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Abstract

Researchers have shown significant interest in the incorporation of nanoscale components into
concrete, primarily driven by the unique properties exhibited by these nano elements. A nanoparticle
comprises numerous atoms arranged in a cluster ranging from 10 to 100 nanometers in size. The
brittleness of foamed concrete (FC) can be effectively mitigated by incorporating nanoparticles,
thereby improving its overall properties. The objective of this investigation is to analyze the effects of
incorporating calcium carbonate nanoparticles (CCNP) into FC on its mechanical and durability
properties. The FC had a 750 kg/m? density, which was achieved using a binder-filler ratio of 1:1.5 and
a water-to-binder ratio of 0.45. The CCNP material exhibited a purity level of 99.5% and possessed a
fixed grain size of 40nm. A total of seven mixes have been prepared, incorporating CCNP in FC mixes
at specific weight fractions of 0% (control), 1%, 2%, 3%, 4%, 5%, and 6%. The properties that were
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assessed include slump, bulk density, flexural strength, splitting tensile strength, compressive strength,
permeable porosity, water absorption, drying shrinkage, softening coefficient, and microstructural
characterization. The results suggest that incorporating CCNP into FC enhances its mechanical and
durability properties, with the most optimal improvement observed at a CCNP addition of 4%. In
comparison to the control specimen, it was observed that specimens containing 4% CCNP
demonstrated significantly higher capacities in compressive, splitting tensile, and flexural tests, with
increases of 66%, 52%, and 59% respectively. The addition of CCNP resulted in an improvement in
the FC porosity and water absorption. However, it also led to a decrease in the workability of the
mixtures. Furthermore, the study also provided the correlations between compressive strength and
splitting tensile strength, as well as the correlations between compressive strength and flexural strength.
In addition, an artificial neural network (ANN) approach was employed, utilizing k-fold cross-
validation, to predict the compressive strength. The confirmation of property enhancement is verified

through the utilization of a Scanning Electron Microscope.

Keywords: Foamed concrete; Calcium carbonate nanoparticles; Mechanical properties; Durability
properties; Scanning Electron Microscope

1. Introduction

The expansion of concrete structures in the construction sector is an emerging trend when
compared to the progress made in masonry and wood structures [1-8]. Nevertheless, due to the
numerous benefits associated with concrete materials, including exceptional strength properties, good
flowability, excellent fire resistance, superior thermal and insulation properties, and high impact
resistance, it has gained widespread acceptance and utilization in building construction and
infrastructure projects worldwide [9-13]. Concrete has been widely utilized due to its numerous
advantages, resulting in a significant growth rate of concrete structures in comparison to other types of
structures [14-18]. Additionally, frequent improvements are being conducted [19-23]. It has created
significant impacts on the expansion and improvement of human civilization during the course of
human history [24-26]. Foamed concrete (FC) is widely recognized as a significant material for use in
the global construction industry [27-29]. In comparison to traditional construction materials, FC has

the potential to offer enhanced performance and cost-effectiveness in multiple applications [30].



FC can be characterized as a lightweight material with a porous or cellular structure, possessing
the ability to flow freely. It exhibits versatility and can be effectively utilized in a diverse range of
applications [31]. FC may have varying densities, typically falling within the range of 450 to 1950
kg/m?3. Its compressive strength ranges from 1 MPa to 20 MPa [32-35]. However, despite its growing
acceptance in the construction industry, FC does have certain drawbacks. These include its high
permeability, increased shrinkage, brittle nature, and a greater risk of cracking due to its permeable
structure and the presence of voids. These limitations restrict its use in load-bearing applications within
building construction, as highlighted by various studies [36-38]. Numerous investigations have
suggested that FC may exhibit volatility, particularly in situations where density experiences a
decrease. However, even slight variations in FC density can significantly impact the durability of FC.
The reduction in FC density resulted in a significant increase in the number of larger-sized voids [39].
Furthermore, it has been observed that at low densities, FC exhibits a high susceptibility to fracture
[40]. The utilization of nanoparticles is not a new concept in either the realm of nature or scientific
research [41]. The development of new measurement and visualization technologies has led to
significant progress in the testing and characterization of nanoscale materials. As a result,
nanotechnology has experienced a notable expansion in various industries including polymers,
concretes, plastics, electronics, and medicine [42-45]. Various techniques are implemented to enhance

the characteristics of supplementary cementitious materials [46].

Nanomaterials represent a relatively recent advancement in the field of material science, with
their conceptualization dating back to the early 1980s [47]. The term nanomaterial pertains to materials
that possess a thin structure and exhibit particle sizes within the range of 1 to 100nm [48]. These
substances are frequently located in the transitional region between atomic masses and macroscopic
bodies and encompass a diverse array of powdered materials. Nanomaterials are characterized by their
small particle mass and significant specific surface area [49]. The proportion of surface atoms is 20%,
which remains consistent even when the fragment size is as small as 20nm. When compared to
conventional granular materials, ultrafine powder exhibits a diverse array of exceptional characteristics
[50]. Due to their remarkable efficacy, nanomaterials have emerged as a prominent area of
investigation within the scientific community and are regarded as a potential catalyst for the next
industrial revolution [51]. The favourable performance of ultrafine particles in concrete is largely
attributed to the continuous filler of cementitious material composition [52]. Silica fume enhances the
strength and durability of cement-based materials due to its smaller granule size and higher activity

level [53]. However, both the production and price of the product are relatively affordable. The field



of nanotechnology has led to the development of nanomaterials as a potential substitute for silica fume,
addressing the increasing demand for high-performance concrete [54]. Nanomaterials are being
increasingly employed in concrete production due to their distinct nano impacts [55].

