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ABSTRACT

This study investigates the feasibility of using biomedical waste incineration ash (BWIA) and fly ash 
(FA) as partial replacements for cement (0%, 10%, 20%, 30%, and 40%) in M25 grade concrete. Com-
prehensive testing was conducted to evaluate the compressive strength and weight of concrete with 
varying percentages of BWIA and FA. A total of 36 concrete cubes were prepared and tested for com-
pressive strength after 7, 14, 28, and 56 days of curing. Leachate analysis was also conducted to assess 
the environmental impact of the prepared concrete. The results revealed that optimal compressive 
strength was achieved at 28 days with a 20% replacement of both ashes, yielding strengths of 25.11 
MPa for BWIA and 24.57 MPa for FA. Beyond 20% ash replacement, compressive strength declined, 
and increasing ash percentages led to lighter concrete. Furthermore, leachate analysis confirmed no 
release of heavy metals, ensuring environmental safety. This research demonstrates the potential for 
utilization of BWIA and FA as sustainable materials in concrete, addressing waste disposal challenges 
while contributing to green construction practices. By determining optimal replacement levels and 
application ranges, the study supports the development of eco-friendly concrete production and pro-
motes sustainability in the construction industry.

Cite this article as: Brahmbhat AV, Patel BB. Integrating biomedical and fly ash waste in concrete: 
A strength-based comparative study for sustainable construction. Environ Res Tec 2025;8(4) 
887-899.

INTRODUCTION

The generation and management of industrial and biomed-
ical waste ashes, particularly fly ash (FA) and biomedical 
waste incineration ash (BWIA), present significant environ-
mental and sustainability challenges. Fly ash, a by-product 
of coal combustion in thermal power plants, is one of the 
largest industrial waste streams globally. India leads FA pro-
duction with 112 million tons annually, followed by China 
(100 million tons) and the U.S. (75 million tons). Despite 
achieving a global utilization rate of 68.72% in 2019, India 
lags with 38% utilization, and FA generation is expected to 
reach 600 million tons annually by 2031-32. Unutilized FA 
occupies vast land areas and poses environmental risks, in-
cluding water contamination and air pollution  [1].

Biomedical waste incineration generates approximately 0.82 
million tons of ash annually, with India contributing about 
517 tons daily. This ash contains hazardous heavy metals like 
mercury, lead, and cadmium, which risk leaching into soil 
and groundwater. Effective management of these ashes is es-
sential for mitigating environmental impacts while address-
ing global sustainability goals [2].
The construction industry is constantly seeking innova-
tive solutions to address the challenges of waste manage-
ment, environmental sustainability, and the development 
of high-performance building materials. In this context, the 
utilization of waste materials as alternative resources and the 
incorporation of waste ashes in construction materials have 
gained significant attention [3]. Waste ashes such as  BWIA 

Arpita V. BRAHMBHATT1 , Bina Birenkumar PATEL1*  

https://dergipark.org.tr/en/pub/ert
https://doi.org/10.35208/ert.1555389
http://bina.patel@ldce.ac.in
https://orcid.org/0009-0005-0987-3056
https://orcid.org/0000-0002-3787-8496


