APPLIED

MATERIALS

jamt.amtsoc.org

AND TECHNOLOGY

Research Article

Eco-mechanical performance of fly ash-modified concrete
blocks: strength development and CO, emission assessment
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ABSTRACT: Fly ash is a waste product from coal combustion and can be used as
a partial substitute for cement, thereby aiding in the production of lower-carbon-
footprint concrete. Most studies have focused only on mechanical or environmental
performance, and fewer studies are available that integrate properties of fly ash
concrete in terms of mechanical performance, water absorption and CO, emissions
at low replacement rates (<20%). Accordingly, this study aims to meet this need by
developing an integrated eco-mechanical evaluation to identify a practical replacement
criterion based on three indicators. Five mixtures with varying amounts of fly ash
(0%, 5%, 10%, 15% and 20%) were developed. The compressive strength, splitting
tensile strength and water absorption after 28 days were tested in the laboratory, while
the cradle-to-gate CO, emission was calculated by calculating the CO, emission
from every constituent of the concrete. These results indicate that the 5% fly ash
was able to achieve about 94.3% compressive strength of the control mixture, while
also reducing CO, emissions by 4.71%, yielding the best strength-carbon balance
of the mixtures. Increased replacement levels resulted in higher emission reduction,
up to 18.85% at 20% fly ash, while producing more significant strength reductions.
The findings serve as the basis for policy and specific specifications that would be
associated with appropriate utilization of locally available fly ash in accordance
with strength and durability requirements. It could be encouraged through material
availability, transport, processing, quality control and the possibility of cement savings
at the project level, through financial incentives or procurement preferences and
performance-based standards.

Keywords: Fly ash, Concrete blocks, Mechanical performance, Waste utilization,
Eco—ejﬁcient concrete

1. INTRODUCTION

Portland cement is one of the most significant construction materials in the
world [1].The cement sector contributes around 8 per cent to global CO, emissions
per year [2]. This number puts the cement industry in the top 10 among the biggest
emissions sources by industry worldwide [3]. The main source of emissions in the
clinker production process is the emission of CO, directly into the atmosphere from
this process, which is estimated to be around 0.83 tonnes of CO, formed for every
tonne of clinker formed [4]. High-speed urbanization, population growth, and infra-
structure development, especially in developing and emerging economies (DEEs),
remain drivers of global demand for cement [5]. With this increased demand, it is
essential to find more productive materials that can partially be used instead of ce-
ment but have the same mechanical strength and durability as concrete [6]. To coun-
ter these responses, researchers and engineers have worked on alternative cement-
ing materials which can reduce the amount of clinker that can be used in a concrete
mixture [7]. Waste materials from the industrial process, such as fly ash, crushed
granulated blast-furnace slag, and silica fume, are also being used to replace cement,
and rice husk ash is another such product derived from the agricultural process [6],
[8]. While the replacement of the causative constituents of fly-ash can yield desired
mechanical and durability characteristics in high-volume fly-ash concrete, the use of
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more fly-ash content can cause a delay in early-age strength expan-
sion linked to ordinary Portland cement concrete [9]. Animportant
research objective for sustainable use of concrete is the reduction of
Portland cement content with the required mechanical properties
and long-term durability [10].

Reducing a construction's carbon footprint is important to
meet the Paris Agreement [11]. One of the most industrially
achievable and at the same time the most implemented methods to
reduce the environmental impact of concrete is the replacement of
Portland cement with secondary cementitious materials [12]. Par-
tial replacement of cement can help the environment only if the re-
placement material is environmentally friendly and the percentage
of replacement is sufficient. For instance, by adding fly ash as 30% of
the cement mass, Yaseen et al. [13] found a 29% reduction in glob-
al warming potential of the concrete. The results demonstrated the
potential of using these industrial by-products in the production of
sustainable concrete mixes as supplementary cementitious materi-
als (SCMs), as this further reinforced the possibility [ 14].

Fly ash is a solid residue formed when coal is burned for electric-
ity generation in thermal power stations [15]. Volz [16] estimates
that around 800 million tonnes of fly ash were being produced each
year, on a global scale, making it a significant industrial waste mate-
rial. Due to limited utilization, significant portions of fly ash will be
stored or disposed of, leading to a scarcity of land and potentially
causing harm to the environment around the disposal sites [17]. The
partial substitution of Portland cement with fly ash provides a ben-
eficial use for this industrial by-product while reducing convention-
al cement consumption and the associated environmental burden
[18].