The utilization of nanoparticles has previously demonstrated a substantial improvement in
durability characteristics and mechanical performance [56]. The utilization of appropriate
nanoparticles has the potential to enhance both the firmness and properties of the FC simultaneously
[57]. The incorporation of nanoparticles into concrete has resulted in enhancements to the material's
workability, mechanical properties, durability, and microstructure, as evidenced in the available
literature [58]. Various nanomaterials are commonly employed to enhance the structural integrity of
conventional concrete. Some notable examples include titanium oxide, carbon nanotubes, silicon
dioxide, calcium carbonate, aluminium oxide, limestone, and iron oxide [59]. Due to the notable
pozzolanic activity exhibited by Calcium Carbonate Nano Particles (CCNP), they have been
successfully utilized as a substitute for traditional silica fume in various cement-based products [60].
CCNP is classified as one of several types of nanomaterials. The formation of Calcium Silicate Hydrate
(CSH) gel occurs through the reaction of calcium hydroxide present between the filler and binder. This
process enhances the strength property by leveraging the increased activity of CCNP [61]. Recently,
there has been a considerable amount of research conducted on the utilization of nano-modified
concrete. Numerous studies have revealed that nanoparticles significantly contribute to the
enhancement of concrete properties. They can reduce the amount of cement used to a considerable
extent and also fill the voids in the materials, thereby enabling them to have a significant influence on

enhancing the performance of traditional concrete [62].

In comparison to various other nanoparticles, it has been observed that CCNPs are more cost-
effective and can be obtained in significant quantities [63,64]. Prior studies have indicated that the
generation of CCNP could potentially be achieved by a plant through the utilization of waste carbon
dioxide (CO2). In their study, Batuecas et al. [65] provided a summary indicating that the addition of
2% CCNP results in a reduction of CO2 emissions by approximately 69%. The carbon dioxide (CO2)
emissions of the cement plant have been successfully reduced from 0.96 to 0.30 CO2 equivalent per
kilogram. Therefore, the utilization of CCNP yields two significant outcomes from both economic and
environmental standpoints. In a recent study conducted by Poudyal et al. [66], it was discovered that
the utilization of CCNP resulted in enhanced early and late-age strengths of concrete. A previous study

conducted by the authors presents comprehensive testing results on cement containing different weight



fractions of CCNP [67]. It was determined that a weight fraction of 1% of CCNP vyielded optimal
outcomes, characterized by enhanced durability and strength properties. In contemporary times, it is
crucial to establish a correlation between the mechanical properties of concrete and the mix design
through the utilization of diverse methodologies. These relationships offer valuable insights for

researchers, academics, and professionals in the industry.

1.1 Research gap

Research has been conducted on the utilization of CCNP in conventional concrete, and the
findings indicate that CCNP significantly contributes to the improvement of concrete properties. The
application of the CCNP in FC exhibits some limitations, thereby necessitating a comprehensive
exploration of their impact on various properties. The existing literature reveals inadequate exploration
of the interrelationship between the mechanical and durability properties of CCNP blended FC, hence

restricting the comprehension of their interaction.

1.2 Research objectives

Although the effects of nanomaterials on the properties of concrete are well-understood, there
has been little research on the impact of nanoparticles on the mechanical and durability properties of
FC. The addition of CCNP to concrete has been investigated, but there are still several uncertainties
regarding the mechanism by which CCNP may alter the properties of FC. This ambiguity requires
clarification. Consequently, this research is an effort to address this need. The objective is to assess the
effect of CCNP addition on the mechanical and durability properties of FC. The investigation is

expanded to propose a model between mechanical, mechanical, and durability properties.

2. Materials and Methods

Five main ingredients were required for producing the FC specimens in this study. The FC mixes
contained ordinary Portland cement (OPC) as the binder, fine aggregate as the filler, clean water, a
protein-based foaming agent, and CCNP as an additive.



2.1 Materials

The utilization of CEM-1 class cement, which complies with the specifications outlined in BS-
EN 197-1 [68], is suitable for a wide range of applications in the construction industry. These
applications include the production of mortars for floor screeds, brickworks, and blockwork joints, as
well as the preparation of interior and exterior renders. Table 1 presents the chemical compositions of

cement CEM-1 employed in this study, while Table 2 provides a summary of its physical qualities.

Table 1. CEM-1 cement chemical composition

Oxides elements Percentage (%)
SiO2 20.87
CaO 62.98
MgO 1.88
SOs3 3.12
Fe20s 3.62
Al203 4.59
Insoluble residue 1.38
L.O.l 1.56

The properties of the mortar slurry are influenced by both the characteristics of the sand and
the composition of the mixture. The gradation curve depicting the fine sand utilized in this experiment
is presented in Figure 1. The determination of particle size distribution was conducted using the ASTM
C33-03 standard [69]. The density of sand particles used in the study, as stated in ASTM C128-15 [70],
was recorded as 2.49 g/cm®. The sample has a fine grain composition, with 2.69% of the grains falling
within the specified size range, with a maximum diameter of 5Smm. The given data has a uniformity
value of 2.71 and a curvature coefficient of 1.11. Tap water was utilized for mixing, by the
specifications provided in BS-EN 3148 [71].



Table 2. CEM-1 cement physical properties.

Properties Value
Setting time (initial) 101 minutes
Setting time (final) 209 minutes

Consistency 25.1%
Specific gravity 3.13
Specific surface 2422 cm?/kg
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Figure 1. Gradation curve of fine sand

To reduce the apparent friction of a solution and increase the firmness of the foam, a protein
foaming agent was used. The properties of the protein foaming agent employed are summarized in
Table 3 which was supplied by DRN Technologies Sdn. Bhd., Penang, Malaysia. As protein peptide
bonds dissolve, additional hydrophobic molecules are released. When the apparent friction of the
solution decreases, an interface is created for air bubbles to form, and the hydrogen bonds between
chemical groups aid in the formation of stable bubbles. In comparison to air voids produced using a
synthetic foaming agent, the air bubbles formed by this method will be more stable and smaller [72].
The protein foaming agent was applied at a 1:35 ratio with clean water. To achieve a consistent foam,

a solution consisting of 1 liter of protein-based foaming agent was mixed with 35 liters of water. A
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foam generator was employed. The foam generator has a calibrated foam nozzle with set foam
discharge rates ranging from 5 to 15 cubic feet per minute subject to the flow rate

The CCNP utilized in this investigation was obtained from a local supplier, DRN Technologies
Sdn Bhd, based in Penang, Malaysia. Tables 4 and 5 present a comprehensive overview of the physical

attributes and chemical compositions of CCNP.