888 Environ Res Tec, Vol. 8, Issue. 4, pp. 887-899, December 2025

and FA  have proven effective in enhancing concrete's me-
chanical properties and durability [2, 4, 5]. Initiatives like 
India’s Fly Ash Mission, with its 100% utilization target, 
promote applications in construction, road embankments, 
and agriculture, aligning with circular economy goals while 
reducing environmental impacts and conserving resources. 
Effective fly ash management globally remains vital for sus-
tainable development and ecological risk mitigation.
Past studies have demonstrated the potential of BWIA and FA 
in sustainable construction. The utilization of ash as a partial 
cement replacement has been extensively studied to enhance 
the sustainability and performance of concrete (Table 1). Na-
taraja et al. [6] explored the use of BWIA in self-compacting 
concrete, demonstrating improved strength at replacement 
levels up to 20%. Similarly, studies on FA replacements have 
shown significant improvements in compressive strength, 
with replacement levels reaching 50% (Abushad et al. and 
R et al. [7, 8]. The inclusion of admixtures, such as ground 
granulated blast furnace slag and copper tailings, further op-
timized the mechanical properties of ash-modified concretes 
(Pandurangan et al., Dandautiya et al. and Nguyen et al.  
[9–11] highlighted the effectiveness of FA, including stan-
dard and substandard varieties with expansive additives, in 
enhancing concrete properties up to 30% replacement levels.  
Nagrockienė  et al. [12] explored the use of FA with super-
plasticizers, achieving significant improvements at replace-
ment levels as high as 65%.
Similarly, Kaur et al. [13] reported that BWIA could replace 
up to 20% of cement without compromising mechanical 
properties. Al-Mutairi et al. [14] and Genazzini et al.  [15] 
investigated hospital waste ashes, finding their application 
viable with microsilica admixtures at 10–25% replacement. 
Other studies done by Akyıldız et al. [16] focused on the en-
vironmental safety of using ash, with results indicating neg-
ligible leaching of heavy metals. 
Moreover, studies on coal bottom ash done by Singh et al. 
[17] and treated fly ash by Aubert et al. [18] and Al-Rawas et 
al.  [19] further validated the potential of ash for sustainable 
concrete production, showcasing optimal curing times and 
replacement levels while ensuring environmental safety.
Manjunath et al. [21] emphasized BWIA's potential in con-
crete composites, highlighting its mechanical and environ-
mental benefits. Similarly, Al-Biruni et al. [22] explored 
the use of BWIA in stabilized earth blocks, reinforcing its 
viability for sustainable construction. Other research by Ma-
schowski et al. [23] explored biomass ash utilization, while 
Zhuge et al. [24] focused on wood waste ash in green con-
crete, all demonstrating the versatility of ash as a replace-
ment material.
Studies on FA underline its efficiency in enhancing the me-
chanical properties of self-compacting concrete [25] and re-
ducing restrained shrinkage cracking expanded on the role 
of challenging fuel ashes in a circular economy, advocating 
for their integration into sustainable materials [26]. More-
over, leachate analyses confirm the environmental safety of 
ash-incorporated concrete, ensuring negligible heavy metal 
leaching [27].

Sharma et al. [1] detailed FA utilization in India, showcasing 
government initiatives to promote its application in various 
sectors. Kumar et al. [2] highlighted BWIA's role in reducing 
environmental strain while enhancing concrete's mechanical 
properties. These findings highlight the potential of ash, in-
cluding BMIA and FA, as sustainable alternatives in concrete 
production, promoting waste utilization while maintaining 
structural integrity.
This study investigates the effects of incorporating BWIA 
and FA into M25 grade concrete, focusing on key parameters 
such as waste ash percentage (0%, 10%, 20%, 30% and 40%) 
and curing periods (0, 7, 14, 28 and 56 days). By evaluat-
ing mechanical properties, including compressive strength 
and weight, as well as leaching behaviour, the research aims 
to assess the structural integrity, load-bearing capacity, and 
environmental sustainability of waste ash added concrete. 
Understanding these characteristics will determine the suit-
ability of BWIA and FA for diverse construction and envi-
ronmental conditions.
The findings contribute to sustainable construction practices 
by promoting the efficient use of waste materials, address-
ing waste management challenges, and enhancing concrete 
performance. This study provides architects, engineers, 
and construction professionals with insights to develop 
high-performance, eco-friendly building materials, advanc-
ing sustainability in the construction industry.
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MATERIALS AND METHΟDS

Various international standards are available for concrete, 
mainly based on British standards or American standards 
or Indian standards. For the present study, Indian standards 
are follows for M25 grade concrete preparation and testing. 
This section highlights the materials and methods used for 
the entire study.

Materials Used for Concrete
Cement: The cement used in this work was portland poz-
zolana cement (PPC) of Ambuja Brand. PPC, which is FA 
based, is an intimately inter-ground mixture of Portland ce-
ment clinker or ordinary portland cement and pozzolana, 
with the possible addition of gypsum (natural or chemical).  

Alternatively, it may be an intimate and uniform blend of or-
dinary Portland cement and finely ground pozzolana, with 
added ground gypsum if required. The standard specifies 
that the fly ash content should be no less than 15% and no 
more than 35% by mass of Portland Pozzolana Cement. The 
physical properties of this cement are presented in Table 2.
Ash: Two different types of ash were used in this study: 
BWIA, sourced from E-coli Waste Management in Ahmed-
abad, Gujarat, India (Figure 1a), and FA, obtained from the 
boiler of a textile industry in Ahmedabad, Gujarat, India 
(Figure 1b). The physical properties and chemical composi-
tions of both ashes are provided in Table 3. It was observed 
that the physical and chemical compositions of BWIA and 
FA were almost similar.

