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Anniversary of the scientist

ANNIVERSARY OF THE SCIENTIST
IOBUJIEN YUEHOI'O

Dmitriy Rafaelovich Mailyan has turned 70

Dmitry Rafaelovich Mailyan is a Professor, Dr.Sc. (Eng.), Corre-
sponding Member of the Russian Academy of Natural Sciences, Hon-
orary Builder of the Russian Federation, Honorary Worker of Higher
Professional Education of the Russian Federation, Honorary Profes-
sor of the DSTU.

In 1981, Dmitry Rafaelovich defended his disseration for the de-
gree of Candidate of Technical Sciences (Cand.Sci. (Eng.)) in "Con-
structions, Buildings and Structures" at the Kiev Institute of Civil En-
gineering. The dissertation topic was "Strength, Deformability and
Crack Resistance of Reinforced Concrete Bars with Prestressed Rein-
forcement™. In 1994, he went on to defend his dissertation for the de-
gree of Doctor of Technical Sciences (D.Sc. (Eng.)) at the Moscow
Institute of Transport Engineers. The dissertation topic was "Effective
Compressed Prestressed Elements and Methods of Calculating them
under Various Loading Conditions Taking a History of Deformation into Account.” From 1980 to 1991, Dmitry Ra-
faelovich worked as a researcher, senior researcher, and leading researcher at the Reinforced Concrete Department of
the Rostov Promstroyniiproekt Design Institute. From 1991 to 1996, he was a senior lecturer, associate professor and
went on to be a professor at the Department of Mathematics, Mechanics, Computer Science, and Structures at the
Institute of Architecture and Arts of the Southern Federal University. Since 1996 up to the present, he has been Head
of the Department of Reinforced Concrete and Stone Structures at the Don State Technical University. The Center for
Forensic Examinations of DSTU has been successfully in operation under his leadership.

Dmitry Rafaelovich Mailyan is a renowned scientist in the field of construction, innovative reinforced concrete struc-
tures, development of methods for designing and calculating various force effects. His teaching and scientific input has
involved 400 works, including 30 monographs, 20 textbooks, manuals and reference books, 37 copyright certificates and
patents. Under his leadership, 3 doctors (D.Sc. (Eng.)) and 39 candidates of technical sciences (Cand.Sci. (Eng.)) have
been trained with excellence. Dmitry Rafaelovich is a member of three dissertation boards (the Don State Technical
University and Kazan Federal University); organizer of a few international scientific and technical conferences; a member
of the editorial boards of three scientific and technical journals, Deputy Editor-in-Cchief of the journal "Modern Trends
in Construction, Urban and Territorial Planning".

Dmitry Rafaelovich Mailyan has been endorsed by Academician of the Russian Academy of Architecture and Civil
Engineering Sciences, Doctor of Technical Sciences, Professor, Head of the Department of Constructions, Buildings and
Structures at the Russian University of Transport V.S. Fedorov for an Adviser to the Russian Academy of Natural Sci-
ences in the Department of Building Sciences.

The scientist’s fruitful academic, research and industrial activities have been highly appreciated at his home university
and beyond. As part of a team of Russian scientists and manufacturers, Dmitry Rafaelovich has been awarded the Gov-
ernment of the Russian Federation Prize in Science and Technology and with the honorary title of Laureate of the Gov-
ernment of the Russian Federation for developing the scientific foundations of optimal construction design, advanced
information modeling and efficient life cycle management of residential and public buildings in the country’s various
regions. The scientist has been also awarded the medal of the Order "For the Service to Russia", the Order "For the Service
to the Rostov Region".

The editorial staff of the journal "Modern Trends in Construction, Urban and Territorial Planning" would like to
extend cordial wishes to Dmitry Rafaelovich on the auspicious occasion of his anniversary and wish with a lifetime of
good health, prosperity, inspiration and energy for new scientific discoveries for the benefit of his home university and
the Russian construction industry.
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Abstract

Introduction. In manufacturing tubular concrete columns, attention should be paid to a technology of filling a steel tube
with a concrete mixture. In practice when a concrete mixture is being fed into a tube from the top, a proper quality of
concreting a structure is not guaranteed. In this study, the aim was to test the effectiveness of a technology of forming

EDN: TNSMW

columns with a self-sealing concrete mixture by means of pressure concreting.

Materials and Methods. Experiments to study the effectiveness of the suggested technology for forming a tubular con-
crete column with a saturated content of longitudinal and spiral reinforcement were conducted on a transparent model. A
self-compacting mix composition was selected that ensured the required workability, flowability, homogeneity, and ab-
sence of stratification. Through the course of the experiments, the process parameters were adjusted with the speed of
filling the structure with the concrete mixture as the most important one. The uniformity of concrete distribution through-
out the model was monitored.

Research Results. The experiment indicated that the concrete mixture easily reached all of the areas of the structure with
no loss of quality. No air bubbles were observed on the surface of the structure, indicating high-quality compaction of the
mixture. Concrete strength and density variations in the upper, middle, and lower zones of the structure were minimum.
The resulting concrete is characterized by a homogeneous structure, with a uniform, evenly distributed composition with
no significant voids or inhomogeneities throughout the entire volume.

Discussion and Conclusion. The absence of formwork, scaffolding, and other equipment, high speed of concreting sig-
nificantly reduce the time and labor intensity of column installation. All of these, combined with the achieved concrete
quality, open up avenues for a broad-scale use of the pressure concreting method in construction projects in the Russian
Federation. Further work is needed in order to develop a method for ultrasonic quality control of concrete in tubular
concrete columns.

Keywords: tubular concrete columns, self-compacting concrete, method of ascending concrete mixture, strength and den-
sity of concrete, homogeneity of a structure
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AHHOTAIIMA

Beeoenue. Tlpn m3roroBieHur TpyOOOETOHHBIX KOJIOHH CIIEAYET OOpaTWTh BHUMaHHE Ha TEXHOJIOTHIO 3aIllOJHEHHMS
CTaJBHOW TPYyObl OETOHHO cMechio. [IpakThKa MmokasbIBaeT, 4To MpH 1o/1aue OETOHHON cMecH B TPYOY CBEPXY JIOJDKHOE
Ka4ecTBO OCTOHMPOBAHUS KOHCTPYKIMH HE TapaHTHUpyeTca. B TaHHOM HcclenoBaHMM CTaBHIIACh LIENb OMBITHOW IPO-
BepKH 2P PEKTUBHOCTH TEXHOJIOTHH (POPMOBAHISI KOJIOHH CAMOYIUTOTHSIOMICHCS! 0ETOHHOM CMEChI0 METOIOM HAIIOPHOTO
OeTOHHNPOBAHUS.

Mamepuanst u Memoobl. IKCIICPUMEHTEHI 10 UCCIEAOBAHHIO 3((HEKTHBHOCTH NPEATOKECHHON TEXHOIOTHH (hOPMOBa-
HUSI TPyOOOETOHHON KOJIOHHBI C HACHIIICHHBIM COJIEp KaHUEM IPOIOIBHOMN U CIMPATIbHOI apMaTypsl MPOBOAMWINCH HA
npo3payHoM Makete. [logoOpaH cocTaB caMOyIIOTHSIOIIEHCS cMecH, obecrnednBaonuii TpedyeMyo ya000yKiaabl-
BaeMOCTh, TEKYy4YeCTh, OJIHOPOJHOCTh U OTCYTCTBUE PaccioeHus. B Xo1e IKCIepuMeHTOB MOJ00paHbl TEXHOJIOTHYE-
CKHe mapaMeTpsl GOPMOBaHUs, CPEIH KOTOPHIX HAUOO0JIee BaKHBIM ObLIa CKOPOCTh 3aMOJHCHHSI KOHCTPYKIIMKA OCTOH-
HoW cMmechlo. KoHTposmpoBaiach paBHOMEPHOCTD pacipeeIeHus OeTOHa 110 BCEMY MakeTy.

Pesynvmamut uccnedosanus. B pe3ynpraTe S5KCIIEpUMEHTA BBIIBICHO, YTO OETOHHAS CMECh JIETKO JJOCTUTala BCEX 30H
KOHCTPYKIMH 0e3 moTepp kadecTBa. Habmroqanocs oTCyTCTBHE BBIACICHHS BO3AYIIHBIX ITy3bIpeii C TOBEPXHOCTH KOH-
CTPYKLIMH, YTO CBUAETEIHCTBYET O BHICOKOM KauecTBE YIUIOTHEHUS cMecH. Pa3dpoc mpoYHOCTH M IUIOTHOCTH OETOHA B
BEpXHEH, cpeHel U HIDKHEN 30HaX KOHCTPYKIMH MUHUMaIbHbINA. [10TydeHHBINH B KOHCTPYKIIMN OETOH XapaKTepU3yeTCs
TOMOTE€HHOH CTPYKTYpOH, UMEIOIEH 0THOPOIHBIH, pABHOMEPHO PacIpeIeNICHHBII cocTaB 6€3 3HAUNTEIbHBIX ITyCTOT MITH
HEOJHOPOAHOCTEH 110 BceMy 00BeMy.

Odcyancoenue u 3axniouenue. OTCyTCTBHE ONaIyOKH, MOAMOCTEH U IPOYUX MPUCIIOCODIICHUI, BRICOKast CKOPOCTh OeTo-
HUPOBAHMS 3HAUYUTEIBHO CHIDKAIOT MPOJIODKUTENBHOCTD M TPYIOEMKOCTh MOHTa)Ka KOJOHH. Bce 3T0, B COBOKYIHOCTH
C JOCTUTHYTBIM Ka4€CTBOM 6CTOHa, OTKPBIBACT XOPOUINE NEPCIICKTUBLI AJIs1 HIMPOKOI'0 MPUMEHECHUA METOAa HAITOPHOT'O
OeTOHUPOBaHUS B cTposIuXcs 00bekTax B PO. B ganpHeliem Heo0X0aUMO pa3padoTaTh METOAUKY YIBTPa3BYKOBOTO
KOHTPOJISI KauecTBa OeToHa TpyOOOETOHHBIX KOJOHH.

KiaroueBbie ciioBa: ’I‘py606eTOHHHG KOJIOHHBI, CaMOYIIJIOTHAIOIIAsACA OceToHHAs CMECh, METO BOCXO,I[?[H.Ieﬁ OeTOHHO
CcMECH, NPOYHOCTDH U IIJIOTHOCTDH 6GTOHa, TOMOI'CHHOCTb CTPYKTYPbI

E.]IaFOIIapHOCTI/l. ABTOpBI BBIPAXKAIOT 6Har0,£[apHOCTL peAaKiuu U pelCH3CHTaM 3a BHUMATCIbHOC OTHOLICHUE K CTATHC
1 YKAa3aHHbBIC 3aMC€YaHUs, KOTOPHIC ITO3BOJIMIIN NOBBICUTH €€ Ka4€CTBO.

s uurupoBanus: Kpuman A.JL., [lapdernos B.B., Baswmma H.B., ActapreBa M.A. Texromnorus popMoBaHHS TPY-

000eTOHHBIX KOJIOHH. Cogpemeniblie meHOeHYUuY 8 CMpoOumeibcmae, 2padoCmpoumenbcmee U NianuposKe meppumopull.
2026;5(1):8-14. https://doi.org/10.23947/2949-1835-2026-5-1-8-14

Introduction. Tubular concrete columns (TBCs) are increasingly used in designing frames of high-rise buildings in
the Russian Federation. This is due to a number of significant advantages of the economic, technological, constructive
plan, as well as the architectural expressiveness of these structures [1-6]. One of the restraining factors for the broader
use of TBC:s in this country is the insufficiently developed technology of filling steel tubes with a concrete mixture. Due
to the considerable length of steel tubes with a relatively small diameter, which provide "non-removable formwork™ for
columns on two or three floors or higher, traditional technologies for filling them with a concrete mixture from the top
fail to ensure proper concreting quality. It is fairly challenging to ensure and control the quality of laying and compaction
of a concrete mixture under such conditions.

According to Japanese builders’ experience that are among the leaders in the volume of TBC applications, the most
promising technology for their molding is use of the ascending concrete mixture method also known as the pressure
concreting method where a concrete mixture is pumped with a concrete pump under pressure through a specially made
hole in a steel tube from bottom to top.

[7, 8] have shown that this concreting technology reduces the number of air bubbles in the contact layer of
reinforcement with concrete. The resulting concrete layer under the reinforcement was characterized by a better

Building constructions, buildings and engineering structures
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quality compared to the traditional concreting on top of the mold leading to an increase in the adhesion of reinforce-
ment to concrete.

In order to ensure the necessary high plasticity and mobility, self-sealing concrete mixtures (SSCMs) should be
employed. Such mixtures started being used overseas in the last century, but are currently broadly used in this
country [9-11]. The use of SSCMs allows one to attain a number of other positive results with the most important
ones being:

—no need for vibration during installation;

— no delamination of the mixture;

—reduction in the cement content;

— high strength, density and durability of concrete.

The aim of the study was to test the effectiveness of the technology of forming TBC columns using substructures by
means of pressure concreting.

Materials and Methods. At the first stage, the composition of the SSCMs was selected and its quality was checked.
To this end, the workability of the mixture was monitored by means of an Abrams cone and the fluidity was identified
using the locking ring method. The second method was employed in order to evaluate the capacity of the mixture to
penetrate into narrow spaces, including gaps between reinforcing bars, with no delamination or clogging.

Sampling for identifying the normalized parameters of the mixtures was carried out in compliance with GOST R 59715
"Self-Sealing Concrete Mixtures. Testing Methods" taking the instructions of GOST 10181 "Concrete Mixtures. Testing
Methods" into consideration.

Concrete strength was monitored based on the results of compression tests of control samples-cubes with a rib size
of 100 mm at the age of 3, 7, 28 days in compliance with GOST 18105 "Concretes. Rules for Strength Control and
Assessment”, GOST 10181 and GOST 31914 "High-Strength, Heavy and Fine-Grained Concretes for Monolithic Struc-
tures. Rules for Quality Control and Assessment".

When a mixture of the required quality has been obtained, model experiments on molding the product were performed
on a large-scale transparent model of a tube-concrete column (Fig. 1). The model of the tubular concrete column had a
height of 1973 mm and a diameter of 300 mm. The shell tube was made of plexiglass. The reinforcement frame was made
of 7 longitudinal rods with a diameter of 25 mm and a spiral of rods with a diameter of 8 mm with a pitch of 50 mm.
Additionally, two longitudinal rods with a diameter of 25 mm are installed in the lower part of the reinforcement frame
with a light distance between them and the remaining rods of 30 mm. That allowed assessment of the penetration ability
of SSCMs between the rods of densely reinforced TBCs.

b)
Fig. 1. TBC sample: a — general view of the layout for testing the WBS method; b — location of core drilling
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In order to supply the concrete mixture, a 125 mm diameter concrete duct system was employed that is connected
to the layout with special quick-release fittings. The mixture was supplied by a Cifa PC 709 concrete pump. 72 hours
after forming the reinforced concrete core, cores were extracted from the mock-up for them to gain concrete strength
under natural conditions. The cores were drilled from four sites located at the bottom, top and in the middle zones of the
layout (Fig. 1b).

Concrete strength was monitored at the age of 28 days based on the results of compression tests of cylinders with a
diameter of 100 mm and a height of about 100 mm in accordance with GOST 28570 "Concretes. Methods for Identifying
Strength Based on Samples Selected from Structures” and GOST 31914.

Research Results. The results of identifying the workability of SSCMs by the size of the spreading diameter of a
standard cone and the spreading time up to a diameter of 500 mm are shown in Tables 1, 2 and in Fig. 2.

The resulting mixture is highly stable. The cement paste and water did not separate from the aggregate along the
circumference of the spread, and there were no signs of delamination of the concrete mixture. The time to stop blurring
is 62 seconds. The contours are clear. The mixture was dense and homogeneous throughout the entire test until the instal-
lation was completed. Workability retention is180 min long.

The compressive strength of concrete control samples of cubes according to the results of the cube strength control
corresponds to class B70.

Table 1

Results of control of workability of the mixture

. . Diameter of the spread, cm
Composition Time o
Spread grade | Viscosity grade
number ts00, SEC
ds d> dep
#1 3 77.5 77 77.25 PK3 V2
Table 2
Results of the cone spreading control in the locking ring
L Diameter of the spread, cm Measured heights, cm
Composition
number Fluidity grade
d, d | do ho ha hie hys hy2 Y9
#1 80 79.5 79.75 12.3 12.8 12.9 12.9 12.7 T4

a) b)

Fig. 2. Test results of the concrete mixture: a — identifying spread, viscosity grades; b — identifying fluidity grades

The results of forming the TBC layout are as follows. The time of filling with the mixture is 42 seconds long, the
filling speed is 229.5 liters/min. As the TBC layout was being filled, it was important to ensure an even distribution of
concrete throughout the entire volume of the structure. Visual observation of the filling process through transparent walls
showed that the mixture started rising inside the reinforcement frame, but when a height difference of more than 50 mm

Building constructions, buildings and engineering structures
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had been reached, it spread along the peripheral zones of the structure. The mixture easily reached all of the areas with
no loss of quality. At the end of the concreting process, there was no release of air bubbles from the surface of the structure,
which is an indication of a high quality of compaction of the concrete mixture. The condition of the outer surface of the
reinforced concrete core is shown in Fig. 3.

Fig. 3. Concrete compaction quality: a — reinforced concrete core in section; b — lateral surface of the reinforced concrete core

According to the test results of four cylinders, the compressive strength of concrete ranged from 77.9 MPa to
81.2 MPa. The density of the samples was also in a very narrow range, from 2549 kg/m? to 2588 kg/m?®. Such results are
indicative of the absence of stratification of the mixture and uniform distribution of aggregates over the entire volume
and height.

Discussion and Conclusion. The research has shown that the WBS method is capable of delivering good-quality
molding and compaction of TBC concrete. The thixotropic behavior of the SSCMs reduces the viscosity of the
mixture and counteracts its segregation due to shear stress during the continuous movement of the mixture in the
volume of the structure under the pressure of the updraft. As a result, a high uniformity of concrete is attained in
the structure including its height. The variation in strength and density of concrete in the upper, middle and lower
zones of the structure is minimal.

For TBCs, which are more broadly used in frames of high-rise buildings, the uniformity of concrete throughout the
entire volume of the element is no less significant than its absolute strength. Heterogeneity leads to local stress concen-
trations and a decrease in the overall load-bearing capacity of the structure, which might negatively affect the mechanical
safety of the building as a whole.

It should be noted separately that in calculating the strength of pipe-concrete columns concreted by means of this
method, it is not necessary to apply the coefficient of working conditions yus = 0.85 to the calculated compressive strength
of concrete (Section 6.1.12 of SP 63.13330.2018 "Concrete and Reinforced Concrete Structures. Basic Provisions").
Combined with a possibility of practical use of low strength variability (in identifying the concrete class), it makes it
possible to obtain higher calculated values of compressive forces in concrete structures. As a result, significant improve-
ments of the technical and economic performance of the columns become possible.

The studies allow us to conclude that it is advisable that the TBC molding technology is employed using the WBS
method when a self-sealing concrete mixture inside a steel pipe is pressurized from bottom to top.

Let us note the obvious advantages of the method over the traditional ones with a mixture feed from the top:

— a significant reduction in the possibility of capturing additional air inside the substation;

— practical exclusion of a possibility of segregation of the mixture due to impacts on the reinforcement and the walls
of the formwork tube during free fall;

— a significant reduction in the filling time of the structure;

— exclusion of the formation of working seams and operations with their organization;

—a reduction of construction installation time;

—a reduction in the number of workers on the construction site;

— eliminating the need to make use of scaffolding, ladders, and ladders.
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The concrete obtained in the structure is characterized by a homogeneous structure with a homogeneous, evenly dis-
tributed composition with no significant voids or inhomogeneities throughout its volume. It becomes possible to obtain
higher values of the calculated resistance of concrete compared to concrete of the same compaosition, but molded by means
of the traditional technologies.

However, due to the lack of regulatory documents with recommended values of technological parameters of molding
for the VBS method (upper and lower limits of the filling rate of concrete blocks, diameters of concrete pumps, overpres-
sure values), it is advisable that broader comprehensive studiesare are conducted in the area. For construction practice, it
is also essential to develop a methodology for ultrasonic quality control of concrete in columns.
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Abstract

Introduction. At the current stage of science and technology development, the issues of vibration protection of buildings
are being intensively investigated, particularly for special structures of a high responsibility class. Various damper designs
are also being developed and tested. Modeling the response of damper systems is an urgent task with both deterministic
and stochastic approaches to solving it. This study demonstrates the features of the stochastic approach in a variant of the
mathematical model of the generalized Ornstein-Uhlenbeck process. It is possible to the effect of using a nonlinear damper
in a specific case can be evaluated by means of this model, and the conclusions can be made regarding its benefits.
Materials and Methods. The major research method is the solution of a stochastic differential equation. A numerical
experiment is shown with a real example of analyzing the dynamic response of a turbo unit with a viscoelastic nonlinear
damper to a random seismic impact. The application of the generalized Ornstein-Uhlenbeck process for mathematical
modeling of the dynamic response of damping devices to seismic impacts on critical energy infrastructure is analyzed.
Research Results. A stochastic model is set forth that takes into account both the random nature of seismic excitations
and the nonlinear rheological characteristics of dampers. The results of the numerical experiment confirm that while
calculating by means of the described model, the use of a nonlinear damper is justified, the mean-square values of the
displacement response are reduced by more than two times helping to reduce seismic risks for the turbine unit as well as
to increase its dynamic stability and reliability of operation under the action of random impacts.

Discussion and Conclusions. The developed methodology provides a quantitative assessment of the effectiveness of a
variety of classes of damper systems and allows for parametric optimization of their settings in order to maximize their
protective capacity and to reduce the vibration and dynamic loads on energy equipment. The theoretical significance of
the study is the suggested calculation methodology, while the practical significance is in the assessment and recommen-
dations for making use of viscoelastic dampers for a high responsibility class of structures.

Keywords: Ornstein-Uhlenbeck process, damping devices, earthquake resistance, energy facilities, stochastic modeling,
vibration protection
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AHHOTAIIMA

Beeoenue. Ha coBpeMEeHHOM 3Tarie pa3BUTUS HAyKW M TEXHUKH aKTHBHO pa3pabaThIBalOTCSl BOIPOCH! BUOPAIIMOHHON
3aIIUTHI 3aHAH, OCOOEHHO IS CIICIMANBHBIX COOPYXEHHH BBICOKOTO KJIacca OTBETCTBEHHOCTH, pa3palaThIBalOTCA U
UCTIBITBIBAIOTCS PA3IMYHBIE KOHCTPYKLIUH JeMIipepoB. MoempoBaHie OTKINKA JeMI(EPHBIX CUCTEM SIBIISCTCS aKTy-
aNbHOM 3a7aueil, CyIIecTBYIOT pa3IMyHbIe MOJXOABI K €€ PEelICHUIO, KaK JeTePMHHUCTCKHUE, TaK U cToxacTuieckue. B
HacTosmIeH paboTe MOKa3aHbl 0COOEHHOCTH CTOXAaCTHYECKOTO ITOIX0/1a B BApHAHTE MaTeMaTHIECKON Moienl 00001IIeH-
Horo mnporiecca OpHinTeitHa- YieHOeka. biarogaps uCmoib30BaHUIO JAHHOW MOJICNIM CTAJI0 BO3MOXKHO OLCHUTh dPPEKT
MPUMEHEHHUS HETMHEWHOTo JeMIiepa B KOHKPETHOM ClIydae U CIIeJIaTh BBIBOJbI O MPEUMYILECTBAX €r0 UCIIOIb30BAHMSI.
Mamepuanst u memoowi. OCHOBHBIM METOJIOM HCCIIEZIOBaHMS B HACTOSAIIEH paboTe SBISETCS PEICHHE CTOXACTHIECKOTO
i depeHmansHOro ypaBHeHuU s, IPUBOIUTCS YHCIICHHBIN SKCIIEPUMEHT Ha peajlbHOM IPUMepe aHaIn3a AMHAMUYECKON
peakuuu Typboarperara ¢ UCIoJb30BaHHEM BI3KOYIPYToro HeJIMHEHHOro AeMidepa Ha cilyyaifHoe CeHCMHUYecKoe BO3-
JeicTBre. AHaNMM3UpyeTcst IpUMeHEeHHe 0000ménHoro nponecca OpHuTeliHa-YiieHOeKa I MaTeMaTHIECKOTO MOJIe-
JMPOBAHMS JTUHAMHYIECKOTO OTKIIMKA AeMII(EPHBIX YCTPOHCTB IIPU CEHCMIYECKOM BO3JICHCTBUN HA KPUTHYECKH BaXKHbIE
00BEKTHI SHEPreTHYECKOI HHPPACTPYKTYPHI.

Pezynvmamut uccneooganus. Ilpennaraercss CToXxacTHYeCKasi MOZAEIb, KOTOpas OAHOBPEMEHHO YUUTBHIBAET CIIy4alHyIO
NIPUPOJY celicMUUECKUX BO30YXICHNI U HEJIMHEHHBIE PEOJIOTHIECKUE XapaKTePUCTHKH femiiepoB. PesymbraTel yuc-
JICHHOTO SKCIEPUMEHTa MOJTBEPKAAI0T, YTO MPH pacdeTe Mo ONMHUCAHHOI MoJienn 000CHOBAaHO NPUMEHEHHE HEelMHEH-
HOro Jemrepa, CpeaHEKBaIpaTHYHbIE 3HAUCHNS OTKJIMKA T10 MEPEeMEIIEHHI0 CHIKAIOTCS Oosee 4yeM B /IBa pas3a, 4To
CHOCOOCTBYET yMEHBIICHHUIO CEHICMUUECKUX PUCKOB Ul TypOoarperara, OBBIIIACT 3a1ac ero AMHAMHUYECKOH YCTOWIH-
BOCTH Y Ha/ICXKHOCTh Pa0OTHI B YCIOBHSX CIIyYaifHBIX BO3/IEHCTBHIA.

Oécyrcoenue u 3akniouenue. PazpaboTanHas METOJOJIOTH 00ecIIeunBaET KOJINYECTBEHHYIO OLEHKY 3()()EKTHBHOCTH
Pa3IMYHBIX KJIACCOB JeMI(EPHBIX CHCTEM M IO3BOJISIET BBIIOJIHATH MapaMeTPHUUECKYI0 ONTHMH3ALMIIO UX HACTPOEK C
LEJTbI0 MAKCUMH3AI[MH 3aLIUTHOH CIOCOOHOCTH M CHY)KEHHSI BUOPALMOHHO-THHAMHYECKUX HArPy30K Ha SHEPreTHUECKOe
obopynoBanue. TeopeTndeckas 3HAUMMOCTh pabOTHI 3aKIIIOYAETCS B IPEIOKEHHONH aBTOpaMU METOJHKE PacyeToB,
MpaKTHYECKasi 3HAaYMMOCTh — B OIIEHKE M PEKOMEH/IAIMAX 10 MPUMEHEHHIO BI3KOIIIACTHYHBIX 1eMII(EpOB Ui COOPY-

JKEHHUM BBICOKOTO KJIacca OTBETCTBEHHOCTH.