Table 3. Properties of foaming agent

Properties Descriptions/ VValues
Type Protein-based
Product designation Noraite PA-1
Color Brown
Foam density (kg/m?) 755
Acidity (pH) 6.45
Specific gravity 1.12
Expansion ratio 14x
Suitable FC density (kg/m?) > 700

Table 4. Physical properties of CCNP

Properties Values
Nanoparticles grain size (nm) 40-60
Purity (%) 99
Density (g/cm?®) 2.89
Colour White
Molar mass (g/mol) 100.09

Table 5. CCNP chemical composition

Oxides elements Percentage (%)

CaO 77.29
Fe20s 0.05
SiO2 0.59
P20s 0.01
AlOs 0.08

SOs 0.01
K20 0.01
MgO 0.14
TiO2 0.01
Na:O 0.01
L.O.l 21.8




2.2 Mix design

FC density of 750 kg/m?® was prepared in this experiment. Table 6 shows the mix proportion
of FC which contain varying weight fractions of CCNP. A binder-filler ratio was maintained at 1:1.5
and the water-binder ratio was set at 0.45. Seven FC mixes in total were produced specifically the
control FC (no inclusion of CCNP), CC1, CC2, CC3, CC4, CC5, and CC6 representing varying weight
fractions of 1% to 6% addition to FC.

Table 6. FC-CCNP composites mix proportions

FC CCNP  CCNP Binder Filler Water Foam
coding (%)  (kg/m®)  (kg/m®) (kg/m®)  (kg/m®)  (kg/m®)
Control 0 0.0 284.4 426.6 128.0 385
CC1 1 8.8 284.4 426.6 128.0 38.5
CC2 2 17.5 284.4 426.6 128.0 38.5
CC3 3 26.3 284.4 426.6 128.0 38.5
CC4 4 35.1 284.4 426.6 128.0 38.5
CC5 5 43.9 284.4 426.6 128.0 38.5
CC6 6 52.7 284.4 426.6 128.0 38.5

2.3 Production of FC

The process of producing FC on a small scale is relatively straightforward, requiring neither
costly nor complicated machinery. In fact, in many instances, existing equipment used for conventional
concrete production can be utilized. In this study, a low-density FC was produced with a constant dry
density of 750 kg/m? by controlling the foam content added to the cement slurry. There were variations
in CC addition specifically 0% (control), 1%, 2%, 3%, 4%, 5%, and 6%. A maximum of 6% weight
fraction of CC was selected to avoid FC of reduced density. Firstly, a dry mixture of cement, sand, and
CC was mixed for three minutes in a 0.2m?® capacity tilting concrete mixer. Then, the dry mix was
blended with water for an additional three minutes. The production of FC necessitates the presence of
an aqueous stable foam, which is considered a crucial component. The foaming generator serves as a
medium through which the liquid chemical transforms into a state of stable foam. Therefore, a

Portafoam TM-2 machine connected to a premix solution tank (Figure 2) was used to generate the
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foam as shown in Fig. 1. A premix solution tank-producing system is ideal for use in conjunction with
batching equipment. Since just a small amount of foam is needed, it is incredibly cost-effective. Foam
liquid concentrates and water is premixed in the tank using pressure tank-producing equipment. The
solution is then expelled from the pressure tank through the foam-producing nozzle. The procedure is
done only by air pressure. The pressure tanks had a capacity of 40 liters. While calibrated foam nozzles
for the pressure tank system are available. This foam generator will also automatically combine liquid
foam concentrate with water and compressed air in predetermined quantities. It will suction liquid foam
concentrate constantly from the concentrate's container. The liquid foam concentrate is metered and
blended with water to make a premixed solution with the appropriate concentration ratio to achieve the
required FC density. An air compressor is then used to pressurize and balance the solution. This
compressor's air and the premixed solution are then metered via a nozzle, the output of which is
controlled by the foam generator. The nozzle is intended to produce a fine micro-bubbled foam of a
certain density and quantity. To measure its density, a 5-liter container was used and the density of the
foam should be between 70-80 kg/m®. Once the density was confirmed to be within the acceptable
range, it had been inserted into the mortar slurry mix and the mixer was run for a few more minutes
until there was no noticeable foam left in the drum. According to ASTM C 1437 [73], a flow table test
was conducted to determine the consistency of newly mixed FC. Then, the homogenous FC mix was
placed in steel moulds. A plastic sheet was placed over the moulds for 24 hours to protect them from
moisture. The samples were cured by moisture curing as soon as they had been demoulded until they

were ready for testing.

Figure 2. A Portafoam TM-2 machine was utilized to produce the stable foam
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2.3 Experimental procedure

Various tests were conducted to evaluate the mechanical and physical properties of FC,
including flexural strength, compression strength, splitting tensile strength, porosity, slump flow rate,
and water absorption. A prism with dimensions of 100 x 100 x 500mm was utilized to execute the
flexural test, following the guidelines outlined in the BS-EN 12390-5 standard [74]. The compression
test was conducted using FC cubes measuring 100 x 100 x 100mm, by the specifications outlined in
the BS-EN 12390-3 [75] standard. Subsequently, a cylindrical specimen with a diameter of 100mm
and a height of 200mm was employed to determine the splitting tensile strength. The splitting tensile
test conducted adheres to the guidelines specified in the BS-EN 12390-6 [76] standard.

The investigation also encompassed an assessment of the water absorption and porosity
properties of FC. The softening coefficient is a significant indicator used to characterize FC. The
softening coefficient pertains to the capacity of a specific FC mixture to withstand water damage, and
it exerts a notable impact on materials characterized by elevated levels of water absorption and
porosity. The softening coefficient was determined based on the high water absorption and porosity of
FC. It was calculated as the ratio of the compressive strength of FC when saturated with water to its
compressive strength in a dry condition.

Furthermore, the porosity of FC was assessed using a vacuum saturation technique [77], and a
water absorption test was accomplished by the BS-EN 1881-122 standard [78]. In accordance with the
ASTM C878/C878M-22 standard [79], a drying shrinkage test was conducted to determine the
volumetric contraction of FC due to moisture loss. This test involved the use of a prism measuring
75mm x 75mm x 290mm. Besides, the workability test was also achieved in agreement with the
standards established by ASTM C 230-97 [80].