The reactive silica and alumina stages in fly ash respond with the
calcium hydroxide generated by the process of cement hydration,
resulting in the generation of more binding phases and helping to
develop the cementitious matrix. [19]. Continued pozzolanic activ-
ity generates additional binding phases, contributing to the later-age
strength and durability of fly-ash concrete[20]. With proper design,
the high-volume fly ash concrete can be designed to be comparable
to the compressive strength, permeability and resulting long-term
durability of conventional cement concrete, especially in the pres-
ence of aggressive exposure conditions [9].

The mechanical response of fly ash concrete (FAC) could vary
significantly due to the variations in fly ash dosage, mix design, wa-
ter-to-binder ratio, and curing practices [21]. Class F fly ash has
mostly pozzolanic properties, and the presence of higher levels of
calcium in the Class C fly ash results in self-cementing activities in
addition to pozzolanic activities [22]. Kim et al. [23] evaluated the
potential of using nano-silica and silica fume as nanotechnology
additives for enhancing the hydration rate of the binders and initial
mechanical characteristics for high-FA binders. The changes have
expanded the scope and applicability of fly ash concrete in real
structures such as concrete tiles, paver blocks, precast and mass
concrete structures, where fly ash can make a significant contribu-
tion to sustainability, lower heat in the concrete, and enhance long-
term durability [21], [24]. The use of partial fly ash decreases the
amount of Portland cement required, which can help to decrease
the carbon footprint of concrete [25]. Life-cycle assessments re-
veal that partial additional of cement with fly ash has the potential
to lower the climate change and acidification impacts while also
reducing primary energy use [26]. The compensations of using fly
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ash concrete are highest when the fly ash is sourced from a reason-
able transportation distance and when fly ash replaces Portland ce-
ment, because too far transportation of fly ash will either jeopard-
ize the carbon-saving effect of fly ash substituting Portland cement
or offset it [27]. The comprehensive mechanical and environmen-
tal benefits make fly ash a very extensively studied and practically
applied material for sustainable construction of concrete [28].

The cement industry is dominant in Asia, with China being the
largest producer, and other major players in the region being India,
Vietnam and Indonesia [29]. Urbanization and infrastructure de-
velopment are contributing to the increasing demand for cement
and concrete in many Asian developing countries [30]. Hence,
embracing sustainable and eco-friendly materials for buildings is
crucial in Asia to minimize the environmental footprint and pro-
mote sustainable development [31]. Several countries have started
promoting the use of recycled and industrial by-products in con-
struction materials to support the goal of the circular economy,
landfill pressure reduction and resource efficiency [32]. China and
India are among the countries that are significant producers of coal
fly ash; both countries have encouraged its use in cement, concrete,
construction materials and other building applications via policies
and regulations [15], [33]. Fly ash is now being used in sustaina-
ble applications of concrete in Southeast Asia for rigid pavement
construction to decrease the amount of cement required and man-
age coal-combustion waste [34]. The results of these regional in-
itiatives highlight the potential for large-scale implementation of
eco-friendly material substitution while providing a promising
new focus for the growth of suitable standards and material supply
chain infrastructure [29].

The use of interlocking paving blocks with fly ash and AFBs
like rice husk ash has attracted the attention of researchers as a
sustainable paving material [35]. Research has recently been con-
ducted to use fly ash as a material in pervious pavement blocks to
enhance the infiltration performance and to reduce the ingesting
of cement and CO, emissions [36]. The usage of fly ash and rice
husk ash in permeable concrete can contribute to sustainability
without compromising the strength. They are advantageous for
low-cost, low-carbon paving in Asian cities, particularly in the as-
pect of stormwater control and waste reduction [37].