KuioueBble cioBa: mporiecc OpHiureliHa-YieHOeka, aeMndepHbie yCTPONCTBa, CEHCMOCTORKOCTD, dHEPTETUIECKIE

O6’LCKTLI, CTOXaCTUYCCKOC MOJCIIMPOBAHNC, BI/I6p03&IIII/ITa

s uutupoBanus. [apekun U.H., Cabutos JI.C., Tynukosa E.M. MoxennpoBanue >3pPpeKTHBHOCTH 1eMII(PEPHBIX CH-
CTeM B CTPOHUTEIBHBIX KOHCTPYKIMAX MPH CEHCMHYECKOM BO3JEHCTBHH C HCIIOIB30BaHHEM 00O0OIIEHHOrO mporecca

OpHinteiina-Ynenoeka. Cospementvie meHOEHYUU 8 CMpoumenbemee, epadocmpoumenbcmee U niaHupoeKe meppumo-

puii. 2026;5(1):15-22. https://doi.org/10.23947/2949-1835-2026-5-1-15-22

Introduction. The calculation of buildings for seismic and dynamic loads is one of the evolving and most relevant sec-
tions of modern structural mechanics with a lot of research devoted to operation of structures in seismic conditions and use
of damping devices of various designs [1-7] in order to protect buildings from vibrations and to prevent vibrations [8—14].
Ensuring the seismic stability of energy infrastructure is a major condition for maintaining reliability and continuity of
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]
energy supply at the regional and intersystem levels. Critical elements of an energy system — nuclear and thermal power
plants, distribution substations, and extended linear facilities, including overhead and cable transmission lines — are
subject to a considerable range of damage while exposed to varying degrees of seismic vibrations and frequency compo-
sition. Degradation mechanisms include loss of stability of supporting structures, resonant modes in flexible spans and
suspensions, violation of integrity of foundations and anchor nodes, failure of secondarssystem equipment due to exceed-
ing permissible displacements and accelerations. Correct selection and parametric adjustment of damping systems de-
signed to reduce dynamic responses and redistribute inertial loads is thereby of particular importance [15, 16]. Traditional
deterministic approaches to calculating damping devices and vibration isolation based on routine accelerograms and fixed
loading scenarios typically fail to reflect the variability of actual seismic impacts, their unsteadiness, intereventuality and
intraevent variability, and possible nonlinear effects in the design response. As a result, the formed design solutions might
be sensitive to the uncertainties of the input parameters leading either to inefficient resource overruns or to underestima-
tion of a probability of failure. Stochastic modeling of the dynamics of "soil-structure—equipment™ using Markov pro-
cesses, particularly the Ornstein-Uhlenbeck (OU) processes, provides a formal apparatus for describing a random com-
ponent of a seismic impact and a system response of a probabilistic formulation. The OU process, which has the properties
of Gaussian, incremental stationarity, and average return, enables approximation of filtered white noise with a specified
correlation structure making it convenient for modeling not only the input acceleration of the base, but also generalized
disturbances formed by the transition of wave fields through geological layers and supporting parts. Extended formula-
tions include piecewise stationary and non-stationary modifications of OU processes with slowly changing dispersion and
frequency parameters of the dominant components, vector models for a consistent description of multicomponent records
(two horizontal and vertical components) [12]. Integration of such stochastic representations into the equations of motion
of mechanical subsystems with linear or slightly nonlinear damping enables one to obtain analytical or quasi-closed ex-
pressions for response statistics: spectral densities of accelerations and displacements, variances of relative displacements,
probabilities of exceeding limit states, average times prior to failure at specified thresholds. For damping devices with
nonlinear characteristics (e.g., viscoelastic inserts with modulus dependence on frequency and temperature, frictional and
viscoplastic dampers, inertial mass dampers), methods of equivalent linearization, stochastic averaging, and Fokker-
Planck-Kolmogorov techniques are employed in order to estimate stationary and transient distributions of states. This
provides probabilistic damping performance indicators, including risk curves and vulnerability functions for equipment
elements and structural systems. The practical design methodology in a stochastic formulation entails calibration of the
parameters of an input seismic process based on regional attenuation relations and an accelerogram database; identifica-
tion of damper parameters based on experimental hysteresis curves and frequency-dependent modules; design of stochas-
tic models of the structure-base interaction taking into account the base impedance and radiation damping; conducting
probabilistic dynamic analysis in the time and frequency domain with sensitivity evaluation to key uncertainties. Optimi-
zation of the parameters of damping devices is formulated as a task of minimizing risk functionals (e.g., mathematical
expectation of damage or a probability of exceeding the maximum responses over the service life) with limitations in
weight, dimensions, manufacturability and operational reliability. For objects with a higher class of responsibility, it is
advisable that multi-purpose optimization with the criterion of robustness to variations in input processes and degradation
of material properties over time [17, 18] is employed. An additional rise in reliability is attained by means of combining
Ornstein-Uhlenbeck processes with physically informed models of a source, propagation path, and near-surface condi-
tions with Bayesian procedures for updating the parameters based on data monitoring. Built-in systems for recording a
response of the equipment and structures allow for identification and online correction of stochastic models during oper-
ation, which ensures adaptive reconfiguration of dampers with variable characteristics and early detection of degradation
changes. For the linear part of the infrastructure, spatially correlated multipoint models of seismic excitation are of particular
significance making it possible to take non-synchronicity of impacts on extended lines and cascading effects in a network
into consideration. Transition from deterministic to stochastic methods of analysis and design of damping systems based on
Ornstein-Uhlenbeck processes thus provides a more adequate representation of a natural variability of seismic impacts, al-
lows one to obtain quantitative probabilistic estimates of efficiency of protective measures and to form evidence-based so-
lutions for improving reliability and longevity of energy facilities throughout their life cycle — from design and construction
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to operation and modernization. As a result, there is a balance between safety, economic efficiency and regulatory require-
ments in the presence of significant uncertainties of external influences and system parameters [19].

Materials and Methods. The major research task is to design a complete mathematical model of earthquake-resistant
protection that would reflect both the stochastic nature of the exciting effects and a nonlinear dynamics of various types
of damping devices, supports parametric optimization and provides a probabilistic assessment of the reliability of the
equipment being protected. Unlike the common approaches relying on overly simplified concepts of seismic impacts or
overlooking a random nature of dynamic processes, the suggested formulation focuses on a statistically consistent de-
scription of input signals, precise consideration of non-linearities in energy dissipation subsystems, and strict alignment
of the efficiency criteria with the risk and fault tolerance indicators. The major element of a model is a description of a
seismic input as a random process with specified spectral-temporal characteristics. To this end, it is advisable that families
of nonstationary Gaussian or quasi-stationary processes with an evolutionary power spectrum, accelerogram generators
calibrated based on the normative response spectra as well as duration and intensity statistics are employed. This formu-
lation makes it possible to reproduce the intensity variability, frequency drift, and time modulation correctly that are
essential for a precise assessment of a response. A dynamic damping subsystem should be modeled in a nonlinear formu-
lation taking the actual constitutive laws into consideration: bilinear and multistep hysteretic models for viscoelastic ele-
ments, force dependences for viscous dampers, models with temperature dependence and amplitude of deformations,
possible limiting states (ledge, saturation). In order to enhance identifiability and computational stability, it is recom-
mended that reduced descriptions based on operational models with experimentally verified parameter ranges are em-
ployed. As the tasks of adjusting dampers in actual structures have a multi-criteria nature, a model should include formal-
ized objective functions and constraints: minimizing transmitted accelerations and displacements, limiting coupling
forces, ensuring operational suitability under multi-level excitation scenarios, cost, weight, and manufacturability require-
ments. The parameters of dampers can be optimized within the framework of a probabilistic formulation by means of the
methods of gradient stochastic optimization, evolutionary strategies or Bayesian optimization with surrogate models,
which reduces computational costs considerably while maintaining the accuracy of the estimates. Probabilistic reliability
assessment should be integrated into the computational circuit through risk-based design metrics. This entails calculating
functions for exceeding limit states, estimating a probability of failure based on the selected performance criteria, and
confidence intervals for the key responses. In order to boost the efficiency of Monte-Carlo methods, multilevel and mul-
tifid schemes, importance weighting, reduction of the dimension of the input space by means of stochastic modes based
on extended Chebyshev/Legendre polynomials or Gaussian processes should be employed. From the perspective of nu-
merical implementation, a modular architecture is preferred, combining direct temporal integration of a nonlinear system
of equations of motion with adaptive step schemes and stable integrators, specialized solvers for non-smooth hysteretic
laws, a probabilistic modeling unit that provides the generation of ensembles of input effects and statistical processing of
responses. In order to speed up the calculations, it is advisable that reduction of POD/DEE-based models or trainable
surrogates (e.g., physically informed neural networks) with an obligatory a posteriori validation on independent scenarios
is employed. The suggested concept enables elimination of the limitations of the existing approaches by means of con-
sistently accounting for the randomness of seismic excitation precisely describing nonlinear damping mechanisms, and
directly linking parametric optimization with probabilistic reliability criteria [20]. This lays the foundation for practical
design-oriented developments, provides scalability for different classes of structures and types of dampers, as well as
reproducible quantitative estimates of the efficiency of protection systems with a controlled degree of uncertainty.

Let us consider a real example. The initial system parameters are as follows:

The turbine unit weight is m = 50000kg.

The natural frequency of the oscillating system is f, = 2.5 Hz.

The damping coefficient (for a linear case) is { = 0.02.

The parameters of the Ornstein-Uhlenbeck random process are as follows:

The rate of return to the average 6 = 1.5sec™?, intensity variance is ¢ = 0.3 m/sec?, mathematical expectation of
excitation is u = 0.
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The parameters of the viscoelastic damper are as follows:

The damping coefficient c; = 2 - 105N - sec/m, indicator of the strength of non-linearity is ¢ = 1.8.

Stationary displacement dispersion with no damper. For a one-mass system undergoing random excitation of the
Ornstein-Uhlenbeck type, the dispersion of stationary displacements is expressed as

2 a?

Ox = 203’
where w, = 27 f, is the natural angular frequency of a system.
Let us substitute the initial values:

wo = 2-3.14- 2.5= 15.71 rad/sec;
a = —2 =P ~ 1.22-107*m?,
Correction of damping in the presence of a nonlinear damper.
While using a viscoelastic damper with a nonlinear characteristic as
F = cy4x®.
its influence on the effective damping value in calculating the dynamic parameters is displayed. The effective damping

coefficient is estimated approximately using the following formula:
_ cq+odt
Cerr =¢ + 2m:>0 .
Here o, is the the standard deviation of the velocity estimated for a nonlinear system. For the selected parameters

Cerr = 0.02 + 0.089 = 0.109.
The decrease in the stationary displacement dispersion due to the increased damping can be approximately estimated as

@ S

0% Serf

Inserting the numerical values,

or, which is equivalent to a 2.4-fold decrease in the RMS deviation of the displacements due to the action of the damper.

Hence the use of a nonlinear viscoelastic damper considerably boosts effective damping of asystem. The RMS values
of the displacement response are thus reduced by more than two times helping to reduce seismic risks for a turbine unit,
increase its dynamic stability and reliability in conditions of accidental impacts. This approach can be recommended for
modernizing vibration protection of large power units in earthquake-prone regions.

Research Results. The study has displayed the high adequacy of the generalized Ornstein-Uhlenbeck process as a
stochastic model for describing input seismic impacts employed in analyzing the dynamics of building structures. The
use of the model is justified by means of its analytical transparency making it possible to obtain isolated expressions for
the major statistical characteristics, including spectral densities, correlation functions, response variances, and probabili-
ties of exceeding critical levels. This serves to greatly facilitate the solution of engineering problems in assessing and
predicting the behavior of structures under the action of random dynamic impacts.

Unlike their linear analogues, damping devices with a nonlinear power characteristics have been shown to be capable of
considerably increasing the efficiency of energy dissipation during random intense seismic vibrations. This is due to the
capacity of nonlinear dampers to amplitude-dependent adaptation of a damping force, which causes a more uniform redis-
tribution of energy across the spectrum of exciting frequencies. This adaptation helps to reduce a probability of local reso-
nances as well as the level of extreme structural responses. The highest energy dispersing capacity is observed for dampers
with a nonlinear index a in the range of 1.6-2.0, which has been confirmed by theoretical analysis and numerical modeling.

A comprehensive methodology for probability-based parametric optimization of damping systems has been developed
allowing one to take statistical heterogeneity and regional features of seismic impacts into consideration. The suggested
approach integrates parameter setting of the stochastic input process model with multi-purpose optimization of vibration
protection efficiency with limitations on material resources and compliance with the current regulatory requirements. This
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methodology entails use of procedures for identifying statistical characteristics of seismic impacts in the area and adapting
the parameters of damping devices taking probabilistic criteria for reliability and operational efficiency into consideration.

Discussion and Conclusion. The generalized Ornstein-Uhlenbeck process provides a solid mathematical and com-
putationally efficient foundation for formalizing the stochastic nature of seismic impacts and analytically evaluating the
dynamic response of engineering systems. The use of nonlinear dampers with a nonlinearity index a of the order of 1.6—
2.0 is considerably superiority in terms of energy dissipation and limiting extreme responses compared to the traditional
linear systems. The developed probability-based parametric optimization methodology opens up avenues for flexible
adaptation of the characteristics of dampers to various regional features of seismic activity, taking the variability of in-
put processes and specific features of construction sites into consideration.

In the future, it is recommended that experimental research is extended in order to verify mathematical models and
to improve the accuracy of parameterization of materials and interface elements. On top of that, theory and practice of
uncertainty analysis related to both the characteristics of seismic impacts as well as the physical and mechanical proper-
ties of damping devices must be developed. This would improve the overall reliability and engineering validity of de-
sign decisions in the field of earthquake-resistant construction and lay a foundation for introducing intelligent adaptive
vibration protection systems based on state-of-the-art stochastic models.
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Abstract

Introduction. Modern architecture is characterized by the extensive use of buildings with complex curvilinear forms that
are high expressive yet require tackling new engineering challenges associated with ensuring their aerodynamic stability.
Normative methods for calculating wind loads are largely focused on buildings with a simple geometric shape and fail to
account for the flow characteristics of free-form shells. This highlights the need to systematize modern approaches to
analyzing wind effects on such structures. The aim of the study is to summarize and compare normative, experimental,
and numerical methods for assessing the aerodynamic stability of complex-shaped buildings.

Materials and Methods. The object of the study is a building with a biomorphic three-beam structure characterized by
smooth contours and a complex spatial topology. In order to analyze its aerodynamic characteristics, numerical simulation
of wind flow was performed using the RWIND Simulation software. The study was conducted in order to identify the
flow characteristics and distribution of aerodynamic loads on the surface of a complex-shaped building.

Research Results. As a result of the calculations, distributions of the pressure, velocity, and pressure coefficients over a
building surface were obtained. Zones of a local pressure increase and dilution were identified in the areas of volume
junctions and roof recesses. It was found that the curvilinear form of a building contributes to a reduction in the overall
aerodynamic drag; however, it also induces the formation of local vortex structures, which is to be considered in designing
fagade and roofing systems.

Discussion and Conclusion. The results confirm the effectiveness of applying Computational Fluid Dynamics (CFD)
methods for analyzing the aerodynamic properties of complex-shaped buildings. The integrated use of normative, exper-
imental, and numerical approaches ensures a more accurate assessment of wind effects and contributes to developing a
cutting-edge methodology for designing aerodynamically stable architectural structures.

Keywords: aerodynamic stability of buildings, wind effects, complex-shaped buildings, curvilinear shells, computational
fluid dynamics, numerical simulation, aerodynamic pressure, vortex flow structures, wind loads on structures
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CoBpeMeHHBbIE MOAXO0AbI K HCCJIEIOBAHUIO ADPOAHUHAMUYECKON YCTONYNBOCTH 31aHUI
CJIO’KHOM KPUBOJIMHEHHOH (hopMBbI
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AHHOTALUA

Beeoenue. CoBpeMeHHast apXUTEKTYpa XapaKTepHU3yeTCsl aKTHBHBIM HCIIOIb30BAHUEM 3/IaHHUH CII0KHOI KPUBOJIMHEHHON
(opMBIL, 00J1aJaI0INX BBICOKOH BHIPA3UTEIBHOCTHIO, HO TPEOYIOLIMX PEIICHHsT HOBBIX HMHKEHEPHBIX 3a71a4, CBSI3aHHBIX C
obecrieueHreM UX a3poANHAMHUUECKOi ycToHunBocTH. HopMaTuBHBIE MeTOIbI pacyéTa BETPOBBIX HArpy30K OPHEHTHPO-
BaHbI IPEUMYILECTBEHHO HA 3/1aHHs IPOCTOI reOMETPUIECKON (GOPMBI M HE YUUTHIBAIOT OCOOEHHOCTEH 0OTEKaHUs CBO-
00HBIX 000JI0YeK. DTO 00yCIOBINBAET HEOOXOIMMOCTh CUCTEMATH3alMU COBPEMEHHBIX IMOJXO0J0B K aHallM3y BETpPO-
BOT'O BO3JCHUCTBUS Ha MOZOOHBIE cOOpYKeHHMs. Llesbro HACTOSMIEro UcClieNOBaHus ABIseTCS 0000IIEHHE H CpaBHEHHE
HOPMATHBHBIX, SKCIIEPUMEHTAIBHBIX W YHCICHHBIX METOJIOB OLICHKH a3pOANHAMHYECKOH YCTOHYMBOCTH 30aHUM CIIOXK-
HOM ()OPMBL

Mamepuanvt u memoowvt. OOEKTOM HCCICAOBAHUSA SBISIETCS 31aHUE ¢ OHOMOP(HOH TPEXITy4eBOl CTPYKTY PO, Xapak-
TepH3yroLleecs MIaBHBIMU OYEePTAaHUSIMH M CII0)KHOM NPOCTPaHCTBEHHOM Tomostorueit. [ ananmu3a aspoAMHAMUYECKHX
XapaKTEPUCTUK BBINOJIHEHO YHUCICHHOE MOJEIMPOBAaHUE BETPOBOIO INOTOKA C NpuMeHeHueM IporpamMMmbl RWIND
Simulation. MccnenoBaHue BBINOIHEHO € LENBIO ONpeeleHns] 0cOOCHHOCTEe 00TeKaHUs ¥ paclpeeieHns] a3poarHa-
MHUYECKHUX HAarpy30K Ha HOBEPXHOCTh 3JIaHHsI CJIOKHOHW (hPOPMBI.

Pesynvmamut uccnedosanus. B pe3ynbraTe BHINOJHEHHBIX PACUETOB MOIYUYESHBI paclpeieieH s aBlIeHus, CKOpOCTel
1 K03 PUIIMEHTOB aBleHNUS 110 TOBEPXHOCTH 3/1aHNs1. BBISBICHBI 30HBI JIOKAJILHOTO MOBBILICHHUS U Pa3peKeHHUS JIaBIie-
HHS B 00JIACTSIX CONPSDKEHUS OOBEMOB H yrIIyOJeHHH KPOBIH. Y CTaHOBIICHO, YTO KPUBOJIMHEITHAs Gopma 31aHus CIIo-
COOCTBYET CHIKCHHIO HHTETPATBEHOTO adpPOIMHAMUYECKOTO CONPOTHUBIICHHS, OJHAKO BBI3BIBACT 00Opa30BaHUE JOKAJb-
HBIX BUXPEBBIX CTPYKTYP, KOTOpBIE HEOOXOIMMO YUUTHIBATE MPU MPOSKTUPOBAHHUH (hacaJHBIX H KPOBEJIBHBIX CHCTEM.
Obcyscoenue u 3axkarouenue. I1onydeHHbIE Pe3yIbTaThl MOATBEPXKAAIOT 3)(HEKTUBHOCTD IPUMEHEHHUSI METOI0B BBIYHC-
nurensHo# ruapoauHamuku (CFD — Computational Fluid Dynamics) asst anannza a3poAMHAMUYECKUX CBONCTB 3/1aHUN
cnoxHoit popmbl. KoMIuiekCHOE HCIIONIb30BaHIE HOPMATHBHBIX, IKCIIEPUMEHTAIbHBIX U YUCIICHHBIX HOAX0I0B obecrie-
4yuBaeT OoJyiee TOYHYIO OLEHKY BETPOBBIX BO3JIEHCTBHH M CHOCOOCTBYET (POPMHUPOBAHHIO COBPEMEHHOW METOJI0JIOTUH
MPOEKTUPOBAHKS a3POANHAMUYECKH YCTOWYNBBIX APXUTEKTYPHBIX COOPYKEHHH.

KiioueBble ci10Ba: a3poarHaMUYecKasl yCTOMUYMBOCTh 3/]JaHUI, BETPOBOE BO3JIEHCTBUE, 3[aHUS CIOKHON r€eOMETpUH,
KpUBOJIMHEHHBIE 000JI0YKH, BRHIYUCIUTENIbHAS THAPOJUHAMIKA, YUCIIEHHOE MOACITUPOBaHUE, a9POJUHAMHUECKOE JIaBIie-
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Introduction. The architecture of the 21% century is characterized by a surge in the number of buildings and structures
of complex curvilinear shapes. In conjunction with use of new composite materials and systems of enclosing structures,
modern technologies of design, modeling and construction enable implementation of architectural ideas that used to be
considered utopian. Renewed interest in curvilinear architectural structures is a testimony to the reemergence of the trends
that date back to the late 20th century, when plastic and biomorphic forms started being considered as a tool of combining
aesthetics, functionality and engineering rationality [1]. Concert halls with shell coverings, museums with asymmetric
volumes, sports arenas with domed and combined roofs, as well as high-rise complexes with facades containing bends,
twisted and torsion elements are emerging in the largest global megacities. Such structures are a cornerstone of the modern
architectural image of cities becoming visual representations and symbols of a regional cultural identity.

The growing proprotion of buildings with a non-standard geometry is posing new engineering challenges. One of the
major factors critical to safety, operational reliability and durability of such structures is their aerodynamic stability under
the influence of wind loads [2]. Unlike the traditional rectilinear or cylindrical shapes, curvilinear structures create a
complex structure of airflow flow accompanied by intense eddy formation, local separation zones and pressure concen-
tration [3]. These cause loads to distribute unevenly over the surface, enhance oscillatory processes and in some cases
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might generate resonant effects. On top of that, local high-pressure areas might damage facade systems, translucent struc-
tures, and roofing elements. In the context of dense urban development, the interaction between adjacent buildings ex-
arcebates the aerodynamic pattern increasing local vortex zones as well as pressure on enclosing structures [4].

The issue of an adequate assessment of a wind impact on buildings of complex shape is a daunting one. In engineering
practice, regulatory methods fixed in national and international standards are still dominant. In Russia, the main docu-
ments are SP 20.13330.2016 "Loads and Impacts" and SP 267.1325800.2016 "Buildings and Structures. Design Rules
for Wind Impacts"”, regulating methods for identifying calculated wind pressure, aerodynamic drag coefficients and dy-
namic characteristics. Overseas similar provisions are contained in Eurocode EN 1991-1-4, ASCE 7-22, AlJ Recommen-
dations for Loads on Buildings (Japan) and GB 50009-2012 (China). These documents define the core principles of cal-
culating wind loads, but their application to objects with complex geometries is restricted as the calculated dependencies
have been developed for bodies of simple shapes — prismatic, cylindrical and domed ones.

At the same time, experimental and numerical methods for investigating wind impacts are actively developing.
Wind tunnel aerodynamic tests provide a high degree of accuracy and allow identification of local pressure concentra-
tion zones, flow separation and formation of turbulent structures. Field measurements on actual structures provide an
insight into the actual behavior of buildings in conditions of natural wind, however, they call for considerable financial
and time resources.

Numerical methods based on solving Navier-Stokes equations have been developed within the CFD approach that
involves discretization of a calculation domain and numerical solution of equations of motion and conservation of mass
for a flow being studied. Use of CFD makes it possible to analyze nonstationary three-dimensional aerodynamic processes
around objects of almost any configuration as well as to obtain detailed fields of velocities, pressures, and vortex struc-
tures. The accuracy of such calculations is largely due to a choice of the turbulent model (RANS — Reynolds-Averaged
Navier-Stokes, LES — Large Eddy Simulation and hybrid DES — Detached Eddy Simulation) [5, 6], correctness of the
boundary conditions and a degree of detail of a calculation grid.

The state of the art in the field of aerodynamic stability of buildings of complex geometry is thus characterized by a
broad range of approaches, but the shortage of a unified methodology to ensure both the accuracy of calculations and
their practical applicability. This serves to highlight the need for a comprehensive analysis of architectural and construc-
tion aerodynamics considering the relationship between shape, structure and air flows [7]. There is an imperative to sys-
tematize the existing methods, compare their capacities and limitations as well as to develop a strategy for further devel-
opment of this scientific and technical field.

The aim of the study is a comprehensive analysis of the modern approaches to studying wind effects on buildings of
a complex curvilinear shape. The paper discusses the provisions of the regulatory framework, experimental methods of
aerodynamic testing and modern CFD modeling technologies. Special attention is paid to a comparative assessment of
accuracy, computational efficiency and integration of these methods within a single methodological system.

Materials and Methods. The study of the aerodynamic stability of buildings with complex curvilinear shapes relies
on the analysis of the three major groups of methods: normative, experimental and numerical (CFD) ones. This division
reflects the state of the art in engineering practice and allows comparisons of their accuracy, scope and limitations.

Normative methods for calculating wind effects are based on generaliing statistical data from long-term meteorolog-
ical observations and results of aerodynamic experiments for typical building geometries. In domestic practice, calcula-
tions are regulated by the document SP 20.13330.2016 "Loads and Impacts" where the estimated wind speed and pressure
are identified taking the wind area, terrain category and height of the structure into consideration. According to modern
research, the existing regulatory dependencies developed mostly for buildings of a simple shape demonstrate a limited
scope of applicability in analyzing objects with a complex or curvilinear geometry leading to a decrease in the accuracy
of calculations of aerodynamic loads [8].

Experimental methods include aerodynamic tests in wind tunnels and field measurements making it possible to obtain
pressure and velocity distributions along the surface of building models [2, 9]. Modern research makes use of highly
sensitive pressure sensors, as well as flow visualization techniques such as PIV (Particle Image Velocimetry) and digital
anemometry. Use of scale models of fragments of urban development enhances the realism of the resulting data, which
is of particular importance for buildings located in a dense urban environment [10]. In spite of their high degree of accu-
racy, such tests call for considerable material and time costs with their results frequently limited to specific flow scenarios.
Experimental methods are thus largely employed in order to verify numerical models and refine turbulence parameters.

Numerical methods (CFD) are a universal tool for analyzing wind impacts on buildings of complex shapes. They
make it possible to investigate three-dimensional unsteady flows and evaluate the influence of a shape, angle of attack,
and surface roughness on the aerodynamic characteristics [11]. As part of this study, a computational model of the build-
ing was deisgned in the Rhinoceros 3D environment and exported to the RWIND Simulation software package that im-
plements a method for finite-volume solution of Navier-Stokes equations in a stationary formulation using the turbulent
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k—® SST model [12, 13]. The program automatically generates an adaptive finite-volume grid thickened in areas of an
increased curvature and expected flow separation. Depending on a tasks at hand, various turbulent models can be em-
ployed - RANS, LES, and hybrid DES [5, 6, 14]. CFD analysis provides detailed pressure fields, velocities, and turbulent
energy, visualization of vortex structures, and identificaton of aerodynamic coefficients. Special attention is paid to the
quality of a calculation grid and correctness of the boundary conditions the reliability of the results depends on [15].

The integrated application of normative, experimental and numerical approaches provides a comprehensive assess-
ment of the aerodynamic stability of buildings. Normative methods set the initial design guidelines, experimental tests
refine the pressure distribution, and CFD modeling indicates the spatial structure of the flow and zones of local aerody-
namic effects. This integrated approach lays the foundation for the modern methodology for analyzing and designing
buildings of a complex shape ensuring their stability, safety and durability.

Research Results. The object of the numerical analysis is a building with a smooth curved architectural form with no
clearly defined faces and a three-ray structure typical of modern biomorphic forms (Fig. 1). According to the plan, the
building is a three-ray structure formed by three interconnected oval volumes united in the central part. This geometry
makes it possible to investigate the features of the interaction of flows in the areas of volume coupling and those with
variable surface curvature. The streamlined contour of the building contributes to the uniform redistribution of the incom-
ing airflow and reduces the intensity of local vortex formations.

Fig. 1. Architectural rendering of the object

The roof surface has a continuous smoothed geometry with three large oval depressions with glazed dome structures
inside it. These depressions form closed contours that smoothly interface with the main body of the building, which avoids
sudden changes in the curvature and minimizes the likelihood of areas of a local increase in the aerodynamic drag. Visu-
ally, the shape of the building resembles a biomorphic shell seamlessly integrated into the surrounding space and adapted
to the wind flow direction.

A digital geometric model was designed in the Rhinoceros 3D environment using the NURBS representation of geometry
(Fig. 2) making it possible to accurately reproduce the curved shape of the shell with controlled radii of curvature and ensure
a high degree of correspondence between the architectural concept and the calculated model [11, 15]. Based on the designed
model, the surface was prepared for CFD analysis in the RWIND Simulation software environment [3, 14, 15] where
algorithms for generating an adaptive finite-volume grid and modeling wind flows around complex spatial shapes are
implemented.

