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Construction using eco-friendly materials reduces environmental impact and
promotes sustainable practices. This research uses sawdust and steel fibers to
design sustainable concrete. The main goal is to improve mechanical properties
and reduce embodied carbon emissions. This study examines the mechanical
properties of concrete with different sawdust and steel fiber combinations to fill
a gap in the literature. In this research synergistic effect of saw dust and steel
fiber on concrete characteristics have been studied. The research also examines
these pairings’ environmental benefits. This study used a response surface
methodology (RSM) to design an experimental program and assess the effects
of input variables (sawdust and steel fiber percentages) on output responses
like compressive strength (CS), split tensile strength (STS), flexural strength
(FS), modulus of elasticity (MOE), embodied carbon (EC), and eco-strength
efficiency (ESE). Established testing methodologies and RSM provided an
optimum prediction model based on specimen mechanical properties. Sawdust
and steel fibers enhances concrete’s mechanical properties. Varying proportions
of both materials were added in mix; sawdust (0%–12%) and steel fiber (0%–2%).
The experimental findings suggest that the optimized composition achieved the
following mechanical properties: 13.85 MPa compressive strength, 1.4 MPa split
tensile strength, 3.67 MPa flexural strength, 18.027 GPa modulus of elasticity,
211.272 kg CO2e/m3 embodied carbon, and 0.065487 eco-strength efficiency.
This research showed that the aims of improving mechanical properties and
reducing embodied carbon were achieved. As per multi-objective optimization,
optimal percentages of saw dust and steel fibers in concrete are 11.81% and
0.063% respectively. The investigation yielded many suggestions. To test the
optimal blend composition of ecologically friendly concrete in real-world
building projects, start with realistic projects. Finally, life cycle evaluations and
cost studies are needed to determine the environmental and economic impacts
of eco-friendly concrete compared to standard options.

KEYWORDS

sustainable concrete, saw dust, steel fibers, response surface methodology, concrete
material

Frontiers in Materials 01 frontiersin.org

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2024.1428700
https://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2024.1428700&domain=pdf&date_stamp=2024-09-06
mailto:muhammad_21002014@utp.edu.my
mailto:muhammad_21002014@utp.edu.my
mailto:taoufik.najeh@ltu.se
mailto:taoufik.najeh@ltu.se
https://doi.org/10.3389/fmats.2024.1428700
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmats.2024.1428700/full
https://www.frontiersin.org/articles/10.3389/fmats.2024.1428700/full
https://www.frontiersin.org/articles/10.3389/fmats.2024.1428700/full
https://www.frontiersin.org/articles/10.3389/fmats.2024.1428700/full
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Waqar et al. 10.3389/fmats.2024.1428700

1 Introduction

The widespread utilization of concrete in construction is
attributed to its exceptional robustness and permanence. The
conventional production process of concrete necessitates substantial
utilization of natural resources and energy, resulting in noteworthy
environmental consequences. The development of sustainable
concrete composites has amassed increasing attention after 2020,
with a focus on utilizing waste materials and implementing
reinforcement techniques to improve their mechanical properties
(Liu et al., 2020; Basser et al., 2021). Notwithstanding endeavors
to create sustainable concrete composites, a strong demand
exists in the optimization of the properties of these composites
through the simultaneous integration of waste materials and
reinforcement methods. The majority of research attempts
have concentrated on singular waste materials or methods of
reinforcement with a restricted investigation of mixed additives
in concrete (Awolusi et al., 2019; Kropidłowska, 2022).

Saw Dust (SD) is an easily available by-product from the timber
industry and usually taken to be one of the inevitable wastes.
These include the respective reduced dependency on the traditional
aggregates, which have environmental impacts (Shoughy, 2013).
Another possible way is replacing part of the natural aggregates
with SD, which might help reduce the Embodied Carbon of
Concrete (EC) to the tune of 20%. Further, the incorporation of
SD into concrete can enhance the thermal insulating characteristics
of concrete, thus favoring sustainable building techniques which
have the prospect to achieve energy conservation of about 30%
(He et al., 2022; Turner and Collins, 2013).

The addition of steel fibers (SF) to concrete results in improved
mechanical properties, including flexural and tensile strength
improvements (Lehner et al., 2020; Osei and Jackson, 2016). In
some reports, there is an increase of about 20% in Flexural
Strength (FS) with the addition of SF at a volume fraction of
1% (Ahmad Farooq et al., 2023; Ahmad et al., 2023). The result
was a reduction in the probability of cracking of the concrete
composite with time, and, therefore, improved durability due to
that specific strengthening method. This further reflects in the
extension of the service life of materials and the reduction in
repair and replacement frequencies, ultimately saving more than
35% in cost (Huda Suliman et al., 2019).

Further Response Surface Methodology (RSM) is the common
area of application in the fields of design of experimentation and
optimization (Maity et al., 2023). This is best as it helps in the
investigation of the complex associations existing between most
of the variables and the corresponding outcomes (Veza et al., 2023;
Bolooki Poorsaheli et al., 2021). The present work of research was
focused on the use of RSM to develop the optimized models
for predicting the mechanical characteristics of eco-friendly
concrete containing a combination of SD and SF. This involves
the human step to achieve a proportionate mix design to attain
the required properties with minimal environmental damage
using systematic variation of SD and SF proportions (Waqar et al.,
2023a; Zaid et al., 2021). This study reports on the enhanced
efforts to improve the physical and mechanical characteristics of
an environmentally-friendly concrete mixture including SD and
SF, using the RSM approach. The objective of this study is to
carry out the analysis of the effect of different compositions of

SD and SF, their effect on the mechanical properties of eco-friendly
concrete with RSM (Ahmed, 2017; R.S. EFFECT, 2016). At this
juncture, the interesting mechanical properties to mention are
compressive strength (CS), flexural strength (FS), split tensile
strength (STS), and modulus of elasticity (MOE). Second, the
measurement of the extent of decrease in EC and its corresponding
environmental consequences as an outcome of integration of SD and
SF in eco-friendly concrete. Thirdly, design and development
of the modified RSM model that can predict accurately the
mechanical properties of eco-friendly concrete manufactured
using a combination of SD and SF. Additionally, the efficacy of the
model is assessed by comparing the anticipated outcomes with the
experimental findings. Finally, identification of the most favorable
combination of SD and SF in concrete mixtures that can yield
sustainable concrete with exceptional mechanical characteristics,
while simultaneously attaining the desired decrease in
EC emissions.

In this study, experimental investigation was conducted to
determine the mechanical properties of concrete that incorporates
both sawdust and steel fibers. According to existing literature,
this is the first time these two materials have been used together
as additives in concrete. The novelty of work lies in this
innovative combination, which has not been previously explored
for enhancing concrete properties. Additionally, statistical models
were developed using Response Surface Methodology (RSM) to
predict the mechanical behavior of the concrete. This approach not
only enhances our understanding of the material’s performance but
also provides a robust predictive tool for future applications. The
significance of this research is highlighted by its potential to promote
sustainable construction practices through the use ofwastematerials
like sawdust, thereby reducing environmental impact, while also
improving the mechanical properties of concrete with the inclusion
of steel fibers. This dual approach of material innovation and
statistical modeling underscores the scientific rigor and practical
relevance of study.

1.1 Background

1.1.1 Utilization of SD and SF
The construction industry has witnessed a notable surge in

the adoption of sustainable construction practices in recent times,
primarily driven by the imperative to mitigate the environmental
impact of construction activities (Waqar et al., 2023b). Concrete
is a ubiquitous construction material that contributes significantly
to carbon dioxide emissions during its manufacturing process
and currently it has a share of 8% in global warming and
56% in the net construction sector pollution. In order to tackle
this concern, scholars have directed their attention towards
the creation of sustainable concrete composites that integrate
discarded materials and reinforcement methodologies to augment
mechanical characteristics and diminish the ecological impact
(Abdulridha et al., 2022; Batool et al., 2021).

The utilization of SD, a residualmaterial derived from the timber
industry, has unveiled encouraging outcomes as an eco-friendly
supplement in the manufacturing of concrete. Numerous research
studies have examined its impact on the mechanical characteristics.
As established by scholarly investigations, the inclusion of SD in
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concrete at different substitution levels resulted in a decrease in CS,
which varied from 5% to 20% (Wang et al., 2023; Bernardo et al.,
2021). However, the above decrease may be relieved through the
optimization of the mixture proportions and the inclusion of
supplementary cementitiousmaterial. In an investigation carried out
by Abdulhameed et al. (2023), found that crack load also decreases
from 71% to 51% by the inclusion of 45% of sawdust. Further,
it has been established that an increase in the utilization of an
admixture, such as SD with other strengthening agents, increases
the flexural and tensile strength of concrete (Thilakarathna et al.,
2020; Mwango and Kambole, 2019). In their study Sharba. (2022),
found that reference concrete has the ductility factor of 9.39
and with the addition of SD this value decreased to 5.56. These
effects of SD on MOE, a parameter characterizing concrete rigidity,
require further elaboration for a better understanding within this
relationship (Prabath and Ramadoss, 2022; Alabduljabbar et al.,
2020). Experimental research was conducted to evaluate the impact
of SD on crack occurring in concrete and it was found that
addition of SD resulted in reducing the micro and macro cracks
(Khan et al., 2020).

