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nanocrystals (CNC) affects the characteristics of concrete. FA partially
replaced cement at 0-50%, while CNC was added at 0-1% by cement

Keywords mass. The optimal mix (FA20CNC0.2) with 20% FA and 0.2% CNC
Sustainable concrete, fly ash, showed significant improvements in mechanical properties compared
cellulose nanocrystal, mechanical to conventional concrete: 36.54% higher compressive strength, 19.94%
properties, microstructural analysis,  higher split tensile strength, 18.22% higher flexural strength, and
regression analysis 21.21% higher shear strength. Regression models with high accuracy

(R? > 0.95) were developed to predict secondary mechanical properties
from compressive strength, streamlining the mix design process. SEM
analysis revealed a denser microstructure with fewer microcracks in
FA20CNCO0.2. EDS indicated higher amounts of strength-enhancing
components like CaCOs and SiO2. The combined effect of FA and CNC
boosted the pozzolanic reaction, refined the pores, and led to the
formation of additional calcium-silicate-hydrate (C-S-H) gel. This
approach reduces cement use while enhancing performance, offering an
eco-friendly solution for sustainable high-performance concrete
production.

1. Introduction

Sustainable concrete can be developed by incorporating waste materials from agricultural and industrial
sources as partial replacements for cement. These waste by-products serve as supplementary cementitious
materials (SCMs), which help reduce cement consumption and, consequently, carbon dioxide (CO;) emissions in
the construction sector [1]. Supplementary cementitious materials (SCMs) commonly used include fly ash (FA),
ground-granulated blast-furnace slag (GGBFS), metakaolin (MK), rice husk ash (RHA), and silica fume (SF). Fly
ash is the most prevalent owing to its wide availability [2], [3], [4], [5], [6], [7], [8].

Globally, millions of tons of fly ash are produced annually, and this trend is expected to continue [9]. In India
alone, coal-fired power plants generate approximately 180 million metric tons of fly ash annually [10], posing a
significant landfill management challenge. Incorporating this material into concrete not only tackles
environmental issues but also enhances sustainability.

Understanding the environmental advantages of fly ash leads to a closer examination of its characteristics,
as outlined by ASTM C618-23, which categorizes fly ash into Class C and Class F, with a lower calcium oxide
(Ca0) content, and exhibits a stronger pozzolanic reaction during hydration than Class C. The inclusion of fly ash
in concrete has been shown to enhance the matrix properties and contribute to sustainable construction
practices [11]. Studies have suggested that replacing up to 10% of cement with fly ash improves the workability
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of fresh concrete and the strength of high-performance concrete [12], whereas a 20% replacement can positively
influence the microstructure of mature concrete [13].

Although SCMs such as fly ash offer notable sustainability benefits, they also present challenges, such as
reduced early age strength, increased drying shrinkage, and higher water absorption [14], [15]. Faced with these
challenges, researchers have turned to innovative strategies, such as merging SCMs with nanotechnology, to
boost the effectiveness of concrete. The integration of SCMs such as FA, SF, and MK with nanomaterials helps
overcome the limitations of each material [16] , [17], [18], [19], [20] [21], [22], [23], [24]- Nanotechnology
enables the synthesis and assembly of nanostructures through “top-down” and “bottom-up” approaches [25],
[26]. Particles with sizes less than 200 nm are classified as nanomaterials, although a minimum particle size of
500 nm is typically required for effective integration into concrete [27]. Graphical comparisons of the specific
surface areas and particle sizes of the SCMs and nanomaterials highlight these differences [28].

Among the various nanomaterials used in concrete, such as nano-silica [29], [30], [31]nano-titanium dioxide
[32], and carbon nanotubes [33], increasing attention has been directed towards sustainable and renewable
options. Investigating the potential of nanocellulose involves understanding its synergistic effects with FA in the
concrete matrix to enhance sustainability and performance [34]. Owing to its eco-friendly nature, nanocellulose
has been applied in various industries, such as food and cosmetics [35], and more recently, in cementitious
materials [36], [37].

Nanocellulose exists in four main forms: cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), bacterial
cellulose (BC), and cellulose filaments (CF) [38] [39]. CNC are particularly valued because of their high tensile
modulus and strength, low density, large surface area, and abundance of hydroxyl groups, which enhance the
mechanical performance of cement matrices [40]. These characteristics render them effective as an
environmentally sustainable reinforcing agent within the construction sector [41]. Their incorporation not only
aligns with sustainable development goals but also significantly improves the mechanical and microstructural
characteristics of cementitious composites. For example, [42] demonstrated that the addition of 0.2 wt% and 1
wt% CNCs to cement paste resulted in an increase in compressive strength by approximately 10% and 17%,
respectively. Further the inclusion of 0.8 wt% wood-based CNCs led to a 20% enhancement in compressive
strength after freeze-thaw cycles, along with a 60% reduction in carbonation depth [43]. This study [44]
reported that inclusion of CNC led to increases in compressive strength (18.8-22.14%), splitting tensile strength
(19.4-26.38%), and flexural strength (32-44.67%) in mixtures with water-to-cement ratios of 0.3 and 0.5. These
findings collectively contribute to a deeper understanding of the bond behavior and performance of CNC-
enhanced concrete materials.