Numerical analysis of aerodynamic stability was performed in RWIND Simulation using the finite volume
method for solving Navier-Stokes equations in a stationary formulation [3, 11]. K—» SST was employed as a turbu-
lent model [12] that provides an accurate description of the flow in the boundary layers and correct modeling of
flow separation zones on curved surfaces [3, 14]. A three-dimensional computational domain was defined for the cal-
culation that ensures the free development of the flow with no boundary effects. A uniform velocity profile with a maxi-
mum value of 41.2 m/s was set at the input. The outlet boundary was identified by the condition of zero pressure gradient,
upper and side surfaces by the condition of free sliding. The surface of the building was assumed to be rough making it
possible to take the influence of the microrelief of the roof and facade elements into consideration.
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Fig. 2. Digital NURBS-shell model

The results of the numerical simulation include three-dimensional fields of static pressure, aerodynamic coefficient
(c), velocities and trajectories of an air flow. Fig. 3 shows the distribution of static pressure over the building surface. The
maximum positive values of +574 Pa are observed in the windward sections of the shell, mostly in the front convex zones
and in the central part perpendicular to the wind direction. In the areas between the oval depressions and in the rear part
of the structure, negative pressure values up to —864 Pa are recorded, which is indicative of the formation of rarefaction
zones and local vortex structures.

Fig. 4 shows the distribution of the aerodynamic coefficient C. The highest values (C = 1.02) occur in the frontal
sections of the roof where the air flow is inhibited. The minimum values (C = -1.54) are observed in the depressions and
behind the rear edges of the volumes where recirculation zones are formed, i.e., areas of reverse flow movement accom-
panied by reduced pressure and eddy formation. Data analysis confirms that there are stable vortex structures in the inter-
petal regions causing pressure pulsations and an increase in the dynamic component of the wind load [13].
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Fig. 5 shows the velocity distribution in the flow section. Along the surface of the building, the flow velocity decreases
to 3-5 m/s in the boundary areas and vortex formation zones, whereas the acceleration to 30—35 m/s is observed between
the main volumes. A large-scale vortex wake forms above the central part gradually fading as it recedes. This flow struc-
ture is typical for aerodynamically streamlined but geometrically complex shapes combining smooth transitions and the
mutual influence of conjugated shell elements.

Numerical modeling has thus confirmed the high aerodynamic efficiency of curvilinear architectural forms in the
presence of smooth interface surfaces. The results make it possible to quantify the distribution of wind loads and visualize
the flow structure, which is a critical step in optimizing the architectural shell and increasing the reliability of complex-
shaped building structures.
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Fig. 5. Velocity distribution in the flow section

Discussion and Conclusion. The research has shown that architectural objects with a distinct curvilinear geometry
have not only a high aesthetic and functional value [1], but also place increased demands on the aerodynamic stability
and accuracy in calculating wind impacts. The analysis of normative, experimental, and numerical approaches has con-
firmed that the traditional methods based on the simplified models and averaged coefficients are not sufficiently accurate
while calculating complex-shaped buildings. At the same time, use of modern computational aerodynamics tools can
serve to considerably increase the reliability of projections and detail a flow pattern.

Using the example of a building with a three-beam shell, it is shown that the combination of Rhinoceros 3D and
RWIND Simulation software environments provides a possibility of a comprehensive analysis of the aerodynamic char-
acteristics. Use of the turbulent k—» SST model [12] made it possible to correctly reproduce vortex structures and identify
the pressure distribution over the surface as well as the areas of local loads and potential instability. The results are
consistent with data from overseas studies [11, 13] and confirm the efficiency of the CFD approach in analyzing buildings
with a free architectural plastics.

Integration of the numerical analysis methods is at the core of the modern methodology for designing buildings of
complex geometry ensuring the relationship between an architectural concept and engineering reliability. Use of CFD
modeling in the early stages of design makes it possible to identify unfavorable aerodynamic zones, optimize the geometry
of the shell and prevent resonant vibrations. This approach contributes to enhancing safety, durability and energy effi-
ciency of structures and is in compliance with the principles of sustainable architectural development.

The prospects for further research are integrating the numerical and experimental methods, designing unified data-
bases of aerodynamic coefficients for typical geometries as well as introducing digital building doubles for monitoring
wind impacts in the operating conditions [16]. On top of that, the urgent task is yet to improve the national regulatory
framework including SP 20.13330.2016 and SP 267.1325800.2016 bringing their provisions in compliance with the in-
ternational standards Eurocode EN 1991-1-4, ASCE 7 and AlJ Recommendations.

The implementation of these directions will enable a single comprehensive methodology for analysis and design ensuring
improved calculation accuracy, operational reliability and stability of buildings of a complex curvilinear architecture.
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Abstract

Introduction. The development of the construction industry in Russia involves both emerging technologies and materials
and traditional construction methods. One of the well-known tools in this country is wooden housing construction. Apart-
ment buildings are being built from wooden CLT panels, glued timber, beams made of unidirectional veneer, etc. are
commonly employed. Modern architecture seeks to create large open spaces for free planning. In wooden buildings, it is
not always possible to organize such spaces due to a limited length of lumber being produced. Studies aimed at designing
extended panels from wood are thus gaining momentum. The aim of this study is to develop new designs of wooden
panels for cladding and flooring of buildings from standard lumber, plywood and oriented strand boards with spans ex-
ceeding the standard length of boards, to identify the limits in the load-bearing capacity of such panels, as well as to
conduct their geometric calculation.

Materials and Methods. Two types of box-shaped panels made of wooden planks, plywood and/or oriented strand boards
are considered. The load-bearing capacity of the suggested structures is estimated by means of both traditional methods
of material strength and computer models.

Research Results. The design of extended panels is described differing from the known overseas analogues and is free
from the inherent disadvantages of the latter. Geometric calculation of the suggested structures is performed. The rational
size ratios of the sizes of boards that make up the panels are identified. Design limitations for individual elements of
products are established. Computer models of the panels are designed and employed in order to identify the applicability
limits of the suggested structures.

Discussion and Conclusion. As a result of the research, new designs of wooden panels for flooring and cladding of
buildings with possible spans exceeding the standard length of lumber and made with no use of costly materials have
been developed. The simplicity of the design makes it possible to organize manufacturing of products in small-size in-
dustries with complex and costly equipment involved. The panels can be employed for long open spaces in wooden
buildings and structures for a broad range of purposes.

Keywords: panel, wood, lumber, plywood, flooring, cladding, long spans
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AHHOTAIIA
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Verzhbovsky GB Extended Wooden Panels for Flooring and Cladding of Buildings

CLT-nmaneneii, MpPOKO UCIIONB3YETCs KieeHas peBecrHa, OallKi U3 OJAHOHANPABICHHOrO MinoHa U T.11. CoBpeMeHHast
apXHUTEKTypa HallpaBJIeHa Ha CO3/1aHNE 3HAUYNTEIbHBIX OTKPBITHIX IIPOCTPAHCTB JUTA CBOOOTHOH IIIaHNPOBKH. B epessiH-
HBIX 3[JaHUSIX HE BCErJa yJaeTCsl OPraHM30BaTh NOAOOHBIE MPOCTPAHCTBA M3-3a OTPAHWYEHHOCTHU JUIMH BBIITYCKAaeMbIX
MHJIOMATepUanoB. B CBs3H ¢ 3TUM aKTyaJlbHBIMH CTAHOBSITCS HCCIIEIOBAHMS, HAIIPABJICHHBIC HA CO3JJAHUE TPOTSHKECHHBIX
ma”esei u3 npeBecuHsbl. Llenpro HacTosmeil paboTHI ABISIETCS pa3pabOoTKa HOBBIX KOHCTPYKIMHA JIEPEBSIHHBIX MaHeNIeH
MOKPBITHH U TEPEKPBITHH 3IaHNi U3 CTAHAAPTHBIX NMIIOMATEPHANIOB, (paHEPH! 1 OPHEHTHPOBAHHOCTPYKEUHBIX ILTUT C
MPOJIETaMH, TIPEBBINIAIONIMMY CTAHAAPTHYIO JUIMHY JI0COK, ONpE/IeIICHUE MPEIEIOB Hecyllel CTOCOOHOCTH TaKUX IaHe-
JIeH, a TAKXKE UX TEOMETPUYECKUH pacyeT.

Mamepuanst u memoost. PaccMoTpeHs! 1Ba THIIA aHeIel KOpoOYaToro CTpoeHs, BBIIIOJHEHHBIX U3 IEPEBSIHHBIX JIOCOK,
(baHepb! 1/ OPUEHTUPOBAHHOCTPYKEUHBIX IUIUT. OLeHKa HecyIeil CHocOOHOCTH MpeiiaraeMbIX KOHCTPYKIM MTpou3-
BeZIeHa KaK IpH MOMOIIY TPaJUIIMOHHBIX METOJIOB COIPOTHUBIICHUS MATEPUAIOB, TAK U HA KOMIBIOTEPHBIX MOAEIAX.
Pesynomamut uccnedoganusn. Onrcana KOHCTPYKIUS IPOTSHKEHHBIX ITaHENEH, OTIIMYAIOIIAsics OT U3BECTHBIX 3apy0exk-
HBIX aHAJIOTOB X CBOOOIHAS OT MPHUCYIINX ITOCIETHIM HEOCTATKOB. BBITIONIHEH reOMeTpUIECKUH pacyeT MpeiaraeMbIx
KOHCTpYKIuil. OnpenesieHbl paroHaIbHbIE COOTHOIICHHMS Pa3MEPOB TOCOK, COCTABILFONINX AHETH. Y CTAHOBJICHBI KOH-
CTPYKTHBHBIE OTPAHMUYCHUS IJISI OTACIBHBIX 3J€MEHTOB H3enuid. Co31aHbl KOMIIBIOTEPHBIE MOJENH MAHEIeH, TIPH T10-
MOIIH KOTOPBIX YCTaHOBJIEHBI NPEEIbl IPUMEHUMOCTH IPEUIaraeMbIX KOHCTPYKIHH.

Odcyancoenue u 3aknouenue. B pesynprare NpoBeICHHBIX UCCIEIOBAaHUN pa3padOTaHbl HOBbIE KOHCTPYKIMU JAEPEBsH-
HBIX IIaHeJIed TIEPEKPBITUI U MOKPBITUI 3JaHUHI ¢ BO3MOXKHBIMU IIPOJIETaMU, IPEBBIIIAONIUMY CTAHIAPTHYIO JUIMHY IIH-
JIOMaTepHasioB U BBINOJIHEHHBIE O€3 HUCIONb30BaHUs JOPOTOCTOSIINX MaTepHuaioB. [IpocToTa KOHCTPYKIMH MO3BOJISET
OpraHM30BaTh BBINYCK M3JIEJIMA Ha HEOOJBIIUX MTPOU3BOJCTBAX 0€3 CI0XKHOTO U JJOporocrosiiero odopynosanus. [la-
HEJIU MOTYT NPUMCHATHCA A1 CO3AaHUA NPOTKEHHBIX OTKPBITHIX IMMPOCTPAHCTB B ICPEBAHHBIX 3ITaHUAX U COOPYIKECHUAX
Pa3INYHOTO Ha3HAYCHUSL.

KiaroueBsbie ciioBa: IaHeJb, APEBECHUHA, MTNJIOMATCPHUAJIbI, (baHepa, NEPEKPBITUC, TOKPBITUC, TPOTAKCHHBIC IPOJICTHL

s uurupoBanus. BepxoOosckuii I'.b. [IpoTsokeHHBIC NepeBIHHBIC TAHEIN TEPEKPHITHH U OKPBITHIA 30aruit. Cogpe-
MeHHble MeHOeHYUUu 6 Ccmpoumenbemee, 2padocmpoumenscmee u nianuposke meppumopuil. 2026;5(1):32-39.
https://doi.org/10.23947/2949-1835-2026-5-1-32-39

Introduction. Extended open spaces have been embraced in modern civic architecture. For them, special structures
of flooring and cladding — most frequently made of metal — are typically used. In wooden buildings, open spaces are
commonly limited by the size of standard lumber and are not beyond six meters. In order to design large facilities, beams
made of glued wood or products made of unidirectional veneer lumber (LVL) are to be employed with their spans de-
pending on the cross-section sizes. The use of these beams increases the cost of a frame structure and considerably en-
hances the thickness of flooring and roofing. Extended box-shaped panels where the power bearing elements are
"smeared" over the panel area are thus of interest.

One of the possible variants of such products are Kielsteg panels shown in Fig. 1 and allowing flooring of spaces up
to 27 meters long [1]. It should be noted that in this country a similar design was patented as early as in 2010 [2].

These products have some design features that arguably reduce their effectiveness. As wood performs better in com-
pression than in tension, it is advisable that a possibility of using boards of different thicknesses for upper and lower
paneling is explored. Plywood ribs bent during the manufacture of panels experience prestressing, which must be consid-
ered in design. Finally, the edges converging at the same joint form hard-to-reach spaces inside the panel to accommodate
effective insulation in them. It should be noted that laminated wood panels can have a highly diverse structure [3-5], and
only two of the possible variants of such products are going to be considered.

Along with the flat coverings, the panels discussed can also be used in vaults. Wooden arches are one of the oldest
and most interesting types of engineering structures in use. Initially, they emerged as a result of arched structures for
overlapping sufficiently large spaces with no intermediate supports [6]. In ancient Rome, the Pantheon and the Colosseum
came to be known as iconic structures using vaults. The structures were further developed in the Middle Ages when thin-
walled cladding emerged that was capable of withstanding significant loads with a minimum thickness, e.g., the Notre
Dame Cathedral in Paris. Modern architecture makes use of new approaches to designing vaulted structures, including
use of composite materials, parametric design by means of a special software, etc.

It is obvious that for a comprehensive review of the suggested panels, it is necessary to address some issues with the
main one being design of products and materials used to create them, as well as the geometric calculation of flat and
vaulted panels.
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a) b)
Fig. 1. Wooden floor panel by Kielsteg: a — cross section; b — an example of the use of panels [1]

It is also important to identify the method of assessing the stress-strain of the panels. Various approaches are employed
to this end [7, 8]. However, the finite element method seems to be the most universal one allowing almost all the design
features to be considered.

Use of renewable natural environmentally friendly materials in structures of buildings is becoming a modern trend in
the construction industry. In the Russian Federation, more and more attention is being paid to wood use in construction,
but the limited size of lumber makes it impossible to cover significant spans with no metal or massive glued structures.
The creation of new products with lower material consumption compared to traditional structures is an urgent task [9],
and their use in cladding of significant spans, including vaulted ones, opens up avenues for creating architecturally attrac-
tive objects.

The aim of the study is to evaluate a possibility of using the suggested panels as load-bearing structures of flooring
and cladding, to identify their maximum spans and optimal ratios between the dimensions of the components of the
product elements.

The tasks to be addressed to this end are as follows:

— geometric calculation of panels and obtaining analytical dependencies to identify the dimensions of all of the com-
ponents of a product;

— assessment of the stress state of the forcibly curved edges of the middle layer of panels;

— designing parametric computer models of structures.

Materials and Methods. Two types of box-shaped panels with plank sheaths and ribs made of plywood or oriented
strand boards (hereinafter referred to as OSB) are discussed. The panels consist of recurrent modules with the size shown
in Fig. 2. The modules differ from each other in the shape of the edges. The first module has pre-curved edges, and the
second has rectilinear ones. Each of the suggested options has its advantages and disadvantages. In the first case, cham-
fered boards are used, however, certain effort must be applied to pre-bend the ribs, which might require presses, and the
ribs themselves will have lower safety margins due to prestressing. In case of rectilinear ribs, chamfering of the skin
boards becomes necessary, but the ribs do not have prestressing.

The basic dimensions of the panels are their height H, the thicknesses of the skins and ribs t, t and t, respectively, as
well as the width of the lumber b. The remaining dimensions shown in Fig. 2 are identified using the basic ones.

Modules for vaulted cladding come in a larger number of sizes and are more challenging to manufacture (Fig. 3).

A numerical-analytical approach was employed for the stated aim of the study. At the same time, the geometric cal-
culation of the panels is performed analytically, and the obtained dependencies are applied in the corresponding program.
Computer models of the panels were created in the SolidWorks software package.
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Fig. 2. Flat panel modules

Fig. 3. Vault panel modules

Research Results. The first stage of the study was a geometric calculation of the panels. If in case of flat panels it
turns out to be fairly simple, for the arch elements it is a rather laborious process due to a need to identify the central
angles of the edges at radii R1 and R4, as well as the bevels of the cladding boards depending on the specified parameters.
The problem had to be addressed using analytical geometry methods, and, e.g., to identify all the dimensions of the
module of vaulted cladding with pre-curved edges, it was necessary to calculate more than fifty parameters.

The solution to the problem of geometric calculation of the vaulted panel is implemented in the Microsoft Excel
software. Fig. 4 shows a workbook sheet for a module with curved edges where the width of the board bs is initially
calculated so that the central corner of the lower skin is equal to the angle o (the designations are shown in Fig. 3), and
a text file is then written with the data necessary for a generative code. A module with rectilinear edges is calculated in
the same manner.

The curved edges of the panels are pre-bent during the panel manufacturing process as well as a plate under cylindrical
bending. Obviously, to this end, some pressure must be applied to the rib that in this case can be identified using the
methods of material resistance. A cantilever beam with a span equal to the length of the rib section between the board
sheaths is considered whose free end a concentrated force and bending moment are applied to (Fig. 5).
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Fig. 4. Program for geometric calculation of a vaulted panel module with curved edges
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Fig. 5. Identifying the length of a work piece of the curved part of the rib

The ratio of these force factors is selected so that the specified deflection of the beam is ensured while the angle of
rotation of its free end is zero. Obviously, in this case, the bending moment can be expressed in terms of a concentrated
force, so the equation of the curved axis of the beam will have the form shown below. Given the fact that the stresses in
the rib should not be beyond the calculated bending resistance, the values of the maximum deflection of the rib and the
force creating it will be identified using the following expressions:

_RIZ Rt
3Bt 3

Here R, is the calculated bending resistance of the rib material with the remaining designations clear from Fig. 5.

In manufacturing panels, it is recommended that plywood or OSB sheets used as ribs are positioned so that the fiber
direction of the outer layers is parallel to the thickness of a product.

The length of the work piece of the curved edge section is identified using an elliptical integral that takes the following

form:
|
L =] 1+[ﬂ(l —x)z}dx.
0 2EJ
As a result of a numerical experiment where the distance between the panel skins and the amount of preliminary

bending of the rib varied, it was found that the length of the work piece of the curved section of the rib is slightly greater
than the one between the skins and can be found using the formula

L =1+0,01W2,,,.

All of the above actions were necessary in order to identify the stress-strain of the arches performed in the SolidWorks
software package. This software tool provides a broad range of possibilities and can be used for modelling the behavior

Px?
w(x)= E(SI —2X); Winax
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of structures made of new materials, accounting for the joint work of sheaths and a rib frame [10], as well as for comparing
different design options [11]. E.qg., the resulting three-dimensional model of an object in case of using global variables
can change when the specified variables can change in an external text file, which is handy in numerical experiments.

In order to design a panel model in SolidWorks, it sufficed to form separate modules a so-called assembly was made
from that included a required number of modules. Furthermore, in the Simulation software the object was automatically
divided into solid-state volumetric finite elements, support anchorages and operating loads were specified followed by a
static calculation.

As an example, Fig. 6 shows a module with curved edges and global variables from a Microsoft Excel text file.
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Fig. 6. Type 1 vault module model

In real-world design, it is more handy for engineers to use reference data that would provide rational dimensions of
cladding elements depending on the geometric parameters of an object and natural and climatic area of construction.
Obtaining such data is possible based on the results of a large numerical experiment where at least two hundred different
module variants will have to be considered. The aim of the experiment is to identify the appropriate parameters of the
cladding panels that could be written down in the form of simple formulas or tables, i.e., to design an engineering meth-
odology for the above structures.

A possibility of designing such a technique is implicitly confirmed in [1] that examines Kielsteg panels, as well as the
results of preliminary computer calculations for operational loads of individual modules (Fig. 7).

a) b)

Fig. 7. Computer simulation of Type 2 module: a — finite element model, b — deformed circuit

Building constructions, buildings and engineering structures

37



https://www.stsg-donstu.ru

38

Modern Trends in Construction, Urban and Territorial Planning. 2026;5(1):32-39. eISSN 2949-1835

Discussion and Conclusion. As a result of the literature review, new types of cladding panels and floors made of
wood, plywood and/or OSB have been set forth. Unlike the traditional glued plywood panels, the cladding of the sug-
gested products is made of planks, and the middle layer is a system of ribs made of sheet materials. This solution enables
a considerable increase in the span overlapped by the panels and therefore allows for extended open spaces in wooden
buildings. The panels can be either flat or curved in a circular arc on the short sides making it possible for them to be
employed in vaulted cladding.

As a result of the geometric calculation, the basic size ratios of the panels were identified and a software program was
developed in order to obtain the specified characteristics of the vaulted products. Computer models of the panels have
been compiled and preliminary calculations performed proving the applicability of the resulting structures as elements of
building cladding with spans up to 15 meters. Large spans can also be blocked provided that a construction lift is designed.

Panels of the specified design are also applicable in flooring of buildings, however, in this case the spans will be
slightly smaller. This is due to the higher load on flooring. Other types of similar panels are being considered, including
those employing thin-walled steel curved profiles as a middle layer. Applications for inventions have been submitted for
the products described in the study.

Further research directions involve analytical identification of a rational ratio of the thickness of the boards of the
panels and design of an engineering methodology to calculate them with no use of complex computing systems.
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Abstract

Introduction. The calculation of cylindrical stone arches of historical buildings is often performed in a core setting. At
the same time, the ratio of bending moments M and longitudinal forces N, as well as cracks has a major effect on the
load-bearing capacity of arches. The latter does not allow the analysis of the load-bearing capacity of arches by means of
the standard methods. The aim of the study is to develop a methodology for assessing the load-bearing capacity of cylin-
drical stone arches with cracks.

Materials and Methods. The experimental studies confirm that one or even a few cracks are not invariably a sign of
exhaustion of the load-bearing capacity of arches. The upper limit of the load-bearing capacity is due to such a number
of conditional hinges (cracks), which converts the arch into a kinematic mechanism. It is possible to analyze the operation
of vaults with cracks up to their physical destruction by means of the so—called interaction dependencies reflecting the
limiting ratios MRd-NRd.

Research Results. The interactive dependencies of Mr¢—Nrg Were identified experimentally. The experiments also re-
vealed the mechanisms of destruction of the cylindrical vault depending on the ratio Mr¢—Nrd. Thus, under the action of
only the bending moment, the destruction of the sample occurred along an unconnected section of the masonry; under the
action of only the compressive force, as a result of the formation of longitudinal cracks; under the combined action of the
compressive force and the bending moment, nature of the destruction depended on the ratio of these forces. The numerical
model have been verified that can be used in order to design interactive dependencies.

Discussion and Conclusion. A methodology has been developed for assessing the load-bearing capacity of cylindrical
stone arches with cracks using interactive dependencies reflecting the limiting ratios Mrg—Ngg. It is shown that it is possi-
ble to directly design interactive dependencies with numerical solid-state models, having previously "fine-tuned" them to
the results of a number of simple masonry tests. The actual values of M and N in the cross sections are identified using
the rod models of the arches. The load-bearing capacity of the arches is evaluated by comparing a certain combination of
M-N with the interaction dependence curve.

Keywords: stone vaults, cylindrical vaults, cracks in stone vaults, destruction of vaults, load-bearing capacity, mecha-
nisms of destruction of vaults.
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AHHOTAIIMA

Beedenue. Pacuer UMIMHIPUUECKUX KAMEHHBIX CBOJOB MCTOPUYECKHX 3AaHHM, 324acCTYIO, BBIIIOJHSAIOT B CTEPIKHEBOI
noctanoBke. [1pu aToM TOMUHUpYOLee 3HaUeHHE Ha HECYIIYIO CIIOCOOHOCTD CBOJIOB IMEET COOTHOLIICHUE M3THOAIOIINX
MOMEHTOB M u mpomonbHBIX cil N, a Taxoke Hammane TpemuH. [lociieaHee He MO3BOIISIET BECTH aHAJIN3 HECYIIEH CIIo-
cOOHOCTH CBOJIOB CTaHAAPTHBIMU MeTonaMmHu. Llenmsio mccnenoBannii sSBisieTCsl 0TpaboTKa METOIMKH OIEHKH HecyIei
CcrocoOHOCTH IMIHHAPHIECKUX KAMEHHBIX CBOJIOB C TPEIIHHAMH.

Mamepuanst u memoost. BEIoTHEHHBIC aBTOPAMH SKCIIEPUMEHTATBHBIC HCCIIEJOBAHMUS MOATBEPIKIAIOT, UTO MOSBICHHUE
OJTHOW M JTaXKe HECKOJBKUX TPEIIMH HE BCEr/ia SBILICTCS MPU3HAKOM HCUepIIaHus HecyIiel CliocoOOHOCTH CBOMIOB. Bepx-
Hsisl TpaHMLA HEeCYIIeH CIIOCOOHOCTH ONpEEsieTCsl HAIMYMEM TaKOTO KOJIMYECTBA YCJIOBHBIX IIAPHUPOB (TPEILUH), KO-
TOPOC NMEPEBOAUT CBO/I B KHMHEMaTUYECKUH MeXaHu3M. Bectu ananus pa60T1>1 CBOJIOB C TpCIIMHAMHU BIIJIOTH 10 UX (bI/ISI/I-
YECKOT'o paspyuiCcHuA BO3MOKHO C UCIIOJIb30BAHMEM TAaK HA3bIBACMBIX MHTCPAKIIMOHHBIX SaBHCHMOCTeﬁ, OTpaXarouunux
npenenabHble cOOTHOMEHUST Mrg—NRg.

Pezynomamut uccnedoganun. VintepakiioHHble 3aBUCUMOCTH Mrg—NRrd OTpeiesieHbl aBTOpaMH 3KCIIEPUMEHTAIbHBIM
myTeM. Takxke B XOA€ MPOBEACHHBIX YKCICPUMCHTOB BEISBICHBI MEXaHU3MBI PAa3pyLIICHUS IITHHIPHYECKOTO CBOJA B
3aBHCUMOCTH OT COOTHOMECHHUS Mrd—NRrd. Tak, pu JeicTBUH TOIBKO U3THOAIOIIETO MOMEHTA pa3pyIIeHe o0pasna mpo-
M30IIUIO TT0 HEMePeBA3aHHOMY CEUCHHIO KAMEHHOHN KITAJKH; TP ACUCTBUH TOJIBKO CKUMAIOIIETO YCIITHS — B pe3yJIbTaTe
00pa30BaHUs MPOAONBHBIX TPEINH; IPU COBMECTHOM JCHCTBUY CXKIMAIOIICH CIITBI M H3TUOAIOIIET0 MOMEHTA XapaKkTep
pa3pyIIeHus 3aBHCET OT COOTHOIICHUS 3TUX CHII. Taxke BBHITONHEHA BepU()HUKAIMS YHCICHHOW MOJENH, C IIOMOIIBIO
KOTOPOM BO3MOKHO [TOCTPOEHUE UHTEPAKIIMOHHBIX 3aBUCUMOCTEN.

Obcycoenue u 3aknrouenue. OTpaboTaHa METOIMKA OIICHKH HECYIIEH CIIOCOOHOCTH IMIUHIPUICCKIX KAMEHHBIX CBO-
JI0OB C Tp€IIMHAMU C HCIOJb30BAHUEM HWHTCPAKIIUOHHBIX 3aBI/ICI/IMOCT6171, OTpaxaromux MNpeACJIbHbBIE COOTHOUICHUA
MRdiRd. HOKa?)aHO, YTO HEMMOCPEACTBEHHO MHTCPAKIIUOHHBIC 3aBUCUMOCTHU BO3MOKHO IMMOCTPOUTH C TOMOIIbIO YHUCICHHBIX
TBEPAOTEIBbHBIX MOJEIIEH, IIPEABAPUTEIIBHO «HACTPOUB) UX HA PE3YJIbTATHI PsiJia IPOCTEUIINX UCIIBITAHUN Kiaaku. DakTu-
gyeckre 3HaueHUsI M 1 N B ce4eHUsX OmpenesiioTcs Ha CTep KHEBBIX MOZEISIX cBogoB. OIleHKa HeCylied criocoOHOCTH
CBOJIOB BEJIETCS ITyTEM COIOCTABJICHUS OnpeesieHHo koMOnHanmu M—N ¢ KpUBOH HHTEPAKIIMOHHOM 3aBUCHMOCTH.