The inclusion of SF as a reinforcement material in concrete is
a very common practice used to enhance the mechanical features.
Incorporation of SF in concrete enhances tensile strength and
ductility for the material. Research findings found that with the
addition of SF in the concrete, it could increase the tensile strength
of the concrete up to 30%. Considerable values of improvement in
FS of concrete by adding SF into it have been observed, and the
enhancement reported varies from 10% to 40% (Zarei et al., 2022).
Theuse of SF in concrete can, therefore, improve itsMOE, increasing
stiffness and cracking resistance by more than 15% for the case
of warm climates and by 18% for the case of cold climates. This
requires a delicate balance of both the dosage and aspect ratio of SF
to yield the desired mechanical properties. Recent study conducted
by Wu et al. (2024), found that fiber helps in bridging the cracks
and result in providing the additional support and improves the
mechanical strength. It was also found that durability of concrete
was also improved because of reducing the widths and propagation
of cracks. Another study conducted by Helal et al. (2024) to study
the effects of steel fibers on long term compressive strength of
concrete and it was found that 1% and 1.5% of steel fibers in
concrete significantly enhances the long term compressive strength
of concrete.

An important aspect in sustainable building practice is the
minimization of EC in concrete. The use of waste material, such
as SD, in concrete could considerably help in the reduction
of EC (Prabath and Ramadoss, 2022; Abbass et al., 2018). This
research finding suggests that EC emissions could be minimized
by adding SD as a partial replacement for conventional aggregates,
according to the cited reductions (Mujalli et al., 2022; Silva et al.,
2020) from 10% to 40%. Further addition of SF into concrete
increases its mechanical properties, therefore lengthening the
structural operational life of construction, and subsequently
reducing frequent maintenance or replacement needs through the
durability aspect, which counts to almost 40% of the structure
costs over the service life. Such an approach of implementation
may then lead to colossal reductions in carbon emissions over the
building’s lifetime.

1.1.2 Application of RSM
Previous research studies revealed that the use of RSM was

widely used to optimize the properties of concrete composites
based on consideration of multiple correlated variables. RSM
allows researchers to explore effectively the effects of different
variables and their relationships with the response variables
of interest for building optimized models (Gao et al., 2022;
Karimipour et al., 2021). RSM has been efficiently utilized in
multiplicative research studies to optimize the characteristics
of environmentally friendly concrete composites and improve
efficiency more than 25% in some cases (Awolusi et al., 2019).
RSM optimized the mixture composition of eco-friendly
concrete that incorporated recycled aggregates (Yang et al., 2021;
Sadowska-Buraczewska et al., 2020).

The study was based on the possible effect of different
factors, such as the molar ratio of alkali activators, curing
temperature, and curing time on the performance (Köksal et al.,
2013; Fattouh et al., 2023). The optimization with RSM gave a
remarkable improvement in the CS of the geopolymer concrete.
Precisely, an increment of 25% was observed when compared
with the control mix design (Collins, 2010; Kumar et al., 2021).
Furthermore, it was also applied to the optimization of the
mixture composition for fiber-reinforced concrete (Dilip et al., 2014;
Zhu et al., 2020).

Researchers have taken great care to account for such variables
as the proportion of fibers to the total volume, the ratio of water
to cement, and the time during which the curing took place.
A refined model was formulated by means of RSM analysis.
It was found that there was a 20% increase in FS of the
FRC (fiber-reinforced concrete) compared to the original mixture
composition (Memon et al., 2017; Bošnjak et al., 2019). The results
from these studies give enough proof on how effective RSM is
in optimizing sustainable characteristics of concrete composites
(Lee et al., 2022).

Through the implementation of systematic manipulation of
variables of interest and subsequent statistical analysis, researchers
have successfully constructed optimized models that enhance
the mechanical characteristics of concrete. RSM provides a
robust framework for comprehending intricate associations
among variables and responses, facilitating the creation of
concrete materials that are more sustainable and exhibit superior
performance (Babaie et al., 2020; Khan et al., 2022).

Largely, the utilization of SD presents a sustainable approach
to waste management while simultaneously improving the flexural
and tensile strength of concrete. In contrast, SF offers enhanced
mechanical characteristics, including heightened tensile and FS.The
attainment of desired outcomes is contingent upon the optimization
of mix proportions and the aspect ratio of SF. Moreover, the
integration of such additives has the potential to decrease the
amount of EC emissions associated with the manufacturing
of concrete.

2 Significance of research

The significance of this research study lies in examination
of innovative approaches to formulate the sustainable and
environmental friendly concrete with SD and SF with enhanced
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mechanical properties. As the building industry continuously
facing the challenge to reduce the carbon footprint in
construction and utilize the waste construction materials, this
study addresses the critical need of eco-friendly construction
materials. By using the SD in concrete which is agriculture
byproduct this study not only contributes to the reduction
of waste but also promotes the sustainability of construction
projects. Furthermore, inclusion of SF improves the ductility
and tensile strength of concrete. This combination of SF
and SD provides the significant advancements in the field
of performance based engineering. This study have combine
benefits of resource efficiency as well as structural integrity.
Eventually, this research contributes to the efforts in concrete
materials innovation and paving the way for more sustainable
construction material solution that align with the global
environmental goals.

3 Materials and methods

3.1 Materials

This experimental study employed diverse materials to fabricate
a durable concrete composite with sustainable properties. The
chosen materials for this study are widely accessible within
Malaysia, thereby enhancing the practicality and relevance of
the research outcomes within the local milieu. The constituents
used in the construction process comprise Cement Type 1 (53
Grade), fine river sand, coarse aggregate, tap water, SD, and SF.
It ordered cement by engaging YTL Cement, a famous Malaysian
trademark in common use during constructions (Köksal et al.,
2022; Zeybek et al., 2022). This material is known for its perfect
resistance to compressive forces and stable operational capacity.
The fine river sand is selected from a local supplier in Malaysia
based on its particle size distribution and quality to fit with the
appropriate particle size distribution and quality (Memon et al.,
2018; Plotnikov and Kochetkov, 2021). The sand with a fineness
modulus of 2.5 is used from local regions, thus ensuring the
practicability of the research outcomes for applications in the
construction sector in Malaysia. Coarse aggregates: The size range
9.5–37.5 mm used in this work was bought from a supplier
situated in Malaysia. The utilization of coarse aggregate procured
from nearby sources guarantees conformity with regional building
methodologies and accessibility (Kavya Sameera and Keshav, 2022).
The concrete composite employs tap water as the primary
mixing medium.

The concrete composite integrates SD, which is obtained from
the Malaysian timber market, as an unwanted waste material.
This substance is a by-product of the forestry sector and is easily
accessible. The incorporation of SD into concrete mixture is a
viable approach towards sustainable waste management strategies
and mitigating the ecological footprint of concrete manufacturing.
The SF utilized in this study possess a length of 15 mm and a
diameter of 1 mm (Ubachukwu et al., 2022; El-Nadoury, 2021).
Reinforcement materials are frequently found in the Malaysian
market and are utilized to augment the mechanical characteristics
of concrete composites. Incorporating SF into concrete enhances its
tensile and FS.

3.2 Composition and properties

The incorporation of SD and SF in concrete results in a
notable influence on the composite’s mechanical characteristics.
Both materials provide distinct properties that augment the overall
functionality of the concrete. At the Nano level, SD displays
characteristics such as elevated surface area and porosity, which are
attributed to its fibrous morphology (Pinheiro Simão Ribeiro et al.,
2021; Baserah et al., 2021). The aforementioned properties have
the potential to impact both the water absorption and workability
of the concrete mixture. Upon integration into the concrete
composite, SD functions as a filler material. This may further
enhance the thermal insulation properties of the composite. The
relative percentage of silicon dioxide (SiO2) in the SD is on the
higher side, hence revealing pozzolanic reactivity to improve the
strength and durability of concrete with time. Comparatively, SF,
which are microfibers, have good tensile strength and aspect
ratio. SF added to the concrete mix enhance tensile and flexure
strength of the composite (Sharba et al., 2022). Surface of micro-
SF shows mechanical interlocking with the cement matrix, thus
enhancing the load transfer mechanism of concrete and crack
resistance of concrete. These high aspect ratios serve to increase
adhesion between fibers and the surrounding matrix in SF, hence
developing the potential for energy dissipation and ductility
(Pinheiro Simão Ribeiro et al., 2021; Baserah et al., 2021).

