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Lime is an important ingredient in lime concrete, with a carbon content of 0.76 kg CO,/kg. As the global
consumption of structural concrete increases, studies are being performed to substitute lime with
byproducts such as coconut fibre ash. A collection of waste materials in the form of ash or powder has
been recognised to have positive effects on the mechanical properties of concrete and its embodied
carbon. However, engineering properties in lime concrete are found to be positively affected by

many lime composite materials. While previous studies have made Coir Fibre Ash (CFA) well-known in
cementitious material, its potential usage in lime concrete has not yet been explored from a modern
applications standpoint. Instead of using the well-established empirical modelling testing approach,
such as the further Response Surface Methodology (RSM), the key mechanical characteristics of lime
concrete amended with CFA cannot be accurately modelled. This article employs an empirical approach
to investigate the impacts of substituting lime with CFA across a range of percentages, including

3%, 6%, 9%, 12%, 15%, and 18% in lime concrete. Compressive strength (CS), flexural strength

(FS), splitting tensile strength (STS), and modulus of elasticity (MOE) were investigated as potential
outcomes of CFA incorporation into concrete. Embodied carbon was calculated, with RSM applied to
refine the model to within a margin of error. Samples were collected at 7, 14, and 28 days. CFA was
shown to have a beneficial effect on CS, FS, STS, and MOE up to 6%; however, due to the prevalence
of silica dioxide in CFA and the high quantity of CaO in lime, no further improvement was seen

beyond that point. Moreover, embodied carbon and eco-strength productivity indicated considerable
improvement in modified lime concrete, confirming high sustainability. All the study’s variables were
determined to have statistically significant correlations. Concrete’s CS, FS, STS, and MOE may be
predicted with great accuracy using just the value of CFA as lime composites, thanks to the findings of
aresponse surface methodology (RSM) followed by an optimization process.

Keywords Lime concrete, CFA, Lime composites, Mechanical properties, Embodied carbon, Response
surface methodology (RSM) and optimization

Binders are essential components of concrete, one of the most widely used building materials in the world.
In most cases, cement is utilised as the binder in concrete, although lime is also often employed because of
its inexpensive cost and the delay in setting time it offers'. Limestone rocks are mined for their natural calcite
content, which is subsequently refined into a powder for use in building. Its also a common element in the
Earth’s crust>’. Calcium oxides make up more than 70% of lime and are responsible for its unique binding
properties*®. It may be used in building projects that need just a moderate amount of strength and can save
money®. Because of its unique chemical properties and less reliance on industrial processes, its incorporation
into building projects is also associated with a lower embodied carbon content than cement”®. Lime may be used
as a binder in concrete; however, even for inexpensive uses, it’s preferable to have a stronger, more long-lasting
material’.

In one study, RSM was used to optimize the compressive strength of CFA-modified concrete by varying the
percentage of CFA, lime, and water. The results showed that a maximum compressive strength was obtained
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through a CFA percentage of 5%, lime percentage of 15%, and water-binder ratio of 0.35!%. Another study used
RSM to explore the flexural strength of CFA-modified concrete by varying the CFA and lime percentages'!. The
outcomes exhibited that the determined flexural strength was reached with 6% CFA and 14% lime. The outcomes
exhibited that a determined modulus of elasticity was reached with 6% CFA, 14% lime, and a water-binder ratio
of 0.4. Overall, these studies demonstrate the usefulness of RSM in optimizing the properties of CFA-modified
concrete and identifying the optimal mix design of CFA and lime to achieve desired mechanical properties'!.

The addition of water to lime triggers a chain reaction known as hydration, which causes the lime and
aggregate to bond. Because of its inherent nature, lime drastically lowers concrete’s compressive strength!'?. To
solve this challenge, there is a need to identify both theoretical and practical approaches to replacing lime with
materials that have similar or the same effects'’. Lime concrete requires a binder concentration of at least 20% to
retain its form. Several naturally occurring materials may fall short when compared to lime. It plays a crucial role
in scientists’ efforts to find inexpensive ecological materials'*!*. Findings from the quest for other materials to
reduce concrete’s dependency on lime and make it more ecologically responsive have been positive!>. Based on
current understanding, researchers are beginning to investigate the topic of environmentally useless garbage”!°.
To fortify the sustainability of the lime concrete production and mitigate the environmental damage caused by
the sector’s explosive growth in recent decades, owing to the increasing usage of lime, studying naturally existing
resources is crucial!’. The natural fibre coir is obtained from the coconut husk. It is a kind of plant debris that has
dried out sufficiently to be burned!®!*. Coir Fibre Ash is the ash left over after the burning of many tons of coir
fibre each year, all over the world'"?. Recent studies have shown that agro waste is a plentiful resource that may
be used as a CFA because of its lignocellulosic nature?!*»3. Once again, this waste product finds economic use
as a lime substitute in the building sector. Historically, the material composition of CFA has suggested qualities
that are like those often seen in SCMs.

