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ABSTRACT

This study investigates the potential of waste Polyurethane Foam (PF) as a lightweight coarse aggregate in
concrete, aiming to promote sustainable construction practices by recycling industrial waste. Waste PF was
used as coarse aggregate in concrete mixes, replacing 0-80% by volume in 10% increments. These mixes were
tested for compressive strength, split tensile strength, and flexural strength. Correlations between compressive,
split tensile, and flexural strengths were derived and compared with international code predictions. Additionally,
microstructural investigations using Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray
Analysis (EDAX) were conducted. Furthermore, the embodied carbon dioxide emissions and eco-strength
efficiency of the mixes were calculated to evaluate their environmental performance. The results indicate that
mixes with 30 to 60% Polyurethane Foam Aggregate (PFA) achieved compressive strengths above 17 MPa
and density below 2000 kg/m3, thereby meeting the structural lightweight concrete requirements of ACI 213R,
with all mixes showing split tensile and flexural strengths above 2 MPa. A strong correlation was found among
mechanical strengths, confirming the reliability of experimental results. SEM images showed enhanced bonding
between PFA and the cement matrix. The eco-strength efficiency of polyurethane foam concrete mixes dropped
by 24-43% at 30-60% replacement compared to conventional concrete.
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1. INTRODUCTION

The global construction sector is one of the largest consumers of natural resources and a major contributor to
environmental deterioration, mainly due to the overuse of natural aggregates in concrete manufacturing [1].
Simultaneously, the increased development of non-biodegradable polymeric waste, such as Polyurethane Foam
(PF), creates considerable problems for waste management and environmental sustainability. PF is a light-
weight, versatile substance used for cushioning and insulation in buildings, vehicles, furniture, and packaging.
PF comes in various varieties, each tailored to a specific use [2], [3, 4]. Flexible PF is a soft material often used
in furniture cushions, beds, and car seats. Rigid PF is a hard material primarily used for thermal insulation in
buildings, freezers, and cold storage [5]. Waste is generated both during production (such as trimmings, defects,
and overspray) and after use (from the disposal of unshaped panels, insulation, and packaging) [6, 7]. PF is
non-biodegradable; thus, recycling or reusing it, such as in lightweight concrete, is a more environmentally
responsible approach. Using waste PF supports circular economy principles by diverting non-biodegradable
industrial waste from landfills and repurposing it as lightweight aggregate in concrete. This method reduces the
need to extract natural aggregates, promotes resource efficiency, and minimizes environmental harm. The study
also indicates that PF-based mixes have lower embodied carbon and sufficient structural performance, aligning
with sustainable construction goals. Additionally, SEM analysis shows improved bonding between Polyurethane
Foam Aggregate (PFA) and cement paste, demonstrating the material’s technical feasibility. Overall, this reuse
strategy encourages waste valorization, reduces the carbon footprint, and helps build more sustainable practices.
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In the past several years, there have been efforts made to mix a variety of waste materials into concrete
to lessen the impact that concrete has on the environment, conserve natural resources, and support the ideals of
a circular economy [8-11]. Structural safety, extended service life, and improved construction efficiency are key
application goals of cementitious mix, emphasizing their role in promoting sustainable infrastructure develop-
ment [12]. Developed using recycled polyethylene fibers and desert sand, the life-cycle assessment results could
reduce both material costs and carbon footprints by nearly 50% compared to conventional concrete applications
[13]. Among them, the utilization of lightweight polymeric wastes as partial replacements for coarse aggregates
has garnered interest due to the combined benefit of lowering the density of concrete and repurposing waste that
would otherwise be non-recyclable [14-16]. There has been limited study on utilizing waste PFA as a structural
component in concrete, despite studies on the use of waste plastics and rubber. The impact on important perfor-
mance metrics, such as compressive strength, bonding behavior, and durability, requires a rigorous study [17].
Furthermore, a thorough understanding of the microstructural interaction between the PFA and the cementitious
matrix is necessary to assess the viability of utilizing PFA in structural applications [18]. Many investigations
have examined the potential use of waste PF as a partial replacement for natural coarse aggregate in concrete,
with a focus on how this substitution would affect compressive strength. When PF was used as a fine aggregate
in cement concrete, MOUNANGA ef al. [19] reported that the compressive strength of the concrete reached
only 10.4 MPa. Through the use of PF to partially replace coarse aggregate, BEN FRAJ ef al. [20] were able to
obtain a maximum compressive strength of 16 MPa. After utilizing finely powdered limestone as a substitute for
sand in Polyurethane Foam Concrete (PFC), DVORSKY e al. [21] found that the compressive strength values
ranged from 2.33 to 2.79 MPa. Using a variety of varying volume percentages of PFA in the mixture, WANG et
al. [22] found that the compressive strength ranged from 5.3 to 8.5 MPa. MOHI-UD-DIN et al. [23] investigated
the development of sustainable lightweight structural concrete incorporating rigid PF waste, sized between 5
and 10 mm, as a replacement for conventional coarse aggregate. To improve the mechanical performance, silica
fume was added as a supplementary cementitious material, replacing 10% of the cement content. Two types of
PF concretes—uncoated and cement-coated—were prepared and tested for their 28-day strength. The uncoated
PF mix achieved a compressive strength of 19.5 MPa and a flexural strength of 2.78 MPa, satisfying the require-
ments for structural lightweight concrete. Our earlier research achieved a compressive strength of 22.9 MPa
by using waste rigid PF as a partial replacement for coarse aggregate in lightweight concrete [24]. Several
researchers hajve extensively investigated the mechanical properties, microstructural behavior, and environ-
mental performance of recycled aggregate concrete, incorporating a wide range of industrial and construction
waste by-products as partial or full replacements for conventional aggregates [25-28]. Several previous studies
have shown that waste PF has the potential to be used as a partial substitute for natural aggregates in concrete.
The primary focus of these investigations was to evaluate the compressive strength of materials. On the other
hand, there has been a limited amount of study conducted on the more comprehensive mechanical behavior,
which includes split tensile and flexural strength. The current research fills these gaps by examining the relation-
ships between compressive strength and other mechanical parameters, notably split tensile strength and flexural
strength, which are critical for effective predictive modelling and structural design [29, 30]. Environmental eval-
uation of embodied CO, emissions and eco-strength efficiency, which offers a thorough assessment of how well
mechanical performance and environmental impact are balanced. By integrating these new components with
microstructural and ecological research, the study provides a more comprehensive understanding of lightweight
concrete containing waste PFA. This study aims to evaluate the mechanical properties of lightweight concrete
with waste PFA, focusing on compressive, split tensile, and flexural strengths, and their correlations. It also
assesses microstructural characteristics and environmental impact, introducing Embodied CO, emissions and
eco-strength efficiency to measure sustainability alongside performance.