3. Results and Discussion

3.1 Slump

Slump flow must be taken into account when evaluating FC performance. The workability of FC-
CCNP composites in relation to slump value is depicted in Figure 3. As seen in Figure 3, the slump
flow of FC blends decreased as CCNP content increased. The control FC achieved the greatest slump
flow diameter, measuring 259mm, while FC with a 6% CCNP recorded the smallest slump flow
diameter, measuring 238mm. The results are consistent with those of Supit and Shaikh [81]. Compared

to the control FC, the slump flow of the FC containing CCNP is reduced. As the weight fraction of
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CCNP in the mixture increases, the fluidity decreases. The workability of the FC containing 1% CCNP
is lower than that of the control FC. The decrease in the workability of FC is due to the CCNP's higher
specific surface area. Meng et al. [82] found that water usage increases along with the CCNP weight
fraction. The water demand experiences a modest rise of 0.4%, 1.8%, and 3.2% correspondingly,
reliant upon the CCNP weight fraction being 1%, 3%, or 5%. However, this influence is lessened when
a CCNP intermediate slurry is employed. With the addition of CCNP from 1% to 6%, slump flow falls
by 1.2%, 3.9%, 5.0%, 5.4%, 6.9%, and 8.1% in comparison to the control FC. The CCNP medium
slurry is faster to dissipate uniformly and may greatly improve particle size dispersion, which is the
main justification for this modification. The presence of CCNP could accelerate setting time in addition

to enhancing cement hydration.

270

260 &

250 -

Slump (mm)

240 -

230
0 1 2 3 4 5 6

CCNP Weight Fraction (%)

Figure 3. The slump of FC-CCNP composites

3.2 Density

The material's varying densities are influenced by a combination of several factors, including the
inclusion of different types of cement, sand, foaming agent, and the incorporation of an additive in the
FC base mix. However, maintaining FC densities within a range of roughly + 60 kg/m?® of their targeted
final density is of utmost significance. Figure 4 illustrates the relationship between the influence of
varying weight fractions of CCNP on the FC densities. The observed trend in Figure 4 indicates that

there is a slight increase in FC density as the weight fraction of CCNP increases (from 1% to 6%) and
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as the curing age progresses from day 7 to day 56. On the 28th day, the FC mixture, which consisted
of a 6% weight percentage of CCNP, exhibited a density of 770 kg/m®. In contrast, the control FC
displayed a density of 755 kg/m?®. The FC specimen, containing a 2% CCNF, exhibited a density of
756 kg/m? after 7 days of curing. Subsequently, the density increased to 759 kg/m?® on day 28 and
further rose to 764 kg/m?3 on day 28 of the curing process. On the 56th day, however, the density
remained satisfactory. On day 28, control, CC1, CC2, CC3, CC4, CC5, and CC6 exhibited variations
in density compared to the target values of 9, 12, 14, 16, 17, 18, and 22 kg/m?. The density increase
was attributed to the higher specific gravity of CCNP within the FC cementitious matrix [83].
Furthermore, the incorporation of CCNP into FC has the potential to improve the density of grain
filling, reduce the fraction of voids in solid fragments, and enhance the availability of free water for
lubricating [84]. The plastic viscosity may increase as a consequence of these opposing mechanisms.
Furthermore, the incorporation of CCNP into FC has been observed to result in a rise in water
consumption, as well as higher yield stress and viscosity [85]. The CCNP is utilized as a filler material
in the FC matrix, resulting in a decrease in porosity and voids, hence enhancing the density of the FC
[86].

790

o Day-7
780 4 mDay-28
m Day-56
770 - Y
760 -

750

Density (kg/m?)

740

730

720

Control  CC1 CC2 CC3 CC4 CC5 CC6
CC Weight Fraction (%)

Figure 4. The density of FC-CCNP composites
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3.3 Flexural strength

Figure 5 illustrates the influence of the incorporation of different weight fractions of CCNP on
the flexural strength of FC. The results indicate an initial rise of up to 4% in flexural strength with the
addition of CCNP. However, as the CCNP content further increases, the flexural strength gradually
declines. At the age of 28 days, the addition of CCNP at weight fractions of 1%, 2%, 3%, 4%, 5%, and
6% resulted in increases in flexural strength of 7.46%, 22.39%, 30.26%, 58.75%, 23.57%, and 2.31%,
respectively. The CC4 blend exhibits a substantially greater increase in flexural strength compared to
the other mixes. An observed increase in flexural strength is recorded for the CC4 mix, with a rate of
18.75% at 28 days and 34.38% at 56 days compared to the 7th day. The observed increase in flexural
strength can be attributed to the ability of the matrix material to transmit loads to the CCNP. The
CCNPs exhibit a strong bonding with the cement matrix because of their superlattice nature,
characterized by enhanced van der Waals forces at the contact. Moreover, the CCNP induces the
formation of a compact arrangement of hydration products, resulting in a wider range of particle sizes
and a decrease in the dimensions and connectivity of pores, hence improving flexural strength. The
packing density of a matrix is enhanced when CCNP is incorporated into an FC cementitious matrix,
resulting in strengthened bonding between the filler and binder at the interfacial transition area.
Moreover, the presence of non-uniformly distributed particles, caused by a critical concentration of
more than 5% of the CCNP in FC, may have contributed to the decline in flexural strength [87]. The
literature suggests two possibilities for the observed rise in flexural strength. Firstly, it implies that the
presence of CCNP fills the micropores within the cementitious matrix, leading to an increase in density.
Secondly, the production of new hydrated components is proposed as an additional factor contributing
to the enhanced flexural strength [88]. The incorporation of CCNP at its minimum concentration leads
to a notable enhancement in flexural strength. Liu et al. (89) specifically documented that the inclusion
of 1% of CCNP resulted in a significant enhancement in flexural strength as compared to the control
sample. A decrease in flexural strength was seen at greater replacement levels, which can be attributed

to inadequate dispersion and agglomeration of nanoparticles within the cementitious composites [90].
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Figure 5. Flexural strength of FC-CCNP composites