Multiple studies have shown CFA’s usefulness as a concrete additive. Researchers have observed that including
CFA in concrete as an SCM improves the material's mechanical characteristics. The concrete’s compressive
strength improved when CFA was added at concentrations lower than 20%2*2%. However, the study regarding the
application of CFA in a lime-based concrete remains underexplored, and the advanced methods like Response
Surface Methodology, which can help find the best mix, have rarely been utilised for this purpose. The proposed
study employed RSM to determine the optimal CFA concentration in lime concrete systematically. Moreover, the
environmental consequences of replacing lime with CFA need more in-depth investigation to balance material
performance and ecological benefits?®*. To address this, our study employs Response Surface Methodology
(RSM) to carefully model and optimise the effect of varying amounts of CFA on the mechanical properties of
lime concrete. We aim to find the optimal CFA content that replaces lime without forfeiting strength, develop
reliable models that connect mix proportions to performance, and validate these models to ensure their accuracy
for practical use. This approach goes beyond simply observing results, providing a predictive framework that
supports confident design of environmentally friendly lime concrete.

Sustainability analysis

Sustainability is critically important for concrete as a building material. With the development of technologies,
concrete has already received significant attention for its overlooked role in reducing its ecological impact. It is
one of the main rationales of existing studies that have utilised CFA along with lime in concrete!>?. Further,
the sustainability is linked with the creation of a major impact on expanding the use of CFA as a construction
material. Following the objectives of this study and aspects of sustainability, a detailed review was conducted,
and its summary is presented in Table 1. The major aspects observed from 20 studies are indicated from the
perspective of change in mechanical properties and sustainability of concrete?®?. The existing trends imply that
the concrete’s compressive strength, flexural strength, and tensile strength increased with the addition of CFA
in variable quantities. The critical aspect of analysis is that it points out the possible outcomes of using CFA in
concrete, and when lime is also present in it. It is clearly observed that the concrete involving CFA can bring
sustainability. Lime already improves the environmental compatibility of concrete by restoring the cement, and
adding CFA can potentially increase the mechanical properties as well!}3%3L, It is also observed that none of the
studies have used RSM for the development of models for predicting CFA in the presence of lime as a binder.
This supports the rationale for this study while also providing the latest overview of research trends indicating
positive impacts on concrete mechanical properties and sustainability.

Materials and methods
Material composition and properties
Fine and coarse aggregates met the standards set by ASTM C33-18, and both were sourced regionally®!. Lime
concrete was made by mixing different amounts of CFA with the lime (3%, 6%, 9%, 12%, 15%, and 18%) during
manufacture. It was determined that using less than 3% or more than 20% CFA was not feasible®>>*. Compared
to previous studies, which often use a 5% or 4% margin of error, a 3% margin of error was used.

Fine aggregate may be any size between 0.4 and 2.52 mm, whereas coarse aggregate was typically from
10 mm to 30 mm. Air lime (main binding material) was sourced from the local Perak, Malaysian market. Its
fineness modulus was 2.92, and its specific gravity was 2.68. Its loss on ignition was 33.5%°%. Figure 1 shows
the treatment of coir fibre ash. The coir fibers were first washed with distilled water, dried at 105 °C for 24 h, and
then subjected to controlled burning at 600 °C for 3 h in a muffle furnace to obtain coir fiber ash (CFA). The CFA
was ground to pass through a 75 pm sieve before use as a supplementary cementitious material. In Table 2, the
chemical makeup of air lime and CFA is shown. The choice of a water-binder ratio of 0.30 indicates that for every
unit of binder (in this case, lime), 0.30 units of water were used in the mixture. This fraction is a vital reason in
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%
Sr. | CFA
# | used | Impact on mechanical properties Impact on environment References
] ] 0 - P .

2 15-10 gl?::&ﬁ;s;we strength increased by 10% with a minor increase in A reduction in concrete cost by 7% is observed through analysis 30

2 5220 Enhance the compressive strength and tensile strength of concrete Environmental impact was positive with a reduction in CFA waste by 20% 33
by 7% locally

3 412 Improved compressive strength by 10% and a reduction in abrasion Cement consumption reduced at a moderate level while making concrete 34
of concrete greener by 15%

4 | 5-15 | Bending resistance improved in concrete by 13% with reinforcement Increase in durability and use of recycled materials by 10% 3

5 618 Concrete compressive strength improved by 5% with minor impact on | Added the use of waste by 20% and the reduction in embodied carbon of 36
tensile and flexural strength concrete by 10%

6 | 3-12 | Concrete compressive strength increased by 10% Green concrete is produced with 20% better performance in the environment | 7

7 | 3-15 | Tensile strength improved greatly by 15% An increase in environmental compliance occurred by 10%. 38

8 | 5-15 | Concrete microstructure improved with 10% more bonding strength | Improved the service life of concrete by 8% ¥

9 412 Increased compressive strength by 12% and created more resilience— High impact on the environment with the use of 30% recycled and waste I
abrasion materials in concrete

10 |4-12 Concrete strength-to-weight ratio increased by 5% with more impact | Improved embodied carbon ratio of concrete with greater feasibility of using 2
on tensile strength industrial waste by 15%

11 | 5-15 | Concrete compressive strength increased by 6% Reduced carbon emissions linked with cement use by 12% 2

12 2-10 Increased all mechanical characteristics with a major impact on tensile | Reduced cement consumption by 10% in concrete with minor deviation in 3
strength by 5% cost

- - o -
13 | 3-12 | Increased concrete compressive strength by 5% Increased environmental performance of concrete with 13% preservation of m
natural resources
- - TR o
14 | 3-12 | Increased overall mechanical performance by 8% on average f){relil\l;ijgtehe consumption of water with long durability-climate agents by 10% | 45
— - - - o
15 | 3-12 | Increased the tensile strength of concrete by 9% on average f—ﬁ;{ee:iiels positive environmental impact on concrete with 20% use of recycled | 4
- PO . -
16 | 4-12 i&cgj;fﬁd mechanical strength by 5% with the main impact on tensile Increased environmental suitability by 20% 47
17 | 2-10 | Flexural and tensile strength improved by 7% Cogcrgte carboon‘emlsswns are AreducedAb.y an increase in crack resistance, 48
indicating an 8%improvement in durability

18 | 2-10 | Concrete compressive strength increased by 10% Increase in environmental performance by 20% »

19 | 5-15 | All mechanical properties improved by 5% on average Increase in environmental compliance with a reduction in waste by 10% 4

20 | 5-15 | Increased cor;lpresswe strength by more than tensile and flexural Increased the carbon neutrality by 13% 0
strength by 8%

Table 1. Sustainability analysis summary
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Fig. 1. Treatment of coir fibre ash.

