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Abstract: This study examines the effect of adding different
dosages of nontitanium (NT) and nano-silica (NS) ranging
from 0.5 to 4% by weight of binder materials on ultra-
high-performance geopolymer concrete (UHPGC). The
material’s feasibility was evaluated using slump flow mea-
surements. A detailed analysis of its compressive strength
(CS), transport properties, and sulfate attack was conducted.
The addition of 2.5% NS and 4% NT improved the CS and
transport properties of UHPGC compositions, creating a
denser and more durable microstructure with enhanced
interfacial bonding, as confirmed by the microstructure
study. According to this study, the most effective doses for
enhancing UHPGC performance in various aspects are 2.5%
NS and 4% NT. The CS was recorded at 198.7 MPa for 2.5% NS
mixes and 197.6 MPa for 4% NT mixes for ages test 28 days.
These findings provide valuable insights into developing
and utilizing advanced, high-efficiency UHPGC for sustain-
able and sturdy construction techniques.
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1 Introduction

The cement-based concrete industry is struggling to keep
up with the growing demand for cement. It faces many
challenges, such as environmental damage due to carbon
dioxide emissions, limited limestone reserves, high energy
consumption, and slow manufacturing growth. Efforts are
being made to find alternative binders to traditional Portland
cement to reduce its production and the use of non-renewable
natural resources. Researchers are exploring the use of pozzo-
lanic waste and materials as partial cement replacements to
enhance concrete performance. Another area of recent study
is the development of concrete using alkaline-activated bond
systems (geopolymer bonds). Alkaline activation of aluminosili-
cate powder results in the formation of inorganic geopolymer
bonds.

Geopolymer bonds combine the polymer and cement
properties [1]. Silica and alumina react in an alkaline medium
to create a three-dimensional polymer chain through poly-
condensation, forming Si-O-Al-O bonds [2]. Metakaolin, fly
ash (FA), and blast furnace slag are commonly used to make
geopolymer concrete [3]. Geopolymer concrete (GC) efficiency
depends on activators, aluminosilicate types, mixing ratios,
and curing methods [4]. GC is a promising substitute for
cement-based concrete. It has low permeability and high early
compressive strength (CS) and can withstand harsh conditions
[5]. The production of ultra-high-performance geopolymer
concrete (UHPGC) has been accelerated, allowing for the suc-
cessful use of alkaline-activated technology in structural appli-
cations with improved sustainability and durability [6].

The production of UHPGC depends on several key fac-
tors, including: (1) engaging silica fume (SF) and Ground
granulated blast furnace slag (GGBS) to improve flow prop-
erties with low water/binder rates and high activation poten-
tials for alkali [7]; (2) increasing the surface area of the binder
particles or adding nanomaterials (NMs) [8]; (3) the use of
steel fibers (St.F) and silica sand [9]; and (4) the adoption of
the heat treatment method [10]. Ambily et al. [8] reported that
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adding SF with GGBS activated with an alkali silicate solution
and hydroxide fibers to produced UHPGC containing 2% by
volume St.F achieved CS and flexural strength (FS) of 175 and
13.5MPa in 28 days. This finding is supported by Aydin and
Baradan [11], which found that adding SF to GGBS to make
UHPGC increased CS by more than 150 MPa when compared
to mixtures without SF. According to Wetzel and Midden-
dorf [7], UHPGC with a volume substitution rate of 10-15% of
GGBS with SF obtained the highest CS (178.6 MPa). SF
dosages of 20-30% were found to reduce GC flowability,
despite SF’s significant impact on rheological and mechan-
ical properties at higher substitution rates. In another study,
Liu et al. [12] reported that increasing the SF6 content from
10 to 30% leads to higher mechanical performance and
improves the bond strength between the fiber and the
matrix. Moreover, the introduction of UHPGC St.F improves
ductility, fracture resistance, and impact resistance.
According to Wu et al [13], the ideal addition of St.F varies
from 1 to 3% by volume, which improves the mechanical
characteristics of UHPGC in terms of CS and FS. According to
Yoo et al. [14], increasing the content of St.F by 2% by volume
limits the efficacy of enhancing the characteristics of
UHPGC. In fact, it is preferable to keep the fiber content
under tight control to minimize workability deterioration
and relatively high costs [34].