3.4 Splitting tensile strength

In line with the findings on flexural strength, it was observed that an increase in the weight
fraction of CCNP resulted in an enhancement of the splitting tensile strength of FC at 7, 28, and 56
days, as illustrated in Figure 6. The splitting tensile strength of the samples increased by 7%, 21%,
24%, and 52% at 28 days, and by 8%, 24%, 32%, and 52% at 7 days, respectively. These improvements
were observed when weight fractions of 1%, 2%, 3%, and 4% of CCNP were added to the samples, as
compared to the control sample. However, following the incorporation of a 4% CCNP, there was a
gradual decrease observed in the splitting tensile strength. The CCNP is known for its intricate nature,
characterized by its nanoscopic scale, significant interfacial area, and precise atom arrangement. When
exposed to external stress, the atoms exhibit rapid migration, absorb energy during this process, and
demonstrate resistance to deformation. When force is exerted on the FC, it results in the formation of
an internal network of microcracks, ultimately leading to the fracture of the FC. This fracture is
portrayed by the presence of numerous small and major cracks. The emergence, growth, and
coalescence of internal fractures have a detrimental effect on the load-bearing surface of the FC matrix.
The reduction in the effective load-bearing area also leads to an increase in the stresses at major fracture

points. The presence of CCNP enhances fracture resistance and mitigates crack propagation. The
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CCNP possesses a significant aspect ratio and shape that enables it to effectively obstruct and redirect
microcracks, thereby exhibiting robust properties for inhibiting crack advancement [91]. Additionally,
the bridging function of CCNP particles can effectively prevent and mitigate the propagation of
fractures. Certain fractures tend to naturally close when subjected to compressive pressure, however,
the occurrence of crack merging becomes more prominent when exposed to tensile strain [92].
Although the addition of CCNP into FC beyond 4% exhibits a decreasing trend, it is noteworthy that
the splitting tensile strength at weight fractions of 5% and 6% of CCNP is still 17% and 7% higher,

respectively, compared to the control FC on day 28.
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Figure 6. Splitting tensile strength of FC-CCNP composites

3.5 Compressive strength

According to Figure 7, there is a positive correlation between the weight percentage of CCNP
and the compressive strength of FC. The compressive strength of FC increases as the weight fraction
of CCNP increases, with the highest value observed at an optimal weight fraction of 4%. A 6% CCNP
experienced an increase of 14.3%. The inclusion of a 4% weight fraction of CCNP resulted in a notable
enhancement of the compressive strength, reaching 3.36 MPa. This improvement represents a
significant 66% increase compared to the control FC. Within the FC cementitious matrix, these
elements collaborate synergistically to enhance compressive strength. The inclusion of a 5%
concentration of CCNP resulted in a 15% increase in compressive strength compared to the control

sample. This improvement is lower than the increase observed with the addition of 3% CCNP.
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Nanoparticles with high specific areas are vulnerable to clustering due to secondary interactions [93].
There is an observed increase in the compressive strength of the specimens when CCNP is added at
different weight fractions. Specifically, there is an increase of approximately 12.78%, 26.52%, 32.27%,
65.18%, 14.38%, and 3.19% when CCNP is added at 1%, 2%, 3%, 4%, 5%, and 6% respectively,
compared to the control specimen FC. These results were obtained after conducting a 28-day testing
of the FC specimens. Additionally, it is observed that the compressive strength rate increases for a
duration of 28 days when compared to a duration of 7 days. The inclusion of CCNP in the FC leads to
the production of minerals such as calcium silicate hydrate (C-S-H) and calcium aluminate silicate
hydrate (C-A-S-H), which play a significant role in enhancing mechanical properties. In addition,
CCNP is utilized as a filler material to enhance density and subsequently improve strength properties.
The increase in compressive strength can be attributed to the accelerated reaction rate of tricalcium
aluminate, resulting in the production of a greater amount of carbon aluminate complex. Consequently,
this leads to an increase in the hydration compounds [94]. Furthermore, the nanoparticles of CCNP
exhibit a reactive behavior when interacting with tricalcium silicate, resulting in an enhanced rate of
hardening and development of FC. This effect is particularly noticeable when the replacement level is
lower and during the early stages of FC strength. The reaction of tricalcium aluminate and tricalcium
silicate with CCNP leads to the formation of a significant quantity of hydration products. These
products consume the available water, effectively counteracting the dilution effect of the bonded
materials. Consequently, this process contributes to an enhancement in strength. The inadequate
dispersion of CCNP particles and the presence of van der Waals forces in the binder can be identified

as factors contributing to the achievement of an optimized level of CCNP.
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Figure 7. Compressive strength of FC-CCNP composites

3.6 Porosity

The results of the permeable porosity of FC-CCNP composites are depicted in Figure 8. The
increase in the weight percentage of CCNP in the FC mixes resulted in a decrease in permeable
porosity. The inclusion of 3% and 4% of CCNP in the control FC results in an enhancement of
permeability porosity by 6% and 9% correspondingly, when compared to the control FC. The
introduction of CCNP into the pores at the interface between the binder paste and the filler resulted in
a decrease in the activity of capillary pores. It is important to note that the pores were filled with CCNP.
The observed trend in permeability porosity values can be attributed to the alteration of the
microstructure in the presence of CCNP. These CCNP hold together to form a gel chain by acting as
kernels, and this is one of the reasons why such a trend can be observed in the permeable porosity
values [95]. The CCNP is employed to address the discrete and continuous gaps observed in the
specimens, resulting in a reduction of capillary suction that facilitates water absorption into the FC
specimens. The observed effect involves a reduction in the size of the biggest pores on the outer surface
as a result of the production of newly hydrated compounds, which is attributed to the increase in the
content of CCNP. As previously mentioned, it has been shown that CCNP exhibits involvement in the
hydration reaction, hence facilitating the hydration process of various cementitious materials.
Additionally, CCNP effectively occupies voids within the cement matrix, resulting in a reduction of

pore volume [96].
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Figure 8. Permeable porosity of FC-CCNP composites

3.7 Water absorption

Figure 9 shows the outcomes of the water absorption of FC-CCNP composites. It appears that
water absorption gradually decreases as CCNP content increases. The control FC's water absorption
value was 25.8%. A 6% weight fraction of CCNP in FC demonstrates a significant decrease in water
penetration when compared to all other weight fractions of CCNP. This is so that the FC mixture's gel
pores can be sealed off owing to the lower particle size. With the addition of a 6% CCNP, the water
absorption capacity was determined to be 22.9%, which is a decrease of nearly 11% from the control
specimen. The reason is due to the densified microstructure and refined pores. With a 4% addition of
CCNP, a significant decrease in water absorption from the control sample to FC-CCNP composites is
apparent. This effect also occurs with greater weight fractions of CCNF in FC. Above the 4% weight
fraction of CCNP in FC, the decrease in water absorption capacity is minimal. An increase in CCNP
causes a decrease in water absorption because it increases the hydration products, absorbs more
calcium hydroxide, and causes the formation of new gels to fill the matrix's gaps, decreasing the
porosity of FC [97].
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Figure 9. Water absorption of FC-CCNP composites