Sr. 
no. Type of cement used Type of ash used for cement replacement %

of ash replaced
Curing

time (days) Reference

1 M30 BWIA 0-20 7, 14, 28 [6]
2 OPC 53 grade Class C fly ash from thermal power plant 0-50 7, 14, 28 [7]
3 OPC Class F fly ash 0- 40 7, 28 [8]

4 - Class F fly ash Admixture: ground gran-
ulated blast furnace slag (GGBS) 70 7, 28 [9]

5 Portland cement Standard & substandard fly ash Admix-
ture: Expansive additive 0-30 3, 7, 28, 91 [11]

6 OPC 43 grade Fly ash from thermal power plant Ad-
mixture: Copper tailing 0-30 7, 28, 56 [10]

7 Portland cement Fly ash Admixture: Super plasticizer 0-65 7, 28 [12]
8 OPC 43 grade Incinerated biomedical waste ash 0-20 7, 28,56 [13]
9 Cement Incinerated hospital waste ash 0-50 [15]

10 Cement Hospital waste fly ash Admixture: Mi-
crosilica 0-25 28 [14]

11 Cement (CEM I 42.5 
R) Medical waste bottom ash 0-50 7, 28 [16]

12 Portland cement Incinerated hospital waste ash 0-10 28, 90, 180, 
365 [20]

13 OPC Treated fly ash 12.5,50 28 [18]
14 OPC Incineration ash 0-40 3, 7, 14, 28 [19]
15 OPC Coal bottom ash 0-10 28 [17]

Sr. No. Physical properties Test result
1 Normal consistency 32%

2
Setting time: 

•	 Initial setting time
•	 Final setting time

115 minutes
185 minutes

3 Specific gravity 2.97

Table 1. Previous studies on various types of ash utilized in concrete

Table 2. Physical properties of Portland Pozzolana Cement
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Figure 1. Types of ashes used for the study (a) BWIA (2) FA

Sr. 
No. Parameter Units of parameters BWIA FA

Physical Properties
1 Specific gravity -- 2.31 2.33
2 Fineness micron 41 45
3 Density kg/m3 1433 1439 
4 Water absorption % 3.40 3.45

Chemical composition
1 SiO2 % 94.30% 97.56%
2 Al2O3 % 0.42% 0.40%
3 Fe2O3 % 0.023% 0.024%
4 CaO % 0.75% 0.84%
5 MgO % 0.20% 0.22%
6 Na2O % 0.19% 0.10%
7 K2O % 0.11% 0.13%
8 SO3 mg/gm 0.57 /100 0.62/100
9 Free lime % 0.0050 0.0052

10 LOI % 0.0098 0.0090

Table 3. Physical and chemical properties of BWIA and FA

Fine aggregate: Locally available river sand conforming to 
Zone II as per Indian Standards IS: 383 (1970) was used as 
fine aggregate. This sand passed through an IS Sieve of 4.75 
mm. The aggregate fraction ranging from 4.75 mm to 150 
microns was classified as fine aggregate. Fine aggregates are 
further categorized as coarse sand, medium sand, and fine 
sand. The specific gravity, bulk density, fineness modulus, 
and water absorption of the fine aggregates were measured 
as 2.64, 1.397 kg/l, 2.81, and 0.80%, respectively.
Coarse aggregate: Gray crushed stone conforming to IS: 383 
(1970) with a nominal size of 20 mm was used as coarse ag-
gregate in the concrete mix. Aggregates larger than 4.75 mm 
in size are classified as coarse aggregates. The shape of the 
crushed stone plays a critical role in achieving high-strength 
concrete. Poorly shaped aggregates can result in inferior con-
crete quality. Generally, the aggregate should have an angu-
lar, granular, or crystalline shape with non-powdery surfac-

es. The specific gravity, bulk density, fineness modulus, and 
water absorption of the coarse aggregates were recorded as 
2.64, 1.320 kg/l, 3.49, and 0.81%, respectively.
Water: Water is essential for the hydration of cement and to 
ensure workability during mixing and placing. Potable water 
or tap water is generally considered suitable for this purpose. 
In this study, tap water (sourced primarily from groundwa-
ter) was used for both mixing and curing. The quality of the 
water used is detailed in Table 4.