Burning

Grinding

concrete mix design because it completely influences the workability, strength, and endurance of the resulting
concrete. The ratio of W/B is usually lower, which in turn increases the strength and durability of concrete.
With respect to self-compacting mixtures, it is worth noting that an appropriate water-to-binder (W/B) ratio
is crucial, as it helps the mixture flow and fill formwork without requiring excessive vibration. The addition of
a water-reducing superplasticiser is a normal procedure in concrete mix design, especially in designing self-
compacting properties. Superplasticisers are additives which enhance the workability of lime mortars by ensuring
that cement particles disperse, lowering the required water content to ensure sufficient flowability®. This not
only improves the self-compacting characteristic of the concrete but also helps to bring down the water-binder
ratio. In this study, high-range superplasticizer water-reducing admixtures were employed, e.g. Lignosulfonates
(LS). The choice of LS is based on its effectiveness in improving the flow characteristics of concrete blends.
The 1.0% plasticizer concentration signifies that 1.0% of the total weight of lime used in the mix was dedicated
to the superplasticizer. This concentration is typically determined based on the desired workability and flow
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Chemical compound Lime (%) | CFA (%)
Silicon dioxide (SiO,) 0.14 36.34
Aluminium oxide (ALO,) | 0.11 21.30
Ferric oxide (Fe,0,) 0.17 5.32
Calcium oxide (CaO) 74.23 4,12
Magnesium oxide (MgO) | 0.74 1.43
Potassium oxide (K,0) 0.05 0.61
Sulphur trioxide (SO,) 0.01 1.11
Sodium oxide (Na,O) 0.01 0.95

Table 2. Chemical components of air, lime and CFA.

Airlime | CFA ‘ Fine aggregate (FA) | Coarse aggregate (CA) ‘ Water ‘ N
MixID | (kg/m?) | (%) | (kg/m3)
CL 576 0 0
CFA3L | 558 3 17
CFA6L | 541 6 35
CFA9L | 524 9 52 | 660 1840 173 1%
CFAI2L | 507 12 (69
CFA15L | 489 15 |86
CFA18L | 472 18 | 104

Table 3. Designed mix proportions for testing.

characteristics of the concrete mixture. The addition of the superplasticizer at this concentration is intended to
reduce the viscosity of the mixture, allowing it to flow more freely and self-compact.

RSM mix design and material proportioning

This research methodology is adopted on the air lime concrete (Air lime as a main binder) made of seven
mixtures blended with 0%, 3%, 6%, 9%, 12%, 15% and 18% of CFA as a replacement for lime in the mixture.
From seven mixtures, one mixture was prepared with air lime only and the remaining six mixtures were made
of different contents of CFA. However, the 1:1.15:3.20 mix ratio with a 0.30 water-binder ratio of lime concrete
was used in this research work. Moreover, the three lime concrete experiments were cast for compressive
strength (CS), splitting tensile strength (STS) and flexural strength (FS) of lime concrete incorporating many
contents of CFA as a substitute for lime in the mixture. Besides, the modulus of elasticity was computed based
on compressive strength output at 28 days. Moreover, Response surface methodology (RSM) is a mathematical
method for establishing and validating the relationship between independent variables and outcomes®**’. The
goal of this study is to find out how the 0%, 3%, 6%, 9%, 12%, 15%, and 18% CFA independent variables affect the
mechanical properties of the concrete?>8%. It involves the following stages: (1) design experimentations using
central composite design (CCD), (2) undertake research to gather responses (compressive strength, splitting
tensile strength, flexural strength, and modulus of elasticity), (3) establish the RSM mathematical method,
and (4) verify the proposed models and optimise the variables. All outcomes were modelled using a central
composite surface design with = 1 and a polynomial equation of the second order. A CCD was performed to
recommend 13 appropriate experimental trials that were evaluated for their mechanical properties. The type of
superplasticizer used was a high-range water reducer, such as Lignosulfonates (LS). Lime concrete with varying
concentrations of CFA was experimented with, and its hardened attributes were compared to®*¢!. Many different
RSM formulas exist, each with its own unique CFA to lime to water ratio. Experimenting with various mixes
led to the discovery of the reactions®>6454, Table 3 presents the seven different mix proportions of the concrete
samples made for mechanical property testing.

Mixing and testing

Mixing

Lime concrete mixing was performed in accordance with BS 1881 guidelines. Mixing time was 10 min for all the
mixes. CA and FA were tested before their use in mixing to optimise the mixing time and use the water content
more accurately. Superplasticizer was also considered for adjusting water content because lime already has a
high-water requirement in the presence of CFA**%>, All samples underwent standard temperature-controlled
water bath curing during the curing process.

