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Design Features of Volumetric Blocks Made of Lightweight Fibrotorcrete
with Non-removable Formwork
Levon R. Mailyan' D<"%) Tatiana A. Ivanova? ", Natalia V. Andreeva® ",

Inna A. Magerramova 3 I: -
Don State Technical University, Rostov-on-Don, Russian Federation EDN: BLPQOB
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Abstract

Introduction. This article analyzes the design features of volumetric blocks made of fibroblast concrete using a formwork
made of moisture-resistant drywall. The basic principles that describe the characteristics of the design with the shaping
of these volumetric blocks implemented using shotcrete technology are also outlined. This is especially true for low- and
medium-rise buildings.

Materials and methods. To form the construction of fiber-reinforced concrete volumetric blocks with formwork based
on moisture-resistant drywall (hereinafter referred to as GCLV), it is suggested that a system of basic principles is used
that increases energy efficiency, reduces costs, and promotes the disposal of safe industrial waste.

The application of the basic principles underlying the development of a volumetric block made of lightweight fibrotorcrete
with non-removable formwork enabled a systematic approach to a constructive solution to be implemented.

Results. The introduction of an effective innovative method made it possible to develop a reinforced concrete volumetric
block created using shotcrete technology. This approach has made it possible to reduce labor costs, increase strength
characteristics, and enable the production of bulk blocks both in the factory and directly on the construction site.
Discussion and Conclusion. The multilayer structure of new-generation bulk blocks made of fibrotorcrete created by the
authors is based on the key principles that emphasize the effectiveness of their use in the construction of buildings with
small and medium storeys.

Keywords: fibroblast concrete volumetric blocks; non-removable gypsum-cardboard formwork; wet shotcrete technol-
ogy; basic principles of shaping

For citation. Mailyan LR, lvanova TA, Andreeva NV, Maharramova | A Design Features of Volumetric Blocks Made of
Lightweight Fibrotorcrete with Non-removable Formwork. Modern Trends in Construction, Urban and Territorial Plan-
ning. 2025;4(1):7-14. https://doi.org/10.23947/2949-1835-2025-4-1-7-14

OpuzuHanbl-toe amnupudeckoe uccnedosanue

Oco0eHHOCTH KOHCTPYKTHBHBIX pelieHUui 00beMHbIX 0J10KOB
U3 J1erkoro ¢pudpoTopkpeTdeTOHA ¢ HECHEeMHOH ONATYOKOM

JI.P. Mauasiu® 4 T.A. MBanosa? ', H.B. Auapeesa® "', I.A. Mareppamona®
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AHHOTAIINA
Beeoenue. B nanHoii craThe MPUBOIATCS KOHCTPYKTHUBHBIE 0COOEHHOCTH OOBbEMHBIX OJIOKOB, U3TOTOBIEHHBIX U3 PUOPO-
TOPKPETOSTOHA C UCIIOIH30BAHHEM OMAYOKH M3 BIATOCTONKOTO TUIICOKApTOHA. Takke M3710)KEHBI OCHOBHBIC TIPHHITHITEL,
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KOTOpbIE OIHMCHIBAIOT XapaKTEPUCTUKH KOHCTPYKIUH C (POPMOOOpa30BaHUEM JTaHHBIX 0OBEMHBIX OJIOKOB, PeaTM30BaHHbIX
C MTOMOIIBIO TEXHOJIOTUH TOPKPETUPOBAHNUS. DTO OCOOEHHO aKTyaJIbHO JIsl MaJlo- ¥ CPEJHEITAKHOTO CTPOUTENIBCTBA.
Mamepuanst u memoost. /1111 hopMooOpazoBaHUs KOHCTPYKLMH (GUOPOTOPKPETOETOHHBIX 0OBEMHBIX OJIOKOB C OTaTy0-
KO Ha OCHOBE BJIarocToKoro rumncokaprona (nanee ['KJIB) mpemmaraercs Ucmons30BaTh CHCTEMY 0a30BBIX TPHHIIUIIOB,
MO3BOJISIIOIIUX TTOBBICUTH YHEPro3PpPeKTUBHOCTh, CHU3UTH 3aTPAThl U CHOCOOCTBYIOIIMX YTHIJIM3AaIHUN OE€30TaCHBIX
OTXO0/I0B IPOMBIIIJICHHOCTH.

[Tpumenenne 6a30BBIX MPHUHIIMIIOB, MOJOKEHHBIX B OCHOBY pa3pabOTKH 00beMHOTO 0JioKa U3 Jierkoro GpuopoTopkper-
0eToHa ¢ HEChEMHOW OMaTyOKOH, TO3BOJIMIIO OCYIIECTBUTh CHCTEMHBIN ITOIXO0 K KOHCTPYKTHBHOMY PEIICHHIO.
Pezynvmamur uccnedosanus. Baeapenue 3 GexTHBHOT0 MHHOBAIMOHHOTO METO/1a O3BOIMIO pa3paboTaTh xKeye300e-
TOHHBIN 0OBEMHBII OJIOK C MCHONB30BAHUEM TEXHOJIOTMH TOPKPETHPOBAHMSA. DTOT MOAXOA MO3BOJMI YMEHBIIUTD 3a-
TpaThl TPy/a, MOBBICUTH NPOYHOCTHBIE XapaKTEPUCTHKN U 00ECTICUNTh BOZMOXHOCTh IIPOU3BOJICTBa 00BEMHOTO OJI0Ka
KaK B 3aBOJICKHX YCIIOBHSX, TaK H HETIOCPEJCTBCHHO Ha CTPOUTEIHHON IUIOIMIAIKE.

Oécyancoenue u 3axkniovenue. Co3naHHasi aBTOpaMi MHOTOCIIOWHASI CTPYKTYpa 00bEMHBIX OJIOKOB HOBOTO ITOKOJICHHS U3
¢udpoTOpKpeTOETOHa OCHOBBIBACTCS HA KIFOYCBHIX IPUHIIUIIAX, KOTOPBIE MOTIEPKUBAIOT APPEKTHBHOCTD X UCHOIb-
30BaHUs [IPU CTPOUTENILCTBE 3AaHUI MaJIOH U cpeHel 3TaKHOCTH.

KaioueBble cioBa: GpuOpoTOpKpeTOCTOHHBIE OOBEMHBIE OJIOKH, HECHEMHAsI TUIICOKAPTOHHAS OMallyOKa, TEXHOJIOTHS
MOKpPOT'O TOPKPETHPOBaHUs, 6a30Bble MPUHIUIIBI (HOPMOOOpPa3OBaHHMs

s uutuposanus. Mawmnsn JI.P., isanosa T.A., Arapeea H.B., Mareppamosa 1.A. OcoOeHHOCTH KOHCTPYKTHBHBIX
pelieHui 00beMHBIX OJIOKOB U3 JIETKOTO (PUOPOTOPKPETOCTOHA C HECheMHOM onanyokoit. Cospemennbvie menoenyuu 6
cmpoumenscmee, 2padocmpoumenvcmee u nianupogke meppumoputi. 2025;4(1):7-14. https://doi.org/10.23947/2949-
1835-2025-4-1-7-14

Introduction. There is an enormous demand for modern technologies in the construction industry, as in order to
increase the volume of construction of buildings, it is essential to cut down construction costs and the types of work to be
performed. The key is increasing the energy efficiency of design solutions while reducing material and energy costs [12].

Innovative modular structures are being represented by three-dimensional modular buildings. In domestic practice, the
strategic approach to developing house-building complexes focuses on designing quick-to-assemble modular facilities help-
ing to reduce the final housing costs as well as the construction time [4-11].

The objective of the study is to create a system for designing and manufacturing volumetric blocks accounting for the
features and specifics of the industry. While developing such systems, it is essential to rely on principles accounting for
the advantages and effectiveness of using bulk blocks in the construction sector. It is important to bear in mind that
architectural and engineering solutions must comply with the unique requirements and conditions associated with the use
of these materials. Effective design calls for an integrated approach accounting for not only technological aspects, but
also economic and environmental factors. Proper implementation of methods and technologies would help improve qual-
ity and reduce construction costs ultimately resulting in improved overall design and production performance. The key is
thus to harmonize all design stages, starting from the idea and ending with the actual construction ensuring maximum
efficiency and durability of the final product in construction practice.

Materials and Methods. Building design using three-dimensional block housing construction can be optimized by
introducing a system of key basic principles (Fig. 1) which are at its core. These principles help to structure the design
and account for all the major aspects, which in turn boosts the overall construction efficiency. The implementation of
such standards allows one not only to minimize time and financial costs, but also to improve the quality of the final
product. The suggested system includes a variety of elements for making design work and integration of modern technol-
ogies more comprehensive. As a result, by means of implementing these principles, it is possible to harmonize function-
ality and aesthetics, which is in compliance with the modern requirements for building construction. This is imperative
to ensure the durability and stability of structures in the future, as well as to cater for of users’ and customers’ needs

making design more efficient and adaptable to current conditions.
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Principle of using resource- Principle of shaping based
saving technologies - on shotcrete technology

Basic principles of efficiency of using
volumetric blocks

— " T

Principle of functionality of volumetric Principle of mobility of preparing
planning solutions volumetric blocks

Fig. 1. Basic principles of three-dimensional block housing construction

Principle of introducing resource-saving technologies entails the use of regional resources and materials obtained
using safely recycled industrial waste. This approach allows not only to optimize the costs of manufacturing building
structures, but also to promote recycling of waste from various industries.

Principle of resource-saving is aimed at implementing the state "Strategy for Developing the Industrial Sector in Re-
cycling, Decontamination and Elimination of Production and Consumption Waste until 2030" [1].

Design of a monolithic spatial structure of a volumetric block by means of wet shotcrete technology relies on the
principle of shaping. A typical feature of the method is the use of non-removable one-sided plasterboard formwork to
optimize manufacturing of bulk blocks by reducing labor costs.

The formation of a functional part with the further arrangement of volumetric blocks into various spatial planning
solutions complies with the principle of functionality.

The principle of mobility involves design of production of volumetric blocks not only in a factory, but also directly on
a construction site. Based on shotcrete technology, this approach will reduce the cost of transporting heavy structures to
a construction site and expand the geographical scope of volumetric-block housing construction. This method will also
facilitate the construction process in remote or hard-to-reach areas where traditional delivery methods can be challenging
and costly. As a result, the use of mobile production will become a major factor for improving efficiency and cost-effec-
tiveness in the construction sector, opening up new avenues for implementing large-scale block projects. This would not
only speed up the construction process, but also make it more accessible to different regions, contributing to the nation-
wide infrastructure development.

The expansion of the field of use of volumetric blocks designed by means of wet shotcrete technology is due to the
fact that they can be manufactured both in an organized production facility and directly on a construction site. This is
indicative of the special features of the principle of mobility.

The existing structural solutions of volumetric blocks are entirely ineffective, since they fail to comply with the basic
principles of modern volumetric block housing construction, which is in agreement with the state's development strategy
in the field of resource conservation. At the same time, the existing forms of three-dimensional blocks do not enable the
expansion of the compositional and spatial planning solutions of such buildings. Traditional approaches to design and
technology of their construction fail to ensure routine use of three-dimensional block housing in the construction industry.
An innovative approach for implementing the basic principles is thus the use of wet shotcrete technology for bulk blocks
made of lightweight fibrotorcrete concrete.

The suggested block cap made of lightweight fibrotorcrete is a multilayer structure. Such a block can be used for
constructing small and medium-rise buildings. Unlike the classic factory manufacturing technology, the wet shotcrete

Building constructions, buildings and engineering structures
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method is used here suggesting taking the construction of bulk blocks to a new level, as they will be produced directly on
a construction site. This will not only expand the geography of construction, but also develop a new range of products of
the type, as well as reduce the cost of transporting finished factory products.

The suggested design method relies on the principle of shaping involving the simultaneous formation of a structure in
terms of design and production. This approach enables a complete monolithic spatial element to be designed.

Research Results. The basic principle of designing spatial blocks made of fibrotorcrete is the concept of shaping
focusing on creating a new space with functional zones.

The patented design of the volumetric block includes transverse walls, window and door openings, and a I1-shaped lon-
gitudinal load-bearing structure. The general view of a three-dimensional block of the "hood" type is shown in Fig. 2 [2].

Fig. 2. Structural solution of fibroshotcrete concrete volumetric block:
1 — transverse wall; 2 — doorway; 3 — window opening; 4 — IT-shaped longitudinal load-bearing structure [2]

The fibrotorcrete volumetric block modeled according to the basic principles (Fig. 1) is characterized some distinctive
features:

—a one-sided plasterboard formwork acting as an interior cladding;

— use of resource-saving concrete compositions with industrial waste ;

— minimization of technological steps within an organized production by means of wet shotcrete on a construction site.

The high efficiency of the constructive solution using lightweight fiber-reinforced concrete based on industrial waste
for producing load-bearing elements has been proven by means of the authors’ experimental work [3]. The high effec-
tiveness of their use (including fibrotorcrete volumetric blocks) has been confirmed. This enables the principle of re-
source conservation to be implemented in practice within the framework of the state's development strategy.

A distinctive feature of the design solution is the use of volumetric blocks of multilayer construction as load-bearing
walls (Fig. 3). The size of the load-bearing layer varies depending on the construction region and the energy efficiency of
the design solution.

Fig. 3. Supporting structure of the developed volumetric block:
a — a one-layered one, b — a two-layered one
(1 —non-removable plasterboard formwork; 2 — fibro shotcrete bearing concrete layer; 3 — shotcrete-plaster; 4 — a layer of plate insulation)
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The suggested design solution for a three-dimensional block of a "hood" type configuration expands the possibilities of
planning solutions for such buildings. In particular, a volumetric bay window type block cap made of fibrotorcrete concrete is
set forth. (Fig. 4, a).

The design solution of the "hood" type configuration of a new-generation volumetric block expands the possibilities of planning
solutions for such buildings. The article looks at the use of fibrotorcrete concrete to design a three-dimensional bay window-type
block hood making it possible to improve the architectural and functional characteristics of buildings. The effectiveness of the use
of this material in construction and its impact on the stability and durability of structures is also accounted for.

Anew type of volumetric reinforced concrete block of a new generation (Fig. 4, b) is aIT-shaped load-bearing structure with transverse
walls capable of receiving loads with no additional support. Openings for windows and doors are provided in these walls. The block is
made of lightweight reinforced fibrotorcrete and is a monolithic spatial element with five faces. In order to increase the bearing capacity,
the coupling zones of the supporting frames of the block are reinforced with additional grids along the perimeter. The rigidity of the wall
elements with openings is regulated by their width dimensions accounting for the angular sections of the walls.

b)

Fig. 4. Constructive solution:
a — volumetric block with a bay window; b — rectangular volumetric block (1 — bay window; 2 — window opening; 3 — doorway;
4 — TI1-shaped longitudinal load-bearing structure; 5 — transverse wall; 6 — mounting loops; 7 — fiber reinforced concrete layer;
8 — reinforcing grid; 9 — frame reinforcing carcass; 10 — metal profile; 11 — strapping reinforcing carcass [2]

Building constructions, buildings and engineering structures
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One of the major advantages of the suggested design is the possibility of using non-removable formwork made of
high-strength moisture-resistant drywall that is one-sided. This allows smooth surfaces suitable for various finishing
works to be obtained.

According to regulatory documentation, moisture-resistant formwork is capable of withstanding a humidity of up to
85%, which in turn is acceptable for use in civil buildings with a relative humidity of up to 60%. When the wet mixture
is shotcrete onto the drywall formwork, there is instant adhesion and a contact layer is formed ensuring the integrity of
the formwork.

The use of drywall formwork helps to cut down labor costs, because it provides a complete interior decoration of the space.

Discussion and Conclusion. As part of the basic principles for constructing new-generation volumetric blocks shotcrete
technology enables non-standard spatial planning solutions to be employed and a technological scheme for producing such
structures on a construction site to be changed. The inclusion of acceptable types of industrial waste into blocks, increasing the
strength of the starting materials and obtaining an economic effect from substituting conventional materials, accounting for
geographical features of construction not only contributes to reducing the cost of structures, but also to speeding up waste
recycling. This complies with the principles of rational use of natural resources and minimization of a negative environmental
impact [1]. The possibility of producing volumetric blocks on a construction site would enhance the scale of volumetric-block
housing construction.
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Abstract

Introduction. The article is dedicated to the history of the development and implementation of the project for the construction
of the ceiling of the nave of the church of St. Tikhon, Patriarch of Moscow and All Russia, at 17 Commune Street, St.
Petersburg. The church was built and is under construction on an order of a local religious organization with donations from
whoever cares to do this and church visitors. The original project envisaged the construction of an arched cylindrical vault
above a masonry nave, which called for complex engineering solutions and considerable labor and financial costs. By Octo-
ber 2024, it became clear that construction in the traditional way would not enable the church to be consecrated, having
completed this project in a short time and with limited funds. The aim of the study was to develop an alternative solution to
the construction of arched brickwork with puffs on the short side of the nave of the temple.

Materials and methods. Having considered the options available, we decided to make use of arched beams as stiffeners,
which were supposed to take on some of the load, including from the strut. It was assumed that it was possible to replace the
prestressed reinforcement of the upper row with a combined one making it possible to optimize the arch design. In order to
identify the required parameters, loads were collected and the stress strain of the arch was calculated, including in the SCAD
program provided it was at the operational stage. The reduction of stress zones is achieved by additional reinforcement with
rods and clamps.

Results. The research enabled us to reduce costs while maintaining the structural rigidity of the arch. In accordance with the
calculations, the formwork drawings have been developed. The process of transferring parameters from drawings to actual
dimensions and concreting was meticulously organized by means of modern quality control tools at each stage. The instal-
lation of ready-made reinforced concrete structures turned out to be more technologically advanced and faster than a mono-
lithic system.

Discussion and Conclusion. The brick vault project was successfully completed with minimal deviations involved. The
support area of the structures and the height of the arch rise fully corresponded to the calculated values. The solution was
found to have made it possible to considerably cut down the load on the base, increase the overall structural rigidity, while
freeing the space under the dome from tightening, reduce construction times making it possible to meet the deadlines as well
as to reduce the costs. The scientific novelty of using arches with a mixed reinforcement system is the simplicity of the
design, the absence of the need to increase the cross-section of the truss elements and the possibility of using combined
reinforcement.

Keywords: nave, cylindrical vault, intermediate supports, arched beam, combined reinforcement
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OPMZMH(IJle()e amnupudecKkoe uccnedosamue

COBpCMGHHOG TEXHOJIOIHNYIECKOEC PCIHICHUE NEPEKPLITUA HUJTHHIAPUYIECCKOIo CBOda He(l)a
IPHA CTPOUTECILCTBE XpaMa CBATUTEIH TuxoHa B CaHKT-HeTepﬁypre
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< nrozanceva@Ian.spbgasu.ru

AHHOTAIIMA

Beeoenue. Ctathst TOCBSIIEHA UCTOPUX Pa3pabOTKH M BOIUIOMICHUS POEKTa CTPOUTENLCTBA MEPEKPHITHS Hea Xpama
cBatutens TuxoHa, marpuapxa MockoBckoro u Beest Poccun, Ha ymurie Kommynsr, gom Ne 17a, B 1. Cankr-IletepOypre.
XpaM CTpOMIICS U CTPOUTCS 10 3aKa3y MECTHOM PEIMTMO3HON OpraHM3alliy Ha NOKEePTBOBAHHS HEPABHOYIIHBIX 1 TIPH-
XO0XaH. B mepBoHauampbHOM MPOEKTE MPEATOIarajJoch BO3BEACHUE apOTHOTO IMIMHAPHIECKOTO CBOAA Hal HEe(OM H3
KaMEHHOH KIIaJKH, 9TO TPeOyEeT CII0KHBIX HH)KEHEPHBIX PELICHUH W 3HAUUTEIbHBIX 3aTpaT TpyAa U cpencTB. K okTsa0pro
2024 rozxa cTajo HOHATHO, YTO CTPOUTENBCTBO TPAAUIIMOHHBIM CIIOCOOOM HE TI03BOJIHUT OCBSITUTH XPaM, BBIIOJHUB 3TOT
MIPOEKT B CXKAThIE CPOKH M NPU OTpaHHYEHUH cpencTB. Llenbio uccienoBanus Obuia, pa3paboTKa anbTepHATUBHOTO pe-
IIEHUS yCTPOUCTBY apOYHON KMPIUYHON KJIAJIKH C 3aTSHKKaMH 10 KOPOTKOH CTOpoHE Heda Xxpama.

Mamepuanst u memoost. [locie pacCMOTPEHHUS BApUAHTOB MPHUHSTO PELICHHUE UCTIOIb30BaTh ApOYHBIC OaJIKK B KaUeCTBE
pebep KECTKOCTH, KOTOpBIE JIOJDKHBI ObIIIM B3ATh Ha ce0s yacTh HAarpy3Kd, B TOM YHCIIE M OT pacnopa. BbIIBUHYTO
MIPEATION0KEHHE O BO3MOXKHOCTH 3aMEHBI NTPEAHANPSHKEHHON apMaTyphl BEPXHETO psiia HA KOMOMHHUPOBAaHHYIO, ITO3BO-
JSFOIIEE ONTUMHU3UPOBATh KOHCTPYKIMIO apKu. [Iiist ompeneneHus TpeOyeMbIX TapaMeTpoB IIPOU3BEICH cOOp Harpys3ox,
U pacyeT HaIpsHKEHHOT'O COCTOSIHUSI apKH B ToM vucie U B mporpamme SCAD c¢ yyetom ee paboThl Ha CTaMU SKCILTya-
tanmy. CHIKEHNE 30H HaNPsDKCHUH JOCTUTHYTO JOTIOJHUTEIFHBIM APMHUPOBAHIEM CTEP)KHSAMH M XOMYTaMH.
Peszynomamur uccnedosanus. IIpoBenEHHbIC UCCIICTOBAHMUS MO3BOJIIN YMEHBIINTD PACXOIbl COXPAHSSI KOHCTPYKTHB-
HYIO JKECTKOCTh apKu. B cooTBeTcTBHY € pacueTamu paspaboTaHsl onainyOouHble yepTexu. [Ipouecc nepenoca napamer-
POB ¢ YepTekKeil B pealibHbIC pa3Mepbl U OCTOHUPOBAHUE OBLI TIIATESIHLHO OPraHU30BaH, UCIIOJIB30BAIUCH COBPEMEHHBIC
WHCTPYMEHTBHI 11 KOHTPOJIA KadecTBa Ha KakAOM 3Tare. MOHTaX TOTOBBIX JKeJIe300€TOHHBIX KOHCTPYKINI OKa3aics
60.]'[66 TCXHOJIOTUYHBIM U 6I>ICTpI)IM 10 CpaBHCHUIO C MOHOJIUTHOM CHCTEMOM.

Obcyncoenue u 3axniouenue. IIpoeKT KUPIIMIHOTO CBOJIA OBLT YCIICIIHO BBHIIIOJHEH ¢ MUHUMAJIbHBIMHA OTKIOHCHUSAMH.
[Tromans onupanus KOHCTPYKIMI U BEICOTa MOABEMA apKH IOJHOCTHIO COOTBETCTBOBAIM PACUETHBIM 3Ha4EeHHIM. Bblto
YCTaHOBJICHO, YTO NPUHATOE PEIICHHUE TO3BOJIIIIO 3HAYUTEIBHO COKPATUTh HArpy3Ky Ha OCHOBAaHHE, TIOBBICHTH OOLIYIO
KOHCTPYKTHUBHYIO KCCTKOCTb, IIPHU 3TOM OCBO6OI[I/IB IMPOCTPAHCTBO MOA KYIIOJIOM OT 3aTsKEK, CHU3UTH IPOJOJIKUTEIIb-
HOCTB CTPOUTENBCTBA, YTO TIO3BOJIMIIO YJIOKHUTHCS B 3a/laHHBIE CPOKH, U YMEHBIINTH CTOMMOCTh paloT.

Hayunast HOBM3HA IPUMEHEHUS apoOK CO CMEIIAHHOM CHCTEMOW apMHPOBAHMSA 3aKJIIOYACTCs B IIPOCTOTE KOHCTPYKIINH,
OTCYTCTBHUU HeO6XOI[I/IMOCTI/I YBEJINYCHUA CCUCHUS DJICMCHTOB (bepM U BO3MOKHOCTH UCIIOJIb30BaHUA KOM6HHHpOBaHHOﬁ
apMaTyphl.

KaioueBble ciioBa: Hed, MITMHAPHIECKUI CBOJ, IPOMEXYTOUYHBIE OTIOPHI, apOoYHast Oanka, KOMOMHHPOBAHHAS apMaTypa

BaarogapuocTu: ABTOpHI OnaromapsT reHepanbHoro aupekropa JKBU-8 3a mpenocTaBiieHre CBOMX MOIIHOCTEH U U3-
TOTOBJICHHE apoK IJI XpaMa CBATHTEIS THXOHa, a Takke aBTOPHI BRIPAKAIOT 0JaroJapHOCTh PEAAKIIMN U PEIieH3eHTaM
3a BHUMATEJIFHOE OTHOILICHHUE K CTaThe U YKa3aHHbIC 3aMEUaHMs1, KOTOPbIE IIO3BOJIMIN TIOBBICUTh €€ KaueCTBoO.