The effective dosage of cellulose nanocrystals (CNCs) varies depending on both the source material and the
type of cement with which they are combined. In the present study, CNCs extracted from cotton seed balls were
incorporated into mixtures containing Ordinary Portland Cement (OPC). A review of existing literature [38]
indicates that CNCs are typically used within a range of 0.1% to 1% by weight of cement, higher dosages can lead
to adverse effects on both the fresh and hardened properties of cementitious materials. For instance, [44]
reported that while CNC additions up to 1 wt% enhanced compressive strength and refined the microstructure
of cement pastes, dosages beyond this level resulted in agglomeration and poor dispersion, leading to decreased
mechanical performance. Similarly, [42] found that excess CNC increased the viscosity of the cement paste,
reduced workability, and hindered hydration by blocking capillary pores, negatively affecting strength
development. Furthermore, [43] emphasized that an optimal CNC content exists, beyond which no significant
improvement is observed and, in some cases, performance deterioration occurs due to non-uniform distribution
and excessive water demand. Therefore, based on these findings, a dosage range of 0-1 wt% is considered
optimal for CNC incorporation.

This study examined the synergistic application of FA and CNC to overcome the limitations associated with
SCMs. While FA promotes sustainability by reducing the amount of cement required, CNC enhances the concrete
matrix’s strength and durability by filling micropores and encouraging the formation of additional calcium
silicate hydrate (C-S-H) gels. Based on previous studies [45], [46], cement was partially replaced with FA in
increments of 10%, ranging from 0% to 50%. However, the current Indian Standards (IS 456:2000) do not
specify dosage limits for FA, emphasizing only the need for uniform mixing [47].

The optimal proportions of FA and CNC were experimentally determined by evaluating the compressive
strength of standard concrete mixes. The optimized mixtures were subsequently employed to evaluate essential
mechanical characteristics, such as compressive, split tensile, flexural, and shear strengths, in addition to
conducting microstructural analysis through Energy Dispersive X-ray Spectroscopy (EDS). The results were
correlated with those of conventional and FA-only concrete to evaluate the effectiveness of the combined FA-
CNC system in enhancing concrete performance. A regression analysis was conducted on concrete modified with
FA-CNC to identify the empirical relationships between mechanical properties.
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2. Experimental Program
2.1 Raw Material

2.1.1 Cement

Ordinary Portland cement (OPC-53) was used for casting with a standard consistency of 28.5, Blain’s fineness of
329 m2/kg, and density of 3.14 g/cc, as per the requirements of IS 269:2015 [48]. Table 1 displays the chemical
constituents of the cement.

2.1.2 FA

The processed FA used in the study was procured from Dirk India Pvt. Ltd. from the Nashik region named
Pozzocrete 100 as per IS 3812 (Part-1): 2013 specification [49]. The specific surface fineness obtained by
Blain's permeability method (Min) was 640 m2/kg, and the lime reactivity was 9.3 N/mmz2. The chemical
constituents of FA is depicted in Table 1.

Table 1 Chemical constituents of OPC and FA

Constituentswt %  CaO Si02  AlOs Fez20s Naz20 SO3 MgO Cl LOI
OPC 53 70.85 17.20  2.87 3.10 0.36 2.42 1.23 0.015 1.92
FA 2.14 5824 2937 553 0.45 0.52 1.58 0.021 0.72

2.1.3 CNC and Dispersion Method

The CNC utilized in this research, featuring a specific surface area of 1.4 m2/g, was sourced from Vedayukt India
Pvt. Ltd. in Jharkhand. Extracted from raw cotton seeds through a combination of acid hydrolysis methods, the
CNC appeared as a milky white powder, as depicted in Fig. 1a. The Suspension is shown in Fig. 1b. The uniform
dispersion of the nanomaterial in the mix was the primary challenge to be used in the mix. Some studies have
replicated the improvement in flexural strength by approximately 20-30% using CNC treated with the ultrasonic
dispersion method [50]. CNC was dispersed equally with magnetic stirring and ultrasonic dispersion to improve
the distribution of particles within the mixture, and a zeta potential of 40 mV was also more stable [43], [51].

(a) CNC Powder form (b) Suspension form

Fig. 1 (a) CNC powder form; (b) Suspension form

Hence, to overcome the issue of dispersibility, the CNC was treated with magnetic stirring and
ultrasonication to achieve better performance. Table 2 displays the CNC's physical and chemical characteristics.

