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JKypnan BxiroueH u nugekcupyercs B 6ase ganHbsix PVHI
(Poccuitcknmit MH/IEKC HAyYHOTO LIMTUPOBAHNS,
www.elibrary.ru)) Ha yc/oB1AX IOTHOTEKCTOBOTO pasMelre-
HMAA, apXMBUPOBAHNA U JIETIO3UTHOTO XPaHEHNA.

Directory of Open Access Journals — DOAJ
(http://www.doaj.org).

Hay4nas 6u6mmoreka oTkpbitoro gocryma «Knbep-
JTenmnka». HUY MTI'CY mpefocTaBy MUIIeH3NIO Ha pas-
MellleHle MaTepuasoB )XypHana «CTpOUTeIbCTBO: HayKa

n o6pasosanne» EBSCO Information Services
(http://www.ebsco.com/) — KpyIHeiilileMy B MIpe arpera-
TOPY IIOTTHOTEKCTOBBIX >KYPHA/IOB U FPYTHUX UCTOYHUKOB
Hay4uHoIt uHGOpMarym. IToHbIe TEKCThI BBIITYCKOB Ky P-
HaJla MOKHO OyZieT HaliTu B 0OHOBJIEHHOI 6a3e JaHHBIX
EBSCO Applied Sciences («ITpuknajgHble HayKu»), KaK
TOJIbKO KOJUIEKI[HsI OyIeT YKOMIUIEKTOBAHa I pasMellieHa
Ha caliTe arperaropa. PacrpocTpansercs depes 9/1eKTPOH-
Hble 6ubnnoTexku «JIanp», «PykoHT», «IPRbooks», BXOIMT
B Karajor kommanuy East View Information Services, Inc.
Cratbam npucsanBaerca ungpooit naertudukarop DOL

PEAKONNETHA

Tycann Anekcanpap PoMaHOBWY, I/I. PeakToOp, /i-pP TEXH.
HayK, IIpod., 3aB. Kad. MeTa/yIMYeCKNX U [JePeBIHHbIX KOHCTPYK-
uuit, HNY MI'CY, Mocksa, Poccus

Kopones Eprenmit BamepbeBud, 3aM. I7TaBHOTO peflakTopa,
A-p TeXH. Hayk, mpod., mpopekrop, Cankt-IleTepbyprckuit rocy-
JapCTBEHHBIN aPXUTEKTYPHO-CTPOUTEbHbII yHUBepcuTeT, CaHKT-
ITetep6ypr, Poccns

Cupopos Bnaguvup HukonaeBmd, 3aM. I7I. pefjakTopa, J-p
TeXH. Hayk, mpod., wi.-kopp. PAACH, 3aB. kad. undopmaTuku u
npuknagHoi marematuky, HUY MI'CY, Mocksa, Poccusa

Anexcees HOpuit Bragumuposud, 1-p apXuTeKTypbl, 1pod.,
npod. kad. rpagocrpontenbcrsa, HNY MI'CY, Mocksa, Poccus

Annckun Huxomait AmekceeBud, fI-p TeXH. Hayk, upod.,
nupektop VHCTUTYTa THAPOTEXHMYECKOTO ¥ 3IHEPreTUdecKoro
crpouTtenncta, HY MI'CY, Mocksa, Poccusa

Tlarapun Bnagumup TennapbeBuy, ui.-xopp. PAACH, g-p
TEXH. HayK, Ipod., ITIaBHbIl HAYYHBI cOTPyRHMK, HayuHo-mccre-
JOBaTe/NTbCKIIT MHCTUTYT CTPOUTENbHOI Guanky Poccuitckoit aka-
TeMUY apXUTEKTYPbI ¥ CTPOUTENbHBIX HayK, MockBa, Poccusa

Kantapxxn VIsmann IpuropseBmd, ji-p TexH. Hayk, npodg.,
npod. Kad. TUAPABIMKMA U TULPOTEXHMYECKOTO CTPOMTENTLCTBA,
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Mannsan Jleson Pagasnosny, akagemuk PAACH, f-p TexH.
HayK, 1pod., mpod. Kad. aBTOMOOMIBHBIX JOPOL, JJOHCKOIT rocymap-
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Conosbes Anekceit Kupnmmosuy, a-p texH. Hayk, npod.,
npod. Kad. mpoeKTUpoBaHUs 3[aHUIT 1 coopyxennit, HIY MI'CY,
Mocksa, Poccusa
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The journal is included (digital archiving, deposit and delivery
to users on an agreement for a MGSU) in the database
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of full text placement.
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AHHOTALUMNA

BBepeHune. BbiNONHEH HEMWHENHbIM YMCMEHHBIN pacHeT MOHOMMTHOMO PebpMCTOro MHOrOMPONETHOTO NMEPEKPbITUSA AN
OLIEHKMN BNUSIHNA KOPPO3MOHHbLIX NOBPEXAEHUI apMaTypbl 1 6eTOoHa Ha HanpshxeHHo-AedopmmposaHHoe coctosHne (HOC).
KopposuoHHoe nospexaeHve apmaTypbl MPUHUMANock paBHbIM 25 %, notepn ceveHns ctepxHs Ha 70 % AnuHbl Banku.
MoBpexaeHHbI 6eToH NpoyHocTbio B5.

MaTtepuanbl u meToAbl. [0CTPOEHbI KOHEYHO-3NEMEHTHbIE MOZENU HaTyPHbIX UCMIbITAHWUIA U MPOBEAEHBI MX BEpUdUKaLIN-
OHHbIE YMCIMEHHbIE pacHeTbl; KOHEYHO-3NEMEHTHas MoAenb U3 06bEMHbIX KOHEYHbIX 3MIEMEHTOB dhparmeHTa pebpucTon
NAUTLl NepekpbiTMsa Ana aHanusa HAC. YUTeHbl 3aKoHbl HeNMHeHoro AetopMMpoBaHns 6eToHa 1 apmaTypbl.
Pe3ynbtathl. [lonyyeHbl pacTarvBatolime HanpsbkeHWs B apMaTypHbIX CTEPXHSIX KOPPO3UOHHO-NMOBPEXOEHHOW U He-
NMOBPEXAEHHOW MOAENsX, Ha OCHOBAHWW KOTOPbIX MOCTPOEHbI rpaduyeckme 3aBUCUMOCTU NepepacnpeneneHus yeunum
B MOHONUTHbIX 6ankax. OcyLiecTBneH CpaBHUTENbHbIN aHanM3 NpornboB 1 pasmMepoB CXKaToW 30HbI NNUTbI B MOBPEXAEH-
HbIX 1 HEMOBPEXAEHHBIX YACMEHHbBIX MOAENSIX.

BeiBoabl. OnpefeneHo kayecTBeHHOE BMUSIHWE Ha nepepacnpeneneHne yCunuin B MOHOMUTHBIX KOPPO3MOHHO-MOBPEX-
AeHHbIX 1 HenoBpeXaeHHbIX 6ankax no KpuTepuio o6pasoBaHUs NNACTUYECKOrO LWapHUpa. BeisiBneHo yeennyeHne npornba
1 pasmepa CxaTou 30Hbl NANUTLI B MOBPEXAEHHbIX Modensx Ha 23 %.

KNOYEBBIE CIOBA: nepepacnpegeneHune ycunui, xenesobetoHHas 6anka, kopposusi xenezobeTtoHa, nracTuyeckui
LIapHUp, HecyLas cnocoGHOCTb, HaNPsHKEHHO-AePOPMMPOBAHHOE COCTOSIHWE, HENUHENHOCTb

Ona UMTUPOBAHUA: [Mornoe [.C., JlaHuoe PA. AHann3 KOppO3MOHHO-MOBPEXAEHHBIX MOHOMUTHBIX Xere300eTOHHbIX
6anok pebpucTon NnuTbl NepekpbITus // CTpoUTENbCTBO: Hayka 1 obpasoBaHue. 2026. T. 16. Buin. 1. Ct. 1. URL: http://nso-
journal.ru. DOI: 10.22227/2305-5502.2026.1.1

Aesmop, omeemcmeeHHbIl 3a nepenucky: Omutpun Cepreesud Nonos, PopovDS@mgsu.ru.

Analysis of corrosion-damaged monolithic reinforced concrete
beams in a ribbed floor slab

Dmitry S. Popov, Radion A. Lantsov
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. A nonlinear numerical analysis of a monolithic ribbed multi-span floor slab was performed to assess the influ-
ence of corrosion damage to reinforcement and concrete on the stress-strain state. Corrosion damage to the reinforcement
was taken as a 25 % loss of the bar cross-section along 70 % of the beam length. Damaged concrete was assumed to have
a strength class of B5.

Materials and methods. Finite element models of full-scale tests were developed and their verification numerical calcula-
tions were performed. A finite element model of a fragment of the ribbed floor slab using solid finite elements was developed
for stress-strain state analysis. The laws of nonlinear deformation for concrete and reinforcement were taken into account.
Results. Tensile stresses in the reinforcement bars were obtained for both the corrosion-damaged and undamaged models.
Based on these results, graphical dependencies illustrating the redistribution of forces in the monolithic beams were plotted.
A comparative analysis of deflections and the size of the compressed zone of the slab in the damaged and undamaged
numerical models was performed.

6 © A.C. Nonos, P.A. NAaHuoB, 2026
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Conclusions. The qualitative influence on the redistribution of forces in monolithic corrosion-damaged and undamaged
beams was determined based on the criterion of plastic hinge formation. An increase in deflection and the size of the slab’s
compressed zone by 23 % was identified in the damaged models.

KEYWORDS: force redistribution, reinforced concrete beam, reinforced concrete corrosion, plastic hinge, load-bearing ca-

pacity, stress-strain state, nonlinearity
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BBEJAEHUE

[IponomkuTenbHass HKCILTyaTaIs JKeJIe300eTOH-
HBIX 2JIEMEHTOB B YCIIOBHSIX arPECCHBHBIX CpEJl BHI3bI-
BA€T IOSBJIEHHE KOPPO3MOHHBIX MOBPEXKICHUH OeToHa
u apMarypbl. Koppo3noHHBIE TOBPEKAECHHUS apMaTyphl
MPUBOJISAT K YMEHBIICHHUIO CEUSHHsI, a MTOBPEXKICHHs Oe-
TOHa — K OCJIa0JICHUIO MPOYHOCTHBIX ¥ JIe(hOpMaTHBHBIX
XapaKTEePUCTHUK, YTO OTpakaeTcs Ha CHIKEHUH Hecylen
CIIOCOOHOCTH TaKHX JKeJe300eTOHHBIX 21eMeHToB. Ha co-
BPEMEHHOM 3Tare OCTACTCsl MAJIOM3yYEeHHBIM (aKT mepe-
pacripenieNieH st yCHITHA B MHOTOIIPOJIETHBIX MOHOJIUTHBIX
JKeJIe300€TOHHBIX KOPPO3MOHHO-TIOBPEKICHHBIX pedpu-
CTBIX IUINTAX MEPEKPBITUS, YTO TOATBEPIKIACT AKTyallb-
HOCTH HACTOSIIIETO UCCIIEIOBAHMSL.

Ocy1iecTBIeHbI SKCIIePUMEHTAIbHBIE HCCIIeI0Ba-
HUSI KOPPO3MOHHO-TTOBPEKICHHBIX JKEJIE300€TOHHBIX
0aJoK, ImpeUIo’keHa METO/IMKa pacyeTa JaHHbIX KOH-
CTPYKIMH, YYUTHIBAIOIAs TIOCTETIEHHOE COKpalICHHUE
IJIOLIA/IM CEYEHHUSI apMaTyPHBIX cTep>kHel [1].

