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Abstract. The integration of modern computer technologies into the construction
industry is transforming design and building processes, offering professionals
numerous advantages. One of the most significant advancements is the adoption of
virtual modeling tools, which enhance design accuracy, improve project quality, and
reduce implementation time. These technologies also optimize material costs, making
construction more efficient and cost-effective. A major milestone in this digital
transformation is the widespread use of Building Information Modeling (BIM)
technologies, such as Revit and Archicad. These programs create a unified software
environment that streamlines project management across all stages, from initial design
to construction and operation. Additionally, they enable the development of complex
architectural forms through 3D printing, further expanding the potential of modern
construction methods. The success of 3D printing in construction depends heavily on
advanced materials, particularly fine-grained concrete with inorganic binders. While
these materials enhance durability and structural integrity, their development remains
a challenge due to strict technical requirements. Overcoming these challenges requires
a scientifically grounded approach to optimizing material composition and ensuring
seamless integration into additive manufacturing processes. In conclusion, the fusion
of digital tools with construction methodologies significantly improves efficiency,
precision, and sustainability. These innovations not only advance the design and
building processes but also pave the way for the successful realization of complex and
economically viable projects, shaping the future of the construction industry.
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Anparna. Kasipei 3amanzel KOMNbIOMEPAIK MEXHOI02UANAPObIY KYPbLIbIC
CANACLIHA eH2I3NYl Hcobanay dHcone KYpulivlc yoepicmepin mybeeelini o3eepmin,
MAMAHOApea  KONme2eH apmulKUWbLIbIKMmap YcolHoln  ombulp. En  manvi30b1
AHcananelkmapowvly  Oipi  — ocobanay 0andiein  apmmelpbln, H#coOA  CANAcbIH
HCAKCApPMamuli  HCIHe ICKe acblpy VaKblmvl MeH WbIRbIHOAPLIH — a3aumamsit
8UPMYANObl MOOenbOe)y KYpanoapvlH nauodanrany. byn mexuwonoeusnap couoaui-ax
MamepuanoviK wbleblHOapobl OHMAIAHOBIPBIN, KYPLLILICHbL AHARYPIbIM MUIMOL DI
yHemOi emedi. Llughproix mpancgopmayusoazel manvlz0ul Kezendepoin 6ipi — Building
Information Modeling (BIM) mexnonocusinapvinoly, aman aumkanoa Revit nen
Archicad cexinoi bagoapramanapoviy KeHiHeH KolOauuliybl. Byn 6asdapramanap
Jrcobanayoan bacman Kypulivic neH navoaianyea bepy xezeyoepine Oeuinei Oapavik
yoepicmi  Oipikmipemin Oipmymac 0a20apiamanvl opma  Kalblnmacmuipaobl.
Counvimen kamap, onrap 3D 6acvin wwieapy apkwiivl Kypoeni cayiemmik hopmanapovl
azipreyee MyMKIHOIK Oepin, Ka3ipei Kypuliblc 20iCmepiHiy MyMKIHOIKmMepiH Kenelimeol.
Kypviivicma 3D 6acvin wivizapyovly madvicmul 001ybl He2i3iHeH OellopeaHUKaIblK
batinanvlcmuipebiiumapsl  6ap ycax myuipuikmi Oemou ceKinodi odcemindipineen
Mamepuanoapea oatnanvicmol. bByn mamepuanoap 6Gepikmik nen KYpoliblMObIK
MYMAacmulkKmovl — apmmulpadsl, aiauoa oaapovbly O0amyvl Kamay MexXHUKAIbIK
mananmapea o6auiaHvlcmol Kypoeni minoem 6onvin Kaia oepedi. byn macenenepoi
wewty yuwlin mamepuan KYpamblH QblIbIMU He2i30e OHMALAHObIPLIN, 01apObl
aooumuemi 6HOIpic yoepicmepine yunecimoi eneizy Kaxcem. Kopvimvinoviniail Kee,
Yughpavlk Kypanoap meu KYpolivblC 20iCmepiniy yuiecimi muimMOiniK, 0andiK JHcoHe
MYPaAKmvlivlK OeHeellin aumapivikmat apmmulpaosl. byn owcayanvikmap scodbanay
MeH KYPblLiblc yoepicmepin Jceminoipin Kana Koumail, COHbIMeH Kamap Kypoeni api
IKOHOMUKANBIK MYPEblOAH MUIMOI AHco0anapobl mabblCmbl JHCy3e2e aAcblpyd HCOl
QUIbIN, KYPBLIbIC CANACLIHbIY 001aUARbIH KAILINMACMbIPAObL.