Combined addition of SD and SF to concrete leads to a
synergistic effect, where the distinct properties of each component
complement those of the other. In the composites, when used as
a filler, SD reduces the density and the weight of the composite,
while SF in the composite improves the strength and toughness. On
the other side, the incorporation of SF, facilitated by the nanoscale
porous structure of SD, can improve the dispersion of the fibers
throughout the concrete matrix (Ruiz et al., 2019; Ghafari et al.,
2014). The composite material of these fillers integrated with the
polymer will have enhanced mechanical properties compared to
the matrix compound since the integration of these methods will
yield a solid composite material that shows superior mechanical
characteristics, including heightened CS, enhanced tensile strength,
In general, the mechanical properties are significantly controlled
by the nanoscale features of SD and SF in a concrete composite,
including the surface area, porosity, tensile strength, and aspect
ratio (Devadasu et al., 2020; Da Silva et al., 2021).The synergy of the
said materials within a concrete mix leads to the latter—a concrete
composite sustainable enough to have enhanced strength, durability,
and energy dissipation capacity.

3.3 Experiment design using RSM

The sustainable concrete composite’s mix proportions were
designed and optimized in accordance with the principles of
RSM. The objective of the study was to examine the influence of
SD and SF on the growth of the concrete composite through the
creation of a refined model. Table 1 displays the mix proportions in
conjunction with their corresponding Mix IDs. The Mix ID denotes
distinct percentages of SD and SF within the concrete composite
(Abdul Awal et al., 2016a; Abdul Awal et al., 2016b). The selection
of mix ratios was conducted with precision to assess the impact of
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TABLE 1 Mix proportions along with MIX IDs.

Mix ID (%) Cement Sand SD Coarse SF

Ratio Kg/m3 Ratio Kg/m3 % Kg/m3 Ratio Kg/m3 % Kg/m3

SD0%SF 0

1

205.71 2 428.57 0 0.00 4 868.57 0 0.00

SD3%SF0.5 205.71 1.97 422.14 3 0.90 3.995 867.49 0.5 1.09

SD6%SF1 205.71 1.94 415.71 6 1.80 3.98 864.23 1 2.17

SD9%SF1.5 205.71 1.91 409.29 9 2.70 3.98 864.23 1.5 3.26

SD12%SF2 205.71 1.88 402.86 12 3.60 3.97 862.06 2 4.34

SD3%SF0 205.71 1.97 422.14 3 0.90 4 868.57 0 0.00

SD6%SF0 205.71 1.94 415.71 6 1.80 4 868.57 0 0.00

SD9%SF0 205.71 1.91 409.29 9 2.70 4 868.57 0 0.00

SD12%SF0 205.71 1.88 402.86 12 3.60 4 868.57 0 0.00

SD12%SF1 205.71 1.88 402.86 12 3.60 3.98 864.23 1 2.17

SD3%SF1 205.71 1.97 422.14 3 0.90 3.98 864.23 1 2.17

SD6%SF2 205.71 1.94 415.71 6 1.80 3.98 864.23 2 4.34

different proportions of SD and SF on themechanical characteristics
of the concrete.

The Mix ID denoted as “SD0%SF0%” signifies the control mix,
which denotes the absence of SD or SF in themixture. It functions as
a point of reference for comparative analysis with the other blends.
The following formulations, namely, “SD3%SF0.5%”, “SD6%SF1%”,
“SD9%SF1.5%”, and “SD12%SF2%”, involve progressively higher
proportions of SD and SF. The diverse mix ratios facilitate an
inclusive comprehension of the effect of said materials on the
concrete composite. The optimized mix designs were developed
through the utilization of RSM, whereby the percentages of SD and
SF were systematically modified. The mix proportions were selected
based on statistical analysis and optimization techniques to achieve
desired mechanical properties, such as CS, tensile strength, FS,
and MOE (Khan et al., 2020; Amin et al., 2022). The application of
RSM in formulating the mixture proportions guarantees a robust
for investigating the impacts of SD and SF on the advancement of
the eco-friendly concrete composite. RSM analysis is anticipated to
yield optimized mix designs that can facilitate the attainment of
an optimal equilibrium among the constituent materials, thereby
leading to a concrete composite that exhibits improved mechanical
properties and decreased environmental footprint.

3.4 Mixing and casting procedure

The ratios of the mix are specified in Table 2, corresponding to
the mix ratios; the concrete composite cast was made by mixing
its constituent materials in the specified ratios. The constituent
materials include careful proportioning andmixing of cement, sand,
SD, coarse aggregate, and SF in the predetermined ratios. In the

TABLE 2 EC ratio of all materials involved in experimentation.

EC CO,2 (kg/kg) References

Cement 0.82 Collins (2010)

SD 0.42 Thilakarathna et al. (2020)

Fine Aggregate (Sand) 0.0139 Thilakarathna et al. (2020)

Coarse Aggregate 0.0408 Turner and Collins (2013)

SF 1.27 Kumar et al. (2021)

Water 0 Zhu et al. (2020)

mixing process, the whole amount of material was mixed for a
period of 10 min, which was considered a full homogenization
(Ananthkumar et al., 2019). The mixing allowed homogeneous
dispersion, hencemaking possible adequate hydration and interplay
between the cementitious components and the aggregates. To ensure
and eliminate any potential variations that may arise from the
mixing duration, the mixing time was therefore maintained at a
constant level for all mix ratio. Upon completion of the procedure,
the concrete composite was deemed suitable for the casting process
(Ganapathy et al., 2022; Frazão et al., 2022). Accordingly, three
cylindrical samples were prepared for each mix ratio used in the CS
test at 28 days.

These were fabricated to meet the set standards of ensuring
adequate densification and elimination of any trapped air in them.
After this, they were placed under a controlled environment for the
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process of hydration to proceed andmechanical strength to develop.
In the view of which, in addition to the above, conducting the CS
test, a set of three cylindrical samples was also prepared for the STS
test on each mix ratio after 28 days. The STS test brings forward
the tensile properties of the concrete composite, giving valuable
information for the assessment of its property against cracking and
deformation capabilities (Abdul Awal et al., 2016b; Ganapathy et al.,
2022). Furthermore, three beam specimens were prepared for each
mix proportion to determine the FS test after 28 days. The beam
specimens were manufactured according to established protocols
to guarantee accurate measurements and correct casting for testing
the flexural and bending capabilities of the concrete containing
SD and SF (Mangi et al., 2019; Arjomandi et al., 2023). There is an
assurance of the dependability and replicability of the experimental
results in this study from adherence to standardized mixing and
casting protocols. The above approach for sample preparation
would facilitate getting precise results for the tested mechanical
characteristics among variousmix ratios of the eco-friendly concrete
composite and comparing with each other.

4 Results and discussion

4.1 Compressive strength (CS)

The results from the tests that have been carried out on the
sustainable concrete composite have been calculated for compressive
strength as shown in Figure 1. The figure has shown certain
differences in compressive strength in regard to the concrete
composite through the use of various mixtures of SD and SF. The
CS was found to be unique for each mix, such as, SD0%SF 0%
(23.00 MPa), SD3%SF0.5% (23.50 MPa), SD6%SF1% (25.38 MPa),
SD9%SF1.5% (17.03 MPa), SD12%SF2% (16.50 MPa), SD3%SF0%
(21.00 MPa), SD6%SF0% (19.80 MPa), SD9%SF0% (16.75 MPa),
SD12%SF0% (13.00 MPa), SD12%SF1% (14.30 MPa), SD3%SF1%
(25.88 MPa), and SD6%SF2% (25.89 MPa). The effect on the
strength properties of concrete with an incorporation of SD and
SF in different ratios is significant (Kavya Sameera and Keshav,
2022; El-Nadoury, 2021). Examination of the results with previous
research shows that the CSs achieved in the current investigation
are in line with the patterns reported in previous scholarly works.
A CS of 25.375 MPa is observed to be higher in the mixture of 6%
SD -1% SF, indicating that the combination of both SD and SF in
the mix is likely to be beneficial for the characteristics of strength.
This discovery is consistent with prior research that has examined
the impact of integrating SF and organic substances on the potency
of concrete (Köksal et al., 2022; Kavya Sameera and Keshav, 2022).
Theobserved rise inCS can be attributed to the synergistic chemistry
between the fibrous structure of SD and the reinforcing properties of
SF. Nevertheless, certain blend combinations, such as SD12%SF0%
and SD9%SF1.5%, demonstrate reduced CS of 13 MPa and 17.03
MPa, correspondingly. The observed outcomes could be ascribed
to the elevated proportions of SD or an inequity in the composition
ratios, resulting in diminished strength properties.The optimization
of mix design is of utmost importance in order to attain superior
mechanical properties in such instances. The findings of this study
exhibit the originality and distinctiveness of the research, as they
furnish precise perspectives on the impact of amalgamating SD and

SF on the compressive potency of eco-friendly concrete composites
(Turner and Collins, 2013; Lehner et al., 2020). The aforementioned
discoveries augment the existing corpus of knowledge concerning
sustainable building materials and furnish valuable insights for the
development and enhancement of concrete blends with enhanced
mechanical characteristics.