BakHBIM aHATU3UPYEMBIM MTaPAMETPOM SIBIISCT-
Csl CLIETIIIEHHE KOPPO3NOHHO-TTOBPEXKICHHON apMaTyphbl
¢ 6ETOHOM, BBITIOTHEHBI SKCIIEPIMEHTAIBHBIE HCCIIEI0-
BaHMSI C aKIIEHTOM Ha W3MEHEHHs HanpspkeHHO-aehop-
mupoanHoro cocrosiaust (H/IC) m3rnbaeMbIx a11eMeHTOB
IIPY HapyIIEHUH CIETJICHUs] apMaTypsl ¢ 6eToHOM [2].
[To ux pesynbraraM omnpesnesieHbl XapaKTepHbIE CXEMBbI
TPEINHOO00PA30BaHNS B 3aBHCUMOCTH OT CTETICHH I10-
BPEXKICHHS apMaTypPHBIX CTEPKHEH.

IIpoBeneHHbBIE SKCIIEPUMEHTAIBHBIC HCCIIEI0BA-
Hust HIC GeTroHa B 30HE KOHTakTa ¢ apMmarypo [3]
MO3BOJIMJIA OLIEHUTH JTallbl BOSHUKHOBEHUS TPEIINH
Ha KpaitHe# GuOpe KOHCTPYKIMH 3a CUET JaBJICHHUS
MIPOJYKTOB KOPPO3MHU Ha 3aIIUTHBIN ci10# OeToHa. M3y-
4asnoch JJIUTEIEHOE COMPOTUBIICHHE JKEJIe3006 TOHHBIX
KOHCTPYKINH, TOJBEP>KEHHBIX arpecCUBHOMY BO3JICH-
CTBHIO, 110 PE3YyJIbTaTaM KOTOPBIX IOIY9IEHBI TPAKTHYC-
cKkue K03(h(PUIIMEHTBI, NCTIONb3YEMBbIE TTPH TOBEPOUHBIX
pacueTax.

AHaIM3UPOBATUCH KOPPO3UOHHO-TTOBPEKICHHBIE
9JIEMEHTBI TIPH IMHAMUYECKOM HarpyeHuH [4], ycraHoB-
JIEHO, YTO POYHOCTH OETOHA, TIOABEPIKEHHOTO arpecCcHB-
HOMY BO3/IEHCTBHIO, MEHBIIIE TTPY TMHAMHYIECKOM Harpy-
JKEHHUH, YeM TIpH cTatudeckoM. [Ipeanokena MeTonmka
pacuera BHEIIEHTPEHHO C)KaThIX MIEMEHTOB C HAPYIIEH-
HBIM CIETUIEHHEM PACTSHYTOH apMaTypbl ¢ OETOHOM.

IIpencraBiena mpakTHyeckas METOAMKA pacueTa
[5, 6], yunThIBaromiast SKCIOHEHITMATBHYIO JIETPaIaIluio
KOPPO3MOHHO-TIOBPEXK/ICHHOTO OETOHA B C)KATOH 30HE.

Coxarast 30Ha OETOHA pa3/IeNsIeTCsl Ha TPH CIIOS: TIOBPEXK-
JICHHBIH, IePEXOIHBIN, HEMOBPEXKICHHBIN. DTOT MOAX0
AKKyMYJIHPOBAJI 3BOJIIONMIO Pa3BUTHUS y4eTa MOBPEXK-
JIEHHOTO OETOHA B C)KaTOM 30HE MPH MPOYHOCTHBIX Pac-
YyeTax KOHCTPYKIIHH.

B pabore [7] npemoxkena meroauka onenku HJC
KeJe300eTOHHBIX KOHCTPYKIIUH, ITO/IBEPKEHHBIX arpec-
CHUBHBIM BO3JICHCTBHA Ha Pa3HBIX CTAIUAX pabOTHI Oe-
TOHA (OT TPEUTMHOOOPA30BAHNUS 10 Pa3PyIICHIS).

PaccmarpuBaroTcst BOIPOCH! JOITOBEYHOCTH MPO-
MBIIUICHHBIX U HH)KEHEPHBIX 3/IaHUH, SKCILTyaTHPYEMbIX
B arpECCUBHBIX CpPE/ax, MPEACTaBIeHa METOINKA pacye-
Ta KOPPO3NOHHO-TIOBPEKJICHHBIX JIEMEHTOB C YUETOM
BEPOSITHOCTH pa3pylICHHs ¢ IIPUMEHEHHEM KO3 hHIH-
eHTa 0e30MaCHOCTH CpoKa CiTykO0sI [8].

BozneiicTBue arpeccuBHBIX Cpel HECOMHEHHO IIpU-
BOJIUT K U3MEHEHHIO (PU3HKO-MEXaHMUYECKNX XapaKTepH-
CTHK OETOHA W apMaTypbl, IPOBEICHHbBIE SKCIIEPHMEH-
TalbHO-TEOPETUUECKUE UcCcienoBanus [9] mo3Bonuau
MPEATIOKUTD METOJI OTIPEICNICHNs] TPOYHOCTHBIX U JIe-
(hopMaTHBHBIX XaPAKTEPUCTUK TAKUX KOHCTPYKIIHH.

BnusiHMe arpeccMBHOHN cpenbl BeleT 3a coOo
HE TOJBKO M3MEHEHHE J1e()OpPMaTUBHBIX XapaKTepH-
CTHK, HO ¥ TpeOyeT aJlanTalii pacieToB ITOBPEXK/ICH-
HBIX KOHCTpyKumid. IIpemnoxkena meToanka pacdera
10 00pa30BaHMIO TPEIIUH B COOPHO-MOHOJIHUTHBIX KOH-
CTPYKIHSX C Y4€TOM (PM3NYECKH HEITMHEHHBIX XapaKTe-
puctuk marepuaios [10].

DOkcnepuMeHTalbHble uccinenoBanus [11] mo-
Ka3zaaud OTpULIATEIbHOE BIUSHHE KOPPO3UOHHOTO
MOBPEXKICHHUS apMaTypHBIX CTepP KHEH Ha UX CIeIuie-
HHe ¢ OeToHOM. HaTypHble nccienoBaHust Ompenenuim
3akoHoMepHOoCcTH HJIC B 30HE OKOJIO KOPPO3UOHHOTO
apMaTypHOTO CTEPKHS OT JaBJIEHUS IPOAYKTOB KOPPO-
3HH, 110 PE3yJIbTaraM BbIBEJACH KOI(D(HUIMEHT, yUUThI-
BAIOIINI CHIDKEHHE CLEIUIEHUS! apMaTypbl ¢ OETOHOM
B 3aBHCHMOCTH OT CTETICHH TTOBPEXKICHUH.

PaccmarpuBanace pabora xene300eTOHHBIX KOp-
PO3HOHHO-TIOBPEKICHHBIX KOHCTPYKIUH C y4eTOM Ha-
CJIEZICTBEHHBIX M3MEHEHHH 3a CUET arpECCUBHOTO BO3-
JeiicTBUs BHELIHEH cpenbl [12], npuBeneHa MeToanka
pacuera TaKiX KOHCTPYKIIMH, BKJIIOYast a/lalTaluio pac-
4eTa )KECTKOCTEH ¢ y4eToM HeJIMHEHHOTo aehopMupo-
BaHMs OCTOHA B YCIOBUSIX MOI3Y4ECTH.

WmeroTcst peyioxkeHnst MOJIeIIeit TTo pacueTy ke-
J1€300€TOHHBIX AJIEMEHTOB IPH JIBYXOCHOM HaIPsSKEH-
HOM COCTOSIHHH (puc. 1) ¢ y4eToM BIUSHUS ITTyOUHBI
MIPOHUKHOBEHHS arpeccuBHOI cpexsl [13]. PacuerHoii
MOJIENBIO CITYXXHT TOJNBIM IMINHAP C TOJIIMHOHN CTe-
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Puc. 1. Ctpykrypa GeToHa: @ — NP OJHOOCHOM PaCTsKe-
HUH; b — TIpU TBYXOCHOM pacTsHKEHHI

HOK, PaBHOM BeJIMYMHE 3aIIMTHOTO CJIosl OeTOHa, ycTa-
HOBJIEHO, YTO 3HAYEHHE JAABJIECHUS OT IPOAYKTOB KOPPO-
3UM apMaTypbl Ha cTeHkH cocTasisieT oT 10 go 200 ITa
B 3aBUCHUMOCTH OT CTETIEHU MOBPEKICHUI.

B pamkax 00ciie0BaHusI CTPOUTEILHBIX KOHCTPYK-
uuit [14] oleHeHa KOPPO3UOHHO-TIOBPEXKIEHHAS TABPO-
Basi Oajika Ha TpeIMeT CTEIeHU MOBpeXIeHHs OeToHa
W apMaTypbl C TIOCIEAYIOIHUM MPe/UI0KEHHEM KOMOMHU-
POBaHHOTO METO/Ia MOJCTIMPOBAHUS TAKUX KOHCTPYKIIHI.
Merton 3aKiTrouaeTcs B CO3aHUN KOHCTPYKIUI C TIOMO-
IBI0 00BEMHBIX KOHEYHBIX 11eMeHToB (KD), npu sTom
rapaMeTphbl MOBPEXKICHUS] KOHCTPYKIIMH KOPPO3UeH yuu-
THIBAIOTCS TOMOMHUTENbHBIMU KO ¢ yMeHBIIIEHHBIMU
JKECTKOCTHBIMU XapakTepucTukamu. Moayiib aedopma-
LIUH BBIYUCIISIETCSI MHTETPAIBHO C YYETOM YPOBHS Harpy-
JKEHHMSI U CTEIIEHN KOPPO3MOHHOTO TIOBPEXK/ICHHSI OETOHA.

CyImecTBYIOT U Apyrue 3KCHepUMEHTaIbHO-Te-
operuueckue ucciuenoBanus [15-23] koppo3noHHO-
MOBPEKACHHBIX CKAThIX U M3rU0aeMbIX KeIe300eTOH-
HBIX JIEMEHTOB, pe3ylbTaTaMU KOTOPBIX SBISIOTCS
pa3nUYHbIe ypaBHEHUS U 3aBUCUMOCTH, HallpaBJICHHbIE
Ha oteHKky H/IC anemMeHTOB, HCTIBITHIBAIOIIUX CUIIOBBIE
U CpeoBbic Bo3neicTBUs. Takke UMEIOTCS MOI00HBIC
YHCIICHHbIE UCCleoBaHus [24—26], He MeHee BaXKHbIE,
4eM HaTypHbIE HUCHBITaHUS, [TO3BOJAIONINE OLEHUTD
KOHCTPYKIUH C pa3IMYHBIMU UCXOIHBIMU BapUaHTaMU
CPEIOBBIX IIOBPEXKIECHU.

MATEPHAJIBI I METO/bI

Ha nepBom sTane BBINOMHSUIUCH YUCIIEHHBIE BEPH-
(hUKALMOHHBIC PACUCThl MOJICIICH, HIICHTHYHBIC SKCIICPH-
MEHTaJIbHBIM MCCIIEI0BAHUSIM, TPOBOJIUMBIM B paMKax
HaTypHBIX ucnbiTanuii [1, 2]. Kpurepuun cxomumoctu —
Ipe/esbHOe 3HaueHUe M3THOAaoIero MOMEHTa U Co-
OTBETCTBYIOIIUA €My MPOTHO HCIBITYEMbIX OalloK.
Pacuersl oCyIIeCTBISUTHCh B (PU3UYECCKH HEITHMHEHHOM
MMOCTaHOBKE, MPUMEHUIUCH IPOYHOCTHBIE XapaKTepH-
CTHKH MaTepPHAJIOB, aHAJOTUYHBIC HATYPHBIM 00pa3IaM.

