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Abstract

High-performance concrete (HPC) is an important construction material that can be improved with nano-additives. In this
study, the modification of HPC with KHA-HC nanodiamond and nano aluminum oxide (NA) admixtures was investigated,
the admixture rate was applied in the range of 0-1.4% in 0.2% increments. The rheology, density, compressive and flexural
strength, water absorption, and microstructure properties were investigated; the results showed that the KHA-HC
nanodiamond showed higher efficiency than NA. Compared with HPC without nano-additives, the strength properties of
HPC with the most optimal content of nano-additives, 0.6% KHA-HC and 1.0% NA, were improved by 47.1% and 17.0%
for compressive strength and by 44.9% and 16.3% for flexural strength. Water absorption decreased by 33.0% and 26.0%,
respectively. Also, with optimal dosages of nano-additives, an improvement in the rheology of the HPC mixture was
recorded. The complex modification of HPC 0.6% KHA-HC and 1.0% NA provides a synergistic effect and maximum
improvements in properties: the increase in compressive strength was 58.2%; flexural strength - 54.1%; decrease in water
absorption -49.1%. HPC modified by nano-additives has an improved macro- and microstructure. The two types of nano-
additives’ effectiveness, KHA-HC and NA, both separately and together in HPC technology for additional improvement
of their operational properties, has been proven.
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1. Introduction

High-performance concrete (HPC) is a special cement-based concrete that can reach a compressive strength of over
50 MPa and is distinguished by its superior durability properties [1, 2]. HPC, which plays an important role in sustainable
building production, has been intensively investigated in the field of building materials science in recent years [3-6].
The performance of this concrete is highly dependent on the mix design. The standard HPC composition includes a
mixture of cement, fine aggregate, and various types of fillers, such as microsilica, fly ash, quartz powder, and others.
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The optimal combination of a binder, fine aggregate, and fillers in combination with plasticizing additives allows
achieving the densest packing of particles, which ensures the high strength properties of HPC [7-10]. The use of new
types of admixtures is one of the most effective mix design approaches to improve the performance of concrete in both
normal concrete and high-performance concrete technology [11, 12]. For example, the inclusion of additional pozzolanic
materials such as calcined kaolin clay and nanolime in self-compacting high-strength concrete allows for significant
improvements in compressive and tensile strength properties during splitting [13]. Selecting the optimal maximum size
of coarse aggregate allows for an increase in the strength properties of HPC [14]. Optimal selection and combination of
recycled aggregates allow for the production of high-strength concrete with improved mechanical properties [15].

Among the numerous additives, nanomaterials with unique physical and chemical properties are of particular interest
[16]. Including nanomaterials in concrete composites offers a new approach to improving their properties. A new
theoretical field of knowledge is also being formed aimed at studying and understanding the mechanisms of interaction
of nanomaterials with other components of cement composites, and an applied research area focusing on identifying the
most suitable types and utilization rates of nanomaterials to improve concrete performance is rapidly developing [17,
18]. Among the various nanomaterials, the most popular modifying additives in concrete technology are nanosilica (NS)
and nano calcium carbonate (NC). For example, the inclusion of 2% colloidal NS accelerates the process of hydration
reactions and increases strength by 22.2% [19]. The use of 2% nanosilica (NS) as a secondary filler significantly
improves the sulfate resistance of concrete, while reducing chloride permeation by about 30% and increasing
compressive strength by up to 15% [20]. NS also improves the impermeability of concrete and increases its resistance
to chloride ions [21]. The addition of nanosilica to cement mortar has been found to increase the self-healing capacity
of the material [22]. High-performance concrete modified with NS demonstrates improved microporous structure and
higher strength properties [23, 24]. Also, the use of nanosilica (NS) in ultra-high-performance concrete strengthens the
material’s resistance to corrosion [25].

Various studies have shown that the addition of nanosilica (NS) to concrete mixtures significantly increases the
mechanical strength and durability of the material [26-29]. Adding 1% nano-calcium carbonate (CaCOs3) to concrete
strengthens the microstructure of the material, reduces permeability and increases mechanical strength [30, 31]. High-
strength concrete on recycled aggregate modified with 2.5% NC has higher compressive strength and ductility [32].
Several studies have reported that modifying high-strength concrete with appropriate amounts of nano-calcium
carbonate (CaCQs3) increases both its mechanical strength and durability [33—35]. In addition to the above-mentioned
types of additives based on NS and NC nanoparticles, an additive based on aluminum oxide (NA) nanoparticles is also
used in cement composite technologies. However, it should be noted that the use of NA in modifying conventional and
high-strength concrete has not been as widely studied in comparison with such additives based on nanomaterials as NS
and NC [36]. For example, the addition of nano-aluminum oxide (Al,O3) to foam concrete mixes strengthened foam
stability and resulted in an increase in compressive strength of up to 79% [37]. Adding up to 1% nano-aluminum oxide
(NA) to ultra high-performance concrete improves both the workability of the mix and its mechanical strength and
microstructure [38]. Introducing 2% NA with 1.5% glass fiber into the composition of self-compacting concrete
provided an increase in compressive strength by 61% and tensile strength by 107.6% [39].

Ahmed & Alkhafaji [40] also proves the possibility of improving the strength properties and wear resistance of
concrete by modification with NA particles. Nanodiamonds are carbon nanostructures with a diamond-type crystal
lattice, where the size of one crystal varies from 1 nm to 10 nm [41]. Currently, the possibility of using nanodiamonds
as an active and modifying component is actively studied in various industries, such as medicine, bioengineering, coating
technologies and lubricating fluids [42-45]. Nanodiamonds have been effectively used in the formulation of
multifunctional carbon nanocomposite hydrogels for wound healing [46]. Carbon coatings based on nanodiamonds can
reduce the friction coefficient and wear rate of moving parts of mechanical systems [47]. It has been proven that
enrichment of lubricating compositions with nanodiamonds improves their tribological properties [48]. Within the scope
of building materials science, it is noteworthy that studies on the use of nanodiamonds as modifier additives in cement
composites are very limited [49]. The possibility of using chemically pure nanodiamonds of cavitation synthesis as a
modifying additive for concrete was previously proven. Introducing nanodiamonds into the composition of concrete
allows increasing the intensity of strength gain and improving its mechanical properties [50]. The positive effect of
modification with nanodiamonds on cement composites has also been proven in several other studies [51, 52]. In general,
speaking about carbon nanomaterials, the possibility of their use as modifying additives in cement concrete technology
is confirmed by scientific research. Including up to 0.1% of multilayer carbon nanotubes in the composition of concrete
allows reducing its porosity and increasing resistance to sulfate corrosion [53]. Optimization of the concrete composition
with carbon nanotubes in the optimal amount allows to increase the concrete strength in bending and compression and
to reduce the carbonation depth by 26.9% [54]. Similarly, in other works, including the optimal amount of carbon
nanotubes in the composition of cement concretes allowed for the improvement of their mechanical and operational
properties [55-59].