NM has a significant effect on enhancing the micro-
structure, decreasing porosity, and boosting the mechan-
ical strength of GC [15]. By incorporating NM into the
geopolymer matrix, the properties of concrete are improved,
as the nanoparticles can diffuse into ultra-fine pores and func-
tion as a filler. In addition, their role in pozzolanic processes
leads to increased gel production [16]. Nanoparticles strengthen
the bond between binders and assemblies, increase strength
properties, prevent cracks, and improve fiber crosslinking [17].
Researchers are focusing their efforts on the incorporation of
various NM into the production of UHPGC [18,19]. Nano-silica
(NS) [20,21], nano-Al,O3 [22], nontitanium (NT) [23-25], nano-
clay [26], and carbon nanotubes [27] are among the most
frequent of these NM [28]. Incorporating NS into GC typically
results in enhanced mechanical performance and increased
durability [20]. NS improves concrete properties through active
pozzolanic properties and a finer texture that helps fill ultra-
fine pores, resulting in higher packing density [29,30]. NS
was used to decrease concrete permeability while enhancing
mechanical properties and resistance to deterioration [19,20].
There is limited information in the literature about how
adding NS affects the mechanical performance of UHPGC.
Furthermore, it is rare to find information about how NS
can enhance the mechanical performance of UHPGC.

The effect of NS on modifying the properties of geopo-
lymers is contingent upon its dosage amounts, particle size,
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shape, and degree of dispersion in the geopolymer matrix,
as indicated by the previous studies. Consequently, it is
possible to conclude that the most effective quantity of
NS for modifying the properties of geopolymer composites,
such as strength, transport properties, and microstructure,
is in the range of 1-3% by mass of alkali-activated mate-
rials [31,32].

His study investigates the impact of incorporating dif-
ferent percentages of NT and NS, ranging from 0.5 to 4% of
the total weight of binders, on the characteristics of UHPGC.
Seventeen mixes were created to investigate the character-
istics of fresh, hardened, transport, sulfate attack (SA), and
microstructure.

1.1 Research significance

The significance of this research lies in its potential to
advance the understanding and application of UHPGC, a
material known for its exceptional mechanical properties
and durability. By exploring the effects of incorporating NS
and NT, this study seeks to enhance the CS of UHPGC, which
is crucial for its structural applications. Additionally, this
research aims to fill the gap in the existing literature
regarding the influence of NS and NT on the transport prop-
erties and SA resistance of UHPGC. The findings from this
study could lead to significant improvements in the perfor-
mance and longevity of UHPGC in various environmental
conditions, promoting its use in sustainable and resilient
construction practices. By providing new insights into the
NM modifications of UHPGC, this research could also pave
the way for future studies and innovations in the field of
advanced concrete technology.

2 Experimental program

2.1 Materials
2.1.1 Ground granulated blast furnace slag (GBFS)

GBES is a byproduct of the iron manufacturing process. It
is formed when the iron foundry cools the slag using
water. GBFS was employed to manufacture UHPGC
[33,34]. The GBFS was formulated with a consistent density
of 730 kg'm ™ for all mixtures examined in this investiga-
tion. Table 1 displays the chemical and physical character-
istics of GBFS.



DE GRUYTER

Table 1: Properties of binder materials

Table 2: Properties of NM
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Characteristics GBFS FA SF QP Properties NS NT
Chemical component Form Powder Powder

Sio, 37.98 59.45 98.90 97.88 Boiling point 2,230°C 2,500-3,000°C
Al,03 12.55 21.42 0.25 0.26 Formula 99.5% SiO, 99% TiO,
Fe,05 1.51 5.91 0.13 0.15 Density 2.2-2.6g-cm™ 3.79g-cm™3
Ca0 3995 673 0.27 0.2 Color White White

SO3 2.69 0.15 — 1.51 Particle size 20 £ 5nm 5nm

Na,0 0.76 1.50 0.17 — Water solubility Insoluble Insoluble
K;0 0.70 1.66 0.12 — Melting point 1,600°C 1,825°C

MgO 3.86 178 0.16 — Molecular weight 60.08 g-mol ™ 79.88 g'mol™
TiO, — 1.40 — — Specific gravity 2.2 3.85
Physical characteristics

Specific surface area (cm*g™") 6,175 6,840 19,750 4,085

Specific gravity 2.55 2.34 2.15 2.58

21.2 FA

FA is a residual material produced by coal-fired power
stations. It is categorized as class F FA based on the speci-
fications outlined in ASTM C618 Class F [35]. The earlier
studies [36,37] established a constant concentration of
270 kg'm ™ for FA. The characteristics of the utilized FA
are presented in Table 1.

2.1.3 SF

SF was obtained from Sika Company, and it is in accor-
dance with ASTM C1240 standards [38]. SF can be defined
as a by-product of ferrosilicon alloy production and was
used as a pozzolanic effect [39-41]. The physical and che-
mical properties of SF are tabulated in Table 1.