Table 2 The physical and chemical properties of CNC

Molecular Crystallite Specific Average Particle .
Formula density Form surface area  particle length pH Diameter Purity
1.60 Milky 5 i o
(CeH1005)n g/cm? white 1.40 m2/g 200nm 5.5-75 <100nm 99%

The compactness of concrete is influenced by the distribution of its pore sizes. When these two materials are
combined, they form a more compact structure that improves both mechanical strength and durability. The
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particle size distribution was analyzed using the circular equivalent diameter - Number Distribution graphs
shown in Fig. 2, which allowed for the assessment of particle fineness. The analysis was conducted using
equipment from Malvern Panalytical Ltd. According to the graph, fly ash exhibited a smaller median particle size
of 4.37 um, whereas the cement particles ranged from approximately 6 to 10 pm. This indicates that fly ash is
finer and more uniform than cement, which can influence key properties such as hydration, initial setting time,
and homogeneous mixing in cementitious materials.

Number based particle size distribution %
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Fig. 2 Particle size distribution: fly ash and cement

Fig. 3 illustrates the distribution of particle sizes, indicating that the diameter of the particles was under 100
nm. The CNC helped fill the fine pore gaps, resulting in a denser concrete matrix.
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Fig. 3 Particle size distribution of CNC

2.1.4 Coarse Aggregate, Fine Aggregate, and Crushed Sand

Coarse aggregates measuring 12.5 mm with a specific gravity of 2.95 and a fineness modulus of 3.28, as well as
aggregates sized at 20 mm with a specific gravity of 2.96 and a fineness modulus of 3, were utilized. In
accordance with IS 383:2016, crushed sand was used with a specific gravity of 2.78 and a fineness modulus of

3.05 [52].
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2.1.5 Superplasticizer and Water

The superplasticizer of Asian paints-Technoplast S300 was used in the mixture. The liquid exhibited a brown
hue, possessing a relative density of 1.165 and maintaining a pH of 7.62 at 25°C. Tap water, free of organic
matter, was used for casting.

2.2 Mix Proportion of Concrete in (kg/m?3)

The concrete mix design was performed according to IS 10262:2019 guidelines [53]. The mixing combinations
of the FA, CNC, crushed sand, coarse aggregate, fine aggregate, water, and superplasticizer used in this study are
shown in Table 3, where the following notations were used to show the mixing combination for CNC Mix
proportion: CC- Conventional concrete mix without considering CNC and FA, CNCO0.1 to CNC1 at the interval of
0.1%, CNC added in concrete mix by mass of cement, and FA Mix proportion FA10, FA20, FA30, FA40, and FAS50 -
mix with replacement of cement by 10, 20, 30, 40, and 50% FA by mass of cement. In the case of the Combined
FA and CNC, the designation FA2Z0CNCO0.2 signifies that 20% of the cement is substituted with FA, and 0.2% CNC
is added by the cement's mass, representing the optimal proportions of CNC and FA.

The optimized percentages of FA and CNC were combined, as experimental findings indicated that adding
more CNC led to a decrease in compressive strength. Similarly, replacing FA with more than 20% also leads to
diminished compressive strength, as demonstrated experimentally. Based on these findings, the FA2Z0CNCO0.2
concrete mix was finalized without further CNC or FA replacements. FA20CNCO.2 signifies that 20% of the
cement's mass is substituted with FA, and an additional 0.2% CNC is added, also based on the cement mass. The
FA-based combination, which is widely used in practical applications, served as a reference point for evaluating
the mechanical properties. The FA2Z0CNC0.2 mixture was assessed in comparison to FA-based concrete and
traditional concrete to emphasize the effects of combining FA and CNC on both mechanical performance and
microstructural characteristics.