Jlanee npuBeeHbI 3HAUEHUST CXOJUMOCTH PE3YJib-
TaTOB JKCIEPUMEHTATBHBIX Pa3pyIIAOMUX YCHINT
C YMCIIEHHBIMU pacyeTaMHu:

P
Low 399 g5 8304~ 86 %: (1)
Pfem 3’6
M

ew _ 452 _ 29149~ 89 %, @)
My, 50,71

JlocToBepHOCTh pa3pabOTaHHON YHCIICHHOW MOJIe-
JIM TIOATBEPIKIAETCSI €€ COMOCTABICHUEM C PE3y/IbTaTaMU
(u3HYEeCKUX IKCIIEPUMEHTOB. MaKCUMalbHOE OTKIIOHE-
HHE Mo paspymaromum ycunusam (1), (2) He npeBbIaeT
14 %, uTO yKa3bIBA€T Ha IPABWIILHOCTH y4eTa B YUCIICH-
HOH MOJIEIIH KITFOYEBBIX MapaMETPOB: MEXaHWYECKHX Xa-
PaKTEepPUCTHK MaTepHAJIOB, IPAHIMYHBIX YCIIOBUH U HEJIU-
HEWHOTo ToBe/IeHNs OeTOHA 1 apMarypsbl. B cBsizu ¢ atm
BepH(UIIMPOBaHHASI MOJIETb MOXKET OBITh NCIIONB30BaHA
JUISL TJTbHEHIINX YUCIICHHBIX MCCIICIOBAaHUI MOHOJINT-
HBIX pEOPHUCTBIX NIEPEKPBITHH.

Ha BTOpOM 3Tare npoBogMIIoch MOJEITUPOBaHNE
MOHOJINTHOTO PEOPUCTOTO TEPEKPHITHS C TOIIUHON
wmtel 200 MM, 6akamu pasmepom 400 x 400 MM 1 KO-
soHHamu pazmepom 400 % 400 MM, yCTaHOBJIEHHBIMHU
¢ marom 6,0 M (puc. 2). PacueTHas MOIeh IEPEKPHITUS
MIPEACTABIIIET COOOH OMH TOIHBIN MPOJIET U MTOJIOBUHY
MpoJieTa B KOKIYIO CTOPOHY C TPAaHNYHBIMH YCIOBUSIMU
KOHILIEBBIX Y4aCTKOB BJIOJIb Oceil X U Y, TeM caMbIM MO-
JIETUPYETCsl MHOTOIIPOJICTHAS peOpHucTast IINTa Tepe-
KPBITHS.

ITlnuta MogenupoBanack 00beMHBIMUA KD ¢ pas-
MepoM rparn 40 x 40 X 40 MM (HCTIOTB30BAJICST HEITH-
HEHHBIA THUI KOHEYHBIX 3meMeHToB Ne 236), apmary-
pa MOZAEIMPOBAIACH OTICIbHBIMHU CTEPIKHIMU TaK *Ke
¢ IpUMEHEHNEM HelrHelHoro cTepykHeBoro K3 Ne 210.

Hcnonb3oBacs kinacc berona B20, kinace apmary-
pb1 A500 B (husryeckn HETMHEIHOW TOCTaHOBKE, OETOH
OIHKCaH YKCIIOHEHIIMAIBHOM, apMaTypa OUIIMHEHHOM 3a-
BHUCHMOCTBIO.

ApMHUpOBaHUE IUIMTHI U OAJKK 1MOJOOpaHO HA OC-
HOBE IIPEJABAPUTEIBHBIX pacueToB (puc. 3):

* OCHOBHOE apMHUPOBAaHUE IITUTH — & 8§ MM, I1ar
200 mmM;

* JIONOJHHUTEIHHOE HW)KHEE apMUPOBaHUE ILUIU-
Tl — @ 8 MM, 11ar 200 MmM;

* JIONIOJIHUTEJIBHOE BEPXHEE apMHUPOBAHUE ILIH-
Tl — O 12 MM, mar 200 mm;

* apMHpoOBaHHE Oanknm B HUXKHEH 30HE — 20
12 MM + 30 14 MM (HOTIONHUTENBHAS B TPOJICTHON
30HE);

* apMHpOBaHHE OalKW B BepXHEH 30HE — 20
10 MM + 30 14 MM (ZONONHUTENBEHAS B OMTOPHOI 30HE).

Co3pmaBanocs JiBa 3arpyKeHUs: IEPBOE SBIAETCS
COOCTBEHHBIM BECOM, BTOPOE OCHOBHOE 3arpyKeHHE
cocrasiseT 6,6 T/M?, COOTBETCTBYIOIIEE IIOJHOMY Pa3-

Puc. 2. KoHeuHo-aneMeHTHAs MOJENb PEOPHUCTON TMITUTHI
HEPEKPBITUS
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Puc. 3. ApMupoBaHue y3ia CONpsHKEHUs KOJOHHbI, 0aJIKU U IUIUTBI peOPUCTOTO NMEPEKPBITHS B PACUETHON MOJIEIH

PYIICHUIO NMEPEKPBITHS, YCTAHOBICHHOE MOCIE MPE-
BapUTEJBHBIX pacueroB. J[ist Gosee TOYHOTO Ompee-
JICHUS! 3HaUYCHMsI BHELITHEH HArpy3Ku npu 00pa3oBaHUK
IUTACTHYECKUX IIApPHUPOB TAaHHOE 3arpy>XEeHUE pasze-
JISI0Ch Ha 66 11aroB.

Bcero cmoaenupoBano aBa BapuaHta peOpUCTOM
TUTUTHI TIEPEKPBITHS — B HOPMAJIBHOM COCTOSIHUH (He-
MOBPEXKICHHAs1) U C KOPPO3NOHHO-TIOBPEKICHHBIMU
Gankamu.

Koppoznonnoe nospexaenne 0anok MOAEIUPO-
BaJOCh OJJHMM BapHaHTOM, a HMEHHO: MOBPEKACHNE
MIPUCYTCTBYET B HIDKHEH yacTi Ha 70 % AMMHBI OanKH,
BbICOTOH 40 MM (3aIIMTHOTO Cllos OETOHA), B JaHHOU
30HE IUIOIIAIb CEUEHMs PACTAHYTOI apMaTypbl CHUKE-
Ha Ha 25 %; KOpPO3HOHHO-TIOBPEKACHHBINH OETOH MOjIe-
nupoBacs kiaccom BS.

PE3YJUBbBTATBI HCCJEJOBAHUSA

KitroueBslie pe3ynbraThl YHCIEHHBIX HCCIIEA0BaHNI
MOBPEXK/ICHHBIX U HETIOBPEXKICHHBIX MOHOJIUTHBIX XKe-
71€300€TOHHBIX 0aoK:

* 3HAYCHHUS PACTATHUBAIOIINX YCHIIMII B apMaryp-
HBIX CTEPIKHSIX TIPOJIETHOM U OMOPHO# 30HBI OAJIKK MPH
TIOCTETIEHHOM Harpy KeHHH;

Taou. 1. HampsbkeHue B CTEPIKHAX apMaTypbl HEIOBPEXKICH-
HbIX 0AJIOK IUINTBI IEPEKPBITHS

Hanpsoxenue o, MIla

IMpoueHT O6nactb 6ankn
HarpyskH, % Omopa IIponer Omopa
10 35,62 37,51 35,62
20 72,67 70,46 72,67
40 162,75 150,45 162,75
60 326,41 299,23 326,41
80 494,44 500,71 494,44
100 494,50 506,73 494,50

* 3HaYCHHs NPOruOOB OANOK IPHU JOCTHIKEHUH
MPEENbHBIX HATPY30K;

* pa3Mep CxKaToH 30HBI OETOHA MOHOIUTHOMU IIJIH-
TBI IEPEKPBITUS B IPECIBHON CTaANK TIEPE]] pas3pyIie-
HUEM.

B tabn. 1 mpezacraBiieHbl 3HAYSHUS PaCTATHBaA-
IOIIUX HAOpsDKEHUNW B ONOPHOM M MPOJIETHOW 30HAX
HEIOBPEXKACHHOM OaJKM NMEepeKphITHs, 00pa3oBaHUE
IUIACTUYECKOTO LIAPHUPA, T.€. TOCTHKEHHE apMaTypoi
MJIOIAJKH TEKYy4YeCTH COOTBETCTBYET HANPSKEHUSIM
500 MlITa.

600,00
494,50 —8—Harpyska 10 % 494,50
400,00 326,41 —@—Harpyska 20 % 326,41 /
< s 5
E \ 162.75 Harpyska 40 % 162,75 /
E‘ 200.00 ’ Harpyska 60 %
E ’ —3751 —&— Harpyska 80 %
) S———— 70,46 —o— Harpyska 100 %
& 000
o 72,67 S—— e
m
2 200,00 35,02 560
=
Q
> 400,00
-506,73
-600,00

O6nacts 6anku

Puc. 4. [lnarpamma pacnpezieieHus HalpsHKSHUH B apMaType HeTOBPEKICHHON OalTki peOpUCTOH TUTUTHI IEPEKPBITHS
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Puc. 5. {nuna cxxaroii 30HBI OETOHA HETIOBPEKACHHOM pe-
OpHUCTOM TITUTHI IEPEKPHITUS B HAIPABICHUH Y

Pesynbrarsl aHanM3a CBUIETEIBCTBYIOT, UTO B ap-
Marype OajKu peOpHUCTOH IUINTHI TEPEKPBITHS MTEPBINA
IUTACTHYECKUH MapHUp (HOPMUPYETCS B NMPOJIETHOU
30He npu goctuxeHuu 78 % ot Harpysku. ITonHoe
HarpyxeHue koHcTpykiuu (100 %), conpoBoxaaro-
meecsi 00pa3oBaHUEM TpeEX IJIACTUYECKUX IIAPHH-
POB, COOTBETCTBYET mporudy BennuuHoi 107,1 mMm.
Ha puc. 4 oroGpaxxeHa >mropa pacTATHBAIOIINX Haps-
JKEHUI B IPOJOJILHOM apMarype, rie NpeacTaBIeHbl UX
3HaueHus (B cepeanHe rpaduka MpoJIeTHBIC HaNpshKe-
HUSI CJIEBA U CIIPaBa OIOPHEIE).

Bo3HUKHOBEHHE TUIACTUYECKOTO MIAPHUPA B MPO-
JIeTe U TOCIIeYIOINH POCT HAarpy3KH BbI3BIBAIOT Iepe-
pacupenesieHie BHyTPEHHUX YCUIIMN HE TOJIBKO MEXIY
ONOPHBIMHU CEYECHUSMH OalKH, HO U C BOBJIECYEHHEM
B paboTy IUIMTHI MEPEKPHITUA. B CBs3M ¢ 3THM OblIa
BBITIOJTHEHA OLICHKA MPOTSKEHHOCTH 30HBI C)KaToro Oe-
TOHA B MOHOJINTHOM TUTUTE TTEPEKPHITHSI.

3amMep rabapura cxaToil odimactu OETOHA OBLI
npousBeeH npu Harpyske 78 %, cOOTBETCTBYIOIEH
00pa3oBaHMIO MEPBOTO IMJIacCTHUECKOro ImapHupa. Kak
BUJIHO U3 PUC. 5, IPOTSIKEHHOCTh 3TOM 30HBI B IUIAHE
nocturia 2,6 M. CpaBHeHHE JaHHOTO TapameTpa IMmo-
3BOJISIET OLCHNUTH CTENEHB BIIMSHUS KOPPO3HOHHBIX T10-
BpeXJICHUH MOHONMHUTHBIX Oanok Ha HJIC snemeHTOB
JKEIIE300€TOHHOTO TTEPEKPHITHSI.