In conclusion, Table 1 shows the chemical composition
of binder materials used in this study to show the materials
components that have a vital role in reactions hence con-
crete performance. Results were obtained via performing
XRF X-ray fluorescence on small samples, then compressed,
and heated for testing.

2.1.4 NM

This study used two types of NM: NS with 99.5% SiO, and
NT with 99.0% TiO,. The NM (NS and NT) was synthesized
in the science laboratory of Beni Suef University, Egypt. In
comparison, NS or NT was added at nine contents: 0, 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0% by weight of binder
materials (GBFS and FA and SF) [28,42,43]. Table 2 sum-
marizes the physical characteristics of NM provided by
the manufacturer.

2.1.5 St.F

St.F at a constant content of 1% in terms of volume were
used to reinforce the UHPGC mixes, based on the previous
work [30,44,45]. The St.F used in this study was obtained
from Hany Mahros Steel Fiber, Kaluob, Egypt. St.F proper-
ties from the source (manufacturing company) are shown
in Table 3.

2.1.6 Quartz powder (QP)

The filler utilized in this article is QP with an average par-
ticle size of approximately between 10 and 25 um [46,47].
The characteristics of QP are displayed in Table 4.

2.1.7 Quartz sand

To enhance the uniformity of the fine aggregate, quartz sand
was utilized as a fine aggregate, and its average particle size
was decreased to 4.75mm. All mixtures in this study are
based on 100% fine aggregate [48]. The properties of the
fine aggregate were evaluated according to the requirements
of ASTM (33/C33M-18 [49]. The physical properties and the

Table 3: Properties of St.F

St.F
Diameter (mm) 0.12
Length (mm) 12
Aspect (ratio) 100
Density (kg-m~) 7,800
Elastic modulus (GPa) 194
Tensile strength (GPa) 1.82
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Table 4: Properties of the QP

Physical properties Chemical compositions (%)
Colour Specific area (cmz-g") Specific gravity Sio, Al,03 Fe,03 Cao SO3
White 4,085 2.58 97.88 0.26 0.15 0.2 1.51

Table 5: Properties of quartz sand

Specific gravity Unit weight (kg:-m3)

Fineness modulus

Water absorption (%) Clay and fine materials (%)

2.66 1,690 2.627

0.96 0.78

grading curve of the fine aggregate are given in Table 5 and
Figure 1, respectively.

2.1.8 Alkaline solutions

The alkaline activator solutions used were sodium hydroxide
(NaOH) with a 98% purity and sodium silicate (Na,SiO3) com-
posed of 34.42% SiO,, 15.26% Na,0, and 50.32% H,0. The alka-
line solution containing NaOH and Na,SiO; was acquired from
El-Epour City, Egypt. The concentration of NaOH remained
constant at 16M based on the previous research to produce
UHPGC [7,12,50-54], while the concentration of Na,SiO; varied
in the synthesis of the alkaline activator. To create a solution
with the desired concentration, it is necessary to dissolve the
solids in water. It is highly recommended to prepare the
sodium hydroxide solution (SHS) at least 24 h before using
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Figure 1: Grading curve of used quartz sand.

it. During the experimental work, a consistent alkaline liquid
ratio of 1:3 (SHS:sodium silicate solution [SSS]) and an alkaline
solution to binder materials ratio of 0.37 were utilized for all
the mixes [55-57].

2.1.9 Superplasticizer (SP)

A high-range water-reducing additive, SP (Viscocrete-5930),
was used to enhance the workability of UHPGC. The mate-
rial meets specifications for ASTM-C-494 Types G and F,
with a specific gravity of 1.09 [58]. The materials used in
this study are seen in Figure 2.

2.2 Mix ratios and mixing procedure

This study investigated the effect of adding NM to UHPGC
mixtures. Three groups of 17 mixtures were examined,
with the first group acting as a control mixture without
any NM. The second set of mix ratios was examined, con-
sisting of eight distinct mixes with varying NS contents (0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0%) by weight of binder
materials to produce UHPGC. The third group is the same
as the second group, except it uses NT with identical con-
tent. The mix design for UHPGC included constant propor-
tions of 730 kg'm 3 GBFS, 270 kg-'m > FA, 150 kg'm > SF, and
200 kg'm~® QP. Table 6 shows different ratios of UHPGC
mixtures, with a fixed proportion of 0.37 for the alkaline
activator solution to the binder.