Table 3 Mixing proportions in kg/m3

. CNC
M Coment g “gond aglgzrl%e;te A%‘%E%}e Water %}; of  addtive mto
cement
CNC Mix proportion
cC 400 - 858 360 770 155 0 0 0.39 0.6
CNCO.1 400 - 858 360 770 155 0.1 0.4 0.39 0.6
CNCO0.2 400 - 858 360 770 155 0.2 0.8 0.39 0.6
CNCO0.3 400 - 858 360 770 155 0.3 1.2 0.39 0.6
CNC 0.4 400 - 858 360 770 155 0.4 1.6 0.39 0.6
CNC 0.5 400 - 858 360 770 155 0.5 2.0 0.39 0.6
CNCO0.6 400 - 858 360 770 155 0.6 2.4 0.39 0.6
CNC 0.7 400 - 858 360 770 155 0.7 2.8 0.39 0.6
CNCO0.8 400 - 858 360 770 155 0.8 3.2 0.39 0.6
CNCO0.9 400 - 858 360 770 155 0.9 3.6 0.39 0.6
CNC1 400 - 858 360 770 155 1 4 0.39 0.6
FA Mix proportion
FA10 360 40 858 360 770 155 - - 0.39 0.6
FA20 320 80 858 360 770 155 - - 0.39 0.6
FA30 280 120 858 360 770 155 - - 0.39 0.6
FA40 240 160 858 360 770 155 - - 0.39 0.6
FAS50 200 200 858 360 770 155 - - 0.39 0.6
Combined FA and CNC
FA
20CNCO. 320 80 858 360 770 155 0.2 0.8 0.39 0.6
2
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The water-to-cement ratio was kept at 0.39. Initially, all dry components, including coarse and fine
aggregates, crushed sand, cement, and FA, were thoroughly mixed for 2 minutes using a pan mixer. Meanwhile,
the specified amount of CNC was mixed with 600 ml of water, which was magnetically stirred for 4 min, and
ultrasonication was performed at two intervals for 16 min. The dispersed suspension was mixed with the
estimated amount of water and a specified quantity of superplasticizer. The solution was mixed thoroughly with
the dry ingredients for 3 min. and was used to obtain a homogeneous mixture of the sample. The molds were
filled with a mixture that was subjected to vibration to ensure a dense structure. Subsequently, the molds were
left to cure for a period of 24 hours at a consistent temperature of 24°C. Subsequently, the cubes were removed
from the molds and allowed to cure at room temperature for 28 days in accordance with the provisions of IS
516:1959 [54], as shown in Fig. 4.

Fig. 4 Casting of concrete cubes

2.3 Experimental Methods

2.3.1 Mechanical Properties Tests

Concrete cubes with dimensions of 150 mm were cast to assess the compressive strength at 7 and 28 days,
following the IS 456:2000 specifications [47] for CNC and FA mix proportions. Following a 28-day curing period,
the combined mixture underwent tests to assess its flexural strength, shear strength, and split tensile strength,
in addition to a microstructural examination using energy-dispersive X-ray spectroscopy (EDS). For the split
tensile strength test, cylindrical specimens with a diameter of 100 mm and height of 200 mm were prepared
according to IS 5816:1999 [55]. The flexural strength was determined using prisms with a cross-sectional area
of 100 mm x 100 mm and a length of 500 mm, following the procedures outlined in IS 516:1959 [45].

As no standardized method exists for the direct measurement of shear strength in concrete matrices, the
established literature [56] was used to define the testing protocol. Standard 150 mm concrete cubes were used
for the shear strength evaluation. To ensure the reliability of the mechanical tests, the average results from three
samples were recorded. The tests were performed using a compression testing machine with a 200-ton capacity
from EIE Instruments Pvt. Ltd., which was routinely calibrated to guarantee precise measurements.

To explore the combined impact of CNC and FA within the cement matrix after a 28-day curing period, a
microstructural examination was performed alongside EDS. The concrete powder, sourced from the crushed
samples that demonstrated the greatest compressive strength, was scrutinized using a JEOL JSM-6510 scanning
electron microscope, which was fitted with an Oxford Instruments EDS (EDAX) system. SEM imaging was
performed at a consistent magnification of 7500x, with all images captured at a 2 um scale to facilitate direct
comparisons across samples. Six images per mix were captured, and the highest-quality micrographs were
selected for analysis. The selected images were appropriately labelled[P2] to highlight specific microstructural
features relevant to CNC and FA interactions.

Figure 5 provides a depiction of the experimental setup and specimen specifics, while Figure 6a illustrates
the SEM configuration. The processes for sample conditioning and positioning are depicted in Figures 6b and 6c,
respectively.
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Mechanical properties

Compressive Split tensile
Strength

| COMPRESSION TESTING WACHE |

[ ritrms mimc w2
Flexure test
i attachment

Steel roller
support
38mm ¢

(a) SEM Equipment (b) Sample Conditioning (c) Sample positioning

Fig. 6 Scanning electron microscopy equipment with samples

3. Result and Discussion

3.1 Compressive Strength of CNC and FA Mix Proportions

The compressive strength test results for the CNC and FA mix proportions at 7 and 28 d are shown in Fig. 7 and

8, respectively. From the graph, the optimum percentage was determined and considered for the combined mix
proportion experiment.