KiaroueBble c/10Ba: KaMEHHEIC CBOJbl, MUWINHAPUYCCKHUE CBOAbI, TPCIINHbBI B KAMCHHBIX CBOJ4X, pa3pylIeHUE CBOJOB,
Hecymias CHOCO6HOCTL, MEXaHU3MBbI pa3pylIcHUusA CBOJ0B

Jas nurupoBanus. 3umuH C.C., Opmosuy P.b., Jannnos C.B., MockamskoBa I0.I'. Onenka Hecymieil crmiocoOHOCTH
LIINHAPIYECKUX KAMEHHBIX CBOJIOB C YUE€TOM UX MOBpexIeHUNA. CogpemenHbvle meHoeHyuu 8 Cmpoumenbcmse, epaoo-
cmpoumenvcmee u naanuposke meppumoputi. 2026;5(1):40-47. https://doi.org/10.23947/2949-1835-2026-5-1-40-47

Introduction. For more than a thousand years stone vaults have been one of the main structural elements of historical
buildings. At the same time, analyzing their work is still relevant in assessing the technical condition, repairs, reconstruc-
tion and modernization of buildings. Cracks, degradation and layering of masonry, and even falls of its individual frag-
ments, which might be due to uneven foundation precipitation, operational wear, overloads, dynamic impacts, man-made
and other factors [1-6] are common defects in arches. Particularly unfavorable is the degradation of mortar joints typically
made of weak lime mortars of old buildings. As a result of the violation of the adhesion between the mortar joints and the
stones, the tensile and shear strength of the masonry along the unconnected sections declines.

The load-bearing capacity of arches depends not only on the mechanical characteristics of the masonry and accumu-
lated damage but also on the geometry and nature of loading that determine the features of the stress-strain and mecha-
nisms of destruction. In cylindrical arches, the ratio of bending moments M and longitudinal forces N is of primary im-
portance. At the same time, the shape of the arch, which coincides with the pressure curve, is optimal. Deep cracks
dividing the arch into a few large contiguous blocks correspond to the hinges of the design schemes and form both stable
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one-, three-hinged, and instantly changeable multi-hinged schemes!. The formation of hinges is caused by the pressure
curve extending beyond the core of the section and development of cracks in the stretched zone due to the low adhesion
of stones to the solution, as a result, compressive stresses dominate in the weakened sections (Fig. 1). In this case, the
height of the stretched cross-sectional area with a height h increases in proportion to the decrease in the height of the
compressed area h. identified using the following expression: he=2 - (0.5 - h — M/N).

P

o

A a N
a) b)
Fig. 1. Mechanism of destruction of cylindrical arches: a — scheme of formation of hinges in sections of arches with cracks;
b — stress state of the section with a crack [10]

Materials and Methods. It is noteworthy that due to the variability of the eccentricity e = M/N along the curve of the
arch, location of possible hinges, particularly in case of damage in the form of cracks, is also variable. Therefore while
assessing the load-bearing capacity of historical arches, it is critical to select the right design scheme taking not only the
boundary conditions, but also the damage into account. The problem is that detailed localization of damages and, above
all, cracks with identifying their geometric parameters is possible only from the inner surface of the vault. An inventory
of damage from the outside of vaults is typically an issue and sometimes not possible, as this surface is commonly inac-
cessible for detailed inspection. The latter is due to the fact that inspection of vaults most frequently starts prior to their
restoration when the inner surface is plastered and the outer is hidden under the existing floor. This serves to considerably
reduce the reliability of surveys and initial data for verification calculations in compliance with the requirements of stand-
ards such as GOST 31937-2024 "Buildings and Structures. Rules of Inspection and Monitoring of Technical Condition".

It is noteworthy that cracks in the arches are not invariably a sign of exhaustion of their load-bearing capacity. This is
confirmed by the experimental studies of the mechanism of destruction of stone arch samples with a height-to-span ratio
of f/L = 0.5. The reference zones of the samples are rigid making their rotation unlikely. The tests were carried out with
hydraulic jacks in the form of a concentrated load applied symmetrically in the middle of the sample span (Fig. 2). At all
of the test stages, up to the destruction, deformation and cracking were recorded by means of a high-resolution high-speed
camera. At the same time, vertical deformations of the u-samples were recorded by means of induction sensors. On top
of that, relative deformations in the characteristic cross sections of the samples were recorded by means of strain gauges.
The recordings of all of the measuring tools were read by means of a single HBM Hottinger MGCplus strain gauge bridge
with a frequency of 10 Hz. The destruction of the samples was brittle and accompanied by cracks that were identified
with the formation of hinges. Fig. 2b shows the experimental dependence of vertical deformations of the u-lock section
of the arch on the load value P. At the same time, four characteristic load levels can be distinguished where due to the
formation of hinges, the static scheme of the arch changed. At the first level, at a load of P = 6.7 kN, which is about 45%
of the destructive load of P, = 14.8 kN, the first hinge was formed in the middle lock part of the arch. The next two hinges
2 and 3 were formed almost simultaneously at test load levels of 84% and 90% of the destructive load, respectively. The
final destruction occurred at a load of P, = 14.8 kN as a result of the formation of the fourth hinge in the right support
heel of the arch after which it turned into an instantaneously changeable system (Fig. 2a).

According to the experimental data, presence of a crack in cylindrical arches is not a sign of exhaustion of their load-
bearing capacity. This is to be taken into account while examining the arches and calculating their actual load-bearing
capacity in compliance with the requirements of the standards. The problem can be solved using the numerical method
making it possible to simulate crack development in the most stressed sections of arches (Fig. 3).

1 Study of Deformations, Calculation of the Load-Bearing Capacity and Structural Reinforcement of Ancient Spacer Systems: Methodological
Recommendations. Moscow: Rosrestavratsiya; 1989. 164 p. URL: https://www.restsouz.ru/upload/guidelines/003-BessonovGB-Issledovanie-defor-
macij-raschyot-nesushcej-sposobnosti-i-konstruktivnoe-ukreplenie-drevnih-raspornyh-sistem.pdf (accessed: 03.02.2026).
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1 2 3

4
u [mm]
a) b)
Fig. 2. Mechanism of destruction: a — stone arch; b — experimental relationship between the magnitude of the load P
and the deflection of the u-lock section [10]

Fig. 3. Stress-strain of the arch at the stage of crack formation (indicated by arrows) during finite element modeling [10]

However, in this case, there are some difficulties taking the geometric and physical nonlinearity into account associ-
ated with crack formation and transition of masonry material in the compressed zone of sections with cracks to a plastic
state. Hence the kinematic method might be preferred making it possible to evaluate the upper limit of the load-bearing
capacity of arches [7-9]. To this end, interactive dependencies are employed between the bending moments Mgq and the
compressive forces Nrg Where the section transitions to the limiting state (Fig. 4).
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Fig. 4. Interaction curves between the compressive force Nrd and the bending moment Mrq in compressed-bent stone structures
with linear (1), parabolic (2) and ideally plastic (3) dependencies c— of masonry [9]

In relation to the evaluation of the load-bearing capacity of arches, the method involves implementing the following
procedures. At the first stage, the normal forces N and bending moments M in each of the arch sections are identified
using analytical methods for calculating curved rods. At the same time, the cracks identified during the surveys of the
arches are modeled in the form of hinges. At the next stage, the obtained values of M and N are compared with the
interaction dependences of the limiting values of bending moments Mgq and longitudinal forces Nrq exceeding which
means formation of a hinge that is introduced into the design scheme. The process continues until the the last hinge where
the arch system transforms into a mechanism (Fig. 1a).
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Research Results. The Mr¢—NRrg interaction dependencies can be identified using experimental or numerical methods
as exemplified by the study. Experimental studies were conducted on 5 samples of masonry measuring 12x25x105 cm
made of solid brick (brick size 12x25%6.5 cm) of the M250 brand on cement mortar of the M50 brand. The samples were
loaded using two independent hydraulic jacks creating axial compression N and a transverse load P leading to a bending

moment (Fig. 5).

} f |A7 25
37,5 30,0 37.5

-

H=105 cm

Fig. 5. Test scheme of the experimental stone samples for compressive bending: 1 — test sample; 2 — steel heads with hinges;
3 — hydraulic jack creating force N; 4 — traverses for fastening steel tightens and hydraulic jack; 5 — distribution beam;
6 — steel tightens with a force meter [10]

The first sample was tested for central compression with axial force N, the second one was tested for bending, and the
remainder of the samples were tested for compression with bending, and during their loading the force level N remained
constant, and the force P was variable until destruction. It was found that under the action of the bending moment alone,
the fracture of the sample occurred along an unconnected section of the masonry at a value of Mrg = 1.0 kN-m (Fig. 6b).
Under the action of the compressive force alone, the fracture occurred as a result of the formation of longitudinal cracks
at a value of Ngrg = 690 kN (Fig. 6¢). Under the combined action of the compressive force and the bending moment, the
nature of the fracture depended on the ratio of these forces and was most frequently accompanied by fragmentation of the
most compressed zone of the samples (Fig. 6d).

Fig. 6. Testing of a brickwork sample: a — type of test bench; b — the nature of the destruction of samples during bending;
¢ — the nature of the destruction of samples during compression; d — the nature of the destruction of samples during compression
with bending [10]

The numerical analysis was conducted using a complex of high-level finite element modeling. At the same time, the
design scheme of the model (Fig. 7) corresponded to that of laboratory tests of the samples (Fig. 5).
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Fig. 7. Calculated stress state of the sample under the simultaneous action of a compressive force N = 120 kN
and a bending moment M = 1.24 kNm [10]

The calculation model provided for the possibility of crack formation in the zone of the greatest tensile stresses and
their development along the section height. On top of that, the development of plastic deformations of the masonry in the
compressed section zone above the crack was taken into account. As the problem was being solved, for each loading level
of N=10 kN and P =0.05 kN, the modulus of deformation of the material and height of crack development were adjusted.
The masonry deformation modulus was assigned in compliance with the experimental dependence o—¢ obtained as a
result of compression tests of the standard samples up to fracture (Fig. 8 a,b). The tensile strength perpendicular to the
mortar joints of the masonry was identified by means of tensile tests of the samples of two bricks connected with a mortar
joint (Fig. 8 c).
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Fig. 8. Testing of the masonry samples: a, b — for compression; ¢ — for stretching across the mortar joints [10]

The interaction relationship between the experimental values of Mrq and Nrg is shown in Fig. 9 as an approximating
curve 1. In the same figure, an approximation of the results of the numerical studies is shown as curve 2.
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Fig. 9. Interactive Mr¢—Nrd dependencies of the masonry samples during compression with bending: 1 — experimental ones;
2 — theoretical ones [10]

According to the above studies, the values of the load-bearing capacity of the experimental samples turned out to be
10-25% higher than those of numerical modeling. This is due to the omission of the volumetric stress state of the com-
pressed section zone with a crack during its plastic deformation in the computational model.

Based on the analysis of the Mr¢—Nrg dependence, an increase in the compressive force to the level of N < 0,4Ngq
neutralizes the negative effect of the bending moment, which results in cracks along the loose section of the masonry.
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At values of N < 0,4Ngq, coOmpressive stresses dominate with the concentration in the most compressed zone of the section
leading to fragmentation of the masonry in the area.

Discussion and Conclusion. The set of studies performed has enabled us to conclude that the interactive method can
be employed in order to assess the load-bearing capacity of vaulted structures when calculated in a rod arrangement and
in the presence of cracks. The interaction dependence itself can be obtained by means of a numerical solid-state model
(a rectilinear prism with the possibility of combining the values of M and N), which is confirmed by the results of its
experimental verification.

The algorithm for evaluating the load-bearing capacity of the vault is the following. A number of relatively simple
masonry tests are pre-performed, according to the results of which a numerical solid-state model is "fine-tuned". Further
on the values of the longitudinal and transverse forces vary in the model and, based on the test results, the Mgrg—Ngd
interaction dependence is designed. A model of the arch in the core setting is designed separately. A certain calculation
situation yields combinations of M—N values along the length of the arch of the vault. The load-bearing capacity of the
vault up to its physical destruction is evaluated by means of comparing a certain combination of M—N with the Mrg—Ngg
interaction dependence curve.
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Abstract

Introduction. In order to ensure earthquake resistance and to reduce seismic loads, a spatial calculation of the load-bearing
structures of a multi-storey building of complex shape was performed. This article analyzes the design system, computa-
tional and dynamic model taking the main and special combinations of loads into account.

Materials and Methods. The calculations were performed by means of the analytical method and the finite element
method (FEM) in the STARK ES software package.

Research Results. The results of dynamic calculation are obtained for basic and special combinations of loads and corre-
sponding combinations of internal forces in the calculated structures of a multi-storey building of complex shape. A total
of 53 loadings were used.

Discussion and Conclusion. The results of the calculation of a multi-storey building of complex shape have shown that
the required strength, rigidity and stability of load-bearing structures are ensured in the design situation in question.

Keywords: building, seismic impact, calculation, load, structural system, seismic resistance, calculation dynamic model,
strength, rigidity, stability
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Mamepuanvt u menoowl. PacueTsl IPOBOAUINCH aHATUTUYECKUM METOAOM M METOJOM KOHEUHbIX deMeHToB (MKD) B
nporpammuoM komiuiekce STARK ES.

Pesynomamut uccnedosanusn. I1omydeHsl pe3yapTaThl AMHAMUYECKOTO pacdyeTa MPH OCHOBHBIX M OCOOBIX COUYETAHMAX
Harpy30K W COOTBETCTBYIOIIMX COYCTaHMSIX BHYTPCHHHX YCWINH B PacCUNTHIBAEMBIX KOHCTPYKIHSX MHOTO3TaXKHOTO
3[aHUs CI0XKHOHM popMbl. Beero 06110 HCTIONB30BaHO 53 3arpyskeHusl.

Oécysncoenue u 3axniouenue. Pe3ynbTaTsl pacdeTa MHOTOITKHOTO 37[aHMS CIIOKHON ()OPMBI ITOKA3aJI1, YTO 00ECTIEUNBACTCS
Tpebyemast IIPOYHOCTB, JKECTKOCTh U YCTOHIMBOCTh HECYIIMX KOHCTPYKIIHI IIPH paccMaTpruBaeMOil pacdeTHOH CUTYAIIH.

KuioueBble cj10Ba: 371aHue, CEHCMUYECKOE BO3JIEHCTBUE, pacueT, Harpy3ka, KOHCTPYKTHBHAsI CHCTEMa, CEHCMOCTOM-
KOCTh, paC4eTHO-INHAMUYECKAs! MOJIENb, TPOYHOCTH, )KECTKOCTh, YCTOWUUBOCTh

Jna nurupoBanus. Maxnes X.H., Maxues K.X., [Tanacenko F0.B., Maxunesa A.X., Maxnes A.X., MaxueB A.X.
ObecriedeHne MPOYHOCTH, JKECTKOCTH W YCTOWYMBOCTH HECYIIMX KOHCTPYKIUH MHOTOJTa)KHOTO 3IAHHS CIIOKHOM
(hopMBI IpN cecMIIeCKUX BO3ACHCTBISIX. CospemeHtble meHOeHYuY 8 Cmpoumenbscmae, 2padocmpoumenbemee u nid-
nupoexe meppumopuii. 2026;5(1):48-67. https://doi.org/10.23947/2949-1835-2026-5-1-48-67

Introduction. The design of high-rise buildings involves complexities of assessing the stress-strain of the main load-
bearing structures during seismic impacts.

In order to analyze the reliability, strength, rigidity and stability of load-bearing building structures under basic and
special combinations of design loads, a spatial calculation of a multi-storey building of complex shape was performed.
The building is under construction on a site where intense seismic impacts are likely [1-6, 15].

A scientific and technical assessment of the compliance of design solutions to ensure the safety of buildings with the
requirements of regulatory documents of the Republic of Azerbaijan where the building is under construction is provided.

Materials and Methods. The structural system is a 29-storey complex-shaped building with a height of 150.70 m with
a 4-storey structure in the stylobate part and two underground levels. The multi-storey building is located on the drained
lands of the Caspian Sea on a 160x80 m construction site and is connected to the coastline via a bridge and a tunnel.

The building is designed according to the scheme of a frame-link frame. The main supporting structures (columns and
beams of floors, cores of rigidity, slabs and basement structures) are designed from monolithic reinforced concrete; steel
columns and beams — for the top of the building.

The structural stability system is made up of rigidity cores extending from the foundation plate to the top of the
building. There are eight elevators in the rigidity cores. The cores also provide access to the stairs. The cores are made up
of walls that transfer vertical and horizontal forces to the foundation [1-6, 15]. Apart from the walls, the floors are sup-
ported by vertical and inclined columns. The main cores have a plan size of 17.40%14.40 m and form a rectangular shape.
The thickness of the outer walls is 800 mm, the inner walls are 300 mm.

The foundation of the building is a solid monolithic slab resting on a pile base. The thickness of the slab is 2650 mm,
2900 mm under the towers and 750 mm, 1000 mm and 2350 mm for the rest of the building. Piles with a diameter of
1.5 m under the foundation of the towers and 2.0 m under the foundation of the stylobate/basement.

The roof of the stylobate is made up of a steel structure and its cladding - a glass facade.

Two reinforced concrete cores of rigidity on each side of the building at the 27" floor level are connected by a steel
frame structure — a 90 m long mega-truss forming the shape of a crescent. At the junction, the height of the mega-farm
is 7.6 m, in the center — 20.45 m. The roof above the upper level has a rounded shape. The connecting beams are mostly
steel profiles encased in concrete. The connection of the truss to the reinforced concrete cores is provided by steel plates.
These reinforced concrete cores of rigidity are the main elements ensuring the stability, strength and rigidity of the build-
ing. The truss elements were designed to handle vertical and horizontal loads. It should be noted that the main steel beams
of the mega-farm will be subjected to significant axial forces due to the general deformation of the building and due to
horizontal and vertical loads acting on it [7-12].

It is assumed that some of the mega-truss will be assembled on the stylobate floor slab and then installed in the design
position. The lifting scheme assumes that parts of the mega-truss and the walls of reinforced concrete cores of rigidity
will be built first resulting in a rigidly connected frame. This cantilever frame will support a lifting platform and hydraulic
jacks for mounting the middle section of the truss.

The suggested construction sequence is divided into the following stages:

— Construction of the underground part and the stylobate. The first stage entails the construction of the base struc-
tures. The walls of the rigidity cores are then mounted followed by the basement columns. After the stylobate and the
basement roof have been constructed, it is planned to install the main structures of the steel roof.

— Construction of the towers. The main walls, columns and slabs are up to the level of the 27th floor.

— Installation and lifting of the truss. It is assumed that some of the steel truss will be assembled at ground level and
then installed in the design position.

Building constructions, buildings and engineering structures
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— The upper part of the building. After the completion of the reinforced concrete cores of rigidity and the elements
around the mega-farm will be raised to the design position and connected to the cores of rigidity at the level of the 27t
floor. After that, jacks will be installed between the levels of floors 21-26. Small steel parts on the 18", 19t and 20™ floors
will be constructed using a tower crane. The other floors of the farm (floors 28 and 29) can then be constructed using a
tower crane.

In order to assess the reliability of the design solutions employed in the project, the spatial model of the building
was calculated for the design loads and impacts. The calculation was carried out by means of the STARK ES software
package [12-16].

A spatial shell-rod model was employed as a computational model where the supporting columns, crossbars and
truss elements are represented by rod elements of a general type, the coating shell, floor slabs and walls are represented
by elements of a flat shell (Fig. 1).
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Fig. 1. A finite element model of a multi-storey building of complex shape [15]

The level of responsibility of the building in compliance with GOST 27751-88 "Reliability of Building Structures and
Foundations. Main Provisions of the Calculation” is high. The value of the reliability coefficient of responsibility in
compliance with GOST 27751-88:

- while calculating forces and stresses (according to the first group of limiting conditions) in building structures, bases
and foundations of a building is assumed to be equal to y, = 1.1;

-while identifying displacements (according to the second group of limit states) of structures and base deformations,
it is assumed to be equal to y, = 1.0;

- while calculating for emergency impacts (“progressive" destruction) and seismic impacts — equal to y, = 1.0.

Evenly distributed temporary loads on the floor slabs are accepted in compliance with the purpose of the premises.
Load reliability coefficients ys and load combination coefficients W; are adopted in compliance with the requirements of
AzDTN 2.1-1.

While calculating the building, the following loads and impacts are considered:

- vertical constant loads from the own weight of the load-bearing and enclosing structures of the building;

- long-term loads from engineering equipment;

- temperature loads;

- snow load;

- average and pulsation components of the wind load (terrain type A);

- seismic impact for an 8-point area.
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Snow area — I. The estimated weight of the snow cover per 1 m? of horizontal surface is 0.8 kPa. In the calculation
model the snow load is applied uniformly over the entire surface of the building cover. Snow bags are also considered.

The wind area — V1. Type of terrain A. Standard value of wind pressure wo = 0.73 kN/m?.

The seismicity of the construction site is assumed to be 8 points (repeatability of 1000 years). The soil class according
to seismic properties is I1l. Fig. 2-3 show the dynamicity coefficient and values of the parameters for calculating the
seismic impact.
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Fig. 2. Dynamic coefficient B(T)
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Fig. 3. Characteristics of the seismic calculation

The loads on the design scheme were assumed in compliance with AzZDTN 2.1-1 and according to the initial data.
A total of 53 loads were used in the calculation model of a multi-storey building of complex shape to account for all of
the loads. Diagrams of the application of some of the loads are shown in Fig. 4-7.
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Fig. 4. Scheme of applying the load from the weight of facade structures, kN/m? [15]
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Fig. 6. Scheme of applying the load from the weight of the partitions, kN/m? [15]
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Fig. 7. Snow load application scheme, kN/m? [15]

Research Results. The foundation draft was evaluated for the main combinations of the full values of the standard
loads. The pattern of the foundation sediment is shown in Fig. 8. The maximum sediment was 50.2 mm.
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Fig. 8. Pattern of the foundation sediment, Uz [15]

The maximum value of the relative difference in the drafts from the main load combinations is s/L = 0.00016, which
is not beyond the limit value of 0.005.

The horizontal deviations of the top of the building were evaluated for the main combinations of the total values of
the standard loads (Fig. 9).
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Fig. 9. Horizontal displacement of the top of the building [15]

The maximum horizontal displacement of the top of the building from the standard load values is 163.4 mm, which is

not beyond the maximum permissible value of 300 mm.
The results of the calculation of the first form of stability loss are shown in Fig. 10.

Fig. 10. Form 1 of stability loss [15]

The lowest critical load parameter (stability margin) considering the reliability coefficient of responsibility is 10.4.
The overall stability of the load-bearing structures of the building is ensured.
Fig. 11-13 show the first forms of natural vibrations of a multi-storey building of complex shape.
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Fig. 13. Third form of own oscillations, f3 = 0.484 Hz [15]
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The vertical deflections of the floor slabs of the western and eastern towers of a multi-storey building of complex
shape at different elevations are shown in Fig. 14-17.
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Fig. 14. Maximum relative vertical displacements of the western tower at —6.7 m [15]

The maximum vertical deflection of the floor slab from constant and prolonged loads was 11.47 mm with a console
reach of 4.9 m, which is nit beyond the limit value of 1/200 = 49 mm.
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Fig. 15. Maximum relative vertical movements of the western tower at +42.8 m [15]

The maximum vertical deflection of the floor slab from constant and prolonged loads was 1.30 mm with a span
of 6.6 m, which is not beyond the limit value of 1/200 = 33 mm.
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Fig. 16. Maximum relative vertical displacements of the eastern tower at —6,7 m [15]
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The maximum vertical deflection of the floor slab from constant and prolonged loads was 13.8 mm with a console
reach of 4.9 m, which is not beyond the limit value of 1/200 = 49 mm.
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Fig. 17. Maximum relative vertical displacements of the eastern tower at +42.8 m [15]

The maximum vertical deflection of the floor slab from constant and prolonged loads was 1.21 mm with a span
of 6.6 m, which is not beyond the limit value of 1/200 = 33 mm.

The calculation of the amount of reinforcement was performed under basic and special load combinations, including
seismic effects considering the conditions of strength and crack resistance. The material characteristics of reinforced
concrete structures are shown in Table 1.

Table 1
Characteristics of structural materials

Longitudinal Transverse Thickness of the protective layer
Structure Concrete type| reinforcement | reinforcement | SO, Su, RO, RU,
class class mm mm mm mm

Foundation, 750 mm B45 A500C A500C 60 90 160 200
Floor slabs B45 A500C A500C 35 45 35 45
Walls B70 A500C AS500C 35 45 35 45
Columns B70 A500C AS500C 50 50 50 50

Fig. 18-29 shows the results of selecting the necessary reinforcement for a special combination of loads for some
structures - parts of the foundation slab of a multi-storey building of complex shape with a thickness of 750 mm, floor
slabs of the western and eastern towers at +42.80 m.
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Fig. 18. Reinforcement of the foundation plate. Upper longitudinal reinforcement in the direction of the axis R, cm?/m [15]
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Fig. 21. Reinforcement of the foundation plate. Lower longitudinal reinforcement in the direction of the axis S, cm?/m [15]
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Fig. 22. Reinforcement of the floor slab of the western tower at +42.80 m. Upper longitudinal reinforcement in the direction

of the axis R, cm?/m [15]
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Fig. 23. Reinforcement of the floor slab of the western tower at +42.80 m. Upper longitudinal reinforcement in the direction
of the axis S, cm?m [15]
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Fig. 24. Reinforcement of the floor slab of the western tower at +42.80 m. Lower longitudinal reinforcement in the direction
of the axis R, cm?/m [15]
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Fig. 25. Reinforcement of the floor slab of the western tower at +42.80 m. Lower longitudinal reinforcement in the direction
of the axis S, cm?m [15]
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Fig. 26. Reinforcement of the floor slab of the eastern tower at +42.80 m. Upper longitudinal reinforcement in the direction

of the axis R, cm?/m [15]
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Fig. 27. Reinforcement of the floor slab of the eastern tower at +42.80 m. Upper longitudinal reinforcement in the direction

of the axis S, cm?/m [15]
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Fig. 28. Reinforcement of the floor slab of the eastern tower at +42.80 m. Lower longitudinal reinforcement in the direction

of the axis R, cm?/m [15]
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Fig. 29. Reinforcement of the floor slab of the eastern tower at +42.80 m. Lower longitudinal reinforcement in the direction
of the axis S, cm?/m [15]

As part of the calculations of the load-bearing structures of a multi-storey building of complex shape, the following
works were performed:

1. Analysis of project documentation and research materials. spatial design scheme taking into account the structures
of the pile foundation.

2. Collecting loads on structures taking into account the requirements of the norms of the Republic of Azerbaijan,
recommendations for the purpose of snow and wind loads.

3. Calculations of the stress-strain and natural oscillations of the spatial calculation schemes of the FEM including
verification calculations including for a special combination of loads taking into account seismic effects.

4. Checking the overall rigidity of the load-bearing system of a building, foundation sedimentation, and vertical plate
deflections under major combinations of loads and impacts.

5. Calculation of the main elements of load-bearing structures by limiting conditions.

Discussion and Conclusion.

An analysis of the results of spatial calculation of the load-bearing structures of a 29-storey building of complex shape
with a frame-braced frame, stiffness cores and a unique mega-truss confirmed the operability of the design decisions
made under conditions of seismic impact with an intensity of 8 points. The calculations were performed using the finite
element method in the STARK ES PC taking into account 53 loads including special combinations of loads.

The theoretical significance of the study is a comprehensive assessment of the stress-strain of a combined structural
system joining monolithic reinforced concrete cores and a 90 m long steel mega-truss. The results obtained confirm the
effectiveness of using spatial finite element models to predict the dynamic characteristics of buildings of complex geometric
shape. The results of the modal analysis (the first three natural oscillation frequencies: 0.340 Hz, 0.459 Hz and 0.484 Hz)
can serve as reference points for verifying similar calculation models and clarifying regulatory approaches to identifying the
dynamic parameters of high-rise buildings on weak soils of coastal territories.