For this study, an axial mixer was used to uniformly
mix UHPGC, which was poured into molds to create speci-
mens. The mix contained sodium hydroxide flakes, SSS,
and a blend of dry components, including binder materials
(GBFS, FA, SF), QP, quartz sand, and St.F. The mixture was
blended for 5 min in a blender and an additional 5min in a
mixer. The cured specimens were evaluated for age after
being kept in an oven at 80°C for 48 h and then cured at
room temperature.
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GBFS Fly ash Silica fume Nano silica Nano titanium

Quartz powder Steel fibers Quartz sand Alkaline solutions

Figure 2: Materials used in this study.

2.3 Test procedure measured at 3, 7, 28, and 90 days following the guidelines

of BS-1881:part-116-2004. For each test period, we aver-
NM compositions’ impact on the workability of UHPGC aged three specimens. All specimens were tested in a
composites was evaluated using ASTM-C-143-15a for flow hydraulic testing machine with a capacity of 200 tons
diameter. The compression test of the cubic UHPGC and an accuracy of 0.5 tons. The CS “f.” was calculated
specimens measuring 100 mm x 100 mm x 100 mm was using the formula:

Table 6: Mix proportions for UHPGC mixtures

Mixtures ID GBFS FA SF NS NT St.F QP Sand SHS SSS AS/MA SP

kgm3  kgm3 kgm?® % % % kgm3 % Ratio Mol. Ratio  Ratio %
Control 730 270 150 0 0 1.0 200 100 1 16 3 0.37 15
NS 0.5 730 270 150 0.5 0 1.0 200 100 1 16 3 0.37 1.5
NS 1.0 730 270 150 1.0 0 1.0 200 100 1 16 3 0.37 1.5
NS 1.5 730 270 150 15 0 1.0 200 100 1 16 3 0.37 15
NS 2.0 730 270 150 2.0 0 1.0 200 100 1 16 3 0.37 15
NS 2.5 730 270 150 2.5 0 1.0 200 100 1 16 3 0.37 15
NS 3.0 730 270 150 3.0 0 1.0 200 100 1 16 3 0.37 15
NS 3.5 730 270 150 3.5 0 1.0 200 100 1 16 3 0.37 1.5
NS 4.0 730 270 150 4.0 0 1.0 200 100 1 16 3 0.37 1.5
NT 0.5 730 270 150 0 0.5 1.0 200 100 1 16 3 0.37 15
NT 1.0 730 270 150 0 1.0 1.0 200 100 1 16 3 0.37 15
NT 1.5 730 270 150 0 15 1.0 200 100 1 16 3 0.37 15
NT 2.0 730 270 150 0 2.0 1.0 200 100 1 16 3 0.37 15
NT 2.5 730 270 150 0 2.5 1.0 200 100 1 16 3 0.37 1.5
NT 3.0 730 270 150 0 3.0 1.0 200 100 1 16 3 0.37 1.5
NT 3.5 730 270 150 0 35 1.0 200 100 1 16 3 0.37 15
NT 4.0 730 270 150 0 4.0 1.0 200 100 1 16 3 0.37 15

SHS is a sodium hydroxide solution.

SSS is a sodium silicate solution.

Mol. is a molarity.

AS/MA is an alkaline solution to mineral additives.
SP is a superplasticizer.
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where P, is the maximum load in compression and A is the
cross-sectional area of the specimen.

The water permeability (WP) test was conducted on
cylindrical specimens of 150 mm x 150 mm at 28 days,
according to BS EN 12390-8 [59]. 100 mm diameter and
50 mm thickness disk specimens were tested for chloride
penetration (CP) test using the ASTM C1202-17 [60] proce-
dure. The water sorptivity (WS) test at 28 days measures
the water absorption rate according to ASTM C1585-13 [61]
on a 100 mm x 50 mm cylinder. To assess sulfate resistance
in specimens, follow ASTM C1012 [62]. Add 0-100 g-L™*
sodium sulfate solution to a water pool. Test 70 mm x
70 mm x 70 mm specimens for CS at 28, 90, and 180 days
to investigate short-, medium-, and long-term impacts. The
testing procedure in this study is seen in Figure 3.

3 Results and discussion

3.1 Fresh properties

Figure 4 shows how the slump flow of UHPGC is affected by
NS and NT concentration. The focus was on replacement
ratios ranging from 0.5 to 4%. An unfavorable correlation
was observed with the increasing ratio of NS usage. NS
reduces slump flow due to its interaction with the geopo-
lymer matrix, resulting in a gradual decrease from 544 to
450 mm. An increase in the replacement ratio of NS is likely
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to enhance the reactivity and bonding with alkali-activated
geopolymer gel due to its large surface area and pozzolanic
properties [20,63]. The increased contact between the com-
ponents results in a less flexible and more compact geopo-
lymer structure. This causes a reduction in the slump flow,
indicating decreased ease of handling.