600,00

508,29
343,02

165,55

400,00 \\

200,00

0,00

Taou. 2. HanpskeHUst B pacTSAHYTHIX apMaTypHBIX CTEPIKHSX
KOPPO3HOHHO-TTOBPEXKICHHOH Oankn

Hanpsokenue o, MIla

IIpoueHT Harpys3KH, Obnactp 6anku
% Ormopa [Iponer Ornopa
10 37,84 36,72 37,84
20 69,27 65,08 69,27
40 165,55 154,91 165,55
60 342,79 323,39 343,02
80 504,35 503,95 508,22
100 504,43 504,00 508,29

B Talbi. 2 npuBeieHbl BO3HUKAIOIIME HANPSHKECHHS
B PACTAHYTBIX apMaTypPHBIX CTEPKHIX KOPPO3HMOHHO-
MOBPEXK/ICHHBIX OAJIOK B IIPOJICTHON M OIIOPHBIX YaCTIX
Ha MOCJIEZIOBAaTEeNbHBIX dTanax HarpyxkeHus. Hamnuue
[JJACTUYECKOTO IIAapHUPA XapaKTEPU3YETCsl JOCTUKE-
HueM HanpspkeHus 500 MITa.

ITomyuenHble pe3ynbTaThl HAIPSDKEHUN B apMaryp-
HBIX CTEPKHAX [TOKAa3bIBAIOT, YTO IIEPBbIN INIACTUYECKUIL
HIAPHUDP BO3HHMKAET B ONOPHOI 30He Oanku mpu 74 %
HarpyxeHus, a npu 75 % HarpyeHus — B IPOJETHON
30HE OaJIKM, YTO OTIIMYACTCSI OT HEMOBPEXK/ICHHBIX Oa-
JIOK IOCJIE0BAaTEIbHOCTBIO JOCTUKEHUS TUIOIAAKH Te-
KyuecTu B apMarype. [Ipu 3ToM BBy HE3HAYUTETBHOTO
PaCcXOXKACHUS MOKHO CKa3aTh, YTO B JAHHOM BapHaHTE
TUIACTHYECKHUH IIapHUDP BO3HUKAET BO BCEX 30HAX OaJKu
PEOPHCTOl TIIUTHI EPEKPHITHS OTHOBPEMEHHO.

Ha puc. 6 nokazana quarpamMma pacrpeaeneHuii pac-
TATUBAIOLIMX HAMPSOKEHUH B apMarype (CiieBa U Crpasa
OTIOPHBIC HAIPSHKCHNUS, B CEPEINHE MPOJICTHEIE).

IIporud G6aynku B MOMEHT 00pa30BaHUs TPEX IUIa-
CTHYECKHUX IAPHUPOB, UMEIOMINHA KOPPO3UOHHBIE IMO-
BpexkIeHus, coctaBuia 131,7 MM, COOTHOIIIEHHE C TIPO-
ruOOM HETMOBPEXKICHHBIX 0aJI0K COCTABUIIO:

_loi7 100 % ~ 23 %,
131

>

A=|1-Tn -100%:(1

n2

—®— Harpyska 10 % 208,29

—&—Harpyska 20 % 343,02
Harpyska 40 % /
Harpyska 60 % 165,55

—8— Harpyska 80 %
—&—Harpyska 100 %

—200,00

VYeunue B crepxuax, Mlla

—400,00

—600,00

—504,00

O06nacTh 0anku

Puc. 6. [lnarpamma pacripesiesieHust HanpspKeHHH B apMaType KOppO3HOHHO-TIOBPEKICHHOH OalTKH peOpHCTON TUTUTHI TEPEKPBITHS
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C. 6-18

r1.9s
162
M 0.0193
[ -0.0195
[ -1.62
=3.24
4,87
«6.49
811
0,73
.—IIA
-13

-14.6

-162

2y

Puc. 7. U3mepenne rabapura cxaToii 30HbI OeTOHA pedpH-
CTOI IVTUTHI HEPEKPBITHS ¢ KOPPOZHOHHBIMU HOBPEKACHUSIMH
BCEX Oanok

e fll — TIPOTUO HETOBPEKICHHON Kele300eTOHHOH
Oarku pr 0Opa30BaHUHU TPEX INTACTUICCKUX IITIAPHUPOB;
/., — mporu6 6aiKu ¢ KOPPO3HOHHBIM MOBPEKIECHHEM
TIpu 00pa30BaHMH TPEX TUIACTHUCSCKUX IMAPHUPOB.

Hannune xoppO3WOHHBIX MOBPEXKACHUN OalKu
MIPUBOIUT HE TOIHKO K MHOH ITOCIICOBATEIIEHOCTH BO3-
HUKHOBCHUS TUTACTUYCCKUX MIAPHUPOB, YBEITHUCHUIO
mporuda, HO M K YBEITHUYCHHUIO pa3MEepOB CIKATOH 00ia-
CTH MOHOIIUTHOH IITUTHI IEPEKPBITUS (pHC. 7).

Jns peOpucToll TUTUTHL ¢ KOPPOAMPOBAHHBIMHU
Oamkamu 3a()UKCHPOBAHO yBETHMUCHHE CKATOH 00JIacTh
OeToHAa MOHONMUTHON TIUTHL 10 3,36 M. CpaBHUTEINb-
HBI{ aHAJIA3 TIOKA3EIBACT, YTO PA3HUIIA B pazMepax 3TOH
30HBI [UIS TUTUT B HEMOBPEKICHHOM U MTOBPEKICHHOM
COCTOSIHUSIX JIOCTHUTAET:

/ 2,6
A=[1-—"1100% =|1———-100 % ~ 23 %,

2 ’ 6
Tae lH — HauOOJBIINHI TabapuT CXkaToil 00IACTH TUTUTHI
MIEPEKPBITHS B HEMTOBPEKICHHOM COCTOSHIH TIpH 00pa-
30BaHUH IIEPBOTO ITACTUYECKOTO WIAPHUPA; [ , — Hau-

OounbILuiA rabapuT CxKaTo# 007IACTH IUTUTHI EPEKPBITHS
B OaJike ¢ KOPPO3UOHHBIM MOBPESKICHUEM TIPH 00pa30-
BaHMU MEPBOTO MJIACTHYECKOTO LIAPHUPA.

3AKJTIOYEHHUE U OBCYXJIEHHUE

Amnamn3 H/IC HenmoBpex1eHHBIX U MTOBPEXKICHHBIX
KOPpO3HCii 0asloK KeJ1e300€TOHHOTO PeOPHUCTOro mepe-
KPBITUS TIOITBEPIMII BIMSIHIE KOPPO3UOHHBIX 1e(hEKTOB
Ha paboTy KOHCTPYKLMHU M XapakTep paclpeieicHus
BHYTPEHHUX ycwinid. Ha ocHOBaHMM IpOBEIEHHOTO
YHCIIEHHOTO MOJIEJIMPOBAHUS 1 CPAaBHEHHSI PE3YJIbTaTOB
MOKHO C(OPMYJIUPOBATH CJIETYIOIINE BHIBOJIBI:

1. HauGonee cymecrsenHoe nsmenenne HJIC Ha-
OiroraeTcst o KpUTEPHIO BO3HUKHOBEHUSI INTACTHYECKUX
IapHUPOB B Oaskax. B moBpex/IeHHbIX Oankax mpenen
TEKy4eCTH apMaTypbl gocTuraercs npu 74-75 % ot pac-
YETHOH HarpyskH, 4To Ha 3 % MEHbIIE [0 CPaBHEHHIO
¢ Mozienbio 6e3 koppo3un. Kpome Toro, B HEMOBpeXaeH-
HOU OaJke TepBBIi TIACTHYECKUH MapHUpP oOpasyercs
TOJIBKO B TIPOJIETE, TOTAA KaK B KOPPO3HOHHO-TTOBPEXK-
JICHHOW MOJIENN OH BO3HHKAET OJHOBPEMEHHO B MPO-
JIETHOH M OTIOPHOI 30HaX. JTO yKa3bIBACT HA M3MEHECHHUE
MeXaHU3Ma IepepacipeeieHus] yCUIUi B pacTsiHy-
TOW apMaType U moATBepkAaeT Tpancopmarmio HJC
B KOHCTPYKIMSIX C KOPPOZHOHHBIMU TTOPAKEHHUAMH.

2. ITporu® MOHOMUTHOM OamKu peOdPUCTOTO Mepe-
KPBITUSI C KOPPO3HOHHBIMU TTIOBPEIKACHUSMH MPU 00-
Pa30BaHUU TPEX MIACTUYCCKUX IAPHUPOB COCTABUII
131,7 mmM, uto Ha 23 % mpeBsIIaeT 3HAYCHHUE IS Oa-
JIOK B HOPMAJIbHOM COCTOSIHUH.

3. Hannuue koppo3un B Oajikax MpUBOIKUT K Oosiee
MHTEHCHUBHOMH Nepefade yCUINii Ha MOHOJIUTHYIO TUTUTY
nepekpbITH. ONEHOYHBIH KPUTEPUH AIHHBI (001aCTh)
C)KaToH 30HBI OETOHA IUIUTHI C KOPPO3UOHHO-TIOBPEXK-
JICHHOW OaJKoil yBemmuuBaeTcs 10 3,36 M, uto Ha 23 %
0oJIbIIIC aHATIOTMYHOTO TTOKA3ATEIIs YISl HEIIOBPEKICHHON
MOJIEIH.
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INTRODUCTION

The prolonged use of reinforced concrete elements
in aggressive environments leads to the development
of corrosion damage to the concrete and reinforcement.
Corrosion damage to the reinforcement leads to a reduc-
tion in cross-sectional area, whilst damage to the con-
crete leads to a weakening of strength and deformation
characteristics, which results in a reduction in the load-
bearing capacity of such reinforced concrete elements.
At present, the redistribution of forces in multi-span
monolithic reinforced concrete ribbed floor slabs dam-
aged by corrosion remains poorly understood, which
confirms the relevance of this study.

Experimental studies of corrosion-damaged rein-
forced concrete beams have been carried out, and a meth-
od for calculating these structures has been proposed,
taking into account the gradual reduction in the cross-
sectional area of the reinforcing bars [1].

An important parameter under analysis is the bond
between corrosion-damaged reinforcement and con-
crete; experimental studies have been carried out focus-
ing on changes in the stress-strain state (SSS) of flexur-
al members when the bond between the reinforcement
and concrete is compromised [2]. Based on these re-
sults, characteristic crack formation patterns were iden-
tified depending on the degree of damage to the rein-
forcing bars.

Experimental studies of the stress-strain state
of concrete in the contact zone with reinforcement [3]
made it possible to assess the stages of crack forma-
tion at the outer edge of the structure due to the pressure
of corrosion products on the protective concrete layer.
The long-term resistance of reinforced concrete struc-
tures subjected to aggressive influences was investigated,
yielding practical coefficients used in verification calcu-
lations.

Corrosion-damaged elements under dynamic loa-
ding were analyzed [4], and it was established that
the strength of concrete subjected to aggressive environ-
ments is lower under dynamic loading than under static
loading. A method is proposed for calculating eccentri-
cally compressed members with impaired bond between
the tensile reinforcement and the concrete.