The impact of SF and SD on the CS at 28 days of curing
is illustrated in Figure 2through a 2D plot and a 3D diagram
of responses. The data plots demonstrate that optimizing the SF
concentration while minimizing the SD concentration results in a
noteworthy enhancement in CS. The aforementioned results are
consistent with the experimental observations presented in Figure 2,
wherein mixtures containing greater proportions of SF exhibited
elevated levels of CS (Awolusi et al., 2019; Shoughy, 2013). The
contour plot and response surface diagram illustrate the positive
impact of SF on CS and offer valuable insights for optimizing the
blend proportions to attain improved strength characteristics in the
eco-friendly concrete composite.

4.2 Split tensile strength (STS)

Figure 3 displays the outcomes of the STS examination
conducted on the eco-friendly concrete composite. From the
analyzed data, it is evident that there is a benefit in incorporating
SF into the concrete composite in relation to the STS. Mixtures
containing a higher percentage of SF show a higher tendency to
show higher STS values, which indicate better tensile strength
properties. An example can be given where Mix SD6%SF2% was
a good sample with an STS value of 2.83 MPa, effectively indicating
that a higher SF content can improve tensile strength. The STS was
found to be unique for each mix, such as, SD0%SF 0% (2.25 MPa),
SD3%SF0.5% (2.36 MPa), SD6%SF1% (2.54 MPa), SD9%SF1.5%
(1.73 MPa), SD12%SF2% (1.48 MPa), SD3%SF0% (2.00 MPa),
SD6%SF0% (1.79 MPa), SD9%SF0% (1.55 MPa), SD12%SF0%
(1.40 MPa), SD12%SF1% (1.45 MPa), SD3%SF1% (2.78 MPa),
SD6%SF2% (2.83 MPa). The above results agree with the work done
by Awolusi et al. (2019) and Wang et al. (2023) in the respective
area (Awolusi et al., 2019; Wang et al., 2023). Some studies have
been undertaken that specifically dealt with concrete composites
and, after the incorporation of SF and organic materials, recorded
an increase in tensile strength. The fusion of SF with SD increases
adhesion and weight-bearing ability and hence elevates STS metrics
(He et al., 2022; Turner and Collins, 2013). The following results are
to be confirmed and do stand valid as a method of increasing the
tensile strength of concrete by using added naturalistic resources
like SD and SF.

The effect of SF and SD on STS at 28 days is plotted on a 2D
plot and 3D diagram of responses, which can be seen in Figure 4.
The response surface diagram and contour plot would be able to
describe the mixture proportion effect of SF and SD on the resultant
STS values. The authors mentioned that when the SF component is
optimized and the SD component isminimized, there is a significant
improvement in STS (Lehner et al., 2020; Osei and Jackson, 2016).
Graphical presentations give proof to validate the research findings
indicating that there is an increase in the split tensile strength of the
environmentally friendly concrete by the addition of steel fibers.
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FIGURE 1
CS results at 28 days of curing.

FIGURE 2
2D contour plot (Left) and 3D response surface diagram (Right) of CS at 28 days of curing.

On the whole, results of these experiments, along with the
contour plot and response surface diagram, point towards the
beneficial influence of SF on the STS of the concrete composite.
Results of this investigation are aligned with previous work and
evidently indicate that there is more possibility for improvement in
the mix compositions to obtain the desired tensile strength features
(Shoughy, 2013; Turner and Collins, 2013). Integration of such
sustainable elements as SD and SF may prove to be a useful material
in creating ecologically sound concrete composites with superior
performance properties.

4.3 Flexural strength (FS)

The result of the FS test conducted with the sustainable concrete
composite is displayed in Figure 5. It may thus be stated that the FS
of the concrete composite may be influenced by the SD replacement
level based on the test result. Mixtures in which the SF percentage
was high showed a tendency to record higher FS values, meaning
the FS properties were better. The FS was found to be unique
for each mix, such as, SD0%SF 0% (9.42 MPa), SD3%SF0.5%
(10.78 MPa), SD6%SF1% (5.22 MPa), SD9%SF1.5% (4.89 MPa),
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FIGURE 3
STS results at 28 days of curing.

FIGURE 4
2D contour plot (Left) and 3D response surface diagram (Right) of STS at 28 days of curing.

SD12%SF2% (4.55 MPa), SD3%SF0% (7.24 MPa), SD6%SF0%
(4.77 MPa), SD9%SF0% (4.12 MPa), SD12%SF0% (3.30 MPa),
SD12%SF1% (4.10 MPa), SD3%SF1% (10.94 MPa), and SD6%SF2%
(5.78 MPa). The material Mix SD3%SF1% showed a notable FS
value of 10.94 MPa, which means a higher content of SF resulted
in effectively improving the capacity of the material to resist forces

from bending. The above results agree with the previous research
work, which reported an investigation of the effect of SF on the
flexural strength of concrete composites (He et al., 2022). The
literature consistently demonstrates that the incorporation of SF can
augment the compositematerial’s capacity to withstand bending and
cracking. Incorporating SF into the composite material enhances
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FIGURE 5
FS results of 28 days of curing.

stress distribution and reinforces the matrix, leading to enhanced
FS characteristics (Köksal et al., 2013; Kumar et al., 2021). The
findings derived from this investigation corroborate the pre-existing
pool of information and underscore the possibility of integrating
supplementary cementitious materials into eco-friendly concrete
blends, thereby augmenting their resistance to bending.

The 2D plot and 3D diagram of responses are shown in
Figure 6 and illustrate the FS after curing for 28 days. From the
response graphs, a pictorial form is able to show the relationship
between the mixture proportions developed against their respective
FS values. The result, shown in the contour plot and response
surface diagram, unearths that the optimization of SF content
and minimization of SD content bring a marked improvement
in FS. The above plots show the critical significance of SF in
augmenting the FS and give a coherent understanding of the
most favorable mix design parameters. All these suggest that the
inclusion of SF in concrete does have a beneficial effect on FS
through the experimental findings, contour plot, and response
surface diagram. Results are in accordance with the efficacy of SF
in order to increase the resistance of the material against forces
of deformation, as suggested in previous investigations (Osei and
Jackson, 2016; Huda Suliman et al., 2019). Visual representation of
the contour plot and response surface diagram both supported the
relation between mix proportions and FS values, proving SF content
optimization. Integration with this sustainable compound will be
able to produce concrete composites that will have improved FS and
more competent structural behavior.

4.4 Modulus of elasticity (MOE)

The experimental results of MOE conducted on sustainable
concrete composites are shown in Figure 7. The data analysis

indicates a noticeable and significant effect of adding steel fibers
(SF) on the modulus of elasticity (MOE) of the concrete. Mixtures
containing a higher percentage of SF typically show raised MOE
values, indicating raised stiffness and elastic characteristics. MOE
was not experimentally calculated but was determined by the
standard formula represented in Equation 1.

Moduluso f Elasticity =MOE = 5000√ fc
′
,where fc

′ = 28dayCS
(1)

The MOE was found to be unique for each mix, such as,
SD0%SF 0% (23.98 GPa), SD3%SF0.5% (24.24 GPa), SD6%SF1%
(25.19 GPa), SD9%SF1.5% (20.63 GPa), SD12%SF2% (20.31 GPa),
SD3%SF0% (22.91 GPa), SD6%SF0% (22.25 GPa), SD9%SF0%
(20.46 GPa), SD12%SF0% (18.03 GPa), SD12%SF1% (18.91 GPa),
SD3%SF1% (25.44 GPa), and SD6%SF2% (25.44 GPa). In the
SD6%SF2% mix, there was an improvement in the MOE value of
25.44 GPa, which had a statistical significance value. This would,
therefore, imply that the material showed improved stiffness and
structural integrity.

These results were compatible with the previous research that
investigated the effect of SF on the MOE of concrete composites.
Several studies have concordantly reported that the inclusion of
SF in a composite material increases its stiffness and resistance
to deformation (Abdul Awal et al., 2016a; Amin et al., 2022). The
addition of SF shows an increase in the loading capacity of the
material and resistance to some external force. Hence, the MOE
is improved significantly. The obtained results from the conducted
study are in complete compliance with other studies that suggest SF
can be well used as an improved, effective source of the mechanical
properties in the sustainable concrete blend.

