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ARTICLE INFO ABSTRACT
Handling editor: Prof. M Meyers Over the last few decades, researchers have devoted significant consideration to the use of nanoscale elements in
concrete. Silicon dioxide nanoparticles (SDNs) have been a popular subject of study among the several types of
Keywords: nanoparticles. This article describes the findings of a laboratory investigation that examined the properties of
Lighmeisht foamed concrete ultra-lightweight foamed concrete (ULFC) including different proportions of SDNs. Wide range of the properties
I:S;:T;Efi?;e was evaluated specifically the slump flow, density, consistency, flexural strength, modulus of elasticity,
Compression compressive strength, split tensile strength, thermal properties, porosity, water absorption, sorptivity, intrinsic
Thermal conductivity air permeability, and chloride diffusion. Additionally, the scanning electron microscopy (SEM) and pore distri-
Porosity butions analyses of different mixes were done. Results confirmed a noticeable increase in the mechanical
Intrinsic air permeability properties of ULFC, with respective improvements in the 28-day compressive, split tensile, and flexural strengths
SEM of up to 70.49%, 76.19%, and 51.51%, respectively, at 1.5% of the SDNs inclusion. However, further increases in

the SDNs percentage did not result in remarkable enhancements. As the SDN percentage increased from 1.5% to
2.5%, the ULFC’s sorptivity, porosity, water absorption, intrinsic air permeability, and chloride diffusion showed
substantial improvements. When compared to the control sample, ULFC with SDNs demonstrated higher thermal
conductivity values. The reason for this occurrence was determined to be the smaller pore size observed in the
ULFC specimens containing SDNs. A great adjustment in the distribution of pore diameters was witnessed in the
ULFC mixes when the percentages of SDNs were adjusted. The ULFC specimens, which included SDNs at the
percentages of 0.5%, 1.0%, and 1.5%, indicated a reduction in the total number of large voids measuring 500 nm
or more, compared to the control ULFC specimen. The findings of this study highlight the potential benefits of
incorporating SDNs into ULFC, which may improve its overall properties.
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1. Introduction

Concrete is widely recognised as a vital construction material that
holds significant importance in both residential and commercial build-
ing projects, as well as recent engineering structures on a global scale. In
addition to satisfying the criteria of possessing high compressive and
tensile strengths, concrete exhibits favourable attributes such as ease of
fabrication, durability, fire resistance, and long-lasting impermeability.
In addition, concrete’s affordability, availability of constituent mate-
rials, and ability to be moulded into a variety of structures are all factors
that consistently establish it as the material of choice among construc-
tion engineers, notwithstanding its adverse environmental effects [1].
Annually, a staggering quantity of 25 billion metric tonnes of concrete is
manufactured [2]. As a result, environmental activists’ raise concern
regarding the substantial carbon dioxide emissions resulting from the
production of cement for concrete, which accounts for approximately
10% of worldwide emissions [3]. However, it is important to acknowl-
edge that concrete does have certain drawbacks, including brittleness, a
porous structure, and potential volume volatility [4]. The use of nano-
technology in cement-based materials has generated increasing interest
among researchers in recent years [5]. This has been attributed to the
enormous potential that nanotechnology holds in this field.

The use of nanomaterials in the production of concrete provides
numerous benefits. One notable characteristic of this substance is its
ability to function as an activator, thereby augmenting the reactivity of
pozzolans. Additionally, it facilitates the early development of strength
in mortar and concrete by enhancing the hydration of cement [6]. The
addition of nanomaterials to concrete considerably improves its
compressive and flexural strengths. Furthermore, the process of concrete
pore refinement serves to diminish the chloride penetration, thus
effectively thwarting steel corrosion. In addition, research has pointed
out that nanomaterials can decrease the level of carbonisation in con-
crete. Determining the strength of concrete, the interface between the
cement matrix and aggregates is subsequently strengthened. Ultimately,
the incorporation of nanomaterials into concrete results in an enlarge-
ment of calcium hydroxide particles and a heightened propensity for
tropism production [7-9]. The techniques strive to be low-pressure,
energy-efficient, and non-toxic, thereby fostering ecological sustain-
ability [10,11]. The elevated ratio of surface area to volume signified by
the small particulate size expedites the hydration of cement and, ulti-
mately, the pozzolanic reaction [12]. Furthermore, apart from the
ecological benefits linked to nanoparticles, their integration holds
promise for improving the structural efficacy, longevity, and robustness
of cementitious materials [13,14].

Lightweight foamed concrete (LWFC) is a variant of concrete char-
acterised by its low density, typically ranging from 350 to 2000 kg/m>
[15]. In the case of structural LWFC, the unit weight falls within the
range of 1400-2000 kg/m®, whereas regular weight concrete typically
has a unit weight of 2400 kg/m> [16]. By decreasing the weight of the
structure, itself, buildings can be designed with smaller cross-sectional
structural components, resulting in increased efficiency of useable
spaces [17]. In recent infrastructure and building construction initia-
tives, the application of LWFC has become more widespread. All these
advantages can be ascribed to its beneficial characteristics, which
consist of a decreased self-weight, outstanding resistance to fire, and
excellent thermal insulation properties [18]. However, the application
of LWFC is impeded by several constraints, such as unfavourable
strength properties, high drying shrinkage, and an increased vulnera-
bility to splitting. These factors impede the extensive adoption of LWFC
on a global scale [19]. The use of prefabricated foams in LWFC leads to
the creation of a multitude of air voids. A close correlation exists be-
tween these foams and the strength characteristics, durability attributes,
and pore configurations of LWFC [20]. Consequently, incorporating
solid additives in nano-sized form during the fabrication process of
LWFC can greatly enhance its properties [21]. Within the category of
solid particles, it has been observed that silicon dioxide nanoparticles
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(SDNs) possess a high charge-to-size ratio. Consequently, these SDNs
tend to display a prevalence of deprotonated hydroxyl groups on their
surface and tend to be absorbed onto positively charged ions of surfac-
tants. On the other hand, alumina particles have a propensity to be
adsorbed by surfactants containing carboxyl groups [22]. Previous
studies have illustrated that as LWFC’s absorption capacity rises, the
thickness of the interfacial transition zone (ITZ) tends to decline. This is
due to the reduced accumulation of water in the vicinity of the fine
aggregate particle [23]. Furthermore, it should be noted that LWFC
possesses the inherent benefit of internal curing, which has the potential
to mitigate the shrinkage cracking and decrease the permeability, as
stated in Ref. [24]. The implementation of SDNs has the potential to
noticeably improve the resistance of LWFC against the entry of water
and chloride ions, as stated by previous research [25]. The enhancement
of the bond at the interface between LWFC is attributed to two factors:
improved particle packing at the nanoscale scale and the occurrence of
the pozzolanic reaction facilitated by the presence of amorphous silica.

To date, there have been an inadequate number of research under-
taken to investigate the possible application of nanoparticles in the
manufacture of LWFC. Most of the research conducted thus far has
focused on the utilisation of various nanoparticles to boost the proper-
ties of normal weight concrete. Of the several nanoparticles under
consideration, it has been observed that SDNs are the most extensively
used and researched [26]. Silica aerogel, sometimes referred to as SDNs,
is a finely powdered substance consisting of amorphous silica with a
high degree of purity. SDNs have revealed their indispensable contri-
butions to various disciplines, including medicine, physics, chemistry,
biology, and other related domains, owing to their distinct characteris-
tics [27-33]. Based on the varying hydrophilicity of SDNs, they can be
classified into two categories: hydrophilic SDNs and hydrophobic SDNs.
The majority of SDNs utilised in concrete applications primarily
belonged to the hydrophilic category. The primary factor contributing to
this phenomenon can be attributed to the effective dispersion of hy-
drophilic disintegrants in aqueous solutions.