A practical calculation method is presented [5, 6]
that takes into account the exponential degradation
of corrosion-damaged concrete in the compressed zone.
The compressed zone of the concrete is divided into three
layers: damaged, transitional and undamaged. This ap-
proach encapsulates the evolution of the consideration
of damaged concrete in the compressed zone during
structural strength calculations.

In [7], a method is proposed for assessing the SSS
of reinforced concrete structures subjected to aggres-
sive influences at various stages of concrete behaviour
(from crack formation to failure).

Issues concerning the durability of industrial and en-
gineering buildings operated in aggressive environments
are examined, and a method for calculating corrosion-

damaged elements is presented, taking into account
the probability of failure using a service life safety factor
[8].

Exposure to aggressive environments undoubt-
edly leads to changes in the physical and mechanical
properties of concrete and reinforcement; experimental
and theoretical studies [9] have made it possible to pro-
pose a method for determining the strength and defor-
mation characteristics of such structures.

The influence of an aggressive environment not
only leads to changes in deformation characteristics but
also requires the adaptation of calculations for damaged
structures. A method has been proposed for calculating
crack formation in precast-in-situ structures, taking into
account the physically non-linear characteristics of ma-
terials [10].

Experimental studies [11] have demonstrated
the adverse effect of corrosion damage to reinforcing
bars on their bond with concrete. Field studies iden-
tified the patterns of the SSS in the zone surrounding
a corroded reinforcing bar due to the pressure of cor-
rosion products; based on the results, a coefficient was
derived that accounts for the reduction in the bond be-
tween the reinforcement and the concrete depending
on the extent of the damage.

The behaviour of reinforced concrete structures
damaged by corrosion was examined, taking into ac-
count structural changes caused by the aggressive
effects of the external environment [12]; a method
for calculating such structures is presented, includ-
ing the adaptation of stiffness calculations to account
for the non-linear deformation of concrete under creep
conditions.

Proposals have been made for models to calcu-
late reinforced concrete elements under biaxial stress
conditions (Fig. 1), taking into account the influence
of the penetration depth of the aggressive medium [13].
The design model is a hollow cylinder with a wall thick-
ness equal to the thickness of the protective concrete
layer; it has been established that the pressure exerted by
corrosion products from the reinforcement on the walls
ranges from 10 to 200 Pa, depending on the extent
of damage.

As part of a study of building structures [14], a cor-
rosion-damaged T-beam was assessed for the extent
of damage to the concrete and reinforcement, followed
by a proposal for a combined method for modelling

I Pttt to
I -t g%a
- — & -
bl e L r o

a b

Fig. 1. Concrete structure: ¢ — under uniaxial tension; b —
under biaxial tension
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such structures. The method involves creating struc-
tures using three-dimensional finite elements (FE), with
the parameters of structural damage caused by corro-
sion being accounted for by additional FE with reduced
stiffness characteristics. The deformation modulus is
calculated integrally, taking into account the load level
and the extent of corrosion damage to the concrete.

There are also other experimental and theoreti-
cal studies [15-23] of corrosion-damaged compressed
and flexural reinforced concrete members, the results
of which have yielded various equations and relation-
ships designed to assess the SSS of members subjected
to mechanical and environmental stresses. There are
also similar numerical studies [24—26], which are no
less important than field tests, allowing the assessment
of structures with various initial scenarios of environ-
mental damage.

MATERIALS AND METHODS

In the first stage, numerical verification calcula-
tions were performed on models identical to those used
in the experimental studies conducted as part of full-
scale tests [1, 2]. The convergence criteria were the ulti-
mate value of the bending moment and the correspond-
ing deflection of the test beams. The calculations were
performed in a physically non-linear formulation, us-
ing material strength characteristics analogous to those
of the full-scale specimens.

The following table shows the convergence values
of the experimental failure forces with the numerical
calculations:

F, 3.09

277 85.83% ~ 86 %; (1)
Py, 3.6
M

ar _ 52 0o 149, ~89%. (2)
My, — 50.71

The reliability of the numerical model developed
is confirmed by comparing it with the results of physi-
cal experiments. The maximum deviation in terms
of ultimate forces (1), (2) does not exceed 14 %, which
indicates that the numerical model correctly accounts

Fig. 2. Finite-element model of a ribbed floor slab

for key parameters: the mechanical properties of mate-
rials, boundary conditions, and the non-linear behaviour
of concrete and reinforcement. Consequently, the veri-
fied model can be used for further numerical studies
of monolithic ribbed slabs.

In the second stage, a monolithic ribbed floor slab
with a slab thickness of 200 mm, 400 x 400 mm beams
and 400 x 400 mm columns spaced at 6.0 m inter-
vals was modelled (Fig. 2). The computational model
of the floor consists of one full span and half a span
on each side with boundary conditions at the end sec-
tions along the X and Y axes, thereby modelling a multi-
span ribbed floor slab.

The slab was modelled using 3D finite elements
with a mesh size of 40 x 40 X 40 mm (non-linear finite
element type No. 236 was used), whilst the reinforce-
ment was modelled as individual bars, also using non-
linear bar finite element type No. 210.

Concrete class B20 and reinforcement class A500
were used in a physically non-linear formulation;
the concrete was described by an exponential relation-
ship and the reinforcement by a bilinear relationship.

The reinforcement of the slab and beam was se-
lected based on preliminary calculations (Fig. 3):

* main slab reinforcement — © 8 mm, spacing
200 mm;

¢ additional bottom slab reinforcement — @ 8§ mm,
spacing 200 mm;

* additional upper slab reinforcement — @ 12 mm,
spacing 200 mm;

* beam reinforcement in the lower zone — 20
12 mm + 3@ 14 mm (additional in the span zone);

Fig. 3. Reinforcement of the junction between the column, beam and ribbed floor slab in the structural model
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* beam reinforcement in the upper zone — 2 x
x 10 mm + 3 x 14 mm (additional in the support zone).

Two loads were created: the first is the self-
weight, the second main load is 6.6 t/m?, correspond-
ing to the complete failure of the floor slab, as deter-
mined following preliminary calculations. To determine
the value of the external load more accurately when
plastic hinges form, this load was divided into 66 steps.

A total of two variants of the ribbed floor slab were
modelled — in the normal state (undamaged) and with
corrosion-damaged beams.

Corrosion damage to the beams was modelled
using a single scenario, namely: damage was present
in the lower section over 70 % of the beam’s length,
with a depth of 40 mm (of the protective concrete cov-
er); in this zone, the cross-sectional area of the tension
reinforcement was reduced by 25 %; the corroded con-
crete was modelled as class BS.

RESEARCH RESULTS

Key findings of numerical studies of damaged
and undamaged monolithic reinforced concrete beams:

» tensile forces in the reinforcing bars of the beam’s
span and support zones under gradual loading;

* deflections of the beams upon reaching ultimate
loads;

* the size of the compressed zone of the concrete
in a monolithic floor slab at the ultimate stage prior
to failure.

Table 1 presents the tensile stress values in the sup-
port and span zones of an undamaged floor beam;
the formation of a plastic hinge, i.e. the reinforce-
ment reaching its yield point, corresponds to stresses
of 500 MPa.

The results of the analysis indicate that, in the re-
inforcement of a ribbed floor slab beam, the first plastic
hinge forms in the span zone when 78 % of the load is
reached. Full loading of the structure (100 %), accom-
panied by the formation of three plastic hinges, cor-
responds to a deflection of 107.1 mm. Fig. 4 shows

600.00 494.50

1\
400.00 326.41
N\

162.75

200.00

-37.51
—70.46

Table 1. Stress in the reinforcing bars of undamaged floor slabs

Stress o, MPa

Load The beam area
percentage, % Support Spring Support
10 35.62 37.51 35.62
20 72.67 70.46 72.67
40 162.75 150.45 162.75
60 326.41 299.23 326.41
80 494.44 506.71 494.44
100 494.50 506.73 494.50

a stress-strain diagram for the tensile stresses in the lon-
gitudinal reinforcement, where their values are pre-
sented (in the middle of the graph, the spans on the left
and right are the support stresses).

The formation of a plastic hinge in the span
and the subsequent increase in load cause a redistribu-
tion of internal stresses not only between the supporting
sections of the beam, but also involving the floor slab. In
this regard, an assessment was carried out of the extent
of the compressed concrete zone in the monolithic floor
slab.

The dimensions of the compressed concrete
zone were measured at a load of 78 %, correspond-
ing to the formation of the first plastic hinge. As can
be seen from Fig. 5, the extent of this zone in plan
reached 2.6 m. A comparison of this parameter allows
an assessment of the extent to which corrosion dam-
age to the monolithic beams affects the SSS of the rein-
forced concrete floor elements.

Table 2 shows the stresses arising in the tensioned
reinforcing bars of corrosion-damaged beams in the span
and support sections during successive loading stages.
The presence of a plastic hinge is indicated by the stress
reaching 500 MPa.

The stress results obtained for the reinforcing bars
show that the first plastic hinge forms in the support zone
of the beam at 74 % of the load, and at 75 % of the load

—e—1Load 10 % 494.50

—0—Lo0ad 20 % 326.41 /
Load 60 %

—0—Load 80 %
—®—Load 100 %

—

Stress in the bars, MPa

0.00
72.67

~200.00 =~ 35.62

~400.00

~600.00

72.67
35.62

—-506.73

The beam area

Fig. 4. Stress distribution diagram in the reinforcement of an undamaged beam in a ribbed floor slab
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Fig. 5. Length of the compressed zone in the concrete
of an undamaged ribbed floor slab in the Y-direction

Table 2. Stresses in the tensioned reinforcing bars of a corro-
sion-damaged beam

Stress o, MPa

Load The beam area
percentage, % Support Spring Support
10 37.84 36.72 37.84
20 69.27 65.08 69.27
40 165.55 154.91 165.55
60 342.79 323.39 343.02
80 504.35 503.95 508.22
100 504.43 504.00 508.29

in the span zone of the beam, which differs from undam-
aged beams in the sequence in which the yield point is
reached in the reinforcement. However, given the minor
discrepancy, it can be said that in this case the plastic
hinge occurs simultaneously in all zones of the ribbed
floor slab beam.

Fig. 6 shows a diagram of the distribution of ten-
sile stresses in the reinforcement (support stresses
on the left and right, and span stresses in the middle).

The deflection of the beam at the point where
three plastic hinges formed, which had suffered corro-

600.00 508.29

“\ 343.02
40000 N

165.55
200.00

0.00

Fig. 7. Measurement of the compressed zone of a ribbed floor
slab with corrosion damage to all beams

sion damage, was 131.7 mm; the ratio to the deflection
of undamaged beams was:

A=|1- Ju -100 % = 1—10£ 100 % =~ 23 %.
131.7

d2

where f — deflection of an undamaged reinforced
concrete beam when three plastic hinges form; f,, —
deflection of a beam with corrosion damage resulting
in the formation of three plastic hinges.

The presence of corrosion damage to the beam
not only leads to a different sequence of plastic hinges
forming and an increase in deflection, but also to an in-
crease in the size of the compressed zone of the mono-
lithic floor slab (Fig. 7).

For a ribbed slab with corroded beams, an increase
in the compressed zone of the monolithic slab’s con-
crete to 3.36 m has been observed. A comparative anal-
ysis shows that the difference in the dimensions of this
zone between undamaged and damaged slabs reaches:

I .
A=[1-2- -100%:(1—ﬁ)-100%z23 %.
» 3.36

where [ — the maximum dimension of the compressed
area of the floor slab in its undamaged ate upon the for-

mation of the first plastic hinge; /,, — the maximum

—o— Load 10 % 508.29

—o— Load 20 % 343.02 /)
Load 40 % 165.55 /
Load 60 %

—o— Load 80 %
Load 100 %

-200.00

Stress in the bars, MPa

—400.00

—-600.00

-504.00

The beam area

Fig. 6. Diagram showing the stress distribution in the reinforcement of a corrosion-damaged ribbed floor slab beam
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dimension of the compressed region of the floor slab
in a beam with corrosion damage upon the formation
of the first plastic hinge.