This study investigates the impact of NT on the slump
flow of UHPGC at different replacement ratios ranging
from 0.5 to 4%. The concentration of NT increased and
caused a corresponding reduction in the slump flow, which
is a crucial measure of the workability of concrete, as
demonstrated by a clear pattern of decline. The observed
behavior can be explained by the distinct interactions
between the nano-titanium and the geopolymer matrix.
The addition of 4% NT is expected to increase the viscosity
and decrease the flowability of UHPGC, resulting in a
decrease from 544 to 470 in the rheological characteristics
compared to the control mix. The addition of NT, which has
pozzolanic and cementitious properties, may improve the
formation of more compact and less pliable geopolymer
structures [23,64,65]. The decrease in slump flow highlights
the importance of understanding the role of NT in UHPGC
mixtures.

3.2 CS

Figures 5 and 6 show the CS of UHPGC containing NS and
NT by 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0% of binder
materials, at test ages of 3, 7, 28, 90, and 180 days. The use of

Figure 3: Testing procedure in this study: (a) slump flow test, (b) concrete samples, (c) compression test, and (d) WP.
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Figure 4: Slump flow of UHPGC incorporating NS and NT.

NS improved the strength properties of UHPGC. Therefore, to improving the CS with an upward relationship from 0.5
the CS of UHPGC was 150.8, 159.7, 169.0, 177.9, 188.6, 198.7, to 2.5%, while the CS decreased at higher addition rates.
183.5, 175.7, and 171.9 MPa at 28 days of test age, with the However, all percentages of NS addition ranging from 0.5
addition of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0% of NS, to 4.0% resulted in higher CS compared to the reference
respectively. It is also noted that the highest CS was mixture. Previous research indicates the incorporation of
achieved for the mixture NS 2.5 when adding 2.5% of NS. NM, in particular NS, contributed to the improvement in CS
It was the CS of 161.0, 176.8, 198.7, 217.0, and 222.2 MPa for ~when compared to geopolymer-free nanostructured mate-
ages test 3, 7, 28, 90, and 180 days, respectively. Accord- rials. It is possible that the enhanced strength of UHPGC is a
ingly, increasing the addition percentage of NS contributed result of the presence of NS, which may fill the nanopores
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Figure 5: Results of CS test of UHPGC containing NS.
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Figure 6: Results of CS test of UHPGC containing NT.

within the geopolymer matrix, producing a more densely
packed matrix. Furthermore, it has been observed that the
chemical properties of silica-rich NS have a significant impact
on the acceleration of geopolymer reactions, resulting in
a stronger geopolymer matrix and ultimately leading to
enhanced sample strength. In previous studies, researchers
have found that the optimal amount of NS content to improve
the CS is between 1.0 and 4.0%. However, it was observed that
after this dose, there was a slight reduction in CS due to the
flooding in the un-interacted NS particle matrix. The optimal
rate of NS incorporation to enhance CS is 2.5%, as indicated by
the findings of this study. Consequently, the slight reduction
in CS that occurs when the concentration of NS exceeds 2.5%
may be attributed to the presence of unreacted NS particles in
the matrix. Consequently, the agglomeration of NS particles
between themselves prevents the dissolution of silica and
leads to the formation of voids, thereby reducing the CS of
geopolymer concrete. Nuaklong et al. discovered that a slight
decrease in CS occurred when the concentration of NS
exceeded 2% [66]. This, in turn, led to the formation of voids
and a subsequent decrease in the CS of GC. In previous studies
conducted by researchers [66—68], it was found that the CS of
GC can be enhanced by the addition of NS. These studies
revealed that a specific dose of NS can lead to an increase
in CS. According to the findings of Nuaklong et al [66], the
addition of NS has been shown to enhance the CS of GC by
approximately 2%.

The inclusion of NS primarily impacts the dissolution
phase of geopolymerization, potentially leading to an

120 150 180

improvement in the rate of geopolymerization. It appears
that the inclusion of NS has a positive impact on the produc-
tion of reaction products and the degree of geopolymerization,
leading to a more consistent and condensed matrix [69]. The
results also illustrate that the addition of NT to the UHPGC
contributed to the improvement of the CS of the concrete at all
rates of addition (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0% NT) for all
test ages compared to the reference mixture. The results
showed that a higher rate of NT addition led to an increase
in the CS. The mixture NT4.0 which includes an addition rate
of 4% NT achieved the highest CS among the mixtures con-
taining NT. The CS was from 158.3, 176.4, 97.6, 214.8, 215.0, and
MPa at test ages 3, 7, 28, 90, and 180 days, respectively. The
observed increase in CS can be attributed to the beneficial
effects of NT in the microstructure. These effects include the
filling of nanopores within the geopolymer matrix, in addition
to promoting nucleation during fermentation (crystal nucleus
effect or seeding effect), resulting in a more uniform distribu-
tion of hydration products [23]. This is consistent with the
statement of Sanalkumar and Yang that the addition of
1-10% NT leads to an enhancement of the CS of GC mixtures
[70].