Introducing nanomaterials in the technology of manufacturing modern building materials, in particular in high-
performance concrete, is a promising direction and is highly relevant. In the study, aluminum oxide nanoparticles (NA)
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and pure nanodiamonds obtained by the cavitation method (KHA-HC) were preferred as nanoadditives. The combined
use of the additives discussed in this study in high-strength concrete and their comparison with other complex
nanoadditives has not previously been reported in the literature. The scientific novelty of this study is the development
of new high-performance concrete mixtures modified with aluminum oxide nanoparticles and pure nanodiamonds
obtained by cavitation method and the demonstration of new relationships between the properties and microstructure of
HPC and the modification parameters when these admixtures are used alone or in combination. The aim of this study
was to determine the optimum parameters for modifying high performance concrete with aluminum oxide (NA) and
cavitation synthesized pure nanodiamonds (KHA-HC) admixtures and to investigate the effects of these nano-additives
on the mechanical, physical properties and microstructure of HPC. The objectives of the work included:

¢ Developing experimental design of HPC blends considering raw material properties and determination of optimum
ranges (minimum and maximum values) where modification with nano additives can be applied;

Producing experimental HPC samples modified with nanoadditives in various dosages;

Conducting a series of laboratory studies to evaluate the workability parameter of mixture properties, density,
compressive and flexural strengths and water absorption capacities of HPC specimens obtained from the control
composition and with different NA and KHA-HC content;

Studying the structure of HPC modified with nanoadditives using scanning electron and optical microscopy;
e Processing experimental data and determining the optimal dosages of NA and KHA-HC in HPC.

This study has the following structure. Section 1 presents the relevance of the study, the literature review, and
scientific novelty. It also presents the purpose and tasks of the study. Section 2 presents the materials and methods of
the study. Section 3 presents the results of the experimental studies and their analysis. Section 4 contains the conclusions.
Section 5 presents the Author Contributions, Data Availability Statement, Funding, Acknowledgements, and Conflicts
of Interest. Section 6 contains a numbered list of references.

2. Materials and Methods

2.1. Materials

The raw materials selected for the production of HPC included: Portland cement CEM 1 525 N
(NOVOROSCEMENT, Novorossiysk, Russia); quartz sand (Nedra, Samarskoye, Russia); quartz filler (ROSKARB,
Novokaolinovy, Russia); microsilica (NLMK, Lipetsk, Russia); hyperplasticizer Sika ViscoCrete-200 (SIKA AG, Baar,
Switzerland). The properties and chemical compositions of the basic raw materials used in the study are shown in detail
in Tables 1 to 5.

Table 1. Properties of Portland cement CEM I 52.5 N (PC)

Title Actual value
Specific surface area according to Blaine (cm?/g) 3300
Setting time:

Start (min.) 180

End (min.) 270

Uniformity of volume change (mm) 0.5
Normal density (%) 29.3

Compressive strength at the age of 28 days (MPa) 63.0
Bending strength at the age of 28 days (MPa) 8.6

Chemical Composition
Si0; (%) ALO; (%) Fe,03 (%) CaO (%) MgO (%) (Na,0+0.658 K,0) (%) SO; (%) Chlorine ion Cl (%) LOI (%)
19.15 5.27 4.80 65.17 1.16 0.50 3.00 0.008 0.94

Table 2. Properties of quartz sand (QS)

Title Actual value
Bulk density (kg/m®) 1350
Apparent density (kg/m?) 2598
The content of dust and clay particles (%) 0.07
Content of clay in lumps (%) 0
Fineness modulus 1.79
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Table 3. Properties of quartz filler (QF)

Title Actual value
Mass fraction of calcium carbonate (CaCO;) (%) 98.5
pH value 9.5
Moisture (%) 0.13
Bulk density (g/cm?) 1.15

Table 4. Properties of microsilica (MS)

Title Actual value
Bulk density (kg/m?) 153

Chemical Composition

SiO; (%)  ALO; (%) Fe,03 (%) CaO (%) MgO (%) Na,O(%) K,O0((%) C((%) S(%) LOI (%)
92.1 0.66 0.85 1.5 1.03 0.61 1.23 0.94 0.27 0.81

Table 5. Properties of hyperplasticizer Sika ViscoCrete-200 (SV)

Title Actual value
Density (kg/dm®) 1.06
pH value 6.0

The grain size distribution of sand, cement, quartz filler and microsilica particles is presented in Figure 1.

0 — + + 8 —
- £ ]
20 —
g S
£ 40 5
& = 54—
. s
ﬁ 60 — T 4
5 T & 2 —
80 —
1o L L L L B S L I L L L B B R
0 1 2 3 4 5 0 20 40 60 80 100 120 140 160
Particle size (mm) Particle size (um)
(@) (b)
10 —
_— B_
g 6 g
v by
=4 o
= b §
5 | &
0 — T T T ' T T T ] |
0 20 40 60 80 100 30
Particle size (um) Particle size (um)
(c) (@)

Figure 1. Particle size distribution curves: (a) QS; (b) PC; (¢) QF; (d) MS

According to Figure 1-a, the total residues on sieves with numbers 5, 2.5, 1.25, 0.63, 0.315, and 0.16 were 0%, 0.6%,
1.6%, 13.5%, 64.5%, and 98.7%, respectively. The largest share of cement particles (Figure 1-b) 94.1% is in the size
range from 3 to 31 um, quartz filler particles (Figure 1-c) in the main share 86.7% are distributed in the size range from
3 to 35 um, microsilica particles (Figure 1-d) have the following distribution pattern: 31.9% of particles are up to 5 pm
in size and 66% in the range from 5 to 21 um. Two types of modifying nanoadditives were used: chemically pure
nanodiamonds of cavitation synthesis (KHA-HC) (Nanosystems, Rostov-on-Don, Russia) and nanosized aluminum
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oxide (NA) (Lonwin Chemical Industry Group, Shanghai, China). Pure nanodiamonds produced by cavitation are sp?
hybridized carbon nanoparticles with diamond-like structure and particle sizes limited to less than 3 nm in cross section.
A detailed analysis illustrating the size and shape of nanodiamond particles is presented in an earlier study [50]. The
colloidal solution of KHA-HC nanodiamonds shows no sedimentation over a period exceeding 1.5 years [50]. Figure 2
shows the results of TEM analysis (transmission electron microscopy) of KHA-HC particles.