CONCLUSION AND DISCUSSION

Analysis of the stress-strain behaviour of undam-
aged and corrosion-damaged beams in a reinforced
concrete ribbed floor slab has confirmed the influence
of corrosion defects on the behaviour of the structure
and the distribution of internal forces. Based on the nu-
merical modelling carried out and a comparison
of the results, the following conclusions can be drawn:

1. The most significant change in the stress-strain
diagram is observed in terms of the criterion for the for-
mation of plastic hinges in the beams. In the corroded
beams, the yield strength of the reinforcement is reached
at 74-75 % of the design load, which is 3 % lower than
in the model without corrosion. Furthermore, in an undam-

aged beam, the first plastic hinge forms only in the span,
whereas in the corrosion-damaged model it occurs simul-
taneously in both the span and support zones. This indi-
cates a change in the mechanism of force redistribution
in the tensioned reinforcement and confirms the transfor-
mation of the stress-strain state in structures with corrosion
damage.

2. The deflection of a monolithic ribbed floor beam
with corrosion damage, with the formation of three
plastic hinges, was 131.7 mm, which is 23 % greater
than the value for beams in normal condition.

3. The presence of corrosion in the beams leads
to a more intense transfer of forces to the monolithic
floor slab. The estimated criterion for the length (area)
of the concrete compression zone of the slab with a cor-
rosion-damaged beam increases to 3.36 m, which is
23 % greater than the corresponding value for the un-
damaged model.
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Pe3ynbTaThl pacueTHBIX HCCJIE0OBAHUM PYCJIOBBIX 3IaHUM
THAPOIIEKTPOCTAHIMHA MPU CEMCMUYECKUX BO3AEHCTBUAX

Amep Aamacpu
Hayuonanvnoiii uccneoosamenveruti Mockogckutl 20cyoapcmeenHulil
cmpoumenvuwitl yrusepcumem (HUY MI'CY), e. Mocksa, Poccus

AHHOTALUMUA

BBepeHue. PaccmatpuBatoTcsi pycrnoBble HanopHble 3daHusi rmapoanektpoctaHumin (FAC). B coctaB Takux 3gaHuin BXoaaT
ene3obeToHHbIE ObIYKM, HAMOPHbIE CTEHbI COBMECTHO C NEPEKPLITUSMU MALUMHHBIX 3aroB, hyHAaMeHTHble NnnTbl Ap. OHK
UMeIT MeXOMoYHble CTpoUTEnNbHble LWBbL. B npolecce MHOroneTHen akcnnyatauuy BO3HUKaOT Npobrembl, 13-3a KOTopbIX
NPOVCXOAUT CHUXKEHNE 3KCNIyaTauMOHHbIX XapaKTEPUCTMK Kene300eTOHHbIX KOHCTPYKUMIA 3aaHnii MOC.

MaTepuanbl U Metoabl. XKene3obeToHHash KOHCTPYKLMS pycroBoro HanopHoro 3gaHus M9C TuwpuH MoaenupoBanach
B 00bEMHON NOCTAHOBKE B paMKax MeTOAa KOHEYHbIX 3MEeMEHTOB A1 onpeaeneHns HanpsKeHHo-4eOpMUPOBAHHOIO CO-
ctosHns (HOC) npu cericMnyeckoM BO3OENCTBMN UHTEHCUBHOCTbLIO 6onee 8 Hannos. CooTBETCTBYOLLME pacyeTbl MPOBO-
OUNNCb Ha OCHOBE AUHAMUYECKOM TEOPUM C UCTIONb30BaHMEM akceneporpamm.

Pesynbratbl. Pacyetbl HOC xene3obeTtoHHoro pycrnooro HanopHoro 3aaHust FAC TuwpuH nokasanu, 4To nog AecTBUEM
PacTSArVBalOLLNX HAMPSBKEHUIA NMPOUCXOANT PaCKPbITUE MEXOMOYHbIX CTPOUTESbHBIX LUBOB, KOHTAKTHOIO LWBa MeXay Nofo-
weon 3gaHna MNC n ocHoBaHMeM, a Takke 06pasoBaHMe TPELLUH B MOHOMUTHOM YacTu.

BbiBogbl. C y4eTOoM NoMnyYeHHbIX pe3yrnbTaToB pacyeToB BO3HUKNA HEOOXOAMMOCTb YCUNEHUS! KeNe306eTOHHbIX KOHCTPYK-
unii 3ganus F9C TuwpuH, HanpyuMep, ¢ NPUMEHEHVEM NPEABAPUTENIBHO HAMPSHKEHHOW KOMMO3UTHOM apMaTypbl.

KNOYEBBIE CITOBA: 3gaHus 'SC B pycne peku, rmapaBnvyeckuii Hanop BoAbl, METOA KOHEYHbIX 3MIEMEHTOB, CeicMmye-
CKoe BO3AENCTBUE UHTEHCUMBHOCTbLIO Bonee 8 6annos, ycuneHme KOMMNO3MTHON apMaTypow, MpeaBapuTenbHOE HanpshkeHne
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Results of computational studies of the riverbed structures
of a hydroelectric power stations under seismic loads

Amer Almasri
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ABSTRACT

Introduction. A separate category includes river-bed pressure buildings of hydroelectric power plants. Such buildings include
reinforced concrete piers, beams, pressure walls together with the floors of machine rooms, foundation slabs, etc. At the same
time, as an integral element, they have inter-block construction joints. During the long-term operation, problems arise, which
lead to a decrease in the operational characteristics of reinforced concrete structures of hydroelectric power plant buildings.
Materials and methods. The reinforced concrete structure of the Tishrin hydroelectric power plant’'s channel pressure build-
ing was modelled using the finite element method to determine the stress-strain state under the influence of an earthquake
with an intensity of more than 8 points. The corresponding calculations were performed based on dynamic theory using
accelerograms.

Results. The calculations of the stress-strain state of the reinforced concrete channel pressure building of the Tishrin hy-
droelectric power plant showed that the opening of the inter-block construction joints, the contact joint between the base
of the hydroelectric power plant building and the foundation, and the formation of cracks in the monolithic part occur under
the influence of tensile stresses.

Conclusions. Based on the results of the calculations, it was necessary to reinforce the reinforced concrete structures
of the Tishrin hydroelectric power plant, for example, by using pre-stressed composite reinforcement.

KEYWORDS: hydroelectric power plant buildings in the riverbed, hydraulic water pressure, finite element method, seismic
intensity of more than 8 points, reinforcement with composite rebar, and pre-stressing
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BBEJIEHHUE

Mtuorue ruapoanekrpoctaniuu (I'2C) pacnoso-
JKeHBI B pyclie pexu [ 1-4] 1 BocnpuHUMAaIOT ruApaBiIu-
yeckuil Harop Bojsl. K Takum I'OC otrOcsaTCs Tummpun
u Anb-baac, nocrpoennsie B Cupui [5].

Vkazannsle 3qanust ['DC BKIFOYAIOT OBIYKH, HAIOP-
HBIE CTEHBI C TIEPEKPBITHSIMI MaIlI3a/I0B, (PYyHIAMEHTHYIO
IUIATY 1 IPYTHE JKeIe300eTOHHbIe KOHCTpyKIiu. OHH BOC-
MPUHUMAIOT THAPABINYECKOE AABICHHE BOJBI BEPXHETO
Obeda 1 repearoT YCHNS TAJTBIIIe Ha TIePeKPBITHS U Y-
rre KoHCTpyKimu 3nanuii [ IC.

B xone MHOrONETHEN AKCIUTyaTallud B PYCIOBBIX
HanmopHeIX 37aHUIX ['DC MOABIAIOTCA OTKIOHEHUS
OT MIPOEKTHBIX MPEINOCHUIOK, KOTOPbIE BIUSIIOT HA IO-
HWDKEHHE SKCIUTyaTallHOHHBIX CBOWCTB KeJe300€TOH-
HBIX KOHCTPYKIIHH.

Crnenyer ormetuTsh, uto pyciossle 'DC, Haxons-
muecst B Cupun, ObIIIM 3alPOCKTHPOBAHBI B COOTBET-
CTBUH C COBETCKUMHM HOPMAaTHBHBIMU JOKyMEHTaMH,
Biimtouast CHull 11-56—77, npumepHo TonBeka Ha3a.

B nepuoa npoekTupoBaHus TaHHBIX THAPOY3IOB
ceficMUYeCcKUe BO3ACHCTBUSA M KaTeropuu pailoOHOB
CTPOUTEIBCTBA ONPEAEIAINCH C UCTIOIB30BAaHUEM KapT
obrero ceficMudeckoro paionuposanus (OCP), cormac-
Ho CHulT II-A.12—62 u CHull II-7-81%*, a pacueTsI mpo-
BOJWJINCH HA OCHOBE JIMHEHHO-CIIEKTPAJIbHON TEOPHH.
B nHacrosiiee BpeMs AeHCTBYIOT HOBbIE HOPMAaTHUBHEIE
nokymeHTsl, Takue kak CIT 14.13330.2018, Bxuiroyaro-
muii B cedst OCP-2015, B paMkax KOTOPBIX pacyeThl TH-

npotexHmdecknx coopyxenuii I u Il kimaccos TpeOyercs
MPOBOAUTH HA OCHOBE AUHAMUYECKON TEOPUH C MpUMe-
HEHHUEM aKCeJIeporpaMMm.

MATEPHWAJIBI U METO/JAbI

3a MHOTOJIETHUI MEPUOA AKCILUTyaTaIlln JKeJIe30-
6eronnsix 3aannii ['9C Tumpun n Anb-baac nponsonum
W3MEHEHHS ICHCTBYIOIINX HArpy30K, (PU3HKO-MeXaHn4e-
CKHMX CBOMCTB MAaT€pHaJIOB COOPYKEHUHM U OCHOBAaHMSI,
B TOM 4YHCII€ HHTEHCUBHOCTH CEHCMUYECKUX BO3JEH-
CTBHI, a TaKk€ U3MEHEHHUs MOJIOKEHNN HOPMATUBHBIX
JIOKYMEHTOB. B 3T0l CBSI3M OTPeOOBAIOCH BHINOIHUTD
pacueThl C yYETOM NPEe/ICTAaBIEHHBIX H3MEHEHHH.

PacdeTsl OcyImecTBISIOTCS METOAOM KOHEYHBIX
JJIIEMEHTOB C pa3paboTkol 00bEeMHOW MaTeMaTHIeCKOMI
qcIeHHONH Mozenu. Ha oCHOBe MONTy4eHHBIX pe3yib-
TaTOB MIOBEPOYHBIX PACUETOB MOKET BO3HUKHYTH HEO0-
XOIMMOCTD YCHJICHHS JKeJIe300€TOHHBIX KOHCTPYKIHH
pycnoBbIX HarmopHbIX 3nanuii ['9C (Hanpumep, npea-
BapUTEIBHO HAIPSHKEHHOM KOMITO3UTHON apMarypoii).