3.3 Microstructure
SEM micrographs of three UHPGC mixes, control, NS 2.5, and

NT 4, are shown in Figure 7a—c, respectively. The addition of
2.5% NS to UHPGC significantly alters its microstructure. The
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Figure 7: SEM for UHPGC. (a) Control, (b) NS 2.5, and (c) NT 4.

use of NS particles improves the geopolymer matrix due to its
large surface area and pozzolanic properties. A study using
SEM showed that the resulting microstructure is denser and
more compact, with lower porosity and improved bonding
between the geopolymer gel and the aggregates. The addition
of 25% NS to UHPGC facilitates the creation of additional
reaction products. This leads to an improvement in the
overall crystalline structure, resulting in enhanced CS, trans-
port properties, and SA. As a result, UHPGC with 2.5% NS is a
highly promising option for high-performance construction
applications [24]. In contrast, the microstructure of UHPGC
containing 4% NT exhibits different alterations compared to
the version without nano-additions A distinct morphology
was observed in the SEM images, with evenly dispersed
nanoscale titanium particles within the geopolymeric matrix.
The addition of NT improved the microstructure, resulting in
a more uniform distribution of the particles. As a result of this
modification, there was an increase in the bonding between
the interfaces and a higher packing density [71]. This led to
improved strength and endurance. When using larger replace-
ment ratios, such as 4%, it is important to consider the possibi-
lity of agglomeration effects. An analysis of the microstructure

Sulfate attack of ultra-high-performance geopolymer concrete == 9

N >
SEM HV: 20.0 kV WD: 20.24 mm

(b)

Performance in nanospace

reveals the complex function of nano-additives in enhancing
the internal structure of UHPGC. Therefore, careful incor-
poration of these additives is necessary to achieve excep-
tional material performance [72]. Comparative evaluations
have shown that the changes in the microstructure caused
by the addition of 4% nano-additives have a beneficial
impact on the mechanical [73] and durability characteristics
of UHPGC [74], providing valuable information for the devel-
opment and use of sophisticated construction materials.

3.4 Transport properties
3.41 WP

The findings from the WP test on UHPGC samples after 28
days are shown in Figure 8. Overall, the study indicates
that the WP values of the UHPGC samples varied between
0.90 and 1.38 x 10" cm-s™ for mixtures that included NS.
The study’s findings indicate that the WP values for UHPGC
samples varied between 0.85 and 1.43 x 10! cm's* when
mixed with NT. The control mixture lacking NM (NS and
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NT) had a WP value of 1.55 x 10 " cm-s™, as observed
during the study. The results show that the inclusion of
NS in UHPGC production significantly reduced the WP
values compared to the reference mixture, and the results
were 1.38, 1.27, 1.18, 1.10, 1.04, 1.0, 0.95, and 0.90 x 107"
cmes ! for the NS 0.5, NS 1.0, NS 1.5, NS 2.0, NS 2.5, NS 3.0,
NS 3.5, and NS 4.0, respectively. According to the observa-
tion, the addition of nanoparticles has resulted in better
resistance to permeability in UHPGC. The improvement
in resistance was noted with an increase in the rate of
addition. This finding is consistent with many other pre-
vious studies that have confirmed the crucial role of NM
in filling micropores and increasing the density of the geo-
polymer paste matrix [69,75]. The incorporation of NS led
to a positive impact on the porosity and pore structure
of the matrix by reducing the number of macropores
[76]. The findings indicate that the incorporation of NS in
the production of UHPGC led to a significant reduction in
WP values in comparison to the reference mixture. The
recorded values were 1.43, 1.32, 1.23, 1.14, 1.07, 0.98, 0.92,
and 0.85 x 107" cms™ for the NT0.5, NT 1.0, NT 1.5, NT 2.0,
NT 2.5, NT 3.0, NT 3.5, and NT 4.0, respectively. This obser-
vation indicates that the incorporation of NT resulted in an
enhancement of the UHPGC’s impermeability resistance,
which was proportional to the rate of addition. This is
attributed to the role of NM in reducing the size of the
pores, closing them, or cutting the pathways connected to
them, which prevents or reduces the WP through the geo-
polymer paste. The results obtained from this study sup-
port the theory of previous research, which confirms the

DE GRUYTER

positive role of adding nanoparticles to concrete to achieve
lower permeability and higher durability [64,77].