Jast uutuposanus. Pozanuesa H.B., Ipo3noB A.Jl. CoBpeMeHHOE TEXHOJIOTHUECKOE PEIICHNE TEPEKPBITUS LIUITUHAPH-
YeCcKOro cBojia Heda MpU CTPOUTEIbCTBE Xpama cBaTuTes Tuxona B Cankr-IlerepOypre. Cogpemennvie menoenyuu 6
cmpoumenscmae, 2padocmpoumenvcmee u nianuposke meppumoputi. 2025;4(1):15-25. https://doi.org/10.23947/2949-
1835-2025-4-1-15-25

Introduction. Since time immemorial, in the most trying times, humanity have been aspiring to come together into a
single cohesive unity under the protectorate of a strong state. During this period, faith serves as the greatest uplifting and
unifying force. As a social institution and regulator of economic as well as other relations, the Church has the capacity to
unite human society. It shapes people's worldviews, establishes moral and ethical regulations, and also lends one a sense
of comfort and security that has been lost as a result of some external factors. All of this contributes to unite individuals
based on a shared worldview and religion, to increase social engagement, spiritual revival, and preserve cultural heritage
as well as customs, which builds an overall positive image of the country as well as its attractiveness as a tourist destina-
tion. It is also of interest to note the economic component when the revival of faith and the construction of temples
contribute to creation of jobs and regional economic development. The Church of St. Tikhon, Patriarch of Moscow and
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All Russia, at 17a Commune Street, is one of the first churches in the Northwestern District to have been dedicated to a
real person directly related to St. Petersburg, a new martyr from the early years of Soviet power, who ran the Patriarchate
in the most trying times for the church. A man who actually accomplished his own small feat and devoted his entire life
to the Russian Orthodox Church and experienced the "Levashov Golgotha" [1, 2] following the Petrograd trial of 1922.
2025 marks the death of St. Tikhon, Patriarch of Moscow and All Russia.

The church was built and is being built by an order of a local religious organization and funded with the donations
from parishioners of the Kursk Root Icon of the Mother of God "Of the Sign" located nearby. Construction got underway
in the late 2021. In fact, the church had already been completed, and in early January 2025, Archpriest Alexander Pashkov
conducted the first service. An iconostasis will be set up in the nearest future [3]. The stone church was constructed under
the challenging conditions: the confined space as most of it was built outside the site designated for religious use, the
rather daunting layout of the foundation as well as some funding issues with rigidly set construction deadlines to be met.
The original design of the five-domed church was developed by LLC AMC-Project: made of red brick, in the neoclassical
style shaped like a ship, with a tent-topped bell tower and main volume. However, it had to experience some modifications
for a number of reasons. The latter were due to the need to reduce the construction time (while maintaining structural
rigidity and architectural integrity) as well as the cost of the project. The objective of the study is to develop the organi-
zation and construction of arched beams on the short side of the nave as an alternative to a cylindrical brick vault with
puffs given the preservation of the required height of the cylindrical brick vault and the overall structural rigidity of the
church as a whole. The scientific novelty is a new reinforced concrete structure in the previously developed classical
temple project with walls already built. This solution enabled the maintainenance of the structural rigidity without having
to make use of the required tightening forces, thereby freeing up internal space and reducing the labour costs and indices.

Materials and Methods. Domed and cylindrical arches made of masonry have been known since the Roman Empire.
These arches are among the most durable and resistant to maximum loads. The considerable disadvantages of such struc-
tures are high load on the base; the complete impossibility of mechanizing work during their construction and thereby
cutting down the labour costs and construction time; the need for masons to perform work with very high qualifications;
the high cost of such work. The masonry of arches and vaults must be carried out from the heel to the castle simultaneously
on both sides, using two teams of masons [4]. The masonry is completed by jamming the vault with castle bricks. Masonry
should be carried out in small sections to avoid collapse. All seams of the masonry must be completely filled with mortar.
The central axis of each brick must be strictly perpendicular to the surface of the vault. While laying arches made of
bricks or stones, it is essential to fill the seams with a liquid solution without rubbing the upper surface of the arches. The
laying of arches of double curvature should begin no earlier than a week after the end of the installation of their heel. The
outside temperature should be above +10 °C. If the air temperature is from +10 to +5 °C, then the period increases by one
and a half times, and at temperatures from +5 to +1 ° C — by two times. The section of the vault can be demoulded no
earlier than after 10-20 days at an outdoor temperature of at least +10 °C.

Fig. 1. Church of St. Tikhon, Patriarch of Moscow: a — exterior of the temple; b — section of the church considering account
the built-in arched beam structure; ¢ - view of the church towards the altar from the inside
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At lower positive temperatures, the duration of exposure of the arches on the formwork increases. While laying arches
with a lifting boom, the strut must be fixed by tightening and additionally along the arc of the circle, as in our case. Precast
reinforced concrete elements made of concrete of a grade not lower than M200, reinforced with structural reinforcement
with a diameter of 6-8 mm, are installed in the heels where the faces are adjacent. It is also possible to use steel elements
made of corners, sheet and strip steel. The ends of the puffs are passed through these elements. To increase the stability
of the support units under the action of the arch strut, outrigger heels are installed in the support units, which form a
cornice from the inside of the room. Outrigger heels also increase the stability of the support units. The supporting nodes
of the vault must have inclined surfaces formed by stepwise laying of brickswhich must be perpendicular to the axis of
the vault. The technology has barely changed since the onset of the construction of stone temples. From all of the above,
the conclusion was that it was rather challenging to perform high-quality masonry, to meet a tight deadline while on a
tight budget. Fig. 1 shows photographs of the Church of St. Tikhon and a drawing of the section of the temple taking into
account the built-in structure. The problem of installing an entirely monolithic dome cover was not looked at. One of the
flaws of solid monolithic structures for religious domes is that their construction calls for special skills and technologies,
which is more costly than a system of using beam arches.

The First Assumption. In order to avoid tightening, while maintaining structural rigidity, it was critical to reinforce
sections of the arch structure with a certain step, i.e., to reinforce the regular frame hidden in the filling masonry, and to
make use beam arches protruding from the arch masonry, which would serve as a sort of stiffeners.

The Second Assumption. In arches made completely of clinker bricks, there is frequently extra spacer force occurring,
and special devices are needed in order to perceive this spacer [5]. It was decided to reinforce the walls under the heels
of these arches with pilasters which will be capable of withstanding the pressure from the weight of the vault and of
accepting the strut. It is due to this solution that the arch in an overloaded area is sufficiently reinforced, although there
are unnecessary protrusions in the room. The major task facing the designers working on the reinforcement of concrete
arches was to design arches of a certain height with a small mass, i.e., those consuming the lowest amount of the material.
They can be installed using cranes with a low lifting capacity while maintaining the required rigidity and height of the
dome. The height of the arch of the arch depends on its bearing capacity: a large one increases it, because the area of the
compressed zone and the moment of inertia of the section rise, i.e., the cross—section of the arch becomes bigger; an arc
which is excessively large might cause a drop in the bearing capacity due to reduced rigidity and increased deflections.
The optimal height should thus ensure maximum load-bearing capacity with the lowest amount of material consumed and
compliance with the requirements for rigidity and crack resistance [6]. One of the key indicators of quality and mechanical
safety of operation is the residual load-bearing capacity. It is identified by means of a few criteria: the strength of rein-
forcement and concrete, stiffness, crack formation and their opening width.

The optimal height is taken based on the bending moment and wall thickness to ensure the minimum cost of the arch
in terms of how much material is consumed. The width of the nave of the temple — the length of the arch span — was
taken based on the previously projected dimensions — 8.05 m, the required arch elevation — 1150 mm, considering the
height of the latter to enter into the previous high-rise design of the nave vault. The height of the arch masonry is
640 mm. For the initial calculation, the height of the reinforced concrete arch, pinched at two ends, was assumed to be at
least 1/15 of the span, i.e., approximately 400 mm between the outer edges of the belts. The formula for a parabolic arch was

employed to calculate the radius of curvature of the arch which is part of the structure. Substituting these values, we get:
2

h? + %
oh ~ 6,85m,
where R — desired radius of curvature; = — the width of the span (in this case, the width of the nave) — 8,05 m; h — the
height of the arch rise from the center of the span to the top of the arch 1,15+ 0,4 = 1,55 m.

0.6 m will thus fall on the support node on each side. The width for the calculation was taken based on the height-
width ratio — 468 mm, which is due to the size of the upper platform of the support element. The estimated rebar pitch
is 200 mm. The arches are designed using class B40 concrete.

The Third Assumption. In most projects, while using reinforced concrete arches of a similar design, prestressed rein-
forcement has always been used, which does not cause tensile stresses from operational loads. While designing such beam

R =
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arches, there have been no studies of the effect on the distribution capacity of the reinforcement spatial system in opera-
tion. The features of reinforcement for curved span arches include the use of special indirectly spiral-reinforced reinforce-
ment, such as individual wires, strands and rods of a periodic profile. Bundles with internal anchors and continuous
reinforcement on cassettes are also used. Reinforcement tension can take place prior to concreting (on the stops) or fol-
lowing it (on concrete).

The downsides of this design approach are the following:

— it leads to unjustified consumption of reinforcing steel.;

— reinforcement in accordance with the material plots becomes more complicated, i.e., it becomes impossible to dis-
continue the reinforcement where it is not required along the entire structure.;

— it is necessary to apply great efforts to the force forms while pulling the reinforcement and crimping the concrete
during transfer of forces from the stops to the concrete.

Previously used structures for relatively small spans were not cost-saving in terms of how much material was consumed.
In this case, the arched beams function as a single spatial system due to the combined arrangement of the upper brick vault.
It was thus decided to make use of mixed reinforcement by replacing the permissible number of high-strength beams with
conventional bar reinforcement. A stressed Grade A-1V (A600) reinforcement of a periodic profile was designed in the lower
belt, Grade A400 longitudinal reinforcement was used in the remaining elements, and elements of transverse and mounting
A240 reinforcement were provided to maintain the transversely rigid superstructure. The bearing capacity of a beam arch
depends on its geometric dimensions, materials of manufacture and operating conditions. The key factor influencing this
indicator is the maximum load that the structure can withstand without deformation or destruction [7].

The loads were collected. Given the brick density p = 1800 kg/m® and the the volume of the arch masonry:

V=L -w-H=24m-8,05-0,64 = 122,88m3,

where @ — width of the arch (equalling that of the niche).

The weight of the vault is thus:

P=p- -V =221,184r.

While calculating the vault, the likelihood of an increase in the constant load distributed over the horizontal projection

of the vault, in the direction from the center to the supports along the curve, was considered:

9x =9 (cols(p - 1)’
where gx — additional constant load caused by the slope of the coating in sections located at a distance from the x support,
kgf/m; g — constant load in the center of the vault a kg/m; ¢ — angle of inclination to the horizon of the tangent to the
axis of the arch in the investigated section.
There was a task of calculating the permissibility of replacing the upper row of bundles of prestressed reinforcement
with rod reinforcement? [8] given its further bending into the supporting compressed zone of concrete. In order to confirm

the assumption, theoretical calculations of the upper belt were conducted based on the cross section of the reinforcement:
_ N2
TP T RL+0,01Rsc’

where Ry = 355 MPa — pacueTHoe conportusienue npoonsHoro npodus design resistance of the longitudinal pro-
file of an operating Grade A400 reinforcement. A., — required longitudinal cross-sectional area of one reinforcement
rod of the upper belt; N, — force in the longitudinal reinforcement; R, — calculated concrete resistance of class B40
concrete — 51,37 MPa.

With the previously assigned width of the arch elements (468 mm), the required cross-sectional height of the upper
belt is hy, = Ap/b; h — 12 mm. The area of the longitudinal operating reinforcement with an average coefficient of lon-
gitudinal bending is ¢ = 0,9. 8 rods with a diameter of 16mm are accepted.

Research Results. In order to validate the studies and obtain a more nuanced answer, the stress state of the beam arch
was calculated in the SCAD software package considering the operation of the arch at the operational stage, respectively,
the loads from external forces were assigned for the stage. The accepted concrete class is B40.

1 SP (CIT) 20.13330.2011. Loads and Impacts.
2 Krylov S.B, Chistyakov E.A, Zenin S.A., Sokolov B.S., Sharipov R.Sh., Kudinov 0.V. Monolithic Reinforced Concrete Structures with Stressed
Reinforcement without Adhesion to Concrete, Design Guidelines: a Methodological Guide. Moscow; 2017. 206 p.
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The original task was to reduce the amount of prestressed reinforcement and replace the upper row of prestressed
reinforcement with rod one accompanied by its bending according to the materials plot into the compressed concrete zone
supposed to reduce losses in material consumption and maintain the operability of the structure. It can be seen from the
isofields that the analytical calculation was performed correctly. Unlike the supporting section where the stresses in the
support area are visible from the isofields on the plan, the replacement with class A400 reinforcement does not impact
the bearing capacity of the arch in terms of bending moment. The obtained results of the isofields are shown in Fig. 2. It
was decided to reduce such stress zones by applying additional reinforcement with conventional rod fittings and clamps,
i.e., to apply mixed reinforcement.

b) ' d)

Fig. 2. Sketch for calculating the beam arch in the SCAD program: a — formwork diagram, center drawing (left side);

b — shuttering drawing (right side); c — isofields of normal arch stresses (longitudinal section along the axis); d — isofields

of normal arch stresses in the plan

The bordering rods are made integral with their joining in the upper zone of the support nodes and in the lower zone
of the truss. The area of the longitudinal upper rods is at least 0.05% of the cross—sectional area of the support units, the
diameter is 16 mm, while spatial frames and additional transverse fittings in the form of A240 steel clamps are installed
at the bends of the support units to ensure reliable anchoring of the stretched reinforcement of the lower belt. In the span
area, 15 rods of transverse reinforcement with a pitch of 200 mm are accepted, while additional elements are installed in
100 mm increments on the lower belt and at least 200 mm from the end of the support unit. The most challenging issue
in the production of such reinforced concrete structures by means of a bench method is the accuracy of transferring
parameters from drawings to actual dimensions, which is a complex and demanding task calling for a high level of pro-
fessionalism. Even the slightest deviations from the set parameters might cause grave consequences with the geometry of
the finished product distorted as well as the arched beam not quite matching the actual required parameters. For instance,
a lack of reinforcement reduces the load-bearing capacity of the structure, while an excess of reinforcement causes an
increase in the weight and cost of the product.

In order to prevent such problems from occurring, the process of transferring dimensions from the drawing to the actual
structure was meticulously organized. It was also decided to form an arch on the edge as the most optimal position for concreting
and transportation®. The alignment was performed on the geodetic substructure. In order to minimize the risks associated with
possible errors in the production, the ADA 3D Liner 4V laser plane builder and the GeoMax Zoom50 1 A5 Polar total station
were used. A number of actions were continuously performed* as part of continuous control® [9].

The formwork must have strength, stability, and tightness, the concrete must not leak, closely reproduce the shape of
the future product, and be easy to install and remove to minimize time and labor costs. Errors during the formwork
assembly might generate cracks, crevices and other defects. As the formwork was for a single order, and only eight such
arches were required, the plane was made of bent plywood. In order to withstand the pressure of freshly poured concrete
and prevent deformation and displacement, it was loosened with bars. The reinforcement frame was bent in place with

3 SP (CII) 70.13330.2012. Bearing and Hedging Structures.
4 SP (CIT) 126.13330.2012 Geodetic Works in Construction.
5 Letchford A.N., Shinkevich V.A. Construction Control Guidelines. SPb.; 2016. 592 p. (ISBN 978-5-904362-07-2)



Modern Trends in Construction, Urban and Territorial Planning. 2025;4(1):15-25. eISSN 2949-1835

little heating given the requirements for strength and rigidity of the structure. All the components are made according to
the developed project considering the building codes and regulations. After the reinforcement frame had been checked
for compliance with the deck shape, it was moved inside the formwork and secured based on the dimensions of the
protective layer. B40 grade concrete mix was used, the work was carried out to ensure uniform pouring of concrete and
prevent voids. The process is shown in Fig. 3. It was after it had been delivered to the construction site that the final
product was tilted to its design position.

Fig. 3. Visualization of the process of creating a reinforced concrete structure:
a — reinforcement carcass; b — single formwork; ¢ — final arched beam on the edge

The work was assessed at each stage. An additional bonus is that the decision enabled the load on the base to be
significantly reduced, including by reducing the height of the masonry from 1 m to 0.64 m, increase the overall structural
rigidity, while freeing the space under the dome from tightening.

Discussion and Conclusion. The project was designed with minimal deviations and did not call for any adjustments
during the installation, the support area of the structures and the height of the arch rise were in full agreement with the
calculated values. By the onset of the arch installation, the walls had been constructed, supporting pilasters, adjustable
supporting scaffolding adopted, a formwork template (“circles™) and a template for angles for brickwork made. All of
these were performed with an automobile crane (Fig. 4). The formwork templates under the brickwork of the vault was
moved with a winch. In order to create a flow-through method of work and reduce the construction time, the dome of the
nave started being laid with a one-day delay by installing the arches. All the movements were performed using scaffolding.

Fig. 4. Arched beam installation: a — a beam mounted on a support pilaster; b — crane mounting with a tip
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]

The masonry of the dome vault was performed with the installation of bricks "on the edge" simultaneously by two
teams of masonry workers on both sides of the nave from the heels to the top with the seams thoroughly litigated to
considerably reduce labor costs as well as to improve the stability of the vault. The work was being closely monitored
during the laying. In order to prove the method had been correctly chosen, the cost of bricklaying the nave vault was
calculated according to "The Uniform Standards and Prices for Construction, Installation and Repairs"® considering the
installation of the embedded parts and the tightening of the arch as well as the installation arches as stiffeners. The calcu-
lation results are shown in Table 1 and 2.

Table 1
Calculation of labor and machine time costs for the brickwork of the vault
o . Time standard Labour costs
No Justification Technological Measureme | Amount K hicl K hicl
" | (CNTD) (EHuP) processes nt unit of work | WOTKErs, VENICIES, WOTKETS, Venicies,
person-h vehicle-h person-h | vehicle-h
Supply and installa-
1 E3-20A tion of scaffolding 10md 4.33 1.44 0.48 0.78 0.26
with a vehicle crane
Installing the form-
2 E15-35 work template in the m? 1135.68 0.37 0 52.53 0
operating position
i Supplying the solu- 3
3 E1-6 tion to the site m 174.44 0.84 0.42 18.32 9.16
4 E1-6 Supplying the bricks | 1000 jiams | 37472 | 0.36 0.18 1.69 0.84
to the site
5 E3-10 Laying a brick vault m? 726.84 38 0 345.25 0
on cement mortar
6 E3-9 Installing supporting m? 1056 35 0 4.62 0
parapets
Installing steel ele-
7 E3-18 ments and parts into 100 kg 6.8 1.1 0.33 0.94 0.28
the walls
8 E25-7 Unwinding and mov- | 100mof | 754 2.6 0 0.24 0
ing the steel rope the rope
9 E3-18 Installing steel 1 350 jtems | 0.16 245 124 05 0.03
element puffs
10 E25-7 Winding and moving | 200™M0F | o734 2.9 0 0.27 0
the rope
Adding an extra inci-
11 E25-7 sion for each addi- | 00 MO | 9736 0.69 0 0.07 0
. the rope
tional one
12 E4-1-28 Caulking and stitching 10m 4.8 1.4 0.56 0.84 0.34
13 E3-10 Lowering the form- m? 113568 | 055 0 78.08 0
work on the wedges
14 E1-6 Rearranging the scaf- |, ¢ 0.33 23 115 0.95 0.47
folding with a crane
Moving the formwork
15 E25-20 template with a man- items 20 0.76 0 1.90 0
ual winch
506.93 11.39

*Note: the calculated costs do not consider the production and disassembly of the formwork template for the vault.

& CNTD (EHwuP). The Uniform Standards and Prices for construction, Installation, and Repairs. VolumeE 1. Internal Construction Transport Works:
https://docs.cntd.ru/document/1200000897

CNTD (EHuP). Volume E 3. Stonework: https://docs.cntd.ru/document/1200001038

CNTD (EHuP). Volume 4. Installation of Prefabricated and Monolithic Structures: https://wwuw.ects.ru/images/1685/Image/enir_7_vypusk_1_betonnye_i.pdf
CNTD (EHuP). Volume 25. Rigging: https://docs.cntd.ru/document/1200001092



https://meganorm.ru/Data2/1/4294854/4294854152.htm
https://docs.cntd.ru/document/1200000897
https://meganorm.ru/Data2/1/4294854/4294854146.htm
https://docs.cntd.ru/document/1200001038
https://www.ects.ru/images/1685/Image/enir_7_vypusk_1_betonnye_i.pdf
https://docs.cntd.ru/document/1200001092
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Table 2
Calculating labor and machine time costs for installing brick masonry on reinforced concrete beams
Justification Measure Time standard Labour costs
Name of Amount - -
Ne (CNTD) technoloaical works ment of work workers, vehicles, workers, vehicles,
(EHuP) g unit person-h vehicle-h person-h vehicle-h

Supplying and in-
1 E3-20A stalling the scaffold- 10 mé 4.33 1.44 0.48 0.78 0.26
ing with a car crane
Constructing a
concrete bed

3 E4-1-6 Installing the arches 1item 8 1.7 0.16 1.7 0.16

2 E4-1-29 m? 4.656 0,22 0 0.13 0.00

Installing the form-
4 E15-35 work template in the m? 1135.68 0.37 0 52,53 0
operating position
Supplying the solu-

5 El-6 : : m? 174.44 0.84 0.42 18.32 9.16
tion to the site
6 E1-6 Supplying the bricks | 1000} - /) 0.36 0.18 1.69 0.84
to the site items
7 E3-10 Laying a brick vault m? 726.84 3.8 0 345.25 0
on cement mortar
8 El1-6 Rearranging the scaf- |, 0.33 23 115 0.95 0.47
folding with a crane
Moving the formwork
9 E25-20 template with a man- items 20 0.76 0 1.90 0
ual winch
42323 10.90

*Note: the calculated costs do not consider the production and disassembly of the formwork template for the vault.

According to the calculations, technical and economic indicators have been listed (Table 3).

Table 3
Technical and economic indicators
Indicator For the brick vault For the vault fitted with
ferroconcrete arches

Labour costs, person-cm 506.93 423.23

Costs of machine time of the vehicle crane, vehicle-cm 11.39 10.9
Number of operations 15 9
Total duration of the work given the formation 156.6 111.9
of the teams, person-cm

Duration in months 7.2 5.08

Based on the obtained data and the construction outcomes, the fact that the correct decision had been made was con-
firmed. The beam arches were the stiffeners. They offer the following advantages:

— cost-efficiency — construction costs are reduced by using fewer materials;

— arches are characterized by a lower weight and volume compared to traditional solutions leading to a reduction in
transportation costs.

It was also suggested that a combined reinforcement frame could be made use of. Beam arches are highly resistant to
various types of loads. In order to minimize risks, the calculations were double-checked in the SCAD program. Such
verification calculations enable the quality of work to be improved through the course of construction of critical structural
elements and a three-dimensional model of the future product to be designed. A test of the structure even prior to the
start of the installation cycle at the calculation stage enabled stresses in the reference zone to be identified by means
of isofields, which made it possible to correct the shortcomings at the design stage. The installation of ready-made
reinforced concrete structures is highly technologically advanced. On top of that, unlike a monolithic system, it barely
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depends on weather conditions; it does not call for a long exposure in the formwork, as factory-manufactured products
are employed with a multi-series when the formwork can be used on a few serial elements cuttinf down production
costs. A well-developed and standardized process simplified construction, reduced the duration of work and met dead-
lines cutting down the costs of work.

Modern construction is being faced with the need to keep on searching for ways to optimize processes designed to
reduce the construction time of various facilities, including religious buildings. Traditional approaches based on the use
of brick vaults with complex systems of tabs and strands are rather time-consuming.

The use of arched beams enabled the principle of reasonable saving of materials and labor costs to be showcased.

The efficient organization of the dimensional transfer process and control at all the construction stages enabled mini-
mization of errors and discrepancies between the design documentation and the actual construction. Modern technologies
and geodetic equipment have improved the quality, reliability and efficiency of the construction considering the use of
available resources.

The use of arched beams instead of the traditional approach using embedded parts and puffs is a promising direction
in modern technology for the construction of religious buildings. This method would considerably reduce the construction
time: in our case, the difference in the duration of construction was about two months, which also saved funds without
compromising the level of quality and safety. Given all of these advantages, a further increase in the demand for the
suggested method in the construction of religious buildings is highly likely.

The scientific novelty of using arches (instead of trusses as well) with a mixed reinforcement system is the following:

— simple assembly design and manufacturing technology compared to segment trusses or a tightening device;

— there is no need to increase the cross-section of the truss elements and their reinforcement compared to diagonal
trusses due to rigid assemblies;

— in the manufacture of solid molds, it is possible to make use of combined reinforcement only with a prestressed
lower belt: it has been confirmed that the use of nonstressed reinforcement complete with prestressed reinforcement in
these reinforced concrete structures does not disrupt its bearing capacity;

— the possibility of manufacturing beam arches in simple formwork with no use of inserts. Beam arches can also be
employed in restoration of historical buildings where it is critical to preserve the original architectural style while improv-
ing the technical characteristics of the structure.
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Abstract

Introduction. Current trends in the paint and varnish materials industry are embracing environmental friendliness and
versatility lending wooden products good aesthetic and protective properties. The structure of wood, as a natural material,
is constantly undergoing intensive and progressive processes of oxidative degradation under environmental conditions
affecting the strength of wood and causes significant structural changes. Therefore the interest in improving the durability
of paint coatings under the influence of environmental factors on their performance justifies the intensification of research
in the development of new effective solutions. One of the effective ways to prevent the destruction of the wood structure
is to apply a protective layer of paint and varnish material by chemically modifying the surface and, above all, by intro-
ducing siccatives. The introduction of siccatives makes it possible to ensure a uniform drying rate throughout the entire
volume and additionally disperse the pigment, which improves the physical and mechanical properties of the paintwork
and increases its durability.