This study does not introduce the use of fly ash as a partial
replacement for cement, as it is already a well-established meth-
od. Previous studies often separate the concepts of strength and
embodied carbon. However, other research has been dedicated
to high-volume and pervious or geopolymer systems [9], [36],
[37]. Little attention has been focused on small to moderate re-
placement levels (5-20%) in the conventional 1:2:4 concrete used
for blocks. There are few studies that incorporate locally available
Class F fly ash and evaluate both mechanical strength and water
absorption and carbon emissions. The main objective of this study
is to test OPC concrete using 0%, 5%, 10%, 15% & 20% fly ash
with a fixed w/b ratio of 0.55. Compressive and splitting tensile
strength were evaluated at 7, 14 and 28 days. It also assessed 28-day
water absorption as an indirect measure of open capillary porosi-
ty and calculated the cradle-to-gate embodied CO, for every mix.
The results collectively reveal a range of replacement over which
carbon savings can be achieved without significant loss of strength
and gain in absorption. This is valid for the tested conditions and is
not indicative of a single optimum dosage.
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Table 2. Characterization of fly ash based on experimental investigation

(2]
b

Characteristics

Type of fly ash

SiO,

Al O,

Fe, 0,

SiO, + AL, O3 + Fe,0;

CaO

Specific gravity

Unit weight (Kg/m?)

Fineness (% passing No. 325 sieve)

O ®© I N L W N =

Experimental Value / Observation

Class F fly ash

50.04%

29.62%

9.78%

87.44%, satisfying ASTM Class F requirement
4.44%, indicating low-calcium fly ash

2.18

620

99.98%

2. MATERIALS AND METHODS

2.1. Materials. Ordinary Portland cement (Premium Brand)
and fly ash were used as the binder constituents, while river sand,
coarse aggregate, and potable water completed the concrete mixture.
The fly ash sample was taken from the Meghna Group of Industries
in Narayanganj, Bangladesh. Five concrete mixtures were produced
by substituting fly ash for cement at mass-based replacement levels
of 0%, 5%, 10%, 15%, and 20% (i.e., 0, 20, 40, 60, and 80 kg/m?> of fly
ash, respectively). The concrete was produced using river sand with
a fineness modulus of 1.61, along with locally sourced khoa passing
the 9.53 mm sieve. Water of suitable quality was used for preparing
and curing the specimens.

Table 1. Physical characteristics of cement based on bangladeshi repre-
sentative cement samples [38].

Cement Property Observed Range
Standard consistency 28 -32%

Initial setting period 120 - 180 min
Final setting period 195 -240 min

2.2, Characterization of fly ash. Before the experimental
analysis, moisture was removed from the collected fly ash by heating
it in an oven at 97 °C for 24 hours. The specific gravity of fly ash was
determined using a pycnometer. Unit weight was designed as the
ratio of weight to volume. The fineness of fly ash was determined by
sieving through a No. 325 sieve. The consistency of fly ash-cement
paste was measured using the Vicat apparatus. The measured spe-
cific gravity, unit weight, and fineness of the fly ash are reported in
Table 2.

2.3. Concrete mixture design. Concrete was organized using
a nominal mix ratio of 1:2:4 for cement, fine aggregate, and coarse
aggregate, respectively. Fly ash was used as partial replacement of
cement at different percentages. The water content and the corre-
sponding water-to-binder (w/b) ratio of each mixture are reported
alongside the material quantities. The quantities of materials used
are shown in Table 3.
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2.4. Fresh concrete workability. The fresh concrete mixture
was slump tested to check workability before casting. The slump
value obtained was 1.4S in. equivalent to 37mm, which is a low-
slump concrete mix (Fig. 1). All the cylindrical specimens were
cast with uniform consolidation and free from entrapped air during
casting.

2.5. Specimen preparation and test preparation. Based
on the mix sizes given in Table 3, five different concrete mix combi-
nations were made. The coarse aggregate (khoa) was soaked in wa-
ter before mixing to ensure the condition was saturated surface dry
(SSD). The fly ash and cement were first dry blended to create a ho-
mogenous binding material. The specimens were air-dried for two
to three minutes before the fine and coarse aggregates were placed
together in a hand mixer and the binder was added to the mixture.
About half of the required amount of water was then added, and
then the second half of the water, for a total of 2-3 minutes of mix-
ing, it was mixed until a homogeneous product was formed. The
fresh concrete was placed in another cylindrical mould of 75Smm di-
ameter and 150mm height for the CS, STS and WA tests. The filling
of the moulds was divided into two parts; the concrete was tamped
with a tamping rod after each stage to get the minimum amount of
entrapped air. The fresh concrete was tested using a standard slump
cone setup immediately after mixing, which is known as a slump
test. A total of 100 cylinders has been prepared for the whole ex-

Figure 1. Slump test of concrete mix.