Tyiiin ce3nep: nano kpemnuil, myiipwixmi 6emon, 3D npunmep, bepixminix,
MOOUDUKAYUATBIK KOCRANAD, 2UOPOCUTUKAMMAD, CY-YeMEeHM KAMbIHACYL.
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AHHOTAUMA. Bredpenue coepemeHHbIX KOMNbIOMEPHLIX MEXHOI02Ull 8
CMpOUmMeNbHYl0  Ompacib — mpancopmupyem  npoyeccvl  NPOEKMUpPOBAHUs U
cmpoumenscmed, Npeoocmasiss CReyuarucmam MHO20YUCTEHHbe NpeuMyuecmaa.
Oonum u3 Haubonee 3HAYUMbBIX OOCMUNCEHUU ABNIAEMC NPUMEHEHUe UHCIMPYMEHMO8
BUPMYATLHO20 MOOENUPOBAHUS, KOMOPble NOBbIUAIONM MOYHOCMb NPOEKMUPOBAHUSL,
VAYUULAIOM KA4eCmB80 NPoeKmos U COKpAwaion 8pems ux peanuzayuu. Imu mexHoniocuu
maxoice ONMUMUSUPYIOM 3amMpamvl HA MAmMepuanvl, Oelds Cmpoumenrbcmeo 0Oognee
a¢hhexmuenbvim U IKOHOMUUHBIM. Basicnvim amanom yugposou mpancgopmayuu cmano
WUPOKOE UCNONIb308AHUE MEXHONIO02UL UHDOPMAYUOHHO20 MOOENUPOBAHUsL 30aHUL
(BIM), maxux xax Revit u Archicad. Omu npoepammul co30aiom eOUHYI0 NPOCPAMMHYIO
cpedy, Komopas ynpowaem YnpasileHue NpOoeKmoM Ha 8cex Imanax — om
NepeOHAYANIbLHO20 NPOEKMUPOBAHUsL 00 CIpoumenbcmea u skcnayamayuu. Kpome moeo,
OHU NO360JIAIOM paA3padamvléams CIOHCHbLE ApXUMeEKmypHole popmbl ¢ nomowwro 3D-
neyamu, pacuupsis 603MO*CHOCMU COBPEMEHHBIX CIMPOUMENbHbIX Memooos. Y cnex 3D-
neyamu 8 Cmpoumenbcmee 60 MHO2OM 3A8UCUM OM NEPed08biX MAMepuUaios, 0coOeHHO
OM MeNKO3ePHUCIO20 OeMOHA ¢ Heop2anuyecKumu escyuumu. Hecmomps na mo, umo
MU Mamepuanbl NO8LIUAIOM O0JI208EYHOCHb U CIMPYKMYPHYIO UELOCMHOCHb, UX
paspabomka ocmaemcst C104CHOU 3a0ayell U3-3a CMpo2ux mexHuyeckux mpeboeaHull.
Il npeooonenuss smux mpyoHocmeu HeoOX00UM HAYYHO O0OOCHOBAHHBIU NOOX00 K
ONMUMUZAYUYU COCMABA MAMEPUANos U obecneduenulo ux 06eculo8Hol uHmezpayuu 6
a0oumusHvle NPouU3BOOCmMeEeHHble npoyeccol. B 3aknouenue, unmezpayus yugposwix
UHCMPYMEHmMOo8  C  Memooamu  CMpoumenbCmed  3HAYUMENbHO — NO8blulaem
aghghexmuenocms, MOUYHOCML U YCMOUYUBOCMb. DMU UHHOBAYUU HE MOIbKO
Ccnocobcmayiom pazeumuio Npoyecco8 NPOeKMUPOSAHUs U CMPOUMeNbCmed, HO U
NPOKIA0bIEAOM NYymb 05l YCHEeUHOU Peanu3ayul C10MHCHbIX U IKOHOMUYLECKU 8bl20OHbIX
npoexmos, hopmupys 6yoyujee CmpoumenbHOU ompaciu.