The purpose of the research work is to establish the effect of the addition of a metallic catalyst in the form of highly
dispersed precipitation waste from an electric arc furnace on the physical and mechanical properties of paint and varnish
materials.

Materials and Methods. The initial components for obtaining oil paint compositions (paintwork material) were used in
the experiments as: binder-natural olifa, pigment-ochre, fine aggregate-chalk. To the intensification of the drying process,
the addition of metal catalyser, which is a highly dispersed waste of deposition from electric arc furnace, was introduced.
The granulometric composition of chalk was evaluated using scanning electron microscopy, and dust using a microsizer
201c laser analyzer.

Results. According to the results of the optimisation, regression equations represented as a polynomial of the second
degree and the optimal material composition of the paint material were obtained. In order to solve the problem of drying,
a metal catalyser was added to the optimal composition in the amount of 0.05 % of the binder weight. A comparison of
the obtained results of regulatory tests of the physical and mechanical properties of the two formulations, the control
(without additives) and the modified with the addition of a metal catalyst in the form of dust, indicate the prospects of its
use as a siccative.

Discussion and Conclusion. The introduction of a siccative into the oil-based paint and varnish material in the form of a
by-product of highly dispersed precipitation waste from an electric furnace accelerated the polymerization process and
improved the physical and mechanical properties of the modified composition in comparison with the control one. Im-
proving the physical and mechanical characteristics of oil paint will increase the resistance of coatings to environmental
factors and thus increase its durability.

Keywords: paintwork material, adhesion, nominal viscosity, metal catalyser, fine aggregate, binder
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OHTI/IMI/ISaIII/Iﬂ JIAKOKPACOIHOI0 MaTepuaJjia 1Jisl NIOKPLITUS APEBECCUHBI C }IOﬁaBKOﬁ
METAJVIMYECCKOI'0 KaTajim3aTopa
A.K. Xamaomes D<=, E.A. KosiecHn4eHKO

JIoHCKOM rocy1apCTBEHHBII TeXHUUECKHI YyHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus

< khaljushev@mail.ru

AHHOTAIIMA

Beeoenue. CoBpeMeHHbIE TEHACHIUH B OTPACiIU IPOU3BOACTBA JJAKOKPACOUHBIX MAaTEpHAJIOB UAYT B HANIPABICHUH KO-
JIOTUYHOCTH U MHOTO(YHKIIHOHAJIBHOCTH NPUIaBast JCPEBSIHHBIM U3IETIHAM XOPOIINE SCTETHIECKUE U 3aIlUTHBIE CBO-
ctBa. CTpyKTypa IpeBEeCUHbI, KaK HATypaJbHOTO MaTepHuasa IIOCTOSHHO MOABEPTaeTCsl MNHTEHCUBHBIM U IPOIPECCUPYIO-
IIUM [polieccaM OKUCIUTENIBHOTO PaspylIeHHs B YCIOBUAX BO3JCHCTBUS OKpYXKarollled cpeabl, YTO BIUSET Ha MpouU-
HOCTb IPEBECUHBI U BbI3bIBAET 3HAUUTENBHBIE CTPYKTYPHbIE U3MEHEHUS. B 3T0H CBSA3UM MHTEPEC K YIYUILIEHUIO CTOMKOCTH
JIAKOKPACOYHBIX MOKPBITHH MPU BO3IACHCTBUH (PaKTOPOB OKPYKAIOIMIEH Cpelnsl HAa WX SKCIDTyaTallMOHHBIC XapaKTepHu-
CTHKH, OTIPABIBIBACT AKTUBHU3ALIMIO HCCIEOBAaHMI B pa3paboTKe HOBBIX AP (PEKTHBHEIX pereHuil. OxanuM u3 3pPeKTns-
HBIX CIIOCOOOB MPENOTBPAICHUS pa3pyIICHUS CTPYKTYPHI IPEBECUHBI SABISCTCS HAHECCHHE 3aIUTHOTO CJIOsS JIAaKOKpa-
COYHOT0 MaTepHala MyTeM ero XUMHIECKOH MOAN(UKAIIIH IIOBEPXHOCTH H IPEKIC BCETO 32 CUST BBEACHUSI CHKKATHBOB.
BBeneHne CHKKaTHBOB MO3BOJISIET 00€CIIEYUTh PABHOMEPHYIO CKOPOCTb BBICBIXaHUS [0 BCEMY 00BEMY U JOIOJTHUTEIBHO
JIICIIEPTUPOBATH TUTMEHT, YTO YIIy4IlaeT pU3nKO-MeXaHNYEeCKUE CBOMCTBA JIJAKOKPACOYHOTO MIOKPBITHS U MOBBILIAET €T0
JIOJITOBEYHOCTb.

Lens Hay4HO-HMCCIIEA0BATENBCKON pabOThl — YCTAaHOBUTH BIMSHHE TOOABKH METAJUIMYECKOTO KaTaIM3aTopa B BUJIE BbI-
COKOJIUCTIEPCHOTO OTXOJ[a OCAXKICHUS OT 3JIEKTPOILYroBOW Meyr Ha (M3MKO-MEXaHUUECKHE CBOMCTB JIAKOKPACOYHOTO
Marepuana.

Mamepuanovt u memoowl. B xauecTBe HCXOIHBIX KOMIIOHEHTOB JUIsl MOJIYYE€HHS MACISIHBIX COCTABOB KPAaCcOK IpU POBE-
JIEHUH SKCIICPUMEHTOB TIPUMEHSIIH: CBSI3YIOIIEee BEMIECTBO — HATypalbHAs OMuda, MUTMEHT — OXpa, HAITOIHUTEIh —
Me. 1511 ycKopeHus mporiecca BEICBIXaHUs T00aBIISITN METAJUIMIECKUN KaTaIA3aTOoP, SIBISTFOIIICS BRICOKOAUCTICPCHBIM
OTXOJIOM OCKACHUS OT JMEKTPOAYTOBOM IMeuH (Iajee — MbUIh). [ paHyIOMETpHUUYECKUI COCTaB MeJla OLIEHUBAIH C T0-
MOIUIBI0 CKAaHUPYIOIIEH 3JIEKTPOHHON MUKPOCKOIIHUH, a MBUIM — C OMOIIBIO JIA3EPHOr0 aHaIn3aTopa Microsizer 201c.
Pezynomamut uccnedosanus. I1o pesynbraTaM ONTUMH3ALNU OBIIIM MOJTYYEHBI ypaBHEHUS PEIPECCHH, IPECTaBICHHBIC
B BHJIE TTOJINHOMA BTOPOH CTENEHH U ONTHUMAaJIbHBINA BEIIeCTBEHHBIN COCTaB JJAKOKPACOYHOTO MaTepuana. J{is pemeHus
npo0JIeMbl BBICBIXaHHS B ONTHMAIIBHBIA pa3paOb0oTaHHbI COCTaB MACIISIHONW KPacKW BBOJMIIH J1I00aBKY METaNINYECKOTO
katanm3atopa B konuuectse 0,05 % OT Macchl CBS3YIOIIETO.

CpaBHEHHE TIOTYYCHHBIX PE3yJIbTaTOB HOPMATHUBHBIX UCTIBITAHUH (PH3UKO-MEXaHUIECKAX CBOHCTB IBYX COCTABOB KOH-
TPOJBHOTO (03 M00aBKM) 1 MOAU(UITUPOBAHHOTO C JOOABKOIH METAUTHIECKOTO KaTajlH3aTopa B BUJIE ITBUTH TOBOPST O
MEPCIEKTUBHOCTU €€ MPUMEHEHHS B KAUeCTBE CUKKaTHBA.

Oébcyscoenue u 3axniouenue. Beenenue B T1aKOKpacOYHBIA MaTepHall HA MacIITHOH OCHOBE CHKKATHBA B BHJIC TOOOYHOTO
MPOJIYKTa BBICOKOJIUCIEPCHOTO OTXO0JAa OCAXIEHHUS OT DJIEKTPOJIYrOBOM MEYM YCKOPUIIO IPOLECC MOJIUMEpPU3aLUU U
VIyqImmino (GU3NKO-MEeXaHHIeCKHE CBOWCTBA MOAM(DHIIMPOBAHHOTO COCTaBa B CPABHEHUH C KOHTPOJIBHBIM. Y TyYIlICHHE
(U3UKO-MEXaHUYECKUX XAPAKTEPUCTHK MACIISTHOM KPACKH MO3BOJIUT MOBBICUTH CTONKOCTh MOKPBITHI K BO3ICHCTBHIO
(hakTOpOB OKpYKaroIIeil Cpeabl U TAKUM 00pa30M HOBBICHTh €TI0 JI0JTOBEYHOCTb.

KiroueBble cioBa: ajaresus, yCJIOBHas BA3KOCTbh, JJAKOKPACOUHBIN MaTepHall, METAJUINYECKUH KaTalau3aTop, HAIOIHU-
Tellb, CBSI3YIOLIEe

s nurupoBanus. Xamomes A.K., Konecanmuenko E.A. OnTuMuzanus 1akOKpacoOYHOr0 MaTepHaja JUIs MOKPHITHS
JIpEBECHHBI C J100aBKOH MeTaJUIMYecKoro Katanuzatopa. CospemenHbie meHOeHyuu 6 Cmpoumenbcmee, epadocmpou-

menscmee u nianuposke meppumopuii. 2025;4(1):26-34. https://doi.org/10.23947/2949-1835-2025-4-1-26-34

Introduction. The growing consumption in the global market of paint and varnish materials can be put down to the
trend of "green" buildings in civil engineering generating a soaring demand for effective "green” paint and varnish mate-
rials. Oil and paint industry is moving in two relevant areas of great practical interest, i.e., bioresources and renewables.
In fact, as the industry is putting more emphasis on ecological and multifunctional synthetic fillers [1, 2] whose production
does not normally take into account the characteristics of environmental sustainability [3], scientific research emphasizes
the use of natural additives in coatings [4, 5]. Scientists have thus recently investigated the results of the use of linseed
oil [6], pigments obtained from wood waste [7], microbial staining [8], pigments extracted from fungi [9] and cellulose
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fibers [10] in wood coatings. The paint and varnish material lending wood products specific aesthetic effects with new
pigments [11] and distinctive gloss indicators [12] is indicative of the trend gaining momentum in the market of protective
coatings for wood. On the one hand, while using innovative pigments, unique aesthetic effects should be provided making
them weather-resistant without compromising the protective qualities of the organic coating [13]. On the other hand, the
combination of wood paints with diverse types of pigments might lead to grave problems potentially reducing the protec-
tive effectiveness of the organic coating, introducing a gap in the polymer matrix and showing a low level of inherent
durability of the pigment [14, 15].

The use of oily formulations shields wooden products and structures from occasional moisture exposures causing
rotting accompanied by a loss of integrity and load-bearing capacity. The film-forming substance in oil formulations are
drying oils, which, according to their content of polymers and processed vegetable oils, are classed into:

1) natural drying oils;

2) semi-natural drying oils;

3) artificial drying oils.

Natural drying oils are obtained by heating linseed, hemp or other vegetable oils to an average of 150 °C. At the same
time, the addition of solidification accelerators (siccatives) is introduced in an amount of 2—4%. Due to this treatment,
drying oil takes on the property of quickly "drying out" in the air forming an elastic film. Qil-based colorful formulations
are obtained by meticulously grinding drying oil with pigments insoluble in oils in machines. While grinding colourful
formulations, homogeneous suspensions should be obtained where each particle of pigment or filler has a shell of binder
adsorbed on the surface of the particles. The wettability of the pigments by the binder, the strength of the resulting shells
and thereby the properties of the paint compositions depend on those of both the pigment and the wetted liquid. Pigments
can be hydrophilic (iron meerkat, ochre) and hydrophobic (graphite, soot, lead whitewash). When hydrophilic pigments
are mixed with oil binders that do not contain surfactants, there is only a mechanical mix with reduced painting properties.
The presence of surfactants in the composition enhances the wettability of the pigment with oils. One of the drawbacks
of drying oils is the relatively long drying time. Despite certain disadvantages [16] the use of metal catalysts can reduce
the drying time considerably.

The wettability scheme of the surfactant pigment in the presence of a metal catalyst in Fig. 1 is the following. Surfac-
tants are attached by a polar group to the surface of the pigment and form a hydrophobic shell that is well wetted with an
oil binder, and the inner surface of the shell binds firmly to the pigment and the metal catalyst.

Fig. 1. Scheme of wettability of surfactant pigment in the presence of a metal catalyst:
a— pigment; b — oriented molecules of the surfactant pigment; ¢ — oil binder; d — metal catalyzer

The objective of the research is to identify the effect of adding a metal catalyst in the form of highly dispersed precip-
itation waste from an electric arc furnace on the physical and mechanical properties of oil paint.

Materials and Methods. The initial components for obtaining oil compositions of paints during the experiments were
as follows: the binder is natural drying oil, the pigment is ochre, the filler is chalk (CaO — 50.90%; PP — 41.50%) with
a specific surface area of 420-436.5 m?/kg. Experimental studies carried out by means of scanning electron microscopy
(Fig. 2) show that chalk particles are mostly characterized by a rounded shape ranging from 2 to 20 microns in size.
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Fig. 2. Scanning electron microscopy (SEM)

In order to accelerate drying, an additive of a metal catalyst was introduced, which is a highly dispersed precipitation
waste from an electric arc furnace. The chemical composition of the metal catalyst are mainly metal oxides
(ZnO — 46.7%; Fe,O3 — 32.4%, etc.). The granulometric composition of the dust performed with a Microsizer 201c
laser analyzer is shown in Fig. 3.

Differential distribution of the particles, %
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Fig. 3. Granulometric composition of the metal catalyst

The fundamental properties of oil paints depend on the amount and type of pigment, and the amount of binder varies
a lot. According to the results of the literature review, it is assumed that the amount of the binder lies in the range
of 20-40%, the filler — 15-40% and the pigment — 15-35%.

Optimization. The development of the composition of an effective paint and varnish material for wood coating was
determined with the optimal ratio between the components. The experimental data was processed by means of the least
squares method in matrix form. The variable factors were: x1 — pigment content, %; x. — filler content, %. The function
of the output parameters were the following: y» — adhesion to the paintwork, MPa; and y, — conditional viscosity, C.
The values of the variation factors and their physical value are in Table 1.
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Table 1
Significance of variation factors in a complete factor experiment (CFE) 2%
. o Factor levels
Ne | Factor code Physical value Measurement | variation range
of the factor unit -1 0 +1
1 X1 pigment content % +5 15 25 35
2 X2 filler content % +10 17.5 27.5 375

Identifying the drying time. A thin layer of paint and varnish material was applied to the prepared 70 x150 mm steel
plates without leaving any gaps. With a light touch of the fingers, the stickiness was gone, and only after that were 0.5 g
of Ballotini glass beads (with a fraction from 100 to 355 microns) poured onto the surface of the plates in one layer from
a height of 50 mm to an area with a diameter of 22 mm. After 60 seconds, the plate was tilted at an angle of about 20 ° in
relation to the horizontal and swept away with a soft brush. The degree of drying is achieved if all the Ballotini balls are
removed with no damage to the surface layer. The time corresponding to the degree of drying is recorded.

Identifying the conditional viscosity based on the B3-246 viscometer. The paint and varnish material with a volume
of 150 cm® was filtered through a sieve to eliminate foreign inclusions. Prior to testing on the B3-246 viscometer, the
nozzle was thoroughly cleaned with a solvent. The nozzle of the tank was closed with a rod and the resulting composition
was poured to a horizontal mark on its inner surface. A glass measuring cup was placed under the nozzle of the viscometer.
After the paintwork had been poured, the rod was lifted. As the test paint and varnish material were coming out of the
nozzle, a stopwatch was turned on and the conditional viscosity was identified according to the time.

Identifying the mass fraction of non-volatile substances. For the test, a metal cup with an inner diameter of the bottom
(75 £5) mm and a side height of at least 5 mm was used. By weighing, the mass of an empty dry cup mo was identified
using an analytical balance with an accuracy of 1 mg. A sample of the paint and varnish material was then added and the
mass in the cup (my) was identified, while evenly distributing it over the diameter of the cup. After the mass had been
identified, the samples with the cup were placed in a drying cabinet with a temperature of 105-110°C and dried to a
constant mass. Having been dried and cooled at room temperature, the mass of the cup with the dried residue (m?) was
identified yet again. The mass fraction of non-volatile substances HB, %, was calculated using the formula:

_ (ma-my) 0
HB = {2="%100%, @)

where m; is the mass of the cup with the remainder, g; mo is the mass of the empty cup, g; my is the mass of the cup with
the sample prior to the tests, g.

Identifying the adhesion of the paintwork by the strength of the tear. A paint and varnish material was applied to the
selected metal prepared surface, which was pre-primed in several layers. After the paintwork had been cured, metal discs
were glued to the samples, and the remaining glue was removed and held in such a manner until it solidified completely.
Next, the samples were fixed in an adhesive device, and the metal discs glued to the samples were pivotally connected to
the adhesive gripper as shown in Fig. 4. According to a visual assessment of the adhesive strength Raq = 1.8 MPa, the
zone and nature of the disc separation from the metal base were recorded.

Fig. 4. Adhesive meter ONY X-1.AP.020
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Identifying the adhesion with the method of lattice incisions. The optimal oil composition was applied in two layers
to the prepared plates measuring 60x150x1 mm. The tests were conducted with a razor blade and at least six parallel
incisions were made along a ruler with a length of at least 20 mm at a distance of 1-3 mm from each other. After the
incisions had been made and the loose pieces of the coating had been removed, a soft brush was applied diagonally across
the surface of the grate.

Research Results. According to the results of the experiment, regression equations (2) and (3) were obtained
presented as a polynomial of the second degree. Regression equations processed using the least squares method were
subjected to statistical analysis based on the estimates of variances. The calculation of the regression coefficients and
statistical criteria is shown in Tables 2, 3. A graphical interpretation of the obtained equations is shown in Fig. 5, 6.

¥, (1.%2)=2,09-0,235x+0,18x,-0,55x; x,—0,335x71+0,02:x3 )
V5 (%1,%)=15,59-3,94-x,+2,94:x,+0,278x; x,+0,278-x3- 0,667-x3 3)
Table 2

Calculated coefficients of the equations

Name of the output parameter Coefficients of the equations
of the equation bo by b, bs bs bs
Y1 2.09 -0.235 0.18 -0.55 -0.335 0.02"
Y2 15.59 -3.944 2.94 0.278" 0.278" —0.67"
* — insignificant coefficients
Table 3
Statistical optimization criteria
Name of the output parameter Statistical criteria
of the equation F D% So ¢
Y1 6.242 4.107 0.064 0.111
y2 3.035 0.87 0.933 1.618

0.5

0.5

-_._______‘___‘____‘_-_1.8_—___-_._'1.8______,___#—“"’
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a) b)

Fig. 5. Dependence of the adhesion on the amount of the pigment xa1 and the filler x2: « — in space; b — on the plane

An analysis of the results of the obtained model in the form of regression equations shows that the coefficient b, with
the factor x; (the amount of the pigment) has a negative impact on both of the output parameters (y1; y2). Furthermore,
the amount of the pigment has a greater effect on the conditional viscosity of the paintwork (b; = —3.944) than on the
adhesion to the paintwork (b; = —0.235). At the same time, a positive value of the b, coefficient at the factor x, (the amount
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of the filler) indicates that an increase in the filler concentration results in a positive effect on both adhesion to the paint-
work (b, = 0.18) and the conditional viscosity (b, = 2.944). The combined interaction of these factors (x1; X2) is insignif-
icant, but negatively impacts adhesion (bs = —0.55) in the first case and positively impacts the conditional viscosity
(bz = 0.278) in the second one. The remaining coefficients can be neglected as they are insignificant in terms of the
conditional viscosity (bs; bs) and adhesion (bs), since it is less than the root-mean-square error in identifying the
coefficients.
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Fig. 6. Dependence of the conditional viscosity on the amount of the pigment x: and the filler x2: « — in space; b — on the plane

In general, based on the inequality F < gr, with a probability of 0.95, the suggested models are adequate and be
employed to describe the optimization process within 0.5. As a result, the optimal composition of the paint and varnish
material based on drying oil and pigment in the form of ochre was identified. The material composition of the paint and
varnish material is shown in Table 4.

Table 4
Optimal material composition of oil paint
Content of the components, % Index
Name of the Pigment adhesion to the conditional
composition Binder 9 Filler (chalk) . viscosity,
(ochre) coating, MPa sec
CNe 3 45 17.5 375 1.8 120

In order to address the problem of drying in the optimal composition of the paint and varnish material (Table 4) a
metal catalyst additive was added in an amount of 0.05% by the weight of the binder. The use of this additive as a siccative
was due to its necessary influence in the two directions. The first one was as a dispersing agent of pigments, and the other
one was to improve oxygen penetration into the film volume and thereby to accelerate the drying of the coating. This
should cause a reduction in the formation of a matte effect and allow one to maintain a high gloss surface. The results of
comparing the physical and mechanical properties of the compositions with the addition of a metal catalyst (Ne4) and
without additives are in Table 5.

Table 5

Results of comparison of the physical and mechanical properties of the oil paint compositions

. Name of the composition
Ne Name of the index Control (CNe 3) | Operating (CNe 4)
1 Conditional viscosity according to the VZ-246 type viscometer with a 120 110
nozzle diameter of 4 mm at a temperature of (20,0+ + 0,5) °C, sec

2 | Drying time to degree 1, no more, at a temperature of (20 = 2) °C, min 20 155

3 | Mass fraction of non-volatile substances, % 88,5 90,4

4 | Adhesion of the coating, points 2 1

5 | Adhesion of the coating, MPa 1.8 2.15
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Discussion and Conclusion. Based on the optimization results, regression equations were obtained as a polynomial
of the second degree and the optimal material composition of the paint and varnish material. In order to address the drying
problem, a highly dispersed by-product of deposition from an electric arc furnace was introduced into the optimal com-
position as a metal catalyst in an amount of 0.05% by the weight of the binder. It was found that the drying time to degree
1 of the operating composition (from Ne 4) is 22.5% lower compared to the control composition (from Ne 3), the mass
fraction of non-volatile substances is 19.8% lower, and the adhesion of the paint coating is 19.4% higher respectively.
The composition of an effective oil paint based on drying oil, ochre, chalk and a siccative additive in the form of a metal
catalyst was developed and introduced in order to accelerate the drying and additional dispersion of the pigment, thereby
improving the coating's resistance to atmospheric influences. The obtained comparative data from the regulatory tests of
the physical and mechanical properties of oil paint using a by-product of deposition from an electric arc furnace are
indicative of the prospects of its use as a siccative for paint and varnish materials.
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Abstract

Introduction. Advances in the construction industry are causing new composite materials to emerge. This is preceded by
experimental studies, particularly analytical techniques for predicting the properties of new materials. Polymer composite
materials (PCMs) which have proved to be efficient in other industries are commonly utilized in construction as well.
PCMs have a number of features that should be taken into consideration while developing analytical techniques. PCM is
considered under the condition of isotropy of the final material and compliance with the mixture rule during its manufac-
ture. The objective of the study is to analytically determine the predicted strength limits of multicomponent composite
materials with mineral fillers.

Materials and methods. There are diverse methods for identifying the characteristics of polymer composites. An integral
method for determining the modulus of elasticity and the Poisson's ratio of a binary polymer composite material is set
forth, based on the assumption that there is a relationship between the elastic potentials of the composite components.
The transition of analytical forecasting of characteristics from binary to multicomponent polymer composite material is
also shown.

Results. The major characteristic of building polymer composites is their strength. A formula has been obtained for the
analytical determination of the predicted tensile strength of a binary polymer composite material, and the predicted tensile
strength for some multicomponent polymer composite materials has been obtained based on these formulas as well.
Discussion and Conclusion. The results enable us to conclude that while forming the composition of a multicomponent
polymer composite material, it is recommended that fillers with similar characteristics, in particular, elasticity modules
are combined.

Keywords: multicomponent polymer composite, binary polymer composite, polymer matrix, powder filler, mixture rule,
modulus of elasticity, Poisson's ratio, modulus of deformation, shear modulus, volume fraction, tensile strength
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HOBBIX MaTepuajoB. B cTpourenbcTBe MIMPOKOE pacIpOCTPAHEHHE MOTYUHIIN MOJUMEPHBIE KOMIIO3UTHBIE MAaTE€PHUANIbI
(ITKM), xoTopble XOpOIIO 3apeKOMEHI0BAIM ce0sl M B Ipyrux orpacisx npomsinuieHHocTH. [TKM nmeror psan ocoden-
HOCTEH, KOTOpbIE CeqyeT IPUHUMATh BO BHUMaHUE B MPOIIECCe pa3paboTKU aHAJIMTUYECKUX METOIUK. PaccmoTpenue
ITKM npoucXoAuT MpH yCIOBUU U30TPOIUM KOHEUHOTO MaTepuala U MOAYHMHEHHUS IPaBUIIy CMECH IPHU €ro U3roTOBIIe-
HUH. Llenhro HACTOSIIETO HCCIIENOBAHUS SIBISIETCS] aHATUTHIECKOE OTPEIENICHNE TPOTHO3MPYEMBbIX MIPEAEIOB IPOIHOCTH
MHOTOKOMIIOHEHTHBIX KOMITO3UTHBIX MaTE€pHaiOB C MUHEPAIbHBIMH HAITOTHUTEIISIMH.