M25 Grade Concrete Mix Design Method
The M25 concrete mix was prepared following the recom-
mended guidelines outlined in IS 10262-2009 and IS 456-
2000. The detailed steps and design calculations are provid-
ed in Annexure 1. Cement was replaced by 0%, 10%, 20%, 
30%, and 40% with BWIA and FA, respectively. The required 
quantities of BWIA and FA are summarized in Table 5.

https://dergipark.org.tr/en/download/journal-file/35473
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Figure 2. Casted M25 grade concrete cubes

Sr. No. Parameter Units Value
1 pH -- 7.2
2 Total dissolved solids mg/L 991
3 Chlorides mg/L 150
4 Fluorides mg/L 1.1
5 Hardness as CaCO3 mg/L 355
6 Total suspended solids mg/L 19

Quantity (kg)

Type of ash
Cement 
replaced 

(%)

No of
Cubes Ash Cement Fine 

aggregate
Coarse

aggregate
Water
(litre)

0% 4 0 1.5690 2.91 4.75 0.8-1

BWIA

10% 4 0.1569 1.4121 2.91 4.75 0.8-1
20% 4 0.3138 1.2552 2.91 4.75 0.8-1
30% 4 0.4707 1.0983 2.91 4.75 0.8-1
40% 4 0.6276 0.9414 2.91 4.75 0.8-1

FA

10% 4 0.1569 1.4121 2.91 4.75 0.8-1
20% 4 0.3138 1.2552 2.91 4.75 0.8-1
30% 4 0.4707 1.0983 2.91 4.75 0.8-1
40% 4 0.6276 0.9414 2.91 4.75 0.8-1

Table 4. Quality of tap water used in concrete preparation

Table 5. Quantity of material for mix design

For the experimental work, a total of 36 concrete cubes, each 
with dimensions of 150 mm × 150 mm × 150 mm, were cast. 
Four cubes were cast to determine the compressive strength 
of normal concrete without ash addition. Similarly, for each 
replacement level of 10%, 20%, 30%, and 40% with BWIA, a 
set of four cubes was cast (Figure 2). Likewise, another set of 

four cubes was cast for each replacement level of 10%, 20%, 
30%, and 40% with FA. The cubes were removed from the 
molds after 24 hours and then placed in a curing tank for 
7, 14, 28, and 56 days, as required by the test specifications.
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Item Values

Type and dimension of test specimen M25 concrete, 
75mm×75mm×75mm

Water 78 ml
Cement 125.6 gm

Material used for preparation of the test 
specimen and mix proportion of the 

materials

Fine aggregate 292 gm
Coarse aggregate 475 gm

BWIA 31.4 gm
FA 34.1 gm

Surface area of specimen 421,875 mm3

Table 6. Quantity of materials required for concrete specimens for leaching test

Compressive Strength of Concrete Cubes
The compressive strength of the concrete cubes was eval-
uated using a Compression Testing Machine with a capac-
ity of 200 tons, following the specifications outlined in IS: 
516 (1959). During the test, the strength was measured in 
kilonewtons (KN). The load was applied gradually at a rate of 
140 kg/cm² per minute until the concrete cube or specimen 
failed. The compressive strength of the concrete was calcu-
lated by dividing the maximum load applied to the cube at 
failure by its cross-sectional area, with the result expressed 
in megapascals (MPa). Additionally, the weight of each con-
crete cube was recorded during the test.

Leachability of Heavy Metals in Concrete Containing 
BWIA and FA
Both BWIA and FA contain heavy metals. When these ashes 
are used to partially replace cement in concrete mixes, there 
is a possibility of heavy metal leaching from the concrete 
cubes, which can cause environmental issues. Therefore, it 
is essential to investigate the leachability of heavy metals in 
concrete cubes containing BWIA and FA. For this purpose, 
the tank leaching test was employed, as specified in the stan-
dard test method for leaching trace elements from hardened 
concrete (JSCE G575-2005) proposed by the Japan Society of 
Civil Engineers [28]. This standard outline the requirements 
for testing trace elements leached from hardened concrete.
The tank leaching test is conducted to determine the quan-
tity of trace elements leached from a concrete specimen that 
has been immersed in a leachant. During the test, the spec-
imen is kept immersed in the leachant. The leachant refers 
to the solution used for leaching, while leachate is the solu-
tion obtained after the leaching process, with solid particles 
removed through solid-liquid separation methods such as 
filtration.
Preparation of concrete specimen: The M25 grade concrete 
mix was prepared as per IS 10262-2009 and IS 456-2000, as 
detailed in Table 6. Two sample cubes, each with size of 75 
mm x 75 mm x 75 mm, were casted. One concrete cube was 
cast with 20% replacement of cement with BWI, and second 
cube was cast with 20% replacement of cement with FA. The 
weight of the concrete cubes was measured after they were 
removed from the water. The cubes were ensured to be in a 
dry condition before weighing.