PE3YJUBbBTATBI HCCJEJOBAHNSA

T'unposnexrpocranius TumpuH (reHepanbHBIH
MPOEKTUPOBIINK — MHCTHTYT ' MaponpoexT) — Bropast
no MomHocTy I'DC B Cupun nocine 31eKTpOCTaHIIUU
Tabka, ona pacrosnioxkeHa Ha p. EBdpar, Bbiiie 1o Teue-
HUIO OT BOIOXPaHWIHNIIA DITb-Acca.

Bun pycnosoro narnopsoro 3aanust '9C Tumpun
Mpe/ICTaBIEH Ha puc. 1.

Puc. 1. Pycnosoe 3nanune I'OC Tumpua
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. _ C. 19-31
npy CeACMMYECKMX BO3AHCTBUSX

13,25

33,75

| 16,175

329,35~

263
40,00

35,50

75,50

Puc. 2. Pycnosoe 3nanne ['DC TumpuH B BEpTHKAIBLHOM pa3pe3e BAOJIb ITOTOKA

I'SC Tumpun Haxoxutes B pycie p. EBppar, umeer
pacueTHbI Harop 49,5 M.

B 3mpanme 'DC Tumpnx BXOIAT TPU CEKIUH, KO-
TOpPBIE OTAEJEHBI IPYT OT Apyra aehopMarHOHHBIMH
mBamu. [1py 9ToM Kakast CeKIMs BKITIOYAeT JBa THAPO-
arperara (uroro 630 MBT MOIIHOCTH TIpH SKCIUTyaTalfn
IIECTH THPOArperaTos).

Pycrnosoe naroproe 3naane ['C Tummpus B BepTH-
KaJILHOM pa3pese BJOJIb TOTOKa H300paskeHO Ha pHC. 2.

B xonie uccnenoBanuii NpoBeeH aHAIN3 BBITOTHEH-
HBIX B paMKax MPOEKTa PacyeTOB IPOYHOCTH U YCTOHYIH-
BOCTH JIaHHOTO COOPY’KEHUsI, KOTOPbIE OTBEYAIH I1OJIO-
JKEHHSIM JICHCTBOBABIINX HOPM ITPOEKTHPOBAHMS.

I'SC Anb-baac pa3merniaercs B mpoBuHIUM Pakka,
B 22 KM BBEpX MO TEUCHHUIO OT I. Pakka (TeHepaabHBINH
npoektupoBmuk — MuctutyT ['Maponpoekr). Pyco-
Basg ['DC Ann-baac HeCOBMEIIEHHOTO THIIA C MaKCH-

Puc. 3. Bun pycnosoro Hanopsoro 3xaaus ['9C Anb-baac

MaJbHBIM HaropoM 23,45 M (puc. 3) mMeeT MOIITHOCTb
81 MBT (Bir09ast 3 TOPU30HTAIBHBIX KAICYAbHBIX TH-
Jpoarperara) 1 npeJHazHa4eHa JJisi padoThl B Ka4eCTBe
kxouTpperyisaropa ['DC Tabka, pacmonoxeHHOH Ha 18 kM
BBIIIE TI0 TEUCHHUIO.

BeprukaibHblii pazpe3 pycilOBOIO HallOPHOIO 31a-
Hust 'OC Anb-baac nokaszan Ha puc. 4.

BenonHeH aHanu3 pacueToB MPOYHOCTU U yCTOM-
ynBocTH 31aHna ' 9C Ans-baac B pamkax mpoekra. I1o-
JIy4eHHBIC PE3YJIbTaThl YIOBIETBOPSIIN TPEOOBAHHUIM
pacyera MPOYHOCTH U YCTOWYMBOCTH JIEHCTBOBABIINX
B TOT IIEPHOJ] HOPMATUBHBIX JOKYMEHTOB.

AHam3 OCYIIECTBICHHBIX B paMKaX MPOEKTa pac-
YETOB MPOYHOCTH U ycTounBocTH 3nanuii [’ DC Tumpux
u Aunb-baac mokasai, 4To OHHM ObLTH IPOBEICHBI YIIPO-
LIEHHO (C MCIIOJIb30BAHUEM YCTAPEBIIUX PACUETHBIX
mporpaMm) Ha 0a3e MIOCKHX U IUIOCKO-TIPUBEACHHBIX
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11,15 42,00

37,50 8,00

Puc. 4. 3nanue I'OC Anb-baac B BepTuKabHOM pa3pese BIOJIb OTOKa

KOHEYHO-3JIEMEHTHBIX MOjIeliel Hanboee XapaKTepHbIX
ceuennit 3gannii '9C Tumpun n Ans-baac 6e3 ydera
PaCKpBITHSI MEXKOJIOUHBIX CTPOUTEIBHBIX IIIBOB, PACKPHI-
TUSL KOHTaKTa Mex 1y nogomso# 3nanus 'OC u ocHoBa-
HHEM, KOMIIJIEKCa AEHCTBYIOMNX HATrPy30K U Jp.
[TorpeboBanoch BHINOIHEHNE PACUYETOB HaMpsi-
skeHHo-aedopmuposanHoro cocrosiaust (H/C), npou-
HOCTH M YCTOHYHMBOCTH PYCJOBBIX HAllOPHBIX 3J1aHUH
I'SC Tumpus u Anp-baac B paMkax COBPEMEHHBIX MTPO-

IrpaMMHBIX KOMITJICKCOB Ha OCHOBE OOBbEMHBIX MaTeMa-
THYECKUX YHCIEHHBIX MOJIETICH.

[IpocTpaHcTBeHHAs KOHEUHO-JIEMEHTHAsI MOJIEITh
6moxa 3manust 'OC TumpuH npuBeaeHa Ha puc. S.

B pesynbrare pacueTHBIX HCCIIEIOBAHUH OBLIO MOy~
yeno HJIC B pasnudHble eprosibl BpeMeHH (B CEKYH/Iax),
OTCUHUTBIBAS OT HaYaJIa CeHCMUUECKOTO BO3/ICHCTBHSI.

Ha puc. 6 mpencTaBieHO HaNpsKEHHOE COCTOSHHE
B KOHCTpyKIMax 3nanus ['OC Tumpun npu aeiictsun

Puc. 5. IlpocTpaHcTBeHHAs: KOHEYHO-AIIEMEHTHAsE Mozeltb Onoka 3aanus ['DC TumpuH ¢ oOcHOBaHHEM
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. . C. 19-31
npy CeACMMYECKMX BO3AHCTBUSX

L%

4,7126 Max 0,56571 0,37714 0,18857
0,66 0,47143 0,28286 0, 094286 —2,0664 Min
3 5013 Max 0 56571 0,37714 0,18857
0,66 0,47143 0,28286 0,094286 —2,6758 Min
b

Puc. 6. MakcuMalibHbIE ITIaBHBIE HAIPSDKEHUS: @ — B BepXOBOi HanopHoit crexe 3qanust ' DC Tumpun, MIla, npu ceficmude-
CKOM BO3/ICHCTBHH (B MEPHOJ BpeMeHH 2,62 ¢ OT Hayajga CeHCMHUUECKOT0 BO3AEHCTBH); b — B Obruxax 3xanus ['OC Tumpus,

Mlla, npu ceificMr4eckoM BO3ICHCTBUH (B TIepuo]] BpeMeHH 4,94 ¢ oT Hadana CeCMIYECKOTO BO3ICHCTBHS)

CTAaTUYECKUX HArpy30K U CEMCMMYECKUX BO3ACHCTBUI
Ha OCHOBE JMHAMHUYECKON TEOPHH pacueTa B MEPUOJIbI
Bpemenu 2,62 u 4,94 ¢ oT Hauana ceCMUYECKOro BO3-
IEUCTBUS.

B Teuenune npouecca celCMUUECKOrO BO3IEHCTBUSA
MPOUCXOAUT MepepacnpeiesieHue AeHCTBYIOMUX yCH-
JIMH U COOTBETCTBEHHO HANPSHKEHHOTO COCTOsIHUSA. Tak,
B ITEpUOJT BpeMeHH 2,62 ¢ OT Hadajla CeHCMHUIECKOTO BO3-
JEeUCTBUS HAHOOJBIINE PACTATUBAIOLINE HANPSIKCHUS
(o 4,7 MIla) BO3HUKAIOT B BEPXOBOI HAIIOPHOM CTEHE
sparus [OC (puc. 6, a).

B nepuon 4,94 ¢ oT Hauana ceCMHUYECKOTO BO3-
JICHCTBUST HAUOOJIBIINE PACTATUBAIOIINE HAMPSKCHUS
(mo 3,5 MIla) mosiBnsroTcss B Obrukax 3manus [DC
(puc. 6, b).

Otmeuarotes (puc. 6) pacTAruBaroIne HapshKe-
HUs1, OOJIBINIKE, YEM MPOYHOCTH OCTOHA MPH PaCTsIKE-
HUU, TOJl CHCTBUEM KOTOPBIX MOTYT PacKpBIBATHCS
MEKOJIOUHBIC CTPOUTEIBHBIC IIBBI U 00Pa30BEIBATHCS
TPEIINHBI B MOHOJIHTE.

PackpbITHEe KOHTAKTa MEXKIY MOIOIIBON 3MaHUS
I'SC u ocHOBaHMEM CO CTOPOHBI BEpXHEro Obeda uepes
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!.

OcHoBanue

3nanue I'DC

Puc. 7. PackppiTHe KOHTaKTa MEX 1y MonomBoi 3ganus '9C 1 0OCHOBaHHEM C BEPXOBOM CTOPOHBI IPU CEHCMUYECKOM BO3-

JICHCTBUH B TIEPHOJ BpeMeHH 4,94 ¢ 0T Havajga CeCMUUECKOTO BO3ACHCTBHSL

4,94 ¢ oT Hayaga CEMCMUYECKOTO BO3IEHCTBIS IIOKA3aHO
Ha puc. 7.

[pencraBneHHbIe pe3yibTaThl BHITOIHEHHBIX pacue-
ToB 31aHuA [ DC THIIPHH CBHICTENBCTBYIOT O HEOOXOIHU-
MOCTH YCHJICHHUS JKEJIe300€TOHHBIX KOHCTPYKIHMH, B TOM
YHCIIe JUTSl TOBBIIEHHs yeToiunBocTH. [IprMeps! ycue-
HUS TIPUBEICHBI B INTEPATyPHBIX HCTOYHMKAX [6—12].

[Tpu 5TOM ycHeHHe Kene300eTOHHBIX COOPYKeHHUI
W KOHCTPYKILHUH IUPOKO MU3Y4aeTCs PA3IMYHBIMHU yue-
HBIMH C YY€TOM TOTO, YTO PACpOCTPAaHEHHE TOIYIHIN
KOMITO3UTHBIC Marepualibl, IO3BOJISIOIINE 00ECIICUUTh
TpeOyeMble 3arachl HeCyIeHl CIoCOOHOCTH MPAKTHIECKH
0e3 M3MEHEHH NX MacCorabapuTHBIX pazmMepoB [13-22].

[IpexacraBnsiercs 1esiecoo0pa3HbIM UCIIONBb30BATH
MPE/IBAPUTEIBHO HANPSDKEHHYIO KOMITO3UTHYIO apMaTy-
PY, B TOM HYHCIIE C YUYETOM JaHHBIX OTEYECTBEHHBIX HC-
cienoBanmii [23-28].