2. MATERIALS AND METHODS

2.1. Materials

Ordinary Portland Cement of 53 grade was used in the study, along with manufactured sand as fine aggregate,
natural coarse aggregate, and waste PF as a partial replacement for coarse aggregate. The PFA was cleaned,
dried, and shredded into angular particles of appropriate size. The waste PF material was shredded and sieved
to a uniform particle size range of 4.75-20 mm, conforming to the grading limits for coarse aggregate, and any
oversized or undersized particles were discarded. The converted waste PF, after shredding, was used as coarse
aggregate, as shown in Figure 1. The particle size distribution of fine aggregate, coarse aggregate, and PFA is
presented in Figure 2. The bulk density of PFA was measured for each batch as per IS 2386 (Part III), and devi-
ations greater than £2% were corrected by remixing to ensure consistency. To increase flowability and prevent
floating during the mixing process, pre-wetted PFA was used in concrete. As per IS 2386 (Part 3) [31], the spe-
cific gravity of cement, sand, coarse aggregate, and PFA was found to be 3.15, 2.65, 2.75, and 0.32, respectively.
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Figure 1: The conversion of waste rigid PF to PFA.
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Figure 2: Particle size distribution curve of fine aggregate, coarse aggregate, and PFA.

The PFA had an average bulk density of 200 kg/m? and a water absorption capacity of 13.5%. Tap water was
used for both mixing and curing throughout the study.

2.2. Mix proportions

Concrete mixes were made by partially replacing natural coarse aggregate with waste PFA at replacement levels
of 0% (control mix), 10%, 20%, 30%, 40%, 50%, 60%, 70%, and 80% by volume. Based on the requirements
of IS 10262:2019 [32], a mix was developed for M25 grade concrete. Table 1 presents the mix proportions for
conventional concrete and different PFC mixes. A superplasticizer based on polycarboxylate was added to the
mixture to improve its workability in mixtures with a larger percentage of foam. The water-cement ratio was
kept at 0.45. The concrete mix proportions were designed with partial replacement of coarse aggregate by PFA
at varying percentages.