Introduction of SDNs in cement composite materials results in in-
crease in the density of composites, as reported in the literature [34,35].
Increase in the density is due to densification in the microstructure, and
this is achieved by formation of more amount of calcium silicate hydrate
(CSH) and filling characteristics. Mechanical properties of cementitious
materials depend on the amount of CSH present and reduction in the
calcium hydroxide content, and enhancement in the mechanical prop-
erties is achieved by the addition of substantial proportion of pozzolans
[36]. Compared to the control sample, high-performance concrete
(HPC) with SDNs and basalt fibre improves the compressive strength
and spilt tensile strength about 9.04% and 17.42%, respectively, for
1.2% of SDNs [37]. Increase in the strength characteristics is owing to
the increase in CSH and ettringite crystals. Inclusion of SDNs results in
the decrease in the concrete pores, improved mechanical properties, and
reduction in the diffusion of chloride ions [38,39]. The compressive
strength is positively correlated to the load bearing capability and initial
stiffness [40]. According to Khanzadi et al. [41], the inclusion of SDNs
leads to an increase in the compressive and tensile strengths, particu-
larly during the early stages of hydration. Additionally, improved
permeability is observed.

Filling characteristics of pozzolan is achieved using the micro and
nano scaled materials like SDNs, which occupies the space between the
binder elements [42] and promotes the hydration reaction [38].
Cementitious composites with lesser voids exhibit better properties, and
this is achieved by the utilisation of appropriate proportions of com-
ponents. Presence of SDNs not only fills the voids but also participates in
the pozzolanic reaction in high reactivity manner compared to other
fillers and pozzolans [43]. Usage of SDNs in cementitious materials is
suggested for various applications purpose in the literature [44]. Apart
from this, several other nano materials are employed for various pur-
poses in construction sector [45]. For example, usage of nano titanium
dioxide can provide self-cleaning and discoloration resistance properties
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Table 1
Chemical compositions of OPC.
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Components CaO SO3 MgO

Fe,03

SiO, NayO K20 Al,O3 LOI

Percentage (%) 65.25 4.65 1.88 3.98

17.48 0.11 0.39 4.02 2.24

[46,47], and nano carbons are employed for strain sensing in the field of
structural health monitoring [48,49]. In addition, usage of carbon nano
tubes enhances the ductility of cementitious materials [50,51].
Improved LWFC properties by addition of nano calcium carbonate
nanoparticles was reported by Mydin et al. [52].

Apart from the enhancement of the microstructural properties of
cementitious composites, SDNs also plays vital role in the stabilisation of
hydration products [53]. Hydration of cement results in the primary
CSH and free calcium hydroxide, whereas presence of SDNs leads to the
pozzolanic reaction (free calcium hydroxide and silicon dioxide from
SDN) resulting in the formation of secondary CSH. The secondary CSH
has higher density crystal structure compared to other pozzolans [54,
55]. These hydration products increase the density of concrete incor-
porated with SDNs [56] which led to a more tightly packed and denser
microstructure, as confirmed by scanning electron microscopy (SEM)
[57]. Improvement of the bending strength in the cementitious com-
posites, by incorporation of SDNs results in the rise in its brittleness
[58]. Introduction of nano-size SDNs, as supplementary cementitious
materials in cementitious system, improves densification in the area of
ITZ compared to silica fume [59,60].

Application of SDNs in geopolymer materials derived from high
calcium fly ash enhances the microstructural and mechanical properties
[61]. Impermeability properties of concrete are improved by addition of
SDNs [62]. This is due to the ability of SDNs to occupy the voids in the
cementitious system with dual function of acting as an activator and
stimulating the pozzolanic reaction at the same time [63]. This leads to
the incorporation of SDNs, contributing to the refinement of pore size
distribution [64] which substantially decreases the water permeability
[65]. It was discovered that the pores have a smaller size and less
interconnectivity. Usage of SDNs, as partial replacement of cement, re-
duces 13.4% of the pore volume [66].

SDNs provide the potential to modify the workability, setting time,
consistency, and various other features of concrete [67,68]. Usage of
nano SDNs in concrete, results in the fluctuations in the water con-
sumption when more water was added to concrete [69]. A substance
possessing a higher level of fineness exhibits an increased surface area,
therefore enabling it to absorb a greater quantity of water during the
process of mixing. The slump value was decreased upon the introduction
of further SDNs into the concrete mixture. The presence of a significant
surface area in the SDNs particles, coupled with the presence of unsat-
urated bonds, results in the migration of water molecules towards the
SDNs’ surface. This migration leads to the formation of silanol groups
[70]. SDNs undergo a fast process of the initial hydration, which in-
tensifies as the surface area of SDNs increases [71]. It has been deter-
mined that the maximum allowable proportion of SDNs for achieving an
adequate workability is 3% by weight [72,73]. The integration of SDNs
reduced the consistency of concrete, leading to an increase in its vis-
cosity [74].

The concrete mixes including nano-silica demonstrated a higher air
content compared to the reference mix. The paste containing nano-
particles has an elevated viscosity due to its high specific surface area
[75]. Du et al. [76] observed a remarkable improvement in the static and
dynamic yield stresses of foamed concrete when a tiny quantity of the
SDNs particles was merged. The use of SDNs has the potential to
accelerate the hydration time of cement [77,78]. Concrete’s long-term
durability properties were investigated by Quercia et al. [79] by using
3.8% of SDNs. Du and Pang [80] observed that the utilisation of colloidal
SDNs at a concentration range of 1.5-2.0% resulted in the optimal me-
chanical properties and durability.

Considering all these factors, conducting a study on the use of SDNs
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Fig. 1. Sieve analysis curve for fine sand.

in the cementitious materials such as ultra-lightweight foamed concrete
(ULFQ) still needed further exploration. This study would have a sig-
nificant impact on both sustainability and enhancement of mechanical
properties. Previous research has examined various factors related to the
incorporation of SDNs into ULFC in varying proportions. Consequently,
the microstructural enhancements have exhibited advantages in both
tensile and compressive strengths, as well as durability attributes. Thus
far, there has been a lack of research performed on the integration of
SDNs in the context of ULFC. This study assesses the fresh, mechanical,
microstructural, and thermal properties of ULFC with varying weight
percentages of SDNs.