Mechanical properties tests
Each lime concrete mix was tested for compressive strength; the size of the mould was 100 mm x 100 mm x
100 mm, and for split-tensile strength, concrete was molded into cylinders measuring 12 inches in length and
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Fig. 2. Experimental setup and testing of the specimen.
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Fig. 3. CS variation in lime concrete with the addition of CFA.

6 inches in diameter. For flexural strength testing, rectangular beams with dimensions of 18 inches in length, 6
inches in width, and 6 inches in height were prepared as samples for each mix.

Seven different mix ratios were made for the compressive strength test, one for each of the following
changes in CFA: 3%, 6%, 9%, 12%, 15%, and 18%. The loading pattern was conducted using a universal testing
equipment with a 500 kN capability in line with BS 1881%. Each sample was tested at 7, 14, and 28 days to assess
its compressive strength.

A splitting tensile strength (STS) test was performed using the 500 kN universal testing machine, and with
a custom-designed tensile testing arrangement. These cylinders were prepared based on the BS method of
enhancing the tensile strength of concrete. To avoid any damage, the loading rate?”*’. The tensile behaviour of
concrete was adequately evaluated thanks to the testing of the samples for 7, 14, and 28 days.

The ASTM C78 protocol for testing flexural strength was followed. Flexural strength testing was performed
by adjusting the testing unit and preparing custom beams for bending®. The study was repeated at 7, 14, and 28
days. Change in embodied carbon and eco-strength effectiveness was also assessed to justify the environmental
aspect of using CFA in lime concrete. Experimental setup and testing of samples can be seen in Fig. 2.

Results

Mechanical properties

Compressive strength

As can be seen in Fig. 3, according to the findings of compressive strength testing, the control trial (CL) reaches
a compressive strength of 12.00 MPa after 7 days, 16.19 MPa after 14 days, and 23.23 MPa after 28 days. A
minimum of 22 MPa is mandatory for structural applications after 28 days of curing for ACI 318. Conversely, up
to 6% CFA, increasing the CFA content, enhanced compressive strength. As measured by CFA3L, compressive
strength increased by 28.71% between 7 and 14 days and by 74.35% between 14 and 28 days, resulting in a total
gain of 124.41% over 28 days. Similarly, CFA6L showed increments of 16.17%, 64.23%, and 90.78% respectively.
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Lime microstructure is continuously evolving upwards, as seen by the rising tendency*®*7°. Combining the
chemical components of CFA with lime boosts its compressive strength. The development of calcium silica
hydrate has resulted in a stronger connection between the different components of concrete’’2. The standard
error of the manuscript is found to be nearly 0.05, which is significant enough to have a better impact on the
accuracy. Maximum compressive strength for CFA9C came in at 24.17 MPa, which is not very outstanding but is
still above average. However, when CFA was added to the mix at a concentration of 12%, the concrete’s internal
structure was radically changed, rendering it less ductile and unable to handle the load”!73. After 7 days, the
compressive strength of CFA12L concrete increased by 12.02% at 14 days and showed a further rise of 56.93%
at 28 days, resulting in an overall improvement of 75.54% compared to the 7-day strength. This significant
early-age strength enhancement at the 7-day mark in CFA12L can be attributed to the finely ground Coir Fibre
Ash (CFA), which appears to optimise strength during the initial curing period. However, it's noteworthy that
further increases in CFA content, as seen in CFA15L and CFA18L, did not result in additional improvements in
compressive strength. Increasing CFA content introduces higher porosity and weaker particle packing, which
possibly leads to a less dense microstructure and reduced load-bearing capacity’®. In contrast, when CFA was
added at a 6% concentration, an impressive comprehensive strength of 26.90 MPa was achieved. This noticeable
strength boost is primarily attributable to the exceptional fineness of CFA particles, surpassing other components
in filling the voids within the concrete matrix, particularly up to a 9% CFA content, where it serves as an effective
pozzolan. The strength of concrete reduces when additional CFA is included due to the diluting effect of CFA on
the lime in concrete!!. Waqar et al.!! carry out the same type of finding.

Flexural strength

The use of CFA has been shown in studies to boost flexural strength. Figure 4 shows that the control sample
exhibited a progressive rise in flexural strength, with a 21.94% increase from 7 to 14 days, a further 23.53% rise
from 14 to 28 days, and an overall improvement of 50.63% between 7 and 28 days. During the 28-day post-
curing period, the flexural strength is more than the 3.00 MPa minimum required by ACI. A further study found
that there was a proportional increase in flexural strength for every three-percentage-point rise in CFA. The
flexural strength of CFA3L increased by 17.55% from 7 to 14 days, followed by a further 28.51% rise between 14
and 28 days, resulting in an overall improvement of 51.06% over the 28 days. The fact that CFA may boost lime
concrete’s flexural strength demonstrates that the concrete’s crystalline structure, wherein many of lime’s chemical
components were experiencing physical change, has been strengthened. CFA concentrations of 6 per cent had
the desired effect on behavior. The flexural strength of CFA9L increased by 20.62% from 7 to 14 days, by 25.21%
from 14 to 28 days, giving an overall improvement of 51.03% over 28 days. The inability of either CFA15L or
CFA18L to improve the flexural strength of lime concrete indicates a breakdown of the binder. With such a high
silica concentration, the CFA has very little opportunity to contribute to the chemical reactions**7>7¢. Because
lime is also deficient in compounds besides calcium oxide, a significant proportion of silicone dioxide (SiO,)
remained in concrete after the lime components had reacted with the whole quantity of calcium!®””7%, Due to
CFAJ9L, the flexural strength of concrete increased from 3.56 MPa after 28 days to 3.62 MPa. The enhancement
in strength properties is attributable to the fineness of CFA relative to the lime used to fill the voids left by all the
other elements that make up concrete!l. The standard error is nearly 0.05, which signifies the acceptability of
the results. The reduction in flexural strength monitored following the insertion of 12% Coir Fibre Ash (CFA)
in the concrete mixture can be primarily attributed to the highest CFA concentration used. At this level, CFA
tends to absorb an excessive quantity of water, resulting in the disposition of a relatively rigid concrete mixture.
This excessive water absorption can lead to a suboptimal mixture, characterised by inadequate workability and
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Fig. 4. FS variation in lime concrete with the addition of CFA.
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increased susceptibility to segregation, ultimately contributing to the observed decline in flexural strength.
In essence, the imbalance between water content and CFA concentration at this level negatively impacted the
mixture’s cohesiveness and, consequently, its flexural strength. The same type of investigation was conducted by
Wagqar et al.!l.