2.3. Methods

For this study, a total of 81 specimens were prepared and tested to evaluate the mechanical properties of
concrete across nine mix proportions—one control mix (CM) concrete and eight PFC mixes. Compressive
strength was measured using 27 cube specimens of size 100 x 100 x 100 mm in accordance with IS 516:2021
[33], at a loading rate of 13.7 N/mm?*min, with three cubes tested per mix and the average value reported.
Split tensile strength was determined using 27 cylindrical specimens of 150 mm diameter and 300 mm height
as per IS 516:2021, at a loading rate of 1.4 N/mm?/min, with three cylinders tested for each mix and the mean
value recorded. Flexural strength was assessed using 27 prism specimens of 100 x 100 x 500 mm in accor-
dance with IS 516:2021, at a loading rate of 0.7 N/mm?/ min, with three prisms tested per mix and the average
value taken. For all tests, the average of three specimens was used to represent the strength of each mix pro-
portion. The compressive strength and split tensile strength tests were performed using a compression testing
machine with a capacity of 2000 kN, while the flexural strength test was conducted using a universal testing
machine of the same capacity. Each mechanical property test (compressive strength, split tensile strength, and
flexural strength) was performed on a minimum of three specimens per mix proportion. Results are presented
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Table 1: Mix proportions.

MIX CODE | CEMENT | WATER AGGFliEgATE AGCGOIiAERGSfTE PFA PLASSI'JII;::Z?ZER

CM 340 152 842 1145.0 - 5.1
PFC10 340 152 842 1030.5 13.4 5.1
PFC20 340 152 842 916.0 26.8 5.1
PFC30 340 152 842 801.5 40.3 5.1
PFC40 340 152 842 687.0 53.7 5.1
PFC50 340 152 842 572.5 67.1 5.1
PFC60 340 152 842 458.0 80.6 5.1
PFC70 340 152 842 343.5 94.0 5.1
PFC80 340 152 842 229.0 107.4 5.1

as mean values with error bars representing + one standard deviation. The variability was relatively small,
indicating consistent behavior among specimens.

In this study, embodied CO, emissions refer to the total greenhouse gas emissions produced during the
conversion of waste rigid PF into coarse aggregate particles. The embodied CO, emissions from PF process-
ing were estimated based on the energy required for shredding, using standard emission factors for electricity
generation, while PFA values were obtained from industrial recycling data. For 1 m? of concrete, the embodied
CO, emissions were calculated by multiplying the mass of each material by its corresponding emission factor.
Eco-strength efficiency was used to evaluate the environmental performance of PFC relative to its mechanical
strength. Eco strength efficiency is defined as the ratio of the 28-day compressive strength (MPa) to the embod-
ied CO, emissions (kgCO,/m’) of the concrete mix, with the resulting unit, MPa/kgCO, m?, representing the
strength efficiency of PFC in terms of CO, utilization.

The concrete specimens were examined with a SEM. To avoid surface contamination and carbonation
effects, small samples were obtained from the center of the hardened concrete and PFA material. The samples
were oven-dried at 60 £ 5 °C to remove residual moisture that could affect image clarity under vacuum. After
drying, the samples were mounted on aluminum stubs using conductive carbon tape and sputter-coated with a
small layer of gold to improve surface conductivity and picture quality. SEM imaging at various magnifications
was utilized to study surface morphology, Interfacial Transition Zone (ITZ) characteristics, and pore structure.
Energy Dispersive X-ray Analysis (EDAX) was used alongside SEM to collect qualitative and quantitative data
on elemental composition.