Mamepuanst u memoowi. CymecTBYIOT pa3INIHbIE METOANKH ONPENEIICHNUS XapaKTEPUCTUK TIOJIMMEPHBIX KOMITO3HTOB.
ITpennoxxeHa WHTErpaIbHAS METOAMKA ONMPEACICHUS MOyl YIpYTrocTd B ko3 ¢unnenTa Ilyaccona OMHapHOTO MOMHU-
MEpPHOT0 KOMITIO3UTHOTO MaTepuasa, OCHOBaHHAs Ha PEANIOI0KEHHH, IYTO MEXKAY YIPYTHMH MMOTEHINATIaMI COCTaBHBIX
yacTell KOMIIO3UTa CYIIECTBYET CBs3b. Taike MoKa3aH NMepexo] aHATUTUYECKOI0 MPOTHO3HUPOBAHUS XapaKTEPUCTUK OT
OMHAPHOTO K MHOTOKOMIIOHEHTHOMY HOJIMMEPHOMY KOMITO3UTHOMY MaTepHaIy.

Pe3ynomamul uccnedosanusn. Baxueiel XxapakKTepUCTUKON CTPOUTENBHBIX MMOJUMEPHBIX KOMIIO3UTOB SIBISIETCS MX
npouyHocTs. [lomydeHa hopmyna Ui aHaTUTHYECKOTO OINIPE/ICTICHUS TPOTHO3UPYEMOTr0 TIpeJielia TPOYHOCTH OUHAPHOTO
MOJIMMEPHOT0 KOMIIO3UTHOI'O MaTepuasa, Tak)ke Ha OCHOBE JaHHBIX (JOPMYII MOJTyUeH NMPOTHO3UPYEMBIH Mpeses mpoy-
HOCTH JJIsI HEKOTOPBIX MHOTOKOMIIOHEHTHBIX ITOJMMEPHBIX KOMIIO3UTHBIX MaTEpHAJIOB.

Oécyracoenue u 3axniouenue. [1omydeHHbIE Pe3yNIbTaThl O3BOJIIIOT CAENATH BBIBOA O TOM, YTO NPU (OPMHUPOBAHUU
COCTaBa MHOTOKOMIIOHEHTHOTO ITOJIMMEPHOI0 KOMIIO3UTHOT'0 MaTepHaa I1e1eco00pa3HO COYeTaTh HAOJHUTENH C OJIU3-

KHMHU I10 BSIIMYNHE XapaKTCPUCTUKAMH, B HaCTHOCTHU, MOAYJIIMU YHIPYT'OCTH.

KnroueBble cj10Ba: MHOTOKOMITOHEHTHBIN TTOJIMMEPHBIN KOMITO3UT, OHHAPHBIN TTOJMMEPHBIA KOMITO3UT, TIOJHMMEPHAsT
MaTpHIIa, TOPOIIKOBBIN HATIOJHHUTEIb, MPABUIO CMECH, MOYJIb yIPyrocTH, kodddurment [lyaccona, Monyib aedopma-

LIUW, MOJYJb CIBUTa, 00bEMHAs JI0JIsl, MPeAeI POYHOCTH

Enarouapﬂocnl. ABTOpBI BbIpaXKaOT 6J'IaFO,Z[apHOCTI> PCUCH3CHTAM, Ybsi KPUTHUYCCKAA OLCHKA NPCACTABJICHHBIX MAaTC-
PpHaJIOB U BBICKA3aHHBIC MPCIJIOKCHUA 10 UX COBCPIICHCTBOBAHUIO CIocoOCTBOBAIU 3HAYUTCIbHOMY IOBBINICHHUIO Ka-

YyeCcTBa HACTOSIIEH CTaThU.

s nutupoBanus. Bep:xxOosckuii I'.b., 3anmueB A.B. [IporHozupoBaHue cBOHCTB MHOTOKOMITOHEHTHBIX MUHEPAIIbHO-
MOJIMMEPHBIX KOMITO3UTHBIX MaTepHanoB. Cospemennble menoeHyuu 8 Cmpoumenscmee, padocmpoumenscmee u nid-
nuposxe meppumoputi. 2025;4(1):35-40. https://doi.org/10.23947/2949-1835-2025-4-1-35-40

Introduction. The development of the construction industry is causing more and more new materials, commonly
composites, to emerge. This happens prior to a stage of experimental research where a rational composition is selected,
as well as experimental samples are tested. Research can be time-consuming and costly, thus analytical techniques for
predicting the properties of new materials are of interest. Polymer matrix composite materials (PCMs) are commonly
used in various fields, including construction. Further on materials with a polymer matrix and one or more powder fillers
formed by simply mixing these components without any chemical reactions between them will be considered. In this case,
the PCMs obey the mixture rule [1]. Let us also assume that the composite as a whole and its individual components are
isotropic and obey Hooke's law. For these materials, it is essential to obtain analytical expressions enabling the strength
limits of the composite to be identified depending on the strength of its components.

Materials and Methods. There are diverse methods for identifying the characteristics of polymer composites, which
assume that all of the material parts are subjected to the same deformations [2] or equal stresses [3], so developers of new
materials make use of both approaches yileding an interval property assessment which is subsequently narrowed by means
of the Hashin—Strikman [4] or Mori-Tanaka [5] methods. In [6], an integral method for identifying the modulus of
elasticity and the Poisson's ratio of a binary material with a polymer matrix and a powder filler was set forth based on the
assumption that there is a relationship between the elastic potentials of the composite components (1).

50,8, = 0,8, (D)

where the indices “1” and “2” refer to the matrix and filler, respectively, and the parameter s is the ratio of the elastic
modulus of the components s = E; /E,.
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In [6], formulas were obtained for identifying the elastic modulus and Poisson’s ratio of a binary composite (2)

expressed in terms of volumetric deformation and shear modulus:
9K262 _ 31(2—262

DA 3KZ+GZ'VZ ~ 2(3Ky+Gy) @
The values included in the right-hand sides of expressions (2) are given by equalities (3) and (4):

1 14
1 2 2.2

Ky = (K, Kyp)z - T €)
miK2+myK2s2
1 14
1 2 2.7

Gy = (61G,)z - T2 @
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mlGZE+szlzs

In the latter expressions the index "X" refers to the composite as a whole, and m; and m; are the volume fractions of
the matrix and filler, respectively, with m; + m; = 1. The examples of binary composites with a polypropylene matrix and
various fillers provided in [6] are in good agreement with the theoretical results and the experimental values in [7], i.e.,
the discrepancy does not exceed 10%. PCM formulations are becoming increasingly complex, and materials with two or
more fillers have emerged [8] for which it is also desirable to have similar methods for predicting their characteristics.
[9] shows how dependencies (2) can be extended to composites of a more complex composition. For a PCM consisting
of n components, expressions (2) must be applied (n — 1) times, sequentially adding hew components to the binary
composite. At each step, the sum of the volume fractions of the binary material is taken as one.

Research Results. In [9], as an example, the modulus of elasticity and the Poisson's ratio were identified for a three-
component PCM with a polypropylene matrix (40%) and fillers made of wood flour (50%) and chalk (10%). At the same
time, two variants of the "initial material" — a binary composite - were considered in order to assess the dependence of
the final results on the accounting procedure for the fillers (Table 1). All the values in the table, except the dimensionless
values, are provided in MPa.

Table 1
Modules of volumetric deformation of composites with a polypropylene matrix
. Matrix Filler
Composite Ky Gy S Es vy
mi ‘ K1 ‘ G ma ‘ K, ‘ G2

"Initial material” — polypropylene (PP) and wood flour (WF)

PP + WF 0.44 | 2917 493 0.56 8333 3846 4091 974 0.14 2707 0.39
Total 0.9 4091 974 0.1 7500 3462 4237 1052 0.3 2914 0.385

"Initial material” — polypropylene (PP) and chalk (C)

PP+ C 0.8 2917 493 0.2 7500 3462 3182 599 0.16 1692 0.41
Total 0.5 3182 599 0.5 8333 3846 4226 1053 0.17 2917 0.385

As can be seen from Table 1, the selected total desired values do not depend on the accounting procedure for fillers.
Fillers for building composites with a polymer matrix can be a wide variety of materials. Wood flour, a wood polymer
composite (WPC), is typically used. There have been attempts to make use of chalk, talc, marble flour, and other powdery
materials such as mineral polymer composites (MPCs) as fillers [7, 10, 11]. The factors restricting the wide use of these
composites in construction are the complex technology of manufacturing products using complex extrusion equipment
and the high cost of the final products. Nevertheless, it is possible to set up inexpensive mass production, e.g., of compo-
site wall blocks, if extrusion is switched to injection molding technology currently used for producing paving slabs, and
employ cement dust and fine gravel as a filler, which have now become readily available due to the consequences of
hostilities in the populated areas of the eastern part of Ukraine. Unfortunately, lots of buildings and structures in the
liberated territories cannot be restored and are being demolished resulting in a large amount of waste to be potentially
reused. It is also possible to utilize dust generated in the factories of the construction industry and mostly easily recycled.
Let us look at several materials whose cost and properties from open sources are given in Table 2.
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Table 2
Characteristics of possible PCM fillers

Filler A\{[g;ar%erglrjik():lee Eer moElll?lslzis(jilt\)/iPa Poisson’s ratio | Density p, kg/m?® K,
wood flour 11000 10000 0.3 450 0.909
aerosil 9900 6500 0.15 2450 0.657
barite 11750 6000 0.28 4480 0.511
plaster 20000 1400 0.16 2300 0.070
kaolin 5500 5000 0.25 2600 0.909
quartz 5750 7400 0.11 2600 1.287
chalk 2050 8500 0.29 1800 4.146
marble 2000 30000 0.15 2650 15.000
muscovite (mica) 22500 250 0.3 2700 0.011
talcum powder 3050 3500 0.25 2800 1.148
cement dust 950 19000 0.14 1400 20.000
fine crushed stone 550 20000 0.18 2600 36.364

Note that the value of the Poisson's ratio for wood flour is shown in Table 2 differs from the known one for wood.
The difference is accounted for by the fact that small particles of wood flour become isotropic, as with such particle sizes
the influence of the structural features of the starting material on the coefficient disappears. The relative high cost of
composite products can be cut down by using cheaper fillers, therefore, in the last column of the table is the ratio of the
elasticity modulus of the filler to its cost, i.e., the coefficient of efficiency of the filler. Obviously, the higher the K. value,
the cheaper the composite. If wood flour is taken as the base material, fillers with a Ke of at least 0.909 will be of interest.
These materials are shown in Table 2. The most essential characteristic of building polymer composites is their strength.
In [6], a formula was obtained for determining the predicted tensile strength of a binary PCM analytically:

3K;—2G;
Oeomy = —1=26i_ o 5
comX 3Kiti—2G;T; i ( )
with

1/2 1/2,1/2

t, = G £, = — (6)
1 m1611/2+51/2m2621/2 12 m1611/2+sl/2m2021/2’

1/2 1/24,1/2

n= 1/2 = 1727 t, = 1/52 2 1/2" (7)
mqK; +sl/2m2K2 myK; +sl/2sz(2

The ultimate strength of the composite is assumed to be the minimum of the two calculations for i, equal to 1 and 2.

(5) can also be used in order to predict the properties of multicomponent materials, which is proved by the results in
Table 3 where the combination of fillers chalk and wood flour is also looked at (Table 1).

Table 3

Compressive strength of composite, MPa

Matrix Filler
Composite ms Ky G, ms K, G, Ks Gy S Ocom1 Ocom?2

"Initial material" — polypropylene (PP) and wood flour (WF)
PP + WF 0.44 2917 493 0.56 8333 3846 4091 974 0.14 31.1 26.8
Total 0.9 4091 974 0.1 7500 3462 4237 1052 0.3 27.0 174
"Initial material” — polypropylene (PP) and chalk (C)
PP+C 0.8 2917 493 0.2 7500 3462 3182 599 0.16 29.9 16.8
Total 0.5 3182 599 0.5 8333 3846 4226 1053 0.17 17.7 26.8
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Discussion and Conclusion. Analytical formulas have been thus obtained in order to predict the strength of
multicomponent composite materials with a polymer matrix and mineral fillers considerably reducing the time spent on
developing new materials by cutting down the number of physical experiments. The numerical results shown in Table 3
enable us to conclude that while forming the composition of a multicomponent PCM, it is advisable that fillers with
similar modulus of elasticity are combined. Among the materials in Table 2, marble, cement dust, and fine crushed stone
are preferrable. These fillers can be obtained as a result of recycling demolished buildings and structures, including in
military zones. The strength of the multicomponent PCMs examined in the paper proves to be sufficient for manufacturing
wall blocks which can be produced directly in construction areas and utilized as a construction material for walls and
partitions of buildings for various purposes.
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Abstract

Introduction. The influence of the chemical and mineralogical composition of Portland cements and the chemical base of
superplasticizers on the magnitude and kinetics of autogenic (contractional) shrinkage of concretes from highly mobile and
self-compacting concrete mixtures has been revealed. The relevance of the issue is due to the commonly overlooked role of
autogenic shrinkage in the formation of the field of temperature-shrinkage stresses in the early hardening period of massive
monolithic structures. In order to calculate intrinsic stresses, data on the magnitude and kinetics of autogenic shrinkage are
required, and the insufficiency and some inconsistency of data on the effect of superplasticizing additives on the magnitude
and kinetics of autogenic shrinkage, depending on the material composition of cement and the chemical and mineralogical
composition of clinker, are critical to the expediency of obtaining new data on the issue. The objective of the work is to
develop scientific ideas about the influence of prescription factors and material properties on the quantitative and qualitative
parameters of autogenic shrinkage using the example of materials commonly used in the production of monolithic reinforced
concrete structures in the Rostov region.

Materials and methods. Experimental studies were conducted using six Portland cements from four manufacturers that are
fast-hardening according to GOST 31108-2020 classification. Superplasticizing additives based on polycarboxylate esters
and naphthalene formaldehydes in a dosage of 0.5% of the commercial product were employed. The properties of cements
are identified according to GOST 30744-2001 and GOST 310.5-88. Deformations of the hardening cement paste (stone)
were determined by means of the Le Chatelier method. The amount of autogenic shrinkage of concrete was determined by
the calculation method based on the amount of autogenic shrinkage of cement, taking into account the true value of the I/C
of concrete and the concentration of aggregate in concrete.

Results. The ratio of "autogenic shrinkage/total contraction™ of the investigated cements with additives at the age of 5 days
was 0.37-0.74, the quantitative values of the total contraction of the studied cements in combination with additives at the
age of 5 days ranged from 2.93 to 3.43 ml/100 g of cement, which does not contradict the available data. Change in the
amount of autogenic shrinkage in the presence of additives at the age of 5 days was from 0.64 to 1.65 relative to the non-
additive standard. The effect of additives on the kinetics of autogenic shrinkage was manifested both in acceleration or
deceleration, and in the absence of any effect. The calculated value of autogenic shrinkage of concretes of classes B25-B35
from highly mobile and self-sealing mixtures at the age of 5 days ranged from 0.36 to 1.18 mm/m.

Discussion and Conclusion. Scientific ideas about the kinetics of autogenic shrinkage have been developed depending on
the type of cements and additives. In order to describe the change in autogenic shrinkage over time, a formula similar to the
formula EN 1992-1-1 for the change in concrete strength over time is set forth. The classification of concretes according to
the kinetics of autogenic shrinkage is suggested. The patterns of changes in the amount of autogenic shrinkage of concretes
from highly mobile and self-compacting concrete mixtures have been clarified considering the influence of the composition
and properties of cements in combination with several superplasticizing additives. The most probable value of the indicator
of the degree d = 1.6 — 1.8 is determined in the well-known formula for calculating the autogenic shrinkage of concrete.

Keywords: general contraction, contractional shrinkage, autogenic shrinkage, superplasticizing additives, highly mobile
concrete mixtures
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AHHOTaLUA

Beeoenue. BeiaBneHO BIUSHIE 0COOCHHOCTEH XHMHUKO-MUHEPAIOTHIECKOTO COCTaBa NOPTIAHIIIEMEHTOB i XUMHUYECKOM
OCHOBBI CYNEepIUIaCTH()HyaTOPOB Ha BEIMYNHY U KHHETHKY ayTOTEHHOH (KOHTPAaKIIMOHHO) ycaIku OETOHOB M3 BBICOKO-
MTOJIBIKHBIX M CAMOYIUIOTHSIOIINXCSI OCTOHHBIX cMeceil. AKTyaJbHOCTh BOIpOca OO0YCIOBJICHA YacTO UTHOPUPYEMOIt
POJIBbIO ayTOT€HHOM ycaaku B ()OPMUPOBAHHH OIS TEMIIEPATYPHO-yCaJI0YHbIX HANPSHKCHUI B paHHUH MEpUO TBEpe-
HUSI MACCHBHBIX MOHOJIMTHBIX KOHCTPYKIHMH. /Iyt pacuyeTa coOCTBEHHBIX HAIPSHKEHUH TpeOYIOTCs JaHHBIE O BEIUYMHE
1 KHHETHKE ayTOTeHHOM ycallku, a HeJOCTATOYHOCTh U HEKOTOPAsi MPOTHBOPEYMBOCTh JAHHBIX O BIMSHHUU CYIEPILIACTH-
¢unupyonmx 100aBOK Ha BEINYMHY U KMHETUKY ayTOT€HHOW yCaJKH B 3aBUCHMOCTH OT BELIECTBEHHOI'O COCTaBa Lie-
MEHTa U XMMUKO-MHUHEPAJIOrHYeCKOro CocTaBa KIMHKEpa MPeIoNpeeIaioT 11e1eco000pa3HOCTh MOTy4eHUs HOBBIX JaH-
HBIX 110 TaHHOMY Bompocy. L{enb paboTel COCTOUT B pa3BUTHH HAYIHBIX MPEICTABICHINA O BIUSIHUN PELUENTYPHBIX (ak-
TOPOB M CBOMCTB MaTepHAIOB Ha KOJIMYSCTBEHHBIC M KaUeCTBEHHBIC ITApaMeTPHI ayTOTCHHOM yCaIK/ Ha IpUMepe MIPOKO
TIPUMEHSIEMBIMH TIPH MPOU3BOICTBE MOHOJIUTHEIX JKeJIe300€ TOHHBIX KOHCTPYKINH B POcTOBCKOM 00acTH MaTepuasos.
Mamepuanst u Memoobl. DKCTICPUMCHTAILHBIC HCCIICIOBAHHUS BBITIOTHEHBI C UCTIOIE30BAaHIEM IIECTH OBICTPOTBEPICIO-
mwmx 1o kiraccudpukanmn [OCT 31108-2020 mopTraHAIEMEHTOB YETHIPEX IPOU3BOANTENCH. Mconp30BaHbI cymepIuia-
cTudunmpyrome 1006aBK1 Ha OCHOBE 3(pUPOB NOINKapOOKCHIATOB M HadTamH(pOpMaibIeruaoB B 1o3uposke 0,5 % no
TOoBapHOMY Iponykry. CoiicTBa nemeHnToB onpeaeneHsl mo 'OCT 30744-2001 u 'OCT 310.5-88. dedhopmaryu TBep-
JICIOIIETO IIEeMEHTHOTO TecTa (KaMHsl) omnpeessuiuch no metony Jle-Illatenbe. Benuunna aytoreHHoi ycajaku 6eToHa
orpeJessiiach pacueTHBIM METO/IOM IO BEJIMYMHE ayTOTCHHOW YCa KU LIEMEHTA C yUeTOM UCTUHHOTO 3HayeHus B/1] Oe-
TOHA U KOHIICHTPAIIMH 3aIl0JHUTENS B OETOHE.

Pesynomamut uccnedosanusn. COOTHOIICHUE «ayTOTCHHAs yCaIKa/o0mas KOHTPAKIHS) HCCIICAOBAHHBIX IIEMEHTOB C JI0-
0aBkamu B Bo3pacTe 5 cyT. coctaBmio 0,37-0,74, KonndecTBeHHBIC 3HAUSHHS 00IIel KOHTPAKIIUN HCCIIEIOBAaHHBIX IIEMEH-
TOB B COYCTAHHU C T0OaBKaMHU B Bo3pacTe 5 cyT. coctaBuid oT 2,93 no 3,43 mur/100 T iemMeHTa, 94TO HE MPOTUBOpEYAT U3-
BECTHBIM JTaHHBIM. VI3MEeHEHIE BeIMYMHBI ayTOT€HHOH yCaIKy MPH HATHYIHU T0OABOK B Bo3pacTe 5 CyT. coctaBmiio ot 0,64
1o 1,65 otHOCHTENEHO 0e3100aBOYHOTO 3TasIoHa. Biusiane 100aBOK Ha KHHETHKY ayTOT€HHOM YCaIKH MPOSBHIIOCH KaK B
YCKOpEHHH JIM0O0 3aMeJUIeHUH, TaK U B OTCYTCTBUY BIHMsHMA. PacueTHas BelMuYMHA ayTOTEHHOH ycaJku OETOHOB KJIaCCOB
B25—B35 u3 BEICOKOMOBHKHBIX M CAMOYILIOTHSIOIIMXCSI CMECel B Bo3pacte 5 ¢yT. cocraBmia ot 0,36 1o 1,18 Mmm/M.
Obcysrycoenue u 3akniouenue. Pa3BUTh HayyHbIC MPEACTABICHUSI O KHHETHKE ayTOTEHHOUW YCaJKH B 3aBUCHUMOCTH OT
BHU/Ia IEMEHTOB 1 J00aBOK. JIist onucaHust ©3MEHEHUsI ayTOreHHOW yCa/IKi BO BpEMEHH IMpeyioxkeHa popMyJia, Hogo0Hast
¢dopmyne EN 1992-1-1 uzmenenus mpoyHocT 6eToHa BO BpeMeHu. [Ipemiokena kiaccupukaius 0ETOHOB 110 KHHETHKE
ayTOTEHHOH ycaJKH. YTOYHEHBI 3aKOHOMEPHOCTH W3MEHCHHUS BEIHMYUHBI ayTOTCHHOW ycalkd OCTOHOB W3 BBICOKOIIO-
IBIOKHBIX W CAMOYILUTOTHSIFOLIMXCSI OETOHHBIX CMECEH C YUETOM BIUSHHS COCTaBa M CBOWCTB IIEMCHTOB B COYCTAHUH C
HEKOTOPHIMH CyTIepIDIacTUUIHMPYONMHA qo0aBkamu. OTmpeneieH0 HauOoyiee BEpOSTHOES 3HAUCHHE ITOKa3aTells
nokasaresst crerienu d = 1,6 — 1,8 B u3BectHO! hopMyrie Ui pacueTa ayTOreHHOU ycaaku OeToHa.

KiroueBble ciioBa: o0miasi KOHTPAKIHS, KOHTPAKIIMOHHAS YCaIKa, ayTOreHHas yca/Ka, CYIepIuIacTU(UIHPYIONIIE 0-
0aBKH, BEICOKOITIO/IBHKHBIE OCTOHHBIE CMECH

s nutuposanus. Hecseraes I'.B., Kopsrosa F0.U., Illyts B.B. KoHTpakunonHas ycagka OETOHOB M3 BBICOKOIIO-
JIBIKHBIX M CAMOYIUIOTHSIOIIUXCS cMeceil. CogpemenHble meHOenyuu 8 Cmpoumenscmeae, 2padocmpoumenscmae u nid-
nupoeke meppumopuii. 2025;4(1):41-53. https://doi.org/10.23947/2949-1835-2025-4-1-41-53

Introduction. The risk of premature cracking of massive monolithic reinforced concrete structures is caused by
tensile stresses resulting from temperature and shrinkage deformations [1, 2]. They are frequently overlooked while
assessing the level of tensile stresses [3, 4]. Shrinkage deformations are generally not the dominant factor contributing
to premature cracking of massive monolithic reinforced concrete structures, but taking them into consideration enables
a more reliable assessment of the level of stresses that take place [5], particularly with a considerable overlap time and
in the case of concrete mix supplies from different concrete mixing plants, since with the possible use by manufacturers
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of different cements and additives, during the early hardening period there might be significant differences in shrinkage
deformations of the same concrete grade. In order to reliably assess the role of shrinkage deformations, it is essential
to take their nature, magnitude and patterns of development into account . The hydration and hardening of Portland
cement is known to be accompanied, among other things, by its own deformations caused by mass exchange processes
with the external environment (shrinkage during drying or "drying shrinkage" including carbonation shrinkage, here-
inafter referred to as DS) and changes in the volume of the hardening system due to hydration, which occur as a result
of a decline in the volume of neoplasms during hydration relative to the total volume of the reacting substances. This
is historically known as "contraction" or "general contraction" (from the Latin la contraddizione, hereinafter referred
to as OK) and consists of contractional porosity (CP) and contraction shrinkage (CS) [6]. V.V. Nekrasov was the first
Russian researcher to have meticulously investigated the OK [7]. For more than 30 years, the terms "chemical shrink-
age" have been largely used in foreign literature to denote OK and "autogenous shrinkage" to denote CS [5, 8-10].
One of the earliest mentions of the term "autogenous shrinkage"” can be found in [11]. In the Russian literature, the
terms "general” and "external™ contraction or chemical shrinkage are found to denote OK and CS, respectively [12].
In this paper, the terms OK (general contraction = "chemical shrinkage") and CS (“autogenous shrinkage") will be
used further on.