The practical significance of the study is due to a possibility of direct application of the results obtained in the design
of multifunctional complexes in earthquake-prone areas, including on the drained lands of the Caspian Sea. The key
findings important for engineering practice are as follows:
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- The maximum foundation draft (50.2 mm) and the relative draft difference (0.00016) are not beyond the regulatory
limits, which confirms the reliability of the pile foundation and the rigidity of the foundation plate.

- Horizontal displacements of the top of the building (163.4 mm) are significantly lower than the allowed 300 mm,
which guarantees the comfort of operation and the safety of facade systems.

- The deflections of the floor slabs (from 1.2 to 13.8 mm) comply with the requirements of the second group of limit
conditions.

- The critical stability parameter (10.4) indicates a high margin of overall stability of the system.

- The selected reinforcement (Fig. 18-29) is sufficient to comply with the requirements of AzDTN 2.3-1, AzDTN 2.16-1
and ensures the load-bearing capacity and crack resistance of reinforced concrete slabs, walls of stiffness cores under basic and
special combinations of loads including seismic ones.

- The strength of metal beams complies with the requirements of AzDTN 2.18-1.

- The forces in the piles are not beyond the permissible values.

The suggested structural solutions — stiffness cores combined at the 27th floor level by a steel mega-truss — can be
recommended for high—rise buildings of complex shape as an effective way to perceive horizontal seismic loads and
ensure spatial rigidity.

Hence the structural solutions adopted in the design of a multi-storey building of complex shape ensure reliability,
strength, rigidity and stability of load-bearing building structures with basic and special combinations of design loads and
impacts, and the results can serve as a foundation for optimizing the design of such unique structures.
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Abstract

Introduction. The construction industry depends largely in compliance with the laws of the market with no in-depth
analysis of its development trends as a system. Government regulation of the industry fails to make a full use of an
evidence-based predictive analysis, but rather is more frequently guided by international experience in the form of small
data. The aim of the study is to bridge this gap by means of a general overview of the research related to the general
patterns of the development of construction technologies.

Materials and Methods. The research included the search for information from open sources, its analysis and synthesis
in order to identify the general trends in the development of construction technologies. Materials from the authors’ re-
search were employed. The analysis was conducted using the laws of the development of technical systems.

Research Results. The stages of the evolution of building technologies including prefabricated, monolithic, and precast-
monolithic methods are discussed. Ways of improving building materials by means of increasing their physical and
mechanical properties, reducing weight, and lowering harmful emissions and costs are also identified. It is noteworthy
that the improvement of these materials by their direct relationship with structures results in their dynamic development.
It is found that the improvement of materials due to the direct relationship in the system with structures also
leads to their dynamic development, they become more durable, lightweight, multifunctional and influence
architectural and planning solutions increasing useful selling space. Issues hindering the development of digital
technologies for the manufacture of structures are noted: control of early hydration of 3D-printed concrete and
a relationship with rheology, ensuring interlayer adhesion, strength, introduction of automated reinforcement
and generally the relationship between technology, material and performance characteristics in terms of both
structural strength and durability. The basic requirements for the design of buildings and structures and their
parts are designed: saving space, materials and energy through integrated design, which includes the integra-
tion of all the building systems (structural, mechanical, hydraulic, air and electrical) into a single system. The
development of the technology of large-block (modular) construction is considered including the research of
SUSU employees on the technology of sinking concrete. Attention is paid to the global experience of modular
construction and the direction of development of modular integrated systems.

Discussion and Conclusion. It is concluded that the general trends in the development of construction tech-
nologies include: acceleration of large-block (modular) and monolithic construction by improving materials
(high-functional concretes, enlarged reinforced frames, fibers), use of automated efficient mechanisms, prefab
elements, equipping modules with engineering networks; reducing the complexity and increasing the manage-
ability of construction production by reducing labor costs in the proposed construction technologies, automa-
tion and digitalization of the major processes; use of information modeling technologies, neural networks, and
rational layout of the interior of a building in complex design; improving the functionality and aesthetics of
facade technologies.
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AHHOTAIUSA

Beedenue. Pazutue CTpOUTENHLHOTO KOMILIEKCA MPOUCXOUT, TTIaBHBIM 00pa3oM, MO 3aKOHAaM phIHKAa 0e3 riay0oKoro
aHau3a TeHJESHIINI ero pa3BUTHS KaK CUCTEMBI. [ 0cyJapCTBEHHOE PETyIUPOBAHKUE OTPACIIH HE B TIOJTHON Mepe UCTIOJIb-
3yeT IIPOrHO3HBIHI aHa/Iu3 Ha Hay4YHOH OCHOBE, a Yalle OPUEHTUPYETCS Ha MUPOBOU OIBIT B BUJE MaJIO CBSA3AHHBIX JlaH-
HbIX. []es1b paboThl — BOCIIOIHHUTE 3TOT MPoOET 00IUM 0030pOM HUCCIICIOBAHMIA C TPUBSI3KOM K OOIIIUM 3aKOHOMEPHOCTSIM
Ppa3BUTHA CTPOUTEJILHBIX TEXHOJIOTHH.

Mamepuanst u memoowst. ViccnenoBanue BKIIOYAIO B ceOsI MOUCK HHPOPMAIIUH U3 OTKPBITHIX HCTOYHHUKOB, €€ aHAJIH3 H
0000IIIeHNE € TENBI0 OIpeeIICHIs OOIINX TEHACHIINH Pa3BUTHS CTPOUTEIFHBIX TeXHONOTHH. Mcronp30Banuce marepu-
aJibl aBTOPCKUX HUCCIIEIOBAHUM U MPAKTHYECKOTO ONbITA CTPOUTENBCTBA. AHAIN3 IPOBOJWICA C HUCIOIb30BAHUEM 3aKO-
HOB Pa3BUTHSI TEXHUUECKHUX CUCTEM.

Pesynvmamut uccnedosanus. OTpeeNeHbI STAITB SBOIIONNHN TEXHOJIOT U — COOPHBIX, JINTHEBHIX (MOHOJIMTHBIX ) i COOPHO-
MOHOJ'II/ITHI)IX) — W IOYTU COBCPIICHCTBOBAHHA CTPOUTCIIBHBIX MAaTCpHaIOB C IMOBBIHNICHUEM HX (I)I/ISI/IKO-MexaHI/I'-IeCKI/IX
CBOMCTB U OJHOBPEMEHHBIM CHUKCHUEM MACChI, BDEIHBIX BI)I6pOCOB, CTOUMOCTH. BLIHBJ'ICHO, 4TO COBEPUICHCTBOBAHUE Ma-
TCPpHUAJIOB 3a CUCT pr[MOfI B3aMMOCBA3U B CUCTEME C KOHCTPYKIUAMU MPUBOAUT TAKIKE K UX TUHAMHUYIHOMY Pa3BUTUIO, OHU
CTaHOBATCS Oosiee MPOYHBIMHU, JIETKUMH, MHOFO(I)yHKHI/IOHaJ'H)HI)IMI/I " BJIMAIOT Ha apXUTCKTYPHO-IIJIAaHUPOBOYHLBIC PEIIC-
HUSI, YBEIMYMBAs TOJIE3HOE MPOJaBaeMoe MpocTpaHcTBO. OTMeUeHbI MPOOIEMHBIE BOTIPOCHI, CACPKUBAIOIIUE PA3BUTHE
IU(PPOBBIX TEXHOJIOTHI U3TOTOBICHHS KOHCTPYKIHIA: KOHTPOJIb paHHEH ruapaTanun 3D-1meqaTHOro 6eToHa U CBS3b C Peo-
yorueit, o6ecredeHne MeKCIONHOTO CIICTUICHHS, IPOYHOCTH, BHEIPEHIE aBTOMAaTU3UPOBAHHOTO apMUPOBAHUSA H, B IIETIOM,
CBSI3b MEXKJy TEXHOJIOTMEH, MaTepHalloM U SKCIUTyaTallHOHHBIMHU XapaKTEPUCTUKAMH KaK C TOYKU 3pEHHUsI CTPYKTYPHOM
MIPOYHOCTH, TaK U AoiroBedyHOCTH. CHopMyTHpoBaHEI OCHOBHBIE TPEOOBAHMS K pa3paboTKe MPOEKTOB 3MaHUI U COOPYIKe-
HUH U UX YacTeil: SKOHOMUS IIPOCTPAHCTBA, MAaTEpPHUaIOB U SHEPIUU 33 CUET KOMILIEKCHOI'O NMPOEKTUPOBAHMUS, BKIIIOYAIO-
1ero 0OBeIMHEHNE BCEX CUCTEM 3/1aHMS (CTPYKTYPHBIX, MEXaHUIECKUX, THIPABINIECKUX, BO3AYIIHBIX U JJIEKTPHUECKHX )
B €IMHYIO cHCTeMY. PacCMOTpEHO pa3BUTHE TEXHOJIOTUH KPYMHOOIOYHOTO (MOIYJILHOTO) CTPOUTEIHCTBA, B TOM YHCIE U
Hay4HbIE UcclieoBaHus coTpyaHUKOB FOYpI'Y mo TeXHOJIOTHH OMyCKaoIEerocst 6eToHa. Y IelieHO BHUMaHHUE MUPOBOMY
OIIBITY MOAYJIbHOI'O CTPOUTEIILCTBA U HAINIPABJICHUIO Pa3BUTHUA MOYJIbHBIX KOMIIJICKCHBIX CUCTEM.

Oébcyscoenue u 3aknrouenue. Crenansl BEIBOJBI O TOM, YTO K OOIINM TEHICHINSAM Pa3BUTHS CTPOUTEIHHBIX TEXHOJIOT U
MOJKHO OTHECTH: YCKOPEHUE KPYITHOOIOYHOT0 (MOYIBHOT0) U MOHOJIMTHOTO CTPOUTEIIECTBA 38 CUET COBEPIICHCTBOBA-
HUS MAaTEPUAJIOB (BRICOKO(YHKIIMOHATBHBIX OCTOHOB, YKPYITHEHHBIX apMOKapKacoB, GUOPHI), IPHMEHCHHS aBTOMATH3U-
poBaHHBIX () (EKTHBHBIX MEXaHU3MOB, Ipe(had-3IIEeMEHTOB, OCHAIIICHUS MOIYJICH HHKCHEPHBIMH CETSIMHU; YMCHBIIICHHE
TPYJIOEMKOCTH Y TIOBBIIIEHHE YIPABISIEMOCTH CTPOUTEIBHOTO IPOU3BOCTBA 3a CUET CHHKEHUS TPyA03aTpar B Mpeasia-
TaeMbIX CTPOUTEIBHBIX TEXHOJOTHSAX, aBTOMATH3AIMN ¥ IU(POBU3AIMH BEAYIIUX MPOIECCOB; HCIOIH30BAHUE B KOM-
IJICKCHOM TPOSKTUPOBAHUHU TEXHOJIOTHIA HHPOPMAITMOHHOTO MOJICIUPOBAHUS, HEUPOHHBIX CETEH, pallMOHAIBHON KOM-
TIOHOBKH BHYTPCHHETO ITPOCTPAHCTBA 3/IaHNA; ITOBBIIICHNUE (pyHKHI/IOHaJ'H)HOCTI/I N 3CTETUYHOCTHU (bacaleHx TEXHOJIOTHH.

KiroueBble c/10Ba: CTPOUTEIBHBIE TEXHOIOTHH, MOHOJIUTHOE CTPOUTENBCTBO, 3 D-11evaTs, MOIyIbHOE CTPOUTENBCTBO,
BBICOKO(YHKITHOHAIBHBIE OETOHBI, T(POBU3AINSA CTPOUTENFHBIX IPOEKTOB, SHEprocOepekeHune 31aHui, mpedad-KoH-
CTPYKIMH, pOOOTH3AINS CTPOUTEIIHCTBA.
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BnarogapHocTi. CtaThst MOATOTOBJICHA MPU HOAEPKKE ICBEIONEPCKOi KoMIMaHuK «BpycHIKa». ABTOPbI GI1arofapsit KoJuieK-
THB Ka(eIpbl CTPOUTENIBHOTO MPOU3BOACTBA M TEOPHH COOpYXeHHH HOKHO-YpanbCkoro rocynapCTBEHHOTO YHHBEPCHTETA,
YYaCTBOBABILIHI B HAYYHBIX UCCIICIOBAHUSX TEXHOJIOTHH OITyCKAIOLIETOCs OSTOHA COBMECTHO C aBTOPAMH CTATBU.

s nutupoBanus. baitOyprua A.X., Mensauk A.A., Jlebenp A.P. O0miie TeHACHINN pa3BUTHS CTPOUTEIBHBIX TEXHOJIO-
ruit. Cogpemennvie mendeHyuu 6 CMpoumenLcmae, 2padocmpoumenscmae u nianuposke meppumopuil. 2026;5(1):68-78.
https://doi.org/10.23947/2949-1835-2026-5-1-68-78

Introduction. The development of construction technologies is in line with the general patterns of development of
technical systems: S-shaped development; completeness of system components; "energy conductivity" of a system; co-
ordination of the rhythm of system components; uneven development of system composition; transition to a suprasystem;
displacement of a human and an increase in the level of controllability; dynamization. These patterns have a multiplicative
character, i.e. the implementation of one law occurs through the action of others. These trends can also be traced in
construction while investigating the interaction of the "materials — structures — building parameters"” system. The aim
of this literature review is to identify the relationships and patterns of interaction between the elements of the system in
order to concentrate on the most important and promising areas of development of the construction industry, which will
be beneficial for all parties involved in a construction complex and student instruction.

Materials and Methods. The study employs the classical method of reviewing scientific literature with an analysis
of a variety of factors and features identifying the relationships of elements in the construction system, promising areas
of development, undesirable effects and possible ways to minimize them. Based on the considered information sources,
the research data was systemized and generalized, hypotheses were set forth. According to the sources, the most important
and informative ones were selected, including foreign and domestic ones, as well as describing the article authors' own
developments.

Research Results. Based on the analysis of the global experience provided in the information sources, in the con-
struction sector it is possible to note the evolution of the major technology options for the production of building structures
(prefabricated, cast (monolithic) and prefabricated ones):

- hand-made masonry of small and large blocks, wooden products;

- mechanized installation of enlarged products (shields, panels, modules, blocks of large—span coatings);

- mechanized installation of enlarged products of increased or full factory readiness (with windows, trim, engineering
systems) — the so-called prefab elements;

- automated and robotic assembly of prefabricated products.

These are not only materials for prefabricated construction that are evolving, but also methods of connecting prefab-
ricated elements: from wet processes and labor-intensive welding, they are moving to dry and technological connections
(bolted, pin, coupling, loop, etc.).

In injection molding technology using concrete solutions and other building mixtures, the same stages are observed
with the displacement of humans and the increase in controllability:

— manual injection molding technology;

— mechanized production, transportation and laying of mixtures;

— use of formwork units and reinforced formwork blocks;

— robotic technology for 3D printing and installation of buildings from pre-printed 3D blocks.

At the same time, materials are being improved with an increase in their physical and mechanical properties and a
reduction in weight, harmful emissions, and cost. On top of that, the development of materials is moving from the macro
to the micro and further to the nanoscale. The prediction and design of material properties first takes place at the level of
macrostructures, then molecules, atoms and elementary particles. Traditional concretes are being replaced by highly func-
tional, high-strength, self-sealing ones with extensive use of mineral and chemical additives. New functions of materials
are emerging, such as self-purification by adjusting the microstructure using photocatalytic additives.

Heat-efficient hollow bricks and stones are replacing solid ones. According to the development line of technical sys-
tems, the next step should be a capillary-porous material (CPM) with a certain structure, e.g., increasing the vapor per-
meability of a material from the inner surface to the outer due to the size of the pores. Pores can be filled with another
substance, such as glue that will be released from the surface layer of the wall blocks holding them together. Due to the
controlled microstructure, the principle of self-renewal of paints on the facade can be implemented.
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Various building composites with special properties are broadly employed: self-cleaning; healing of cracks; absorp-
tion of greenhouse gases. Simple reinforcement of cast structures is being replaced by an adjustable prestressed or ferro-
magnetic fiber with the ability to control the magnetic and thermal fields.

The evolution of materials is the foundation for improving structures. Structures are evaluated by specific indicators
of the ratio: mass to span, height or overlapped area; operational characteristics (strength, heat resistance, sound insula-
tion, durability, etc.) to their own weight, cost of production and installation. These simple relations expressing the law
of increasing the degree of ideality show how progressive changes occur in building materials, structures and structures
over time.

Recently the term "digital concrete production™ has been coined [1]. Digital methods for production of concrete and
binders have become the subject of a great number of studies and industrial activity, and the industrialization of technol-
ogies such as 3D printing is becoming more and more realistic. The potential for revolutionary changes in construction is
growing not only by means of reducing costs, but also by increasing environmental sustainability and functionality. The
problems associated with materials for printed concrete are plenty. The major ones are control of early hydration and a
relationship with rheology, provision of interlayer adhesion, strength, introduction of automated reinforcement and gen-
erally a relationship between technology, material and performance, both in terms of structural strength and durability.
An interdisciplinary approach is crucial as this field brings lots of disparate areas together and has so far been driven only
by areas such as architecture and construction.

New structures, becoming more durable, lightweight, and multifunctional, affect architectural and planning solutions,
increasing the useful selling space. A simple example of such a solution is obvious while replacing a frame with crossbars
protruding beyond the ceiling plane with a frame with "secret" crossbars forming a flat ceiling together with the ceilings
(e.g., houses of the MKT construction built in Miass, Chelyabinsk region). So, if the bolt protrudes beyond the ceiling
plane by 30 cm, in a 10-storey building when smooth ceilings are installed, a full floor is lost. In office, commercial, and
sports buildings, loss of space is associated with installation of dimensional engineering systems at a ceiling or floor level.
Reducing the thickness of external enclosing structures by means of innovation provides significant savings in usable
space in multi-storey buildings. The "3 for 2" concept (3 floors for 2) is aimed at saving space, materials and energy by
means of integrated design [2]. As the world adapts to the twin trends of climate change and urbanization, high-rise office
buildings in hot and humid climates are the first in line for a significant change in design approach. An integrated design
approach pays special attention to reducing the size of engineering communications introducing a new paradigm for
optimizing use of space, materials and energy in buildings: integrated integration of all building systems - structural,
mechanical, hydraulic, air and electrical ones - throughout the life cycle of a building from early design to construction
and operation.

The "3 for 2" concept has been implemented in a pilot project of a non-profit international school in Singapore®. In
Singapore’s new commercial buildings, up to a third of the enclosed volumes are typically occupied by technical systems
and structural elements taking up valuable space that could otherwise be reserved for residents. The standard centralized
air conditioning systems currently in use are among the main consumers of this space. The 3 for 2 project demonstrates
air conditioning technologies that were previously seldom used in commercial buildings in Southeast Asia, such as passive
cooling beams and distribution ventilation systems.

The review "The Science of Concrete: the Past, Present and Future of Innovation™ [3] notes that concrete, as the most
commonly used building material, is rapidly evolving, but at the same time is facing challenges in terms of environmental
impact, financial needs, public recognition and image. Studies of radical changes in three major aspects of concrete use
are relevant: reinforcement, binder content, and manufacturing methods. It is assumed that, along with introducing robotic
production methods, digital technologies can be key to introducing a number of innovations: reinforcement with no rein-
forcement bars using non-convex granular media; concrete structures optimized for compression using topology optimi-
zation, architectural geometry and 3D printing or origami-style formwork; genuinely digital concrete due to a combination
of mass data collection and deep learning.

However, interlayer bonding is paramount for printed concrete as well as for traditional concrete. The bonding strength
during the multilayer laying of self-sealing concrete was studied in [4]. SUSU studies [5, 6] indicated a positive effect of

 United World College, Singapore. URL.: http://www.systems.arch.ethz.ch/de/research/synergistic-buildings/3for2-beyond-efficiency.html (accessed:
18.07.2025).
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acoustic treatment of concrete on its water absorption, which increases the adhesion to old concrete, and also improves
the quality of technological joints using printed matrices, various adhesives, additives, and slag-alkaline concretes.

For 3D printing of concrete, the problem of adhesion is addressed by installing reinforce ment or introducing fiber
into the mixture. As the use of steel reinforcement is compulsory in most building structures, there is an urgent need
to develop reinforcement technology for 3D-printed structural elements. In [7], a justification was carried out for
3D printing of steel reinforcement using arc welding with a metal electrode in a protective gas environment. The
mechanical characteristics of the printed rods demonstrated comparable mechanical properties to conventional steel
reinforcement of the same diameter.

We find it reasonably more technologically advanced to make use of an additional 3D printer manipulator that unwinds
and cuts wire reinforcement into the necessary segments, or to make use of fibers from various materials. The results of
such developments were reported at the First RILEM 2018 International Conference on Digital Concrete.

It was noted that most studies of printed concrete had been conducted on small models and failed to take large-scale
effects into account. Currently, bridges have been implemented among large-scale digital concrete (DFC) structures
(e.g., in China, the Netherlands, and Spain), as well as two-storey houses printed in 22 days in China. Large-scale tests
of elements manufactured using DFC technology have shown [8] that caution is required as tests of materials related to
DFC are being developed, and the large-scale effects of DFC have not been studied in practice. Therefore, it is recom-
mended that large-scale tests in the range from 1:5 to 1:1 are conducted if DFC is applied to responsible structures.

Another significant downside of printed concrete is its low productivity of digital DFAB production in construction.
In [9], the costs and time for the robotic construction of a wall was analyzed. In this example, it was found that productivity
was higher while using the robotic construction method for complex walls (e.g., an exterior and decorative one), which
indicates a possibility of obtaining significant economic benefits from using additive DFAB specifically for construction
of complex structures. However, DFC technology is not applicable for high-rise buildings. However, this does not mean
that the traditional technology of prefabricated and monolithic housing construction will not be automated and robotized.
Back in 1995, an all-weather automated system for the construction of high-rise reinforced concrete buildings was pre-
sented at a conference in Belgium [10]. For the first time in the world, it had been used in the construction of a 15-storey
reinforced concrete building in Chiba Prefecture in 1995 (Fig. 1).
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Fig. 1. Automated high-rise building construction system [10]

This system includes four major elements:

1) synchronously rising all-weather temporary structure;
2) parallel material supply system;

3) factory production and unification of building materials;
4) material management system.



Baiburin AKh, et al. General Trends in the Development of Cconstruction Technologies

It ensures high quality, improves working conditions, reduces construction time, labor force and waste, and increases
the overall productivity. As shown in Fig. 1, in the BIG CANOPY project a parallel element supply system was installed
for three automated overhead cranes to be set up and one large construction lift under an all-weather lifting temporary
mounting beam.

The project makes use of a materials management system using a database linked to the CAD system, unification of
building materials, factory manufacturing, as well as parallel installation. The major advantages of the technology are
increased productivity and quality; shorter construction time; improved production conditions (workers can safely and
comfortably work under a temporary roof); reduction in the amount of garbage.

A similar technology (only related to injection-molded structures rather than prefabricated ones) has been patented
and is being developed at the SUSU Department of Construction Production and Theory of Structures [11-13]. The
shuttering system is made up of two vertical decks with minimal expansion at the bottom. Vertical decks are stationary.
The horizontal deck located between them is lowered or raised with hydraulic jacks. The horizontal deck is connected to
the lifting or lowering mechanisms with a metal vertical rod. The new technology is a kind of anti-sliding formwork
system that moves upward.

The process is performed as follows: in the initial state, the horizontal deck of the formwork is lowered relative to the
top of the vertical deck. The composite material (concrete mix) is fed into the formwork system where the mix is placed
in the space between the horizontal and vertical deck. There is a film between the concrete deck system which moves
downwards with the mixture. This method removes effects such as adhesion and cohesion leaving only a minimum fric-
tion between the film and the vertical deck and provides protection against premature drying of the concrete. The first
layer of the concrete mixture gains a specific strength with a possibility of heat treatment, acoustic and other effects on
the working seams. The horizontal deck is lowered with jacks along with the first layer down. Then the second layer is
laid on the first one and having gained strength, it descends. The third layer is laid (Fig. 2). Then the lower sufficiently
hardened layers extend beyond the vertical deck, etc.

a) b)
Fig. 2. @) method of forming reinforced concrete structures by means of lowering concrete (patent 2566540):
1 — metal rod or cable; 2 — lifting and lowering equipment (hydraulic jack); 3 — horizontal deck; 4 — vertical deck; 5 — first layer
of concrete; 6 — second layer of concrete; 7 — third layer of concrete; b) experimental SUSU setup for the technology development

The technology of sinking concrete can be employed for construction of deep underground structures (mines, hazard-
ous waste storage facilities, underground military installations, etc.), underwater structures on a shelf, manufacture of
block rooms in mobile workshops for modular construction, etc. Structures lowered by means of the counterweight
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method can provide lifting of aboveground structures by implementing the top—down construction technology. The ad-
vantage of the new monolithic technology is the immobility of the formwork system and a possibility of equipping com-
plex systems for processing and monitoring the condition of the concrete mixture and concrete under protection from
external influences, up to full automation of production processes.

Automation of the installation of multi-storey buildings was proposed back in the USSR by replacing free installa-
tion with cranes for forced installation with manipulator cranes? [14]. A traditional mounting crane provides only one
of the 16-20 operations of the assembly of prefabricated structures, and the remainder are performed manually by
workers whose labor costs are 4-5 times more than the operating time of the crane. Experiments were performed with
an automatic crane based on the BKSM-5-5A tower crane, but a low positioning accuracy of + 20 cm was obtained,
which prevented a transition to industrial development accuracy of + 20 cm was obtained, which prevented a transition
to industrial development.

In Japan, a two-stage system is employed controlled by a single operator and consisting of free feeding of the prefab-
ricated element by a conventional tower crane and a robot (manipulator) installing the element at the design location.

In Russia, three variants of forced installation have been developed. The idea behind the new method is that in order
to increase the productivity and accuracy of installation, the mounted element is gripped rigidly and fed into the design
position with registration of linear and angular displacements along the three axes X, Y, Z (in six coordinates). At the
same time, there is a task of ensuring the stability of the elements after their installation and uncoupling of the crane
handle. This is achieved by using the spatial self-fixation method using locking traps of various designs, which at the
same time reduces the requirements for positioning accuracy. A manipulator crane with a rigid connection between the
working body and the transportation device has been developed that has a minimum required number of degrees of free-
dom of the movement device, and thereby a minimum number of drive mechanisms.

In Russia, three variants of forced installation have been developed. The idea behind the new method is that in order
to increase the productivity and accuracy of installation, the mounted element is gripped rigidly and fed into the design
position with registration of linear and angular displacements along the three axes X, Y, Z (in six coordinates). At the
same time, there is a task of ensuring the stability of the elements after their installation and uncoupling of the crane
handle. This is achieved by using the spatial self-fixation method with locking traps of various designs that at the same
time reduces the requirements for positioning accuracy. A manipulator crane with a rigid connection between the working
body and the transportation device has been developed that has a minimum required number of degrees of freedom of the
movement device and thereby a minimum number of drive mechanisms.

However, the suggested sparsely populated technologies were not commonly used in the USSR due to the lack of
digital design, the complexity of the design of cranes, gripping devices, and the need to retrofit prefabricated elements
with self-locking devices. As the rest of the operations (suturing, welding ties, sealing) are performed manually in the
traditional way, there is a law of uneven development of parts of the system and misalignment. As shown by the further
development of the construction industry, complete robotization was achieved not in the assembly, but in the injection
molding technology of 3D printing, and only when the power of computing complexes had allowed to carry out digital
building projects [15], and the rheology of concrete composites had been managed [3].