3.8  Drying shrinkage

The drying shrinkage of FC is a phenomenon characterized by a decrease in volume primarily
due to the evaporation of water from the FC in conditions of low ambient humidity. This particular
type of shrinkage is widely recognized as a leading cause of concrete cracking. The cement paste used
in FC is considered to exhibit viscoelastic behavior, meaning that its volume change is influenced by
both elastic and viscous mechanisms. The results of drying shrinkage of FC-CCNP composites are
illustrated in Figure 10. As depicted in Figure 10, the drying shrinkage exhibited an increase over time
for all mixtures. Overall, it was observed that the control mix exhibited the greatest degree of drying
shrinkage. The incorporation of CCNP in FC results in a substantial reduction in drying shrinkage. The
presence of 4% CCNP in the FC mix (mix CC4) led to the attainment of the optimal outcome. The
CCNP exhibits the ability to absorb tensile energy while the FC material undergoes shrinkage. This
energy transfer occurs at the interface between the CCNP and FC matrices, resulting in the dispersion
of energy to the adjacent matrix. Consequently, the concentration of tensile stress within the FC matrix
decreases, thereby enhancing its resistance to crack propagation. According to Abellan-Garcia et al.
[98], when the weight fraction of CCNP in the FC matrix exceeds 4%, inadequate dispersion of CCNP

within the FC matrix results in the agglomeration of nanoparticles. Consequently, this phenomenon
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impedes the ability of CCNP to effectively disperse tensile stress from the FC region to other areas via
its surface. This explanation provides support for the assertion that there is no substantial enhancement
in the resistance to drying shrinkage cracking beyond a weight fraction of 4%. When a suitable weight
proportion of CCNP is uniformly distributed within the cement paste composed of FC, the resulting
hydrated cement products tend to accumulate around the CCNP. This phenomenon can be attributed

to the higher surface energy of the CCNP, which serves as a favorable site for nucleation.
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Figure 10. Drying shrinkage of FC-CCNP composites

3.9  Softening coefficient

If FC-CCNP composites undergo water absorption and possess inadequate water resistance, it
will significantly hinder the expected lifespan of the FC as an insulation material. The softening
coefficient is a substantial consideration that distinguishes the water resistance properties of cement-
based materials. It is expressed as the proportion of the compressive strength exhibited by FC when
saturated with water to the compressive strength of FC observed when it is in a dry state. Figure 11
shows the softening coefficient of FC-CCNP composites. The data presented in Figure 11 illustrates
that the softening coefficient is consistently below 1.00 across all FC-CCNP mixtures. This indicates
that the presence of water saturation has a detrimental impact on the compressive strength of FC-CCNP

composites. The experimental results demonstrate an upward trend between the weight fraction of
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CCNP and the softening coefficient of FC-CCNP composites, up to a weight fraction of 4% (referred
to as mix CC4). The mix CC4 displayed the highest softening coefficient of 0.94, in contrast to the
control mix which had the lowest softening coefficient of 0.85. For CC5 and CC6 mixes, the softening
coefficient decreased slightly to 0.91 and 0.90, respectively, when exceeding 4%. In general, it is
recommended that the softening coefficient of water-resistant materials, such as FC, should be more
than 0.85 [99]. Hence, based on the softening coefficient obtained in this research, it is justifiable to
assert that all FC-CCNP blends examined in this investigation exhibit a good level of water resistance
capability. The relationship between the water resistance of a material and its pore structure and particle
adhesion method is widely acknowledged in the literature [100]. Hence, the reduction of porosity in

FC is a crucial method for enhancing its mechanical properties.
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Figure 11. Softening coefficient of FC-CCNP composites

3.10 Microstructural study

Figure 12 displays the scanning electron microscope (SEM) images of the control FC in
comparison to the FC containing various weight fractions of CCNP. The control FC (as shown in
Figure 12a) exhibits greater void sizes and connected pores. The inclusion of CCNP in the composition
of the base mixture resulted in a significant reduction in void sizes, as depicted in Figures 12b-f. In

addition to the aforementioned point, the presence of the CCNP leads to an increase in the density of
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the matrix as a result of enhanced development of the C-S-H (Calcium Silicate Hydrate). This
occurrence is confirmed by observed enhancements in both density and strength properties. The
strength of FC was augmented by the widespread dispersion of C-S-H gel within the cementitious
matrix that had been hydrated with FC. The presence of Ca(OH)2 and CaCO3 was found on the
external surface of the hydrated FC cement paste. The strength of the mixture was notably increased
as a result of the expansion and dispersion of mineral elements. The control FC exhibits a pore diameter
of 0.69mm. However, upon the introduction of 1% of CCNP, the pore size decreases to 0.66mm,
suggesting the presence of newly formed hydration compounds. Furthermore, with the inclusion of
CCNP, the void size was decreased to 0.53mm for the CCN3 mixture. Additionally, for the 3%
concentration of CCNP, the void size was further reduced to 0.39mm. This suggests that an increase
in the incorporation of CCNP leads to a greater generation of hydration products. Additionally, the
inclusion of CCNP results in the filling of pores, thereby raising the density of the mixture. The CCN4
mix has an optimal mix proportion, characterized by a void size of 0.26mm, which suggests a higher
concentration of hydration products and pore filling. This leads to an increase in density. In a study
conducted by Martinez-Garcia et al. (2021) [101], it was shown that the production of hydrated
products led to a reduction in void size, which was consistent with previous findings. The introduction
of new products also contributed to this effect. In addition to a 4% increase in the content of CCNP, a
layer composed of hydrated cementitious materials, specifically Portlandite and Calcite, was placed on
top of the compacted cement matrix. The lack of calcium in the combination may have hindered the
breakdown of C-S-H. The decreased strength of mix CCNP5 can be ascribed to insufficient mineral
element development inside the composite. The decreased indication and dispersion of C-S-H can be
attributed to the presence of unreacted particles in the supplementary substance. The C-S-H gel
experienced a significant breakdown, leading to the formation of calcite crystals. The diminished
strength of CCNP5 was noted as a result of the existing microstructural circumstances. In addition, it
was observed that the composite had inadequate mechanical properties, and the chemical interaction

between Portlandite and Silica content ceased after a period of 28 days.