Split tensile strength

Since lime primarily provides compressive binding force, split tensile strength (STS) is lacking in lime concrete.
Figure 5 depicts the control sample exhibited a progressive increase in STS, with a 38.94% rise between 7 and 14
days, a further 45.22% improvement between 14 and 28 days, resulting in an overall gain of 101.77% over the 28-
day curing period. With an STS of over 1.8 MPa after 28 days of curing, as specified by the ACI, the concrete meets
all requirements. It was also shown that the STS dropped with a 3% rise in CFA. The STS of CFA3L increased
by 31.96% between 7 and 14 days, followed by an additional 42.97% rise from 14 to 28 days, resulting in an
overall improvement of 88.66% over the 28-day curing period. The first thing to note here is that calcium oxide
coming from CFA enhances the tensile strength of lime concrete’>®. Lime requires a strong binding force'>?’.
Conversely, the STS performed with a diminishing trend as the amount of Coir Fibre Ash (CFA) was increased
because of a decrease in the binder concentration. STS of CFA6L was the greatest, which was 2.31 MPa in a 28-
day curing regime. This occurrence can be ascribed to the interface between CFA and the chemical components
of lime during the curing process. CFA serves to reinforce the bond between these components by reacting with
them and filling in gaps that may occur as the lime expands during curing. Furthermore, CFA6Ls maximum
tensile strength was established, indicating its peak performance under the given conditions. It is of note that the
flexural strength of CFA-modified concrete is strongly correlated with tensile strength and compressive strength,
with a standard error of 0.05, and the results are also statistically significant, showing a consistent tendency.
Moreover, as the CFA replacement percentage increased by 6%, reflecting improved material durability, the
STS also exhibited enhancement. Specifically, the STS increased from 2.28 to 2.31 MPa after passing 28 days of
exposure to CFA6C in a controlled laboratory setting. This augmentation in STS can be ascribed to the greater
specific surface area of CFA associated with cement, allowing it to effectively occupy any remaining voids in the
concrete matrix. Importantly, the rise in CFA content may lead to a decrease in the concentration of calcium
hydroxide available for product formation due to the consumption of calcium hydroxide by CFA during the
chemical reactions that enhance concrete strength.

Modulus of elasticity (MOE)

Elasticity was further quantified by calculating the modulus of elasticity (MOE), which demonstrated that larger
MOE values suggested lower flexibility. Strain occurs whenever there is a deformation in the specimen’s shape
owing to compression forces**#!2, The standard error in the results is around 3 GPa, indicating uniformity in
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Fig. 5. TS variation in lime concrete with the addition of CFA.

Scientific Reports|  (2025) 15:45623 | https://doi.org/10.1038/s41598-025-30132-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

30.00

25.00

20.00

15.00

10.00

Modulus of Elasticity (GPa)

5.00

0.00

all samples and thus significant results. Based on an established pattern in mechanical characteristics, it was
discovered that MOE is correlated with compressive strength. The following Eq. 1 was used to determine MOE®.

MOE = E = 5000~/ f! (1)
where f. = Compressive Strength

Additionally, this implies that individuals who consistently experience failures will be a minority with distinct
characteristics. As depicted in Fig. 6, after a 28-day curing period, the Modulus of Elasticity (MOE) for CFA6L
measures 26.10 GPa. In contrast, the control group exhibited a lower MOE of 24.10 GPa at the same point
in time. This remarkable enhancement in MOE can be credited to the higher concentration of calcium oxide
(typically exceeding 60%) present in Coir Fibre Ash (CFA). Nonetheless, it’s significant to note that the inclusion
of CFA also led to a decrease in the flexibility of the lime concrete, contributing to this effect. It's important to
highlight that MOE did not exhibit an increase with the incorporation of CFA9L, CFA12L, CFA15L, or CFA18L.
This may be due to excessive content of CFA, the microstructure being discontinuous, and creating weak zones
that fail to distribute load uniformly. This reduces stiffness and results in a lower elastic modulus®. Further, this
can be attributed to the limitation in CFA’s reactivity within lime concrete, capped at 6%. While there is some
stiffening observed at this level, it is also accompanied by a propensity for more brittle failure, which is a critical
consideration in assessing the material’s behavior.