3. RESULTS AND DISCUSSIONS

3.1. Workability

Workability was an essential factor in this study, particularly given the utilization of waste rigid PFA. The high
porosity of the PFA resulted in substantial water absorption, reducing the available mixing water and signifi-
cantly affecting workability [34, 35]. To minimize this effect, the PFA was pre-saturated with water before
mixing to preserve the intended water—cement ratio and ensure a uniform, workable mixture. According to IS
7320 [36], the slump test was used to evaluate the workability of the freshly mixed concrete. The results showed
a consistent decrease in slump values as PFA content increased, confirming the negative effect of PFA’s porous
nature and angular shape on the flow properties of concrete. The control concrete (CC) had the highest slump
of 90 mm, indicating excellent workability. As the PFA replacement level rose, the slump value gradually low-
ered to 87 mm for PFC10, 80 mm for PFC20, 75 mm for PFC30, 71 mm for PFC40, 65 mm for PFC50, 60 mm
for PFC60, 57 mm for PFC70, and 55 mm for PFC80. The decline in slump indicates that the addition of PFA
reduced the fluidity and ease of placement of the concrete mix. This reduction is primarily due to the high poros-
ity of PFA, which absorbs part of the mixing water, and its irregular, rough surface texture. The slump value
rapidly dropped as the amount of waste PFA increased, and it ranged from 87 mm to 55 mm. It was determined
that the irregular form and high porosity of the foam aggregates were responsible for this decrease in workabil-
ity. Overall, the findings highlight that while partial substitution of coarse aggregates with waste PFA contributes
to sustainability and weight reduction, careful control of moisture content and mix proportions is necessary to
maintain acceptable workability levels in PFC.
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3.2. Water absorption

The results show that the water absorption of concrete increased as the percentage of PFA used in place of
coarse aggregate. The findings show a clear trend of increased water absorption as a higher rate of PFA replaces
natural coarse aggregate. The control mix concrete had the lowest water absorption of 2.91%, indicating a dense
microstructure with small pore connectivity. However, with the addition of PFA, the water absorption values
gradually increased to 3.87% for PFC10, 4.12% for PFC20, 4.98% for PFC30, 5.25% for PFC40, 5.38% for
PFC50, 6.10% for PFC60, and 6.71% for PFC70, with a maximum of 6.90% for PFC80. In particular, mixes
containing up to 30% PFA (PFC10-PFC30) showed relatively low absorption levels (below 5%), suggesting
that partial replacement can strike a good balance between lightweight properties and durability. Mixes with
40-50% PFA (PFC40 and PFC50) exhibited moderate absorption in the range of 5—6%, indicating a shift toward
higher porosity. Beyond this level, the PFC60 and PFC80 mixes exhibited noticeably higher absorption values,
exceeding 6%, which implies that excessive PFA content creates a more open internal structure. This increase
is mainly due to the porous structure and lower density of PFA compared with natural coarse aggregates, which
permit greater water penetration into the concrete matrix. Overall, the observed trend highlights the influence of
PFA content on the permeability characteristics of lightweight concrete. Although the inclusion of PFA contrib-
utes to density reduction and sustainability benefits, its effect on water absorption must be carefully controlled
to maintain adequate durability for structural applications.

3.3. Mechanical properties - Compressive strength and density

Figure 3 depicts the compressive strength of several concrete mixes containing varying concentrations of waste
PFA (denoted as PFC10 to PFC80) compared to a control mix of concrete, tested at 28 days. In our previous
studies, we investigated replacement levels ranging from 10% to 40%, while the current study extends this to
50% and 60%, as shown in Figure 3. As the amount of PFA grew from 10% (PFC10) to 80% (PFC80), the com-
pressive strength decreased gradually and significantly. This is mainly due to the low density, the mechanical
strength of PF, and the increased porosity. Mixes with 10% and 20% foam replacement (PFC10 and PFC20)
had comparatively high 28-day strengths of 28.7 MPa and 24.2 MPa, respectively. This indicates that up to
20% PFA substitution is appropriate for structural or semi-structural applications. According to ACI 213R-
14, the minimum 28-day compressive strength required for structural lightweight concrete is 17 MPa. As per
ASTM CO09 standards, semi-load-bearing lightweight concrete typically achieves around 15 MPa, while insula-
tion-grade concrete has a compressive strength below 10 MPa. After 28 days, the strengths reduced to 22.9 MPa
(PFC30), 20.6 MPa (PFC40), 19.1 MPa (PFC50), and 17.4 MPa (PFC60). Mixes PFC70 and PFC80 exhibited
the lowest compressive strengths, with 28-day values of less than 17 MPa. The reduced rate of strength devel-
opment at high replacement levels may be attributed to the low density, low mechanical properties, and higher
porosity of PFA. In this study, concrete mixes with 30% to 60% waste PFA achieved compressive strengths
above 17 MPa while keeping densities below 2000 kg/m?, satisfied criteria for lightweight concrete structures
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Figure 3: Compressive strength results of concrete with various mix proportions.
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as per ACI 213R-14 [37]. Therefore, using PFA not only promotes sustainable construction but also ensures
compliance with established structural performance standards. The hardened density of concrete consistently
decreased as the percentage of PFA replacing natural coarse aggregate increased from PFC10 to PFC80, with
values ranging from 2354 kg/m? to 1626 kg/m?. According to EN 206-1 [38], the maximum density for structural
lightweight concrete is 2000 kg/m?, and the mixes with 30% to 60% PFA content met this requirement.