100 nm [ ; 200 nm

(a)
Figure 2. Results of TEM analysis of synthesized nanodiamonds: (a) 100 nm; (b) 200 nm

Nanodiamond particles have a spheroidal shape and uniform distribution throughout the volume, indicating a high
degree of hydration. NA is a white powder in the size range of 100-200 nm. Figures 3 and 4 show the results of SEM
(Figure 3) and EDS analysis (Figure 4) of NA particles.
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Figure 3. SEM image of NA: (a) at 500X magnification; (b) at 2000X magnification
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Based on the results of EDS analysis of NA particles, the following chemical elements were identified: Al, O, C.
The predominant elements are Al and O. The Al content in the 1st and 2nd spectra was 51.84% and 67.48%, respectively.
The O content in the 1st and 2nd spectra was 46.28% and 31.55%, respectively. A small amount of C was recorded,
which in the 1st and 2nd spectra was 1.88% and 0.96%, respectively.

The appearance of the modifying additives is shown in Figure 5.

g ¥

(a) KHA-HC nanodiamonds colloidal solution (b) NA white powder with particle size 20—100 nm.
(stable >1.5 years)

Figure 5. Appearance of nanoadditives: KHA-HC; NA

2.2. Methods

The composition of HPC mixtures modified with different amounts of nanoadditives are presented in Table 6. The
effects of nano-additives on HPC were investigated in comparison with a control mixture without nano-additives. The
HPC blends were modified using KHA-HC and NA nano-additives in the range of 0-1.4% with an increase of 0.2% at
each step.

Table 6. HPC compositions with nanoadditives

Mixture type PC (kg) QS (kg) QF (kg) MS (kg) SV (kg) KHA-HC (L/%) NA (kg/%) Water (L)
Control composition 760 835 370 38 41.8 - - 210
KHA-HC/0.2 760 835 370 38 418 1.5/0.2 - 210
KHA-HC/0.4 760 835 370 38 418 3.0/0.4 - 210
KHA-HC/0.6 760 835 370 38 418 4.6/0.6 - 210
KHA-HC/0.8 760 835 370 38 418 6.1/0.8 - 210
KHA-HC/1.0 760 835 370 38 418 7.6/1.0 - 210
KHA-HC/1.2 760 835 370 38 418 9.1/1.2 - 210
KHA-HC/1.4 760 835 370 38 418 10.6/1.4 - 210
NA/0.2 760 835 370 38 418 - 1.5/0.2 210
NA/0.4 760 835 370 38 418 - 3.0/0.4 210
NA/0.6 760 835 370 38 418 - 4.6/0.6 210
NA/0.8 760 835 370 38 418 - 6.1/0.8 210
NA/1.0 760 835 370 38 418 - 7.6/1.0 210
NA/1.2 760 835 370 38 418 - 9.1/1.2 210
NA/1.4 760 835 370 38 418 - 10.6/1.4 210
KHA-HC/0.6+ NA/1.0 760 835 370 38 418 4.6/0.6 7.6/1.0 210

The selected dosage range (0-1.4% in 0.2% increments) was determined to be the most optimal based on the results
of preliminary pilot experiments. The results also confirm that the effectiveness of the nanoadditive begins to decline at
0.8% for KNA-NS and at 1.2% for NA. Therefore, increasing the dosage range for additives beyond 1.4% is not
advisable in the context of this study.
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The technology for preparing the control HPC mixture and manufacturing samples included the following stages:
Stage 1. Dosing dry concrete components, SV and water in the required quantity.
Stage 2. Mixing SV and water.
Stage 3. Loading PC and QS into the mixer and mixing them dry for 30 seconds.
Stage 4. Adding QF and MS to the dry mixture of cement and sand and mixing for 30 seconds.

Stage 5. Adding water and additives to the dry mixture of raw components and mixing until a homogeneous
mixture is obtained.

Stage 6. Pouring the HPC mixture into molds and vibration molding.

Stage 7. Removing HPC samples from the molds after 24 hours and keeping them for 28 days in a normal curing
chamber at a temperature of (20+2) C and a relative air humidity of (95£5)%.

The preparation of HPC blends with KHA-HC additives followed the same procedure in general, but different
applications were performed in Stage 2 and Stage 5. At stage 2, the mixing water was divided into two parts. One part
of the water was mixed with SV, the other part with KHA-HC. At stage 5, the water with additives was introduced in
stages: first, water with SV was poured in, then water with KHA-HC. The preparation of HPC mixtures with the NA
additive was also carried out in a similar manner as in the case of the control mixture with a difference at stage 4. After
introducing PC + QS into the dry mixture, QF and MS were added with further mixing for 30 secondsThen, the NA
additive was added to the dry ingredients mixture and mixed homogeneously for 60 seconds. The preparation of the
HPC mixture with the KHA-HC and NA nanoadditive complex was carried out taking into account the above-described
features at stages 2, 4 and 5.

The accepted differences in the technology for preparing HPC mixtures are necessary for the best distribution of
additives in HPC mixtures and are justified by the different aggregate states of the substances. The experimental study
scheme, reflecting the total number of manufactured experimental HPC compositions, dosages of nanoadditives, types
of experimental studies performed and the number of samples, is shown in Figure 6.

Experimental project

|

Types of UHPC mixtures
1. Control composition
2. Compositions (7 pcs) with KHA-HC
from the PC mass —0.2%, 0.4%, 0.6%, 0.8%,
1.0%, 1.2%, 1.4%

3. Compositions (7 pes) with NA from the
PC mass —0.2%, 0.4%, 0.6%, 0.8%, 1.0%,
1.2%, 1.4%

4. Composition (1 pes) 0.6% KHA-HC+
1.0% NA by weight of PC

| 1 — l

Density determination Determination of compressive Determination' of water
Determination of +3 cubes for cach mixture and bending strength absorption
the cone spreading (70%70%70 mm) * 3 prisms for each mixture « 3 cubes for each mixture
diameter « Total 45 nes (40%40% 160 mm) (70%70%70 mm)
P = Total 45 pes « Total 45 pcs

Figure 6. Experimental study scheme

The workability properties of HPC were measured using the cone spread index (slump flow) in accordance with the
relevant standard [60]. Before starting the experiment, the base plate was placed on a flat and horizontal surface and the
surface was cleaned with a damp cloth. The cone was placed in the center of the base plate. The cone was then filled
with the mixture for 30 seconds, and any excess was removed. The cone was lifted in one movement for 1-3 seconds
without interfering with the spread of the mixture. After the mixture stabilized, the widest spreading diameter (d/) was
measured, then the diameter of this spreading in the direction perpendicular to d1 (d2) was determined and signs of
segregation of the mixture were observed. The difference between d; and d, should not exceed 5 cm. The average cone
spread value (CSD) is calculated using Equation 1:

CSD = @ (1)

5055



Civil Engineering Journal Vol. 11, No. 12, December, 2025

where, d; is the largest diameter of spreading flow (cm); d> is spreading flow at an angle of 90° to d; (cm).