TheMOEat 28 days of curing is illustrated in Figure 8 using both
a 2D plot and a 3D response diagram. These graphical illustrations

Frontiers in Materials 09 frontiersin.org

https://doi.org/10.3389/fmats.2024.1428700
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Waqar et al. 10.3389/fmats.2024.1428700

FIGURE 6
2D contour plot (Left) and 3D response surface diagram (Right) of FS at 28 days of curing.

FIGURE 7
MOE results at 28 days of curing.

help visually justify the relationship between themixing proportions
and the resultantMOEvalues.The contour plot and response surface
diagram are utilized to clearly illustrate the impact of varying levels
of SF and SD on the modulus of elasticity (MOE) of the concrete
composite. The diagrams show that maintaining a high content of
SF while minimizing SD leads to a significant improvement in MOE
(Devadasu et al., 2020; Abdul Awal et al., 2016b). This visualization
underscores the critical role of SF in boosting the material’s rigidity
and elasticity.

Overall, the results of the experiments, along with the graphical
representations, demonstrate that SF significantly affects the MOE
of the eco-friendly concrete composite. These outcomes are
consistent with prior research, confirming SF’s effectiveness in
increasing the stiffness and resistance to deformation of the
material (Amin et al., 2022; Frazão et al., 2022). The contour plots
and response surface diagrams visually reinforce the relationship
between the mix proportions and MOE, highlighting the need
for optimizing SF content. This approach lays a robust foundation
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FIGURE 8
2D contour plot (Left) and 3D response surface diagram (Right) of MOE at 28 days of curing.

for developing concrete composites with enhanced rigidity and
superior structural performance through the sustainable integration
of SD and SF.

4.5 Environmental sustainability

4.5.1 Embodied carbon of concrete (EC)
Assessment of concrete environmental impact: this greatly

depends on the correct calculation of the EC of concrete. The
“embodied carbon” includes all the carbon dioxide (CO2) emissions
that are attributed to the production and transportation of materials
for use in concrete composition. The current study found the
individual EC values of thematerials for the determination of overall
EC associatedwith eachmixture. To this end, the resulting quantities
ofmaterials used in themixture proportionsweremultiplied by their
corresponding EC values in order to ascertain the EC associated
with eachmixture (He et al., 2022; Lehner et al., 2020).Thus, formix
SD6%SF1%, respective quantities of cement, SD, fine aggregate (FA),
and coarse aggregate (CA) are to be multiplied by their respective
EC values. The aggregate EC linked with this particular blend is
subsequently the result of adding the respective contributions. The
EC metrics allow incorporating the ecological footprint assessment
associated with single blends. It is in these lines that the findings
may offer significant perspectives to the carbon emissions linked
to the manufacturing and utilization of the concrete composite
(Huda Suliman et al., 2019; Zaid et al., 2021). It enables researchers
and professionals to easily compare the different blends and come
up with easily identifiable alternatives that will portray a reduced
ecological footprint.

A properly designed concrete structure with the concept of EC is
of immense importance toward moving forward with sustainability

and reducing the emission of greenhouse gases.Thismakes it feasible
to manufacture concrete composites that will show the reduced
level of EC by optimal combinations of ingredients and contribute
significantly to the efforts aimed at the spread of such mitigating
climate changes (Bolooki Poorsaheli et al., 2021; Waqar et al.,
2023b). Thus, derived EC metrics will allow the evaluation of the
ecological efficiency for the new eco-friendly concrete composite
and allow informed judgments in the choice and formulation of
materials.

As seen in Figure 9 SD0%SF0% is having the minimum EC of
the aggregates, quantified to be 210.081 kg of carbon dioxide. The
material used comprises cement, sand, and coarse aggregate, but
without any SD and SF. The omission of SD and SF results in a
significant decrease in the EC in comparison to alternative mixtures
that incorporate these constituents. SD3%SF0.5% comprises a
minute proportion of SD (0.378 kg) and a minimal percentage of SF
(0.5%), resulting in a total EC of 211.704 kg CO₂. The incorporation
of SD and SF results in a marginal increase in the EC, albeit
insignificant owing to the limited amounts employed. The aggregate
EC content of SD6%SF1% mixture amounts to 213.238 kg of carbon
dioxide. The composition comprises an elevated proportion of SD,
specifically 0.756 kg, and a 1% concentration of SF. The augmented
quantities of said materials lead to a greater EC in contrast to
the preceding blends. SD9%SF1.5% indicates a cumulative EC
of 214.906 kg of carbon dioxide. The composition comprises a
greater ratio of SD, weighing 1.134 kg, and SF, constituting 1.5%
of the mixture. The augmented quantities of said materials result
in an elevated carbon footprint in contrast to the preceding
blends. SD12%SF2% exhibits a significantly elevated EC value of
216.485 kg CO₂, which can be attributed to the comparatively
larger proportions of SD (1.512 kg) and SF (2%) present within its
composition (He et al., 2022; Lehner et al., 2020). The augmented
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FIGURE 9
EC of mixes.

ratios of these substances substantially contribute to the elevated
carbon footprint observed in this blend.

The findings of the critical analysis indicate that there is a
positive correlation between the quantities of SD and SF in the
mixes and the EC. The utilization of SD, a byproduct of the
timber industry, exhibits a comparatively reduced EC in contrast
to cement and SF. On the other hand, SF exhibit an elevated EC as
a result of the energy-intensive production procedures implicated
in steel fabrication. The dissimilarities in EC across the mixes can
be ascribed to the differing ratios of SD and SF. The evaluation
of the performance-enhancing attributes of SD and SF and their
corresponding EC is a crucial consideration. The optimal mix
proportions should endeavor to attain a harmonious equilibrium
between the attainment of targeted mechanical characteristics and
the reduction of EC. Overall, the EC values of the mixtures are
consistent with prior research that has emphasized the influence of
diverse materials on carbon emissions (Basser et al., 2021; Shoughy,
2013). The findings accentuate the significance of the selection of
materials and the design of the mixture in mitigating the ecological
impact of concrete constructions. Sustainable concrete solutions
can be attained through the optimization of mix proportions,
taking into account both performance and environmental impact
(Lehner et al., 2020; Osei and Jackson, 2016). Further, Figure 10
indicates the 2D contour plot and response surface diagrams
constructed on the basis of EC results. It is clearly indicated that
addition of steel fiber have resulted in increasing the EC of concrete
because of its high value of EC as compared to other materials
in concrete. The comparative impact of addition of steel fiber and
SD shows that SF are not suited for minimizing EC after certain
level. SD shows less impact or change in EC because of its low
EC value.

4.5.2 Eco-strength efficiency
TheEco-strength efficiency (ESE)metric is utilized in evaluating

the environmental effectiveness of concrete blends. This is achieved
by analyzing the ratio of CS to the total EC. The ESE values
were computed for every Mix ID, which denotes distinct ratios
of SD and SF in the concrete mixture, as indicated in Figure 11.
By examining the ESE values, one can obtain valuable insights
regarding the influence of incorporating SD and steel fiber on the
environmental efficacy of the concrete blends. Mixtures containing
lower proportions of SD and SF, such as SD0%SF0%, SD3%SF0.5%,
and SD3%SF0%, demonstrate comparatively elevated ESE values
(0.109, 0.111, and 0.100, respectively). The aforementioned
blends exhibit superior ecological robustness efficacy, denoting an
elevated compressive potency attained per EC unit. Incorporating
restricted quantities of SD and SF into these blends facilitates a
more eco-friendly equilibrium between potency efficacy and EC
(Kropidłowska, 2022; Lehner et al., 2020). An upward trend in ESE
values is observed as the proportions of SD and SF in the mix design
increase. The blends comprising SD6%SF1%, SD9%SF1.5%, and
SD12%SF2% exhibit reduced ESE values, specifically 0.119, 0.079,
and 0.076, correspondingly. Elevated levels of SD and SF lead to
a rise in the EC content, thereby diminishing the efficacy of eco-
strength. This implies that although these blends may demonstrate
enhanced mechanical characteristics, they are accompanied by
elevated levels of carbon emissions. It is noteworthy that the
blends that lack SF addition, namely, SD6%SF0%, SD9%SF0%, and
SD12%SF0%, exhibit comparatively reduced ESE values (0.094,
0.079, and 0.062, respectively). The findings suggest that the eco-
strength efficiency is only marginally improved when SD is used
as the sole reinforcement material in the absence of SF. The text
highlights the importance of SF in enhancing the mechanical
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FIGURE 10
2D contour plot (Left) and 3D response surface diagram (Right) of EC at 28 days of curing.