1.1. Research gap and novelty of study

Currently, there is a lack of study on the impact of SDNs on the
properties of ULFC, both in its fresh and hardened states. While the
options for commercially accessible SDNs in ULFC are limited, they are
highly promising for this particular application. Research has been done
on incorporating SDNs into LWFC, as already reported in the literature,
but there is still room for exploration in the area of SDNs for the
development of ULFC. The mechanical properties of ULFC are evaluated
to understand the effects of SDNs. There are still numerous ambiguities
around the process through which SDNs can potentially alter the prop-
erties of ULFC, which are investigated in the current research. The lack
of clarity on this issue must be resolved. Therefore, it is crucial for
assessing the impact of SDNs alteration on the properties of ULFC. The
contribution of improved mechanical qualities is confirmed through
morphological investigation utilising SEM and mercury intrusion
porosimetry (MIP).
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Table 2
Protein foaming agent properties.
Components Properties
Density (kg/1) 1.125
Specific gravity 1.05
Acidity (pH) 6.33
Colour Light brown
Boiling point (°C) 140
Expansion fraction 22 x
Viscosity (cps) 595
Table 3
Physical properties of OPC, sand, and SDNs.
Properties OPC Sand SDNs
Specific gravity 3.14 2.53 2.18
Density (kg/m®) 1460 1760 1995
Fineness modulus - 2.35 2.21
Moisture absorption (%) 2.89 2.20 0.48
Bulk porosity (%) - 27 25

2. Experimental program
2.1. Materials

ULFC mixes were produced using ordinary Portland cement (OPC)
Type CEM-1, fine sand, SDNs, potable water, and a foaming agent. OPC
with a grade 525 MPa was supplied by cement industries of Malaysia
Berhad, meeting the specifications given in MS522 [81]. Table 1 pre-
sents an overview of the chemical constituents of OPC. Fine sand was
acquired from a local provider, possessing a specific gravity value of
3.15. Fine sand followed a process of sifting to separate particles that
were capable of passing through a sieve with a mesh size of 4.75 mm. To
mitigate the occurrence of harmful microbes, the sand underwent a
process of thermal treatment at a temperature of 105 °C for a duration of
48 h. Fig. 1 depicts the examination of particle size for fine sand utilised
in the present investigation, adhering to ASTM C33-03 [82]. The water
used to produce ULFC mixes consisted of potable tap water that met the
specifications mentioned in BS EN 3148 [83]. Subsequently, the selec-
tion of the foaming agent utilised for the creation of a durable foam was
derived from a surfactant obtained from proteins, aligning with the
specifications outlined in ASTM C796M — 19 [84]. The proteinaceous
foaming agent was combined with water in a proportion of 1:20 and
underwent aeration until it reached a density of 70-75 kg/m>. Table 2

Journal of Materials Research and Technology 30 (2024) 3308-3327

lists the characteristics of the foaming agent employed in the generation
of a durable foam. SDNs were acquired from Biotek Abadi Sdn. Bhd.,
Malaysia. Table 3 summarises the physical parameters of OPC, sand, and
SDNs. SDNs exhibit a purity level of 99.9%. Fig. 2(a) illustrates the
transmission electron microscopy (TEM) of SDNs. The TEM study
revealed a diameter range between 20 and 40 nm. Regarding the crys-
talline structure of SDNs, the XRD result shown in Fig. 2(b) indicates a
distinct and wide peak detected at a 26 angle of 23°. This observation
implies that the particles of SDNs displayed an amorphous form.

Table 4
Optimised proportions of SDNs in cementitious system.

Reference Type of mix SDNs percentage Size of SDNs
(%) (nm)
Shaikh et al. [85] Concrete 2.00 25
Sobolev et al. [86] Concrete 2.00 5-50
Singh et al. [87] Cement paste 5.00 40-50
Berra et al. [88] Cement paste 3.80 10
Qing et al. [89] Cement paste 5.00 -
Mukherjee et al. Cement 3.00 8-20
[90] mortar
Qian et al. [91] Cement 2.25 10
mortar
Heikal et al. [92] Cement 2.00 15
mortar
Table 5
Mix design of ULFC.
Mix Density SDNs SDNs OPC Sand Water Foam
code (kg/m®) (%) (kg/ (kg/ (kg/ (kg/ (kg/
m3) m3) m3) m3) m3)
ULFC- 400 0.0 0.00 155.4 233.1 77.7 49.4
0.0
ULFC- 400 0.5 2.33 155.4 233.1 77.7 49.4
0.5
ULFC- 400 1.0 4.66 155.4 233.1 77.7 49.4
1.0
ULFC- 400 1.5 6.99 155.4 233.1 77.7 49.4
1.5
ULFC- 400 2.0 9.32 155.4 233.1 77.7 49.4
2.0
ULFC- 400 2.5 11.65 155.4 233.1 77.7 49.4
2.5

Mag
18000x

Intensity (a.u.)

0 T T T T
T

(b)

ﬁhh

40
20 (degree)

Fig. 2. (a) TEM of SDNs, (b) XRD pattern of SDNs.
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Fig. 3. Manufacturing process of ULFC.

2.2. Mix proportions

ULFC with a low density of 400 kg/m® was produced by varying the
amounts of SDNs. The water-to-cement ratio was established at 0.5,
while the ratio of cement to sand was constantly maintained at 1:1.5. To
examine the impact of adding SDNs on the different properties of ULFC,
various proportions of SDNs were considered. These proportions
included 0.0% (served as a control), 0.5%, 1.0%, 1.5%, 2.0%, and 2.5%

based on the weight fraction of the ULFC mixture. The selection of the
SDN proportions ranged from 0.0% to 2.5% based on a review of the
existing research undertaken by various scholars on cementitious sys-
tems, as mentioned in Table 4. As far as the optimal proportion of SDNs
is concerned, there is clearly a state of ambiguity. Table 5 presents the
mix design of ULFC. A total of 6 mixes were prepared and tested.

Fig. 4. Preparation of prefabricated foam: (a) Porta foam TM-2 generator runs from an air compressor, (b) production of stable prefabricated foam.
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2.3. Manufacturing process of ULFC

The production process of ULFC has several essential stages,
including mixing, sample casting, and curing phase. The control ULFC
samples were produced using a mixture of fine sand, OPC, potable
water, and stable protein-based foam. Fig. 3 demonstrates the various
steps involved in ULFC manufacturing. Initially, a combination of OPC,
sand, and SDNs was dry mix utilising a drum mixer for approximately 3
min. Then, the dry mix was thoroughly blended by gradually adding
water, resulting in a homogeneous mixture after 4 min of mixing. Prior
to introducing the premade foam into mortar slurry, a comprehensive
assessment was carried out on mortar. This was done to evaluate its
density and workability.

The foam generator employed in this study was Porta foam TM-2
model powered by an air compressor and comprises of a holding tank,
foaming unit, and discharge unit, as depicted in Fig. 4(a). The primary
function of the holding tank is to contain the diluted protein-based
foaming agent. The foaming agent was mixed with water in a ratio of
1:22 and later transmitted via a foaming unit and discharge unit
resulting in the production of prefabricated foam, as shown in Fig. 4(b).
The foam density was carefully tested and regulated to a value of 70-75
kg/m? prior to its introduction into the mixer drum. After the foam has
been introduced into the mixer, it was imperative to continue the mixing
process until bubbles were absent. To attain a specified ULFC density, it
was necessary to measure the weight of 1 L of the mixture until it met the
targeted density. Subsequently, the ULFC fresh mix was introduced into
the steel moulds. Demoulding for all samples was conducted 24 h
following production. Afterwards, all specimens were treated to a curing
process and tested at various ages.

2.4. Testing of specimens

This section outlines the testing methodologies employed to assess
the properties of ULFC incorporating different proportions of SDNs. The
parameters under investigation include the fresh state characteristics,
transport properties, mechanical performances, thermal properties, and
microstructural characteristics.

2.4.1. Fresh state properties

A flow table test was done to evaluate the flowability of ULFC mix-
tures in accordance with ASTM C230-97 [93]. In addition, the initial and
final setting times of ULFC were determined according to the guidelines
of BS EN 196-3 [94]. Following the guidelines provided in BS 12350-6
[95], different ULFC mixture densities were also identified throughout
the mixing process.