The density, compressive strength, bending strength and water absorption of the experimental HPC compositions
were determined at the age of 28 days. Density values of HPC samples were measured using methods in accordance
with the relevant standard [61]. Before testing, the HPC samples were dried until they reached a constant mass. The
volume of the samples was determined by measuring the geometric dimensions with a ruler. The average density of
concrete was calculated using the formula:

p=%x1%0 )

where, m is the sample mass (g); V is the sample volume (cm?).

The compressive and flexural strengths of the high-performance composites were measured according to the methods
described in reference [62]. Prior to testing, HPC specimens were visually inspected for defects and geometric
measurements were taken. The specimens were placed in a special laboratory setup and loaded with a load increase rate
of 0.05 £ 0.01 MPa/s. Halves of the prism-shaped specimens were placed on special compression plates and subjected
to compressive tests with a load increase rate of 0.6 + 0.2 MPa/s. Compressive and flexural strengths were calculated
using Equations 3 and 4:

=F
R=1 3)
where, F is the breaking load (N); S is the working cross-sectional area of the sample (mm?):
Fl
Ry =154 “)

here /=100 mm, =40 mm.

The appearance of experimental HPC samples modified with different types of nanoadditives and the process of
determining their strength properties are shown in Figure 7.

Control composition

(b) ©

Figure 7. Experimental HPC samples: (a) appearance; (b) in the compressive strength test; (c) in the flexural strength test

The water absorption capacity of HPC samples was measured in accordance with the relevant standards and methods.
[63, 64]. HPC samples dried to constant weight were placed in a container of water and allowed to saturate for 24 hours
and then weighed. The saturation process was repeated until the difference between the last two measurements did not
exceed 0.1%. The water absorption rate was calculated using the relevant formula:

5056



Civil Engineering Journal Vol. 11, No. 12, December, 2025
W ="2"Td % 100 5)
mgq
where, m,, is the mass of the water-saturated sample (g); m, is the mass of the dry sample (g).

To evaluate the surface morphology and analyze the elemental composition, scanning electron microscopy studies
were carried out using a Zeiss EVO MA 18 general-purpose scanning electron microscope (SEM) (Carl Zeiss
Industrielle Messtechnik GmbH, Oberkochen, Germany) equipped with an X-Max 50N energy-dispersive spectrometer
(EDS) (Oxford Instruments, Abingdon, England) built into the electron microscope.

3. Results and Discussion

The results of cone spread size distribution (CSD) determination of HPC mixtures modified with KHA-HC and NA
additives are shown in Figure 8.

CSD (mm)
760 —— ‘

|| ® KHA-HC
750 —] L NA

680 —j

640 —j

600 —j

0 0.2 0.4 0.6 0.8 1 1.2 14

Nanoadditives content (%)

Figure 8. Dependence of the cone spread (CSD) of HPC mixtures on the content of KHA-HC and NA

According to the cone spread test results of HPC blends with KHA-HC additives shown in Figure 8, the workability
(cone spread value) of the blend increases with increasing KHA-HC content. The maximum cone spread value of 750
mm was recorded for the KHA-HC/1.4 type composition, which is 8.2% higher compared to the cone spread value of
the control mixture. The increase in the cone spread of HPC mixtures modified with KHA-HC in the range from 0.2%
to 1.4% is primarily explained by the aggregate state of the additive, which is a colloidal solution of nanodiamonds [50,
51]. The dependence of the cone spread of HPC mixtures modified with NA had a slightly different character. The
introduction of NA in the amount from 0.2% to 1.0% led to an increase in flow. The highest flow value of 739 mm was
demonstrated by the NA/1.0 mixture, which is 6.6% higher than the control. A higher content of NA particles of 1.2%
and 1.4% had the opposite effect, and the flow values of the mixture decreased to 712 mm and 685 mm, respectively.
The inclusion of aluminum oxide nanoparticles up to 1% improves workability. NA particles at an optimal dosage fill
the voids between other raw materials inside the HPC mixture. Filling the pores and voids with NA particles reduces
the need for water and displaces it. Water displaced from the pores and voids contributes to an increase in the workability
of HPC mixtures. However, at higher dosages, NA particles begin to agglomerate, which leads to their poor dispersion
in HPC mixtures and, as a consequence, to a decrease in the cone spread values [38, 65]. The ACSD values, showing

the changes in the cone spread of HPC mixtures depending on the type and amount of nanoadditives, are presented in
Table 7.

Table 7. Change in HPC cone spread depending on the KHA-HC and NA amount

Nanoadditives content (%)

Nanoadditives 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Type
ACSD (%)
KHA-HC 0 2.0 2.9 4.6 53 6.5 7.4 8.2
NA 0 1.7 2.6 4.5 5.5 6.6 2.7 -12
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Density (p) values of HPC samples modified with KHA-HC and NA additives are shown in Figure 9.

p (kg/m3)
2280

B KHA-HC

| NA

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Nanoadditives content (%)

Figure 9. Dependence of the density (p) of HPC on the content of KHA-HC and NA

According to Figure 9, the density of HPC modified with KHA-HC in amounts from 0.2% to 1.4% varied from 2238
kg/m? to 2270 kg/m?. The density of HPC modified with NA in amounts from 0.2% to 1.4% varied from 2236 kg/m? to
2275 kg/m3. The addition of the specified amounts of nano additives to the HPC mixtures did not significantly change
the density values of the samples. When the amount of nano-additives was increased, a slight increase in density was
recorded; at a maximum additive level of 1.4%, the density of KHA-HC admixed concrete increased by 1.6% and that
of NA admixed concrete by 1.8%.

Furthermore, Figures 10 and 11 present the strength test results of KHA-HC and NA doped HPC specimens. Figure
10 graphically shows the variation of the compressive strength (R;) of HPC with respect to the amount of KHA-HC and
NA additives.

- KHA-HC

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Nanoadditives content (%)

Figure 10. Compressive strength (R») of HPC versus KHA-HC and NA content
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Figure 11. Dependence of the flexural strength (R») of HPC on the content of KHA-HC and NA

The compressive strength of HPC can be successfully approximated using a 4% order polynomial with R? value
depending on the amount of KHA-HC and NA additive (denoted by x in the equation).

REHA = 72.83 + 23.46x + 196.9x% — 322.1x3+122.5x* R? = 0.98 6)

R}4 =73.03 +5.32x 4+ 39.73x% — 46.47x% + 11.89x* R? = 0.95 @)

The high value of the coefficient of determination indicates a functional relationship between the content of
nanoadditives and the compressive strength of concrete and can be used by researchers when designing the composition
of concrete mixes. The statistical characteristics of trends Equations 6 and 7 (the standard deviation and error table) are
presented in Table 8.