34.2 CP

Figure 9 shows the results of the CP test for UHPGC samples
at a test age of 28 days. It is noticeable that the CP of UHPGC
samples that contain NM is improved. The CP values for
UHPGC samples that contained NS ranged between 138 and
260 (Columb). While the CP test results for UHPGC samples
that included NT were between 272 and 130 (Columb). As
for the control mixture without NM (NS and NT), the CP
value was 340 (Columb). Accordingly, the NT4.0 mixture
achieved the lowest chloride permeability at 130 (Columb),
followed by the NS4.0 mixture with a permeability value of
138 (Columb). Based on the results presented, it can be
concluded that incorporating nanoparticles in concrete
improves its impermeability. As the rate of addition of
NM increases, the permeability of concrete decreases gra-
dually. This is due to the ability of NM to enhance the
polymerization process and reduce pore size [23,78].

343 WS

The data presented in Figure 10 display the WS coefficient
values for UHPGC samples after 28 days of testing. Based on
the findings, it appears that the inclusion of NM (NS or NT)
in UHPGC samples led to a reduction in the WS coefficient
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Figure 8: Results of WP test of UHPGC containing NS and NT.
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Figure 9: Results of CP test of UHPGC containing NS and NT.

values. The WS coefficient values for UHPGC samples con-
taining NS were observed to range between 2.4 and 1.28
(10" mm-s™* 0.5). The WS coefficient values for UHPGC sam-
ples containing NT ranged from 2.55 to 1.20 (10 mm's ™ 0.5).
In the case of the control mixture without NS and NT, the
WS coefficient was measured to be 2.95 (10~ mm-s™ 0.5).
Based on the results, it appears that the NT4.0 mixture
demonstrated the most favorable WS coefficient value of
120 10" mm-s™ 0.5), while the NS4.0 mixture exhibited a
slightly higher water diffusion coefficient value of 1.28

N ]
s

Mixtures ID

(10~ mm-s™ 0.5). Based on the findings presented it appears
that the inclusion of nanoparticles has a positive impact on
the impermeability of concrete. The results show a clear
correlation between the increase in the rate of addition of
NM and the gradual decrease in the water absorption coef-
ficient. This may be attributed to the role played by NM in
enhancing the polymerization process and reducing pore
size [23,78].

According to previous studies, it has been suggested
that geopolymer mixtures incorporating FA and GBFS with

w
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Figure 10: Results of WS test of UHPGC containing NS and NT.
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NS or NT can enhance the characteristics of GC, subject to
the addition rate. The effectiveness of the added NM to
geopolymer mixtures is contingent upon their chemical
composition and fineness [64,77,78]. Based on the available
results, it appears that the findings of previous researchers
regarding the mechanism of action of NM can be sup-
ported. These findings suggest that NM tends to concen-
trate on three specific points. This study primarily focuses
on the framework of NM (NS and NT) on UHPGC. The
unique properties of nanoparticles, such as (1) the effect
of small particle size, significant surface area, and high
surface energy have a significant impact on the potential
impact of NM on the geopolymer matrix [69]. (2) The phe-
nomenon of nucleation, the nanoparticles have a significant
surface area and surface energy, which serve as a nuclea-
tion for a less porous geopolymer matrix. This, in turn,
causes the geopolymerization process to accelerate [63]. (3)
The effect of nanopore filling, which is the incorporation of
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Figure 12: Relationship between WS and CP of UHPGC.
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nanoparticles into the geopolymer matrix with the potential
to improve pore structure by filling the nanopores [76].

3.4.4 Relationship between the transport properties of
UHPGC

Transport properties such as CP, WP, and WS in UHPGC-
embedded NM have a strong correlation because they are
all influenced by the same factors. The permeability of
UHPGC is primarily determined by the pores, their diffu-
sion, their connectivity, and their continuity within the
microstructure. In this study, the hypothesis that transport
characteristics are interrelated was confirmed, and a rela-
tionship was established that demonstrated the validity of
tests conducted on UHPGC at 28 days of age. Figures 11-13
illustrate the results, which indicate that there is a signifi-
cant correlation between WP and WS, as indicated by a
correlation coefficient of R? = 0.99; a significant correlation
coefficient between WS and CP, as indicated by a correla-
tion coefficient of R* = 0.99; and a significant correlation
between WP and CP, as indicated by a correlation coeffi-
cient of R? = 0.97. A correlation coefficient, R, demonstrates
that these findings are related. In addition, it is stated that
all correlation coefficients are exceedingly high, exceeding
(R* = 0.97) with regard to the transport properties of
UHPGC. Due to the exceedingly high correlation between
the transport properties of UHPC and UHPGC, it appears
that concrete samples with high robustness also have low
WP. The low WP indicates the effectiveness of preventing
the penetration of chloride ions, whose diffusion within
concrete can result in corrosion of the steel reinforcement.
In addition, the reduction in WP exacerbates the reduction
in the rise of gases and liquids within the concrete, thereby
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Figure 13: Relationship between WP and CP of UHPGC.
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Figure 15: Residual CS after exposure of concrete to the concentration of sodium sulfate of 100 g-L™" for 180 days.