FIGURE 11
Eco-Strength Efficiency of mixes.

characteristics of a material while simultaneously maintaining
a balance with environmental factors (Shoughy, 2013; He et al.,
2022). Mixtures with higher levels of SF, such as SD12%SF1%
and SD6%SF2%, show moderate Eco-Strength Efficiency (ESE)
values of 0.067 and 0.120, respectively. These mixtures successfully
achieve a balance between enhanced strength properties

through the incorporation of SF and effective control of the
associated EC.

The findings indicate that attaining an optimal eco-strength
efficiency in concrete necessitates a meticulous choice of mix
proportions, particularly with regards to the addition of SD and
SF. Through the reduction of SD and steel fiber quantities or the
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FIGURE 12
2D contour plot (Left) and 3D response surface diagram (Right) of ESE at 28 days of curing.

utilization of sustainable material alternatives, it is feasible to attain
elevated ESE values and mitigate the ecological repercussions of
concrete (Prabath and Ramadoss, 2022; Zarei et al., 2022). The
aforementioned results are consistent with prior research that has
emphasized the compromises between strength-related capabilities
and the amount of carbon embodied in a given system. The findings
underscore the significance of taking into account sustainable
materials and mix designs in order to attain eco-efficient concrete
solutions that strike a balance between mechanical properties and
environmental factors (Waqar et al., 2023a; Wang et al., 2023). The
same effect is indicated in Figure 12 where both 2D plot and 3D
response diagram show reduction in ESE as SF content is increased
as compared to addition of SD.

4.6 Response surface models’ analysis of
variance (ANOVA)

Table 3 presents the ANOVA table, which furnishes statistical
data pertaining to the significance of the response surface model
concerning CS. The aforementioned statement implies that the
model adeptly captures the correlation between the variables A-
SD and B-SF, and the dependent variable, CS. Moreover, it can
be observed that the individual factors A-SD and B-SF exhibit
significant impacts on the CS, as indicated by the p-value being
less than 0.0001. The CS of the concrete mix is significantly
affected by two factors, namely, SD (A-SD) and SF (B-SF). The
statistical analysis reveals that the interaction term AB, involving
A-SD and B-SF, significantly impacts the compressive strength
(CS) of the material, evidenced by a p-value of 0.0315. This
analysis includes details about the residual inconsistency, which

denotes the unaccounted-for variation remaining after applying
the model, with a residual mean square value of 1.62 highlighting
the magnitude of unexplained variability. This residual variability
arises from the components of lack of fit (LOF) and pure error
(Kropidłowska, 2022; He et al., 2022).

Further, ANOVA statistics for split tensile strength (STS)
demonstrate the statistical significance of both the model and
its individual factors. The model shows a very high level of
significance (p-value <0.0001), indicating its capability to accurately
represent the observed fluctuations in STS. The factors A-SD (SD),
B-SF (SF), and their combined effect AB all exhibit remarkable
impacts on STS, with p-values less than 0.0001, confirming their
high significance as shown by their high F-values and low p-
values (Gao et al., 2022; Khan et al., 2022). The residual variability,
encompassing lack of fit and pure error, is comparatively small
relative to the explained variation of the model. In summary, the
ANOVA results validate the model’s effectiveness and the significant
influence of the variables A-SD, B-SF, and their interaction on the
mechanical properties of the material, particularly affecting split
tensile strength.

ANOVA on Flexural Strength (FS) reveals that both the model
and individual factors exhibit significant statistical influence. The
statistical model is highly significant (p-value <0.0001), indicating
its capability to explain observed variations in FS. Notably, factors A-
SD (SD) and A2 (squared SD) are identified as having considerable
impact on FS, supported by their low p-values of less than 0.0001
and 0.0008, respectively. The B-SF factor, related to the inclusion of
SF, shows a comparatively elevated p-value of 0.0667, indicating a
lesser influence on FS. p-values greater than 0.05 for the interaction
term AB and the squared factor B2 suggest these factors do not
significantly affect FS (Zarei et al., 2022; Lee et al., 2022).
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TABLE 3 ANOVA statistics.

Response Source Sum of squares Df Mean square F-value p-value > F Significance

CS Model 312.33 3 104.11 64.19 <0.0001 Significant

A-SD 275.03 1 275.03 169.56 <0.0001

B-SF 67.53 1 67.53 41.64 <0.0001

AB 9.61 1 9.61 5.92 0.0315

Residual 19.46 12 1.62

Lack of Fit 19.46 7 2.78

Pure Error 0.0000 5 0.0000

STS Model 4.89 3 1.63 152.48 <0.0001 significant

A-SD 3.95 1 3.95 369.41 <0.0001

B-SF 1.71 1 1.71 160.40 <0.0001

AB 0.5099 1 0.5099 47.74 <0.0001

Residual 0.1282 12 0.0107

Lack of Fit 0.1282 7 0.0183

Pure Error 0.0000 5 0.0000

FS Model 125.72 5 25.14 35.30 <0.0001 significant

A-SD 58.90 1 58.90 82.70 <0.0001

B-SF 3.01 1 3.01 4.23 0.0667

AB 0.5998 1 0.5998 0.8422 0.3804

A2 16.07 1 16.07 22.56 0.0008

B2 2.74 1 2.74 3.84 0.0784

Residual 7.12 10 0.7122

Lack of Fit 7.12 5 1.42

Pure Error 0.0000 5 0.0000

MOE Model 95.63 2 47.81 75.49 <0.0001 significant

A-SD 84.76 1 84.76 133.84 <0.0001

B-SF 17.48 1 17.48 27.61 0.0002

Residual 8.23 13 0.6333

Lack of Fit 8.23 8 1.03

Pure Error 0.0000 5 0.0000

EC Model 61.36 5 12.27 18,788.12 <0.0001 significant

A-SD 0.5051 1 0.5051 773.42 <0.0001

B-SF 39.49 1 39.49 60,468.34 <0.0001

AB 0.0007 1 0.0007 1.11 0.3169

(Continued on the following page)
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TABLE 3 (Continued) ANOVA statistics.

Response Source Sum of squares Df Mean square F-value p-value > F Significance

A2 0.0007 1 0.0007 1.01 0.3391

B2 0.0111 1 0.0111 16.95 0.0021

Residual 0.0065 10 0.0007

Lack of Fit 0.0065 5 0.0013 90,313.25 <0.0001 significant

Pure Error 7.232E-08 5 1.446E-08

ESE Model 0.0068 3 0.0023 64.01 <0.0001 significant

A-SD 0.0061 1 0.0061 173.87 <0.0001

B-SF 0.0012 1 0.0012 35.39 <0.0001

AB 0.0002 1 0.0002 5.54 0.0364

Residual 0.0004 12 0.0000

Lack of Fit 0.0004 7 0.0001

Pure Error 0.0000 5 0.0000

For Modulus of Elasticity (MOE), the ANOVA demonstrates
the model’s high level of significance (p-value <0.0001), affirming
its effectiveness in explaining variability in MOE. Both A-SD and
B-SF are significant factors affecting MOE, as evidenced by their
very low p-values (less than 0.0001 and 0.0002, respectively)
(Kropidłowska, 2022; Zarei et al., 2022). The residual variability,
which includes lack of fit and pure error, is relatively small compared
to the explained variation, underscoring the model’s adequacy
(Khan et al., 2022; Köksal et al., 2022).

In terms of Embodied Carbon (EC), ANOVA findings also
show a high level of significance for the model (p-value <0.0001),
highlighting its capacity to account for observed fluctuations in EC.
Both A-SD and B-SF significantly influence EC, as indicated by their
low p-values (less than 0.0001). However, the interaction term AB
and the squared terms A2 and B2 do not show significant impacts
on EC, demonstrating the primary influence of individual factors A-
SD and B-SF on EC (Prabath and Ramadoss, 2022; Lee et al., 2022).
Overall, ANOVA results validate the significance of the statistical
model and highlight the considerable impact of individual factors
and their combinations in predicting the mechanical properties
and environmental impact of concrete composites, guiding material
selection and mixture optimization for enhanced sustainability.

For eco-strength efficiency, the statistical significance of the
model is notable, with a p-value of less than 0.0001, indicating
the model’s strong ability to explain the observed variations in
eco-strength efficiency. Both A-SD (SD) and B-SF (SF) significantly
influence eco-strength efficiency, as shown by their low p-values
(<0.0001). Moreover, the interaction term AB also shows a
significant impact on eco-strength efficiency, evidenced by its p-
value of 0.0364 (Wang et al., 2023; Fattouh et al., 2023). The residual
variability, which includes components of lack of fit and pure error,
is minimal compared to the variation explained by the model

(Gao et al., 2022; Lee et al., 2022). This robust statistical foundation
supports the model’s effectiveness in assessing and optimizing eco-
strength efficiency, demonstrating the significant influence of both
individual material components and their interactions.