2.4.2. Transport properties

The measurement of the porosity provides a quantitative assessment
of the volumetric magnitude of voids present inside ULFC. The porosity
test was conducted utilising the vacuum saturation apparatus. The test
for the water absorption was then performed following the guidelines
outlined in BS EN 1881-122 [96]. The test was completed on the 7th,
141, 28M and 90 days using cylindrical specimens measuring 752 x
100 mm. Then, the sorptivity test was carried out using the recom-
mended methodologies delineated in ASTM C1403-15 [97]. The sorp-
tivity test was executed on the 7% and 28t days with a cube specimen of
50 x 50 x 50 cm. Subsequently, the assessment of the intrinsic air
permeability was done following the methods put forth by Cabrera and
Lynsdale [98]. The apparatus was used to quantify the volumetric flow
rate of air passing through the ULFC specimens. The experiment
encompassed ULFC cylinders measuring 452 x 50 mm in dimensions.
The study employed the rapid chloride permeability test to assess the
ULFC’s resistance to the chloride ion penetration, following the guide-
lines outlined in ASTM 1202-19 [99]. The experiment was performed
utilising a prism ULFC sample, which had a thickness of 50 mm and a
diameter of 100 mm. The experiment was done on day 28 and day 90.
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Fig. 5. Slump flow of ULFC mixes containing different percentages of SDNs.

2.4.3. Thermal properties

A hot plate with guided heat conduction was used to assess the
thermal properties of the ULFC samples, including the thermal con-
ductivity, specific heat capacity, and thermal diffusivity. The technique
is in accordance with ASTM C177-19 [100]. The ULFC samples being
tested are 20 x 20 x 8 mm in size. It consisted of a sensor sandwiched
between two composite discs, followed by another two discs.

2.4.4. Mechanical properties

A prism with dimensions of 100 x 100 x 500 mm was employed in
the flexural test. The testing procedures were conducted in accordance
with BS EN 12390-5 [101]. Next, a split tensile test was done as per the
prescribed guidelines in BS EN 12390-6 [102]. Cylindrical specimens of
100z x 200 mm in diameter were subjected to testing. In addition, a
series of compression tests were conducted using cubes measuring 100
x 100 x 100 mm, following the guidelines provided in BS12390-3
[103]. Experiments were carried out to evaluate the flexural, split ten-
sile, and compression properties of the specimens at different curing
durations of 7, 14, 28, 56, and 90 days. The modulus of elasticity of the
ULFC specimens was determined by employing a 28-day curing period
following ASTM C469 [104].

2.4.5. Microstructural properties

The pore size distribution in ULFC was assessed using the MIP
technique, based on the guidelines specified in ASTM D4404-18 [105].
In addition, the ULFC specimens were subjected to the SEM analysis at a
magnification of 120 x after the 28-day curing time, as per the speci-
fications outlined in ISO 16700 [106]. Specimens measuring 10 x 10 x
10 mm were fabricated from every batch for the analysis.

3. Results and discussion
3.1. Fresh state properties

3.1.1. Workability

ULFC with excellent quality has a satisfactory workability (around
250 mm spread diameter) in fresh condition and develops adequate
strength. Generally, the larger the measured spread diameter, the better
the workability, indicating that ULFC flows easily while also remaining
free of segregation. In Fig. 5, slump flows are illustrated for the ULFC
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Fig. 6. Initial and final setting times of ULFC containing different percentages
of SDNs.

mixtures with different proportions of SDNs. The slump flow of the ULFC
mixtures with the addition of 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of
SDNs was measured and compared to those of the control mix.
Compared to the control ULFC mixture, all the studied SDNs blended
ULFC mixtures displayed lower slump values. A slump flow of 250 mm
was recorded for the control ULFC mix. Adding 0.5%, 1.0%, 1.5%, 2.0%,
and 2.5% of SDNs resulted in a 1.2%, 2.0%, 2.4%, 2.8%, and 3.2%
reduction in the slump flow, respectively. Thus, the ULFC mixtures with
the increased SDN content indicated a correlation with a reduction in
the slump flow value. In this study, SDNs were found to have a higher
level of the water absorption than other materials, leading to greater
water consumption and decreased flowability [107].

Moreover, the decrease in the slump flow with the addition of SDNs
may be explained by the increase in the surface area after the addition of
SDNs, which requires more water to wet the cement particles. SDNs have
a higher specific surface area, and therefore demand more water, which
can have an impact on the slump flow in the ULFC mixtures. Further,
when the proportion of fine nanoparticles in cementitious composites of
ULFC is increased, the rheological properties of pastes will be affected,
resulting in changes in the workability of ULFC fresh mixtures [108]. In
addition, the presence of unsaturated bonds in SDNs renders them
exceptionally reactive, leading to the attraction of water molecules to-
wards their surfaces. The interaction between water and SDNs particles
causes the formation of silanol groups (Si~OH), which subsequently
reduces the amount of free water present in the mixture [109]. The
findings presented in this study are consistent with the results reported
in prior studies on SDNs concrete [66,68]. Nevertheless, the observed
decrease in the slump flow, attributed to the incorporation of SDNs up to
2.5%, was rather insignificant. Furthermore, even with this reduction,
the minimum slump value recorded in the mixture was 242 mm, which
is still regarded exceptionally high in the context of ULFC. An evident
relationship was found between the percentage increase of SDNs and the
reduction in the workability of ULFC, with a correlation coefficient of
0.9369. As the proportion of SDNs in ULFC increases, there is a greater
reduction in the workability of the mix.

3.1.2. Setting time

Fig. 6 elucidates the initial and final setting times of ULFC containing
different percentages of SDNs. The initial and final setting times of the
ULFC mixtures containing 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of SDNs
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Fig. 7. Plastic and dry densities of ULFC containing different percentages
of SDNs.

were determined and contrasted to those of the control mixture. When
compared to the control ULFC mixture, all the ULFC mixtures incorpo-
rated with SDNs exhibited shorter initial and final setting times. The
initial and final setting times for the control ULFC mixture were recor-
ded as 128 and 251 min. Adding 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of
SDNs, the initial and final setting times reduced by 7.81%, 14.06%,
18.75%, 21.88%, and 27.34% and by 3.61%, 7.63%, 9.24%, 12.45%,
and 14.06%, respectively. The increased SDN content in the ULFC
mixtures decreased the initial and ultimate setting times. The reduction
in the setting times seen in ULFC with an increased proportion of SDNs
suggests that SDNs demonstrates a faster hydration reaction rate
compared to cement. This can be attributed to the distinctive surface
effects, micron-sized particles, and greater surface energy exhibited by
SDNs [38].

Reduced particle sizes facilitate a prompt augmentation in the sur-
face area, resulting in an accelerated proliferation of surface atoms. The
surface atoms display an elevated degree of reactivity and instability,
leading to an intensified rate of reaction. Therefore, it is important to use
a prudent strategy when determining the duration for which paste is
allowed to set in the context of SDNs [64]. The significant decrease in
the setting time of the ULFC mixture including 2.5% of SDNs can be
ascribed to the accelerated growth of the CSH gel. This phenomenon
leads to the production of a more viscous ULFC mixture, resulting in the
reduced initial and final setting times. An explicit relationship was noted
between the percentage increase in SDNs and the reduction in both the
initial and final setting times, supported by correlation coefficients of
0.9082 and 0.9794, respectively. As the rate of the SDNs addition in-
creases, there is a corresponding decrease in both the initial and final
setting times.

3.1.3. Density

Fig. 7 depicts the plastic and dry densities of ULFC including varying
proportions of SDNs. The plastic and dry densities of ULFC mixtures,
which included varying percentages of 0.5%, 1.0%, 1.5%, 2.0%, and
2.5% of SDNs, were measured and compared to the densities of the
control mixture. In comparison to the control ULFC mixture, all the
ULFC mixtures that were integrated with SDNs displayed increased
values of plastic and dry densities. When adding 0.5%, 1.0%, 1.5%,
2.0%, and 2.5% of SDNs, the plastic density and wet density increased
by 0.78%, 1.36%, 2.33%, 3.29%, and 4.26%, and by 1.25%, 2.25%,
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Fig. 8. Apparent porosity of ULFC containing different percentages of SDNs.