Table 8. Standard deviation and errors for the regression equations R»

Nano filler o, e e, e e, es e ez eg
KHA-HC 1.777 -0.100 -0.308 1.832 -3.080 1.360 1.460 -1.268 -1.308
NA 1.011 0.100 -0.268 -0.252 0.733 0.399 -1.787 1.401 -0.356

According to the results presented in Figure 10, it is evident that modification of HPC with nanoadditives had a
positive effect on compressive strength. The most significant positive contribution to the performance of HPC was
observed in the samples modified with KHA-HC nano-doping. The curve describing the nature of changes in the
compressive strength of HPC with different dosages of KHA-HC shows a tendency for strength to increase in the range
from 0.2% to 0.6% KHA-HC with a peak value of 107.2 MPa for the KHA-HC/0.6 type composition. The maximum
increase in compressive strength was 47.1%. With the increase in the amount of KHA-HC, a decrease in the compressive
strength values of HPC was observed. The compressive strength of HPC specimens with KHA-HC/1.4 content increased
by 9.9%. Similarly, NA additive also increased the compressive strength. The curve describing the nature of the change
in compressive strength of HPC with different dosages of NA illustrates a stable increase in compressive strength in the
range from 0.2% to 1.0% NA with the highest strength of 85.3 MPa for the NA/1.0 composition. The highest increase
observed in the compressive strength of HPC was recorded as 17.0%. Compositions of the NA/1.2 and NA/1.4 types
with higher dosages showed smaller values of increases, which were 9.2% and 5.5%, respectively.

The values of increases characterizing the changes in compressive strength of HPC with nanoadditives depending
on their amount are presented in Table 9.

Table 9. Change in compressive strength (AR») of HPC depending on KHA-HC and NA

Content (%)
Nanoadditive 0 02 04 06 08 1.0 12 14
Type

ARp (%)
KHA-HC 0 143 295 471 394 266 145 99
NA 0 37 85 115 144 170 92 5.5
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Figure 11 graphically presents the variation of flexural strength (R;) of HPC according to the amount of KHA-HC
and NA additives. The flexural strength of HPC can be successfully approximated using a 4” order polynomial
depending on the amount of KHA-HC and NA additives (denoted by x in the equation).

REHA = 9.78 + 2.07x + 28.14x% — 44.2x3*+16.6x* R* = 0.98 ®)

RJ4 =9.81 — 0.07x + 8.09x% — 9.31x> + 2.60x* R? = 0.94 ©)

The statistical characteristics of trends Equations 8 and 9 (the standard deviation and error table) are presented in
Table 10.

Table 10. Standard deviation and errors for the regression equations R

Nano filler o, ey e, e3 e, es eq e, eg
KHA-HC 0.240 -0.017 -0.003 0.214 -0.431 0.238 0.134 -0.190 -0.144
NA 0.149 0.020 -0.040 -0.041 0.120 0.047 -0.259 0.207 -0.053

Similarly, as with the compressive strength, the modification of HPC with nanoadditives increased the flexural
strength. The highest increases in flexural strength were recorded for HPC modified with KHA-HC, in comparison with
similar compositions with NA. According to Figure 8, an increase in the flexural strength of HPC was observed when
the amount of KHA-HC additive was in the range of 0.2%-0.6%. The highest value of flexural strength of 14.2 MPa
was possessed by the composition of the KHA-HC/0.6 type, where the value of the increase in compressive strength
was 44.9%. Starting from 0.8% to 1.4% KHA-HC, the modification efficiency decreased. Flexural strength of KHA-
HC/1.4 doped HPC specimens increased by 8.2%. The increase in flexural strength of NA doped HPC specimens was
realized in the range of 0.2%-1.0%. The highest flexural strength of 11.4 MPa was obtained in the NA/1.0 composition
and this value increased by 16.3%. In addition, the positive effect on flexural strength decreased as the amount of NA
admixture increased above 1%, with only a 3.1% increase at the maximum admixture level of 1.4%. The increase values
of the changes in the flexural strength of HPC depending on the amount of nano additives are given in Table 11.

Table 11. Change in flexural strength (AR#») of HPC depending on the KHA-HC and NA amount

Content (%)
Nanoadditive 0 02 04 06 08 1.0 12 14
Type

ARw (%)
KHA-HC 0 122 276 449 367 255 133 82
NA 0 3.1 82 112 143 163 71 3.1

Based on the data on the increase in compressive strength and flexural strength presented in Tables 8 and 9, it is
evident that modification of HPC with various types of nanoadditives promotes an increase in strength properties. The
greatest positive effect, determined by the increase in strength properties, was observed for HPC compositions modified
with the KHA-HC additive, compared to HPC compositions modified with the NA additive. The maximum values of
increases in compressive and flexural strength were observed for HPC compositions with 0.6% KHA-HC, which
amounted to 47.1% and 44.9%, respectively. The HPC composition modified with 1.0% NA had maximum increases in
compressive and flexural strength of 17.0% and 16.3%, respectively. The improvement in strength properties when
modifying HPC with the addition of colloidal chemically pure nanodiamonds of cavitation synthesis can be interpreted
as follows. As established in a previously performed study [50], the increase in the strength properties of concrete with
the addition of KHA-HC is associated with the mechanism of interaction of colloidal particles in cement concrete
mixtures. Around the nanodiamond particles, clusters of widely dispersed and dense CSN zones form; these structures
create an intrinsic self-reinforcing effect in the cement matrix [51, 52].

The accumulation and interweaving of extended CSN zones make the composite structure denser and stronger. The
strength increase observed in HPC with up to 1% NA admixture is mainly due to the fact that NA particles promote
cement hydration and increase the total amount of hydration products formed. NA particles accelerate the chemical
bonding of Ca(OH), formed during hydration reactions, resulting in the accelerated formation of CASH, CAH and CSH,
which form the future denser and stronger HPC structure. In turn, NA particles that have not entered into the hydration
reaction can fill the pores in the HPC structure. At higher dosages, NA particles begin to agglomerate and stick together
and cannot fully enter into the hydration reaction and be evenly distributed throughout the composite structure, which
explains the decrease in strength properties after the best peak strength values at a dosage of 1% [38, 66, 67].

Furthermore, Figure 12 presents the results of the determination of water absorption values (W) of KHA-HC and
NA doped HPC samples.
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Figure 12. Water absorption (W) of HPC versus KHA-HC and NA content

The dependences of water absorption (W) of HPC on KHA-HC and NA (x in equations) content are also well
described by a 4th degree polynomial.

WKHA = 2,86+ 0.35x — 8.07x2 + 10.90x3 — 3.83x* R = 0.96 (10)
WNA = 2.84 + 0.55x — 4.84x% + 5.00x% — 1.27x* R? = 0.90 (11)

The statistical characteristics of trends Equations 10 and 11 (the standard deviation and error table) are presented in
Table 12.