reducing concrete deterioration over time. Several studies
in the past have confirmed the existence of a significant
correlation between the conveyance properties of con-
crete [79-81].

3.5 SA

The results of SA (Na,SO,4) on UHPGC at varying concentra-
tions of 0.0-100.0 g-L.™* over a period of 28, 90, and 180 days
are shown in Figure 14a—e. Figure 14a illustrates the CS of
no SA of UHPGC, where 0.0 mg-L'1 (no attack) is the refer-
ence mixture for calculating a loss in CS upon SA exposure.
As shown in Figure 14b, the CS of UHPGC was not signifi-
cantly affected by SA at concentrations as low as 5mgL™
(low attack) over a period of 180 days. The reduction in CS
was between 1.7 and 3.9% of the CS without SA. In addition,
it can be seen in Figure 14c and d that the CS decreased
more rapidly when SA exposure at the concentration was
increased by 50mgL™ (medium attack) and 75mgL~"
(high attack) over a period of 180 days. When subjected
to SA at a concentration of 50 mg-L™, the decrease in CS
of UHPGC ranged from 4.6 to 11.3% compared to the refer-
ence mixture, while the decrease in CS ranged from 11.8 to
20.0% of UHPGC upon exposure to a concentration of
75 mg-L ", Moreover, Figure 14e shows a significant decrease
in the CS of the UHPGC samples subjected to 100 mg-L™" SA
(extreme attack). This decrease in CS due to SA is most
pronounced at an advanced age of 180 days. The decrease
in CS of UHPGC ranges from 21.5 to 30.8% of the CS before
SA. According to a previous study conducted by Bakharev
et al. [82], it has been suggested that GC exhibits superior

performance in sodium and magnesium sulfate environ-
ments compared to Portland cement concrete. Moreover,
the incorporation of NM into GC has had a positive effect.
According to the findings, UHPGCs that included NS or NT
demonstrated superior efficacy in comparison to the control
mixture [83].

Figure 15 illustrates the deterioration in concrete’s CS
after being exposed to Na,SO, attack for 180 days. The
results show that the lowest loss in CS was from half of
the mixture NS4.0 and NT4.0 by the amount of retention of
78.5 and 78%, respectively.

4 Conclusions

This study aims to assess the effectiveness of UHPGC by
analyzing its properties with varying amounts of NS and
NT. The research examines how different concentrations
affect key parameters such as CS, transport properties, and
resistance to SA. After analyzing the data presented in this
study, the following conclusions can be drawn:

* Gradual decreases in slump flow diameter were observed
for cement additions with NS and NT, with reductions of
17 and 13%, respectively.

* Adding 2.5% of NS to the mixture NS2.5 resulted in the
highest CS of 161.0, 176.8, 198.7, 217.0, and 222.2 MPa for
ages 3, 7, 28, 90, and 180 days, respectively.

» The CS of 4% NT mix was recorded as 158.3, 176.4, 97.6,
214.8, and 215.0 MPa at test ages of 3, 7, 28, 90, and 180
days, respectively.
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The higher the adding dosage of NS or NT, the lower the
WS, with reductions up to 59% in the case of NS and
61.7% in the case of NT.

NS and NT facilitate the formation of additional reaction
products, thereby enhancing the overall crystalline struc-
ture. The improved microstructure is correlated with
superior mechanical properties.

CP test results for UHPGC samples that included NT were
between 272 and 130 (Columb). As for the control mixture
without NM (NS and NT), the CP value was 340 (Columb).
Accordingly, the NT4.0 mixture achieved the lowest chloride
permeability at 130 (Columb),

Significant decrease in the CS of the UHPGC samples sub-
jected to 100 mg-L™" SA (extreme attack). This decrease in
CS due to SA is most pronounced at an advanced age of
180 days. The decrease in CS of UHPGC ranges from 21.5 to
30.8% of the CS before SA.

5 Recommendations for
future work

The performance of UHPGC in the presence of different
NMs also in different durability investigations such as CP
SA, corrosion, and elevated temperature needed to be
performed.
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