J. Appl. Mat. and Tech. 2026, 8(2), 75-82
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Figure 2. Sample preparation and test setup: (a) Casted concrete cylinders, (b) CS tests, (c) SPS tests, (d) Water absorption tests.

Table 3. Material quantities adopted for producing 20 concrete blocks (Kg/m?).

Sample No. MixCode Cement/ OPC Sand,S Khoa/Coars Aggregate, CA Fly Ash, FA  Fly Ash (%) Water (Kg/ m?)  w/b ratio
1 C100 400 706 1173 0 0 220 0.55
2 FAS 380 706 1173 20 S 220 0.55
3 FA10 360 706 1173 40 10 220 0.55
4 FA1S 340 706 1173 60 15 220 0.55
S FA20 320 706 1173 80 20 220 0.55
perimental program (Figure 2). After 24 hours in the moulds, the ~ Table 4. Quantity of cylindrical block.
cylinders were removed and stored in water until testing at 7 or 28 . . . .
4 Before testi th . d dt d Test Specimen  Dimensions Curing Total
ays. Before testing, the specimen ends were prepared to provide e (dia. x hig;) ages Specimes
level loading surfaces and were allowed to reach a surface-dry condi- . .
. . . . ] Compressive ~ Cylinder ~ 75x150mm 7,28 days 45
tion under laboratory conditions. Finally, its compressive strength ¢, .. gth
litti i T .
(C,S) a:ld spltting te;_“ ¢ ;:ength (8 S_) were m:‘s‘;red ;S‘“l% ®  SplittingTen- Cylinder  75x150mm 7,28 days 45
universal testing machine. [he compressive strength ot each cylin- sile Strength
der was measured when an axial load was applied till the cylinder .
. . Water Cylinder ~ 75x150mm 28 days 10
broke. The strength obtained was determined as /£ =(P/A), where Absorption

P is the maximum load, A is the loaded cross-sectional area, and
also for a cylindrical specimen, A= nD?/4, where D is the diameter
of the cylinder. The cylindrical specimen was placed horizontally in
the ST test with the longitudinal axis perpendicular to the applied
load. The splitting tensile strength was determined by applying Eq.
/¢ =2P/7LD, where P, L, and D were the maximum load actually
applied, cylinder length, and cylinder diameter, respectively. The
WA test was carried out by soaking oven-dried cylinders in water
for 24 hours and measuring the percentage increase in weight of the
cylinder. The number of specimens cast-off for each test is summa-
rized in Table 4.
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3. RESULT AND DISCUSSION

3.1. Compressive strength. As the fly ash cement content
increased, the compressive strengths decreased monotonously after
7 and 28 days. The control mixture achieved the highest compressive
strengths, reaching 18.86 MPa after 7 days and 22.99 MPa after 28
days (see Fig.3). When 5% of the cement was replaced with fly ash,
the 28-day strength decreased to 21.67 MPa, representing a 5.74%

J. Appl. Mat. and Tech. 2026, 8(2), 75-82
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reduction relative to the control. However, when more fly ash was
added, strength resistance was significantly lowered. The 28-day
compressive strength was reduced to 10.40 MPa, which is 54.76%
less than the control mixture when replacing the fly ash with 20%.
This finding is similar to previous research [9], [13]. There are two
reasons for the loss of strength. First, fly ash dilutes the concentra-
tion of cement, causing the concentration of calcium silicate hydrate
to be reduced during the early stage. Secondly, the low calcium con-
tent of Class F fly ash results in a slow reaction [19], [22]. The slow
gain in strength of the fly ash is due to the low content of CaO in it
4.44%. This behaviour is generally observed in low Calcium Fly Ash
Concrete [20], [21]. Thus, the ideal percentage of replacement of
fly ash in the investigated mixtures was 5%, which showed almost a
balanced strength performance.