3.50%, 5.00%, and 6.50%, respectively. The observed increase in the
plastic and dry densities of ULFC in the presence of SDNs might be
attributed to the comparatively larger bulk density of SDNs when
compared to fine sand, as presented in Table 3. The presence of SDNs in
the ULFC mix increases its overall density due to the fact that light
particles have a lower density than SDNs [110]. Consequently, the in-
clusion of SDNs leads to higher plastic and dry densities. A direct cor-
relation was witnessed between the percentage addition of SDNs and the
plastic and dry densities, with correlation coefficient (R?) values of
0.9926 and 0.9947, respectively. The higher the addition rate of SDNs,
the greater the increase in the plastic and dry densities of the ULFC
mixes.

3.2. Transport properties

3.2.1. Apparent porosity

The enhancement of microstructure characteristics in cement-based
materials through the reduction of the porosity and improvement of
pore arrangement is a generally acknowledged outcome of the pozzo-
lanic and filler effects caused by the presence of SDNs. Fig. 8 illustrates
the observed porosity of the ULFC specimens including varying pro-
portions of SDNs. The evidence shown in Fig. 8 indicates a noticeable
reduction in the apparent porosity of the ULFC mixtures with the
incorporation of SDNs. The addition of SDNs resulted in a decrease in
apparent porosity by 2.37%, 4.38%, 6.02%, 7.30%, and 8.21% when the
SDN concentrations were 0.5%, 1.0%, 1.5%, 2.0%, and 2.5%, respec-
tively. The addition of SDNs to the ULFC base mix leads to a significant
crystallization nucleation effect. This can be attributed to the high en-
ergy demonstrated by SDNs, which results in the absorption of a sub-
stantial amount of the hydration product. Consequently, structure of the
CSH gel is formed. Moreover, the initial reaction of pozzolan occurs at
the silica surface, forming a robust CSH gel. This gel subsequently
generates greater CSH gels, which effectively occupy the small pores
inside the specimen, contributing to the enhancement of the pore
structure. SDNs can be regarded as evolving nanoscale substance that
possess the potential to greatly enhance the pore structure of materials
based on cementitious compositions. Wang et al. [111] discovered that
the incorporation of 2.5% of SDNs in concrete resulted in a reduction of
roughly 6% in the porosity. Based on the findings of Said et al. [112], the
inclusion of 6% of SDNs led to a significant reduction of critical voids by
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Fig. 9. Water absorption of ULFC containing different percentages of SDNs.

up to 40% and a corresponding increase in the proportion of micro-pores
by 4%. The primary cause of this phenomenon can be predominantly
ascribed to the pozzolanic, and filler effects exhibited by the particles of
SDNs. They reached the conclusion that there was a considerable
decrease in both the overall porosity and the critical pore size as the
amount of SDNs increased. In addition, Oltulu and Sahin [113] per-
formed a study that evaluated the pore structures of mortar by using
silica fume at varying proportions of SDNs, precisely 0.50%, 1.25%, and
2.50%. The findings of the study indicated that the inclusion of 0.5% and
1.25% of SDNs in mortar resulted in a significant decrease in the volume
of pores and total porosity compared to the control sample, with re-
ductions of 45% and 48%, respectively. Singh et al. [3] studied the
porosity of concrete in the presence of 9% of SDNs. The researchers
made the observation that the addition of SDNs reduced the porosity in
CSH from 28% to 11%, while simultaneously increasing the porosity of
the gel from 13% to 21%, in comparison to the control mixture. The
results of their study revealed that the incorporation of SDNs has the
potential to reduce the presence of uncertain pores, despite the increase
in fewer harmful pores. A clear linear relationship was seen between the
percentage rise in SDNs and the decrease in apparent porosity, as evi-
denced by a correlation coefficient of 0.9743. As the amount of incor-
porating SDN increases, there is a simultaneous drop in the apparent
porosity readings of ULFC.

3.2.2. Water absorption

The water absorption capacity of ULFC can be influenced by its open
porosity and homogeneity. The durability of ULFC may be affected
owing to its excessive water absorption level, as this allows for the
penetration of harmful solutes and ions into the inside of the material via
its pores in the presence of water. The results obtained for ULFC water
absorption containing different percentages of SDNs are displayed in
Fig. 9. The addition of SDNs was found to be effective in reducing the
water absorption of the ULFC specimens. It can be seen that the amount
of absorbed water in the samples decreased by increasing SDNs. The
addition of SDNs by 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% decreased the
water absorption in the samples by 2.71%, 5.88%, 9.95%, 14.93%, and
20.81%, respectively. The findings of this study were in-line with the
previous research. According to Jalal et al. [68], the incorporation of 2%
of SDNs decreased the water absorption capacity of concrete by 58% in
comparison to the control mix. Furthermore, they observed that the
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Fig. 10. Sorptivity of ULFC containing different percentages of SDNs: (a) 7-day, (b) 28-day.

depth of absorbed water would decrease more notably at longer times of
the test. The stiffening of the internal structure of ULFC, resulting from
the generation of CSH during the hydration process, leads to the filling of
pores within ULFC and consequently reduces its water absorption ca-
pacity [114].

Chithra et al. [116] reported that small substations of cement by 2%
of SDNs led to a reduction of the water absorption. The efficiency of very
fine SDNs particles, which block the pores and improve the micro-
structure of the specimens, is another reason for the reduction of the
water absorption values. The progress of the pozzolanic reactions of
SDNs leads to the rupture of interconnected pores and the reduction of
total pore volume, thereby inhibiting the improvement of the water
absorption capacity of cement-based materials [117]. Tobén et al. [118]
used SDNs as cement replacement in concrete. They found that the water
absorption of concrete replaced by 5% and 10% of cement reduced
dramatically. They concluded that high specific surface area and
well-dispersion of SDNs can be considered for their power in the ac-
celeration of the pozzolanic reactions. The findings showed a substantial
positive correlation with an R? value of 0.9792 between the increase in
SDNs and the decrease in the water absorption capacity. As the per-
centage of SDNs increases, there is a corresponding decrease in the water
absorption values of ULFC.

3.2.3. Sorptivity
Sorptivity is a significant parameter that serves as an indicator for
assessing the transport properties of porous cementitious materials. It
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effectively characterises the absorption and transport characteristics of
water via capillary passages inside these substances. Sorptivity of the
ULFC mixes with varying percentages of SDNs at different ages are
illustrated in Fig. 10(a and b). Results depict that integration of SDNs in
the ULFC base mixes decreased the capillary network for all the SDNs
percentages. After 50 h and at 28 days of curing, the addition of SDNs by
0.5%, 1.0%, 1.5%, 2.0%, and 2.5% decreased the sorptivity in the
samples by 5.13%, 10.26%, 12.82%, 16.67%, and 23.08%, respectively.
The primary pathway for water migration in cement-based materials is
widely recognised to be through the capillary pores. According to Abd
Elrahman et al. [115], the inclusion of SDNs facilitates the consolidation
of the microstructure and diminishes the porosity of ULFC, particularly
the interconnectivity of pores. The results proved that the refinement of
the pore structure of ULFC with the presence of SDNs was a key factor
that improved the characteristics of the ULFC samples. In fact, most
aspects of the durability of ULFC are directly related to its porous
structure, since capillary pores are responsible for the fluids’ migration
in the ULFC cementitious matrix [21]. Therefore, as the value of the
sorptivity decreases, the resistance to aggressive environments enhances
significantly. When water penetrates the interior of ULFC, it encounters
much smaller pores, such as the gel pores, which explains the lower
sorptivity with the presence of SDNs. Moreover, plenty of the gel pores
were present in the transition zone between the fine aggregate and its
interface. When water penetrates the pores, it would form the stable or
unstable form of water and air, which would reduce the sorptivity values
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Fig. 13. Correlation between chloride diffusion coefficient and pore structure parameters of ULFC.
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Fig. 14. Thermal properties’ parameters of ULFC containing varying percentages of SDNs.