Table 12. Standard deviation and errors for the regression equations W

Nano filler o, e e, e e, es e ez eg
KHA-HC 0.077 0.017 -0.044 -0.013 0.121 -0.076 -0.067 0.089 -0.026
NA 0.097 -0.009 0.016 0.027 -0.052 -0.061 0.176 -0.129 0.032

According to Figure 12, the curve of change in water absorption values of HPC doped with KHA-HC has the
following character: A steady decrease in water absorption was recorded when the amount of KHA-HC was in the range
of 0.2%-0.6%. In the KHA-HC/0.6% composition, the minimum water absorption was measured as 1.91%, which is
33.0% lower than the control sample. When the amount of KHA-HC increases in the range of 0.8%-1.4%, the positive
effect of modification in HPC decreases. The KHA-HC/1.4 type composition had a water absorption value of 2.74%,
which is 3.9% less than the control. The addition of NA led to a decrease in the water absorption capacity of HPC.
According to Figure 9, when the amount of NA was in the range of 0.2%-1.0%, the water absorption values of HPC
decreased. The minimum water absorption value of HPC at NA/1.0 composition was measured as 2.11%, which is
26.0% lower than the control sample. When the amount of additive was increased thereafter, an inverse change in the
water absorption values was observed. The water absorption changes of HPC depending on the amount of nano-additive
are given in Table 13.

Table 13. Change in water absorption (A W) of HPC depending on the amount of KHA-HC and NA

Content (%)
Nanoadditive 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
type
AW (%)
KHA-HC 0 239 -182 330 274 200 -13.7 -39
NA 0 25  -105 158  -19.6 260 63 2.8

Reduction of HPC water absorption is a progressive improvement of the overall structure of composites due to
modification with nanoadditives. Inclusion of KHA-HC and NA particles in optimal dosages ensures a denser HPC
structure due to the operating principle of nanoadditives described above [37, 50].
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In conclusion, in the light of the studies on the physical and mechanical properties of HPC modified with nano
additives, the following main conclusions were obtained:

Slump of HPC mixtures: According to the research findings, HPC modified with the addition of KHA-HC
(chemically pure, cavitation-synthesized nanodiamond) improves the workability (cone spread value) of the mixture.
While the cone spread value was 693 mm for the HPC blend with control composition, this value was measured as
approximately 750 mm for the blend with maximum 1.4% KHA-HC additive. Modification of HPC with oxide
nanoparticles affects 1%, which exclusively increases the cone spread value to 739 mm. Higher content of NA particles
provided the opposite effect;

HPC density: KHA-HC and NA additives, when added in the range of 0%-1.4% and in 0.2% increments, did not
affect the inverse trend of the curve of the change in density of HPC; the density was measured between 2234-2275
kg/m? for all experimental compositions;

HPC strength properties: 1t was determined that KHA-HC additive increased the strength properties of HPC more
than NA and the most effective dose was 0.6%, which resulted in 47.1% and 44.9% increase in tensile and flexural
strengths, respectively. The best dosage of NA is formed by 1.0% and changed the increase in elongation and bending
strength of 17.0% and 16.3%, respectively;

HPC water absorption: The modification of the KHA-HC additive represents a lower water absorption of HPC in
relation to HPC compositions with NA. The best dosage of KHA-HC is 0.6% and a decrease in water absorption of
33.0% is introduced. The best dosage of NA is 1.0% and a decrease in water absorption of 26.0% is introduced. Figures
13-15 show the microstructures of the control samples HPC and KHA-HC/0.6 and NA/1.0 and the EDS spectra
characterizing the elemental composition of the composites in local areas.

Figure 13 shows the SEM and EDS structures of the control sample HPC.
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Figure 13. SEM and EDS of the HPC structure of the control composition: (a) with magnification of 2000x; (b) with
magnification of 4000%; (c) EDS analysis
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The HPC of the control composition has a homogeneous structure. Zones of accumulation of ettringite crystals are
observed. As a rule, during the hydration of Portland cement, the formation of ettringite crystals is possible at the very
early stage until the hydration of silicate minerals that has begun leads to such an increase in the concentration of
Ca(OH),, at which the growth of ettringite crystals becomes impossible. The smallest particles of ettringite, in the
absence of growth conditions, can be preserved for a long time in the cement matrix and are capable of recrystallization
when more favorable conditions occur with a decrease in the concentration of Ca?*,0H~,S0% ions in the pore fluid of
concrete to certain limits [50, 51]. Recrystallization results in the formation of large ettringite crystals which,
accumulating in pores and microcracks, create additional stresses in the composite structure and accelerate the process
of its destruction. Accordingly, the presence of clusters of ettringite crystal zones is undesirable. Microcracks and pores
were also recorded in the structure of the HPC control composition. According to the results of EDS analysis, a number
of chemical elements were identified with the following mass ratio: C (5.22%), O (43.13%), Mg (0.80%), Al (1.67%),
Si (8.63%), S (1.35%), K (0.56%), Ca (36.65%), Fe (1.98%)).

Figure 14 shows the SEM and EDS structures of the composite of the KHA-HC/0.6 type.
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Figure 14. SEM and EDS of the HPC structure of the KHA-HC/0.6 type: (a) with magnification of 2000x; (b) with
magnification of 4000%; (c) EDS analysis

The microstructure of the HPC of the KHA-HC/0.6 type is highly uniform and compact. No clusters of ettringite
crystal zones were recorded. Multiple zones of accumulation of hydration products are observed - mainly calcium
hydrosilicates (CSH). Based on the results of EDS analysis, a number of chemical elements were identified with the
following mass ratio: C (3.97%), O (45.53%), Mg (0.99%), Al (2.07%), Si (8.90%), S (1.15%), Ca (35.22%), Fe
(2.17%).

Figure 15 shows the SEM and EDS structures of the NA/1.0 type composite.
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Figure 15. SEM and EDS structures of HPC of NA/1.0 type composition: (a) with magnification of 2000x; (b) with
magnification of 4000%; (c) EDS analysis

HPC of NA/1.0 type composition have a homogeneous and compact structure. Single clusters of ettringite crystal
zones and multiple zones of CSH clusters are recorded. Microcracks are also observed in the structure of this composite.
According to the results of EDS analysis, a number of chemical elements with the following mass ratio were identified:
C (4.75%), O (32.47%), Mg (0.48%), Al (1.45%), Si (6.58%), S (1.55%), Ca (48.65%), Fe (4.07%). Based on the results
of SEM and EDS analysis of the HPC structure (Figures 13-15), it was found that these composites have a more
homogeneous and compact structure compared to the structure of the control HPC composition. No clusters of ettringite
crystal zones were recorded in the composition of the KHA-HC /0.6 type HPC, and they are present in smaller quantities
in the NA/1.0 type composition. The reduction in the number of clusters of ettringite crystal zones in the structure of the
developed composites indicates the effectiveness of the applied nanoadditives and their positive effect on the cement
hydration processes occurring at early stages.