B 7 Days Compressive strength [l 28 Days Compressive strength
80
E 60 56153
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= 4632 414 4623
=
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Fig. 7 Compressive strength of CNC
Figure 7 illustrates that incorporating CNC into the concrete matrix led to a notable enhancement. The

concrete mix with a 0.2% CNC addition achieved the highest strength among all the variations. Strength
increased with CNC additions of 0.1%, 0.2%, and 0.3% by cement mass, compared to CC, over a 28-day
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compressive strength period. However, further addition of CNC beyond this point led to a decrease in strength
owing to the agglomeration effect [38], [57]. The incorporation of CNC at 0.1, 0.2, 0.3, 0.4, and 0.5% increased
the strength by 22.12%, 37.54%, 24.72%, 15.32%, and 12.48%, respectively, and further addition at 0.6, 0.7, 0.8,
0.9, and 1% decreased the strength by 6.47%, 9.05%, 9.88%, 11.48%, and 13.77%, respectively. Incorporating
CNC at 0.2% of the cement mass led to a 37.54% increase in strength compared to the concrete matrix CC.
Consequently, this proportion of CNC was selected for the combined mix proportion experiments.

Owing to its distinct characteristics, CNC plays a role in refining pores and densifying the matrix, which
greatly boosts the concrete's compressive strength. The nanometric dimensions and extensive surface area of
CNC allow it to serve as a nucleation site for the formation of hydration products, especially calcium-silicate-
hydrate (C-S-H), resulting in a more compact microstructure. Additionally, the hydrophilic hydroxyl groups on
the CNC surface interact with cement hydration products, enhancing the bonding within the matrix.

This improvement in mechanical properties aligns with results from earlier research. For example,
[44]noted a 17% rise in compressive strength by adding 1 wt% CNC to cement paste, crediting the enhancement
to better hydration kinetics and microstructural refinement. Likewise, [43] found an approximate 20% increase
in compressive strength with 0.8 wt% CNC, even after undergoing durability tests like freeze-thaw cycles,
highlighting the long-term advantages of CNC in cementitious composites.

In this study, a 0.2% CNC dosage resulted in a 37.54% increase in compressive strength, exceeding many
previously reported figures. This improvement can be linked to the CNC source (cotton seed balls), its particle
shape, and its synergistic interaction with the cement hydration process, which collectively form a more refined
and continuous C-S-H gel network. However, when CNC content exceeds 0.3%, agglomeration effects become
predominant, diminishing dispersion quality and creating stress-concentration zones, which ultimately lead to a
reduction in strength.

B 7 Days Compressive strength 28 Days Compressive strength
60
48

—_ 43 57
T 4_1 1 42 79 304
S .
- 40
= 31 03 l
& . 28.97 28.06
£ 25.52
v
2 21.01 I
g 20 I
<
E
3]
o

0

FA %

Fig. 8 Compressive strength of FA

The compressive strength performance with the replacement of FA at 0, 10, 20, 30, 40, and 50% by mass of
cement is shown in Fig. 8. The graph shows an increase in the compressive strength with the replacement of FA
by cement mass up to 20%. Further additions typically decrease the strength, primarily because the slow
hydration process results in low early strength [58]. The replacement of FA at 10%, 20%, and 30% increases the
strength by 4.11%, 16.78%, and 6%, and further replacement at 40% and 50% decreases the compressive
strength by 4.13% and 37.90%, respectively. It was noted that replacing 20% FA by the FA mass with cement
resulted in maximum strength.

The experimental study referenced in [59] indicates that using about 20% fly ash yields the best
compressive strength in concrete mixtures, attributed to improved particle packing and pozzolanic reactions.
This research [60] corroborates the beneficial filling effect and pozzolanic activity of approximately 20% fly ash
replacement in UHPC, leading to enhanced strength performance. Further studies [61] have shown that a 20%
fly ash replacement in UHPC improves both compressive and flexural strength, supporting the optimal range for
strength performance. A 20% FA replacement was chosen based on experimental findings and alignment with

Penerbit
UTHM



95 Int. . of Sustainable Construction Engineering and Tech. Vol. 16 No. 3 (2025) p. 87-104

recent literature, as this amount optimally boosts compressive strength through better particle packing and
pozzolanic activity, without significantly delaying early hydration.

3.2 Compressive Strength and Split Tensile Strength of Combined Mix Proportions

The compressive and split tensile strengths of FA20CNCO.2 after a curing period of 28 days, alongside a
comparison with traditional concrete and an FA-based concrete matrix is shown in Figure 9.

The test results confirmed that the use of CNC and FA together in a cement matrix provided maximum
compressive and split tensile strengths compared with conventional concrete. The performance was enhanced
with the replacement of FA; additionally, the addition of CNC promoted more strength by making the concrete
denser owing to its low density and high specific surface area. The concrete mixes FA2Z0CNCO0.2 and FA20
increased the compressive strength by 36.54% and 15.94%, respectively, compared with that ofth to CC. The
maximum strength was obtained when 20% FA and 0.2% CNC were used by the mass of cement. Therefore, the
carbon footprint can be effectively reduced with the combined use of FA and CNC by replacing 20% of cement.
Additionally, the split tensile strengths of FA2Z0CNC0.2 and FA20 were 19.94% and 5.89%, respectively, relative
to those of CC. Therefore, the combined use of FA and CNC can be effective in improving the compression and
split tensile strengths.