The first mention of CS dates back to 1933. (Nilender Yu.A.), and according to [9] — to 1934 (Lyman), whereas in
[9] it is noted that the value of CS depends on the type of cement and can vary up to 3 times. There is some information
about the changing ideas about the role of CS in the process of premature cracking of concrete in Table 1.

Table 1
Some ideas about the role of CS in the formation of the concrete structure
Data CS
Nilender Yu.A. (1933) 5-10 times lower than DS
Spindel M. (1936) Considerably higher than DS
Aleksandrovskiy S.V. (1962) Low compared to DS and is not involved in crack formation
Mikhailov V.V. (1974) Fairly considerable (1 mm/m per day )
Bazhenov Yu.M. (1987) Does not change the size but rather a porous structure
Kholmyanskiy M.M. (1997) Low compared to DS and has no significant impact on crack formation
Larrard Roy (1993) DS 0,42, KV 0,58 of the total one
Tazawa, Miyazawa (1997) DS 0,17-0,5, KV 0,83-0,5 of the total one!
Persson (1998) DS 0,49-0,54, KV 0,32-0,38 of the total one
Nesvetaev G.V., Timonov S.A. (2001) DS 0,27-0,87; KY 0,72-0,13%2 of the total one

Note: 1 — depending on W/C; 2 — 8 supplies of cement from 6 manufacturers.

The value of CS depends on the properties of cement, the strength of concrete, and the presence of additives. Ac-
cording to EN 1992-1-1, CS (according to EN &.,(o0)) is identified using the formulas depending on the strength of
concrete foand time t:

£cq(®) = 2,5(fck — 10)10_6: (D)
Sca(t) = :Bas(t)'sca(m)s 2
Bas (@) = 1 — exp(=0,2t*%). (3)

As the strength of concrete is known to depend on W/C, CS obviously depends on W/C:

e SOW/E _ keexp (b %), “4)
Ky,¥:0,27

where k = 3,6 and 2,9 respectively according to the averaged data EN 1992-1-1 and some experimental data (Malinina L.A,
Nesvetaev G.V. and Timonov S.A., Persson B.) with b = 4,7 and —4,0 and and the indicator of the accuracy of the approx-
imation R? respectively 0,99 and 0,54, which, according to the experimental data, indicates a strong influence on the depend-
ence (4) of other factors — first of all, the properties of cement and the presence of additives — apart from W/C.

Fly ash has almost no effect on CS, and the effect of microcrosilicon depends on the dosage — both an increase and
a decrease in CS are possible. According to [13], at the age of 4 days, slag increases CS up to 1.5 times. According to
[14], 10% of silica increases shrinkage by up to 1.33 times, and depending on the dose of the superplasticizer, CS varies
from 0.75 to 1.25. The hardening accelerator reduces CS by about 13%, and the setting retarder increases it by up
to 1.5 times. The air-entrapping additive greatly reduces CS.
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The largest divergence of opinions in the literature is regarding the size of CS. Some data is shown in Table2. It should
be remembered that the CS values shown in Table 2 were obtained using a variety of methods.

Table 2
Some literature data on CS
CS, mm/m
Data cement dough (stone) concrete or a solution

72 h 120 h no data 24/48 h 72 h 120 h no data
[15] 1.2 1.47 0.12-0.24 0.147-0.295
[16] 0.6 0.75 0.060-0.120 0.075-0.15

0.3 0.39 0.030-0.060 0.039-0.078

0.8-1.0
0.44-0.55
[17] 0.238-0.475
0.18-0.225

[18] 0.25 0.275 0.025-0.050 0.0275-0.055
[19] 0.1-0.5
[13] 0.75-1.2
[14] 0.4-1.05
[20] 0.35-1.25
[21] 0.071-0.817
[22] 0.14-0.53
[23] 0.203/0.235
[24] 0.4-0.62

According to [13], the CS/CP ratio at the age of 10 hours was 0.3. According to [6], while examining 5 supplies of
cement from 4 manufacturers, the CS/CP ratio was 0.32-0.5 and as SP was introduced, it ranged from 0.3 to 0.8.

We assume the large variation in the values of CS according to some literature data is largely due to the lack of a
unified methodology for measuring it [19, 20, 25]. The key point is certainly the time of the beginning of the CS meas-
urement as the development of contraction occurs immediately after the start of cement hydration. CS starts being meas-
ured at considerably different times depending on a method chosen. According to [19], with reference to the recommen-
dations of RILEM and DIN 1045-1, CS starts being measured at the age of 1 day, but studies also indicate the beginning
of measurement immediately following setting. On top of that, samples of different shapes and sizes can be used [19, 25].

Fig. 1 schematically shows the development of OK, CS, and CP over time [6]. At the first stage (1 in Fig. 1), prior to the
formation of a crystalline aggregate, there are deformations of the cement paste in the plastic stage prior to setting. In some
foreign sources [14], it is noted that this is an induction period and that of the start of intense hydration, with OK = CS at the
first stage. Further on, due to the start of the formation of a crystalline intergrowth (skeleton), the deformations of the unin-
sulated (CP) and isolated (CS) mixtures start differing, and CA = CS + CP. It is from this moment on that the countdown
should start while measuring CS, i.e. following setting, as noted in, e.g., in [8], and a change in the timing of the start of
crystal cluster formation affects the CS/OK ratio [6].
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Fig. 1. Scheme of the development of OK, CS and CP over time
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Highly mobile and self-sealing concrete mixtures commonly used in the production of massive monolithic reinforced
concrete structures are characterized by an increased content of binder dough and the presence of modern effective diluent
additives [26, 27]. Significant differences in the estimation of CS and insufficient data on the effect of superplasticizers
(SPs) on CS and kinetics given the chemical and mineralogical composition of clinker and the material composition of
cement, are central to the essence of research in this area. Therefore the objective of the study is to clarify the patterns of
changes in the magnitude and kinetics of CS of concretes from highly mobile and self-sealing mixtures considering the
influence of the composition and properties of cements in combination with some compounds commonly used in the
production of monolithic reinforced concrete structures in the Rostov region.

Materials and Methods. Experimental studies were conducted using six Portland cements from four manufacturers
(Table 3).

Table 3
Some properties of the investigated cements
Properties of the cements

Ne PC Strength, MPa, at the age of HI, HC,
2 days 28 days % min.

1 CEM I 42,5N"!3 22.4 51.5 22.75 115
2 CEM II/A-Sh 42, 5N"3 23.4 55.3 25,0 150
3 CEM 142,5N?3 28.5 50.9 26,5 150
4 CEM 0 52,5N*3 359 62.9 30,0 180
5 CEMI 42,5N%> 30.1 55.6 26,25 170
6 CEM II/A-P 42,5N SS*6 23.5 54.6 27,25 150

Notes: 1-4 — manufacturers; 5 — GOST 31108-2020; 6 — GOST 22266-2013

All the investigated cements are classified as fast-hardening ones according to GOST 31108-2020. SP was used in a
dosage of 0.5 % by weight of cement for a commercial product:

— POLYPLAST SP-4 according to TU 5745-026-58042865-2007 — a a mixture of naphthalenesulfonic acid-based
copolymers;

— LINAMIX PC Il according to TU 5745-033-58042865-2008 — based on polyoxyethylene derivatives of polycar-
boxylic acids and polyethylene glycol.

The properties of cements were identified according to GOST 30744-2001 and GOST 310.5-88. Deformations of
hardening cement paste (stone) were identified using the Le Chatelier method by means of an uninsulated scheme for
identifying OK and an isolated scheme (in an elastic shell) for CS [12]. CS took 120 hours (5 days) to measure, as it is
this period posing the greatest threat of premature cracking of lots of massive monolithic structures. In order to switch
from volumetric deformations of cement stone 4V, %, to linear ones ¢, mm/m, while measured using an isolated scheme
due to the small values, the following dependence was used:

SCS = 3,33AV (5)

The CS of concrete &con Was identified using a calculation method based on the CS of cement &cem considering the
actual W/C of concrete and filler content V,, in concrete using the formula [28]:

Econ = Ecem(1 — Va)d! (6)

where d =1,2-1,7 — according to the data by Sheikin A.Ye. ; d = 1,4-1,8 — according to the data by Scherbakov Ye.N. [29];

d =1,7 — according to the data [8, 10, 30]; V, is assumed to be 0,7 in accordance with the recommendations [8, 28].
Research Results. Table 4 shows the data on the CS/OK ratio of the investigated cements with additives.

Table 4
CS/OK ratio in the investigated cements with additives
CS/OK ratio at 120 h for PC based on Table 3
Composition
1 2 3 4 5 6
PC 0.37 0.53 0.48 0.59 0.54 0.56
PC + Linamix 0.61 0.49 0.48 0.4 0.6 0.7
PC + SP-4 0.49 0.68 0.34 0.57 0.61 0.74
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Almost all of the results agree with the previously specified range of 0.3-0.8. The values OK are shown in Table 5.

Table 5
OK of the investigated cements with additives
OK, ml/100 g cement , at 120 h for PC based on Table 3
Composition
1 2 3 4 5 6
PC 2,93 3,43 3,0 3,24 3,32 3,42
PC + Linamix 2,98 2,3 4,3 3,5 3,35 3,06
PC + SP-4 3,35 3,46 3,61 4,17 3,75 3,95

Formulas are known for identifying OK based on the mineralogical composition of clinker and the material compaosi-
tion of cement [20, 29]:

OK = aCsS + bC,S + cCsA + dC,AF + eSO05. @)

For PC Nel according to Table 3, for which all the essential calculation data were known, Table 6 shows the calculated
values according to a variety of formulas.

Table 6
Calculated and measured values of OK at 120 h
Formula
Val . . P Nekr N t ..
aue Danyushevskiy V.S. Volzhenskiy A.V. O;T/Se.rs eV.i/s.OV egi;ev Paulini P.

2,73 4,17 3,52 5,1 2.99 4,17
Caleulated 0,93! 142 12 1,74 1,02 1.42
Measured 2,93

Notes: 1 — in relation to the measured value ; 2 — based on (8).
The best correspondence between the calculated and measured values was obtained using the formula by Nesvetaev G.V. [29]:
OK = 0,0364C3S + 0,021C,S + 0,1474(C3A — 2,67503) + 0,1C,AF + 0,433504 (8)

In order to describe the change in CS over time, a dependence similar to the formula for the change in concrete strength
over time is employed according to EN 1992-1-1:

RT(CS‘L') = R[T] (CS[r])'exP: (9)

where R., CS; — the compressive strength and CS at the time t, days, respectively; Ry, CSjg — compressive strength
and CS in 28 (R) and 5 (CS) days, respectively; k, d —coefficients shown in Table 7.

Table 7
Coefficients k and d (9)
Cement solidification rate — criterion R2/Rag
based on EN 206.1
Properties of concrete () Coefficients (9) -
quick normal slow very slow
>0.5 0.3-0.5 0.15-0.3 <0.15
k <0.25 0.25-0.43 0.43-0.7 >0.7
Compressive strength, R d 0,5
[t] 28 cyT.
k <0.33 0.3-0.4 >0.4 -
Autogenous shrinkage, exy d < 0.65 0.66-0.9 >0.9 -
[7] 5 eyt -

As both the compressive strength of concrete and CS depend on the degree of cement hydration, they naturally
change over time according to similar laws allowing one to set forth a classification of concretes according to CS
kinetics as shown in Table 7 apart from the well-known classification of concretes according to the rate of hardening
based on EN 206.1.
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Fig. 2—7 shows the measurement results the values of the CS of the cement stone of the cements according to Table 1
for 120 hours, including with SP.
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Fig. 2. Change of CS of PC Ne 1 over time based on Table 3:
PC, Lin, SP-4 — the additive-free standard, with Linamix and SP-4 additives respectively ;
with index T (9) — for a quick hardening rate based on Table 7 (k=0,33; d = 0,65)
It is obvious from the results in Fig. 2 that
— the kinetics of CS of PC Ne 1 is almost perfectly described by formula (9) at k = 0,33, d = 0,65 (Table 7);
— if there is SP Linamix, CS grows by 1.71 times at the age of 5 days and SP-4 by 1.45 times ;
— SP has almost no effect on the kinetics of CS, k = 0,33/0,33, d = 0,65/0,65 according to SP Linamix/SP-4.
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Fig. 3. Change of CS of PC Ne 2 over time based on Table 3:
the same designations as in Fig. 2

From the results in Fig. 3 it is obvious that

— the kinetics of CS of PC Ne 2 (contains slag as a mineral additive) is quite well described by formula (9) at k = 0.33,
d =0.65 (Table 7);

— if there is SP Linamix, CS at the age of 5 days is 0.87 of the standard and at SP-4 — 1.29;

— SP-4 slightly increases the kinetics of CS of k = 0.26, d = 0.53, SP Linamix slows down the kinetics of CS, k = 0.45,
d=0.68.
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Fig. 4. Change of CS of PC Ne 3 over time based on Table 3:
the same designations as in Fig. 2

From the results in Fig. 4 it is obvious that

— the kinetics of CS of PC Ne 3 is quite well described by formula (9) at k = 0.33, d = 0.65 (Table 7);

— if there is SP Linamix, CS at the age of 5 days grows by 1.48 times and at SP-4 drops to 0.94 in relation to the
additive-free standard;

— SP Linamix greatly slows down the kinetics of CS of k = 0.48, d = 0.75, SP-4 has almost no effect on the kinetics
of CSof k =0.33,d = 0.65.
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Fig. 5. Change of CS of PC Ne 4 over time based on Table 3:
the same designations as in Fig. 2

From the results in Fig. 5 it is obvious that

— the kinetics of CS of PC Ne 4 (cement grade 52.5) is quite well described by formula (9) atk = 0.3, d = 0.6 (Table 7);

— if there is SP Linamix, CS at the age of 5 days drops to 0.64 in relation to the additive-free standard and at SP-4 it
grows by 1.22 times;

— SP Linamix slows down the kinetics of CS, k = 0.4, d = 0.77, SP-4 at the age of up to 48 h greatly increases the
kinetics of CS of k = 0.27, d = 0.56.



Modern Trends in Construction, Urban and Territorial Planning. 2025;4(1):41-53. eISSN 2949-1835

12
P
/ —
L L=

= = - // PC
~ -~ —
E 6 i = Lin
- ) ——= SP-4
(@) / /

A ; e ——-PCT

7 — — - Lin-T
) A — —-SP-4-T
/ /
0
0 20 40 60 80 100 120

Time, h

Fig. 6. Change of CS of PC Ne 5 over time based on Table 3:
the same designations as in Fig. 2

From the results in Fig. 6 it is obvious that

— the kinetics of CS of PC Ne 5 is fairly well described by formula (9) at k = 0.36; d = 0.70 (Table 7);

— if there is SP Linamix, CS at the age of 5 days grows by 1.08 times and at SP-4 by 1.12 times in relation to the
additive-free standard;

— SP Linamix slows down the kinetics of CS, k = 0.49, d = 0.72, SP-4 somewhat increases the kinetics of CS of
k =0.33,d =0.65.
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Fig. 7. Change of CS of PC Ne 6 over time based on Table 3: the same designations as in Fig. 2

From the results in Fig. 7 it is obvious that

— the kinetics of CS of PC Ne 6 (contains flask as a mineral supplement) is quite well described by formula (9)
at k =0.35; d =0.65 (Table 7);

— if there is SP Linamix, CS at the age of 5 days grows by 1.11 times and at SP-4 by 1.45 times in relation to the
additive-free standard;

— SP Linamix greatly slows down the kinetics of CS, k = 0.51, d = 0.78, SP-4 has almost no effect on the kinetics of
CS, k=0.33,d=0.65.

The final analysis of the effect of SP on the kinetics of CS is shown in Table 8.
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Table 8
Effect of SP on CS of the investigated cements
Cements based Index of cement stone with additives
on Table 3 CSsp/CS» at 120 h Kinetics of CS
1 1,71/1,45! no effect/no effect
2 0,87/1,29 slows down/somewhat increases
3 1,48/0,94 greatly slows down/no effect
4 0,64/1,12 slows down/increases
5 1,08/1,12 slows down/increases
6 1,11/1,45 greatly slows down/almost no effect

Note: 1 — in the numerator with Linamix, in the denominator with SP-4.

Fig. 8 shows the calculated CS values of concretes of grades B25-B35 commonly used for the construction of mono-
lithic reinforced concrete structures in accordance with the obtained CS measurement results of the investigated cements,
including those with additives, at various values of d in (5).

2
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Fig. 8. Calculated values of CS of the concrete grades on the investigated cements at different values of d in (5)

In Fig. 8, the red dotted line indicates the maximum (1.25 mm/m) and minimum (0.4 mm/m) CS values of concrete
according to some literature data (Table 2). Obviously, the most probable value of d in (6) is 1.6-1.8. Research in the
field of experimental identification of the CS of concretes requires a follow-up.

Discussion and Conclusion. The patterns of changes in the value and kinetics of CS of concretes from highly mobile
and self-sealing mixtures have been clarified considering the effect of the composition and properties of cements in com-
bination with some SPs commonly used for the production of monolithic reinforced concrete structures in the Rostov
region. The studies conducted on six different Portland cements from four manufacturers in combination with the com-
monly used SP of various chemical compositions POLYPLAST SP-4 and LINAMIX PK Il have proved the hypothesis
of a considerable effect of the chemical and mineralogical composition of cements and the chemical base of superplasti-
cizers on the kinetics and numerical values characterizing contraction, particularly, autogenous shrinkage, which is es-
sential for assessing the stress-strain in the early hardening period of massive monolithic structures.

The CS values of the investigated cements at 120 h have been obtained in the range from 2.93 to 3.43 ml/100 g of
cement, which is in good agreement with the available literature data. The obtained values of the CS/OK ratios in the
range of 0.37-0.74 at 120 h do not contradict the known data. When the SP was introduced into the concrete, CS at the
age of 120 hours ranged from 0.64 to 1.71 in relation to the additive-free standard. The effect of SP on the kinetics of CS
depends on both the type of cement and the SP composition.
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The calculated values of the CS of concretes of grades B25-B35 from highly mobile and self-compacting concrete
mixtures at 120 hours, depending on the type of cement and joint venture, were 0.32-1.06 mm/m, which is in good agree-
ment with some available literature data.
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Abstract

Introduction. Currently, there is very little information in the Russian literature on the development and practical appli-
cation of numerical methods for studying the stress-strain state of concrete and reinforced concrete structures, taking into
account the creep of concrete. As a rule, when analyzing the long-term deformation of such structures, calculators apply
an empirical approach based on the use of the reduced modulus of deformation in combination with the coefficient of
creep. The purpose of this study is to verify and validate the developed finite element algorithm and the corresponding
software based on the results of experimental studies of the stress-strain state, prestressed reinforced concrete beam struc-
tures, taking into account the creep of concrete, available in the literature.

Materials and Methods. As a mathematical tool for modeling the process of long-term deformation of reinforced concrete
girder structures, the finite element method was used in combination with a simple procedure for numerical integration
along the time coordinate of the operator-matrix resulting equation. The program code is implemented on the basis of the
Microsoft Visual Studio computing platform and the Intel Parallel Studio XE compiler with the built-in Intel Visual
Fortran Composer XE text editor. The processes of storing and processing working arrays are implemented in terms of
sparse matrices. The descriptive graphics of the Matlab computer system were used to visualize the calculation results.
All of the computational experiments were performed using the authorized Polygon complex. The objectives of the study
include evaluating the accuracy of the proposed methodology for analyzing the long-term deformation of reinforced con-
crete structures with various methods of external force action, including the effect of prestressing.

Results. A program for calculating reinforced concrete beam structures in a three-dimensional formulation has been de-
veloped and debugged using a discrete reinforcement scheme, according to which the reinforcing frame is modeled by
rod (beam), and the concrete array by volumetric finite elements. To determine the restoring force caused by the tension
of the cable reinforcement on concrete, a two-dimensional finite element model consisting of truss and spring finite ele-
ments is used. The simulation of long-term deformation was performed within the framework of the theory of linear
viscoelasticity in combination with the principle of superimposition of influences.

Discussion and Conclusion. A comparative analysis of the results of field and computational experiments on the stress-
strain state of reinforced concrete beams of rectangular cross-section with post- and prestress is performed. The proposed
method makes it possible to calculate prestressed reinforced concrete girder structures with variable quasi-static loading,
taking into account the linear creep of concrete.

Keywords: finite element method, creep of concrete, pre-tensile stress, reinforced concrete girder structures
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AHHOTAIIMA

Beeoenue. B HacTosmiee BpeMsl B OT€UECTBEHHOI JIUTEpaType MPUBEACHO KpallHe MaJIo CBE/ICHUH O pa3paboTKe U NpH-
MEHEHHMH Ha TPaKTUKE YHCICHHBIX METOJOB HCCIIEIOBaHHs HAIPSHKEHHO-1e(OPMUPOBAHHOTO COCTOSHUS OCTOHHBIX U
KeJ1e300€TOHHBIX KOHCTPYKIMI ¢ y4eToM noisydecTr 0eToHa. Kak mpaBuiio, npu aHaiause AIUTENBHOTO Ae(hOpMHUpOBa-
HUSI TOJOOHBIX KOHCTPYKIIMH PacueTINKH MPUMEHSIOT SMITMPHUIECKUN MOAX0, OCHOBAHHBIM Ha MCIOIb30BaHUU KO-
¢unmenTa momsydecty. Llenp HacTOAIIEro MCCIEeNOBaHMS 3aKII0YaeTCsl B BEpU(PHUKAIINK U BAIUAALNH pa3pabOTaHHOTO
KOHEYHO-3JIEMEHTHOT'O aJITOPUTMA M COOTBETCTBYIOIIETO NMPOrPaMMHOTO oOecreyeHus! Ha 06a3e UMEIOINXCS B TUTEpa-
Type pe3yabTaTOB SKCIEPHMEHTANBHBIX HCCIEA0BaHUI HANPSIKEHHO-1e()OPMHUPOBAHHOTO COCTOSHUS TPEBApUTEIBEHO
HaNpsDKEHHBIX KEIe300€TOHHBIX 0a0YHBIX KOHCTPYKIHUH € Y4E€TOM MOI3y4IecTH OETOHA.

Mamepuansl u memoost. B xauecTBe MaTeMaTHYECKOTO ammnapaTa AJisl MOJISIMPOBaHKs Npoliecca JUIMTeIbHOro aedop-
MHUPOBaHHS JKEJIE300€TOHHBIX OATOYHBIX KOHCTPYKIMH IPUMEHEH METO/I KOHEUHBIX 3JIEMEHTOB B COUETaHHUH C IIArOBOM
MIPOIeTypOH YHCIIEHHOTO MHTETPHPOBAHUS 10 BPEMEHHOM KOOpAMHATE Pe3yIbTHPYIOIIETO ONepaTOpHO-MaTPHYHOIO
ypaBHeHus. [IporpaMMHBIil KO/ pean30BaH Ha 6a3e BbIUHCINTENbHOM mtaTdopmer Microsoft Visual Studio u kommms-
topa Intel Parallel Studio XE co BctpoenusiM TekcToBbiM pemakropom Intel Visual Fortran Composer XE. IMporeccor
XpaHeHHs ¥ 00paboTKH pabouMX MAacCHBOB PEalN30BaHBl B TEPMHUHAX Pa3peXEHHBIX MaTpull. J[1s1 BU3yann3anuu pe-
3yJBTaTOB PacyeTOB HCIOJIb30BaHA JECKPHITOPHAsS rpaduka KoMmbloTepHO# cuctembl Matlab. Bee BeramcinTensHbie
9KCIICPUMEHTHI BBIIIOJIHEHBI C IIOMOLIBI0 aBTOPH3UPOBAHHOIO KoMIuiekca Polygon. B 3anmaum mccienoBaHHs BXOIUT
OIIEHKAa TOYHOCTH IIPEUIaracMoil METOIMKH aHAIN3a UIUTEIBHOTO Ae(OPMUPOBAHUS JKENE300€TOHHBIX KOHCTPYKIIUH
TIPU Pa3JINYHBIX CII0cO0aX BHEIIHETO CHIIOBOTO BO3ACHCTBHS, BKIIIOUAs 3((PEKT MPeABAPUTEIHHOTO HAMIPSKESHUS.
Pesynemamut uccnedosanusn. Pazpaborana u oTiaxxeHa nporpamMma pacyera kene300€TOHHBIX 0aT0uHBIX KOHCTPYKIUN
B TPEXMEPHOI IOCTAHOBKE C UCIIOJIb30BAHUEM JUCKPETHOM CXEMbl apMUPOBAHMUS, COTJIACHO KOTOPOI apMUPYIOLTUH Kap-
Kac MOJIETTUPYETCs CTeP>KHEBBIMU (0aIOYHBIMI) KOHEYHBIMH 2JIEMEHTAMH, a MacCUB OeToOHa — 00beMHBIMU. J1J1s1 ompe-
JIeJIeHNs] BOCCTaHABIIMBAIOIIETO YCHIIHSI, 00YCIIOBICHHOTO HATSHKEHHEM TPOCOBOM apMaTyphl Ha OETOH, IPUMEHEHA JIBYX-
MepHas KOHEYHO-2JIEMEHTHAsI MOZIENb, COCTOSIIAs U3 (DEPMEHHBIX M MPYKUHHBIX KOHEUHBIX 3JIEMEHTOB. MojienipoBa-
HHE JUTUTEIBHOTO Ae(hOPMHUPOBAHNS BBHIIIOIIHEHO B paMKaxX TEOPHHU JIMHEWHOH BS3KOYNPYTOCTH B COUYETAHUH C MPUHIIH-
[IOM HaJIO’KEHUS BO3ACHCTBUMA.