From Table 4, the validation metrics of the models would
include the R-squared, Adeq Precision, and others for each response
variable. Coefficient of determination, as commonly referred to, R-
squared, denotes how the variations in a dependent variable are
explained by one or several independent variables in a model. Adeq
Precision.

Adeq Precision performs evaluation using signal-to-noise
ratio and checks the suitability of the model for predictive
purposes (Kropidłowska, 2022; Abdulridha et al., 2022). Coefficient
of determination (R-squared) is 0.9413 for CS, which explains
that this model can independently explain about 94.13% of the
variations in CS. The R-squared coefficient being high shows a
strong relationship between independent and dependent variables
that are CS’s variables. Adeq Precision is 19.7471, which indicates
that the model is predicting CS at a satisfactory level of precision.
The Adeq Precision value for Adeq Precision should be generally
above 4 (Wang et al., 2023; Fattouh et al., 2023). Coefficient of
determination (R-squared) for the STS model is 0.9744, an
indication that the model explains about 97.44% of the total
variation observed in STS. A high value of R-squared is an indication
of a very good relationship between the predictors and STS. The
Adeq Precision value of 28.0558 infers that the model has an
excellent level of precision when predicting STS. The coefficient of
determination (R-squared) for FS is at 0.9464, hence about 94.64%
of the variation observed in FSmay be explained by themodel. High
R-squared means a strong association between the independent
variables and the dependent variable, i.e., FS (Kropidłowska, 2022;
Abdulridha et al., 2022). An Adeq Precision score of 14.9179
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TABLE 4 Model validation statistics.

Model validation constraints CS STS FS MOE EC ESE

Std. Dev 1.27 0.1034 0.8439 0.7958 0.0256 0.0059

Mean 21.40 2.18 6.82 22.99 212.99 0.1004

C.V.% 5.95 4.74 12.38 3.46 0.0120 5.91

PRESS 33.10 0.2127 28.59 11.36 0.0240 0.0007

−2 Log Likelihood 48.54 −31.82 32.46 34.78 −79.45 −123.35

R-Squared 0.9413 0.9744 0.9464 0.9207 0.9999 0.9412

Adj R-Squared 0.9267 0.9680 0.9196 0.9085 0.9998 0.9265

Pred R-Squared 0.9002 0.9576 0.7848 0.8906 0.9996 0.8992

Adeq Precision 19.7471 28.0558 14.9179 22.3676 392.696 19.6894

BIC 59.63 −20.73 49.09 43.09 −62.82 −112.16

AICc 60.18 −20.19 53.79 42.78 −58.12 −111.61

suggests that the level of precision themodel possesses in forecasting
FS is moderate. While this is the case of MOE, the coefficient of
determination (R-squared) is 0.9207, pointing towards a fact that the
model can explain about 92.07% of the variations observed in MOE.
Adeq Precision at the value of 22.3676 indicates that the model has
the precision in prediction of MOE with a high degree of precision
(Wang et al., 2023; Fattouh et al., 2023).

The relationship between the predictors and EC is very strong,
with the R-squared at 0.9999. The R-squared coefficient is high,
hence indicating a large fraction of the variation in EC is explained
by the model. Adeq Precision score is 392.696, which signifies that
the model has precision in predicting EC to a very high degree.
The R-squared of 0.9412 for ESE indicates that the model gives an
indication of about 94.12% variability within ESE. A score of 19.6894
for the Adeq Precision suggests that the model has a high precision
level in predicting ESE (Zarei et al., 2022; Mujalli et al., 2022).

In general, the relationship among all the predictors and the
response is strong, indicated by large R-square values. In addition,
the values of Adeq Precision show the models are able to make
predictions within a limit of precision for the respective response
variable (Osei and Jackson, 2016; Ghafari et al., 2014). The data
given proves statistically the dependability and effectiveness of
the response surface models in predicting the properties of the
concrete mixes.

Equation 2 through (7) have been derived using ANOVA
and model validation statistics. The above six equations represent
mathematical relationships between the predictor variables A and
B and their respective response variables CS, STS, FS, MOE, EC,
and ESE. The coefficients in the above equations were determined
through statistical analysis. Also, these statistical indicators used
to validate the model, such as R-squared, Adequate Precision,
and other metrics, are evaluations of the effectualness and
preciseness of the model in forecasting the responses (Dilip et al.,
2014; Abdul Awal et al., 2016b). The above statistics validate the

reliability and predictability of the developed equations. The above
mathematical Equations 2–7 are reliable representations of the
relationships that exist between the predictor variables and the
response variables. Further support even comes from ANOVA and
validation model statistics, depicting the reliability of the source.

CS = 22.350− 7.680A+ 3.250B− 2.190AB (2)

STS = 2.320− 0.919A+ 0.517B− 0.505AB (3)

FS = 6.436− 6.188A+ 0.734B− 0.570AB+ 4.624A2 − 1.071B2 (4)

MOE = 23.430− 4.163A+ 1.462B (5)

EC = 213.258+ 0.573A+ 2.659B− 0.019AB− 0.029A2 + 0.068B2

(6)

ESE = 0.104− 0.036A+ 0.013B− 0.009AB (7)

The predicted versus actual plot and the normal probability
plot of residuals are two important graphical methods used in
model validation and checking the adequacy of fit of regression
models. These are presented from Figures 13–18. The normal
percentage probability in relation to externally standardized
residuals and the correlation between the expected and actual
values are illustrated by these instruments, respectively. The
present study involved the construction of plots for a set of
response variables, namely, CS, STS, FS, MOE, EC, and ESE. The
customary approach for visualizing residuals involves plotting
the externally studentized residuals against their corresponding
normal percentage probabilities on a normal plot. Assuming
normality of residuals, the data points depicted on the graph
are expected to cluster near the linear regression line. Uniform
distribution of points along a line is indicative of normal distribution
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FIGURE 13
Normal plot of residuals (left) and predicted vs. actual (right) of CS.

FIGURE 14
Normal plot of residuals (left) and predicted vs. actual (right) of STS.

of residuals, thereby confirming the model’s assumption of
normality. This implies that the model effectively encompasses
the diversity present in the dataset (Osei and Jackson, 2016;
Abbass et al., 2018).

The plot depicting predicted versus actual values facilitates
a comparison between the predicted values derived from
the regression model and the observed values. Ideally,
the alignment of points on the plot should be in close
proximity to the diagonal line, which signifies a high level
of concordance between the predicted and actual values.

When the data points exhibit a tight clustering around the
diagonal line, it is indicative of a favorable correspondence
between the prognostications of the model and the actual
observed data.

The uniform distribution of points on or near the standard
line in both plots indicates a favorable goodness-of-fit for the
regressionmodels of CS, STS, FS,MOE, EC, and ESE.The normality
assumption is validated by the normal distribution of residuals as
depicted in the normal plot (Memon et al., 2017; Memon et al.,
2018). The plot comparing predicted values to actual observations
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FIGURE 15
Normal plot of residuals (left) and predicted vs. actual (right) of FS.

FIGURE 16
Normal plot of residuals (left) and predicted vs. actual (right) of MOE.

demonstrates a high degree of correspondence between the model’s
predictions and the observed values, suggesting that the models are
dependable and precise in forecasting the response variables (Turner
and Collins, 2013; Collins, 2010). In general, the aforementioned
plots offer empirical support that the regression models pertaining
to CS, STS, FS, MOE, EC, and ESE are appropriately fitted
and may be deemed suitable for subsequent scrutiny and
explication.

4.7 Multi-objective optimization

Table 5 displays the statistical data pertaining to multi-objective
optimization, wherein diverse input factors (SD and SF percentages)
are optimized with the aim of attaining the desired objectives for the
output factors (namely, CS, split tensile strength, FS, MOE, EC, and
eco-strength efficiency). The objective of optimization outcomes is
to identify themost favorable values of the input variables that satisfy
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FIGURE 17
Normal plot of residuals (left) and predicted vs. actual (right) of EC.

FIGURE 18
Normal plot of residuals (left) and predicted vs. actual (right) of ESE.

the predetermined objectives for the output variables. The variables
SD and SF denote the proportions of two distinct constituentswithin
the amalgam.

These comprise the first range of SD values, which will be
from 0% to 12% and the second range of SD values at 0%–2%
for SF values, and in so doing, then form the boundaries for the
specified values for the optimization process. The output factors
deal with the varied attributes and characteristics found in the
concrete composition. The specified objectives for each factor are
defined as “in-range” or within a certain target range (Ahmed, 2017;
Memon et al., 2017). The optimization process aims at reducing the

number of ECs while improving the strength-related characteristics
and, at the same time, eco-strength effectiveness (Abbass et al., 2018;
Mangi et al., 2019).