CNC plays an important role in enhancing concrete strength because of its finer size, as it fills the minute
pores that remain in the matrix due to FA. CNC were attached to cement particles via a short-circuit diffusion
process to enhance the strength parameters. The diffusion of water along the CNC enhanced the hydration of the
unhydrated region, resulting in the formation of additional C-S-H bonds [62]. The hydrophilic nature of CNC also
contributes to the hydration process, thereby increasing the number of C-S-H bonds and resulting in greater
compressive strength [63], [64].
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Fig. 9 Compressive strength, flexure strength, split tensile strength and shear strength

3.3 Flexural Strength

CNC and FA had a considerable impact on flexural strength, as depicted in Fig. 9. Compared with conventional
concrete, all other mixes exhibited superior flexural strength.

The concrete matrix FAZ0CNCO0.2 exhibited the greatest improvement compared with the other mixes. Using
FA in conjunction with CNC was consistently advantageous, as the FA2Z0CNC0.2 mixture exhibited a significant
enhancement in flexural strength when compared to both traditional concrete and concrete based on FA. The
flexural strength of the concrete matrices FA20CNC0.2 and FA20 was enhanced by 18.22% and 4.44%,
respectively. The flexural strength of FA20CNCO0.2 was 18.22%, making it the most preferable mix for flexural
performance improvement.
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The intricate pore structure of concrete boosts its flexural capabilities due to the smaller size, reduced
density, and increased specific surface area of CNC. FA, abundant in silica, interacts with the high hydrogen
content of CNC to create additional C-S-H bonds, leading to a more compact concrete structure. The joint
application of CNC and FA lowered the water requirement, as CNC acted like superplasticizers, offering
moderate workability and strength. This resulted in a decreased water-cement ratio, which enhanced the
flexural strength of the CNC. Furthermore, the use of CNC with FA is advantageous because calcium and silicate
ions are absorbed by CNC, stimulating the formation of C-S-H gel on its surface [65] .

3.4 Shear Strength

Figure 9 illustrates the shear strength of the FA20CNC0.2 mix in comparison to traditional concrete, as well as
the FA-based concrete matrix that was cured for 28 days. The shear strength was determined by taking half of
the maximum load at which the specimen failed and dividing it by the area of the cracked surface [56], as
follows: The shear strengths of FA20CNCO0.2 and FA20 were higher than that of CC. The tests were performed on
three samples per concrete mixture. The shear performance was enhanced by 21.21% and 8.48% for the
FA20CNCO.2 and FA20 concrete mixes, respectively.

The mechanical properties of concrete are improved through the combined use of FA and CNC, where FA
acts as a lubricant and CNC enhances its mechanical strength [66]. The mechanism of cement cohesion
significantly contributes to shear resistance. The properties of cement paste can be significantly influenced by
the addition of cellulose nanocrystals (CNCs), which affect its cohesion through various mechanisms [67]. CNCs
serve as rheology modifiers and improve the mechanical properties, playing an essential role in preserving the
structural integrity and cohesion of the cement paste [68]. CNCs enhance the hydration reactions of cement,
which are crucial for cohesion and strength development [65]. Cellulose nanocrystals (CNCs) can form channels
within hydration products, enabling water transport and promoting the hydration of inner unhydrated cement
particles. Enhanced cement hydration can positively affect compressive strength [38]. This enhanced
compressive strength considerably increases the shear resistance. Figure 10 illustrates the shear failure patterns
observed in the concrete cubes.

Fig. 10 Shear failure pattern of cubes

3.5 Regression-Based Modeling

Regression analysis was employed to establish empirical relationships between the compressive strength and
other mechanical properties, including the split tensile, flexural, and shear strengths, of the FA-CNC-modified
concrete. The resulting models exhibited high coefficients of determination (R?), indicating strong predictive
capability. These correlations enable the estimation of secondary strength parameters based on compressive
strength alone, thereby minimizing the experimental effort while improving the efficiency of the mix design and
quality assessment. Moreover, the derived equations offer a quantitative foundation for the structural modeling
and lifecycle performance prediction of sustainable concrete. The following linear regression equations were
formulated based on the experimental data: Equation 1 illustrates how split tensile strength is related to
compressive strength, while Equation 2 outlines the link between flexural strength and compressive strength.
Equation 3, on the other hand, specifies the association between shear strength and compressive strength. In
these equations, STS stands for split tensile strength, FS signifies flexural strength, SS represents shear strength,
and CS indicates compressive strength.
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Equation (1
STS = 0.0475 x CS + 1.557 errrvvvvvererrernneens quation (1)