The record of Chinese builders who had worked on a prefabricated 10-storey building in 29 hours was confirmed by
means of the method of the fastest construction of large blocks (prefab blocks, modules). Block rooms were designed in
a few cities of the USSR (Krasnodar, Minsk, Verkhnyaya Salda, etc.) but were limited by the lifting capacity of cranes
and transport dimensions. The incentive for the development of that type of housing construction was a number of ad-
vantages of those houses over large-panel ones [16, 17]: manufacturing volumetric blocks of full factory readiness in
factory production with built-in furniture, plumbing and electrical equipment; transferring 85% of labor costs to a factory
or house-building complex; reducing labor costs on the construction site to 25%; reducing the number of mounting ele-
ments by 4-5 times; reducing construction time by 3—4 times; reducing labor intensity by 2.5-2.8 times; reducing concrete
consumption by 25-28%; significantly reducing overhead costs and costs for temporary facilities, etc.

The sizes and weight of the reinforced concrete blocks were small. The Krasnodar House-Building Plant produced
blocks in the form of a ribbed box of the "lying glass" type measuring 305 m and weighing 5-9 tons depending on the

2 Vilman YuA Technology of Construction Processes and Construction of Buildings. Modern Progressive Methods: a Textbook. Moscow: ASB; 2011.
336 p.
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equipment. The modular product of JSC SZ "OBD" in Krasnodar has presently been significantly improved and reaches
a weight of 20 tons and allows for the construction of a 16-storey building (16,000 m?) in 4 months. Minsk "cap" type
blocks of approximately the same size and weight were used for three-dimensional block houses of the 3A-OPB series.
Since 2012, the block house construction plant "Choice—OBD" has been operating in Voronezh for the production of
reinforced concrete modules of the ,,cap® type [18].

The development of the construction industry has now made it possible to significantly increase the size and weight
of modules for block construction. The Moscow plant of Concern MonArch LLC (Fig. 3) produces the world's largest
room blocks with dimensions up to 15,5x7,5x3,75 m, with an area of over 100 m? and weighing up to 40 tons in a basic
frame and 55-58 tons with complete finishing.

Fig. 3. Technological portal conveyor (Q=100 t) for conveyor assembly of MonArch Group modules

The technology allows for the installation of 25 modules (1800 m?) per day, 450 thousand square meters of ready-
made housing per year. For the first time the world has witnessed the production of three-storey modules for stairwells
and elevator shafts. Due to the maximum robotization and automation of factory module manufacturing processes, there
has been a significant reduction in the construction time of houses. The first stage of the VVnukovo plant was launched in
July 2023.

Among the major difficulties of MonArch's modular construction technology, the complex logistics of overnight
delivery of modules using two lanes of traffic and the need for powerful cranes (typically manufactured in Germany or
China) is to be noted.

The MonArch concern is currently producing about 2000 modules per year and participates in the renovation program.
In 2025, a kindergarten with 300 places was built in two weeks’ time from 114 large-sized modules in Sireneviy Boule-
vard in Moscow.

Foreign modular construction systems have been known since the days of Habitat 67 residential complex (1967) and
Nakagin Tower in Tokyo (1972) mainly make use of metal-framed blocks such as ADK Modulraum (Germany), Vision
Modular, Assael (England), etc. The metal frame is also used for production of block cabins for cruise ships.

Special MEP modules can also be supplied in block design [19]. Modular engineering systems — "mechanical,
electrical, and plumbing systems" (MEPs) — involve the pre-fabrication and assembly of engineering system compo-
nents under controlled factory conditions before they have been delivered to a construction site to be installed. This
approach provides lots of benefits, including increased efficiency, cost savings, faster project deadlines as well as
improved quality control.

These modules combine various MEP components such as pipelines, ductwork, electrical wiring, and equipment into
a single unit. Equipment installed in the MEP units: frames with heat exchangers, pumps or other engineering equipment
with integrated pipelines and electrical systems; fully equipped bathrooms with plumbing, electrical and HVAC compo-
nents (Heating, ventilation, and air conditioning); suspended mechanical racks with pipelines, ducts and electrical systems
for efficient distribution in a building or a structure.

Problems related to environmental friendliness, alternative energy sources and lifestyle changes (e.g., due to the pan-
demic) have led to a surge in the production of buildings using modern construction methods, particularly in residential
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construction. These methods involve use of new technologies as an alternative to traditional construction in smart build-
ings. Against the background of the development of industry 4.0, there is an urgent need for integrated design using
machine learning, neural network and generative algorithms [20].

On top of that, it is essential to pay attention to the research results where optimization tools were employed in order
to develop energy-efficient and rational construction schedules [21]. As the growing global awareness of environmental
issues is on the rise, the construction industry is forced to make use of innovative materials and methods in order to make
the construction process more energy efficient and environmentally friendly. Project managers should employ optimiza-
tion tools in their planning procedures in order to address these issues in the early stages of project justification.

Discussion and Conclusion. Thus, among the main trends in the development of construction technologies, the fol-
lowing are to be noted:

— rapid evolution of building materials with an emphasis on high-functional concretes, new composites, capillary-
porous materials and environmentally friendly waste materials with the possibility of their recycling and reuse;

— digitalization of projects and technologies: BIM design (with the development of 3D, 4D, 5D...); transition to elec-
tronic document management (GOST 70108-2025 "Executive Documentation. Formation and Maintenance in Electronic
Form™); 3D printing of structures and formwork; automation of supply processes, construction control, organization and
management; precise positioning and automation of construction machinery;

— improvement of factory readiness, dimensions, and architectural and structural quality of prefabricated elements
(the so-called precat and prefab technologies);

— development of modular construction in Russia from large-sized frame and reinforced concrete blocks with partial
and complete finishing;

— improving the functionality and aesthetics of facade technologies: architectural and structural facade panels; self-
cleaning and self-healing of facade materials; intelligent facades;

—development of monolithic construction using highly functional concretes, enlarged reinforcing frames, fibers, high-
performance mechanisms, as well as prefab elements for complex multi-part building elements in order to speed up con-
struction;

— complete robotization of some finishing processes;

— implementation of energy-saving and "green” solutions in engineering systems of buildings (not only unique ones);

— improving the quality of landscaping, infrastructure, and the urban environment quality index.

As aresult of the review of the global experience, the general trends in the development of technologies in construction
have been formulated that are to be noted by construction companies concentrated on continuous development and aspir-
ing for the leading positions in the industry.
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Abstract

Introduction. Risk assessment of early cracking during hardening of massive monolithic reinforced concrete foundation
slabs due to temperature gradients enhances the relevance of studies of a host of factors related to a concreting technology
given the technical capabilities of workers and suppliers of concrete mixtures, as well as weather conditions. While de-
veloping technological regulations for concreting with a calculation of the thermal stress state in the early period in order
to reduce and control heat dissipation, studies in the field of assignment and regulation of time parameters of the process
of forming the body of the foundation slab taking into account the prescription features of concrete mixtures and weather
conditions are relevant. The aim of the study is to obtain new data for calculating the time parameters of concreting
massive structures using concrete pumps with technical characteristics that are not available in the regulatory framework.
Materials and Methods. The paper presents the results of timing the process parameters of continuous concreting of a
massive foundation slab with a volume of 1642 m?® in 13.6 h. The numerical values of the concrete mixture pumping
speed, maneuvering time of concrete mixer trucks as well as the coefficients of transition from technical to operational
performance of concrete pump trucks with a technical capacity of 170 and 180 m?%h are obtained. The use of concrete
pumps with such a capacity at an actual unloading speed of concrete mixer trucks of up to 2.3 m®/min ensures an actual
pumping performance coefficient of up to 0.81, which basically corresponds to normal operation.

Research Results. The values of the concrete pump utilization coefficient over a time period ranging from 0.478 to 0.841
with an average value of = 0.66 were obtained. The actual average productivity of one concrete pump during the concret-
ing period was = 61 m%h.

Discussion and Conclusion. With a distance from the concrete pump truck to the concrete mixer truck waiting area
within 25-50 m, the maneuvering time does not depend greatly on the distance, according to 69 measurements, it is no more
than 5.76 min with a reliability of 0.95 and is identified by the convenience of an area for maneuvering concrete mixer and
access roads. The results can be used in developing process regulations for continuous concreting of similar massive structures.

Keywords: foundation slab, continuous concreting, pumping speed, operating cycle parameters, concrete pump
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AHHOTALIA

Beeoenue. OrieHka pucka paHHETo TPEIMHOOOPa30BaHuUs PH BO3BEJCHUN MAaCCUBHBIX MOHOJIUTHBIX JKeJIe300€TOHHBIX
(YHIaMEHTHBIX TUINT BCIIEACTBHE TEMIICPATyPHBIX IPAJAUEHTOB MPEIONPEACIIET aKTyalIlbHOCTh UCCIIEIOBAHUNH MHOTO-
YHCIICHHBIX (JAKTOPOB, CBA3aHHBIX C TEXHOJIOTHEH OETOHMPOBAHMS, C yIETOM TEXHHYECKUX BO3MOXKHOCTEH IPOU3BOIH-
Tenel paboT M MOCTABIIMKOB OETOHHBIX CMECEH, a TaK)Ke MOTOTHBIX YCIOBHMA. [IpH pa3paboTke TEXHOIOTHIESCKHX periia-
MEHTOB OETOHHPOBAHMS C PACUETOM TEPMOHAIIPSHKEHHOTO COCTOSHHUS B PAHHHUN TIEPHO/I C IIETBI0 YMEHBIICHHSI 9K30Tep-
MUH U YIPaBJICHUS KHHETHKOM TEIUIOBBIICNICHNS aKTYaIbHBIMH SIBIISTIOTCS HCCIIEIOBAHKS B 00/1aCTH Ha3HAYCHUS U PETy-
JIMPOBaHMS BPEMEHHBIX TapaMeTPOB Mporiecca GOPMUPOBAHKA Tena (PyHAAMEHTHOH IUTUTHI C YIETOM PELENTYPHBIX 0CO-
OeHHOCTeil OETOHHBIX CMECei 1 IIOTOHBIX YCIIOBHA, a TAK)Ke pacyeT TePMOHAIPSIKEHHOTO COCTOSHUS B pAaHHUH IIEPHO/.
Lenp uccnenoBaHus: MOJy4Y€HHE HOBBIX JaHHBIX JJIS paCYETOB BPEMEHHBIX MapaMeTpoB OETOHMPOBAHMS MAaCCHBHBIX
KOHCTPYKIHI C UCTIOJIb30BaHHEM aBTOOETOHOHACOCOB C TEXHUUECKHMH XapaKTePUCTHKaMU, JaHHBIE O KOTOPBIX OTCYT-
CTBYIOT B HOpPMaTHUBHOI1 Oa3e.

Mamepuanst u memoowt. [IpyBeieHbI pe3yJbTaThl XPOHOMETPAXKA TEXHOIOTMYECKUX [TaApaMETPOB HEMPEPHIBHOIO OETOHUPO-
BaHMA MACCHBHOH (hyHIaMEHTHOM MIUThl 06beMoM 1642 M2 3a 13,6 u. TToTyueHb YUCIEHHbIE 3HAYEHHS CKOPOCTH IIEpeKayt-
BaHUsI OETOHHOM cMecH, BpEMEHH MaHEBPHPOBaHHUS aBTOOETOHOCMECHTENEH, KO3 (UIMEHTOB Iepexo/ia OT TEXHHIECKOH K
SKCILTYaTallMOHHON MPOM3BOAMTENLHOCTH ABTOOETOHOHACOCOB ¢ TEXHUYECKOH NpoM3BoauTenbHOCTHI0 170 n 180 M3/u. Hc-
TI0JIb30BaHNE AaBTOOETOHOHACOCOB € TAKOH IIPOU3BOANTENHHOCTBIO MPH (PAKTUUECKOI CKOPOCTH Pasrpy3KH aBTOOETOHOCMECH-
Teneit 10 2,3 M¥Mun obecneunBaeT ko3(QQHIIEHT GaKTUIECKOH IIPOU3BOUTEILHOCTY NpY HepekaunBanuu 1o 0,81, uto B
MIPUHIIUIE COOTBETCTBYET HOPMAIBHOM 3KCIUTyaTalliu.

Pezynomamot uccnedosanus. lonydeHsl 3Ha4eHns KO3(PUIIMEHTA HCTIOJIL30BaHKs aBTOOETOHOHACOCOB 110 BpeMeHH oT 0,478
10 0,841 mpu cpeanem 3HaueHnu ~ 0,66. DakTrueckas CpemHsis MPOU3BOIUTENIHHOCTD OIHOTO aBTOOETOHOHACOCA 32 TIepro]] Oe-
TOHMPOBAHHUs COCTaBHIIa = 61 M.

Oobcysycoenue u 3axnioyenue. IIpu paccTossHUU OT aBTOOETOHOHACOCA JI0 TUIOIIAIKY OKUaHHS aBTOOETOHOCMECHTENEeH
B mpenenax 25-50 M BpeMsi MaHEBPUPOBAHUSI MAJIO 3aBUCHT OT PACCTOSHUS, cocTaBisieT ¢ obecrieueHHOCTHIO 0,95 1m0
JTaHHBIM 69 3aMepoB He Oosee 5,76 MUH 1 ompeaesseTcs y100CTBOM IUIONIAKH [Tl MaHEBPUPOBAHUS aBTOOETOHOCME-
cuTeneil 1 Hoabe3HbIX ImyTeil. [lomydeHHble pe3yabTaThl MOTYT OBITh HCHOJIb30BaHBI IPH Pa3pab0TKe TEXHOIOTHUECKUX
pEerJIaMEeHTOB Ha HENPEphIBHOE OETOHNPOBaHNE AHAJIOTMYHBIX MAaCCUBHBIX KOHCTPYKIIHH.

KaioueBble ciioBa: GpyHIaMeHTHas IUINTA, HEIPEPHIBHOE OETOHNPOBAHUE, CKOPOCTh TEPEKAYNBAHMS, TAPAMETPHI pa-
0ouero IyKia, aBTOOETOHOHACOC

duHaHcMpoBaHUe. lccieoBaHHE BBIMOJHEHO 3a CYeT IpaHta Poccuiickoro HayuyHoro ¢onma Ne 25-19-00164,
https://rscf.ru/project/25-19-00164/ (nara obpantenus: 31.01.2026).
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Introduction. Over the recent years, there has been a surge in the number of floors of residential buildings constructed,
particularly in major cities in the conditions of dense urban development. According to [1], in 2019 the average number
of floors in housing construction was 17.7 floors per 1 m? of a constructed building with the average number of floors of
19.7 in the Rostov region. In 2022-2025 buildings of up to 32 floors tall are under contruction in Rostov-on-Don with
buildings up to 45 floors tall being considered. Flat foundation slabs (FSs) or slab grillings along a pile field are commonly
used as foundations for such objects. The recommended thickness of the FS is from 0.5 to 2m according to section 7.10
of SP 52-103-2007 "Reinforced Concrete Monolithic Structures of Buildings™ and up to 3 m according to Section 5.2.7
SP 430.13225800.2018 "Monolithic Structural Systems. Design Rules". In SP 430.13225800.2018, Section 5.2.7 allows
for "the first approximation of the thickness of a flat foundation slab on a natural foundation to be equal to 1/65 + 1/50 of
the building height". Therefore the FSs for medium and higher buildings of the Rostov region will relate to massive
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monolithic reinforced concrete structures. According to SP 435.1325800.2018 (Section 9.3.4), "the method of laying a
concrete mixture is to ensure the solidity of a structure”; according to Section 5.12, "the method of feeding a concrete
mixture is to be selected according to the calculated value of the concreting intensity"; according to Section 6.2.8, "the
rate of flow of a concrete mixture to a facility and pumping is to ensure the continuity of the supply of a concrete mixture.
Technological breaks should not be over 20 minutes long".

According to [2, 3], the quality of massive monolithic concrete structures is impacted by a host of factors related to
concreting technology considering the technical capabilities of work manufacturers and suppliers of concrete mixtures,
as well as weather conditions. The multitude of factors makes it imperative to address the issues necessary for developing
technological regulations (TRs), while the necessary data and instructions are not always provided in corresponding reg-
ulatory documents. Temperature gradients, which cause tensile stresses and pose a threat of early cracking due to a heat
release of hardening concrete, are a severe problem. In compliance with STO NOSTROY 2.30.214-2016 "Monolithic
Concrete and Reinforced Concrete Structures. Work Requirements. Rules and Methods of Control”, heat release is regu-
lated by means of reducing exothermy and controlling kinetics, which, while calculating the risk of early cracking [4-6],
requires that the time parameters of the process of forming the body of the OP are identified in a precise manner consid-
ering the prescription characteristics of concrete mixtures [7] and weather conditions making research in the field of
appointment and regulation of the concreting time parameters of a process relevant while developing TPs calculating
the thermally stressed state in the early period. A clear algorithm of technological calculations in developing TPs is
needed, among other things, to the importance of identifying the rational overlap time of layers depending on the preser-
vation of the concrete mixture, temperature and humidity conditions, manufacturer’s technical capacities (concreting
rate) and can vary greatly [8, 9]. It is of particular importance to identify the time limit properly for overlapping layers
and concreting rate in dry, hot weather [10].

According to [11, 12], the intensity of continuous concreting of a structure can be up to 226 m?/h, and according
to [7] — even up to 450 m®%/h depending on the number of concrete pumps (CPs), and the total duration of continuous
concreting can be up to 35 hours and even up to 3 days long. The well-grounded indicator of "concreting intensity"
primarily based on one CP is one of the most critical parameters for developing a concrete processing plant and a
concrete-laying complex [10]. Provided that supply of concrete mix to the facility is properly organized, concreting
intensity will be determined by the technical performance of a concrete mixer truck (CMT) during unloading (unload-
ing speed), as well as of a concrete pump (CP) (pumping speed) and the efficiency of organization (CMT utilization
factor in time). In order to identify the required number of CPs and CMTs, data on their operational performance is
needed depending on the pumping speed and CMT utilization factor in time. The technical capacity of CPs during
unloading, according to the instructions for transporting and laying concrete mixtures in monolithic structures using
CMTs and CPs, ranges from 0.5 to 2 m3/min or up to 120 m?h, and the unloading speed, according to the recommen-
dations for the delivery of concrete mixtures by motor vehicles, can be up to 2.5 m3/min or up to 150 m%h [13].
According to [14], the technical capacity of CMTs is up to 200 m3/h. The operational productivity of the concrete
pump, which determines the concreting intensity, depends on a host of factors and is generally determined by the
coefficient of transition from the technical productivity of the concrete pump to the operational one [15, 16], as well
as the coefficient of utilization of the concrete pump over time [13].

According to [10], during FS concreting with a total volume of about 1,500 m3, 10 m? of the concrete mixture was
directly supplied by a concrete pump with a technical capacity of 120 m3/h with a delivery range of up to 50 m in an
average of 7.5 minutes, which is approximately 80 m3/h and corresponds to a transition coefficient from technical to
operational capacity of 80/120 = 0.67. In technological maps, the value of the coefficient that accounts for organizing (the
CMT utilization factor in time) is typically assumed to be 0.65 [10, 13].

The aim of the study is to obtain new data for calculating the time parameters of concreting massive structures using
technological equipment (concrete pumps) with technical characteristics not available in the regulatory framework, par-
ticularly, in the Government Elementary Estimated Norms (GEEN). The paper shows the results of identifying and ana-
lyzing some parameters of a technological process, including the concreting intensity, during continuous concreting with
a volume of 1642 m3at a facility in Rostov-on-Don.

Materials and Methods. Timekeeping during continuous concreting of 2 m thick concrete with a volume of 1642 m?
using a concrete mixture (CM) with a workability mark of P4 according to GOST 7473-2010 "Concrete Mixtures. Tech-
nical Specifications", ABN Zomlion 59X-6RZ (ABN 1) and KCP58ZX170 (ABN 2) with a technical capacity of 180 and
170 m3/h, respectively, when CM is supplied to CP with a volume of 7 to 16 m®. The weighted average CP volume is
12.6 m3, while calculating the parameters in the TR, the value of 14 m® was taken. The following parameters were rec-
orded: the time of CM pumping at a distance of up to 50 m t,, as the time from the onset of unloading the CP to the end
of pumping (according to the signal of the CMT); the total time of the working cycle of the CP, as the time from the onset
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of unloading the previous CP to that of a subsequent CP; the time of maneuvering the CP at a distance of 15 to 25 m, as
the difference between the total operating cycle time and the pumping time of the CM. Concreting took place in dry, clear
weather at a temperature of 15-20°C. Overall, 35 measurements were made according to CMT 1 and 34 measurements
according to CMT 2. The discharge rate of the CP and the pumping rate of the CM were assumed to be equal and given

by the formula:

where Vagc is the CP volume, m3.

p I
Tp

_ Vasc

Research Results. Table 1 shows the results of measuring the duration of technological operations.

Table 1
Results of the measurements of the parameters of the working cycle, min
Cycle parameters
CMT T, T T
range average range average range average
1 6.73-13.06 9.68 4.58-8.4 6.11 2.15-6.08 3.56
2 6.42-17.2 10.11 4.03-10.95 7.09 1.37-8.83 3.22
According
0 TR 15.0 9.0 6.0
Table 2 shows the results of calculating the CP unloading rate (CM pumping time).
Table 2

Results of the measurements of the CP unloading rate (CM pumping rate), m3/min

CP volume, m? Unloading speed (pumping speed)
Range Average
7 1.615-1.736 1.675
10 1.709-2.182 1.936
1.36-1.77* 1.565*
11 1.688-2.115 2.11
12 1.503-2.278 1.917
1.568" 1.568*
13 1.866-1.984 1.925
14 1.278-2.227 1.959
1.49-1.83* 1.61*
15 1.731-2.284 1.898
16 1.72-2.02 1.834
According to the TR 1.6

Note: * — according to the data in [10]

Strictly speaking, the total time of CP unloading (CM pumping time) does not comply with the law of
normal distribution (Fig. 1). For CMT 1, there is a distribution with a positive asymmetry, for CMT 2 there
are two peaks, which can also account for apart from to technical influence of technological and organizational
aspects, e.g., the concrete workers’ productivity of during laying and compaction.
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Fig. 1. Frequency of CM pumping

In this case, the CP unloading rate varied in a quite wide range, from 1.28 to 2.28 m3/min (Fig. 2). The unloading
speed was almost independent of the CP volume.
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Fig. 2. CP unloading rate

The average pumping rate of CM was 2.04 m3min for CMT 1 in the range from 1.69 to 2.222 m®min,
and 1.78 m¥min for CMT 2 in the range from 1.278 to 2.284 m3min. The pumping rate of CM with a security
of 0.95 was 1.815 m3/min for CMT 1, 1.422 m3min for CMT 2 (Fig. 3), the average value for CMT 1 and CMT 2
of 1.62 m3min almost coincided with the value of 1.6 m3min adopted during the development of the TR. The pumping
speed of the CM does not depend on the volume of the CP.
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Fig. 3. Dependence of the pumping speed of CM on the volume of CP

In this case, the average coefficient of a transition from the technical to operational productivity for CMT 1 was

_ YUng _ 204 _
= == = 0.68,

and for CMT 2 — 0.63.

The coefficient of a transition from the technical to operational productivity should not be associated with the technical
performance of the CP. In this case, the expediency of using an CP with a technical capacity of more than 2.83 m3/min
(170 and 180 m3/h) is justified by the peak values of the pumping capacity coefficient of no more than 0.85.

Fig. 4 shows the dependence of the coefficient p accounting for the organization (the CP utilization factor in time)
and the CP volume. The coefficient was calculated using the formula:

— %o _ Ty~
p=tron
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Fig. 4. Dependence of the CP utilization factor on time (organization) from the CP volume

The range of values of the B coefficient for CMT 1 was from 0.478 to 0.744 with an average value of 0.634. The range
of values of the B coefficient for CMT 2 was from 0.487 to 0.847 with an average value of 0.685. The average value for
both CMTs was 0.659. The dependence of the  coefficient on the CP volume is naturally significantly influenced by the
rate of the CP change.
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The value of the coefficient of actual efficiency of the CMT during the period of "stabilization" was

0.659-(0.68 + 0.63)
k, = kB = : =0.43

According to data in [10], this value was 0.41.

The maneuvering time of the CP providing CMT 1 and CMT 2 was 3.56 minutes and 3.22 minutes (the best maneu-
vering conditions), respectively, and with a safety of 0.95 — no more than 5.28 and 5.76 minutes. According to [10], the
average maneuvering time of the CP was 3.38 minutes with a range from 2.8 minutes to 4.45 minutes under the best
maneuvering conditions compared to those in question. It can be concluded that when the distance from the CMT to the
CP waiting area is within 25-50 m, the maneuvering time does not depend greatly on the distance, but is more due to the
convenience of the CP maneuvering area and access roads. Cramped working conditions are the key factor for the time
parameters of concreting (Fig.5).

Fig. 5. Working site of CMT 2

Fig. 6 shows the dependence of the CMT productivity on concreting hours and data on the average concreting rate

250

200 {\
£ WA
€ 150 - / P
g TR
= Average
T ——
IS v N
a X\ CR

0 \
0 2 4 10 12 14

6 8
Time, h

Fig. 6. CMT productivity by concreting hours (P) and average concreting rate (CR)
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The dependence (dotted line in Fig. 6) the average concreting rate, m%h, of the time during the process with an ap-
proximation confidence index of R? = 0.977 is described by the equation:

CR =937 — 1972 + 1.673 — 0.057*

The deployment and shutdown periods are clear, i.e., about 2 hours each. According to [17], while concreting the bottom
plate of the box-shaped foundation of the Lakhta Center tower, a concreting rate of 440 m3h was attained about 4 hours
later. In this case, during the "stabilization" period, the peak performance of the "maximum/minimum" varied up to 2.5 times.
The total concreting time of the FS was actually 13.58 hours, the estimated time for the CR was 15 hours. Average produc-
tivity: actual one — 122 md/h; estimated by the TR — 112 m%h. The average performance factor of the CP taking into
account the deployment and shutdown periods was =~ 0.35. According to [10], this value is specified in the GEEN.

With an average technical capacity of 175 m3/h for both CPs, the actual average productivity over the concreting
period was = 61 m3/h. According to [10], during the "stabilization" period, with an average CMT productivity coeffi-
cient of 0.41 and the technical productivity of 120 m3/h, the actual average productivity during the concreting period
was =~ 49 m®h. According to [17], while concreting the bottom plate of the box-shaped foundation of the tower of the
Lakhta Center complex with a volume of about 20.3 thousand tons. m? in 49 hours, the average concreting intensity
was = 414 m%/h or = 23 m3/h per CMT (the CMT parameters are not specified).

Discussion and Conclusion. New data has been obtained for calculating the time parameters of concreting massive
structures by means of technological equipment (concrete pumps) with the technical characteristics not available in the
regulatory framework, particularly, the GEEN. As a result of the timekeeping during concreting of a thickness of 2m and
a volume of 1642 m3, the values of the unloading rate and the pumping rate of CM were obtained: the average for CMT
1 was 2.04 m%/min in the range from 1.69 to 2.222 m%/min, for CMT 2 — 1.78 m%min in the range from 1.278 to 2.284
m3/min. With a security of 0.95, the pumping rate of CM was 1.815 m®/min for CMT 1, and 1.422 m3/min for CMT 2.
The average coefficient of a transition from the technical to operational productivity was = 0.68 for CMT 1 and = 0.63
for CMT 2. The expediency of using a CP with a technical capacity of more than 2.83 m3min or 170 m%h is due to the
need for normal operation of a machine, even at peak loads. The CP utilization factor in time ranged from 0.478 to 0.847,
with an average value of 0.66 for both CPs. With an average technical capacity of 175 m3/h of both CPs, the actual average
productivity over the concreting period was = 61 m®%h.

The maneuvering time of the CP at a distance of up to 25 m averaged 3.22...3.56 minutes depending on the conven-
ience of the sites, with a security of 0.95 — no more than 5.28 ...5.76 minutes. When the distance from the CMT to the
CP waiting area is within 25-50 m, the maneuvering time does not depend greatly on the distance, it is due to the con-
venience of the CP maneuvering area and access roads.

The research results make it possible to rationally assign time parameters for concreting massive foundation slabs and
can be employed in the TR development.
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Abstract

Introduction. The Russian Federation has adopted a long-term program for the large-scale construction of highways,
which will require the construction of a large number of bridges of small, medium and large spans. International experi-
ence shows that it is advisable to build road bridges from prestressed reinforced concrete. Moreover, the most effective
ones are the span bridge sections of a box-shaped cross-section that are different from girder structures by better aerody-
namics, lower labor costs during construction and more attractive external aesthetics. In the literature on numerical anal-
ysis of the stress-strain of monolithic reinforced concrete structures, very little information is provided on calculating
span bridge structures taking into account concrete creep. The aim of the study was to develop a technique for finite
element modeling of long-term deformation of a box section span using an authorized software package. The data from
the computational experiments were verified using the ANSYS Mechanical software package.