[51].

3.2.4. Intrinsic air permeability

Fig. 11 presents the intrinsic air permeability of ULFC containing
different percentages of SDNs. The intrinsic air permeability of ULFC
mixtures containing 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of SDNs were
determined and contrasted to those of the control mixture. When
compared to the control ULFC mixture, all the ULFC mixtures incorpo-
rated with SDNs exhibited lower intrinsic air permeability values. The
intrinsic air permeability for the control ULFC mixture was recorded as
0.399 x 10~° m?/s. Adding 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of SDNs,
the intrinsic air permeability reduced by 14.29%, 22.81%, 28.07%,
32.33%, and 35.09%, respectively. This implies that SDNs function as an
accelerator for the process of the cement hydration, while also serving as
a substance that enhances the internal microstructure of ULFC. Conse-
quently, the microstructure of ULFC exhibited the improved uniformity
and reduced porosity due to the incorporation of SDNs [120]. When the
ULFC mixture consists of a relatively high proportions of SDNs, the
adhesion properties of the mixture are enhanced, whilst the internal
porosity of ULFC is reduced [121]. Consequently, there is a reduction in
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the gas permeability. The enhanced filler effect of SDNs can be attrib-
uted to the incorporation of nano-sized fine particles. Additionally, the
high pozzolanic activity of SDNs remarkably augments the formation of
the CSH gel. The enhancement of the microstructure inside ITZ has the
potential to boost the composition of the CSH gel, leading to a significant
reduction in the intrinsic air permeability. These reactions lead to an
increase in the homogeneity and strength of ITZ, as well as a decrease in
their diameter. This results in a reduced probability of micro cracks and
a more uniform distribution of particles, which ultimately contributes to
the refinement of the grain structure in the hydrated cement paste
within ITZ [122]. Therefore, the incorporation of SDNs into cement has
the potential to lead to the reorganization and enhancement of the
physical and chemical microstructures of ULFC. A strong positive asso-
ciation was seen between the percentage increase in SDNs and the
reduction in the intrinsic air permeability of the ULFC mixes, as indi-
cated by an R? value of 0.9172. As the percentage of SDN grows, there is
a corresponding decrease in the intrinsic air permeability.

3.2.5. Chloride diffusion coefficient
Fig. 12 displays the chloride diffusion coefficient of ULFC
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incorporating varying proportions of SDNs. The chloride diffusion co-
efficient of the ULFC mixtures with varying percentages of SDNs at
0.5%, 1.0%, 1.5%, 2.0%, and 2.5% were measured and compared to the
chloride diffusion coefficient of the control mixture. The integration of
SDNs into ULFC has been discovered to enhance its ability to withstand
the penetration of chloride ions. The ULFC mixtures containing SDNs
exhibited reduced values of the chloride diffusion coefficient when
compared to the control ULFC mixture. The chloride diffusion coeffi-
cient of the control ULFC mixture was measured and documented at
3.82 x 1073 m?%/s. By including various percentages of SDNs (0.5%,
1.0%, 1.5%, 2.0%, and 2.5%), the chloride diffusion coefficient
demonstrated reductions of 3.93%, 13.87%, 28.53%, 36.13%, and
41.63%, respectively. The incorporation of SDNs in the ULFC mixtures
has been found to enhance several fundamental properties, including
the increased porosity, larger tortuosity, and a higher quantity of the
solidified CSH gel. These improvements have proven to be crucial in
mitigating the rate at which chlorides penetrate the ULFC material.
Accordingly, the microstructure of ULFC is being densified as cement
hydrates and progresses. In Fig. 13, the regression analysis of data ac-
quired was executed to examine the relationship between the chloride
diffusion coefficient with the pore volume of ULFC, average pore

diameter, porosity, and water absorption. High correlations are shown
between the chloride diffusion coefficient and pore volume, average
pore diameter, porosity, and water absorption. The regression analyses
in Fig. 13 reveal a notable linear association between the chloride
diffusion coefficients and the various pore structure variables of ULFC.
Moreover, the correlation coefficients consistently exceed 0.95, sug-
gesting the substantial impact of the pore structure on the chloride
diffusion coefficient of ULFC. The resistance to the chloride penetration
of ULFC is directly proportional to the fineness of its pore structure. The
parameter that gives the strongest correlation with the chloride diffu-
sion coefficient is the pore volume of ULFC. The finding is consistent
with the established trend in variations of the chloride diffusion, as
described by Zhang and Li [123].

3.3. Thermal properties

Fig. 14(a—c) depicts the thermal properties’ parameters of ULFC
containing varying percentages of SDNs. The thermal conductivity,
thermal diffusivity, and specific heat capacity of the ULFC mixtures
containing 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of SDNs were determined
and compared to those of the control mixture. In general, the integration
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Fig. 16. Strength properties of ULFC containing varying percentages of SDNs.

of SDNs into ULFC has been found to increase the thermal properties’
parameters of ULFC. In comparison to the control ULFC mixture, the
ULFC mixtures containing SDNs indicated increased values of the ther-
mal conductivity. The thermal conductivity of the control ULFC mixture
was measured and documented at 0.129 W/mK. With the inclusion of
0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of SDNs, the thermal conductivity
illustrated enhancements of 5.43%, 8.53%, 11.63%, 13.18%, and
17.83%, respectively. Furthermore, the thermal diffusivity of ULFC
followed the same trend as per the thermal conductivity. With an in-
crease in the SDNs percentages in the ULFC mixtures, the thermal
diffusivity increases as well. The thermal diffusivity of the control ULFC
mixture was determined at 0.358 m?/s. By integrating 0.5%, 1.0%,
1.5%, 2.0%, and 2.5% of SDNs, the thermal diffusivity displayed en-
hancements of 1.68%, 2.51%, 3.35%, 4.19%, and 5.59%, respectively.
In contrast, the specific heat capacity of the ULFC mixtures decreased
when the percentages of SDNs increased. The control ULFC mix recorded
a specific heat capacity value of 862 J/kg K. With the presence of 0.5%,
1.0%, 1.5%, 2.0%, and 2.5% of SDNs, the specific heat capacity of ULFC
decreased to 853 J/kg K, 852 J/kg K, 846 J/kg K, 839 J/kg K, and 834 J/
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kg K, respectively. The integration of SDNs in ULFC resulted in an in-
crease in the thermal conductivity, demonstrating an enhancement in
the modification of the pore structure. The observed phenomena can be
attributed to the smaller pore size in the ULFC specimens with SDNs
compared to the control ULFC specimen. This led to the increased heat
conduction insulation. The comparable tendency was seen by micro-
structure analysis, as referenced in Subsection 3.5.2. The control spec-
imen showed the existence of coalescing air bubbles. This occurrence
has a possibility to reduce the heat conductivity due to the poor thermal
conductivity of air [124].