FS =0.0551 x CS + 216 eeroovvveeoerrrrn Equation (2)

SS = 0.0464 x CS + 1.369.....crrvveeerne Equation (3)

These equations provide a robust framework for predicting the various strength parameters of FA-CNC-
modified concrete based on compressive strength measurements. Figure 11 depicts the relationship between
compressive strength and mechanical properties. A strong positive linear correlation was observed in all cases,
as indicated by the high coefficient of determination (R?) values.
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Fig. 11 Correlation between (a) Compressive strength vs flexure strength; (b) Compressive strength vs split tensile
strength; (c) Compressive strength vs shear strength

Figure 11(a) illustrates that as the compressive strength rises, the flexural strength also increases in a
proportional manner. The linear regression analysis produced an R? value of 95.5% and an adjusted R? value of
91.0%, demonstrating an excellent correlation between these two parameters. The flexural strength varied
between 4.45 MPa and 5.30 MPa, corresponding to compressive strengths ranging from approximately 41 MPa
to 57 MPa.

Figure 11(b) illustrates the connection between split tensile strength and compressive strength. A notably
strong correlation was observed, with R? and adjusted R? values reaching 97.5% and 95.0%, respectively. As the
compressive strength increased within the range of approximately 41-57 MPa, the split tensile strength varied
from 3.50 MPa to 4.25 MPa.

The consistently high R* values across all mechanical properties suggest that the compressive strength
serves as a reliable predictor of the flexural, split tensile, and shear strengths of concrete incorporating CNC and
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FA. Minor deviations from the regression line were observed but remained within acceptable limits, as indicated
by the low standard error (S) values shown in Fig. 11.

3.6 SEM and EDS analysis

The pore size distribution of the concrete mix was verified using SEM analysis to understand the enhancement
parameters of its mechanical properties. The microscopic properties of the investigated concrete mix were
significantly affected, which enhanced the mechanical properties to a higher level.

For every mix, SEM micro-images at 2um and 7500 times magnification were taken for three samples, as
depicted in Fig. 12 a), b), and c). Each image was labelled neatly to understand the variation in the
microstructure of the concrete matrix cast by the application of CNC and FA.

Mag: 7500 times

I

ad 2 : ‘
SEl  20kV WD10mm x7,500 2pm SEl  20kV WD10mm 2um
BAMU-SAIF BAMU-SAIF

Mag: 7500 times

CNC cNC
cluster cluster
CNC

SEl  20kV WD10mm X7.500  2pm —

| BAMU-SAIF

(@
Fig. 12 SEM images of (a) CC; (b) FA; (c) FA20CNC0.2

Fig 12 (a) presents SEM images of conventional concrete that has been cured for 28 days. The majority of
the image depicts the formation of a fully developed C-S-H gel stage. In some areas, the C-S-H appeared in a
fibrous form with weak connections. The CH phase, encircled by the C-S-H phase, was also visible in the samples.
Fine cracks were noted in the conventional concrete image due to the weak bonds among the surrounding
binding materials. Additionally, small voids were detected in the concrete mix.

In the concrete matrix, a large amount of dense concrete matter (DCM) was clearly visible. The pozzocrete
100 material was well homogenized in the mix as the CNC adhered to the cement particles and created a path to
enter the water, which increased the hydration process, resulting in the formation of more Calcium Silicate
Hydrate (C-S-H) bonds [62]. The dense structure matrix was clearly visible owing to the combination of two
finely graded SCMs and nanocellulose. The modified concrete matrix exhibited strong mechanical properties and
a dense morphology.

EDS analysis was performed using SEM to study the composition of the concrete responsible for the
formation of the cementitious phase and microstructure improvement. Table 4 shows the EDS analysis results
for all the mixes.

Concrete with the incorporation of SCMs FA, the concrete matrix was modified slightly compared to that of
CC. The concrete matrix modified with FA appeared homogeneous and dense in smaller amounts, as depicted in
Fig. 12 (b). The SEM images of concrete samples containing FA showed that the voids were reduced to a some
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degree and promoted the formation of C-S-H gel for improved strength properties. The rounded shape of FA was
clearly visible with the C-S-H bond. In this concrete matrix, some microcracks along with the CH phase and
porous area (P) filled with ettringite (E) were visible. The concrete area with weak bonds is indicated by a
dotted blue line. However, a small amount of the CH phase was available compared to CC.

The concrete morphology of the mixes with CNC and FA changed significantly compared that with of the CC-
and FA-based concrete, as shown in Fig. 12 (c). The concrete matrix was denser and more homogeneous when
CNC and FA were considered. The maximum improvement was observed in the concrete mix FA20CNCO0.2, as FA
and CNC promoted the growth of CH to more C-S-H gel, which was responsible for the dense and strong
structure of the concrete.