Materials and Methods. The finite element method in the form of a displacement method in combination with the theory
of linear viscoelasticity is employed as a mathematical tool for modeling prolonged deformation of the investigated rein-
forced concrete structure. In order to formalize concrete creep, S.V. Aleksandrovsky's elastic creeping body model was
used. The computational process of numerical integration of the resulting operator-matrix equation is based on the prin-
ciple of superimposition of effects and the use of the trapezoid formula. The computational experiments were performed
on the Microsoft Visual Studio platform and the Intel Parallel Studio XE compiler with the built-in Intel Visual Fortran
Composer XE text editor. In order to visualize the simulation results in the form of pictures of the distribution of dis-
placement and stress fields, the descriptive graphics of the Matlab system are employed.

Research Results. A program has been developed and verified for the finite element calculation of reinforced concrete
beam structures in a three-dimensional formulation using a discrete reinforcement scheme, according to which the rein-
forcing frame is modeled by means of two-node beams, and the concrete array is modeled by means of volumetric mul-
tilinear finite elements. It is found that for the considered typical box-shaped bridge sections, the adopted pre-voltage
scheme is ineffective as it fails to provide the required bending.

Discussion and Conclusion. The results of the calculations of the box section in a linearly elastic formulation obtained
using the developed software package and the ANSYS Mechanical software package are compared. A satisfactory coin-
cidence of displacement and stress values at the investigated points has been identified. The stress-strain state of the box
section at the stage of prestressing and subsequent loading is investigated. The conclusion is made on the expediency of
scientific support at the design stage of such bridge sections in order to increase their load-bearing capacity.

Keywords: finite element method, concrete creep, prestressing, reinforced concrete bridge section of a box section
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OPMZMH(IJle()e amnupudeckoe uccnedosanue

YucneHHBIH aHAJM3 HATIPS2KEHHO-1e(OPMHPOBAHHOIO COCTOSIHUS CEKLMH Ke1e300eTOHHOI 0
MOCTAa
H.A. CaBejbeBa <

JloHCKOM rocy1apCcTBEHHbBIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas ®enepanus
>4 ninasav86@mail.ru

AHHOTAIIMA

Beeoenue. B Poccuiickoit @enepanny npuHsTa JOITOCPOYHAs MPOrpaMMma Mo MacIiiTaOHOMY CTPOMTEILCTBY aBTOMO-
OMIBHBIX JOPOT, YTO HMOTPEOyET BO3BEACHHS OOJBIIOTO KOJIMYECTBA MOCTOB MAJbIX, CPEIHUX M OOJBIINX MPOJIETOB.
MeXTyHapOJHBIH OTBIT TOBOPHT, YTO aBTOAOPOKHBIE MOCTHI LIEIECOO0OPA3HO CTPOUTH U3 MPETHAIPSIKEHHOTO JKEJIE30-
6erona. [Ipnuem Hamboee >3PPEKTUBHBIMH SBILAIOTCS IPOJICTHBIE MOCTOBBIE CEKITMH KOPOOUATOTO MOMEPETHOTO CeUe-
HUSI, OTIMYAOIINECS OT OAJOYHBIX KOHCTPYKIHUIT JIydIIeH aspoJMHAMHUKOM, MEHBIIMMH TPYA03aTpaTaMy IIPU BO3BEE-
HUM 1 OoJiee IpUBIIEKATEIFHON BHEITHEH ICTETHKON. B muTeparype, MOCBSIEHHON YICICHHOMY aHAIN3Y HaIPsKEHHO-
JeOpMUPOBAHHOTO COCTOSHHSI MOHOJIMTHBIX JKEJIe300€ TOHHBIX KOHCTPYKIIMH, TPUBEACHO KpaliHe MaJlo CBEICHHH O pac-
YeTe MPOJIETHBIX MOCTOBBIX CTPOCHUM C y4eTOM MoJizyuecTd OertoHa. Llenbio uccaenoBaHus siBIsuIach pa3padoTka MeTo-
JIMKH KOHEYHO-3JIEMEHTHOTO MOZEIMPOBAHUS JUINTEIBHOTO Ae(hOPMHUPOBAHUS MPOJIETHOW CEKIIMU KOpoO4aToro ceuve-
HUSI, C TIOMOILBIO aBTOPU3UPOBAHHOTO IIPOIPaMMHOT0 KOMILIeKca. [laHHbIe BEIYMCIUTENBHBIX DKCIIEPUMEHTOB BepH(U-
[IMPOBAHBI C HCIOIb30BaHUEM mporpammuoro kommiekca ANSYS Mechanical.

Mamepuanst u memoost. B xauecTBe MaTeMaTHIECKOTO ammapaTa sl MOJAESIMPOBAHHMS TpolLiecca JUIMTEIbHOTO Aehop-
MHPOBaHHS HUCCIEAYEMOMH KeIe300eTOHHOW KOHCTPYKIIMH IPUMEHEH METO]l KOHEUHBIX AJIEMEHTOB B (hOpME METO/1a Iie-
peMeIeHNi B COYETaHNH ¢ TeOpHel TMHEHHON Bs3koynpyroctu. st opMann3ayu nporecca noi3ydecT OeToHa uc-
MOJIb30BaHa MOJENb ynpyro-mnonsydero Tena C.B. AnexcanapoBckoro. BeraucanTenbHbIH Ipoliece YUCICHHOTO HHTE-
TPUPOBaHMS PE3YIbTUPYIOUIETO ONEPATOPHO-MATPUIHOTO YPaBHEHHUS 0a3MpyeTcsl HA NMPHHINIE HAJOXXEHHS BO3JEH-
CTBHUIl U HCTIONIB30BaHUH (HOPMYJIBI Tpameluii. BeraucnurenpHbie SKCIIEPUMEHTHI BBITOIHEHBI Ha miaTdhopme Microsoft
Visual Studio u xommmstope Intel Parallel Studio XE ¢ Bctpoennsim TexcToBbIM peaakropom Intel Visual Fortran Com-
poser XE. [l Bu3yanu3aluu pe3yJbTaTOB MOJAEIMPOBAHUSA B BUAE KapTUH pacIpeAesICHMs Mojell nepeMeleHuid u
HaNpsDKEHU I PUMEHEHa IeCKpuTopHast rpaduka cucremsr Matlab.

Pesynvmamot uccneoosanus. Pazpaborana u BepuduIUpOBaHa MporpaMma Jyisi KOHEYHO-3JIEMEHTHOTO pacyeTa JKelie-
300€TOHHBIX OAJIOUYHBIX KOHCTPYKIUHA B TPEXMEPHON IMOCTAHOBKE C NCIIOJIb30BAHMEM JIUCKPETHON CXEMBI apMHPOBaHUS,
COTJIaCHO KOTOPOH apMHPYIOIINH KapKac MOJEIUPYETCs IBYyXYy3JIOBBIMU OaIOYHBIMHU, 2 MacCHB O€TOHa — OOBEMHBIMHU
MOJMIMHEHHBIME KOHEUHBIMH 3JIEMEHTaMH. Y CTAaHOBJICHO, YTO JUIS pacCMaTpUBacMOW THIIOBOH MOCTOBOM CEKIMU KO-
pobuaroro ceyeHus! MPUHATas CXeMa IIPEABAPUTEIHLHOTO HAMIPSHKEHHUS Masiod(EKTUBHA, TaK Kak He oOecrieunBaeT Tpe-
Oyemoro BeITHOA.

Oobcysrcoenue u 3axnroyenue. BbIIOTHEHO CpaBHEHHE PE3yJIbTaTOB PACUE€TOB KOPOOUATOM CEKIIMU B TUHEHHO yIpyroi
MMOCTAHOBKE, MOJIyYEHHBIX C MOMOIIBIO Pa3pabOTaHHOTO MaKeTa MporpaMm u mporpamMMuoro kommiekca ANSYS Me-
chanical. YcranoBieHO yI0BIETBOPUTEIFHOE COBIAICHHUE 3HAUCHMUIT TIEPEMEIICHU I 1 HATIPSKCHUI B HCCIIEYEMBIX TOU-
kax. MccrnenoBaHo HanpsbKeHHO-Ae(hOPMHUPOBAHHOE COCTOSIHUE KOPOOUATOil CEKIMM Ha dTale CO3JaHusl MpeBapHTeIlb-
HOTO HaINpsDKEHHSI U MOCTIeyIomero Harpykeausa. CieiaH BBIBOJ O IIEIeCO00pa3HOCTH HAyYHOTO COMPOBOXKICHHUSA Ha
3Tare MPOEKTUPOBAHMS MOAOOHBIX MOCTOBBIX CEKIMII C IIENBIO TOBBIICHHS MX HECYIEH CIIOCOOHOCTH.

KaroueBnble cjioBa: METOA KOHCYHBIX 3JIEMCHTOB, MOJI3y4ECTh 66TOHa, MMpeABApUTCIILHOC HAIIPAKEHUE, JKee300eTOHHAS
MOCTOBas CCKIUA K0p06an0ro CCUCHMUA

Jost nnTupoBanns. CasenseBa H.A. UncieHHbIH aHaIN3 HaNpsDKEHHO-Ae(hOPMHUPOBAHHOTO COCTOSTHUS CEKIMH JKeJle-
300eToHHOTr0 MOcTa. Cospementble MeHOeHYUU 8 CIPOUMeaIbCmae, 2padoCmpoumenscmeae u NIAHUpoeKe meppumopuil.

2026;5(1):89-95. https://doi.org/10.23947/2949-1835-2026-5-1-89-95

Introduction. At present the most extensive field of application of prestressed reinforced concrete is bridge construc-
tion. At the same time, in the practice of domestic design of span sections of overpasses and viaducts, steel structures are
preferred. This is primarily due to the problems associated with the "tight" deadlines for construction of road junctions,
convenience of transporting metal structures and high costs associated with manufacturing large-span monolithic pre-
stressed reinforced concrete sections and their subsequent installation. Nevertheless, the experience of Western as well as
South Asian countries indicates the expediency of making use of prestressed reinforced concrete as a building material
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for span sections of automobile bridges. On top of that, in order to address the above problems, reinforced concrete
sections are traditionally manufactured directly on site followed by sliding them onto bridge supports.

It is well known that concrete is subject to creep deformation, which greatly depends on its "age", size of a structure,
nature and sequence of application (removal) of an external load as well as the temperature and humidity state of the envi-
ronment. It has been experimentally found that creep considerably affects the redistribution of internal forces in concrete and
reinforced concrete structures [1, 2]. Additionally, the displacements caused by creep deformation frequently exceed those
caused by applying a load at the initial moment of time, as was the case with the reinforced concrete bridge in the island state
of Palau in 1996 [3]. In spite of a great number of works dedicated to numerical calculations of reinforced concrete structures
taking concrete creep into account, there is no information available in literature on finite element modeling of long-term
deformation of bridge sections within the framework of the theory of linear viscoelasticity in combination with the principle
of superimposition of impacts. In [4] in particular, an analysis of the long-term deformation of a reinforced concrete beam
of a box-shaped cable-stayed bridge was performed using the MIDAS/Civil software package that makes use of a technique
based on lowering the current modulus of elasticity of concrete using a creep coefficient.

Hence the problem of numerical analysis of long-term deformation of reinforced concrete bridge sections has been in-
sufficiently investigated. Based on this, the aim of the study can be formulated as follows: to develop a technique for finite
element modeling of reinforced concrete bridge sections of a box section, taking linear concrete creep into consideration.

Materials and Methods. The developed mechanical and mathematical model of concrete creep is based on the modern
theory of elastic-creeping body [5, 6]. For a finite element analysis of monolithic reinforced concrete structures, taking concrete
creep into consideration, the relationship between stresses and deformations is represented in a matrix operator form [6]:

{o(®} =[EM]1 - R){e(®)}, 1)
where {a(t)}, {e(t)} are the vectors that are columns of stresses and deformations corresponding to a moment in time t;
[E(t)] is the elasticity matrix (in the general case, the dimension 6 x 6); Re;; = ffl R(t,7)&;(T)dr, i,j = 1,3 isalinear
integral operator that establishes a correspondence between current deformations ¢;; and the history of long-term defor-
mation &;;(7).

The so-called hereditary function is introduced in integrative terms R(t, 7) [2].

In the suggested scheme for numerical integration of the resulting integral operator equation (1), the principle of
superposition is applied, and the entire loading history is stored in computer memory in the form of arrays of nodal
displacements. The Polygon educational and research program was written and debugged based on the developed math-
ematical software in the Intel Fortran programming language [5, 6].

Research Results. It is noted in [6] that for large spans of reinforced concrete bridges, monolithic sections of a box-
shaped cross-section are commonly used. For superstructures with a roadway up to 20 m wide, a single box-shaped cross
section with developed consoles is employed.

Let us calculate the stress-strain of a prestressed section of a box-type reinforced concrete bridge span. As a prototype,
let us take the data from the example from [7, 8]. The shape and dimensions of the section section are shown in Fig. 1.
The span of the bridge beam is 20 m. We assume that the section is loaded with its own weight, the force from the pre-
tension of the cables and the evenly distributed pressure on the roadway.

Given the symmetry of geometry and loading, we will consider the Y4 of the section. The corresponding finite element
model is shown in Fig. 2. In order to discretize the investigated area of the section, volumetric eight-node finite elements
(FE) were employed.

Support pads are located along the edges of the section with 3.6 m in width between them.
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Fig. 1. Cross section of a box-shaped superstructure [7, 8]
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z

Fig. 2. Finite element model of /4 of a superstructure section

The diagram of the trajectories of "active" reinforcement along the Z axis is shown in Fig. 3 (the dimensions are in
meters). The method of tension on concrete using cable reinforcement with no adhesion to concrete is considered. The
pre-tensioning force of the cables is 245.6 kN.

First, a linearly elastic analysis of the stress-strain state of the span section will be performed. Fig. 4 and 5 show the
distribution of vertical displacements u,, and longitudinal stresses manpsukenuii o, in the 'z part of the section due to

the action of its own weight.
A X

o ana
....

-

1.95

_____

1.4
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n
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Fig. 3. Scheme of "active" reinforcement (a trapezoidal one)
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Fig. 4. Picture of the distribution of movements w,, in the /2 of a section from the action of its own weight (Polygon)
o,, MPa
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Fig. 5. Picture of the distribution of movements g, in the % part of the section from the action of its own weight (Polygon)

The values of the maximum deflection and maximum tensile stress in this case were
|uymazx| = 0,001997 M; 04,4, = 1,854 MPa.
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In order to verify the used finite element model, considering the gravitational effect, a similar section calculation was
performed by means of the ANSYS complex. Visualization of the fields u, and o, obtained based on eight-node

SOLID185 type CE is shown in Fig. 6 and 7.

Comparing the results shown in Fig. 4 and 6, a fairly good quantitative coincidence of the maximum deflections along
the edges of the % part of the span section in section Z =5 m is found. are qualitatively different, although the values in
both calculations are quite close: The distribution patterns g, are qualitatively different, although the values o, in
both calculations are quite close::

Ofmax = 1,82 MPa (ANSYS); 0,,4x = 1,854 MPa (Polygon).

uy,W

-, 001989
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Fig. 6. Picture of the distribution of movements w,, in 2 of a section from the action of its own weight (ANSYS)
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Fig. 7. The pattern of displacement distributiono, in % of a section from the action of its own weight

In order to demonstrate the capacities of the Polygon complex, Fig. 8 shows a model with the introduced background
reinforcement of the carriageway of the twenty-meter section under consideration. The cross-sectional area of the rein-
forcing bars is 0.001 m?, the modulus of elasticity is 1.96-10° MPa. The locations of the reinforcing rods modeled by
spatial two-node girders in the section section are marked with dots in Fig. 8.

The results obtained using the Polygon complex were compared with the data from the ANSYS complex. In both
cases, the load was only the dead weight of a section. The values of the maximum deflections were:

|ttymax| = 0.001977 m (ANSYS); |uymax| = 0.002009 m (Polygon).

The result of calculating the deflection of a section with no reinforcement is |uymax| = 0.001997 m. Hence it can be

concluded that the inclusion of 14 rod FEs with a diameter of 35.6 mm in the design model has barely any effect on the
bending stiffness of the span section.

Fig. 8. Finite-element model with background reinforcement of the roadway

It should be noted that the "direct" solver of the ANSYS complex calls for introduction of additional connections to
the nodes of the core elements that prohibit rotations relative to the Y and Z axes. The solver of the Polygon complex is
free from such a restriction. Visualizations of the fields o,0btained using the Polygon and ANSY'S complexes are shown
in Fig. 9 and 10.
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Fig. 9. Pattern of displacement distribution g, in /2 of a section with reinforcement from the action of its own weight (Polygon)
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Fig. 10. Pattern of displacement distribution g, in '4 of a section with reinforcement from the action of its own weight (Polygon)

While comparing the data in the figures, it is found that the maximum tensile stresses calculated using different com-
plexes practically coincide: 1.873 MPa (Polygon); 1.81 MPa (ANSYS).

It is also noteworthy that the stress concentration zones o, at the locations of the reinforcing bars (marked with arrows).
The postprocessor of the ANSY'S complex does not provide such information.

In conclusion, a calculation of the span section during prolonged deformation will be performed. As a loading sce-
nario, the following chronology of events is used:

a) at a moment in time t = 28 days. self-loading and pre-tensioning of cables with a force of 245.6 kN;

b) ata moment in time t = 72 days. A uniformly distributed load g = 20.000 N/m? (2 t/m?) is applied to the roadway surface.

The parameters of the elastic-creeping body model are taken from the monograph [2].

The graphs of the displacements u,,(t) at points 1 and 2 of a section Z = 10 m of the span section are shown in Fig. 11.
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Fig. 11. Creep curves at points 1 and 2 (Polygon)

The value of the maximum tensile stress at a specified loading law at the time of observation t = 140 days was
16.7 MPa, which is significantly beyond the strength limit of concrete.
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Discussion and Conclusion. Based on the obtained results of finite element modeling, it can be noted that the adopted
trapezoidal layout scheme of the prestressed rope reinforcement has barely any effect on the load-bearing capacity of the
bridge section as it does not provide the necessary bending. Also, the introduction of reinforcing rods with a diameter of
35.6 mm into the finite element model in the area of the roadway has barely any effect on the bending stiffness of the
bridge section. In order to increase the operational reliability of prestressed concrete bridge sections, it is recommended
that a modern viscoelastic concrete model implemented in the authorized Polygon software package at the design stage
apart from the existing computing technologies is employed.
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Abstract

Introduction. In modern conditions of the construction industry development, the concept of the life cycle of construction
facilities encompasses not only the design and operation stages, but also the disposal of structural elements, particularly
the components of wind turbines (hereinafter referred to as WT) with a service life of 20-25 years. Conventional methods
of disposal of used elements of wind turbines display a low environmental efficiency. In the context of the circular econ-
omy, innovative solutions for integrating used WT components into construction practice are to be developed.

The aim of the study was to scientifically substantiate a possibility of using recycled wind turbine blades in the construc-
tion of children’s playground complexes.

Materials and Methods. The study is based on a methodology for analyzing the life cycle of wind turbine blades, taking the
specific features of their processing in the construction industry into consideration. The following methods were employed:
a systematic analysis of the characteristics of wind turbine blades, a statistical assessment of their life cycle, a comparative
analysis of recycling technologies and an assessment of the safety of structures made from recycled materials.

Research Results. As a result of the analysis and research conducted, a technology for processing blades into structural
elements of a children's playground complex has been developed.

Discussion and Conclusion. The results confirm the fundamental possibility and practical expediency of employing re-
cycled wind turbine blades as construction facilities in order to design safe and durable children's playground complexes.
The developed technological solutions that take into consideration the full life cycle of materials — from operation as part
of wind turbines to secondary use in building structures — enable transformation of the environmental problem of recycling
into a resource for urban infrastructure development.

Keywords: life cycle, utilization of wind power plants, construction of playgrounds, secondary use, construction site
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AHHOTALUA

Beeoenue. B coBpeMEHHBIX YCIOBUSX PA3BUTHS CTPOUTELHON OTpacIy KOHIICTIIHS KU3HEHHOTO IMKJIa CTPOUTENBHBIX
00BEKTOB 0XBATBHIBACT HE TOJIBKO ATAIbl MPOCKTHPOBAHUS U IKCILTyaTaIlH, HO M BOIIPOCHI YTHIIM3AIN KOHCTPYKTUBHBIX
JJIEMEHTOB, B YAaCTHOCTH KOMITOHEHTOB BETPOIHEPTETHUCCKUX YCTAaHOBOK (mamee — BDY) co cpokom cCiry>kObI
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20-25 ner. TpaauMOHHBIE METO/BI YTHIM3ALUK OTPAOOTABIIMX AJIEMEHTOB BETPOTCHEPATOPOB JEMOHCTPHPYIOT HU3-
KYIO 9KOJIOTHUECKYTO 3P PEeKTUBHOCTh. B KOHTEKCTE IUPKYISIPHON SKOHOMHKHM BO3HHKAET HEOOXOAUMOCTE Pa3paboTKH
MHHOBAMOHHBIX PEIIECHUH I HHTETPALlMi OTPAOOTaHHBIX KOMIIOHEHTOB BOY B CTPOUTENIBHYIO IIPAKTHKY.

Llenbio McclienoBaHuUs SBIIIOCH HAyYHOE 0OOOCHOBAaHUE BO3MOYKHOCTH NPHMEHEHHUS YTHIN3HPOBAHHBIX JlonacTeil BOY
B KOHCTPYKIHSX IETCKUX UTPOBBIX KOMIUIEKCOB.

Mamepuanst u memoowi. VccnenoBanue 0CHOBAHO Ha METOJOJIOTHH aHAJIN3a XM3HEHHOTO LUKJIA JIONACTEH BETPSHBIX
TypOUH C yueToM crieliuuKH nx 00pabOTKH B CTPOUTENBHOM oTpaciu. B paboTe HCIOIb30BAINCH CIIEAYIONINE METOIbL:
CHCTEeMaTHYECKUH aHalIN3 XapaKTEPUCTHUK JIOTIACTEeil BETPSHBIX TypOUH, CTAaTUCTHYECKas! OLIEHKa UX )KU3HEHHOTO IMKIIa,
CPaBHHTEINILHBIH aHAJIN3 TEXHOJIOTHI BTOPHYHOM MepepaboTKH M OLleHKa 0€30MacHOCTH KOHCTPYKIMH, U3TOTOBICHHBIX
n3 nepepadoTaHHBIX MaTepHalIOB.

Pezynvmamul uccnedosanus. B pesynbrare IpoBeAEHHOIO aHANIN3a U UCCIIEI0BAaHUS Pa3paboTaHa TEXHOJIOI U mepepa-
OOTKH JIomacTel B KOHCTPYKTHBHBIE SJIEMEHTHI ISTCKOTO HTPOBOTO KOMILIEKCA.

Obcyscoenue u 3aknouenue. I1oTydeHHBIC PE3yJIbTATHl IOATBEPXKAAIOT NPHHIMIIHAIEHYIO BO3SMOKHOCTD U IPaKTHYe-
CKYIO 11e71ecO00pa3HOCTh UCIIOIBb30BaHMS yTIIIM3HPOBAaHHBIX JlonacTeit BOY B kauecTBe 0OBEKTOB CTPOMUTENBCTBA I
co37aHMs 0e30MacHBIX M JOJITOBEYHBIX NETCKHX HIPOBBIX KOMIUIEKCOB. Pa3paboTaHHBIE TEXHOJIOTHYECKHE PELICHHS,
YUYHUTBIBAOIINE ITOJHBIN )KU3HEHHBIN LK MATEPHATIOB — OT SKCIUTyaTallH B COCTABE BETPOIHEPIeTHIECKHUX YCTAHOBOK
IO BTOPUYHOTO MPUMEHCHHS B CTPOUTEIBHBIX KOHCTPYKIUAX, — MO3BOJIAIOT TPAHC(HOPMUPOBATH IKOJIOTUUECKYIO TIPO-
OJeMy yTHIIU3alUU B PECYpPC JJIs Pa3BUTHS TOPOJCKOI HHPPACTPYKTYPHI.

KiroueBble cJ10Ba: KU3HCHHBIN LUK, YTAUJIN3alud BETPOOHEPTETUICCKUX YCTAHOBOK, CTPOUTEJILCTBO JCTCKUX ILJIOMIA-
JOK, BTOPUYHOC HMCIIOJIb30BAHUC, CTpOHTeHLHLIﬁ 00BEKT

s mutupoBanus. Camapckas H.C. YcToitunBoe ympapieHne HU3HEHHBIM IUKJIOM: OT JIOIAcTeil BETpOreHepaTopoB
JI0 COBPEMEHHBIX UTPOBBIX KOMILIEKCOB. Cogpemennblie meHOeHyUY 6 CIpoumenscmee, 2padoCmpoumenscmee U naaHu-
poske meppumopuii. 2026;5(1):96-103. https://doi.org/10.23947/2949-1835-2026-5-1-96-103

Introduction. In modern conditions of the construction industry development, there is a tendency towards the inte-
grated implementation of the concept of the life cycle of construction facilities including not only the design and operation
stages, but also the disposal of structural elements. The issue of life cycle management of the components of renewable
energy sources, particularly wind turbines (hereinafter referred to as WT), with a physical service life of up to
20-25 years, is gaining particular relevance.

Conventional approaches to disposal of used elements of wind turbines, such as landfill disposal or heat treatment,
display a low environmental efficiency and contradict the principles of sustainable development of the construction in-
dustry. In the context of the circular economy, innovative solutions that integrate used WT components into construction
practice are to be developed.

The concept of a project life cycle (PLC) serves as a methodological foundation for forming effective strategies for
construction waste management. Special attention is paid to searching for sustainable ways of recycling composite mate-
rials of wind turbine blades with high strength characteristics and resistance to external impacts.

The aim of the study is a comprehensive scientific substantiation of a possibility of using recycled WT elements,
particularly blades, as structural elements of children's playground complexes. This research area corresponds to the cur-
rent trends in the construction industry development and contributes to implementing the principles of cyclical economics
in urban development. The foundation for developing the scientific idea was the architectural design of a playground in
Rotterdam (Fig. 1).

Unlike individual architectural projects (Fig. 1), the work integrates a comprehensive management system for the
entire life cycle — from the design and construction of a wind turbine to the criteria for selecting blades at the stage of
dismantling WT and assessing the economic feasibility of a project for av secondary use of WT structural elements.

Attaining this goal entails addressing the following: analyzing the physical and mechanical characteristics of WT
blade materials, examining the existing methods of their disposal, developing technological solutions for processing and
modifying composite materials, as well as substantiating a possibility of using them in playground structures in view of
the safety and durability requirements.
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Fig. 1. Architectural solutions for a playground in Rotterdam designed by means of WT blades

Materials and Methods. The study is based on an integrated approach to analyzing the life cycle of WT blades. The
methodological foundation of the research is the concept of life cycle management of construction facilities adjusted to
specific features of WT processing components. To this end, the following research methods were applied:

— acomprehensive analysis of design features and physical and mechanical characteristics of WT blades;

— astatistical analysis of data on the service life and utilization volumes of WT blades;

— acomparative analysis of the existing technologies for processing composite materials;

— expert evaluations of the safety and durability of structures made from recycled materials.

Research Results. The analysis of data from numerous studies of composite materials employed in the production of
WT blades (E-glass fiberglass and EPIKOTE™ epoxy resins) has enabled us to conclude that they have stellar perfor-
mance characteristics [1, 2]. According to a study conducted by a team of authors [3], the bending strength of these
materials is 350-500 MPa, which is actually comparable with the characteristics of individual grades of structural steel.

The data on the resistance of materials to atmospheric influences are of particular interest. As shown by the climatic
tests described in a study by Ermakov B.S., et al. [4], following 1000 cycles of accelerated testing, a decrease in strength
characteristics was not over 5-7%. These results have been confirmed by more recent studies [5].