S 0 7 days strength
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252 246
22

[ 28 days strength
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Figure 4. Splitting tensile strength results at 7 and 28 days.
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Figure 3. Compressive strength results at 7 and 28 days.

3.2. Splitting tensile strength. From the Figure 4, FAS
showed the highest splitting tensile strength of 3.09 MPa, exceed-
ing the control value of 2.52 MPa by approximately 22.6%; how-
ever, further increases in fly ash content resulted in lower strength.
At 28 days, the control mixture achieved the highest strength of
3.99 MPa, followed by FAS, FA10, FA1S, and FA20 with 3.4S5, 3.02,
2.46, and 1.92 MPa, respectively. Relative to the control, the 28-
day strength reductions were 13.5%, 24.3%, 38.3%, and 51.9% for
FAS, FA10, FA1S, and FA20. After 7 and 28 days, all mixtures had
improved, as it was established that the cure period continued the
process of binder formation. Although the mixture containing 5%
fly ash showed improved tensile strength, further increases in the re-
placement level caused a gradual decline at the investigated ages. Fly
ash (FA) can be used to enhance both matrix packing and interfacial
bonding due to small quantities without adversely affecting the ear-
ly hydration process [22]. Nevertheless, an increase in replacement
levels depletes the amount of binder and slows the pozzolanic reac-
tion, thus decreasing the tensile resistance [9].

3.3. Water absorption. The outcome of fly ash content on
the water absorption of concrete specimens is shown in Fig. 5. The
water absorption of the mixture was continuously increasing from
5.74% for the control mixture to 8.12% with 20% replacement of fly
ash. Water absorption continued to increase in line with an increas-
ing percentage of fly ash ranging from S to 20%, with an increase
0f20.21 to 41.46% compared with the control sample. Absorption
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Figure 5. 28-Day water absorption water consumption results.

increased most steeply up to the 10% replacement level, after which
the rate of increase slowed: only a 0.09 percentage-point gain was
observed between the 15% and 20% mixes, even though the abso-
lute absorption value continued to rise. Overall, the 28-day results
showed that water absorption increased as the fly ash replacement
level rose. This suggests that more open capillary networks are ob-
tained at higher fly ash contents [9]. Nevertheless, given that all
specimens were tested at 28 days, this trend was observed early, be-
fore any significant pozzolanic reaction; no direct measurement of
the porosity (such as mercury intruded porosimetry) was conduct-
ed, so the absorption should be considered an indirect indicator of
the open capillary porosity, and not as a direct measure of the total
porosity. Fly ash concrete usually compacts the pore network at
advanced ages (56 - 90 days) by secondary hydration. Lower early
hydration and unreacted fly ash result in a coarser capillary network
[20], [21]. This effect creates a durability concern that needs to be
balanced with the carbon savings.

3.4. Environmental assessment. The most suitable assess-
ments for evaluating concrete's ecological characteristics were ener-
gy consumption and carbon footprint [2]. The embodied-carbon
calculation used separate emission coefficients for cement, fly ash,
fine aggregate, coarse aggregate, and water, sourced from the NSW
Government’s 2025 concrete guidance [39](Table S).

J. Appl. Mat. and Tech. 2026, 8(2), 75-82
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Table 5. Reference CO, emission factors for concrete constituents.

Concrete Constituen. Symbol

Cement / PCC EFpc 966.9
Fly ash EF,, 19.8
Fine Aggregate / Sand EF; 4.2
Coarse Aggregate / Khoa EF,, 10.5
‘Water EF,, 0.4

Emission Factor, Kg CO,-Eq/Tonne

Emission Factor, Kg CO,-Eq/Kg
0.9669
0.0198
0.0042
0.0105
0.0004

Table 6. Eco-mechanical performance assessment of fly ash-modified concrete mixtures based on 28-day compressive strength and CO, emission.