3.4. Mechanical properties - split tensile strength

Figure 4 shows the split tensile strength values for concrete mixes that include waste PFA as a partial replacement
for coarse aggregate. A general decreasing trend in split tensile strength is found with increasing PFA content.
The control mix had the maximum 28-day strength (3.93 MPa), whereas PFC10 and PFC20 showed moderate
reductions to 3.28 MPa and 3.12 MPa, showing that up to 20% substitution maintains acceptable performance.

In our previous research, we investigated replacement levels ranging from 10% to 40% and found con-
sistent trends. The recent findings support this range, with PFC30 and PFC40 obtaining 28-day strengths of 2.98
MPa and 2.52 MPa, respectively. Split tensile strength decreased significantly above 40% PFA content. PFC50
and PFC60 reported 2.48 and 2.25 MPa, respectively, while PFC70 and PFC80 decreased to 2.09 and 2.01 MPa.
The substantial drop at greater replacement levels is attributable to PFA’s low mechanical strength as well as
increasing porosity. However, all mix proportions demonstrated split tensile strength above 2 MPa, meeting
ASTM C330 [39] requirements for lightweight concrete.

3.5. Mechanical properties - flexural strength

The flexural strength development of concrete mixes with different substitution levels of PFA over 28-day curing
periods is shown in Figure 5. Our previous studies investigated replacement levels ranging from 10% to 40%,
which are represented in Figure 5. The control mix exhibited the highest 28-day flexural strength at 3.75 MPa,
followed closely by PFC10 (3.31 MPa), indicating that a 10% PFA replacement has minimal adverse impact on
flexural performance. At 28 days, mixes PFC20 and PFC30 achieved moderate strengths of 3.04 MPa and 2.71
MPa, respectively, remaining within acceptable limits for structural or semi-structural applications. Beyond
30% replacement, the strength declined further, with 28-day values for PFC40 to PFC80 ranging from 2.55 MPa
to 1.98 MPa. This reduction is primarily attributed to the lower stiffness and low mechanical properties of the
lightweight PFA, which compromise the concrete matrix under flexural strength.

3.6. Correlation between compressive strength and splitting tensile strength

Figure 6 shows the relationship between the compressive and splitting tensile strengths of PFC compared with
established international codes such as ACI 318-11 (Equation 2), AS 3600-18 (Equation 3), NZS 3101 (Equation
4), EC-04 Eurocode 2 (Equation 5), and JCI-08 (Equation 6). The experimental data points for PFC are fitted

PFC80
PFC70
Accoding to ASTM C330, the
PFC60 minimum split tensilestrength
’é PFC50 ;‘:c;uli\flel;ia.for lightweight concrete
2 PFC40
5
§ PFC30
Q
PFC20
PFC10
CM
0 1 2 3 4 5
Split tensile strength (MPa)

Figure 4: Split tensile strength results of concrete with various mix proportions.
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Figure 5: Flexural strength results of concrete with various mix proportions.
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Figure 6: Correlation between compressive strength and splitting tensile strength.

with a linear trendline, revealing a strong correlation with an R? value of 0.9079. Equation 1 demonstrates a
considerable linear relationship between the splitting tensile and compressive strengths, showing a high level
of correlation.

f,=0.0913f +0.8366 (1)
£, =053/ ()
1, =036,/f. 3)

£, =0447 )
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£, =030f )

f, =0.13£%% (6)

where f, is splitting tensile strength in (MPa), and f, is the compressive strength in (MPa).

This linear equation shows that lightweight concrete made from waste PFA increased split tensile strength
with compressive strength. The code-based models ACI 318-11 and EC-2 show good agreement with the exper-
imental results for compressive strengths above 15 MPa. Conversely, NZS 3101 and JCI-08 consistently under-
estimate the split tensile strength, likely due to conservative assumptions based on normal-weight concrete.
Among all, AS 3600-18 exhibits the greatest deviation, particularly at lower compressive strengths. Figure 6
shows that the observed splitting tensile strengths in the experiment were much higher than the projected values
obtained from all standards.