According to the observations made in Figure 12, it can be noticed that the equidimensional
spherical nanoparticles were accompanied by rhombohedral crystals at the nanoscale. The production
of calcite has been reported by Jagadesh et al. [102]. The reaction between the tri-calcium aluminate
and the gypsum results in calcium sulfoaluminates or ettringite and thereby the reduction of the
gypsum. The conversion of calcium sulfoaluminates to monosulfoaluminates was necessitated by the

unavailability of gypsum. The transformation of monosulfoaluminates is modified with the
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incorporation of CCNP. The carbonates present in the CCNP cement experience a chemical reaction
with tri-calcium aluminate in the FC, resulting in the formation of calcium carbon-aluminates. The
inclusion of CCNP results in the substitution of sulphate ions in calcium sulfoaluminates and
monosulfoaluminates with carbonate ions, hence enhancing the stability of calcium sulfoaluminates
[103]. Based on the observations made in Figure 12(e), it can be inferred that a condensed arrangement
characterized by a reduced presence of hydration products within the C-S-H gel, along with a lower
occurrence of sulfoaluminates, leads to the development of a more tightly packed structure.
Consequently, this denser matrix exhibits an enhancement in its mechanical capabilities. Based on
microscopic observations, it can be inferred that the formation of a denser matrix can be attributed to
the existence of small C-S-H gel products and the filling of spaces by nanoparticles, thereby leading to

an increase in density.
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Figure 12. SEM micrographs (a) control FC; (b) FC with the inclusion of 4% CCNP

4. Correlation analysis between FC-CCNP properties

To accurately determine the properties of FC, it is necessary to obtain information regarding its
other properties or the constituents materials used in the mixture. These correlations are necessary for
cost savings, environmental resource conservation, manpower efficiency, time efficiency, and other
benefits for researchers, academics, and professionals in the industry. Martinez-Garcia et al. [104]
reported on the influence of various factors on the strength properties of concrete. Therefore, it is
imperative to quantify one of the mechanical properties of FC-CCNP by estimating it from other
mechanical properties. Correlation expressions have been developed to establish the relationship
between the properties of FC-CCNP. The fundamental linear correlation method was employed to
investigate the relationship between physical properties and strength properties. Figure 13 displays the
correlation analysis conducted on the compressive and flexural strengths of FC-CCNP composites. The
power relations among all FC-CCNP specimens exhibited a strong correlation. The compressive and
splitting tensile strengths exhibit a strong positive linear relationship, as evidenced by an R-squared of
0.998. In the majority of literature pertaining to the relationship between compressive strength and

flexural strength, it is observed that a power relationship exists between these two strengths.
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Figure 13. FC-CCNP composite compressive-flexural strengths correlation analysis

The relationship between the compressive and splitting tensile strengths of FC-CCNP
composites is illustrated in Figure 14. The data distribution depicted in Figure 14, with an R-squared
value of 0.995, provides evidence supporting the assertion of a significant relationship between the
compressive and split tensile strength of FC reinforced by CCNP. By the existing literature, there exists
a correlation between compressive strength and split tensile strength, which can be described as a
power relationship. Figure 15 provides evidence supporting the correlation between the flexural and
splitting tensile strengths of FC. Based on the R-squared value of 0.997, it is evident that a strong linear

correlation exists between the two strength parameters.
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Figure 15. FC-CCNP composite flexural-splitting tensile strengths correlation analysis

Additionally, Figure 16 illustrates the correlation between permeable porosity and water
absorption of FC-CCNP composites. An R-squared value of 0.9881 was achieved. The correlation
indicates that there is a positive relationship between porosity and water absorption value, whereby an

increase in porosity leads to an increase in water absorption. The correlation expressions presented
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indicate a significant relationship between changes in the variables and corresponding changes in the
response variable. Furthermore, the prediction models developed demonstrate a substantial level of
explanatory power, accounting for a significant proportion of the observed variability. It is important
to note that the correlation expressions suggested in this study can be utilized in the design of

nanoparticle-modified FC.
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Figure 16. FC-CCNP composite porosity-water absorption correlation analysis

5. Compressive Strength Estimation using Artificial Neural Network

Acrtificial Neural Network (ANN) is a machine learning model that exhibits similarities to the
neural networks present in the human brain. Artificial neural networks (ANNSs) have been extensively
utilized in various engineering applications due to their capability to effectively model intricate
nonlinear systems [105]. One application chosen for analysis in this study involves the estimation of
the compressive strength of FC. To achieve an optimal blend and attain the desired level of strength,
significant financial, temporal, and human resources are required, along with the consumption of
natural resources. The ANN technique is utilized, employing the feedforward propagation method, to
estimate the compressive strength of FC during a specified testing period. The compressive strength
can be determined by employing a neural network architecture with the number of hidden layers set
equal to the number of input variables. According to Figure 17, the number of layers employed for the

modeling process using ANN is depicted.
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Figure 17. Number of layers used for modeling

A total of 182 data points were collected to develop a model for predicting the compressive
strength of FC. The input variables for this study include binder content, natural fine aggregate, water,
foaming agent, and age of testing of the specimen. The output variable being measured is the
compressive strength [106]. The table presented in Figure 7 illustrates the input and output variables

utilized in the ANN analysis for determining the compressive strength of FC.

Table 7. Variables used for ANN analysis to determine the compressive strength of FC

Binder Natural Fine Water Foamin Age of Compressive
content Aggregate (ka/m®  agent (k /?ng) Testing Strength (MPa)
(kg/m)  (kg/m’) : e (Days)
Maximum 600.00 1355.00 484.00 0.17 3.00 0.10
Minimum 107.20 0.00 68.90 60.00 180.00 18.50

Prior to making predictions, the data undergoes pre-processing utilizing normalization
techniques. This is done to ensure that the data is evenly distributed within the range of -1 to +1. It is
essential to incorporate normalization methods in the pre-processing of data for machine learning.
These techniques are employed to transform data into a format that can be easily processed by machine
learning algorithms. Normalization can enhance the performance of machine learning models by
mitigating the impact of outliers, expediting convergence, and reducing overfitting. The normalization
technique utilized in this modeling is demonstrated in Equation (1), specifically employing a scaling

technique.
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X, = {[(Z(X— Xmin) | _ 1} 1)

XMax— XMin)