Oécyrcoenue u 3axknouenue. BEITONTHEH CPaBHUTEBHBINA aHAIIN3 PE3YJIbTaTOB HATYPHBIX M BBIYUCIUTEIBHBIX IKCIICPH-
MEHTOB HCCJIEO0BaHMs HAIPSHKEHHO-1e()OPMUPOBAHHOTO COCTOSHHMS )KEIe300€TOHHBIX 0aJloK MPSMOYTOJILHOTO IIOTIe-
PEYHOTO CEYeHHs C MOCT- ¥ MpegHanpsbkeHueM. IIpeuiaraemas METoiMKa MO3BOJISIET BBHIIIOJIHUThL PacyeT IpeBapH-
TEJIbHO HAaIPSHKEHHBIX JKEJIe300€TOHHBIX OalouHbIX KOHCTPYKIMH MPH NEPEMEHHOM XapakTepe KBa3HCTaTHYECKOTro
Harpy>XeHHs C yUeTOM JIMHEHHO mo3yuecTu 6eToHa.

KoaioueBble cjioBa: METO/ KOHEYHBIX 3JIEMEHTOB, MOJI3Y4ECTh OETOHA, TPEABAPHUTENILHOE HANIPSHKEHHE, JKeJIe300€TOHHBIE
6aJ0YHbIe KOHCTPYKIIUU

s nutupoBanus. Iaitiokypos ILII, Mcxakosa O.P., CaBensea H.A. [IpuMeps! TeCTUPOBaHUS MPOTPaMMbI MOJEITH-
POBaHHMS JUIMTEILHOTO 1e(OPMHUPOBAHUS ITPEABAPUTEIILHO HAPSDKEHHBIX XKeJe300€TOHHbIX Oanok. CospemenHvie men-
Jenyuu 6  cmpoumenvcmee, — epadocmpoumenbcmee  u - naanuposke  meppumoputi.  2025;4(1):54-67.

https://doi.org/10.23947/2949-1835-2025-4-1-54-67

Introduction. It is widely known that concrete has been the most common building material over the last two centu-
ries. There have been hundreds of unique high-rise buildings all over the world constructed using high-strength concrete
structurally reinforced with a steel frame, offshore platforms for hydrocarbon production as well as protective shells of
nuclear reactors have also been manufactured. It is difficult to imagine hydropower, large-span bridges, subways, large-
scale motorway interchanges and transport tunnels without concrete. However, unlike steel, which is no less common in
construction, concrete is much more susceptible to creep deformation that largely depends on the "age" of the binder, the
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size of the structure, the nature and sequence of application or removal of external loads, as well as the temperature and
humidity conditions of the environment. It has been experimentally found that creep has a considerable impact on the
redistribution of internal forces in concrete and reinforced concrete structures. Moreover, the displacements caused by
creep deformation can be several times higher than those caused by the application of the load at the initial moment of
time. There is now a significant amount of experimental and theoretical material available on concrete creep. At the same
time, the well-known approaches to calculating concrete and reinforced concrete structures taking into account creep are
mostly focused on solving problems with a relatively simple product geometry and they fail to take into account the
technological background associated with the formation of the initial stress state and the effect of inheritance of the stress-
strain due to the history of loading the structure. Therefore, we are being faced with a pressing problem of developing a
more general finite element algorithm implementing a model of an elastic creeping body allowing one to consider the
effect of rapidly increasing creep at the time of application of an operational load, the partial reversibility of creep defor-
mation while removing a long-acting load (elastic after-impact), various methods and schemes of reinforcement prestressing.

The objective of the study is to test an authorized finite element software package by means of comparing the results
obtained with other authors’ data.

Materials and Methods. In compliance with G.N. Maslov — N.H. Harutyunyan’s assumption, the total relative longi-
tudinal deformation &(t, 7) of a prismatic concrete sample during compression is commonly represented as the following
sum [1-4]:

8(t,7) = — + C(t,7),

E(t)

where 7 is the parameter corresponding to the "age" of the concrete; % is the elastic instantaneous deformation of the

sample; E(t) is the the current value of the modulus of deformation; C(t,7) is the creep deformation at the time of
observation t (t < t < o0).

The function C(t,t) is commonly referred to as the creep measure. Depending on the type of the function C(t, 1),
creep deformation following unloading can be completely or partially reversible [5]. As noted in [1, 3, 4], it is convenient
to approximate the function E(t) using the following dependence:

E(t) = Eo(1 — Ee7FY),
where E,is the limiting value of the modulus of elasticity of "mature age" concrete.
The parameters &, gincluded in the expression E(t) are determined experimentally and depend on the composition
and conditions of concrete hardening.
These are the expressions for the creep measure function:
by N.H. Harutyunyan [1]:
C(t,7) = p(D)[1 — 7D, @
by S.V. Aleksandrovskiy [3]:

1-Aye™V*
1-Aze~VYt

Ct) =@ —b(® (i) 77 + A1 - 0], )
The rapidly decreasing functions here are the following:
P =Ci+ 2P = C+2 A0 =€ - C; +
It should be noted that the function ¢ (t) was first set forth by N.H. Harutyunyan [1]. The graph of the function ¢ ()
for various parameter values C;and A; is shown in Fig. 1. In this figure, the curves ¢ () tend to the limiting value C, /A;.
The constants in expressions (1) and (2) in units of measurement adopted in [3] are

a =6day?; y=0.03 day 1;4,= 4.62:10° m‘e“i (4.7095-10- 10222

c/cm? N/m?

A1—Ag

a

. d 10 4 . _ i . .
A,=1; A;=3.416:10 ﬁ (3.48226:10°1° N/j:z), C;=0.975-1075 cm?/kgsec (9.9388:1072° m2/N):;

C5;=0.756-10"%% cm?/kgsec (7.7064-10t m?/N).
The values of the constants converted into the SI system are shown in the parentheses. The graph of the function
C(t, t) for various values in the range t from 0 to 100 days while using the values of the constants in the Sl system is
shown in Fig. 2.
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o(7)
0,9

0,8
0,7
0,6
0,5
0,4
0,3 1
0,2 2

0 10 20 30 40 50 60 t,days

. 1 1),

Fig. 1. Graph ¢(7) = A—I(C1 + ;).
1— C1=0.975-10"5 cm?/kgsec; A1 = 4.62 10-% days-(kgsec/cm?)L;
2 — C1=0.23810"% cm?kgsec; 41 = 1.85 105 days-(kgsec/cm?)?

C(t, 1)x10%,(N/m?)* C(t, 1)x10%,(N/m?)*
=2 days =2 days
1,0 =8 days 2,51
1= 14 days
0,8 =20 days 2,01
1= 30 days
0,6 1,51 1= 8 days
= 14 days
0,4 1,04 =20 days
1= 30 days
0,2 0,51
t. days t. days

10 30 50 70 90 10 30 50 70 90
a) b)
Fig. 2. Graphs of the functions C(t, 7): (N/m?)-
a — by N.H. Harutunyan [1]; b — by S.V. Aleksandrovskiy [3]

Comparing the graphs in Fig. 2, a and 2, b at 7 = 2 days and t = 100 days, we find that the values calculated using
formula (2) are almost 2.5 times higher than the data based on formula (1). At Tequalling 8, 14, 20, 30 days and t = 100
days of the value of C(t, 7) calculated using formulas (1) and (2) are not much different. It should also be noted that the
initial steepness of the curves C(t, t) in Fig. 2, b is sharper than in Fig. 2, a.

For the finite element analysis of monolithic reinforced concrete structures taking into account the creep of concrete,
the relationship between stresses and deformations is presented in the matrix operator form:

{o®)} =[E®MIA - R{e(®},
where {a(t)}, {e(t)}are the vectors-columns of the stresses and deformations corresponding to the moment of time t;
[E (t)]is the elasticity matrix (with the dimensionality 6x66 X 6in the general case); Re;; = frtl R(t,1)&;;(T)dr, i,j = 1,3is
the linear integral operator establishing a correspondence between the current deformations ;;and the "history" of long-term
deformation &;; (7).

The so-called hereditary function R(t, t) is introduced in the expression under the integral sign . The type of hereditary
function is known to determine how real modeling of a creep process is, particularly taking into account the system
response when the load is partially or completely removed. In relation to the theory of creep of hereditary concrete, three
major directions are identified [3, 4]: the theory of elastic heredity; the theory of aging; the theory of elastic-creeping
body. Let us take a closer look at the main features of hereditary functions that are at the core of each of the above theories.

In the theory of elastic heredity, it is assumed that complete reversibility (zeroing) of deformations occurs during
unloading. The hereditary function in this case takes the form [3]:

R(t — 1) = EoC,ye Y (AFEoC)(E=1) (3)

where E, is the initial elasticity modulus; C,, yare the constants identified experimentally using the creep curves.
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The graph R(t, ) based on expression (3) for various values of the parameter t is shown in Fig. 3. Hereafter, the
constants included in (3) are assumed to be the same as in expressions (1) and (2). The value of the initial modulus of
elasticity of concreteE, = 2.55-1010 N/m2. The computer mathematics environment of the Maple system was used to
design the graph [6]. R(t), days™
7, days

0,07
0,06
0,05
0,04
0,03
0,02
0,01

10 30 50 70 90 t, days
Fig. 3. Graph R(t, 7) according to the theory of elastic heredity

As can be seen, the curves in Fig. 3 for various values of tmimic one another with a displacement. This is due to the
fact that in expression (3) the modulus of elasticity is assumed to be constant, i.e. the effect of "aging" of the material is
not considered in this theory. The theory of elastic heredity is only applicable to "old" concrete. In this case, it is assumed
that the creep deformation depends only on the duration of the operating load.

The theory of aging relies on the assumption that the reversibility of creep deformations during partial or complete
unloading is completely denied. The expression for the function R(t, 7) taking into account the change in the deformation
properties of the material over time provided in the biography of S.V. Alexandrovsky [3] takes the following form:

R(t,7) = %t) . % [E(T)e—f:E(r)%C(r,n)dr 7 4)
where E(t) = Eo(l — e‘ﬁf) is an approximation of the modulus of elastic deformations (parameter = 0.206 days™); ,
is "age" of concrete at the time of loading, days.

Visualization of the function R(¢, 7) in the form of a graph based on expression (4) in the Maple environment is shown
in Fig. 4.

R(t,7), days™

06 1= 2 days R(t,), days?
0,5

o 1= 8 days g’i ]

03 = 14 days 0'2

0,2 /// 7= 20 days 0"1

01 / 7= 30 days

0 5 10 15 20 25 30+, days

3
- 40
«Age» of concrete T = T4 in days by the moment YT 7725 650 t,

deformations occur

days

Fig. 4. Graph R(t, ) according to the theory of aging

As noted in [3], the theory of aging is applicable for calculations of concrete and reinforced concrete structures under
a short-term load. Furthermore, in the case of unloading, this theory causes a considerable overestimation of the aftereffect
deformations for “young” concrete and an underestimation of those for “old” concrete.

The theory of elastic-creeping body takes into consideration the partial reversibility of creep deformations during
unloading. In the monograph by S.V. Aleksandrovsky [3] within the framework of the theory of elastic-creeping body
the following expression for the hereditary function of concrete is set forth:
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R(t,T) ~ — %KZ(T)F,(T)(eyT — 4y) —K'(©)— [K(1)(e?™ — A)e @] [LK(@F (1)e"® dr ++B3(t)e O}, (5)

where (...) = 0.../01; B3(t) = F'(t)(e?® — A,)[E?(t) — K2(t)] — aE2()A(t) + K'(t) — E'(t);
1) = 55 (Bs(®) + ye F (OIE*(®) = K*(0)] —

—F2(t)(e" — A)?[E%(8) — K3 ()] — aE(O)[E(®)AD)] -
—a?E3 ()22 + 2F (£)(e" — Ap)[E(t) — K*(1)] +

K(t)
+2aE3()A(O)F (t) (e — Ay)};
___E®
k() = 1+AE®)

For a rapidly decreasing function 4(t), the following dependencies are set forth in the monograph [3]:
1) A(t) = (0.25 4 0.997%) - 1075;

2) A(t) = €, — G5 + 22

3)4(t) = (S +2.714) - 107;
4) A(t) = (11.2 + 34 - e70125¢) . 107,

The graph of the function A(t) designed using the above expressions for A(t) is shown in Fig. 5. The numbers indicate
the curves corresponding to the dependency numbers A(t).

A(t)-108

= N w s oo N @

0 10 20 30 40t days
Fig. 5. Graph of the function A(t) for dependencies 1, 2, 3, 4

Given the qualitative coincidence of the curves A(t) in Fig. 5, in the future a more universal dependence (2) will be used.

In order to make formula (5) look convenient for programming, the symbolic processor of the Maple system [6] will
be used. The curves of the function R (t, T)for different "ages" of concrete obtained by means of computational technology
[7] are shown in Fig. 6. Figure 7 shows a similar graph R(t,7)from the monograph [3]. The range of variation of the
parameter in Fig. 6 and 7 is almost identical.

Comparing the graphs R(t,7)in Fig. 6 and 7, it is found that that the curves of the hereditary function are identical
within the visualization for the same parameter values. It is critical to note that the curves R(t, t) shown in Fig. 6 are
clearly indicative of the consideration of the so-called rapidly increasing creep observed in practice at a moment in time
t = T + 6t where §t <1 day [3].

R(t,1), days?

R(%,r), days™*

7
=2 days 7= 2 days
6 1= 8 days 6 1 t=4days
5 =14 days 5 = 6 days
1=20days A 7= 10 days ]
) ©= 30 days = 20 days
|
X ’ 1= 40 days
2 2
1 1
0 10 20 30 40 60 70 ° 10 20 30 40
t days ,,Age “of concrete T in days by the moment deformations occur
Fig. 8. Graph R(t,7) [7] Fig. 7. Graph R(t, 7) [3]
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For "old" concrete, the following expression for the hereditary function is recommended in the monograph [3]:
R(t—1) = A;e P17 4 4,e7P2(t-D), (6)

where
E,

Ay = 0p2 {(rho + ado)[Eg(ypo + ady) — p,] + a4y + v Po};

P1—
Ay = Eq(yo + ady) — Ayq;
1
P12 = 5{05 +y + Ey(yo + ady) £

i\/Eoz(W/)o + ado)? + (@ —y)* — 2E,(yiho — ady)(a — Y)}

When calculating R(t — t)in expression (6), we assume A(t) = 4, = const, P (t) = P, = const.

Research Results. As the first test example, let us look into the problem of prolonged deformation of a cylindrical
prismatic concrete sample while compressed axially. The results of similar physical experiments are provided in [8]. The
diameter and height of the prismatic sample as in [8] were assumed to be 12 cm and 30 cm, respectively. A pressure of
15 MPa was applied to the free end of the sample. Taking into consideration the axial symmetry of geometry and loading
during finite element modeling, % of the prismatic sample was considered. The grid step was assumed to be uniform and
equal to 1 cm. While boundary conditions were set, connections were introduced at the ends of the prism in order to
prevent radial movements. Therefore the nodes of the free end have only one degree of freedom in the form of axial
displacement.

For calculations the authorized Polygon complex [9, 10] is used. The obtained graphs u,~tfor two concrete models
and two loading schemes are shown in Fig. 8. The initial modulus of elasticity of concrete is E = 2.8 - 10* MPa. The
observation time is 200 days. The right-hand side of Fig. 8 shows a graph u,~tfor the loading and full unloading mode

at t = 60 days.
7 p
T 1L Y S — wide L P

-0,2
-0,2
-0,4
-0,4
e -0,6
-0,8 .
s -1,0
12050 100 150 200t days -1,2
i "0 40 80 120 tdays

Fig. 8. Graphs of the movement of the prismatic sample: 1 — model of an elastic-creeping body (5); 2 — model of "old" concrete (6)

As can be seen, for the "old" concrete model (6), complete reversibility of creep deformation occurs during unloading.
Visualization of the distribution of axial displacement fields and stress intensity for the elastic-creeping body model
(5) and time = 60 days is shown in Fig. 9 and 10.
Uy, M

-0,001076

-0,0008606
-0,0006454
-0,0004303

-0,0002152

0
Fig. 9. Distribution pattern in 1/4 of the prismatic sample at t = 60 days
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o;, MPa
113,9
105,9
97,96
89,99

82,02

74,05
Fig. 10. Distribution pattern g;in 1/4 of the prismatic sample at t = 60 days

Fig. 10 is clearly indicative of the impact of the accepted boundary conditions on the stress distribution over the height
of the prism. The highest concentration g;= 113.9 MPa is observed at the lower end of the sample.

In order to study the accuracy of the developed mathematical and software, the results of field experiments on the
long-term creep of double-support beams under two-point loading provided in [11] were used. In these experiments,
prestressed reinforced concrete beams were subjected to prolonged (over 4.5 years) force exposure. The constant load
F = const F = const was maintained by hydraulic jacks.

The loading scheme and cross-section options of the beams are shown in Fig. 11 and 12, respectively (the dimensions
are in millimeters).

i i

200 ’!’i’ 2000 4000 J. 2000 ”}.jj; 200

Fig. 11. Loading scheme of the beam

1,5 1,5
Q g .4é8. L 2 g .4@8. @)
— — :
0 : of || : o 1 5
- 208 | 1,5 - _ : )
o 1 (=} i ’”
208 &7 /o o le o]
LN Ln o1 0 o
= 5012 = 5012
| 340 | 340 J
R-C R-S

Fig. 12. Cross sections of RC and R-S series beams in the middle of the span [11]

These figures show the placement schemes of the "background” longitudinal and "active" prestressed fittings. Ac-
cording to the data [11], the initial stress state was generated in the beams of the R-C series by compressing concrete at
the "age" of 28 days along the ends with cable reinforcement. These are the so-called post-stress beams. The cable was
made up of twenty strands with a nominal diameter of 7.2 mm (the cross-sectional area of one strand was 38.70 mm?).
The diagram of the trajectory of the "active" reinforcement of the R-C series beam is shown in Fig. 13. During testing, a
beam variant with the following parameters was considered: a = 0.115 m; b = 0.227 m. The tensile strength for a single
strand strand is 1770 MPa.

The prestressing in the R-S series beam was created according to the scheme of tension of the reinforcement on the
stops. 28 days after the concrete had been laid in the appropriate form, the "active" reinforcement had been "removed"
from the stops, and the initial stress state occurred in the beam. The voltage in the "active" reinforcement for the R-C and
R-S series beams was assigned based on the following condition:

0 = 0.7 fpex-
Then for the R-C series beam we have:
Fyr = onAg_¢=0.7-1770-10°-20-38.7-10 6= 959 kN,
where n is the number of cable strands (n = 20); Ar-c is the cross—sectional area of the cable strand.
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Fig. 13. Diagram of the trajectory of the "active" reinforcement of the 1/2 part of the R-C series beam

For a qualitative and quantitative assessment of the restoring effect caused by the tension of the rope in the beam of
the R-C series, we use an auxiliary two-dimensional finite element model. This model is formed from truss and spring
finite elements (Fig. 14). In this case, the vertical reactions in the spring elements r; are equivalent to discrete values of
the restoring forces.

r L r I
(AT ?
X Fpr(V) Fpr

Fig. 14. Diagram for identifying the restoring force

As a result of the modelling, we get: Fp(f): 958 kN; Fp(';v): 51.1 kN. A plot of the distribution of the restorative efforts
of Frest is shown in Fig. 15.

Y

L.

X
Fig. 15. A timeline of restorative efforts F,.q;

12902H
—*25641H

12531H

The prestress in the R-S series beam is created by eight cables & 1/2". The nominal diameter of each cable is 10.9 mm
(cross-sectional area 93.3 mm?). For this series, the tension force is given by the formula:

Fpr =0.7-:1860-107-93.3-10%= 121.4 kN.

We assume that the effort g,,, from the prestretched cable in the R-S series beam acts on a section with a length
of [, = 15-d where d is the diameter of the reinforcement (Fig. 16). The value q,,, is defined as the ratio F,,./l,.

Y A

q

_______ L= <—| P
& X

Fig. 16. Prestressing scheme in the R-S series beam

The design scheme for the 1/2 part of the R-C series beam and the corresponding finite element model with the
allocation of an array of concrete and a reinforcing frame are shown in Fig. 17 and 18, respectively. The force applied to
1/2 part of the beam, Fsust = 63.75 kN. In order to reduce the stress concentration in the force application zones and the
support, pads with a thickness of 10 cm have been introduced. The material of the platforms is steel.

Y3 MFM
ngm
___________ R _est_ttL_____________‘Q_pr_pr
1 '
0077 X

Fig. 17. Calculation scheme of 1/2 part of the R-C series beam
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View from

View from

the right

the left

-C series beam

Fig. 18. Finite element model 1/2 part of the R

The design scheme for the 1/2 part of the R-S series beam and the corresponding finite element model with the allo-

cation of an array and a reinforcing frame are shown in Fig. 19 and 20, respectively.

Fsust
b4

Fig. 19. Calculation scheme of 1/2 part of the R-S series beam

SJlueydaw uondnIsuoc)

C and R-S

of concrete for 14 days and loading with Fs force at the time of 28 days

Fig. 20. Finite element model 1/2 part of the R-S series beam

The results of finite element modeling of deflection changes w,, in the center of the beam span of the R

series at the stages of prestressing at the "age'

are shown in Fig. 21, a. The estimated observation time was 100 days. Fig. 21, b shows the graphs u, ~tobtained exper-

imentally [11].
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As can be seen from Fig. 21, a and 21, b, the deflection values obtained numerically and experimentally at time points
28 days and 100 days almost coincide.

Visualization of longitudinal fields o, and tangential ., The stresses for the R-C series beam (time point 100 days)
are shown in Fig. 22 and 23. Similar stress distribution patterns o, and oy, The R-S series beams are shown in Fig. 24
and 25. Fig. 22-25 shows the beam fragments corresponding to the section 0 < x < 3,71m, i.e., without a support area.

Uy, M Uy, MM
0,015 10422
0,010 /
0,005 0
0 -10 L
-0,005 . /2
-20 +
-0,010 \1- B
-0,015 -30 SEE
-0,020 -40
0 20 40 60 80 100 t, days 10 100 1000 t, days
a) b)
Fig. 21. Graphs u,,~t: 1 — R-C series beam; 2 — R-S series beam
Oy MPa
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T -53,01
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e EEEE
-17,10
0,8540
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Fig. 22. Visualization of the distribution g, for the R-C series beam, t = 100 days
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Fig. 23. Visualization of the distribution o, for the R-C series beam, t = 100 days
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Fig. 24. Visualization of the distribution g, for the R-C series beam, t = 100 days
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Fig. 25. Visualization of the distribution o, for the R-C series beam, t = 100 days

Based on the above results, the effect of prestressing on the RS series beam is more pronounced than on the R-C series
beam. Hence in the case of the R-C series beam, tensile stresses are formed in the lower layer when loaded with a given
Fsust force. o, = 18.8 MPa, while in the R-S series beam, compressive stresses of the order of 100 MPa are observed in
the area under the same load.

The stress distribution pattern o,,, is of particular interest for the investigated beam schemes (Fig. 23 and 25). Com-
paring the data in Fig. 23 and 25, we find that the voltage field is more uniform. o, corresponds to the R-S series beam.
Minor disturbances in the distribution g, for this beam, it is observed at the place of application of the load and the area
adjacent to the support. It should be noted that the background reinforcement for the beams of both series was assigned
to be almost identical.

Discussion and Conclusion. The analysis of the distribution of displacements and stresses in the considered rein-
forced concrete beams considering the creep of concrete and the pre-stress generated by the cable reinforcement thus
enables the following conclusions to be made.

1. The distributed scheme of "background" reinforcement from a physical point of view allows the most realistic
modelling of the joint work of the reinforcing frame and the concrete array.

2. The suggested concept for identifying the restoring force caused by the tension of the "active" reinforcement can
be implemented in the software complexes ANSYS, Lira CAD and SCAD Office certified by the Russian Academy of
Architecture and Building Sciences.

3. It was found that the deflection values of the beams obtained numerically and experimentally for time points
28 days and 100 days almost coincide.

4. The analysis of the longitudinal and tangential stress fields in the beams of the R-C and R-S series for a time
of 100 days revealed a considerable effect of the "active" reinforcement scheme on the load-bearing capacity of the struc-
tures in terms of the appearance of tensile stresses in concrete. The developed mathematical and software allows the
accuracy and reliability of strength calculations of monolithic prestressed girder structures made of reinforced concrete
to be improved.