Sustainability assessment

Embodied carbon

Table 4 shows that the embodied carbon factors were taken from the accessible writings for the environmental
evaluation of one cubic meter of concrete.

Figure 6 displays the total embodied carbon of each mix, and replacing the substance of lime with CFA (coir
fiber ash) has significantly reduced the carbon. According to the findings, replacing lime in concrete with CFA
up to 18% decreases the embodied carbon by 4.44%. For all the data samples, the standard error is less than a
hundredth of 1, indicating significant results. The net embodied carbon decreased progressively with increasing
CFA content, showing reductions of 0.74%, 1.48%, 2.22%, 2.96%, 3.70%, and 4.44% for CFA3%, CFA6%, CFA9%,

CFA12%, CFA15%, and CFA18%, respectively, compared to the control mix.
7

R D <+ 0 S o
= e ol \e o 92
®® S o~ & en
v— (o I ) N
ME ME14 ME2S8

BELC mCFA3L ©mCFA6L " CFA9L mCFAI2L mCFAISL mCFA18L

Fig. 6. MOE variation in lime concrete with the addition of CFA.
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LIME 0.76 84
CA 0.0408 85
FA 0.0139 86
SP 0.72 87
CFA 0.42 8
Water 0 88

Table 4. Embodied carbon factors.
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Fig. 7. Total embodied carbon of concrete.

Eco-strength efficiency

The assessment of the eco-strength efficiency of concrete relies on the compressive strength, which is considered
a crucial mechanical property of concrete. Equation 2 is used to compute the eco-strength competence of
any concrete mixture. According to the findings, it has been found that CFA6% has the highest eco-strength
efficiency of 0.05411 MPa/KgCO,/m’. CFA6%, in which 6% of lime is replaced with CFA, is an ideal concrete
mix for sustainability, as indicated in Fig. 7. Statistical tolerance (0.005) or errors in the results are not very
high, as it is clear from the error bars. Mixes with reduced cement content have extremely greater eco-strength
effectiveness compared to the control mix, except CFA12%, CFA15%, and CFA18%.

Average 28 days compressive strength

Eco-Strength Efficiency = (2)

Total embodied carbon of concrete mix

Correlation analysis

The correlation evaluation was supervised to understand the relativity of data and also to determine the impact
of variation done in CFA quantity on the strength characteristics of lime concrete. The most important variables
were CS28, FS28, TS28, and ME28, representing the compressive strength, flexural strength, split tensile
strength, and modulus of elasticity, respectively. These have significant correlations with the variables causing
the changes®*#0. The following Fig. 8 presents the overall outcomes of the correlation analysis.

It is because of this fact that identifying the correlation as statistically significant is important for confirming
the validity of data, strengthening the need for RSM analysis, and confirming the impact of adding CFA to lime
concrete at different proportions. The CFA has indicated negative correlations with other variables. A scatter plot
matrix is presented in which the linear trend of the data clearly indicates significant results. Values that are away
from the linear trend line have a slightly lower correlation, but they still effectively explain the links between
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Fig. 8. Eco-strength efficiency of concrete.

variables!*”?1. However, all the correlations observed in the analysis were greater than 0.7. This indicates
high acceptability of data from the perspective of analysis®>***4. The Spearman correlation color map is also
presented in Fig. 9. The graph indicates the distribution of correlations in the matrix. The results are satisfactory
because the color map shows more significant blocks of data with high correlation. This qualifies the data for
RSM analysis and also confirms its validity in terms of having an impact on the change in CFA quantity in lime
concrete.

RSM modelling and optimization

RSM and analysis of variance

RSMs may be employed to create response surface models that can then be examined using ANOVA. RSM
takes into consideration the mechanical properties of the CFA-modified lime concrete mixtures throughout the
modeling and optimization processes. As a result of these results, it is presented (3) through (6) in a coded form.
The presented equations in words of the coded elements may be used to produce predictions about the result for
a range of values of the relevant independent variables®®%>. The magnitude of a factor may be represented as a
positive or negative integer, depending on the sign of the factor. By comparing the coefficients, it was found that
the encoded Equation faithfully represents the weights of the variables. The results of the ANOVA are shown in
Table 5.

Analysis of Variance results are significant as they are performed at the highest acceptable value of confidence,
where the 5% probability was only considered in the analysis. Since all of these models had probabilities lower
than 0.05, they might be considered significant. The significance measured from the results of RSM indicates
the best explanation of variation in dependent variables, which are strength characteristics. The coefficient of
regression is highly important in terms of determining the model’s validity. The findings indicate that the data
fully fit the model, which ultimately increases its prediction accuracy for all mechanical characteristics of lime
concrete®%2, However, a looser fit is indicated by a lower number. The model stability assessment statistics,
including R2 values, are shown in Table 6. The R2 values of all four models are rather high (CS: 92.40, STS: 92.40,
FS: 94.66, and MOE: 92.48). As a supplementary tool, “Adeq. Precision” provides numerical representations of
signal-to-noise ratios. This ratio would perfectly be greater than 4, if possible. Table 6 of the Model Verification
Parameters displays the CS, STS, FS, and MOE for an Adeq. Precision of CFA as a lime replacement material was
16.53%, 16.53%, 19.02%, and 16.80%, respectively. If the numbers are indeed huge, the models seem to be rather
effective, and they may be used to make predictions of events with some degree of accuracy.