Whereas X is the normalized data value, Xmin is the minimum value of the observed data and
Xmax IS the maximum value of observed data from the literature. Levenberg Marquardt (LM) algorithm
with transform function as TANSINGH is used to predict the compressive strength. A popular
optimization method for training ANN is the LM algorithm. It is frequently applied to the resolution
of nonlinear regression issues, including forecasting concrete's compressive strength. By minimizing
the difference between the predicted output and the actual output for each input-output combination in
the training data, the LM algorithm is used to optimize the weights and biases of the ANN. The weights
and biases in the network are modified iteratively, guided by the error between the expected output and
the actual output. Feedforward propagation method with performance error as mean square error was
used in this study. A hyperparameter called “epochs" determines how many times the learning
algorithm will go through the complete training dataset. Every sample in the training dataset has had a
chance to change the internal model parameters once during an epoch. Epoch for the present study is

shown in Figure 18.
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Figure 18. Epochs for ANN model to predict the compressive strength
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The literature data utilized k-fold cross-validation, where the data was divided into ten subsets
of approximately equal size. The neural network was trained using a total of seven sets, which
accounted for 70% of the observations. The remaining three sets, comprising 30% of the observations,
were set aside for evaluating the effectiveness of the model. The procedure was repeated ten times to
accommodate the ten sets of data. Seven sets were utilized for model development, while the remaining
three sets were used for testing purposes. This was done using four distinct combinations. The
utilization of this method offers the advantage of enabling the anticipation of the overall predictive
capability of the ANN). The k-fold cross-validation method, specifically using k =10 folds, is a widely
employed technique for obtaining accurate data models. The coefficient of determination (R2) was
utilized to evaluate the performance of the model illustrated in Figure 19 for k = 1 cross-fold cross-
validation. The number of neurons has been set to 7, which corresponds to the number of input
variables. Additionally, two hidden layers have been utilized, with one serving as the input layer and
the other as the output layer. Based on the findings presented in Figure 20, it can be concluded that the
optimal value for k -fold cross-validation is determined to be k = 1. This particular value exhibits the
highest average R-squared score of 0.921 for both training and testing.
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Figure 20. k-fold (k=1) cross-validation method for the ANN model

The figure provided in Figure 20 displays the predicted compressive strength for the CCNP
blended FC. It has been determined that the input parameters exhibit a significant relationship. The
predicted compressive strength was determined by utilizing the weights and biases obtained through
the implementation of the ANN technique. Equation (9) is utilized for the estimation of the normalized
compressive strength (MPa), while the denormalized value is obtained. Equations (2) through (8) are

utilized for the estimation of the constant value ranging from E1 to E7.

E1 = 2.8561 x tanh[(Bn x 0.53035) + (Sn x 0.49116) - (Wn x 0.40621) — (FAN x 2.3467) + (Dn X
2.1055) + (ATn x 0.87196) — 2.4344] )

E2 = 1.4268 X tanh [(Bn X 2.56652) + (Sn x 5.6652) — (Wn x 1.0366) + (FAN x 2.4696) — (Dn X
2.2601) + (ATn x 1.5209) + 0.15534] 3)

E3 = -2.1366 x tanh [(Bn x 1.3085) + (Sn x 0.35256) — (Wn x 1.1101) + (FAn x 0.50655) + (Dn x
0.75319) — (ATn x 0.17218) — 0.0027526] (4)

E4 = 0.84238 x tanh [(Bn x 2.9477) — (Sn x 2.2667) + (Wn x 0.34965) + (FAn x 0.97791) — (Dn
x 0.011495) + (ATn x 0.66825) — 0.077919] (5)
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E5 = 2.4435 x tanh [(Bn x 0.40747) + (Sn x 0.58673) — (Wn x 1.0959) + (FAn x 2.6042) — (Dn X
1.3285) — (ATn x 1.1623) + 2.2803] (6)

E6 = -1.7148 x tanh [(Bn x 0.31346) + (Sn x 3.4977) + (Wn x 1.3966) — (FAn x 0.71556) — (Dn X
1.1189) — (ATn x 1.4739) — 2.6024] )

E7 =-1.2093 x tanh [-(Bn x 2.6287) — (Sn x 0.31735) + (Wn x 0.13484) + (FAn x 1.0637) — (Dn

X 2.0254) — (ATn x 1.2057) — 2.589] (8)
CSn=tanh [(E1 + E2 + E3 + E4 + E5 + E6 + E7) — 1.7211] 9)
where,

Bn — Normalized binder content (kg/m?)

Sn — Normalized fine Aggregate content or normalized sand content (kg/m®)
Wn — Normalized water content (kg/mq)

FANn — Normalized foaming agent content (kg/m?)

Dn — Normalized density content of FC (kg/m?)

ATn — Normalized Age of Testing of specimen (days)

CSn — Normalized compressive strength of FC (MPa)
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6. Conclusions

The utilization of nanoparticles in FC is currently in the exploratory phase, and the implementation
of these particles in construction applications is currently limited. It is certainly probable that
nanoparticles have the potential to enhance the physical, mechanical, and durability properties of the
FC. This study aimed to examine the potential application of different weight fractions (ranging from
1% to 6%) of CCNP in FC for improving physical and mechanical properties. The present study yields

the following conclusions:

e The increase in the weight percentage of CCNP resulted in a decrease in the slump flow of FC.
The workability of FC is adversely affected by the significant specific surface area of CCNP.

e The inclusion of CCNP in FC leads to improved compressive, tensile, and flexural strengths.
The recommended weight fraction of CCNP to be incorporated into FC is 4%. The use of CCNP
enhances the strength characteristics of FC by promoting the formation of a more compact
structure of hydration products. This results in improved particle volume distribution and a
reduction in pore size and interconnectivity.

e The inclusion of more than 4% CCNP in FC leads to particle clumping and agglomeration,
which is caused by non-uniform dispersion. This ultimately leads to a reduction in mechanical

properties.

e The increase in CCNP weight fraction led to an improvement in the FC's porosity as well as
reduced its capacity to absorb water. The high reactivity of the material leads to a decrease in
water absorption and permeable porosity. This is achieved by increasing the density of the

interfacial transition zone.
e Development of correlation of the mechanical properties of FC-CCNP is proposed in this study.

e Estimation of compressive strength (output variable) from seven ingredients (input variables)

of FC, using k-fold-cross validation (k=1) with the best R-squared value as 0.921.

The incorporation of CCNP into FC leads to an increase in density, thus improving the mechanical
and durability properties. This observation is supported by the examination of morphological

characteristics.
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