. 28-days CS, CO, Emission, EI CO, Mechanical ~ Environmental Eco-mechanical

Mix Code  Flyash fors (Mpa)  (Kg CO,/m?) Reduction (%) Performance Performance  Performance
<28 \ VP g~V ) Index, MI;  Index, EI; Index, EMI;

C100 0 22.99 402.04 0.00 1.000 1.000 0.0572

FAS 21.67 3.83.10 4.71 0.943 1.050 0.0566

FA10 10 17.73 364.16 942 0.771 1.10S 0.0487

FA1S 15 13.11 345.22 14.13 0.570 1.167 0.0380

FA20 20 10.40 326.27 18.85 0.452 1.236 0.0319

The factors are adapted from NSW Government guidance,
which is Australian and the investigated materials are sourced from
Bangladesh. This geographical mismatch is an analytical limitation.
The absolute results are not intended to be generalized as Bangla-
desh-specific environmental product data as it can be used for a
consistent comparison between the five mixtures under a common
factor set. Further research is needed to incorporate region-specific
life-cycle inventory data such as local cement production, crushed-
brick aggregate production, electricity, processing, and transport.

The environmental presentation of the fly ash-modified con-
crete mixtures was assessed through CO, emission intensity and the
compressive strength at 28 days. The total CO, emission was deter-
mined by multiplying the emission factor for each constituent mate-
rial by its unit mass. The calculated CO, emission was reduced from
402.04 kg CO,/m?® of the control mixture to 326.27 kg CO,/m? of
the mixture with 20% fly ash, with a maximum reduction of 18.85%
(Table 6). This reduction could be largely attributed to the reduc-
tion in cement content, as cement had the maximum CO, emission
factor among the constituent materials. However, the enhanced fly
ash replacement level caused the gradual decrease in compressive
strength. The 5% fly ash mixture yielded the best strength-Carbon
trade-off, as the compressive strength of this mixture was retained
at 94.3% of the control sample after a 28-day period of curing and
was 4.71% lower in CO, emission than the control sample (Fig.
6). Although the control mix (C100) attains the highest absolute
eco-mechanical performance index (0.0572), marginally above FAS
(0.0566), FAS represents the practical trade-off optimum: it retains
94.3% of the compressive strength while reducing embodied CO,
by 4.71%. This trend is in line with the previous life-cycle assess-
ment [13], [25]. According to Shah et al. [12], using secondary
materials instead of cement can reduce CO, emissions by up to 1.3
gigatons per year around the world.
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Figure 6. Environmental assessment of different type of mixtures at 28

days.

The findings solidify that there’s a trade-off between mechani-
cal performance and carbon savings. FAS demonstrated the optimal
balance with 94.3% compressive strength retention and 4.71% CO,
reduction. CO, was reduced by 9.42% in FA10, with greater water
absorbability and loss of strength. The replacement range of 5-10%
thus seems most feasible for concrete blocks only where the asso-
ciated strength reduction and higher water absorption of FA10 can
be tolerated [9], [20]. The data provided are early-age results. The
strength and durability at both 56 and 90 days can increase due to
the pozzolanic reaction [13], [19].
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4. CONCLUSION

A consistent trend from 5-20% fly ash replacement was ob-
served with respect to reductions in embodied CO, (decreasing
from 402.04 kg CO,e/m> (control) to 326.27 kg CO,e/m? (FA20),
loss in compression and 28-day tensile strengths and increased wa-
ter absorption. For the best properties, the recommended mix is
FAS, with a 94.3% ability to retain the 28-day compressive strength
(21.67 MPa) and a 3.45 MPa 28-day splitting tensile strength, along
with a CO, saving of 4.71%. While its absolute performance index
(eco-mechanical) 0.0566 is slightly lower than the control 0.0572,
its practical performance profile in terms of trade-off strength—car-
bon makes it the best in class. The replacement ratio of 10% (FA10)
improves CO, savings to 9.42%, but results in a loss of 22.9% in
28-day compressive strength and higher water absorption, requir-
ing careful consideration of this change for intended use, where the
lower compressive strength is tolerable. It can be recommended that
FAS can be used in the 5-10% replacement range since it exhibits
higher 7-day splitting tensile strength and retained 94.3% of 28-day
compressive strength with 4.71% CO, saving. The conclusions are
restricted to the low age of data and one fly ash source, and lack mi-
crostructural and transport-property data. Future studies should as-
sess the strength and durability at 56 and 90 days, characterise the
porosity, sorptivity and capillary absorption, and confirm with emis-
sion factors that are more representative for the region and other fly
ash sources.
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