The conclusions drawn by a group of researchers [6] regarding the preservation of up to 80% of the original mechan-
ical properties of blades following 25 years of operation are critical. This lays a science-based foundation for their sec-
ondary use as load-bearing structures.

As regards the processing parameters of materials, the optimal cutting temperature mode to prevents delamination of
a composite structure was 60—-80°C, as found through the course of the experiments described in [7]. The requirements
for edge grinding (rounding radius > 3 mm), ensuring safety for children, are justified in by a team of authors in [8] based
on a series of mechanical tests.

The data on the physical and mechanical characteristics of composite materials of wind turbine blades are paramount
for choosing the optimal methods of their disposal. [3, 5] show that preserving 80% of the original properties following
25 years of operation considerably expands capacities of recycling structural elements. However, the efficiency of differ-
ent processing methods varies greatly depending on the safety of a material and the required quality of an end product.

Based on the systematization of the latest research [6, 7, 9], a classification of wind turbine blade processing methods
has been developed including three major technological directions (Fig. 2).
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Wind turbine blade recycling methods
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Fig. 2. Classification of the recycling methods of wind turbine blades
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The economic and environmental analysis performed (Table 1) has identified significant benefits of wholesome processing.

Table 1
Comparative indicators of the disposal methods
Criterion Mechanical crushing Pyrolysis Wholesome processing
Unit costs, roubles/t 9600-12000 16000-20000 6400-8000

Carbon footprint, kg CO»-eft 180-220 350-400 70-90
Payback period, years 5-7 8-10 34
Toxicity level Low High No

Calculations show that wholesome processing provides:

— a60% reduction in carbon footprint compared to pyrolysis;

— areduction of energy consumption by 35-40% compared to mechanical crushing;

— apossibility of obtaining value-added products.

The major technological advantages of integral reuse have been confirmed by [10, 11]:

— preserving the anisotropic properties of a material;

— minimum technological waste (< 5%);

— apossibility of creating a closed cycle of composite use.

The prospects of the area are made particularly obvious while analyzing the life cycle of processed products where solid
structures display a 2.5-3 times better environmental performance compared to the alternative recycling methods [12].

Based on a comprehensive analysis of the existing recycling methods, an innovative three-stage technological chain
for preparing blades for reuse in children's playground complexes has been developed including 4 main stages: disman-
tling, preparation, processing and quality control.

The specialized technology for dismantling wind turbine blades involves the following processes:

— laser scanning of the structure to identify the optimal cutting points;
use of water-cooled diamond rope saws;
use of vacuum lifts with a lifting capacity of up to 20 tons;

— transportation in shock-absorbing containers fitted with a climate control system, vibration sensors, GPS monitoring.

At the same time, it is critical to minimize mechanical damage to dismantled structures and comply with the safety
standards while working with large-sized objects. In order to assess a possibility of reuse of wind turbine blades in play-
grounds and other facilities, a system of 12 major criteria grouped into 4 categories (Table 2) is set forth.

The next preparation stage is a multi-stage system of technological processes and includes:

— mechanical cleansing: abrasive blasting (pressure 2—3 atm);

— chemical treatment: biodegradable detergents (pH 7.5-8.5), neutral solvents;

— antiseptic treatment.

Cleansing quality control can be performed by means of electron microscopy, infrared spectroscopy, and contact
angulometry.

The stage of mechanical preparation of the elements of the dismantled blades is a critical stage of the suggested
technology to be used in construction of a children's playground complex. The geometry is adapted to new tasks by means
of precision cutting that removes damaged areas, optimizes dimensions for target structures, and creates mounting joints.

Also, the stage of mechanical treatment makes it possible to ensure the safety of a future structure. This typically
involves treatment of the edges (rounding, polishing, applying protective chamfers) and creating technological holes for
fastening systems. E.g., for a children's slide, a central segment (6 m long) must be cut out of a blade, there must be side
stops up to 30 cm high as well as a controlled sliding surface with a roughness of 3.2-6.3 microns for a safe descent, and
attachment zones to the foundation must be treated.
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Table 2

Criteria for the suitability of wind turbine blades for secondary use

Category

Parameter

Requirements

Assessment method

1. Structural and
mechanical
characteristics

Residual flexural
strength

> 60 % of the original
one (~ 300 MPa)

Three-point bending tests
by ASTM D790

No critical damage

Cracks > 5 mm,
delaminations > 10 %
of the area

Ultrasonic flaw detection

State of a composite
matrix

Humidity < 1 %, no resin
degradation

Thermogravimetric analysis
(TGA)

2.Geometric and
operational parameters

Preserved segment
length

>3 m for load- bearing
elements

Visual inspection

Curvature radius

1-5 m for arch structures

Geometric measurements

Wall thickness

Homogeneity + 15 % of
the original

Measurement tools

3.Environmental and
chemical safety

No toxic emissions

Volatile organic com-
pounds < 0.1 mg/m?

Gas chromatography

UV resistance

Strength loss < 5 % after
1000 h of a test

UV-testing

Corrosion resistance
of metal inclusions

No corrosion is allowed

Visual inspection, corrosion tests

4. Economic and
technological criteria

Recycling energy
costs

<100 kW-h/t

Energy analysis

Compatibility with the
joining methods

Adhesive / mechanical
fasteners

Technological assessment

Damage localization

<30 % of the area
is in need of repair

Visual inspection, measurements

Hence the developed technological chain allows one:
— to ensure a full cycle of wind turbine blades recycling;

— to reduce recycling costs by 40-45%.

Discussion and Conclusion. The study has confirmed that the recycled blades of wind turbines can be successfully
employed in construction of children's playground complexes providing an appropriate degree of safety and durability.
The resulting technological solutions take a full life cycle of materials into consideration: from their operation as part of
wind turbines to the secondary use in building structures. This approach allows not only to solve the environmental prob-
lem of composite waste disposal, but also to create an additional resource for urban infrastructure development.

to preserve up to 95% of the original material properties;
— to create safe and durable gaming complexes;
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The major aspect is analyzing a life cycle of such structures, which displays their economic and environmental effi-
ciency at all of the stages: from design and installation to operation and possible recycling. Introducing this technology
into playground construction contributes to a sustainable urban environment that adheres to the principles of the circular
economy.

For further improvement of the method of recycling wind turbine blades, the following areas should be addressed:

— automation of dismantling processes — introduction of modern technologies for disassembling and sorting blades
in order to reduce labour costs and increase efficiency;

— robotic processing complexes — use of automated systems for cutting, grinding and preparing composite segments
in order to increase the operating accuracy and safety;

— development of "smart" coatings — designing multi-functional materials with a capacity to self-diagnose damage,
which will increase the service life of structures and reduce maintenance costs.

Implementing these measures would not only expand the application scope of recycled wind turbine blades, but also
boost the economic attractiveness of the technology contributing to its large-scale adoption in the construction industry.
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Abstract

Introduction. Bamboo structures have become widespread in Asia, Africa, and Latin America. Bamboo is a gradient
material with unequal cross-sectional properties and characteristic anisotropy: good properties in the longitudinal and
weak transverse directions. The connection of bamboo rods thereby represents a weak point in the design, which is a
scientific issue. In modern literature, the lack of the efficiency of various types of bamboo rod joints has been shown
leading to a progressive collapse of a structure. The identified gaps in the existing research has enabled us to formulate
the aim of the article, which is to develop new types of bamboo rod connections to ensure safe and reliable operation of
the truss structure.

Materials and Methods. The object of the study is a bamboo truss with a wall thickness of at least 10 mm. The trusses were
calculated by means of the advanced methods of cutting nodes, selecting cross-sections, and designing influence lines.
Research Results. A new design for connecting bamboo rods in the spatial case has been set forth. The advanced spatial
hinge is a one-piece hot-forged steel sphere with 18 threaded holes and a machined support surface at angles of 45°, 60°
and 90° in relation to each other. A conical steel section is attached at each end of the spatial structure element to transfer
force from the bamboo joints to the nodal ones. Due to this tapering cone-shaped section, the nodal joints can be connected
to lots of elements at once. The pedestrian bridge truss has been calculated for various load application options. It is
shown that the suggested type of connection ensures efficient operation of the spatial structure. The actual reliability
factor of 2.33 is 29% over the traditional value.

Discussion and Conclusions. The suggested options for ensuring a reliable connection of bamboo rods are of primary
importance in the design and construction of bamboo truss structures of a spatial type. A spherical hinge and a conical
attachment with a metal cable create a reliable connection, which is critical for bridge-type structures or residential build-
ings. The prospects of the work are focused on investigating the efficiency of the suggested compounds in dynamic tasks
under a moving load and creep.

Keywords: bamboo, truss, connecting bamboo rods, pedestrian bridge
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Annomauusn

Beeoenue. Korctpyknmm n3 6amMOyka TMOJIYYIHIN IIHPOKOE pacrlpocTpaHeHue B cTpaHax Asmu, Adpuku, JlatmHCKOM
Awmepuku. bamOyk mpencraBnseT co00it TpaIueHTHBI MaTepHall ¢ HEOAWHAKOBEIMI CBOHCTBAMH II0 TIOTICPEYHOMY Ce-
YEHHUIO ¥ XapaKTEePHOW aHM30TPOMHEH: XOPOIINMI CBOMCTBAMH B ITPOAOIEHOM U CIIA0BIMH MOTIEPETHOM HAIIPABIICHUSX.
B cBs13u ¢ 3THM coeHeHNs1 6aMOYKOBBIX CTEPXKHEH NpeIcTaBiIsIeT ciiaboe MECTO B KOHCTPYKIINH, YTO SIBIISIETCS HAYIHON
npobsemoii. B coBpeMeHHoOM uTepaType mokazaHa HeqocTaTogHas 3 HEeKTHBHOCTD Pa3IMYHBIX TUIIOB COCTUHCHUI OaM-
OYKOBBIX CTEpIKHEH, YTO MPHUBOJIUT K IIPOTrPECCUPYIOIIEMY OOpYIIEHHIO KOHCTPYKIMH. BhIsiBIeHHbIE TPOoOEIIBI B CyIIIe-
CTBYIOIIUX UCCIICAOBAHUAX MO3BOJIMIN CHOPMYIMPOBATH 1I€Ib HACTOSIIEH CTaThH: pa3paboTKa HOBBIX THIIOB COCIHHE-
HUi cTepxkHel 0aMOyKa 11 oOecrieueHus 0e30MacHON 1 HAIeKHOH paboThl (PepMEHHOM KOHCTPYKITHH.

Mamepuanst u memoost. OOBEKTOM HCCIICIOBAHUS SBIICTCS (hepMeHHast KOHCTPYKIHS U3 0aMOyKa ¢ TOJMIIUHON CTCHKH
He MeHee 10 MM. Pacder ¢pepM npoBoamIics o yCOBEPIICHCTBOBAHHBIM METOAAM BBIPE3aHMUS Y3JIOB, II0A00pa CEUCHUH U
MTOCTPOCHUS JTMHUH BITUSHIUSL.

Pe3ynomamut uccnedosanus. [lpemnoxeHa HOBass KOHCTPYKIHSI COSAHMHEHUS 0aMOYKOBBIX CTEPIKHEH B MPOCTPAHCTBEH-
HOM ciTy4ae. Y COBepIICHCTBOBAHHBIH MPOCTPAHCTBEHHBIN MIAPHUP TPEICTABIIET CO00i MEeNbHYIO CTaIbHYIO cepy ro-
psiueii KoBKH ¢ 18 pe3b00BBIMU OTBEPCTUSIMU U 0OPaOOTaHHON ONOPHOW MOBEPXHOCTHIO Mo yriaamu 45°, 60° u 90° ot-
HOCHUTENIFHO ApyYT Apyra. Ha kakaoM KOHIIE 3JIeMEeHTa MPOCTPAHCTBEHHON KOHCTPYKIIMM MPUKPEIUISeTcss KOHHYECKast
CTajibHasA CCKIUA JId mepeaavyu yCUIIUA OT 6aM6yKOBLIX COCI[I/IHGHI/II‘/II K Y3JIOBBIM COCIWHCHUIAM. Bnarouapa TaKoOMYy
CyXKalueMycsi KOHyCOOOpa3HOMY CEYEHHUIO Y3JIOBbIE COCJMHEHHSI MOTYT OBITH COEJIMHEHBI CO MHOTMMH JJIEMEHTaMU
onHoBpeMeHHO. [IpoBeneH pacuer epMbl MENIEXOAHOTO MOCTA MPU Pa3IUYHBIX BAPHAHTAX MPUIIOKEHUS Harpy3Ku. 1o-
Ka3aHO, YTO TPEIIIOKCHHBIA THIT COSTUHEHHS 00ecieunBaeT d3PPEeKTHBHYIO paboTy MPOCTPAHCTBEHHON KOHCTPYKIIUH.
PeanpHe1i K03 DuITHEHT HameKHOCTH 2,33 PEBOCXOANT TPAAUIIMOHHOE 3HaueHHe Ha 29 %.

Obcyscoenue u 3axknrouenusn. [pemmoxxeHHbIC BapHaHTHI 00eCcTieueHIST HaIe)KHOTO COSAMHEHISI 0aMOYKOBBIX CTEPIKHEH
HMEIOT OOJIBIIOE 3HAUYECHHUE TIPU TIPOCKTUPOBAHIH H CTPOUTEIHCTBE 0aMOYKOBBIX (DEPMEHHBIX KOHCTPYKIUHA MPOCTPaH-
ctBeHHOTO THIA. Cheprdeckuii mapHUp U KOHYCHOE KPEIUICHHE ¢ METAJUIMIECKHM TPOCOM CO3JIa0T HaJIe)KHOE COeIU-
HCHHUE, YTO UMECT pCIIAIOMICEe 3HAYCHUE IJIA KOHCprKHI/Iﬁ MOCTOBOI'O THUIIa HJIN XUIIBIX HOMeHleHHﬁ. HepCHeKTHBLI
HACTOSIIEH PabOThl COCPEIOTOUYCHBI HA UCCICIOBAHNHU 3((HEKTUBHOCTH MPEAIOKCHHBIX COCTUHCHUN B TUHAMUYECKHUX
3aJa4ax B YCIIOBUAX HBH)KymeﬁCH Harpys3kKu 1 moJji3y4ecTu.

Knroueswvie cnosa: 6amoOyx, pepma, coeHeHIEe 0aMOYKOBBIX CTEPIKHEH, TEIIEXO0IHBIA MOCT

BuarogapHocT. ABTOPBI 0JaroapsT PyKOBOJHUTENsSI HAYYHOIO MPOCKTa 1.T.H., nmpodeccopa JI.P. MaunsHa u 1.T.H.,
npogeccopa b.M. S3pieBa 3a IICHHBIC PEKOMEHIAIIMH TIPU BBITOJHEHUU HCCIICJOBAHUS.

s mutupoBanus. CroanpwxoHs CyH, MycenemoB X.M., Beckomsuipabiit A.H. Hecymas ciocoOHOCTh COeAMHEHMIA

n3 6aMOyKa M MX MPUMEHEHHE B )epMEHHBIX KOHCTPYKIMAX. Cospemennbie meHOeHYuu 8 Cmpoumenbcmee, 2paoocmpo-
umenvcmee u nianuposke meppumopuii. 2026;5(1):104-114. https://doi.org/10.23947/2949-1835-2026-5-1-104-114

Introduction. Bamboo structures have become widespread in Asia, Africa, and Latin America, i.e., in the regions
where bamboo has been actively cultivated and in abundance. In Latin American countries, bamboo has traditionally been
used for building residential buildings, bridges, galleries, and lots of other structures. The unique properties of bamboo
make it inexpensive to use and environmentally friendly, which aligns with the "green" construction agenda. Bamboo
structures offer aesthetic advantages creating authenticity and harmony with nature. In the northern regions of Ecuador,
such a trend has existed for lots of centuries and has resulted in a reduction in traditional building materials in favor of
wooden and bamboo frames covered with clay plaster traditionally combined with the local architecture.

As a building material bamboo offers unique advantages, including rapid growth (up to 1 m per day), high carbon se-
questration capacity — up to 17 tons of CO; per hectare annually, which is four times more than in tropical forests [2, 3].
There are abundant bamboo resources in tropical countries such as China, India, etc. (almost 3.5 billion bamboos per year
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in China), create significant biodiversity and provide a vital human habitat. Research of bamboo structures, houses and
residential buildings using bamboo materials serves to preserve cultural and historical identity. Bamboo houses have
witnessed considerable changes in materials and technologies used at various stages of evolution — from houses with
bamboo construction to those with wooden structures, hybrid ones made of wood and brick, brick-concrete ones and,
finally, with a concrete frame, while maintaining their traditional visual appearance [4]. It is also noteworthy that in some
countries [5] the preservation of the traditional appearance is included in the national program and is on the UNESCO
Cultural Heritage list.

Even though bamboo-based materials have played a role throughout human civilization, it was rather late that a com-
prehensive understanding of their relationship between structure and properties has emerged. Bamboo is a gradient ma-
terial with unequal cross-sectional properties and characteristic anisotropy in the longitudinal and transverse directions
[6]. Bamboo has excellent properties in the longitudinal direction, which enables it to be used as fiber additives [7,8] or
reinforcing structural elements.

In order to eliminate this major disadvantage of bamboo, i.e., fragility in the transverse direction, bamboo-epoxy
composites are used that are capable of significantly strengthening the overall structure, while maintaining the advantages
and appearance [9]. In order to get a better understanding of the effective operation of bamboo rods in construction, it is
necessary to know the features of bamboo destruction [10]. Bamboo is more susceptible to rotting than ordinary wood
due to the absence of natural toxins and thin fiber walls. This causes a decrease in its dynamic properties [11, 12] and the
need to develop laminated bamboo [13]. Bamboo is sensitive to changes in temperature and humidity, which leads to
cracking in the transverse direction. Changes in these temperature and humidity conditions result in the expansion and
compression of the material, which causes microscopic cracks or fractures [14]. The weak point of bamboo structures is
the connection of bamboo rods [15]. While using nagels and bolts, there might be gaps in the joints of bamboo elements
leading to wea kening of the structure.

Fig. 1. Examples of connecting bamboo rods: a — through; b — strapping

Thus, it can be seen that the unreliable connection of bamboo rods is one of the causes of structural failure, which,
due to the fragile behavior of bamboo, leads to progressive structural failure. At the moment, the search for reliable
and inexpensive fasteners and joints of bamboo segments is a scientific issue. An effective joint is a major part of the
structure determining its strength and reliability. The identified gaps in the existing research has enabled us to formu-
late the aim of this article, which is to develop new types of bamboo rod connections to ensure safe and reliable
operation of the truss structure.

Materials and Methods. Bamboo has been considered as the material of the rod. The tensile strength of a joint
with a few nodes is determined by the weakest point in the rod. Bamboo with a wall thickness of at least 10 mm is
used to identify the strength of the joint. This minimum wall thickness is taken from the smallest wall thickness of the
various types of samples. This is to ensure that the load-bearing capacity of each node reaches at least 24 kN. This
assumption is based on the 80% ultimate load capacity of the sample, which was the lowest one among the three
bamboo compound samples.

After the bamboo has been selected, the permissible load on the joint and the safety factor are to be identified. Unless
there are some other preferences rather than strength while choosing a rod, the next step is to identify the appropriate rod
with a maximum load capacity slightly exceeding the permissible load multiplied by the safety factor. After that, the
bamboo joint will be designed based on the maximum load capacity of this rod, as the rod must be designed as the weakest
part of the joint to ensure the strength of the joint at a certain level.
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The next step is to calculate the number of nodes to be used by dividing the maximum load capacity of the rod (Fu,b,c,")
by 24 kN. The last step is to identify suitable connecting wires so that a minimum tension force is created in the rod until
all of the wires have been stretched.

The breakage (Fm,w) occurs if the permissible load on the rod has been exceeded. As it is more challenging to work
with larger steel wires, smaller ones can be used, but then the number of nodes is to be increased.

While using rings and bamboo with approximately the same properties, the composition of the connectors is identified
in the following way. If it is planned that the permissible load on the joint will be 15 KN with a safety factor of 2, the M12
rod of class 4.6 should be selected as its characteristic strength is 33.70 kN. If the tensile strength of each node is 24 kN, two
nodes are needed to ensure stronger nodes (48 kN in total) than on the rod. The minimum force applied to the rod until each
wire breakages is (mew =241- fu,w) while using two wires with a diameter of 4mm and limiting strength 9.41kN

Fpw=241-f,, = 482-9.41 = 45.36kN
Fyw = 45.36 — still exceeds the permissible load of the used rod (£, ).

The wire can be replaced with a smaller diameter (3mm) with a characteristic strength (fu‘w = 5.59kN), e.g., depend-
ing on availability, but the number of nodes is to be increased to three. The maximum load on the nodes reaches 72kN,
and the minimum force applied to the rod until the breakage of all of the wires is:

Fpw=3-241-f,, =3-241-559 = 40.42kN
Fp, =4042>F,

The composition of the other used bars and steel wire, as well as the number of nodes, can be obtained in the same
manner. Examples of the results are shown in Table 1. To this end, the lowest and highest class bars available on the
market are used. While using bamboo with similar properties, but with a tensile strength limit obtained as a result of
various studies and components 82.62 N /mm?, the ultimate strength of the entire cross-section over the smallest cross-
sectional area is 224.23kN.

Table 1
Dimensions of the rod, number of nodes and diameter of the steel wire
No. Rod Node Steel wire
(@) D D
£ £ £
— wn — o~ —
. g g g g 3 h g
8 £ 2 s > S o £ s >
o s 8 c G 3 e =2 s c 5
[a) = s 8 'g S g @) s 8
3 E g S E o £ g
= 3 z 5 8 3
> > >
mm kN kN kN mm kN
1 2 48.00 4 45.19
12 16.86 33.72
2 3 72.00 3 40.25
3 46 16 31.40 62.80 3 72.00 4 67.78
4 20 49.00 98.00 5 120.00 4 112.97
5 4 96.00 5 138.39
14 46.00 92.00
6 5 120.00 4 112.97
8.8
7 18 76.80 153.60 8 192.00 4 180.76
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Research Results. In order to create an effective structure with a large span, the elements of the spatial structure must
be loaded only by means of stretching or compressing. The suggested bamboo fastener-based joints also comply with this
requirement. Due to the connection with no mortar or resin, the suggested compounds provide a relatively easier connec-
tion than injection ones. This is consistent with the principle of spatial structure as a lightweight structure.

Fig. 2. Application of the joint for a spatial structure

Among some nodal joints, the Mero nodal joint is one of the most popular ones (Fig. 2). The original Mero ball joint
is a single hot-forged steel sphere with 18 threaded holes and a machined support surface at angles of 45°, 60° and 90° in
relation to each other. In order to make use of these nodal connections in a spatial bamboo structure, some improvements
are to be made as shown in Fig. 3. A conical steel section should be attached at each end of the spatial structure element
in order to transfer force from the bamboo joints to the nodal ones. Due to this tapering cone-shaped section, the nodal
joints can be connected to lots of elements at once; otherwise, there is not enough space around the nodal joint, e.g., in
extreme conditions, to use all of the threaded holes, except for extending the rods of bamboo joints. However, elongating
the rods of bamboo joints before joining with the nodal ones is not possible due to bending, albeit secondary, effects.

Another improvement is to separate the rod as part of the bamboo joint and the bolt to connect the nodal one. This can
be done by using a conical steel cone section, so that the the section to the bamboo joint or to the nodal one can be attached
separately.

Let us consider the application of the suggested connection using the example of a pedestrian bridge (Fig. 4). As a
very simple technology is used in manufacturing bridges, and bamboo is easy to assemble, after a while bridges can be
replaced with new ones with no problems encountered. However, use of traditional technology is limited to bridge spans.
Bamboo bridges have recently been marketed as environmentally friendly, which is challenging for lots of architects and
engineers, particularly after the problem of bamboo durability has been solved using modern conservation technologies.
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Fig. 3. Conceptual application of the bamboo joint based fastening for a spatial structure

Fig. 4. Example of a simple bridge design with a 10-meter span
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Fig. 5. Distribution of forces in the rods of the bridge truss

Prior to starting designing the joints, it is necessary to calculate the distribution of forces throughout the structure. It
is assumed that the bridge is a pedestrian one with a distributed load 5 kN/m? including the operating and non-operating
load (Fig. 5).

The span of the bridge is 10m with the width 1.20m. The total load on the bridge can be obtained:

kN
W=5—"-10m"1.2m = 60kN
m

The modulus of elasticity of bamboo along the fibers is 12222.3 MPa, the modulus of elasticity across the fibers is
1489 MPa. The Poisson's ratio along the fibers is 0.325, the Poisson's ratio across the fibers is 0.039.

According to the calculations, the high tension forces act on all of the elements in the lower part of the structure:
FAG = FOM = 54.00kN; FGH = FNO = 49.69kN; FHN = 53.50kN. The other elements created with the low tension
forces are important FBC = FKL = 3.46kN A 148FCH = FKN = 3.13kN.

The remaining elements, exception those with a neutral axis AB or LM, are exposed to the relatively low compression
forces in the range from 1.34 to 9.39 kN. Based on the calculations, tensioning joint designs are divided into two types:
to ensure a high load-bearing capacity, a bamboo joint with a few nodes is used, and to ensure a low load-bearing capacity,
a bamboo joint with an eye bolt is used.

The high tension forces in the bridge structure such as FAG, FGH, FHN, are transmitted with two parallel racks. Thus,
half of the force falls on each rack. Using the highest tension force as the foundation of the calculation, the joints with
multiple nodes must withstand a load of 27.00 kN. This is considered as an acceptable load.

While using a safety factor of 2, the maximum load on the hinge should be 54.00kN. According to Table 1, it is
possible to make use of M16 class 4.6 rods with a maximum load of 62.80 kN. On top of that, the number of the nodes
and the wire diameter can be defined as 3 nodes and 4 mm, respectively. It is with this combination that the rod has the
lowest limiting load capacity.

Thus, an actual reliability factor is achieved:

62.8kN
"~ 27.00kN

In order to simplify the calculations, they were performed for a single-layer frame in two dimensions as shown

in Fig. 5-11.

= 2.33
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Fig. 6. Forces in the rods, kN

Max: Node 1, Uz = 0.000 mm Min: Node 6, Uz = -32.538 mm

Fig. 7. Node movements, mm (the scale of movements has been increased by 10 times)

Loading the left half of the span

Max: Node 1, Uz = 0.000 mm Min: Node 5, Uz = -17.250 mm

Fig. 9. Node movements, mm (the scale of movements has been increased by 10 times)

Influence line

Fig. 10. Numbering of the rods
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Influence line in the rod 1 (based on the upper belt) Influence line in the rod 2 (based on the upper belt)

Influence line in the rod 3 (based on the upper belt) Influence line in the rod 4 (based on the upper belt)

Influence line in the rod 5 (based on the upper belt)
Influence line in the rod 6 (based on the upper belt)

Influence line in the rod 7 (based on the upper belt)

Fig. 11. Influence lines in the truss belts (single force in the upper belt)

Influence line in the rod 27 (based on the upper belt)

The analysis of the lines of influence of longitudinal forces has caused the following conclusions to be made:

— the maximum forces in the belts of the truss occur under a load acting on all of the nodes of the upper belt. At the
same time, there are negative forces in the rods of the upper belt, and tensile forces in the rods of the lower one.

— the maximum efforts in the braces of the farm will occur:

a) for rod 8 — the force at point X = 1; for rod 11, the force at point X=3; for rod 12, the force at point X=4.

b) in rods 9, 10, 13, the influence line is alternating. For rod 9, the maximum tensile force is at the force at the node
X =1, the maximum compressive force is at the simultaneous action of forces at the nodes X e [2 10]. For rod 10, the
maximum tensile force is X e [3 10], the maximum compressive force is X e [1 2]. For rod 13, the maximum tensile
force is X e [0 4], the maximum compressive force is X e [5 10].

Discussion and Conclusions. The suggested options for a reliable connection of bamboo rods are of primary im-
portance in designing and constructing bamboo truss structures of a spatial type. A spherical hinge and a conical attach-
ment with a metal cable create a reliable connection, which is critical for bridge-type structures or residential buildings.

The prospects of the work are focused on investigating the efficiency of the suggested compounds in dynamic tasks under
a moving load and creep.
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