Construction mechanics
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Abstract

Introduction. The heating system is an integral part of the construction site. In the article, the author explores the life
cycle of a heating system, a complex system of engineering and technical support for buildings and structures, the ele-
ments of which must function stably, efficiently and fully throughout the heating period during the entire service life. The
productive operation of the heating system is laid at the stage of its design, installation, adjusted and maintained at the
stages of operation and modernization. Therefore, studying the life cycle of a heating system is an important scientific
and practical task, and managing the stages of the life cycle becomes important, as it allows for efficiency, adaptability,
cost-effectiveness and reliability.

Materials and methods. The authors have developed the structure of the life cycle of a building heating system using
methods of analogy, comparative analysis and synthesis based on scientific and practical research results. The study
focuses on the water heating system of residential and public buildings. The purpose of the work is to create a model of
the life cycle for effective management of its stages and stages.

Results. The study of the heating system helped to identify five stages of its operation (pre-design, design, operation,
modernization and disposal) and to create a life cycle structure. In the future, this will make it possible to create an energy-
efficient, reliable and economical system that meets modern operational requirements, improve the quality of its mainte-
nance, and simplify the management process.

Discussion and conclusion. The life cycle of a heating system includes all stages from design to modernization. Proper
management of these stages ensures efficient operation of the system, increasing comfort and reducing costs. An inte-
grated management approach makes it possible to maximize the heating potential. A systematic study of each stage helps
to choose the optimal system that meets the criteria of efficiency, safety and cost-effectiveness. The structure of the life

cycle allows one to create a single digital model for intelligent management of an object at all stages.
Keywords: life cycle, heating system, life cycle management, construction site
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OPMZMH(IJleOe amnupudecKkoe ucciedosamue
Pa3paboTka CTPYKTYpPbI ;KU3HEHHOT'0 UKJIA CHCTEMbI OTOIJIEHHSI CTPOUTEIBLHOI0 00beKTa

E.I1. JIsicoBa D<=, O.H. [lapamoHoBa
JIloHCKOM roCyAapCTBEHHbIN TEXHUUECKUI yHUBEpCUTET, PocToB-Ha-Jlony, Poccuiickas denepanus

D4 katerina.lysova0803@gmail.com

AHHOTAIIMA

Beeoenue. CricteMa OTOIICHUS SIBJISIETCS] HEOTHEMIIEMOW YacThIO CTPOUTENIEHOTO 00beKTa. B cTaThe aBTOpPHI HCCIIenyoT
YKM3HEHHBIN IIUKJI CHCTEMBI OTOIICHUS] — CJIOKHOM CHCTEMbI HHKEHEPHO-TEXHUUECKOT0 00ecTieueH st 31laHUi U COopy-
KEHUMH, DIIEMEHTBI KOTOPOH JI0JDKHBI CTA0MIBHO, 3((GEKTUBHO U HOJHOLEHHO (PYHKIIMOHUPOBATh Ha MPOTSIKEHUH OTO-
MIUTEJIFHOTO TIEPHO/Ia B TEUCHUE BCETO CPOKa SKCILTyaTanuy. [IpoykTuBHAs paboTa CHCTEMBI OTOIUICHHS 3aKIIaJbIBACTCS
Ha 3Tarie e MPOeKTUPOBAHNUS, MOHTa)Ka, KOPPEKTUPYETCS 1 MOJICPKUBACTCS Ha dTanax IKCIUTyaTallld ¥ MOJCPHU3AIHN.
CrenoBatenbHO, H3y4eHHE )KU3HEHHOTO IIMKJIa CHCTEMbI OTOIICHUS TPEACTABIIET COO0H BaXKHYIO HAYYHYIO U IIPAKTH-
YECKyIO0 3a/1ady, a yNpaBleHNE TallaMH KU3HECHHOTO MKJIA CTAHOBHUTCS Ba)KHBIM, T.K. TIO3BOJIIET 00ecrieunuTh 3 dek-
TUBHOCTb, TEXHOJIOTHYHOCTh, 5KOHOMUYHOCTh U HaJIe)KHOCTb. L1eb paboThl — co3/1aTh MOAEINb )KU3HEHHOTO LIUKJIA JIs
3¢ (GEKTHBHOTO YIIPABJICHUS €TI0 dTAlaMH U CTaTUSIMH.

Mamepuansl u memoodst. ABTOpbI pa3paboTaliv CTPYKTYPY KU3HEHHOTO IUKJIA CUCTEMBI OTOIICHHS 3AaHHH, HCTIONb3Ys
METO/IbI aHAJIOTHUH, CPABHUTEIFHOTO aHAIN3a M CHHTE3a Ha OCHOBE HAYYHBIX U NPAKTHIECKUX PE3YJIbTATOB HCCIIECIOBA-
HUH. MccnenoBanue coKyCHpOBaHO Ha CHCTEME BOASHOTO OTOIICHUS XKHJIBIX M OOIECTBEHHBIX 3aHUH.
Pezynomamur uccnedoganus. VccnenoBannue CHCTEMBI OTOIIICHHSI TIOMOTJIO BBIICTIHTH IISITh TANOB €€ (PYHKIIMOHUPO-
BaHMsA (IPEANPOSKTHAS TTOATOTOBKA, IPOCKTUPOBAHKE, SKCILUTyaTalnsl, MOJCPHHU3AINS U YTHIN3ALU) U CO3AaTh CTPYK-
TypY JKM3HEHHOTO 1IMKJa. B nanbHeiinieM 5To JaeT BO3MOXKHOCTh CO34aTh SHEProdpdeKkTHBHYO, HaIEKHYIO U IKOHO-
MHUYHYIO CUCTEMY, OTBCUAIOIIYH0 COBPEMEHHBIM Tpe6OBaHI/I§IM JKCIUTyaTalluu, MOBBICUTH KAYE€CTBO €€ O6CHy)KI/IBaHI/ISI, a
TaKXe YIPOCTHUTH MPOLIECC YIPABICHUS €I0.

Oébcyscoenue u 3akniouenue. JXN3HEHHBIM IIMKI CUCTEMBI OTOIICHUS BKJIIOYAET BCE 3Tambl OT NMPOEKTUPOBAHMS 10
MOJIepHH3aIMU. ['paMOTHOE yIpaBieHHEe STHMH 3Tanamu obecriednBaeT 3(Pp(eKTHBHYI0 pabOTy CHCTEMBI, HOBBIIIASL
KoMdopT 1 cCHIKas pacxo bl. KOMIUIEKCHBIH MOIX0/1 K YIPaBICHUIO ITO3BOJISICT MAKCUMAIBHO MCIIOJIb30BAThH MOTSHIHAT
ororteHus. CHCTEMHOE MCCIIe/I0BaHUE KaXKIO0TO 3Tara IIOMOTaeT BEIOpaTh ONTHMAIBHYIO CHCTEMY, COOTBETCTBYIOLIYIO
KpUTepusiM 3G PEKTUBHOCTH, 0€30MaCHOCTH M SKOHOMUYHOCTH. CTpPYyKTypa >KH3HEHHOTO NMKJIA MO3BOJISIET CO3JaTh

eIMHYI0 IU(DPOBYIO MOJAEIH JJIsI HHTEIJIEKTYallbHOTO YIPaBJIEHUS! OOBEKTOM Ha BCEX CTaMsIX.
KuioueBble ¢cj10Ba: )KM3HEHHBIN [IUKII, CHCTEMa OTOIUICHUS, YIPABICHHUE )KU3HEHHBIM IIUKIIOM, CTPOUTEIBHBINA 00BEKT

s nurupoBanus. JIsicoBa E.I1., [TapamonoBa O.H. Pa3paboTka cTpyKTyphl JKH3HEHHOTO IIUKJIA CHCTEMBI OTOILICHUS
CTpOUTENBLHOTO 00beKTa. Cospemennble meHOeHyUY 6 CIMpoumenbCmeae, 2padocmpoumensCcmee u NiaHUposKe meppumo-

puti. 2025;4(1):68-75. https://doi.org/10.23947/2949-1835-2025-4-1-68-75

Introduction. The concept of system management of the stages of the life cycle is commonly used in lots of areas of
human economic activity in order to increase the efficiency, manufacturability, cost-effectiveness and reliability of an
object (project, system, item or product) [1-3]. In the construction industry, this concept is also ubiquitous and is often-
times applied mostly to buildings and structures, i.e. capital construction facilities [4, 5].

In compliance with the basic provisions [6], the life cycle of a building or a structure is thus conceptualized as the
period when engineering surveys, architectural and construction design, construction (including conservation), operation
(including ongoing repairs), reconstruction, major repairs, and demolition of a building or a structure take place. The

Life cycle management of construction
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authors of the study [7] call the life cycle of a building the time from the moment of justification of the need for construc-
tion to the onset of the economic inexpediency of its operation and identify eight of its stages, beginning with the feasi-
bility study of the construction of the facility and finishing with that of its reconstruction.

Regarding construction sites, engineering systems are the foundation of their infrastructure and are designed to provide
comfortable and safe living conditions. However, the issues of modeling the life cycle of engineering systems are not paid
due attention to in scientific studies. For instance, based on the "circle of quality", the life cycle of heat supply systems is
set forth using the example of a cogeneration plant for a thermal power plant [8], and a methodology for developing a
digital information model of heat supply system elements at all stages of its life cycle is shown [9, 10]. The study [11]
describes an algorithm for increasing the life cycle of air conditioning systems and [12] develops a model for managing
the life cycle of the ventilation system of a construction facility.

As an integral part of buildings or structures, heating systems ensure the required values of microclimate parameters
during the cold season are complied with. However, the conducted analytical studies indicate a considerable lack of
scientific research dedicated to comprehensive studies of the life cycle of heating systems. Hence investigating the stages
of the heating system life cycle model to optimize costs, improve quality and efficiency, as well as ultimately manage it
is an crucial scientific and practical task. The productive operation of the heating system is laid at the stage of its design
and installation, adjusted and maintained at the stages of operation and modernization, while each stage involves imple-
menting a series of works to achieve certain outcomes.

The lack of a holistic approach to studying the life cycle causes a significant decrease in the quality of decisions made
and an increase in operating costs, which is yet again indicative of the need for a comprehensive study of all stages of the
heating system as a single technological process.

Based on a detailed study of these stages, the structure of the life cycle of a heating system is set forth as a complex
system of engineering and technical support for buildings and structures whose elements must function stably, efficiently
and fully throughout the heating period during the entire service life. Knowledge of specific features of each stage of the
life cycle makes it possible to manage them and ensure maximum efficiency, adaptability, cost-effectiveness as well as
reliability of the system.

Materials and Methods. The use of methods of analogy, comparative analysis and synthesis based on the generali-
zation of scientific and practical research results enabled the authors to design a model of the life cycle of the heating
system of buildings and structures as an integral part of a construction site. At the same time, the object of the study was
a water heating system, while the objective of the study was to develop a model of the life cycle of a water heating system
for residential and public buildings. To this end, the main stages of the life cycle and their stages are identified and
analyzed in order to be able to manage them.

Research Results. Conceptualizing the heating system as one of the engineering and technical support systems for
buildings and structures, the authors assume that the life cycle of a heating system is a series of interrelated, interdependent
and consistent processes of design, installation, operation, modernization and recycling of a system supplying heat to
rooms and maintaining the required temperatures during the cold season.

Choosing a schematic diagram of a heating system depends on a whole host of factors: the purpose of the room, the
type of a coolant, the mode of operation of a heating system, the method of movement of the coolant, the relative location
of the main elements, etc. If a residential or public building is assumed to be as a construction object, a water heating
system is the most preferable option according to the set of requirements for heating systems. Water heating systems are
extremely diverse (Fig. 1) with each having its own advantages and disadvantages. Accounting for all of its features and
customer requirements, choice of the optimal system option for a specific facility is determined by the operating condi-
tions, technical and economic requirements.
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Water heating systems

According to a water circulation method: According to a water direction:

v' Dead-end (oncoming water movement)
v" With passing water movement (coinciding
flows)

v With natural circulation (gravitational ones)
v With artificial circulation (pumping ones)

A

According to the scheme of joining the piper

According to the place main pipelines are laid: lines with the heating devices:

v' With upper circulation (the supply pipeline N v Two-pipe (parallel connection of the setup)
is positioned above the setup) v' One-pipe (sequential connection of the
v With lower circulation (the supply and re- < setup)
verse pipelines are positioned above the
setup) According to the temperature of the heat-
v' With ,,upside down“ circulation (the reverse carrier:
pipeline is laid above the heating devices v" High-temperature (over 800C to 90-950C)
and the supply one below) v' Low-temperature (the temperature is no
more than 700C and is typically in the range
of 50-550C)
According to the position of the joining
pipelines: ] .
v Vertical (the setup is joined to the vertical | According to the operation mode:
riser pipe) L v' Continuously operating
v" Horizontal (the setup is joined to the hori- v’ Periodic (discontinued, temporary, on-call,
zontal pipes) emergency, additional ones)

Fig. 1. Classification of water heating systems

Each of the system options assumes the presence of basic and additional equipment (Fig. 2) [13-15] whose composi-
tion and configuration features are dependent on the selected water heating system option.

Water heating system equipment

/\

Main Additional
> Heat generator > Measuring devices
-> Heat pipelines (pipelines) —> Shut-off and control valves

- - e e 1
> Heating devices —! Security tools '
L e e e e e e e e e e e e e o 1

> Expansion tank > Assembly elements
i i . e 1
> Air venting devices —! Automatic management '
1 1
| I v TTTTTTTTEETETEEmmm e

- Circulation pipe

Fig. 2. Water heating system equipment
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A range of possible design and technical solutions for water heating systems, a continiously growing variety of basic
and additional equipment poses some difficulties in the design, installation and operation, as it requires accounting for
numerous parameters and characteristics of each element of the system. The problem of choosing the optimal water heat-
ing system, which must comply with the comprehensive criteria of efficiency, safety and economic feasibility, is increas-
ingly relevant.

Therefore the study of the stages of the life cycle of heating systems appears to be methodologically justified and
necessary in practical terms to ensure efficient and reliable operation in the long term.

The study of the heating system involves identifying five stages of its operation: pre-design preparation, design, op-
eration, modernization and recycling. Each of them is characterized by implementation stages that are critical to the
current state of the heating system, a series of of necessary works and their expected outcomes.

The pre-design preparation stage is when the feasibility of designing a heating system and collecting initial infor-
mation is identified. This stage includes two consecutive steps:

Step 1 — Request and collection of initial data for design (information on the climatic and meteorological conditions
of the construction area, calculated parameters of outdoor and indoor air, information on heat supply sources, parameters
of heat carriers, etc.), including initial data from related sections of the design documentation (general plan of a building
or a structure, plans, sections, etc.).

Step 2 — development of technical specifications for the design (accounting for the category and functional purpose
of the building or a structure).

The design stage of the heating system is critical in designing the engineering infrastructure of a construction facility.
Itis at this stage that the main parameters of the future system - efficiency, safety and economic feasibility - are specified.
The design stage of the heating system life cycle involves the following steps:

Step 1 (3) — analysis of the initial data, followed by the thermal engineering calculation of enclosing structures,
calculation of heat losses and identifying the thermal capacity of the heating system as well as of the schematic diagram
of the heating system by hydraulic and its thermal calculation as well as the composition, and selection of the basic and
additional equipment.

This step is key for the formation of a technically sound and cost-effective solution providing the required indoor
climate parameters with optimal energy consumption.

Step 2 (4) — preparation of an explanatory note and development of the graphical part of the project based on the
results of calculations.

The result of this stage of the life cycle of the heating system is the design of a future heating system for a construction site.

The stage of technical operation starts with installing the heating system, involves routine maintenance, monitoring
the condition of the equipment and timely troubleshooting through the course of the actual system operation. The third
stage includes four steps.

Step 1 (5) — assembly, i.e. installation of a heating system by an assembly company involving that of heating devices,
pipes as well as connecting the system to a heat source, etc.

Step 2 (6) — pre-launching and launching aimed at checking, configuring and testing the heating system (checking
whether it is in compliance with design parameters, performing hydraulic tests, adjusting and fixing the pumping and
boiler equipment, etc.).

Step 3 (7) — actual operation of the heating system in an optimal operating mode (efficient heating is combined with
cost minimization) that entails coordinated and balanced operation of all its elements during the heating period throughout
the entire service life.

Step 4 (8) — scheduled maintenance and preventive maintenance aimed at keeping the heating system in working
condition during the heating period throughout its entire service life (prevention, detection and elimination of technical
malfunctions and errors to ensure long-term trouble-free use).

Physical wear and outdated heating system elements, a decrease in its heating capacity, changes in the consumers’
thermal energy needs, as well as the need to reduce energy consumption and increase the energy efficiency of buildings
or structures over time call for the next stage of the life cycle — modernization of the heating system. Modernization
entails updating the heating system by replacing ,,physically and morally* outdated components with modern and more
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energy efficient ones by means of introducing automation and control systems. The modernization stage includes sev-
eral ones.

Step 1 (9) — formation of technical specifications for modernization, study of modernization options of the heating
system and a detailed study of suggested technical solutions (replacement of heating appliances, installation of individual
thermostats with an air temperature sensor, etc.).

Step 2 (10) — choosing and implementing a modernization option.

The final stage of the life cycle of the heating system is the stage of recycling when the maximum condition of the
operational characteristics of the equiment is achieved. In this case, the life cycle of the heating system is completed, the
outdated equipment is dismantled and recycled.

Under optimal operating conditions, regular as well as scheduled preventive maintenance, the life cycle of a water
heating system is 40-50 years, in actual fact it reaches 25-30 years [16, 17], which corresponds to the minimum service
life. These are average figures accounting for the average duration of operation of the main elements of the heating system
(for heat generators — 15-25 years, for heating appliances — 20-40 years, heat pipelines — 20-40 years, shut —
off valves — 15-20 years, expansion tanks — 20 years, circulation pumps — 10-15 years, heat exchangers — about 20 years).

A detailed study of the stages and stages of the life cycle of a heating system allows one to tackle a few important tasks:

1) forming a comprehensive view of the heating system, which is conducive to making informed management deci-
sions and improving the quality of its operation;

2) capacity to evaluate the efficiency of the system at all of the stages of its existence (analysis, correction and selection
of design solutions, assessment of the quality of the installation and subsequent operation);

3) capacity to identify potential problems in a timely manner and prevent them from escalating;

4) cost optimization not only at the stage of system design and installation, but also at the operational stage due to
competent maintenance and repair planning based on the actual data on the current condition of the system;

5) extending the service life of the equipment;

6) reducing possible associated emergencies;

7) the capacity to predict operation and modernization (if needed).

Ultimately, a systematic study of the heating life cycle enables an energy-efficient, reliable and economical system to
be designed in compliance with the modern operational requirements, improves the quality of its maintenance and makes
it considerably easier to manage.

Discussion and Conclusion. The life cycle of a heating system covers all of the stages of its existence, from design
and installation to operation and modernization. Understanding and managing these stages appropriately makes it possible
to ensure efficient and cost-effective operation of the heating system of buildings and structures, increasing comfort and
reducing operating costs.

Life cycle management of a heating system is key to ensuring its efficient and cost-effective operation throughout its
entire service life. An integrated approach, including design, installation, operation, modernization and management,
maximizes the potential of the heating system, providing comfort and reducing operating costs.

A comprehensive study of each stage of the life cycle of a heating system provides the opportunity to choose the
optimal water heating system in compliance with the comprehensive criteria of efficiency, safety and economic feasibility
as well as the capacity to predict its technical condition, plan repairs and modernization contributing to increased relia-
bility and economic efficiency in the long run.

Apart from all of the above, the life cycle model provides the opportunity to create a single information (digital) model
and allows for intelligent dynamic control at all of the operation stages — from engineering surveys to reconstruction
and modernization.
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Abstract

Introduction. Construction plays a major role in the economy of the Russian Federation contributing to sustainable devel-
opment and improving the living conditions of the population. Modern construction facilities include residential and com-
mercial buildings, municipal and infrastructural structures such as roads and bridges, as well as industrial and energy facili-
ties, including wind power facilities. Wind energy is becoming an important part of the construction industry, contributing
to innovation and technological progress. As objects of the construction industry, wind power facilities go through their life
cycle which includes the main stages: design, construction, operation and disposal (renovation). Each stage requires effective
management to ensure reliable operation and safety of the facility. Thus, in order to ensure the future generation of environ-
mentally safe energy by a wind power plant, it becomes necessary to analyze the planned construction site and, as a result,
manage solutions at the design and construction stages. During such an analysis, it becomes possible to identify potential
problems during the operation phase of a wind power facility. These include, first of all, wear, corrosion of structural ele-
ments and frostbite of the blades. These problems are the reason for the decrease in performance and service life of the object.
The aim of the work was thus to search for the possibility of extending the service life in the life cycle of wind power facilities
by solving the problem of blade icing at the design and construction stages.

Materials and methods. The research is based on the method of analyzing the life cycle of construction facilities, includ-
ing the systematization and optimization of their management processes. The model of the life cycle of wind power
facilities, developed by the author earlier, helped to identify the problems of the facility's operation phase. The most
significant problem that significantly affects the duration of the operation phase is the problem of blade icing. An analysis
of the life cycle of a wind power facility has shown that it is advisable to ensure a successful solution to this problem at
the design and construction stages of the facility. The data of the conducted analysis of the problem are based on the
research results of domestic and foreign authors.

As a result, a generalization and systematization of existing anti-icing methods was carried out, on the basis of which a
new method of implementation was set forth and an appropriate work methodology was developed. Such a solution,
envisaged at the design stage of the construction facility, will enable one to successfully manage its life cycle, and, in
particular, the operation stage.

Results. Throughout the course of the research, the author has been able to increase the duration of the operation stage in
the life cycle of wind power facilities. To this end, an analysis of the life cycle of construction facilities was carried out,
during which the causes affecting the life of the facility were identified. The most significant reason leading to a sharp
reduction in the service life of the construction site is the problem of icing of the blades during the cold season.

Based on the analysis of operating conditions, the causes of icing of the blades of wind power structures have been
determined, the basic principles of anti-icing protection have been established, and a new method for solving this problem
using UAVs (unmanned aerial vehicles) has been set forth, as well as a technique for applying hydrophobic coatings to
prevent the icing process. The implementation of the research results will ensure the required performance, which, in turn,
will increase the service life of the wind power plant.

Discussion and conclusion. Successful lifecycle management of such construction facilities as wind power plants requires
attention not only at the stage of operation of the facility, but also at the stages of design and construction. The key task of
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the operation stage of a wind power facility is to ensure the necessary productivity and increase the service life of the facility.
This can be solved by carefully analyzing the life cycle and preventing future operational problems at the design and con-
struction stages. The method set forth in the study to combat blade icing can be implemented not only for existing wind
power plants that do not have special anti-icing systems, but also for projected facilities. Moreover, the suggested solutions
for combating icing of the blades can be included in the design documentation as mandatory types of work carried out during
the construction phase, as well as subsequently during the operation phase with a certain frequency.

Solving the problem at the design stage of the facility will ensure an increase in productivity and an increase in the service
life of a wind power plant operating in cold and humid climates. Thus, the results of the study provide a theoretical basis
for managing the life cycle of wind power facilities, as one of the promising construction projects.

Keywords: life cycle, construction sites, wind power facilities, anti-icing of blades, hydrophobic coatings.
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AHaIN3 JKU3HEHHOI 0 IUKJIA 00bEKTOB CTPOMTEIBCTBA HA IIPUMEPE
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AHHOTAUUA

Beeoenue. CTpouTeNIbCTBO UIPAET KIIIOYEBYIO POJIb B 9KOHOMUKE Poccuiickoit @enepannu, criocoOCTBYs YCTOHYHMBOMY
Pa3BUTHIO U YIIYUYIICHUIO YCIIOBHI )KU3HU HaceeHus.. COBPEMEHHBIC CTPOUTEIILHBIC 00BEKTHI MPEICTABIISAIOT COO0H K-
JIble 1 KOMMEpPUYECKHUE 3/JaHus, KOMMYHAIIbHBIE U HHPPACTPYKTYPHBIE COOPYKEHUS, TAKHE KaK JOPOTH U MOCTHI, a TaKkKe
MPOMBILIJICHHBIE U dHEPreTHYeCKue 0OBEKTHI, BKIIIOUasl BETPOIHEPIreTHUECKUE COOPYKeHHs. BeTposHepreTrka craHo-
BUTCS Ba)KHOH 9aCThIO CTPOUTENBHON OTPaciy, CIOCOOCTBYSI MHHOBAIMSIM M TEXHOJIOTHYECKOMY ITPOTPeccy.

Kak 0OBEKTHI CTPOHTENBHOW OTpaciu BeTpodHepreTudeckue coopyxkeHus (BOC) mpoxomst cBoi KU3HCHHBINA IIHKII,
BKJIFOYAIONINH OCHOBHBIC 3Talbl: IPOSKTHPOBAHUE, CTPOUTEIIHCTBO, KCIUTyaTallMIo M YTHIN3aLHio (peHoBarmo). Kax-
IIeIH 3Tan TpedyeT 3(h(HEeKTUBHOTO YIIpaBICHUS s 00ecTieUeHIsI HaIe)KHOTO (PYHKIIMOHUPOBAHHS ¥ O€30MIaCHOCTH 00h-
ekta. Tak, g odecrieueHns B OyIylieM reHepaliy 3K0JIOrHYecKr 0€30MacHO SHEPIHH BETPOIHEPTETHUECKUM COOPY-
JKEHHEM BO3HHKAET HEOOXOAMMOCTh aHaIN3a IUIAHUPYEMOT0 00bEKTa CTPOUTENBCTBA U, KaK CIEACTBHE, YIIPaBICHUE pe-
IMEHUAMHU €1I€ Ha dTallaX MPOCKTUPOBAHUA U CTPOUTCIILCTBA. B X0A€ TaKOTo0 aHajIn3a NnoABJISACTCA BO3SMOXHOCTDH BBIIBUTH
IIOTCHIMAJIbHBIC HpO6HeMLI gTana SKCIryaTaluy BETPOIHEPTECTUUCCKOT'O COOPYKECHU. K num MpexKaC BCETO MOKHO OT-
HECTH U3HOC, KOPPO3UIO KOHCTPYKTUBHBIX JIEMEHTOB 1 0OMOPOXKEHHUE JIONaCcTei.