To evaluate the combined modification with nanoadditives, a HPC composition with 0.6% KHA-HC and 1.0% NA
was prepared. The properties of HPC modified using two different nano-additives are given in Table 14.

Table 14. Properties of HPC modified with a combination of nanoadditives

Mixture type Cone spread (mm)  p (kg/m?) Ry (MPa) Ra (MPa) W (%)

KHA-HC/0.6 + NA/1.0 730 2273 1153 15.1 1.45

According to the data presented in Table 14, the combined modification of HPC of two calendar nanoadditives KHA-
HC and NA caused an increase in the cone spread increment to 5.3%. The density value was 2273 kg/m?, which is 0.9%
higher than the control composition. A significant improvement in strength properties was recorded, the increments for
elongation and contour elongation were 58.2% and 54.1%, respectively. Water absorption decreased by 49.1%. Thus, it
was found that the complex modification of KHA-HC and NA nanoadditives is more effective in the process of
modifying these nanoadditives separately.

Furthermore, Figure 16 shows the results of the SEM and EDS analysis of the structure of HPC samples modified
with KHA-HC/0.6 and NA/1.0.
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Figure 16. SEM and EDS of the HPC structure of the KHA-HC /0.6 + NA/1.0 type: (a) with magnification of 2000%; (b) with
magnification of 4000%; (c) EDS analysis

The microstructure of the HPC of the KHA-HC/0.6 + NA/1.0 type with a combination of two nanoadditives has high
homogeneity and compactness and is characterized by a large accumulation of C-S-H zones. Based on the results of the
EDS analysis, a number of chemical elements were identified with the following mass ratio: C (4.28%), O (40.64%),
Mg (0.69%), Al (1.34%), Si (7.91%), S (1.23%), Ca (42.37%), Fe (1.53%). No clusters of ettringite crystal zones were
recorded, which also indicates a positive effect of the combination of these nanoadditives on the hydration processes of
Portland cement occurring at early stages. The stages of the hydration process of hardening include the following main
stages: dissolution of clinker mineral crystals in water with the formation of supersaturated aqueous solutions;
crystallization from solutions of crystal hydrates; recrystallization of crystal hydrates over time with the formation of
stable compounds; formation of the structure of the cement matrix [50, 51]. The nanoadditives studied in this study are
actively involved in the hydration processes at early stages and ensure an improvement in the future structure and
properties of composites. Modification of HPC with two types of nanoadditives, KHA-HC and NA, has a complex effect
and ensures a high increase in strength properties. Combining several types of nanoadditives and including them in
cement systems to improve mechanical and performance properties is an effective formulation solution and is confirmed
by previous studies. Combining 1% nanosilica and nanometakaolin demonstrated an increase in compressive and tensile
strength by 14.2% and 7.7%, respectively [68]. The introduction of 2% nano-Al203 and nano-TiO2 improves the
mechanical properties and durability of concrete [69]. Cement mortars with nanometakaolin and graphene oxide
demonstrate significant increases in splitting tensile strength by 71%, compressive strength by 20%, and an improvement
in pore structure [70]. Similar results of experimental studies confirming the high efficiency of complex
nanomodification are presented in other studies [71-73].

Results of changes in properties of HPC modified using two different nano-additives, KHA-HC and NA, presented
above, confirm the effectiveness of their application. The best parameters of HPC modification for each type of
nanoadditive were determined. The KHA-HC nanoadditive is introduced into the HPC composition together with part
of the mixing water at the final stage of mixing in an amount of 0.6% of the binder weight. NA nano admixture is added
to the HPC mix at 1% of the cement weight in dry form and after mixing with the other dry components, the mix water
is added. It is worth noting that each of the considered nanoadditives has a different mechanism of interaction with
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cement hydration products. Nanomaterials form nanostructures in cement composites, regulating the structure of the
cement matrix and reducing its porosity. The working principle of chemically pure, synthesized KHA-HC particles can
be summarized as follows: These particles interact with colloidal particles in the concrete mix during the active phase
of hydration reactions [50]. The homogeneous distribution and interaction of colloidal particles in the HPC mixture
determines its future properties such as density and mechanical strength. Since the forces of dispersed interaction of
colloidal particles have a certain electrostatic nature of fields with approximately identical electric field strengths, the
inclusion of KHA-HC particles in this process of colloidal interactions of concrete mix particles will cause significant
resonant field amplifications near the surface of KHA-HC particles. This, in turn, leads to spatial changes in the processes
of formation of the corresponding HPC crystal hydrates.

Accordingly, additional clusters of cement hydration product zones CASH, CAH and CSH with different lengths are
formed around KHA-HC particles. The chaotic distribution of extended zones of cement hydration product accumulation
around KHA-HC particles in the composite structure has the so-called internal effect of micro-reinforcement of the
overall composite structure, which ensures improvement of the structural organization and strength of HPC [49]. Next,
we will consider the mechanism of NA particles operation in the structure of cement concrete mixtures. Al203
nanoparticles have high surface energy and accelerate the cement hydration process both at the initial and final stages.
NA particles are actively involved in the hydration process and are incorporated into the CSH and CASH gel phases.
As aresult, the hydration products are more evenly distributed and the overall structure of the composite is more regular
and organized [37, 74]. Overall, the complex structure-forming and modifying effects of nanoscale KHA-HC and NA
particles are the result of the following interrelated mechanisms:

e Increased packing density of HPC particles;
o Nanoscale KHA-HC and NA particles act as additional crystallization centers and accelerate hydration processes;

e Zoning of the hardening structure by nanoscale KHA-HC and NA particles can be accompanied by the formation
of a more organized structure of hydrate phases;

e Chemical participation of nanoscale particles in heterogeneous phase formation processes of hydrate compounds
[50, 74].

It should be emphasized that results obtained from this study are confirmed and consistent with other similar studies
that examined the modification of cement concrete NS u NC (Table 15), with carbon nanoadditives (Table 16) and
AI203 nanoparticles (Table 17).