Table 4 EDS analysis of all the mixes

Compounds CC FA 20 FA20CNCO.2
SiO2 49.58 47.55 51.23
Alz03 2.94 3.67 3.79
MgO 1.34 1.21 2.39
CaCOs3 4.22 - 6.87
FeS2 0.68 0.58 0.49
Elements cC FA 20 FA20CNCO0.2
Ca 26.88 29.52 19.28
Si 10.55 11 10.99
Fe K 291 6.06 2.36
Na 0.43 - -
K - 0.39 -
Ti 0.46 - 0.44
Zr - - 2.15

The results indicated that calcium carbonate (CaCOs), silicon dioxide (SiO;), magnesium oxide (MgO),
aluminum oxide (Al,03), iron sulfide (FeS,), and calcium (Ca) were present in the highest amounts compared to
CC and FA20. In contrast, elements such as titanium (Ti), iron (Fe), potassium (K), and zirconium (Zr) were
found in lower quantities than in CC and FA20CNCO0.2. The significant presence of CaCO3; contributes to the
densification of the concrete phase, accelerates hydration, and enhances its mechanical strength [69], [70].

Because the CC and FA20 concrete mixes were already rich in SiO,, they naturally exhibited a high SiO,
content. This promotes the formation of calcium silicate hydrate (C-S-H) by reacting with calcium hydroxide
(Ca(OH)y), ultimately enhancing both the compressive and tensile strengths [71]. The replacement of FA and
incorporation of CNC further increased the SiO, content, leading to greater strength development. Additionally,
when the MgO content within the clinker was maintained between 2.0% and 5.0%, the cement strength
improved and the setting time shortened. However, if the MgO level reaches approximately 8.0%, the cement
strength slightly declines, and the setting time is extended [72]. FA2Z0CNCO0.2 contains MgO at 2.39%, which falls
within the permissible range.

Furthermore, Al,03 plays a crucial role in enhancing the compressive strength, reducing the porosity, and
improving the durability by forming additional C-S-H and alumino-silicate hydrate phases [73]. The presence of
FeS, can lead to sulfate ion formation, which, in the presence of water, reacts with cement matrix components to
produce expansive products, ultimately causing cracks [74]. FA2Z0CNCO0.2 contains a minimal amount of FeS,,
which enhances its mechanical properties. Additionally, Ca contributes to the formation of dicalcium silicate and
tricalcium silicate, which strengthen concrete through major C-S-H formation.

In conclusion, the combined FA20CNCO0.2 mix enhanced the composition of the concrete phase, which was
responsible for the improved mechanical properties.

Most importantly, the consumption of OPC was minimized as much as possible with the use of FA in the
matrix with CNC to enhance the properties of concrete. This leads to a decrease in the production demand for
cement, ultimately reducing CO2 emissions. The option proposed in this study satisfies these requirements.

The modified concrete matrix provides an eco-friendly solution, as more FA is used, minimum burden on
open landfills, and organic nanocellulose (CNC) material is more suitable for sustainable, cost-effective, and
denser concrete applications with higher mechanical properties.
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4. Conclusion

Eco-friendly concrete can be produced using a combination of FA and CNC. These materials must be used at
optimized percentages to achieve stronger concrete. The conclusions were derived from the experimental
findings.

1. Incorporating both fly ash (FA) and cellulose nanocrystals (CNC) into concrete markedly improved its
mechanical characteristics and microstructure when compared to traditional concrete and concrete
made with only FA.

2. The optimum dosages were determined to be 20% FA replacement and 0.2% CNC addition by mass of
cement (FA20CNCO0.2).

3. The FA20CNCO0.2 mix exhibited marked improvements in compressive strength (36.54% increase), split
tensile strength (19.94% increase), flexural strength (18.22% increase), and shear strength (21.21%
increase).

4. Regression analysis revealed strong relationships between the compressive strength and other
mechanical properties of concrete modified with FA-CNC.

5. SEM analysis revealed a denser and more homogeneous microstructure in the FA20CNC0.2 mix, with
fewer microcracks and voids than in conventional concrete.

6. EDS analysis showed higher amounts of strength-enhancing components such as CaCOs, SiOz, MgO, and
Al203 in the FA20CNCO.2 mix.

7. The combined action of FA and CNC enhanced hydration, promoted pore filling, and strengthened the
formation of C-S-H bonds.

8. This method decreases the amount of cement needed while improving the quality of concrete,
presenting an environmentally friendly and sustainable option for producing high-performance
concrete.

The integration of FA and CNC results in concrete that boasts enhanced mechanical characteristics and
microstructure, while also minimizing the environmental footprint of cement production. This approach offers a
viable path for creating sustainable, high-performance concrete suitable for construction purposes.
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