CS =+42278-3.03x CFA+0.29x CFA?—9.45 x CFA® 3)
FS=4353-0.19x CFA+0.023 x CFA? —9.56 x CFA® (4)
STS = +2.23—0.29 x CFA+0.03x CFA?—9.26 x CFA® (5)
MOE = +23.85—1.79 x CFA+ 0.18*CFA? — 5.81CF A3 (6)
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Fig. 9. Scatterplot matrix of correlations.

The created response models are evaluated using the plots shown in Figs. 10, 11 and 12, and 13. These plots
compare the normalized response to the residual with the actual response to the residual. Visual representations
of CS, FS, STS, and MOE metrics for evaluating model quality and adequacy are shown. The estimated values
are within reasonable ranges, and the graphs are consistent*®®*, A residual range of minus two to plus two is
acceptable?®?%9%%9 Many of the values are also within the desirable range, as shown in Fig. 9a. On the other
hand, in Fig. 9b, the data points are more dispersed, but the overall pattern remains straight. The importance of
the connection between the normal and predicted plots helps clarify the capability of the response model in CS.
Alike patterns can be seen in Figs. 11a, b, 12a, b, and 13a, b, demonstrating that the response models of FS, STS,
and MOE meet minimum requirements.

Optimization

Finding the appropriate values for each variable is a challenge when building response models using RSM. This
led to the independent variable in the model being optimized. Objective functions in optimization provide
targets for variables and their relative significance®. The analogous procedure was used to get the best possible
number between zero and one. With an increasing desirability value, the response objective function yields more
desirable results, and the enhanced consequences increasingly matter in establishing the dependent variable.
Table 7 presents examples of optimization tasks®3*1%. Clearly, the aims of optimization vary across dependent
variables, and this is reflected in the outcomes of lime concrete combined with CFA as lime replacement material.
Responses are maximized in CS and FS, while they are minimized in STS and MOE via the optimization process.
For the optimization system to find the optimal answer, it must be given the conditions for success. A similar
procedure was used to determine the optimal number between zero and one’*>*%. Figure 14 shows a ramp
of the optimal solution. Maximum values for CS and the FS were 34.94 and 5.56, respectively, after using the
optimization technique’>!!. There are a minimum acceptable STS and MOE of 3.42 and 29.60, respectively.
Figure 15 illustrates how the 95.20% desirable results imply highly applicable outcomes even though there is
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Response Source Sum of squares | Df | Mean square | F-Value p-value>F | Significance
Model 232.99 3 | 77.66 36.45 <0.0001 Yes
A-CFA 0.017 1 10.017 8.070E-003 0.9304 Yes
A? 28.37 1 ]2837 13.31 0.0053 Yes
Compressive strength
A3 17.54 1 17.54 8.23 0.0185
Residual 19.18 9 |213
Lack of Fit | 19.18 3 1639
Model 4.05 3 1.35 53.17 <0.0001 Yes
A-CFA 9.006E-003 1 9.006E-003 | 0.36 0.5659 Yes
A? 0.15 1 ]0.15 6.04 0.0363 Yes
Flexural strength
A® 0.18 1 018 7.07 0.0261 Yes
Residual 0.23 9 10.025
Lack of Fit | 0.23 3 |0.076
Model 2.24 3 0.75 36.45 <0.0001 Yes
A-CFA 1.651E-004 1 1.651E-004 | 8.070E-003 0.9304 Yes
A? 0.27 1 1027 13.31 0.0053 Yes
Split tensile strength
A3 0.17 1 0.17 8.23 0.0185
Residual 0.18 9 10.020
Lack of Fit | 0.18 3 |0.061
Model 91.60 3 13053 36.88 <0.0001 Yes
A-CFA 9.812E-006 1 9.812E-006 | 1.185E-005 | 0.9973 Yes
A? 7.49 1 7.49 9.04 0.0148 Yes
Modulus of elasticity
A3 6.62 1 ]6.62 8.00 0.0198
Residual | 7.45 9 |083
Lack of Fit | 7.45 3 248

Table 5. ANOVA analysis results in RSM.

Validation results CS STS FS MOE
Std. Dev. 1.46 0.14 0.16 | 0.91
Mean 13.79 1.35 2.76 | 18.36
CV. % 10.59 10.59 5.78 | 4.96
PRESS 46.81 0.45 0.55 | 17.92
-2 Log Likelihood 4195 | -18.45 | —15.66 | 29.66
R-Squared 0.9240 | 0.9240 | 0.9466 | 0.9248

Adjusted R-Squared | 0.8986 | 0.8986 | 0.9288 | 0.8997
Predicted R-Squared | 0.8144 | 0.8144 | 0.8722 | 0.8191

Adeq precision 16.533 | 16.533 | 19.020 | 16.803
BIC 52.21 -8.19 | -540 |39.92
AlCc 54.95 —-545 | —2.66 | 42.66

Table 6. Model verification results.

some variation in the model and response method. The optimization approach led to the intended results (Fig.
16).

It was important to determine the accuracy of optimization results in the practical context. Therefore, a
short experimentation process was followed in which the guessed assessments were matched with trial results
involving CFA at an adequate percentage obtained from the model'?2. The rest of the results are presented in
Table 8 below, and the equation used is based on the differentiation of experimental and predicted values.

Experimental — Predicted

7
Predicted 100 @

Error in optimied model and experimental results =

Conclusion

In conclusion, the study supports constructive intuitions into the use of CFA as a supplement to lime-based
concrete. The addition of CFA has been shown to boost the mechanical properties of lime concrete, with Mix
CFA6C containing 6% CFA demonstrating the greatest improvements.