JlarHbIe TIPOOIEMBI ABISIOTCA IPUYMHON CHMKECHUS NPOU3BOAUTENBHOCTH U CPOKa CIIY)KOBI 00bekTa. B cBs3u ¢ 3TUM
LETTBI0 PAOOTHI SIBIISUICS TOMCK BO3MOXKHOCTH YBEIMYEHHS CPOKa AKCIUTyaTalliy B )KM3HEHHOM IMKJIE BETPOIHEpreTHYe-
CKHX COOPY>KCHHH 3a CUET pelIeHus IpooieMbl 00JIeIeHeH s JIoTIacTell Ha Tarax MPOSKTHPOBAHUS M CTPOUTEIIBCTBA.
Mamepuanst u memoost. ViccnenoBanus 0a3upyroTcss Ha METOJIE aHAIN3a )KU3HEHHOTO IIMKJIa CTPOUTEIBHBIX 00BEKTOB,
BKJTIOYAIOIIEM CHCTEMaTH3AIMIO M ONTUMHU3ALIUIO IPOIIECCOB YIPaBJICHU] UMU. MoJ1elb )KN3HEHHOTO UKJIAa BETPOIHEpre-
THYECKUX COOPYXEHHH, pa3paboTaHHas aBTOPOM paHee, MOMOIVIA BBISIBUTH HMPOOJIEMBI 3Tala SKCIUTyaTallid OOBEKTa.
Haubonee 3naunMoii mpoOIeMoH, CYIIeCTBEHHO BIMSIONIEH Ha MPOAODKUTEIHLHOCTD dTara SKCIUTyaTalluy, SBISETCS MPpo-
Os1emMa o0JieieHeH s JIonacTei. AHAJIN3 )KU3HEHHOTO [IUKJIA BETPOIHEPIeTHYECKOTO COOPYIKEHHS MOKa3ajl, YTO 00ECTIeUHTh
YCHEIIHOE PelIeHHe ITOW MPoOIIeMBI 11e1ecO00pa3HO Ha ATarax IMPOEKTUPOBAHUS U CTPOUTENILCTBA 00beKTa. JJaHHBIe TIpo-
BEJICHHOT'0 aHaJIn3a Mpo0JIeMbl 0a3UPYyIOTCs Ha pe3yJibTaTaX MCCIE0BaHHUI OTEUECTBEHHBIX U 3apYOeKHBIX aBTOPOB.

B pesynbTare mpomsBeaeHO 0000IIeHNE U CHCTEMAaTH3alus CYIIECTBYIOIINX METOI0B OOpHObI ¢ 00sieieHeHreM, Ha OC-
HOBE YEero Ipe;UIoKEeH HOBBIH CIIoco0 peanu3anuy 1 pa3paboTaHa COOTBETCTBYIONIAsS METO/IMKA BBITOJIHEHHUS padoT. Ta-
KO€ pellIeHue, NPeJyCMOTPEHHOE €Ile Ha 3Tale NPOSKTHPOBAHMS CTPOUTEIHHOTO 00BEKTA, IIO3BOJIMT YCHEIIHO yIpaB-
JISITH €70 )KU3HEHHBIM LIUKJIOM U, B YaCTHOCTH, 3TAIIOM SKCIUTyaTallUH.

Pesynemamut uccnedoganus. B xone NpoBeeHHBIX UCCIIEIOBAHUI aBTOPOM JIOCTUTHYTA 1IEJIb — YBEINUYEHHE MPOIOIDKH-
TEJIbHOCTH ATara SKCIUTyaTalliy B )KU3HEHHOM IIMKJIE BETPOIHEPIETHUECKHX COOpYKeHHH. sl JOCTH)KeHHsl IOCTAaBICHHOM
LIEJIM MIPOBEJICH aHAaJIU3 KU3HEHHOTO IMKJIa 0OBEKTOB CTPOUTENBCTBA, B X0O/I€ KOTOPOTO BBISBJICHBI PHYKHBI, OKAa3bIBAIOIINE
BIMSIHUE Ha CPOK DKCILTyaTaluu oO0bekTa. Hambomee 3HAaUMMON NPUYWHOMN, MPHUBOMIAIICH K PE3KOMY COKpAIICHHIO CPOKa
ciry)0BI 00BEKTa CTPOUTENBCTBA, SIBIISIETCS TpodIieMa 00JIeIeHEeH S JIOTIACTeH B XOJIOAHBIHN MEPHO Tojia.
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Ha ocHoBe aHanm3a yciaoBHid SKCIUTyaTalluk ONpeIesIeHbl IPUYMHbI 00JIeICHEHHS JIOTIACTE BETPOIHEPIeTHYECKUX CO-
OPY’>KCHUH, yCTaHOBJICHBI OCHOBHBIC MPUHIUIIBI 3aIUTHI OT OOJICIEHEHNS M IPEAJIOKEH HOBBI CrIOCcO0 penieHus 3Tol
poOIeMbl ¢ IPUMEHEHHEM OeCTIMIIOTHOTO JieTaTeNbHoOTo anmapara (mainee — BITJIA), a Takke pa3zpaboTaHa METOIUKA
HaHEeCeHHUs rHAPOOOHBIX MOKPHITUIH I IPEJOTBPAICHHS MpoLecca obieieHeHns. BHeApeHne pe3ybTaToB HCCIeno-
BaHUS TTO3BOJIUT 00CCIEUUTH TPEOYEeMYIO0 IIPOU3BOJUTEIBHOCTD, YTO, B CBOIO OYEPEeb, YBEIMIUT CPOK CIIYKObI BETPO-
9HEPTETHYECKOTO COOPYKESHHS.

Oécyancoenue u 3akntouenue. Y CIIeIHOE YIIPABICHUE )KU3HEHHBIM IUKJIOM TaKUX 00BEKTOB CTPOUTENILCTBA KaK BETPO-
SHEPreTUYECcKHe COOPYKeHHs TpeOyeT BHUMaHHs He TOJILKO Ha dTare dKCIUIyaTalluy 00beKTa, HO ¥ Ha dTanax MpoeKTHU-
poBaHuMs U cTpouTenbeTBa. KitroueBas 3aa4a stamna 3KCIuTyaTalii BETPOIHEPIeTHUECKOT0 COOPYKEHHsI — oDecrieueHne
HE0OX0AMMOM MPOU3BOJUTEIILHOCTH U YBEINYEHHE CPOKa CITYKOBbI 00bEKTa — MOJKET OBITh pellleHa MyTEeM TIIATEIEHOTO
aHaJIM3a )KM3HEHHOTO IMKJIa ¥ PeI0TBpalleHreM Oy IyIuX MpobieM 3KCIUTyaTally elle Ha 3Tanax IpOeKTHPOBAHUS U
cTpouTeNnbeTBa. [IpenoKeHHBI B HCCIIEOBAaHIH CIT0c00 OOPBOBI ¢ 00JIeICHEHNEM JIOTIACTEH MOXKET OBITh BHEIPEH HE
TOJIBKO JUISl CYLIECTBYIOLINX BETPOIHEPIETHUESCKUX COOPYKEHHH, He HMEIOIINX CIICLIHAIbHBIX CHCTEM IPOTHB o0Jene-
HEHUA, HO M I NPOSKTUPYEMbIX 00BEeKTOB. [IpnueM npemiaraemsle penieHns Uit 00pbObI ¢ 00JIefeHEHHEM JIonacTel
MOTYT OBITH BKIIFOUCHBI B IPOSKTHYIO JOKYMEHTAIIHIO KaK 00s3aTeNbHbIe BUABI paOOT, OCYIIECTBIISIEMBIC Ha 3TaIle CTPO-
UTEJIBCTBA, & TAKXKE BIIOCJICACTBUM — Ha 3Talle YKCIUTyaTallH C ONPEIeIeHHON IePHOIUYHOCTBIO.

Pemenue HpO6ﬂeMLI Ha 3Tane MpOCKTUPOBAHUA O6LeKTa IIO3BOJIMT O6eCHe‘-II/ITI) TMOBBIIICHUE MPOU3BOAUTECIIBHOCTU U
yBEJIMYEHUE CPOKA CIIY)KOBI BETPOIHEPTETHIECKOTO COOPYKEHHUS, (DYHKIIMOHUPYIOIIETO B YCIOBUSIX XOJIOAHOTO U BIIAX-
HOro ki1uMata. TakuMm o0pa3oM, pe3ybTaThl HCCIEA0BAaHUSA PEJICTABILIIOT COO0M TeOpeTHUEeCKyIO 0a3y A YIpaBIeHUS
KU3HCHHBIM HHUKJIOM BETPOIHCPICTUICCKUX COOpy)KeHI/Iﬁ KaK OAHUX U3 NEPCICKTUBHBIX O6LCKTOB CTPOUTEJILCTBA.

KaioueBble ci10Ba: )KM3HEHHBIH UKJI, 00BEKTHI CTPOUTENBCTBA, BETPOIHEPTETHIECKUE COOPYXKEHUs, bopr0a ¢ obuese-
HEHHEM JIOTIACTEeH, THAPOPOOHBIE TOKPBITHS

Jst mutupoBanus. Camapckast H.C. AHanu3 >KW3HEHHOTO IMKJIa 00BbEKTOB CTPOUTENHCTBA HAa IPUMEPE BETPOIHEPTe-
THYECKUX coopykeHuil. Cogpemennvie menoeHyuu 6 Cmpoumenscmeae, 2padoCmpoumenscmee U niaHuposKe meppumo-
puii. 2025;4(1):76-85. https://doi.org/10.23947/2949-1835-2025-4-1-76-85

Introduction. Construction is one of the major sectors of the country’s economy playing a key role in its sustainable
social and economic development and improving the living conditions of the population. Modern construction industry
facilities are made up of a diverse range of structures with each having its unique role in the infrastructural development
of society. These include residential and commercial buildings, infrastructure facilities such as roads, bridges, and tunnels,
as well as industrial structures. Recent years have seen special attention paid to wind power facilities becoming increas-
ingly crucial in sustainable development and the search for alternative energy sources. Wind power facilities not only
help reduce dependence on fossil fuels, but also minimize the environmental footprint by providing clean and renewable
energy. Their integration into the construction industry opens up new avenues for innovation and technological progress
making wind energy a key element of modern construction practice. Like any other construction projects, wind power
facilities go through a specific life cycle including a few key stages: design, construction, operation and liquidation or
renovation. Each calls for thorough management and control for ensuring efficiency, safety and durability of structures.
At the design stage it is thus important to account for climatic conditions, topography, and potential wind resources to
maximize productivity of structures to be built in the future. The construction phase of wind power facilities calls for the
use of high-quality materials and advanced technologies to guarantee reliability and stability of structures. The operation
of wind power plants is a crucial stage, since their economic feasibility and environmental efficiency are dependent on it.
Regular maintenance and monitoring of equipment condition can serve to prevent breakdowns and extend the service life
of structures. The liquidation or renovation stage involves either dismantling outdated structures or upgrading them to
improve efficiency. This is similar to the life cycle of other construction projects where it is also critical to account for
aspects of sustainable development and minimize environmental impact. The tasks of managing the life cycle of wind
power facilities at each stage are thus unique and call for a variety of approaches and solutions. At the same time, it is to
be noted that to maximize the efficiency of generating environmentally friendly energy by wind power facilities in the
long term, it is necessary to perform a comprehensive analysis of a facility being planned at the initial stages of its life
cycle. This entails implementing a comprehensive approach to managing design and construction solutions as early as at
the stage of designing and constructing a structure. Performing such a multifactorial analysis enables potential problem
areas to be encountered during the operation of the construction site to be pinpointed.
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The most major factors include:

— mechanical wear of structural elements;

— corrosion impacting metal components;

— icing of the rotor blades, particularly at low temperatures;

— degradation of electronic components under the influence of aggressive external factors.

The impact of these negative factors causes a considerable decrease in the operational characteristics of a facility,
including a decline in power output and a reduction in maintenance intervals. In the long term, this involves a decrease in
the overall efficiency of a wind power plant and calls for extra costs for maintenance and restoration.

Timely identification and consideration of potential problems at the early stages of the life cycle of a facility enable it
to develop preventive measures to improve the reliability and durability of a structure, which in the long run optimizes
the operational characteristics of a facility throughout its entire period of operation.

One of the major problems having a considerable impact on the life of a wind power plant is the icing of the blades.
This problem seems to be crucial for facilities situated in regions with a cold and humid climate (Fig. 1). This curbs the
efficient energy production (with ice thickness up to 30 cm power generation is reduced by 80 %) resulting in an imbal-
ance due to the uneven distribution of ice on the blades, heavier structure and reducing the efficiency of rotation [3]. As
a result, there is accelerated wear of the equipment: a shift in the center of gravity, increased load on the rotation mecha-
nisms and mechanical damage to the surface of the blades. Icing might thus lead to malfunctions and need for premature
maintenance [4].

Icing, which is the deposition of ice on the streamlined parts of a wind power plant commonly takes place during fogs,
rains or sleets. At the same time, sufficient conditions to induce icing are high humidity, negative air temperature and low
temperature of the working surfaces [5].

Fig. 1. Example of icing on a wind turbine blade
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An essential parameter inherent to blade icing is the icing intensity, i.e., the thickness of the ice forming per unit
surface area in contact with precipitation [6]. There are three degrees of icing intensity:

— mild icing, which is an accumulation of ice caling for no considerable effort to be eliminated. It does not pose a
severe threat to wind power plants;

— moderate icing when the rate of ice accumulation is still not sufficient to seriously impact the safety and stability of
wind power plants;

— severe icing, which is a large-scale accumulation of ice likely to cause a noticeable loss of wind turbine rotation
speed. This degree of icing intensity will be crucial in terms of safety and involve serious economic repercussions (reduced
productivity, increased maintenance costs and shorter service life of equipment).

Given the significance of the issue of icing on the blades of wind power structures, the scholarly community sets forth
a few of strategies to reduce the negative impact of ice formations [7, 8]. Modern anti-icing methods comprise:

— the use of heating systems in the turbine design or heating elements at the ends of the blades. By means of main-
taining temperatures above zero, the aerodynamic properties of the blades are retained and the stable operation of the
wind power plant is ensured in icing conditions;

— the use of hydrophobic plastic in the design of the blades reduces the adhesion of water and mineral particles to the
surface. Moisture retention on the blade surface is thus curbed and icing is less likely;

— applying special coatings to the blades of a wind power plant to create a protective layer. Such coatings have prop-
erties preventing ice structures from forming;

— mechanical de-icing using climbing equipment or a lift, as well as ice removal from a helicopter using hot liquids.
However, this method enables one to address the problem of icing in the short term and calls for considerable organiza-
tional costs.

Based on the analysis of modern anti-icing methods, applying special coatings to the blades of a wind power plant can
be regarded as the most efficient solution. This method of anti-icing is fairly simple to use, has lower energy consumption
compared to heating systems, provides relatively long-term protection, retains aerodynamic characteristics of an object
and causes almost no changes to the mass of the blades.

However, accounting for the size of wind power facilities and the need for repeated and routine application of special
coatings, choosing the way of implementing this method is still a considerable problem.

Materials and Methods. The ongoing study relies on a methodology for analyzing the life cycle of construction facilities
including a comprehensive systematization and optimization of managing all stages of a life cycle of a structure [9].

The model of the life cycle of wind power facilities previously developed by the author enabled a detailed analysis of
potential problems that might occur during the operation of a facility [2]. Among the factors identified, special attention
was given to blade icing, which has a considerable effect on the duration and efficiency of the operational stage.

The analysis of the life cycle of a wind power facility has indicated that the most appropriate solution is to address the
problem of icing at the initial stages of the design and construction of a facility. The empirical foundation of the research
relies on the analysis of the results of the studies by domestic and foreign researchers in the field. Through the course of
the research, the existing anti-icing methods were classified making it possible to come up with an innovative approach
to solving this problem and design an appropriate methodology for implementing anti-icing measures.

Implementing the suggested solution in the design concept of a construction facility will be conducive to effective
management of a life cycle of a wind power facility prioritizing its operation efficiency.

Research Results. The problem of anti-icing of wind turbine blades can be successfully addressed by means of ap-
plying hydrophobic coatings to create a protective layer and prevent ice formation. These coatings are typically designed
using materials with micro- or nanostructures lending the surface extremely high water-repellent properties [10]. Micro-
structures on the coating surface contribute to water droplets not being able to be evenly distributed over the surface, but
instead forming into balls and roll off, carrying moisture with them and preventing ice formation.
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In order to address the problem of icing of wind turbine blades, two compositions (Silokor-Anti-Ice and graphene)
were chosen, which, owing to their physical and chemical characteristics and the capacity to sustain hydrophobic proper-
ties for a long time, are best suited for appropriate climatic operating conditions of wind turbines. The major components
and chemicals comprising Silokor-Antiled are siloxane polymer (the major component providing the hydrophobic properties
of the coating), solvents for polymer dilution, technological additives improving the performance of a coating and fillers
enhancing the mechanical properties of a coating [11].

Unlike Silokor-Antiled, graphene is a two-dimensional allotropic modification of carbon comprised of carbon atoms
arranged in a hexagonal crystal lattice [12]. Graphene consists exclusively of carbon atoms. Each has 6 electrons: 2 in the
inner shell and 4 in the outer one. Graphene is thus chemically identical to diamond and graphite, since it is made up of the
same carbon atoms. However, the difference in physical properties is owing to their special spatial arrangement. It is thanks
to this feature that the material posseses unique properties such as hydrophobicity, high strength and electrical conductivity.
Hence it can also be employed to combat icing of wind turbine blades.

For the preferred choice of the composition, a comparative analysis was performed shown in Table 1.

Table 1
Comparative analysis of hydrophobic compositions for combating anti-icing of wind turbine blades

Hydrophobic composition

Index
«Silokor-Anti-lce» Graphene
- . . . High durability owing to its strength and re-
- Long service life provided there is appropriate | . . .
Durability g P pprop sistance to external influences, suitable for

surface preparation and application .
prep PP extreme conditions

A more cost-effective solution, particularly for

Economic effectiveness s
large facilities

High cost of production and application

An environmentally friendly material pro-
vided that safe production and application
methods are utilized

Diverse, can be applied to a variety of ma-

terials, including complex and delicate sur-
faces

Environmental
friendliness

It contains solvents, which might call for addi-
tional disposal and safety measures to be taken

Compatibility with
surfaces

Suitable for metal, concrete, painted and other
surfaces

Light transmission

High light transmission coefficient, which
might be critical for some types of applications

Does not affect light transmission, can be
used in transparent coatings

Application and
treatment

Easy to apply owing to a two-component sys-
tem. Calls for thorough surface preparation
prior to application

A more complex application procedure
commonly calling for the use of specialized
methods

Analyzing the data in Table 1, it can be concluded that Silokor-Antiled composition might be the preferred choice for
most applications due to its accessibility and effectiveness. Graphene may actually be an optimal solution for specialized
and high-load operating conditions, where its unique properties can be enhanced. Both compositions are successfully utilized
to protect pitched roofs, gutters, mast structures from icing, for processing ceramic and polymer tiles, slate [11]. Given such
a wide range of applications, these compositions can be considered for protecting the blades of a wind turbine in constantly
recurring cycles of freezing and thawing. On top of that, the results of the analytical studies have confirmed that coatings
using graphene are extremely promising. For example, Rice University scientists have proposed graphene nanoribbons
should be employed as an effective de-icer for various surfaces including airplane wings, power lines, and helicopter blades
[13, 14]. Graphene nanoribbons make up a bond in a composite by conducting an electric current through the material with
a minimum load. The resulting electrothermal heat results in heating of an object surface. Meltwater forms between the
surface and the ice in the course of melting allowing the ice to be removed without having to wait for the process to come to
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an end. Graphene coating is thus a promising material that can be applied to the surface of wind turbine blades or alterna-
tively, graphene nanoribbons can be used reducing the likelihood of icing on the work surfaces and thus prolonging the
service life of a facility.

As the application of hydrophobic coatings in this work is considered on an already erected and functioning wind turbine,
there is a task of arranging this process. Instead of human labor or the use of bulky aircraft, coatings can be provided using
an unmanned aerial vehicle (UAV). The integration of UAVs in the field of high-altitude work would enhance the efficiency
of maintenance of wind turbines, since this field is poorly developed these days. Despite the time limitations of the use of
UAVs for peaceful purposes, this tool remains extremely promising for tackling a whole host of tasks.

The suggested method of applying hydrophobic coatings to the surface of the blades of a wind turbine entails the
selection of an appropriate UAV, as well as the development of a procedure for performing operations.

In order to implement spraying of hydrophobic compositions, the aircraft must be designed for suspended equipment
to be set up on its body. The most suitable option is thus an agrotron which can be equipped with a suspension system for
both sowing and spraying fields. In terms of of anti-icing, suspended spraying equipment will be employed to apply
hydrophobic compositions to the surface of a wind turbine.

In order to apply hydrophobic compositions to the blades of a wind turbine, the following fly-around scheme can be
employed (Fig. 2).
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Fig. 2. Fly-around scheme for the treatment of blades with hydrophobic coatings using UAVs
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The OJI EAGLES T25 UAYV designed for agricultural needs was considered as an example. The device is capable
of carrying up to 25 kg of useful load allowing it to be used for spraying large volumes of material. The time spent in
the air is 15 minutes, and the control range is about 5 km enabling the operator to freely move and control the device
at a long distance. A special feature of this UAV model is a high-precision spray system that ensures uniform distri-
bution of the substance.

The device is also equipped with modern sensors and navigation systems, including GPS allowing it to closely follow
set itineraries and avoid obstacles on the way. Agrotron can be equipped with multispectral cameras and sensors to collect
data on the state of a coating assisting in making more informed technical decisions.

Based on the analysis of existing anti-icing methods and accounting for the flaws of current approaches in the context
of the above problems, a technique for applying hydrophobic compositions to the surface of wind turbines using UAVs
has been developed. The suggested methodology includes the following steps:

Preparing and collecting weather data. Prior to applying a hydrophobic composition to the blades of a wind turbine,
up-to-date weather data, including wind speed, air temperature and humidity must be collected. These parameters are key
to ensure the safety of UAV operation and the quality of surface treatment.

Preliminary fly-around of the wind turbine with photofixation. Possible places of ice formation as well as damage and
problem areas must be identified. At this stage, hard-to-reach areas can also be evaluated and the flight time can be
recorded.

Selecting and preparing a hydrophobic composition. Based on the characteristics of a wind-generating facility, cli-
matic data and criteria in Table 1, an informed choice of hydrophobic materials should be made. Next, the solution is
prepared and the ingredients are mixed in a prepared container.

Assembling and preparing the UAV. If necessary, an unmanned aerial vehicle equipped with a spray system should
be assembled and refueled. All the elements must be in good order and set up properly.

Flying around the wind turbine and applying a hydrophobic coating. The hydrophobic anti-icing coating is applied
in a few stages until a layer thickness of 50-70 mkm is achieved.

Stage 1. Controling the UAV with a complete fly-around of the wind turbine according to the scheme (Fig. 2) and
applying the first layer of coating by means of a pneumatic method. An important task is to ensure the composition is
distributed evenly over the surface of the blades.

Stage 2. Drying of the first layer within 15 minutes and applying the second layer of the hydrophobic composition in
a similar manner ensuring the material is distributed evenly over the surface.

Stage 3. After complete drying, there is a fly-around of the wind turbine and the third coating layer is applied.

Controling the coating quality. To control of the coating quality visually for defects, it is necessary to fly around the
wind generator with photo (video) fixation. If defects are detected, adjustments must be made by applying another layer
of a hydrophobic coating.

Documentation and reporting. Work progress must be reported including the time and date of the work, weather
conditions, the selected composition of a hydrophobic coating and all the stages of applying the composition to the work-
ing surfaces of the wind turbine.

Discussion and Conclusion. Effective management of the life cycle of wind power plants as capital construction
objects entails the use of an integrated approach combining management decisions at all the stages: from the design
concept to operational monitoring.

The primary objective of the operational period of a wind power facility is to enhance productivity while increasing
its operational life. This is achieved by means of a preventive analysis of potential operational risks and their mitigation
at the initial stages of the life cycle of a facility. The developed methodology for combating icing of blade elements is
indicative of the diversity of its application both in existing wind power structures that are not equipped with specialized
de-icing systems and for promising projects. At the same time, the complex of de-icing measures can be assigned in the
design documentation as imperatives both at the construction stage and as part of routine operation maintenance.
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Introducing preventive measures at the design preparation stage ensures a considerable increase in the service life of
wind power facilities operated under adverse climatic conditions with high humidity and low temperature conditions. The
results obtained throughout the study are thus a theoretical and methodological foundation for implementing multidimen-
sional lifecycle management of wind power facilities positioned as an essential segment of the modern construction sector.
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