3.7. Correlation between compressive strength and flexural strength

The relationship between PFC flexural and compressive strengths is shown in Figure 7, which compares with
the predictions made by ACI 318-11 (Equation 8) and AS 3600-18 (Equation 9). The experimental data points
(PFC-Exp) are well-fitted by a linear trendline with Equation 7.

f,=0.0811f +1.0797 ™
£, =0.62[f. (8)
£ =0.60\/f. )

where f;@ is splitting tensile strength in (MPa), and f, is the compressive strength in (MPa).

The experimental results are closely aligned with the estimates provided by both ACI 318-11 and AS
3600-18 across the full range of compressive strengths. The close agreement indicates that the flexural per-
formance of the PFC mix is comparable to that of conventional concrete as predicted by these codes, thereby
validating the structural applicability of the lightweight concrete that incorporates waste PFA.

3.8. Environmental assessment: embodied carbon emission

Embodied CO, emissions represent the total greenhouse gas emissions produced during the conversion of waste
rigid PF into coarse aggregate particles. The emissions from PFA processing were estimated based on the energy

4
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Figure 7: Correlation between compressive strength and flexural strength.



O RAJENDIRAN, R.; MARIAPPAN, S.; SIVASUBRAMANI, D.N,, et al., revista Matéria, v.30, 2025

consumed during the shredding process, using standard emission factors for electricity generation. The emission
data for PFA were obtained from industrial recycling records of PF manufacturing. For one cubic meter of con-
crete, the total embodied CO, emissions were calculated by multiplying the mass of each constituent material by
its respective emission factor [40]. The carbon dioxide emissions calculated per cubic meter of concrete with 0%
to 80% partial substitution of natural coarse aggregate with waste PFA. In our previous studies, the embodied
CO, emissions gradually decrease with up to 40% replacement (PFC10 to PFC40). Specifically, the Embodied
CO, emissions reduce from 329.16 kgCO,/m’ for the control mix to 327.86 kgCO,/m* with 40% replacement. In
the current research (PFC50 to PFC80), embodied CO, emissions continue to decrease after 40% replacement.
Total emissions decrease to 327.5 and 327.19 kgCO,/m? with 50% and 60% replacement, respectively. With 70
and 80% replacement (PFC70 and PFC80), embodied CO, emissions achieve a minimum of 326.88 and 326.59
kgCO,/m’. This steady drop suggests that replacing waste PFA with more natural coarse aggregate may reduce
the carbon footprint of concrete production and enhance sustainability.

3.9. Environmental assessment: eco-strength efficiency

The environmental sustainability of concrete is evaluated by the eco-strength efficiency, which is determined by
the ratio of its compressive strength (MPa) to its embodied carbon emission (kgCO,/m’). The objective of this
study was to evaluate the mechanical performance while minimizing its negative environmental impacts. As
illustrated in Figure 8, the eco strength efficiency values range from 0.03 to 0.093 MPa/kgCO, m”.

compressive strength

Eco — strength efficiency = - — —
Total embodied carbon dioxide emission

The control mix demonstrates the highest eco-strength efficiency, with PFC10 following closely behind.
A progressive decrease in eco-efficiency is observed as the proportion of waste PFA exceeds 10%. The envi-
ronmental benefit of utilizing waste material is outweighed by the reduction in compressive strength as a result
of higher PFA content. It is important to note that PFC20 and PFC30 continue to exhibit relatively high effi-
ciency values, which implies that moderate PFA replacement levels can provide a sustainable alternative with-
out significantly compromising structural performance. The eco-strength efficiency of concrete decreased with
increasing PFA content. Mixes containing 30-60% PFA, particularly PFC30 and PFC60, exhibited a 24-43%
reduction in eco-strength efficiency compared to conventional concrete. This decline is primarily attributed to
the reduction in compressive strength as the proportion of PFA content increased in the concrete mix. While this
reduced their cost-effectiveness for structural applications, they may still be economical for non-load-bearing or
semi-structural elements where strength requirements are lower but weight reduction and waste utilization are
beneficial. At a larger scale, the economic benefit depends on balancing material cost savings (through higher
PFA usage and reduced self-weight leading to potential savings in foundation) against the loss of structural
efficiency. Therefore, for structural lightweight concrete applications, PFA replacement up to 60% appears opti-
mal, whereas higher PFA contents may be more suitable for low-strength applications or for maximizing waste
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Figure 8: Eco strength efficiency of various mix proportions.
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diversion rather than cost efficiency. The PFC 30 to PFC 60 mixes satisfied the criteria for structural lightweight
concrete. Previous studies have reported the eco-strength efficiency of concrete incorporating waste materi-
als. One study examined the addition of 0.20% carbon fiber in concrete and achieved an optimal eco-strength
efficiency of 0.083 MPa/kgCO, m~, which is 15.6% to 36.1% higher than the values obtained in the present
study [41]. Another investigation focused on the use of nano silica and metakaolin, reporting an eco-strength
efficiency of 0.13 MPa/kgCO, m™ [42]. This value is 43% to 59% higher than that of the current work, primarily
due to the relatively lower compressive strength of PFC.