Table 15. Effect of NS and NC on the properties of composites

Reference Type of Optimal

number nanoadditive  content Result obtained
[75] NS 6.5% The bond strength between concrete and steel reinforcement increased by 38%.
[76] NS 4% A composite with a maximum compressive strength of 22.2 MPa was obtained.
[77] NS 5% Increase in Marshall stability by 33.1% and improved rutting resistance
[78] NC 0.5% Increase in compressive strength up to 35.5%
[79] NC 2.5% Increase in compressive and flexural strength by 25.8% and 19.9%

Table 16. Effects of carbon nano admixtures on physical and mechanical properties of concrete

Reference

number Type of nanoadditive Optimal content Result obtained
[80] Nanocolloidal emulsion of 0.3% Reduced shrinkage during drying. Increase in compressive and flexural
carbon nanotubes =70 strength by 15% and 10%, respectively
[81] Carbon microfibers/ carbon 9 (kg/m?)/ Significant improvements in mechanical properties were obtained. Increase
nanotubes 0.32 (kg/m?) in compressive strength by up to 39% and tensile strength by up to 313%
[82] 0.02% Increase in compressive strength by 31.5%
[83] 0.2% Increase in tensile and flexural strength by 50% and 24.4%, respectively
Carbon nanotubes
[84] 0.05% Improved mechanical properties and reduced permeability for chloride ions
[85-88] 0.036- 2% Composn‘esAwnh 1mpr0V§d microstructure, denser and with high mechanical
characteristics were obtained
[55] Nanodiamonds 0.30% Increase in compressive strength by up to 10%
Water solution for processing fillers Lo . o . o
[89] with a concentration of 0.5 mg/m Reduction in water absorption by 30%. Increase in strength by 32%
[90] Accelerate hydration processes and ensure an increase in strength by 25%
3 0,
[91] Graphene oxide 0.05% Reduction in pore size. Increases in compressive strength by 14.61%,
flexural strength by 6.09% and elastic modulus by 27.38%
[92] 0.03% Improving the mechanical properties and wear resistance of ultra-high-
. 0

strength concrete
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Table 17. Results of the effect of NA particles on the properties of concrete

Reference Type of nanoadditive Optimal content Result obtained

number

[37,93] Al,O3 nanoparticles 0.5-1.0% Improved adhesion of reinforcement to concrete and operational properties of concrete
[94] Al;O3 nanoparticle sol Processing of fillers ~ Reduced total porosity of concrete and capillary porosity of cement stone
[95] Al,O; nanoparticles 39 Reduce}i slump of slelf—compactmg concrete mixtures. Reducing composite porosity and

increasing compressive strength
. . . . o

[38] Al,O; nanoparticles 1.0% Bending strength, compressive strength and elastic modulus were improved by 16.87%,

20.58% and 14.08% respectively

Comparative analysis with the results of studies by other authors confirms the possibility and effectiveness of using
carbon nanomaterials (carbon nanotubes, nanodiamonds, graphene oxide) for modifying cement composites, including
HPC. It has been established that at relatively low dosages of these nanomaterials 0.03—2% of the mass of the binder
component; it is possible to achieve significant improvements in the mechanical properties of composites - an increase
in compressive strength up to 10-39%, a decrease in water absorption and an increase in resistance to aggressive
environments.

The use of Al,O3 nanoparticles for modification of cement concretes is a rational formulation solution and allows
achieving significant improvements. NA accelerates cement hydration, promotes the formation of additional hydration
products such as CASH, CAH and CSH, reduces total and capillary porosity and thus improves the strength and
mechanical performance of concrete [96]. In this study, up to 17% increase in strength properties and up to 26% decrease
in water absorption values were observed in HPC modified with Al,O3 nanoparticles, and these findings are consistent
with other studies in the literature (Table 16). In conclusion, this study reveals the potential of KHA-HC and NA nano-
additives in enhancing the physical and mechanical performance of HPC when used both separately and in combination.
The developed HPC compositions with nanoadditives can be used in real construction practice, including in critical and
unique structures that place high demands on the strength of composite materials. Speaking about the limitations of this
study, it is worth noting the poorly studied issue regarding the resistance of HPC with KHA-HC and NA nanoadditives
to the effects of aggressive environments saturated with sulfate and chloride ions [97, 98]. However, this shortcoming
provides a perspective for future research to study in depth the durability properties of the developed HPC. A series of
experimental studies of HPC with KNA-NS and NA nanoadditives is planned. Properties such as water resistance, frost
resistance, and resistance to chloride and sulfate ion penetration will be determined, which will subsequently allow for
a more accurate assessment of the durability of the HPCs developed in this study.

4. Conclusions

In this study, we studied the rheological properties of HPC mixtures, resistance, tensile and bending strength, water
absorption and structural features of HPC modified with two types of nanoadditives - chemically pure nanodiamonds of
cavitation synthesis (KHA-HC) and oxide nanoparticles (NA). The main findings of this study are as follows:

e The inclusion of KHA-HC in the composition of HPC mixtures up to 1.4% exclusively increases their spread. The
increase in the cone spread value was 8.2%. The inclusion of NA particles up to 1% increases the spread of HPC
mixtures, then as the amount of NA increases, a decrease in the spread of the mixture is observed.

e Modification of HPC wallpapers such as nanoadditives in side brackets does not have a significant effect on ceiling
composites.

e The addition of 0.6% KHA-HC to the HPC composition includes the maximum values of tensile and flexural
strength increases in the range of the control HPC, which were 47.1% and 44.9%, respectively. Water absorption
decreased by 33.0%. The optimal range of HPC modification with the KHA-HC nanoadditive is in the range from
0.2% to 1.2%.

e The addition of 1.0% NA to the HPC composition in relation to the control HPC takes into account the maximum
values of elongation and flexural strength increase of 17.0% and 16.3%, respectively. Water absorption decreased
by 26.0%. The optimal range of HPC modification with the NA nanoadditive was in the range from 0.6% to 1.0%.

e Complex modification of HPC with two calendar nanoadditives in the most rational dosages of 0.6% KHA-HC
and 1.0% NA provided an improved effect and, accordingly, the best values of strength properties with increases,
elasticity and bending of 58.2% and 54.1%. Water absorption decreased by 49.1%.

e Modification of HPC with KHA-HC and NA nanoadditives in optimal quantities improves the initial structure of
composites. The microstructure of HPC modified with nanoadditives is characterized by high homogeneity and
compactness, a large accumulation of CSH zones, the absence or a small number of clusters of ettringite crystal
zones. In the case of KHA-HC, the microstructure of the constant self-reinforcement effect is improved due to the
creation of dense clusters of the CSH zone with a large extent around the nanodiamond particles. NA particles are
actively embedded in the gel phase of hydration of the products and ensure their uniform distribution, which makes
the final structure more organized.
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e According to the results of EDS analysis, the elemental composition of the HPC control composition and
compositions modified with various nanoadditives is characterized by the presence of the following main elements:
C, O, Mg, Al, Si, S, Ca, Fe. The predominant chemical elements are Ca, O, and Si.

e The use of the developed HPC compositions with nanoadditives is preferable in the application of construction
practice, including the construction of responsible and durable buildings and structures that place high demands
on the strength of composite materials.

e The limitations of this study are the poor understanding of the resistance of HPC with KHA-HC and NA
nanoadditives to future aggressive agents and the availability of nanodiamond additives on the market.

¢ In future studies, the HPC applied and the other nano-additives used will be investigated in detail, especially
including their use in combination with nanodiamond.
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