Fig. 15 depicts the association between thermal characteristics pa-
rameters of ULFC including different proportions of SDNs. Significant
relationships have been observed between the thermal characteristics’
parameters, namely thermal conductivity, thermal diffusivity, and spe-
cific heat capacity, and proportions of SDNs. The regression studies
present an important linear correlation between the parameters of the
thermal characteristics and percentages of SDNs. Furthermore, it is seen
that the correlation coefficients continuously transcend 0.97, indicating
a significant influence of the percentages of SDNs in ULFC on the
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Fig. 17. Correlation between strength properties’ parameters of ULFC containing varying percentages of SDNs.

parameters related to the thermal properties.

3.4. Mechanical properties

Fig. 16(a-d) illustrates the strength properties of ULFC containing
varying percentages of SDNs at 7, 28, and 56 days. The compressive
strength, flexural strength, split tensile strength, and modulus of elas-
ticity of ULFC were considered. From Fig. 16, it can be clearly seen that
the strength properties of ULFC increased dramatically with the inclu-
sion of SDNs up to the ideal SDNs proportion of 1.5%. The strength
properties started to decrease when the percentage of SDNs was raised to
2.0%.

The compressive strengths of the ULFC mixes with 0.5%, 1.0%, 1.5%,
2.0%, and 2.5% of SDNs were measured and compared to those of the
control ULFC sample. With reference to Fig. 16(a), the compressive
strength values at 7, 28, and 56 days were 0.99 MPa, 1.22 MPa, and 1.38
MPa, respectively. With the addition of 0.5%, 1.0%, 1.5%, 2.0%, and
2.5% of SDNs, the compressive strength of ULFC increased by 25.25%,
42.42%, 77.78%, 56.57%, and 23.23%, by 18.03%, 31.15%, 70.49%,
51.64%, and 15.57%, and by 18.12%, 30.43%, 66.67%, 52.90%, and
16.67%, respectively, at 7, 28, and 56 days. The significant increase in
the compressive strength observed in ULFC blended with SDNs might be
attributed to the accelerated consumption of calcium hydroxide that was
generated during the hydration of cement. This phenomenon was
particularly pronounced at the early stages of hydration, owing to the
high reactivity of SDNs. Consequently, the process of the cement
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hydration was expedited, leading to the formation of a greater number
of reaction products. Furthermore, the production of additional stiff-
ening gel has the potential to enhance the limitations associated with the
dispersion of SDNs. Moreover, SDNs facilitate the replenishment of
particle packing density in the blended cement, resulting in a decrease in
the volume of bigger pores within the cement paste [114]. In addition,
SDNs reduced the volume of larger pores in the cement paste by
recovering the particle packing density of the blended cement. Even
though the recorded compressive strength started to decrease beyond
the optimal SDNs percentage of 1.5%, but the values at 2.0% and 2.5%
of SDNs were still higher than those of the control ULFC specimen. The
observed effect can be attributed to the greater quantity of SDNs in the
mixture compared to the necessary amount for reacting with the
released lime throughout the phase of hydration. Consequently, an
excessive amount of silica was leached out, resulting in a reduction of
the compressive strength. Although SDNs were present in the cementi-
tious matrix of ULFC, they did not influence the compressive strength of
the composites.

As displayed in Fig. 16(b), the flexural strength values were 0.27
MPa, 0.33 MPa, and 0.37 MPa, respectively, at 7, 28, and 56 days. It was
found that by adding 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of SDNs to
ULFC, its flexural strength increased by 22.22%, 40.74%, 59.26%,
51.85%, and 29.63%, by 18.18%, 30.30%, 51.51%, 42.42%, and
21.21%, and by 18.92%, 29.73%, 62.16%, 45.95%, and 21.62%,
respectively, at 7, 28, and 56 days. The increased flexural strength can
be attributed to the accelerated pozzolanic reaction of SDNs when
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Fig. 18. Pore distributions of ULFC containing varying percentages of SDNs.

exposed to calcium hydroxide, resulting in a more compact morphology.
Furthermore, the utilisation of SDNs could quicken the process of the
hydration of tricalcium silicate clinker phase. This can be attributed to
the substantial and highly responsive surface area of SDNs [118].
Nevertheless, the flexural strength demonstrated a marginal decline as
the replacement amount approached 1.5%. Consequently, the increased
incorporation of SDNs in ULFC did not result in the enhanced flexural
strength, possibly due to the inadequate dissemination of the SDNs
particles within the mixture. SDNs exhibited a notable inclination to-
wards clustering owing to their increased surface energy. The distribu-
tion of SDNs throughout ULFC plays a crucial role in determining the
efficacy of the composites.

Based on Fig. 16(c), the split tensile strength values at 7, 28, and 56
days were 0.17 MPa, 0.21 MPa, and 0.24 MPa, respectively. At 7, 28, and
56 days, the split tensile strength of ULFC increased by 41.18%, 58.82%,
82.35%, 58.82%, and 23.54%, by 33.33%, 47.62%, 76.19%, 57.14%,
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and 23.81%, and by 29.17%, 41.67%, 70.83%, 54.17%, and 33.33%,
respectively, with the addition of 0.5%, 1.0%, 1.5%, 2.0%, and 2.5% of
SDNs. The use of SDNs in ULFC for enhancing the split tensile strength is
crucial because of their substantial reactivity during the initial phases.

As was observed for the compressive and flexural strengths, when an
excessive amount of SDNs is introduced into the mixture, they are not
evenly distributed within ULFC. As a result, weak regions occur in ULFC
due to the formation of agglomerates thus reducing the split tensile
strength of ULFC. Hence, the process of breaking down SDNs is of
greatest significance to attain composite materials that exhibit enhanced
characteristics [12]. Furthermore, it is possible that the quantities of
SDNs present in the mixtures surpassed the necessary amount for the
consumption of calcium hydroxide. However, the extra quantity of SDNs
did not aid in the improvement of the compressive strength.

According to Fig. 16(d), the modulus of elasticity of ULFC improved
dramatically with the inclusion of SDNs. At 7, 28, and 56 days, the
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modulus of elasticity of ULFC increased by 21.43%, 33.33%, 78.57%,
52.38%, and 19.05%, respectively. The utilisation of SDNs has been
found to enhance the stability of ITZ. This improvement can be attrib-
uted to the formation of smaller and firmer CSH gel, which provided
better rigidity thus enhanced the modulus of elasticity of ULFC. Addi-
tionally, the presence of SDNs led to an increased process of the hy-
dration of the cement paste.

Fig. 17(a-d) depicts the correlation between the strength properties
of SDNs. There have been notable associations identified among the
mechanical strength parameters. The regression analyses in Fig. 17(a—d)
show a significant linear relationship between the strength properties.
Moreover, it is observed that the correlation coefficients consistently
exceed 0.90, suggesting a substantial impact of the proportions of SDNs
in ULFC on the mechanical characteristics such as the compressive
strength, modulus of elasticity, split tensile strength, and flexural
strength.

3.5. Microstructural properties

3.5.1. Pore distributions

The distribution of pore diameters in the matrix of ULFC is illustrated
in Fig. 18(a—f), displaying the incorporation of SDNs as an additive
throughout the range of 0.0%-2.5%. The findings of the study revealed a
distinct alteration in the distribution of pore sizes in the ULFC mixes as
the SDNs percentages changed. The ULFC specimens containing SDNs at
percentages of 0.5%, 1.0%, and 1.5% demonstrated a reduction in the
overall number of big pores measuring 500 nm and greater, in com-
parison to the control ULFC specimen. This was uncovered by the
findings of the analysis of the average pore diameters, which are pre-
sented in Fig. 19(a). The pore sizes of the ULFC mixes added with 0.5%,
1.0%, 1.5%, 2.0%, and 2.5% were 630 nm, 521 nm, 480 nm, 380 nm,
443 nm, and 575 nm, respectively. This occurrence can be ascribed to
the function of SDNs in decreasing the pore size via the pozzolanic
response and the generation of the supplementary gel, hence mitigating
the growth of the pore size [112]. This finding aligns with the outcomes
of the mechanical properties of ULFC.