These values obtained for the output factors were the outcome
of this optimization process. It has been found in this study that
values of other concrete strength parameters such as CS, split tensile
strength, and FS were within an acceptable limit along with MOE.
The study also evaluated EC, giving the optimized values of 3.67, and
eco-strength efficiency, giving the optimized values of 18.027. These
findings are helping in understanding the performance of concrete
and its effect on the environment (Sharba et al., 2022; Chigozie,
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TABLE 5 Multi-objective optimization statistics.

Factors Variable (input
factors)

Response (output factors)

SD
%

SF
%

CS Split tensile
strength

FS MOE EC Eco-strength
efficiency

Value Minimum 0 0 13 1.4 3.3 18.027 210.369 0.0615

Maximum 12 2 25.89 2.83 10.94 25.441 216.485 0.1215

Goal In range In range In range In range In range In range In range Minimize

Optimization results 11.8118 0.062991 13.85 1.4 3.67 18.027 211.272 0.065487

Desirability 0.934

2022). The above values give the best achievable values of output
factors with respect to the given ranges of input factors.

It is an overall quality of the optimized solution, with the
desirability achieving 0.934. In fact, the numerical value equal to 1
would indicate that all the output factors have accurately achieved
their intended objectives with the greatest possible precision. The
obtained desirability value of 0.934 shows that the optimized
solution is really very desirable, seeing how closely it approaches the
desired objective for the output factors. It is the process of multi-
objective optimization that provides compromise points toward
the equilibrium among diverged objectives, which are conflicting
among themselves (He et al., 2022; Fattouh et al., 2023). Its nature
is to give and take among the merits and demerits of a variable in
order to reach an optimal resolution. The reason for this process
of optimization in this case is to find the favorable amalgamation
of input factors, which will make available for maximum strength
properties with minimum EC and the best utilization of materials.
This is further reinforced by the outcomes of multi-objective
optimization that tend to suggest that it is theoretically viable to
have a suitable concrete mix with the desired properties with a
careful proportion of SD and SF (Wang et al., 2023; Fattouh et al.,
2023). Through the optimization of input variables, it is feasible to
achieve a blend that satisfies predetermined objectives for strength
characteristics, EC, and eco-strength efficiency, thereby presenting a
concrete solution that is more sustainable and efficient.

The ramp diagram, indicated in Figure 19, is a visual depiction
that illustrates the outcomes of the optimization procedure. The
graphical representation illustrates the relationship between the
output factors, namely, CS, split tensile strength, FS, MOE, EC, and
eco-strength efficiency, and the input factors, specifically the SD and
SF percentages, as they undergo variation. The diagram depicting
a ramp showcases the correlation between the input and output
variables, accentuating the most favorable values attained via the
process of optimization (Waqar et al., 2023a; Waqar et al., 2023b).

4.8 Model validation

Table 6 displays the anticipated and observed outcomes for
diverse response parameters, encompassing CS, split tensile
strength, FS, andMOE.The analysis reveals a noticeable discrepancy

between the anticipated and empirical outcomes for every response
parameter. The expected CS is 13.85 MPa, while the empirical
value ranked slightly higher at 14.3 MPa, hence percentage error
ranked at 3.24%. The results show a marginal difference in split
tensile strength, where the expected value of 1.4 MPa is little smaller
compared to the observed experimental value of 1.43 MPa, thereby
giving an error of 2.14%. The FS, however, of imprecision is slightly
higher, as shown by the estimated value of 3.67 MPa compared to the
empirical value of 3.5 MPa, leading to a difference of 4.63%. Lastly,
MOE presents an empirical point of 17.5 GPa, comparing the lowest
levels of discrepancy with those of its estimation at 18.027 GPa, with
an error in measurement of 2.92%.

The noted errors, therefore, between the predicted and
experimental values suggest the presence of a discrepancy in
some of the model parameters by the RSM against the real
results from the experiment. The differences between the two
experiments could be ascribed to different factors, for example,
changes in the experimental conditions or limitations of the model’s
prediction capacity, or even hidden variables that influence the
dependent variables (Kropidłowska, 2022; Zarei et al., 2022). Most
importantly, it is critically important to assess the influence level
these errors could have on the model’s overall performance through
a critical analysis (Waqar et al., 2023b; Fattouh et al., 2023). This
easily reveals the magnitudes of the errors to enable one to judge
the reliability and accuracy of the RSM model, hence finding
areas of improvement. Further studies could be conducted to
identify the parameters responsible for the deviations and, hence,
model improvement in order to further the forecast precision
(Kropidłowska, 2022; Abdulridha et al., 2022). The terms computed
through RSM were found to be a very good framework for fitting
response variables. Nevertheless, the existence of such errors simply
reinforces the importance of validating and improving the model
with further experimentation tomake sure it is accurate and reliable.

5 Practical implication

The results of this research on sustainable concrete formulated
with sawdust and steel fiber have practical implications for the
construction industry. The improved mechanical properties, such
as enhanced compressive strength, split tensile strength, flexural
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FIGURE 19
Ramp Diagram indicating effective optimization.

TABLE 6 Comparison of model experimental and predictive results.

Responses Predicted Experimental Error (%)

CS 13.85 14.3 3.24

Split tensile strength 1.4 1.43 2.14

FS 3.67 3.5 4.63

MOE 18.027 17.5 2.92

strength, and modulus of elasticity, show the potential for creating
stronger and more durable concrete structures. By incorporating
sawdust and steel fibers, the performance of the concrete is not only
improved, but it also addresses sustainability by reducing embodied
carbon and enhancing eco-strength efficiency. This innovative
approach offers a practical solution for developing eco-friendly
concrete, paving the way for construction projects to meet higher
sustainability standards while maintaining structural integrity and
longevity.

6 Conclusion and outlook

The objective of the study was to assess the effect of different
combinations of SD and SF on the mechanical properties of

environmentally sustainable concrete through the aid of RSM.
This research aligns with the global sustainability goals. This
study utilizes the SD waste that help in reducing the waste and
incorporating that waste in concrete as a sustainable material
for construction, paving the way for innovative and sustainable
construction material. The study put forward an analysis regarding
the mechanical properties of concrete and quantification of EC,
a more accurate model of RSM, and the best proportional
combination ofmaterials to produce the sustainable concrete needed
for the work.

• For response surface models formation and multi response
optimization, the input variables for RSM consists of two
independent variables Saw dust (0%–12%) and Steel fiber
(0%–2%); while dependent variables are CS, STS, FS, MOE, EC
and ESE, which are predicted and adjusted.

• 2FI models were deemed significant for CS, STS and
ESE, while quadratic models were deemed significant
for FS and EC and liner model was significant
for MOE.

• After conducting an analysis of variance (ANOVA) with a 95%
confidence level and a 5% significance level, it was found that
the response models were statistically significant, as indicated
by the coefficient of determination (R2). This finding held
true even though the significance level was set at 5%, which
is below the 95% confidence threshold. For all the responses
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that were taken into consideration, R2 values ranging from
92.07% to 99.99%.

• Experimental investigation has revealed that addition of 6%
of saw dust with 2% steel fiber in concrete enhances the
CS, STS and MOE by 12.56%, 25.78% and 6% respectively.
Addition of steel fibers improves the mechanical characteristics
of concrete because of bridging the cracks and fiber provides the
additional support which results in improving the mechanical
properties.

• The RSM model showed a high accuracy in predicting the
reduced emission regarding EC. Model validation through
statistical analysis came with a considerably high value of R2,
rated at 0.9999, showing a strong association between the
variables. Further justification was on the validation of the
model since the predicted responses closely approximated the
experimental data. ESE, on the other hand, obtained acceptable
results from the analysis. On their part, the R2 value for the
RSM model was at 0.9412, whereas the precision of adequacy
was 19.6894.The predictionmade by ESEwas very accurate; the
errors in percent were very low, at 0.065%. Based on the carried
out model validation and statistical ANOVA tests, the model’s
statistical significance and accuracy for all considered variables
have been confirmed.

• The findings of multi-response optimization have revealed
that the variables attained their optimum values as follows:
saw dust exhibits a concentration of 11.811%, whereas steel
fibers have a concentration of 0.063%. The aforementioned
settings successfully achieved the intended enhancement
in characteristics while maintaining responsiveness. The
validation experiment of the models demonstrated a mismatch
of under 5% among the actual and anticipated values of
responses.

6.1 Future studies

To evaluate the long-term performance of eco-friendly
concrete, full-scale durability tests are essential, focusing on
freeze-thaw cycles, chemical degradation, and mechanical
stress resistance. Optimizing mix design through adjustments
in water-cement ratio, aggregate gradation, and additives
can enhance workability, strength, and durability while
reducing embodied carbon. Implementing genetic algorithms
or machine learning can further refine the mix. Life cycle
assessment (LCA) combined with cost analysis can compare the
environmental impacts of eco-friendly concrete to conventional
materials, aiding in the adoption of sustainable construction
practices.
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