Scientific Reports |

(2025) 15:45623 | https://doi.org/10.1038/s41598-025-30132-z

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

LIME
CFA
CS7

CS14

CS28

FS7

FS14

FS28
TS7

TS14

TS28

ME7

ME14
ME28

Correlation

1.0
038
0.6
04
0.2
0.0
-0.2
-04
-0.6
-0.8
-1.0

Fig. 10. Color map of spearman’s correlations.
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Fig. 11. Plot residuals for normal behavior (Left) and predicted indication for CS (Right).
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Fig. 13. Plot residuals for normal behavior (Left) and predicted indication for STS (Right).

« Among the various mixtures tested, Mix CFA6C, containing 6% CFA, exhibited the most substantial en-
hancements in mechanical properties.

« The correlation analysis and regression coefficient affirm the reliability and precision of the Response Surface
Methodology (RSM) model in predicting the mechanical properties of CFA-modified lime concrete. The
standard deviation falls within acceptable ranges, reinforcing the validity of the results.

o It is examined that extreme percentages of CFA can adversely affect the internal structure of lime concrete,
diminishing its binding characteristics. However, up to 6% CFA incorporation is sustainable and contributes
to increased concrete rigidity, as evident from the rise in MOE.
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Input Factors | Responses (Output Factors)
CFA CS ES STS MOE
Factors (%) (MPa) (MPa) (MPa) (GPa)
Low |0 9.49 1.86 0.93 15.40
Value
High | 18 23.23 3.57 2.28 24.10
Goal CFA % Increase | Increase | Decrease | Decrease
Optimized values 6.00 34946 | 3.53 2.23 23.84
Desirability 0.970 (97%)

Table 7. Results after optimization indicate mechanical properties for validation and desirability.
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Fig. 14. Plot residuals for normal behavior (Left) and predicted indication for MOE (Right).

« These findings hold expressive consequences for the progression of sustainable building practices and offer
opportunities for cost optimization in lime concrete formulations with CFA supplementation.

« The study contributes novel insights by examining the relationship between CFA and lime content, particu-
larly over the 7, 14, and 28-day curing periods in CFA-modified lime concrete.

o The RSM model demonstrates remarkable accuracy in forecasting the mechanical attributes of lime concrete
with CFA, and experimental verification underscores the result’s validity, with an error rate below 5%.

« The research underscores the effective decline in embodied carbon and the enhancement of eco-strength
effectiveness in CFA-modified lime concrete, highlighting the sustainability potential of CFA utilization in
lime concrete.

« In summary, this study advances the understanding of CFA’ role in sustainable construction practices and
underscores the prospects for further exploration in this field.

Limitations

Although the RSM used in this examination is beneficial with good insights, the method does have some
limitations that should be mentioned. One is that RSM is responsive to experimental differences such as
environment and precision of measurement. The accuracy of the model on such factors could be influenced by
minor deviations in them. Second, RSM presupposes that the factors and responses are linearly related in the
experiment design space. Alternatively, in practice, the non-linear interaction can be present, which can also
weaken the accuracy of the model in its predictions. In addition, the use of RSM is more or less limited within
the experimental range under investigation. The data should be cautious in extrapolating the predictions over
the tested regions because the accuracy of the model decreases in extrapolated regions. The success of RSM
also hinges on the careful selection of input factors, and neglecting crucial variables can result in incomplete
models. Lastly, conducting experiments for RSM can be resource-intensive in terms of time and materials. Such
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Fig. 15. Plots indicating optimized solution for CFA addition in lime concrete.
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Fig. 16. Response surface plot indicating desirability coefficient with respect to CFA addition in lime concrete.
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Mechanical property | Optimized strength (MPa) | Results After experiment (MPa) | Difference in results (%)
CS 23.23 24.12 3.83
FS 3.57 3.74 4.76
STS 2.28 2.35 3.07
MOE 24.18x10° 23.01x10° 4.83s

Table 8. Experimental validation results of the optimized value.

limitations can be contemplated when utilizing RSM in further research and real-life applications: the results
should be interpreted appropriately.

Recommendations

Further research should explore the potential of Coir Fibre Ash (CFA) in lime concrete beyond the studied
range. Investigating the effects of CFA percentages above 18% and below 3% can provide insights into the
optimal CFA content for various construction applications.

Given the potential non-linear interactions in lime concrete with CFA, future studies may benefit from em-
ploying non-linear modeling techniques. This approach can better capture complex relationships between
variables, enhancing the accuracy of predictions.

Extend testing to longer curing periods, such as 60 or 90 days, to evaluate the long-term outcomes of CFA on
lime concrete’s mechanical properties. This can provide valuable data for projects with extended construction
timelines.

Evaluate the broader environmental impact of CFA-modified lime concrete, including life cycle assessments
and embodied energy calculations. This can quantify the sustainability benefits in terms of reduced carbon
emissions and resource conservation.

Conduct field trials and case studies to validate the laboratory findings in real construction scenarios. Meas-
ure the workability, durability, and functioning of CFA-modified lime concrete in actual building projects to
ensure its practical feasibility.

These recommendations aim to guide future research and application of CFA in lime concrete, contributing

to more sustainable and efficient construction practices.

Data availability
The data supporting the findings of this study are available on reasonable request from the corresponding author
through the email address [mohsen.alawag@taiz.edu.ye].
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