Weight of concrete specimens: The weight of the concrete 
cube specimens was measured after they were removed from 
the water. The cubes were ensured to be in a dry condition 
before weighing.
Preparation of leachant: To prepare the leachant, 5 ml of 
distilled water is used per 100 mm² of the surface area of a 
specimen, which is placed into a cylindrical jar. This stan-
dard specifies ion-exchanged water or distilled water as the 
leachant because it is assumed that the environment does 
not expose concrete structures to significant chemical ero-
sion. Water with lower hardness tends to leach various ions 
from the concrete. Therefore, distilled water is used as the 
leachant. The concrete cube is kept in the leachant solution 
for 10 days. After 10 days, both leachate solutions are col-
lected. The heavy metals in the leachate solutions are deter-
mined using Atomic Absorption Spectrometry.
•The surface area of the concrete cube used for leaching anal-
ysis is calculated as 75 mm × 75 mm = 5625 mm². 
•For the leachant, 5 ml of distilled water is used per 100 mm² 
of the surface area of the specimen.
•The quantity of distilled water required is 281.25 ml, ap-
proximately 300 ml.

RESULTS AND DISCUSSIONS

Visual Appearance of Concrete with BWIA and FA
The visual appearance of concrete changes with the inclusion 
of BIWA or FA. These waste ashes can influence the color, 
texture, and surface finish of the concrete. Concrete with FA 
tends to exhibit a smoother and more uniform surface fin-
ish. The addition of FA often gives the concrete a darker to 
lighter gray shade, depending on the percentage of waste FA 
used. Increasing the FA content results in a darker-coloured 
concrete. This aesthetic can be advantageous in construction 
where a consistent and clean appearance is desired. 
The inclusion of BIWA can result in a different texture and 
coloration due to its unique chemical composition and gran-
ular particle size. BIWA may create a slightly irregular sur-
face or introduce variations in shading. These effects could 
be subtle but might require adjustments if a highly consistent 
visual outcome is essential. Both FA and BIWA affect the ho-



893Environ Res Tec, Vol. 8, Issue. 4, pp. 887-899, December 2025

mogeneity of concrete, which is visible in the casted concrete 
cubes. While FA generally improves the surface smoothness 
and produces a darker appearance, BIWA’s inclusion might 
result in a more heterogeneous texture, reflecting its ash 
composition and particle structure.

Compressive Strength Performance
The study analyzed the compressive strengths of M25 grade 
concrete cubes with BWIA and FA simultaneously as par-
tial replacements for cement, at replacement levels of i.e. 0%, 
10%, 20%, 30%, and 40%, over curing periods of 7, 14, 28, 
and 56 days. A total of 72 cubes were cast, with 36 cubes for 
each type of ash. The compressive strength of casted concrete 
cubes was tested under the compression testing machine. 
The compressive strength test results were shown in Table 7.
In both cases, the maximum compressive strength was 
achieved at 20% replacement of cement with ash after cur-
ing for 7, 14, 28, and 56 days. For BWIA, the compressive 
strength was highest at 20% ash replacement, reaching 31.76 
MPa after 56 days. Across all curing periods, BWIA mixtures 
generally exhibited higher compressive strength compared to 
FA mixtures, except for the 7-day curing period, where both 
ashes showed similar strengths. FA also achieved its highest 
compressive strength at 20% replacement, reaching 30.62 
MPa after 28 days. Notably, FA mixtures showed a higher 
initial strength at 7 days for the 40% replacement level (21.64 

MPa). However, overall, BWIA consistently outperformed 
FA in compressive strength, particularly at the optimal 20% 
replacement level and with extended curing periods.
The maximum compressive strength was obtained with 20% 
cement replacement in both cases. The maximum compres-
sive strength at 20% replacement of cement by BWIA was 
25.11 MPa, and by FA, it was 24.57 MPa, after a 28-day cur-
ing period. It is suggested that no more than 20% of cement 
should be replaced with ashes, as higher replacement levels 
may lead to a reduction in compressive strength. This trend 
aligns with previous research studies, indicating that while 
incorporating BWIA and FA provides benefits like improved 
waste management, it can adversely affect concrete strength 
when exceeding the optimal dosage. The study shows a de-
cline in compressive strength as the waste content increases, 
which is consistent with findings from other studies [6–8, 
13, 15, 16]
Overall, the results show that the concrete cube containing 
BWIA was slightly stronger than the concrete cube contain-
ing FA. During the mixing process, the concrete mix con-
taining BWIA required less water compared to the mix con-
taining FA, since BWIA is a granular material, while FA is a 
very fine material. This suggests that BWIA is a more effec-
tive partial replacement for cement in concrete mixes than 
FA, offering both environmental and structural benefits.