Addition of SDNs to the cementitious system results in the closely
packed structure of the cementitious matrix and increase in the concrete
matrix density by fillers, which improves the strength characteristics
[115]. In accordance with the results of Fig. 19(b), it is evident that an
increase in the percentage of SDNs leads to a consistent decrease in the
volume of pores exceeding 200 nm in the specimens. This trend persists
until reaching an optimal SDN percentage of 1.5%. This observation
indicates an enhancement in the packing density of ULFC and a refine-
ment in the pore structure. The integration of SDNs into the
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compositions reduced the overall porosity. The findings also revealed
that the utilisation of the ULFC mixture containing 1.5% of SDNs
exhibited the highest percentage of pore diameters measuring less than
100 nm. This phenomenon may be attributed to the interference of the
capillary pores resulting from the increased production of the CSH gel
[116].

This study shows that using SDNs in the ULFC mixtures at percent-
ages ranging from 0.5% to 1.5% improved the compressive, flexural, and
split tensile strengths, as well as modulus of elasticity, in comparison to
the control ULFC mixture. In contrast, raising the SDNs percentages to
2.0% and 2.5% yielded a corresponding augmentation in the proportion
of pores exhibiting a size of 500 nm and above. The observed conditions
might potentially be attributed to the dispersion of cement, resulting in
the weakening of the ULFC matrix. This deterioration, consequently,
may have aided the creation of both big pores and irregular large pores,
as visually depicted in the SEM images presented in Fig. 20(a—f). The
stated issues agree with the findings of the strength properties tests
conducted in this study. The test results reduced the strength of ULFC
when replacement rates of 2.0% and 2.5% were employed.

3.5.2. SEM analysis

Fig. 20(a—-f) displays the SEM images of the ULFC specimens that
include the SDNs percentages that range from 0.0% to 2.5%. The pores’
diameters and distribution inside the ULFC cementitious matrix can be
more clearly visualised because of the significant details provided by the
SEM images. In SEM of the control specimen illustrated in Fig. 20(a)-a
diversified distribution of pores that indicated a large amount of vari-
ance in size and irregularities was seen. The incorporation of SDNs led to
a further densification in the microstructure and to a reduction in the
capillary porosity of the ULFC mixtures. In comparison to the control
ULFC specimen, the microstructures of the ULFC mixes with 1.0% and
1.5% of SDNs were very dense (Fig. 20(b and c)), and small and mi-
cropores were observed. These samples demonstrate a reduction in
larger calcium hydroxide structures (reduction in the larger dark space
with introduction of SDNs is noted from the SEM images), which are
transformed into smaller, more stable CSH structures. When compared
to the control sample, it shows a more uniform and filled structure. With
the presence of SDNs in ULFC, it was revealed that the amount of por-
tlandite can be effectively reduced, leading to an improved micro-
structure of ITZ between sand and paste [119]. The control ULFC
specimens displayed an insufficient bond between sand and paste
(Fig. 20(a)), whereas the ULFC specimens with 1.5% of SDNs gave a
perfect bond between sand and paste (Fig. 20(c)). As SDNs were able to
bridge the small cracks in the cement paste, they contributed to the local
toughening of ULFC, increasing its strength and decreasing its
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permeability. The inclusion of 2.0% of SDNs resulted in a SEM analysis
revealing a more cohesive microstructure inside the composite material,
as depicted in Fig. 20(d). This microstructure exhibited a notable
absence of cavities and cracks. Nevertheless, the presence of micropores
was seen, and it was noted that the diameter of the small pores was
greater compared to the specimens containing 1.5% of SDNs. In contrast,
an increase in the percentage of SDNs to 2% resulted in a growth of the
diameter of the pores (Fig. 20(e)). The microstructural analysis of the
ULFC samples containing 2.5% of SDNs revealed a higher level of
porosity, characterised by a predominance of irregular forms (Fig. 20
(). The observed phenomena can be ascribed to the impact of disper-
sion on cement, leading to a microstructure characterised by the reduced
density and increased porosity [113]. The finding was corroborated by
the results obtained from the mechanical properties tests carried out
within the scope of this study. These results indicate a decrease in the
strength parameters when utilising the SDNs percentages of 2.0% and
2.5% in comparison to the ULFC specimen with the presence of 1.5% of
SDN.

4. Conclusions

Considering the recent emergence of nanoscale materials into the
concrete manufacturing sector, it is imperative to put forward compre-
hensive findings from studies to enhance the understanding of the
impact of these substances on the characteristics of concrete. This study
assessed the fresh state, mechanical, microstructural, transport, and
thermal properties of ULFC using various percentages of SDNs ranging
from 0.0% to 2.5%. The investigation’s findings are detailed below:

e The incorporation of SDNs into ULFC resulted in a substantial
enhancement of their mechanical properties. In comparison to the
control ULFC, the inclusion of 1.5% of SDNs led to significant im-
provements in several strength properties. Specifically, the 28-day
compressive strength illustrated an increase of up to 70.49%, the
splitting strength exhibited an increase of up to 76.19%, and the
flexural strength demonstrated an increase of up to 51.51%. This
SDNs percentage was determined to be the ideal level to achieve the
intended outcomes. A 2.0% addition of SDNs, on the other hand,
provided some improvements in the mechanical properties but was
below the ideal percentage.

Increasing SDNs to 2.5% increased the initial and final setting times
by 27.34% and 14.74%, respectively.

The greater the increase in SDNs was, the greater the increase in the
density was.

ULFC incorporating SDNs displayed higher thermal conductivity
values compared to the control ULFC. The reduced pore size seen in
the ULFC specimens with SDNs was identified as the cause of this
occurrence, in contrast to the control ULFC specimen. As a result,
there was a notable enhancement in the insulation of the heat
conduction.

The sorptivity, porosity, water absorption, intrinsic air permeability,
and chloride diffusion of ULFC mixed with SDNs revealed significant
enhancement as the percentage of SDNs raised from 1.5% to 2.5%.

A noticeable modification in the distribution of pore diameters was
witnessed in the ULFC mixes as the percentages of SDNs were
adjusted. The ULFC specimens, which incorporated SDNs at per-
centages of 0.5%, 1.0%, and 1.5%, indicated a decrease in the total
count of large voids with a size of 500 nm or larger, as compared to
the control ULFC specimen. This can be explained by the effect of
SDNs in reducing the size of pores through the pozzolanic reaction
and the creation of the extra gel, which inhibits the pores from
growing.

The results of this study emphasise the potential benefits of inte-
grating SDNs into ULFC, offering possibilities for improving the
overall strength performances of ULFC.
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ULFC is thus can be utilised in a variety of construction projects
owing to its distinctive characteristics, including low self-weight, high
flowability, self-compacting nature, and easy manufacturing process. It
is ideal for void filling and insulating materials, whereas high-density
LWEFC has been used in structural purposes. ULFC may additionally be
employed for making blocks and prefabricated panels, fire insulating
materials, road subbase, shock absorption barriers, and soil stabilisation.
Additionally, ULFC is recommended for utilisation in locations that are
subject to mild climatic conditions, such as regions with moderate
rainfall. Water can infiltrate the voids in concrete, where there is low
absorption.
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