described in the table below:

Table 4 Mix Ratios used in the Experimental Program

Sample ID Cement Fly Ash)
M-0 100 0
M-25 75 25
M-50 50 50
M-75 25 75
M-100 0 100

For control specimen, no Alkaline activator was used. After all the sample casting, the samples were left for
curing by 1) Water curing and 2) Ambient curing. The compressive strength of the samples was checked on 7, 14
and 28 days.
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2.6 Workability
To check the flow ability of the concrete with different fly ash percentages, slump values of the concrete mixes were checked
to observe the workability which is shown in fig 3
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Figure 3 Workability of Different Fly ash-based concrete
The graph demonstrates a clear inverse relationship between fly ash content and slump value in concrete
mixtures. As the percentage of fly ash increases from 0% to 100%, the slump value decreases from
approximately 105 mm to 70 mm, indicating reduced workability. This decline is primarily due to the increased
water demand from the finer fly ash particles and the reduced cementitious content, which limits paste formation
and fluidity. Furthermore, the slower pozzolanic reaction of fly ash tends to lower early lubrication, reducing
slump more.

3 Results

3.1 Compressive Strength

Our primary goal was to assess how the use of fly ash in place of cement affected the strength. Therefore, a
conventional control specimen of concrete of M30 grade was made and allowed to cure in water. The strength
variation needed to be checked. Figure 4 below displays the average ultimate compressive strength for several
days.
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Figure 4 Compressive strength Comparison
The experimental findings show a definite inverse link between the amount of fly ash in concrete mixtures and
their compressive strength and slump value. The slump value drops from about 105 mm to 70 mm as fly ash

replacement rises from 0% to 100%, suggesting decreased workability as a result of coarser particles' increased
water consumption and decreased paste formation. Concurrently, compressive strength decreases dramatically,
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from 35.42 MPa at 0% to just 5.42 MPa at 100% fly ash. This is mainly because fly ash reacts more slowly than
cement and makes a smaller contribution to early-age hydration. The decreased calcium silicate content of fly
ash, which restricts the synthesis of strength-giving hydration products, exacerbates this strength loss. These
findings are even with prior studies by Basha et al. (2014), Sun et al. (2018), and Sarker & McKenzie (Curtin
University), all of which emphasize the adverse impact of high-volume fly ash replacement on rudimentary
mechanical performance due to delayed pozzolanic activity and reduced cementitious content.

3.2 Split Tensile Strength
To check the indirect tensile strength of concrete, a series of tensile tests were performed which is discussed in
figure 5.
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Figure 5 Split Tensile Strength Comparison
The figure illustrates the variation in split tensile strength of concrete specimens incorporating different
percentages of fly ash, evaluated over curing periods of 7, 14, and 28 days. The bar graph reveals a clear trend:
as the proportion of fly ash increases from 0% to 100%, the split tensile strength consistently decreases across all
curing durations. The highest strength values are recorded at 0% fly ash, reaching up to 3.07 MPa at 28 days,
while the lowest values are observed at 100% fly ash, with only 0.78 MPa at the same curing age. This decline
underscores the dilution effect of fly ash on cementitious content, which impacts early-age strength development.
The figure serves to highlight the trade-off between sustainability and mechanical performance, offering critical
insights for optimizing fly ash content in concrete formulations aimed at balancing environmental benefits with
structural integrity

3.3 Flexural Strength
The final test was performed to check the flexural performance of the fly ash concrete. The explanation of
different strength variations can be found below:
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Figure 7 Flexural Strength
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The figure presents the flexural strength development of concrete specimens incorporating varying percentages
of fly ash (0%, 25%, 50%, 75%, and 100%) over curing periods of 7, 14, and 28 days. The results indicate a
progressive decline in flexural strength with increasing fly ash content across all curing durations. At 0% fly ash,
the concrete achieves a peak strength of 8.572 MPa at 28 days, while the 100% fly ash mix records only 2.138
MPa at the same age. This trend reflects the dilution of cementitious compounds and slower pozzolanic reaction
rates associated with higher fly ash replacement, particularly at early ages. The figure underscores the
importance of optimizing fly ash dosage to balance sustainability goals with mechanical performance, especially
in structural applications where flexural capacity is critical.

4 Conclusion

The experimental study demonstrates that adding more fly ash to concrete mixtures has a negative impact on
both fresh and hardened qualities. Increased water requirement and decreased paste cohesiveness are the main
causes of a steady decline in slump value with increasing fly ash concentration, which denotes decreased
workability. More importantly, all curing ages show notable decreases in the compressive, split tensile, and
flexural strengths, with the most noticeable losses occurring at 100% fly ash replacement. These decreases are
explained by fly ash's delayed pozzolanic activity and lower calcium silicate concentration, which restrict early-
age hydration and the development of strength-contributing phases.

The results highlight the need to maximize fly ash dose in order to preserve structural performance and take
advantage of its environmental advantages. Despite being environmentally friendly, high-volume fly ash
replacement weakens mechanical integrity and is inappropriate for load-bearing applications without additional
activation or hybrid SCM techniques. To strike a compromise between sustainability and performance, future
studies should concentrate on increasing fly ash's reactivity by chemical or thermal activation and investigating
synergistic mixes with other pozzolanic materials.

By encouraging the use of locally accessible fly ash from coal power stations to create low-carbon geopolymer
concrete, this study provides useful solutions for Bangladesh. It promotes the development of sustainable
infrastructure by cutting CO2 emissions and dependency on imported cement. The results have implications for
disaster-resilient buildings, rural housing, and governmental initiatives that support climate adaptation objectives.
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