BWIA FA

Sr.
No.

% of 
Ash

Curing 
period 
(Days)

Cross-
section area
(mm× mm)

Load 
(KN)

Compressive
Strength (MPa)

Cross-
section area
(mm× mm)

Load 
(KN)

Compressive
Strength (MPa)

1 0

7 days

150×150 352 15.64 150×149 360 15.64
2 10 150×150 359 15.95 150×150 364 16.10
3 20 150×150 371 16.48 150×149 324 16.17
4 30 149×148 319 14.46 150×148 313 14.49
5 40 149×149 298 13.42 150×150 487 14.09
6 0

14 days

150×150 481 21.37 150×150 498 21.37
7 10 150×150 488 21.68 150×149 452 21.64
8 20 150×149 496 22.19 150×150 445 22.13
9 30 150×149 412 18.43 150×150 548 20.22

10 40 150×148 407 18.33 150×150 553 19.77
11 0

28 days

150×150 547 24.31 150×149 531 24.31
12 10 150×148 551 24.81 150×149 519 24.35
13 20 150×150 565 25.11 150×150 689 24.57
14 30 150×149 483 21.61 150×149 702 23.75
15 40 149×149 469 21.12 150×150 638 23.22
16 0

56 days

150×150 687 30.50 150×149 545 30.05
17 10 150×150 703 31.24 150×149 360 30.62
18 20 150×149 710 31.76 150×150 364 31.41
19 30 150×148 655 29.50 150×149 324 28.35
20 40 149×149 537 24.18 150×148 313 24.38

Table 7. Compressive strength of concrete containing BWIA and FA
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Assessment of Concrete Weight Variations
It was observed that as the percentage of ash increased, the 
weight of the concrete cubes decreased by 8% to 13% for both 
BWIA and FA (Table 8). The concrete cubes containing 0% 
ash weighed 8.7 kg for both BWIA and FA, whereas at 40% 
ash weighed 7.6 kg for BWIA and 7.5 kg for FA. This trend 
suggests that the incorporation of ash into the concrete mix 
reduces its overall density, leading to lighter concrete cubes. 
The lower weight concrete offers high heat insulation, reduc-
es the load on structural elements, and enhances seismic re-
sistance, sound absorption, and fire resistance. Additionally, 
it provides faster construction, easier transportation, and re-
duced labor time and costs.
The relationship between weight and compressive strength 
in concrete is crucial for its performance. Generally, dens-

er concrete, with higher weight, tends to have greater com-
pressive strength due to tightly packed particles. However, 
the inclusion of waste materials like fly ash or polyethylene 
terephthalate (PET) can reduce weight without compromis-
ing, or even enhancing, compressive strength [29–32]. Stud-
ies have shown that these additives can maintain structural 
integrity while optimizing the material’s weight, offering a 
balance between strength and efficiency for construction ap-
plications.
The failure mode of concrete cubes containing waste ash dif-
fers from the typical failure observed in standard concrete 
cubes. This variation is attributed to the inclusion of ash in 
the concrete mix. Figure 3 illustrates the unique mode of fail-
ure for these concrete cubes, which differs from the typical 
failure patterns seen in conventional concrete cubes.

Figure 3. Mode of failure of casted cubes

Leaching Properties of Concrete
The leaching properties of concrete containing BWIA and 
FA were assessed to determine potential heavy metal release. 
Leaching tests showed no heavy metals in the leachate, indi-
cating that the concrete did not release harmful substances 
(Figure 4). This suggests that BWIA incorporation does not 
pose a toxicity risk, as cement binds heavy metals, prevent-
ing leaching [33, 34]. These results support the safe use of 
BWIA in concrete, contributing to waste reduction and envi-
ronmental protection [35].