KiroueBble cioBa: nano KpemHuil, menxozepuucmolii 6emon, 3D npuumep,
NPOYHOCMb,  MOOUPUYUPOBAHHblE — 000ABKU,  2UOPOCUIUKAMDBL,  B0OOYEMEHMHOE
OmHoUweHuUe.
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1 INTRODUCTION

The construction industry is actively adopting BIM technologies and software like Revit and
Archicad, enabling the design and construction of buildings through 3D printing. For creating
materials for construction objects, a variety of materials based on inorganic binders with specific
properties are used, depending on the product’s purpose and the chosen 3D printing method.

This study focuses on modifying fine-grained concrete using nano-silica. The introduction of
chemical additives makes it possible to produce high-strength concrete with rapid hardening
properties. To enhance and accelerate strength development, the optimal dosage of the additive was
determined. Adding nano-silica resulted in a strength increase of 1.4 times (or 76.3%) within one day,
76.3% within three days, 66.2% within seven days, and 44.0% within 28 days. The results also
demonstrated a significantly accelerated strength gain.

The key characteristic of concrete is its compressive strength. To ensure rapid and high-quality
construction, it is recommended to use high-strength concrete that gains substantial strength during
the initial curing period. This can be achieved by incorporating nano-silica additives (Zolotaryeva,
S. V., 2016).

Despite the globally proven efficiency of active mineral additives, their usage in Kazakhstan
remains limited. The main reasons include their dusty, hygroscopic, and lightweight nature, making
them less suitable for some applications. Such materials tend to clog technological equipment and
cement delivery systems. In specific cases, the consumption of such fillers can reach 200-250 kg per
cubic meter of concrete, requiring additional cement silos at concrete plants for storage. Moreover,
the low bulk density of mineral fillers, often as low as 150 kg/m3, further increases costs (Baigarina,
A., Shehab, E., & Ali, M. H., 2023).

The effectiveness of active fillers is often assessed by their impact on strength properties. When
a specific amount of cement is replaced by an equivalent amount of active filler, the resulting increase
in concrete strength serves as a performance indicator. However, the benefits of nano-silica extend
beyond strength improvement. Nano-silica acts as a critical component in high-strength, corrosion-
resistant, and frost-resistant concrete.

Nano-silica particles are up to 100 times smaller than cement particles and exhibit high
pozzolanic reactivity due to their large surface area and high silicon dioxide content. A standard dose
of 40 kg of nano-silica provides a surface area sufficient to react with calcium hydroxide released
during cement hydration. This early pozzolanic activity sets nano-silica apart from other additives. In
concrete containing nano-silica, the porous structure shows a marked reduction in capillary pores and
an increase in fine gel pores. The amount of chemically bound water and the degree of Portland
cement hydration indicate that nano-silica accelerates hydration significantly during the initial seven
days. At a constant water-cement ratio, concrete with nano-silica achieves a hydration level at seven
days comparable to that of ordinary cement at 28 days. This acceleration results in a twofold increase
in concrete strength under both normal humidity and elevated temperatures of 60°C (Mustafin, N.
Sh., & Baryshnikov, A. A., 2015), (Rudyak, K. A., & Chernychev, Y. 0.2016).

The improved hydration of calcium silicates and the reduction of capillary pores provide two
key benefits for nano-silica-modified concrete: high strength and low permeability. These
enhancements make the concrete highly resistant to physical (wear, erosion, and impact) and chemical
(water, sulfates, chlorides, organic substances, and acids) effects.

Studies of concrete structures containing nano-silica have shown that such materials maintain
durability for up to 10 years. High-quality concretes with nano-silica additives demonstrate superior
resistance to carbonation and chloride penetration from seawater compared to ordinary Portland
cement concretes with equivalent strength. Under proper conditions, nano-silica-modified concrete
offers excellent protection for steel reinforcement, comparable to that provided by ordinary Portland
cement concretes of the same strength class (llyina, L. V., & Zavadskaya, L. V.,2018),
(Inozemtsev, A. S., Korolev, E. V., & Zhyong, Thanh Kui. 2018).
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2 LITERATURE REVIEW

Considering the results of various experiments by different researchers, it can be noted that the
specific surface area of SiO2 nanoparticles (S = 50 to 450-900 m?/g) is a critical factor in improving
the mechanical performance of concrete. This improvement is achieved by activating the hydration
reaction of calcium silicates, forming C-S-H hydrates, and modifying the nanostructure of the C-S-H
gel.