3.10. Microstructural characterization

The composition, microstructure, and surface morphology of materials and concrete are evaluated at a very fine
scale using SEM imaging. SEM imaging allows researchers to assess the porosity and durability of concrete
by looking at its matrix pores, cracks, and voids [43]. It also allows extensive analysis of the aggregate-cement
paste ITZ, which is crucial for understanding bond strength and mechanical performance [44, 45]. The elemental
composition of different phases can be determined using SEM with EDAX. This picture from SEM Figure 9 dis-
plays the sample surface shape, which includes porous PF layers that are crucial for applications. Additionally,
metallic impurities can be seen as asymmetrical particles dispersed throughout the surface.

The EDAX spectrum, Figure 10, shows the elemental composition of the scanned region. Carbon (C) and
oxygen (O) show major peaks, as predicted, given the organic nature of PFA.

The SEM Figure 11 shows the ITZ between the cement paste and PFA in lightweight concrete. The
porous and irregular rough surface texture of PFA allows the cement paste to penetrate the surface pores par-
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Figure 10: SEM with EDAX image of PFA.
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Figure 11: SEM with EDAX image of PFC with ITZ behavior.

tially, creating mechanical interlocking that enhances the bond at ITZ. The SEM combined with EDAX analysis
provided valuable insights into the ITZ between the PFA and the cementitious matrix. EDAX further confirmed
the presence of key hydration compounds within the transition zone. The observed carbon (C) and oxygen (O)
peaks correspond to the organic components of PFA and the products of cement hydration. Peaks of calcium
(Ca), silicon (Si), and aluminum (Al) are associated with hydrated cement paste constituents and other cemen-
titious phases. Additionally, minor peaks of potassium (K) and iron (Fe) are present, which can influence the
overall performance of the cement-based material.

4. CONCLUSIONS

The study shows that waste PFA may efficiently serve as a lightweight coarse aggregate in concrete, helping
to promote sustainable building by reusing industrial waste. The experimental results show that adding PFA
reduced concrete density while keeping adequate mechanical qualities at specific replacement levels. Mix pro-
portions with 30 to 60% PFA achieved compressive strengths above 17 MPa and density below 2000 kg/m?,
thereby meeting the structural lightweight concrete requirements specified in ACI 213R and EN 206-1. All
mixes exhibited split tensile and flexural strengths greater than 2 MPa, satisfying the criteria of ASTM C330
for lightweight concrete structures. The observed splitting tensile strengths were significantly higher than inter-
national code predictions, while flexural strengths showed good agreement with code-based estimates across
all compressive strength ranges. SEM analysis confirmed improved bonding between PFA aggregates and the
cementitious matrix, attributed to paste penetration into the surface pores and rough texture of the aggregates.
PFC reduced embodied CO, emissions compared to conventional concrete. The eco-strength efficiency of PFC
was found to decrease by 24-43% when 30-60% of the coarse aggregate was replaced with PFA, compared to
conventional concrete. Overall, waste PFA is a promising material for lightweight, environmentally friendly, and
non-structural concrete applications.

Most of the test results met the criteria for structural lightweight concrete; however, further research
is needed to enhance the mechanical performance through the use of physical and chemical admixtures. In
addition, durability assessments such as permeability, freeze—thaw resistance, and thermal stability are recom-
mended as part of future investigations.
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