Figure 4. BWIA and FA leachate samples

In India, fly ash utilization has reached 62% [3], but BWIA 
is still landfilled, causing environmental concerns. Recycling 
BWIA in concrete can mitigate landfill use and support sus-
tainable construction practices. Similar findings in global 
studies highlight the benefits of incorporating industrial by-
products in concrete [2].
Despite the positive leaching results, further environmental 
assessments are needed to fully understand the long-term 
impacts of using BWIA and FA in concrete  [36, 37]. Heavy 
metal leaching into groundwater is a concern due to their 
non-biodegradable nature and bioaccumulation risks [13, 
38]. Traditional disposal methods, like landfilling and in-
cineration, pose secondary pollution risks, underscoring the 
need for alternative solutions like using BWIA in concrete.
The solidification process in cement traps heavy metals with-
in the matrix, converting them to insoluble forms, which 
reduces leaching [37, 39]. Thus, using BWIA and FA in 
concrete offers a sustainable approach to both waste man-
agement and building material development.

One-Way ANOVA Analysis for Compressive Strength 
and Weight of Concrete 

ANOVA (Analysis of Variance) is a statistical method used 
to compare differences between groups and determine if 
these differences are statistically significant or merely due to 
random variation. In sustainable concrete research, ANOVA 
is instrumental in evaluating how various waste-derived ma-
terials or methods affect properties like strength and durabil-
ity, ensuring the reliability of findings. This method is most 
effective when the data follows a normal distribution [40].
A two-way ANOVA was performed to evaluate the effects 

Sr.No. % of Ash Weight of concrete cube containing BWIA (kg) Weight of concrete cube containing FA (kg)
1 0 8.7 8.7
2 10 8.5 8.1
3 20 8.0 7.9
4 30 7.9 7.8
5 40 7.6 7.5

Table 8. Dry weight of concrete cubes after identified curing periods
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Parameter (concrete) Descriptions Sum of 
squares (SS)

Degree of 
freedom (df)

Mean sum of 
squares (MS) F value

Compressive strength Between samples
within the samples

407.6 3 135.8
2.72

12176.4 76 160.2

Weight Between the samples
within the samples

474.5 2 237.2
3.89

1001.6 12 83.5

Table 9. Summary of one-way ANOVA for chosen parameter (p<0.05)

of pozzolan content and water-to-cementitious material ra-
tio (w/cm) on two parameters: the slope and intercept of a 
strength estimation model. The results confirmed that silica 
fume offered greater strength enhancements due to its poz-
zolanic activity compared to metakaolin [41]. Another study 
used ANOVA to analyze the influence of various mix design 
parameters, such as the type and percentage of industrial 
by-products like fly ash and GGBS, on compressive strength 
and durability indices [40]. Additionally, ANOVA was em-
ployed to compare the effects of different treated wastewater 
types on properties like compressive strength, workability, 
and durability in concrete [42]. 
In the present study, the performance of concrete incorpo-
rating BWIA and FA at varied percentages was analysed in 
terms of compressive strength and weight using one-way 

ANOVA at a significance level of p < 0.05. For compressive 
strength across ash percentages, the sum of squares between 
and within samples was 407.6 and 12,176.4, respectively. 
For concrete weight, the sum of squares between and within 
samples was 474.5 and 1,001.6, respectively. 
The F-critical values for compressive strength and weight 
were 2.72 and 3.89, respectively. The sum of squares between 
the sample and within the sample obtained from the ANO-
VA analysis for compressive strength and weight are given in 
Table 9. Based on these F values, compressive strength and 
weight were found to vary significantly with the percentage 
of waste ash in the mix.
The ANOVA results clearly indicate that both compressive 
strength and weight are significantly affected by the percent-
age of waste ash used in the sustainable concrete mix.

Compressive Strength-Based Comparative Study
The observed curing times and compressive strengths from 
the present study are compared with those from previous 
studies using various types of waste ashes as cement replace-
ment in M25 grade concrete. The comparison is presented 
in Table 10.
The present study evaluated the compressive strength of 
concrete cubes incorporating BWIA and FA, achieving max-
imum strengths of 25.11 MPa and 24.57 MPa, respectively, 
at 28 days of curing with 20% ash replacement. These results 
are consistent with studies using waste ashes [13, 19]. How-
ever, mixes containing advanced admixtures, such as super-
plasticizers and ground granulated blast furnace slag, have 
reported significantly higher strengths, reaching up to 57.46 
MPa [12] and 43.25 MPa [9]. The performance of this study 
aligns more closely with studies utilizing biomedical waste 
ash and coal bottom ash, which achieved strengths ranging 

from 27.4 MPa to 38.21 MPa [17].
In contrast, some studies reported notably lower compressive 
strengths, such as 5.87 MPa with BMIA at 5% replacement 
[6] and 5.10 MPa with Class F fly ash [8]. These variations 
underscore the impact of factors such as ash type, cement 
grade, and the use of admixtures on concrete performance. 
The results of the present study emphasize the potential of 
BWIA and FA as sustainable partial replacements in con-
crete, providing moderate strength suitable for certain con-
struction applications. While the strengths achieved are low-
er than those observed with advanced additives, this study 
contributes to waste management and sustainable construc-
tion by effectively recycling ashes that would otherwise pose 
disposal challenges.
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Type of cement 
used