The use of nano-silica provides several benefits, including:

- Enhancing resistance to abrasion;

- Reducing cement consumption;

- Increasing the strength of concrete, particularly in fine-grained mixtures;

- Improving early strength under normal curing conditions (25—-40 MPa within the first 24
hours);

- Producing highly workable, non-segregating concrete mixtures with a slump of 20-24 cm;

- Increasing corrosion resistance.

The addition of nano-silica reduces water permeability by 50%, doubles sulfate resistance, and
increases frost resistance to F500. As research indicates (Ibragimov, R. A., & lzotov, V. S. 2014),
the objective of this study is to analyze the effect of nano-silica on the strength characteristics of fine-
grained concrete and to determine its optimal dosage.

In research on improving concrete strength through nano-silica modification, Portland cement
of the CEM 1 42.5 H grade, produced by the Shymkent Cement Plant, was used as the binder. As
reported in previous studies (Krasinikova & llyina, 2011,2016), the mineralogical composition of
the cement (by mass, %) was as follows: CsS — 60.0; C.S — 15.5; C;A — 8.4; C4AF — 11.3; free CaO
— 0.50. The study used washed quartz sand from the Kapshagay quarry. According to research
findings (Krasinikova et al., 2016), the sand complied with GOST 8736-2014 for construction sands,
with a natural moisture content of 6-7%, a bulk density of 1450 kg/m3, a true density of 2600 kg/m?,
a fineness modulus of 2.9, and impurity content of 0.5%.

Nano-silica was used as a modifying additive and met the requirements of technical
specifications. As specified by the manufacturer (Krasinikova, 2016), the average particle size of the
initial nano-silica particles was 12 nm, with a pH of 3.6-4.3. Nano-silica is a bluish-white material
with a specific surface area of 200 m?/g. Its chemical composition (by mass, %) is as follows: SiO2 —
99.5; Al:Os — 0.05; Fe20s — 0.001; TiO2 — 0.01.

Master Rheobuild 1000 superplasticizer was used as a plasticizing agent, with a density of 1095
kg/mé and a solid content of 20% by mass. As noted in studies (llyina et al., 2011), the
superplasticizer was added at a dosage of 0.5% by cement weight.

3 MATERIALS AND METHODS

To determine the characteristics of a fine-grained concrete mixture and fine-grained concrete,
a mixture was prepared consisting of Portland cement, including 60 kg of cement, 1340 kg of sand,
and 260 liters of water. Nano-silica powder was added to the water solution, and its uniform
distribution was achieved through ultrasonic treatment. The resulting solution was added to the dry
sand and cement mixture. The cement-sand solution was prepared using mechanical mixing for 60—
90 seconds. From the obtained mixture, 40x40x160 mm column specimens were formed, which were
cured under normal conditions for 3, 7, and 29 days.

Micro-silica, reacting a second time with calcium hydroxide, helps reduce the capillary porosity
of cement paste by densifying the structure and sealing the pores of low-base calcium hydrosilicates.
Detailed studies on the kinetics of strength development and the porosity characteristics of cement
paste show that the introduction of micro-silica and superplasticizers into concrete significantly
reduces the number of all types of pores compared to unmodified cement paste. The effectiveness of
micro-silica is associated with the rate of pH reduction in the hardening system environment, which
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accelerates the main hydration reactions of cement (Potapov, V. V., & Gorev, D. S. 2018). As shown
in Figure 1, the microstructure of the cement paste becomes denser after the addition of microsilica.

Figure 1 — SEM images of the cement paste microstructure:a — control sample without microsilica; b —
sample with microsilica additive.

By reducing the concentration of calcium ions in the liquid phase of the cement paste, micro-
silica in the mixture contributes to the formation of gel-like low-base calcium hydrosilicates in
hydrated phases. This results in a simultaneous increase in gel pores and a decrease in the capillary
porosity of the cement paste. It has been determined that micro-silica additives allow for obtaining
high-strength dense cement paste. Furthermore, the correspondence between the phase composition
and structure of the cement paste after heat-moisture treatment and normal curing enables the
production of high-quality concrete with an accelerated strength gain rate under normal conditions.
Micro-silica significantly increases the hydration degree of alite in the early stages.

Concrete modified with micro-silica is characterized by reduced water permeability, increased
resistance to alkali, sulfate, and frost aggression. In studies of concrete degradation mechanisms, the
primary durability factor is often considered to be the presence of open capillary pores that are easily
filled with liquid phases during freezing, leading to hydraulic and crystallization pressure buildup.
This causes stress in the concrete, with stress concentration occurring at structural defect sites, leading
to local damage—crack formation and propagation accompanied by residual strain growth. To
minimize frost damage, it is recommended to reduce open porosity (by densifying the concrete
mixture and optimizing curing conditions with a lower water-to-cement ratio (W/C)) and to ensure
reserve porosity for compressible pore water by using air-entraining additives, which reduce
hydraulic pressure.

Experience shows that air entrainment reliably enhances concrete frost resistance. However,
some researchers believe that the role of air entrainment diminishes sharply at low W/C ratios. To
improve concrete strength, the introduction of damping additives capable of relaxing induced stresses
is recommended. Studies have shown that gel-like products of cement hydration can serve as damping
additives, and their stability can be enhanced by binding portlandite in cement paste with active
mineral additives, among which micro-silica is one of the most active representatives (Matyukhina,
A. A, etal. 2017).

Reducing the W/C ratio and increasing the micro-silica content decreases air volume and
increases compressive strength. Furthermore, concrete frost resistance improves, reaching a
maximum when the micro-silica content is 20%. For concrete specimens of this composition, minimal
strength variation was observed during testing, indicating the highest stability of the cement paste
structure.

Thus, at low air content, the matrix’s relaxation properties, determined by the permeability of

cement paste, pore size, and the number of crystalline and gel-like cement hydration products, play a
critical role in ensuring concrete strength under frost impact without air-entraining additives. The
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introduction of micro-silica leads to an increase in low-base calcium hydrosilicates of the C-S-H type.
Compared to high-base hydrosilicates, these hydrates exhibit greater stability and strength due to an
increase in strong Si-O-Si siloxane bonds and a decrease in weak Ca-O ionic bonds. A reduction in
portlandite crystals decreases the crystalline hydrate component and the number of stress
concentrators, thereby enhancing crack resistance in cement paste. In the contact zone between
cement paste and aggregates, the reduction of Ca(OH): crystals contributes to increased strength, and
the porosity and size of crystalline phases in cement paste also decrease (Duballet, R., Baverel, O.,
& Dirrenberger, J. 2017).

High frost resistance is also ensured by the stability of hydrated phases resulting from the effect
of micro-silica additives. Therefore, the key factors in ensuring the durability of road concrete are:

Low initial W/C ratios that ensure reduced capillary porosity and water saturation;
Structural characteristics of cement paste, including increased cement gel content and a free
Ca(OH): content not exceeding 1.0%, which slows down gel phase aging and facilitates
stress relaxation;

Recommendations for road concrete with frost resistance grades of F500—F600 without air-
entraining additives include W/C ratios of 0.25-0.30 and mandatory introduction of
hydrogen-releasing components along with micro-silica additives up to 15-20% of the
cement mass;

Capillary porosity of concrete and the amount of free calcium hydroxide in cement paste
can serve as predictive criteria for the durability of road concrete used under cyclic freezing
conditions in de-icing solutions.

4 RESULTS AND DISCUSSION

As Figure 2 illustrates, nano-silica was added to fine-grained concrete in proportions of 0.05%,
0.10%, 0.25%, and 0.5% of the cement mass, and the workability of the prepared mixture was
determined by measuring the slump of the cone.