Type of ash used for cement 
replacement

Maximum compressive 
strength noted at

Mean sum of 
squares (MS) Reference

Curing time 
(days)

% 
Replacement 
of waste ash

M30 BMIA 28 5% 5.87 [6]

OPC 53 grade Class C fly ash from thermal power 
plant 28 30% 45.28 [7]

OPC Class F fly ash 28 0% 5.10 [8]

- Class F fly ash Admixture: ground 
granulated blast furnace slag (GGBS) 28 70% fly ash &

30% GGBS 43.25 [9]

OPC 53 grade Fly ash from thermal power plant Ad-
mixture: Copper tailing 56

20% fly ash 
& 5% copper 

tailing
38 [10]

Portland cement Fly ash Admixture: Super plasticizer 28 35% 57.46 [12]
OPC 53 grade Incinerated biomedical waste ash 28 5% 28.7 [13]

Cement Incinerated hospital waste ash 28 0% 38.8 [15]
Cement (CEM I 

42.5 R) Medical waste bottom ash 7, 28 10% 40-55.8 [16]

Portland cement Incinerated hospital waste ash 365
10% ash & 

15% marble 
powder

4-65 [20]

OPC Incineration ash 28 20% 27.4 [19]
OPC Coal bottom ash 28 30% 34.04-38.21 [17]

PPC
BWIA

28 20%
25.11 N/mm² Present 

StudyFA 24.57 N/mm²

Table 10. Comparison of maximum compressive strength for different ash types as cement replacements in concrete

CONCLUSIONS

This study highlights the potential of integrating BWIA and 
FA as partial replacements for cement (i.e., 0%, 10%, 20%, 
30%, and 40%) in M25 grade concrete for sustainable con-
struction. The maximum compressive strength was achieved 
with a 20% replacement of cement by BWIA (25.11 MPa) 
and FA (24.57 MPa), exceeding the strength of conventional 
concrete mixes. Beyond 20%, the strength reduced for both 
ashes, indicating this as the optimal replacement level. Both 
ashes reduced the weight of concrete by 8 to 13%, which 
may offer advantages such as lower dead loads, cost-effec-
tive structures, improved seismic resistance, sound absorp-
tion, and fire resistance. The ANOVA results show that the 
percentage of waste ash significantly affects both compres-
sive strength and weight, with F-values of 2.72 and 3.89, 
respectively, highlighting its acceptability in concrete's per-
formance and sustainability. Leaching tests confirmed no 
detectable heavy metals in the concrete, demonstrating the 
environmental safety for utilizing of both ashes for concrete. 
The integration of BWIA and FA into concrete offers an in-
novative solution, helping to reduce landfill dependency and 
address waste management challenges.

SCOPE FOR FUTURE WORK

Future research is encouraged to address challenges related 

to the use of waste ash particles, including their potential 
impact on human well-being. This study opens avenues for 
conducting extensive durability analyses on concrete con-
taining waste ash particles to evaluate their long-term per-
formance under various environmental conditions.
The proposed mix proportions can be validated further for 
structural applications by assessing their performance in 
shear, flexure, and compression tests, particularly in the con-
text of brick manufacturing. Additionally, bricks produced 
using these suggested mix proportions can undergo thor-
ough testing to evaluate their suitability and performance in 
real-world applications.
Further investigations into the modulus of elasticity and 
detailed microstructural analysis using scanning electron 
microscopy are recommended. These studies could provide 
valuable insights into the mechanical behavior and micro-
structural properties of concrete and bricks incorporating 
waste ash, paving the way for their optimized and sustainable 
use in construction.

NOMENCLATURE

BWIA 	 : Biomedical waste incineration ash
CT 	 : Copper tailing
CTM	 : Compression testing machine
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FA	 : Fly ash
GGBS	 : Ground granulated blast furnace
IS	 : Indian standard
LOI	 : Loss of ignition
OPC	 : Ordinary portland cement
PPC	 : Portland pozzolana cement 
UTM	 : Universal testing machine
w/c ratio	: Water-cement ratio
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