Effect of SiO2 Content on Mix Mobility

6.0+ Maobility Range
=== Min Mobility

— Max Mobility
5.5F

5.0F

Mobility
=9
o

(V3
(¥,]
T

3.0F

2.5

2.0r

0.00 0.65 0.10 0.15 0.20 0.25
Si02 Content (%)

Figure 2 - Effect of Nano-Silica Content on the Workability of the Mixture
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The analysis of the results revealed that in mixtures with nano-silica, the cement-to-water ratio
remained consistent, but the workability of the mixture decreased. This indicates that within the
studied range, the addition of nano-silica reduces the mobility of the mixture.

Compressive Strength of Fine-Grained Concrete
60 - Si02 0%
—— 5i02 0.05% B —
— 5i02 0.1%
s0F SiOZ 0.25%
—— 5i02 0.5%

40

30r

20

Compressive Strength (MPa)

10+

(IJ 5 lb 1I5 2I0 2I5
Days

Figure 3 - Variation in Compressive Strength (MPa) of Fine-Grained Concrete with the Addition of Nano-Silica

As Figure 3 demonstrates, the results of the experimental studies reveal the effect of nano-silica
content on the compressive strength of fine-grained concrete. Meanwhile, Figure 4 illustrates the

strength gain over 3, 7, and 28 days at various nano-silica contents with a water-to-cement ratio of
0.45.

Strength Increase Relative to Control Composition
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Figure 4 - Strength improvement of fine-grained concrete in comparison with the control mix.
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As Figure 5 illustrates, the rate of strength development of fine-grained concrete with the
addition of nano-silicon dioxide is presented.

Strength Accumulation Rate Relative to 28 Days

100+ Si02 0%
—— Si020.05%
— 5i020.1%
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50t
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40

301

0 5 10 15 20 25
Days

Figure 5 - The rate of strength development of fine-grained concrete (relative to 28 days).

The analysis of experimental data determined the effect of the nano-additive on the strength
and rate of strength growth. When the nano-additive was introduced, the strength increased by 1.4
times on the first day, by 74.6% on the third day, by 65.7% on the seventh day, and by 42.0% on the
28th day. The maximum hardening was achieved with the addition of 0.5% nano-silica. The rate of
increase in compressive strength rises with the addition of nano-silica, especially affecting the
concrete during the first and third days of hardening. This suggests that the use of nano-additives can
produce fast-hardening concrete.

As several scientists (Nematollahi et al., 2017; Verian et al., 2020) have noted, the obtained
results regarding the increase in the solution's strength can be attributed to the nanostructure formed
by the addition of nano-silica particles. These particles, characterized by a large specific surface area
and high physicochemical activity, accelerate the hydration rate of cement. Consequently, the directed
formation of calcium silicate hydrates occurs, which structures the cement matrix and enhances its
strengthln addition, the positive effect of nano-silica in cement compositions is explained by the
pozzolanic reaction, as a result of which nano-silica binds free calcium hydroxide to form high-
strength, low-basic calcium hydroxysilicates.

SiO; + Ca(OH)2 + H20 = mCaOnSi02qH,0

The use of nano-silica additives leads to increased strength, along with additional possible
effects, such as improved sulfate resistance, frost resistance, and chloride migration resistance, etc.
Thus, the analysis of the effect of nano-silica revealed that when nano-silica was added, the
compressive strength increased by 1.4 times on the first day, by 74.8% on the third day, by 64.8% on
the seventh day, and by 42.8% on the 28th day. The addition of nano-silica allows for the production
of fast-hardening concrete with high strength.
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5 CONCLUSIONS

This study demonstrates that the incorporation of nano-silica ash in fine-grained concrete
significantly enhances its efficiency compared to micro-silica. By requiring 50 times less material to
achieve comparable improvements in compressive and flexural strength, nano-silica presents a highly
effective alternative. Additionally, its compatibility with standard technological regulations makes it
a practical choice for the production of ready-mix and precast concrete. Beyond strength
enhancement, nano-silica also contributes to increased sulfate resistance, improved frost durability,
and greater resistance to chloride ion migration. However, to maximize its effectiveness, it is crucial
to prevent particle agglomeration during production. This can be achieved by optimizing vacuum
sublimation processes or refining incorporation techniques in concrete mixtures. Future research
should focus on further improving the dispersion methods of nano-silica and evaluating its long-term
performance in various environmental conditions.
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