3AKJIIOYEHHUE U OBCYXJIEHUE

BaxxHO OTMETUTB, UTO IPOEKTHBIE PEIICHHUS PYCIIO-
BbIX ['DC, Haxozsmuxcst B Cupuu, ObUTH 000CHOBaHBI
B COOTBETCTBHHU C POCCHUCKAMH HOPMATHBHBIMH JIOKY-

MEHTaMH IPUMEPHO MOJIBEKa Ha3aa. B To Bpems neii-
CTBOBAJIM COOTBETCTBYIOIINE HOPMATUBHBIE TOKYMEHTHI,
KOTOpBIE HE BCEIIa MOJHOCTHIO YUUTHIBAJIM OCOOEHHO-
CTH MAaCCHBHBIX JK€JI€300€TOHHBIX T'MAPOTEXHUYECKUX
KOHCTpYKIwi, kK mpumepy CHull I1-56-77.

B nacrosmee BpeMs HaOJIOmaeTCsl yBEINUCHHE
CEIICMUUYECKOM aKTUBHOCTHU B HEKOTOPBIX PallOHax B CO-
otBercTBUU C akTyansHbM CIT 14.13330.2018, conepixa-
murm OCP-2015.

IIpu sTom B CIT 14.13330.2018 mosiBuIMCH TpeOO-
BaHMS O HEOOXOIMMOCTH TPOBECHUS PACUETOB THIPO-
TexHuueckux coopyxkenuil I u Il knaccoB Ha ocHOBE
JUHAMHUYECKOH TEOPHUHU € IPUMEHEHHEM aKCENeporpaMM
(B oTIIMYME OT JIMHEWHO-CIIEKTPAIILHON TCOPHH).

B pesynbrare cka3zaHHOTO BBIIIE CYIIECTBYIOIINE
JUIMTEITBHO 3KCILTyaTHPyeMbIe COOPYXKEHHs He o0eceut-
BalOT CEHCMOCTOMKOCTH B COOTBETCTBUU C ACHCTBYIOLIEH
HOpPMAaTHBHOM JoOKyMeHTaluel. [loaToMy BO3HUKAET He-
00XOTMMOCTh YCHJICHHS JKeJIe300€TOHHBIX KOHCTPYKIIMH
JUIUTENBHO SKCILTYaTHPYEMBIX PYCJIOBBIX HAOPHBIX 371a-
Huit '9C, npu 3TOM 11e51eC000pa3HO MPUMEHEHUE KOM-
MO3UTHBIX MaTepuaioB, B TOM YHUCIIE IPEIBAPUTEIBLHO
HanpsHKEHHOW KOMIO3UTHOH apMatypsl [ 13-28].
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INTRODUCTION

Many hydroelectric power plants (HPP) are situ-
ated within the river channel [1-4] and utilize the hy-
draulic head of the water. Examples of such HPP include
the Tishrin and Al-Baas stations, built in Syria [5].

These HPP structures include spillways, intake
beams, head walls with turbine hall floors, foundation
slabs and other reinforced concrete structures. They bear
the hydraulic pressure of the water in the upper reservoir
and transfer the forces to the floors and other structures
of the HPP.

During many years of operation, deviations from
the design assumptions occur in the run-of-river head-
works of hydroelectric power stations, which lead to
a deterioration in the performance of the reinforced con-
crete structures.

It should be noted that the run-of-river HPP located
in Syria were designed in accordance with Soviet regu-
latory documents, including SNiP II-56-77, approxi-
mately half a century ago.

During the design phase of these hydropower fa-
cilities, seismic effects and construction zone categories
were determined using general seismic zoning (GSZ)
maps, in accordance with SNiP II-A.12—62 and SNiP II-
7-81%*, and calculations were carried out based on linear-
spectral theory. New regulatory documents are now in
force, such as CP 14.13330.2018, which incorporates

GSZ-2015, under which calculations for Class I and
II hydraulic structures must be carried out on the basis
of dynamic theory using accelerograms.

MATERIALS AND METHODS

Over the many years of operation of the rein-
forced concrete buildings at the Tishrin and Al-Baas
hydroelectric power stations, changes have occurred in
the applied loads, the physical and mechanical proper-
ties of the structural materials and foundations, includ-
ing the intensity of seismic effects, as well as changes in
the provisions of regulatory documents. Consequently,
it was necessary to carry out calculations taking these
changes into account.

The calculations are carried out using the finite el-
ement method with the development of a three-dimen-
sional mathematical numerical model. Based on the re-
sults of the verification calculations, it may be necessary
to reinforce the reinforced concrete structures of the riv-
erbed headworks of the hydroelectric power stations (for
example, with prestressed composite reinforcement).

RESEARCH RESULTS

The Tishrin HPP (lead designer: the Hydroproject
Institute) is the second-largest hydroelectric power sta-
tion in Syria after the Tabqa Power Station; it is situated

Fig. 1. The riverbed structure of the Tishrin HPP
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Fig. 2. Vertical cross-section of the Tishrin HPP’s riverbed structure along the flow

on the Euphrates River, upstream of the El-Assad Res-
ervoir.

A view of the Tishrin HPP riverbed headworks is
shown in Fig. 1.

The Tishrin HPP is located on the Euphrates River
and has a design head of 49.5 m.

The Tishrin HPP comprises three sections, separated
from one another by expansion joints. Each section con-
tains two turbine units (giving a total capacity of 630 MW
when all six units are in operation).

A vertical cross-section of the Tishrin HPP’s river-
bed headrace building along the flow is shown in Fig. 2.

The research involved an analysis of the structural
strength and stability calculations carried out for this fa-
cility as part of the project, which complied with the pro-
visions of the design standards in force at the time.

The Al-Baas HPP is located in the province of Raqga,
22 km upstream from the city of Raqqa (lead designer:
the Hydroproject Institute). The Al-Baas run-of-river
HPP, of the non-combined type with a maximum head
of 23.45 m (Fig. 3), has a capacity of 81 MW (including
three horizontal capsule-type hydroelectric units) and is de-
signed to operate as a counter-regulator for the Tabga HPP,
located 18 km further upstream.

A vertical section of the Al-Baas hydroelectric pow-
er station’s riverbed pressure chamber is shown in Fig. 4.

An analysis of the structural strength and stabil-
ity calculations for the Al-Baas hydroelectric power
station building was carried out as part of the project.
The results obtained met the requirements for structural
strength and stability set out in the regulatory documents
in force at that time.

Fig. 3. View of the riverbed pressure structure at the Al-Baas HPP
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Fig. 4. Vertical cross-section of the Al-Baas HPP along the flow

An analysis of the strength and stability calcula-
tions carried out as part of the project for the Tishrin
and Al-Baas HPP buildings showed that they were per-
formed in a simplified manner (using outdated calcula-
tion software) based on plane and plane-equivalent finite
element models of the most characteristic cross-sections
of the Tishrin and Al-Baas HPP structures, without tak-
ing into account the opening of inter-block construction
joints, the contact between the base of the HPP structure
and the foundation, the complex of applied loads, etc.

It was necessary to perform stress-strain state (SSS),
strength and stability analyses of the Tishrin and Al-Baas
HPP riverbed pressure structures using modern software
packages based on three-dimensional mathematical nu-
merical models.

A spatial finite-element model of a section of the Ti-
shrin HPP structure is shown in Fig. 5.

The computational studies yielded the stress-strain
state at various time intervals (in seconds), measured
from the onset of the seismic excitation.

Fig. 5. Spatial finite-element model of a building block at the Tishrin HPP, including the foundation
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Fig. 6. Maximum principal stresses: @ — in the upstream retaining wall of the Tishrin HPP building, MPa, under seismic load-
ing (at 2.62 s after the onset of seismic loading); b — in the buttresses of the Tishrin HPP building, MPa, under seismic loading

(at 4.94 s from the start of the seismic loading)

Fig. 6 shows the stress state in the structures
of the Tishrin HPP building under static loads and seis-
mic effects, based on dynamic calculation theory, at time
intervals of 2.62 and 4.94 s from the start of the seismic
event.

During the seismic event, there is a redistribution
of the applied forces and, consequently, of the stress
state. Thus, at 2.62 seconds from the start of the seismic
event, the highest tensile stresses (up to 4.7 MPa) occur
in the upper pressure wall of the hydroelectric power sta-
tion building (Fig. 6, @).

At 4.94 seconds from the start of the seismic exci-
tation, the highest tensile stresses (up to 3.5 MPa) appear
in the buttresses of the HPP building (Fig. 6, b).

Tensile stresses greater than the tensile strength of
the concrete are observed (Fig. 6); under the influence
of these stresses, the construction joints between blocks may
open up and cracks may form in the monolithic structure.

The separation of contact between the base of the HPP
building and the foundation on the upstream side 4.94
seconds after the start of the seismic impact is shown in
Fig. 7.
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Fig. 7. Separation of the contact between the base of the HPP building and the foundation on the upstream side under seismic

loading, 4.94 seconds after the onset of the seismic loading

The results of the calculations carried out for the Ti-
shrin HPP indicate the need to reinforce the reinforced
concrete structures, including to improve their stability.
Examples of such reinforcement are given in the litera-
ture [6—-12].

At the same time, the reinforcement of reinforced
concrete structures and frameworks is being extensively
studied by various researchers, given the widespread use
of composite materials, which allow the required load-
bearing capacity to be achieved with virtually no change
to their mass and dimensions [13-22].

It appears appropriate to use prestressed composite
reinforcement, taking into account the findings of do-
mestic research [23-28].

CONCLUSION AND DISCUSSION

It is important to note that the design solutions for
run-of-river hydropower plants located in Syria were
justified in accordance with Russian regulatory docu-

ments approximately half a century ago. At that time,
relevant regulatory documents were in force which did
not always fully take into account the specific features
of massive reinforced concrete hydraulic structures, for
example SNiP II-56-77.

Currently, there is an increase in seismic activ-
ity in some areas in accordance with the current CP
14.13330.2018, which incorporates GSZ-2015.

At the same time, CP 14.13330.2018 introduced re-
quirements for the calculation of Class I and II hydraulic
structures based on dynamic theory using accelerograms
(as opposed to linear-spectral theory).

As a result of the above, existing structures that have
been in service for a long time do not ensure seismic resis-
tance in accordance with current regulatory documenta-
tion. Therefore, there is a need to reinforce the reinforced
concrete structures of long-serving riverbed headworks at
HPP; in this context, the use of composite materials, in-
cluding prestressed composite reinforcement, is advisable
[13-28].
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MaTepuanbl U meToAbl. YCTaHOBMEHbI HECYLUME KOHCTPYKLMU Xene3obeTOHHbIX pycrioBbix 3gaHuin MOC 1 HanopHbIx
3pnanuii TASC, cocTosiHMe KOTOpbIX MOXET noTpeboBaTb Mx ycuneHus. MNpoBedeHbl NabopaTopHble UCMbITaHUS MoAenen
(pparmeHTa BEPXOBOW CTEHbI MALLMHHOIO 3ana >xene3obeToHHoro pycrnooro 3gaHus 9C B macwTtabe 1:15 (6e3 ycuneHus
N C YCUIEHNEM YITNIEPOAHON KOMMO3UTHOW NEHTON Ha pacTaHyTow rpaHu). [na pacyeTHbIx nccnegosanuni HOC pycnosoro
3paHusa MAC/HanopHoro 3aaHusa FAQC ncnonb3yTCst YUCHEHHbIE KOHEYHO-3IEMEHTHbIE METOAbI.

Pesynbrathbl. [TpoBeAeHHbIe 3KCNepYMEHTarnbHblE UCCIIeA0BaHNSA NoKa3anu CyLLEeCTBEHHOE NONIOXKUTENBHOE BUSHNE YCU-
NeHVs BHELLHUM apMUpPOBaHUEM Ha BENWYMHBI CMELLEHWNI BepXa MOAENen, LUMPYHbI PACKPbITUS MEXOMOYHbIX LUBOB, Ha-
NPSXKEHUA B pacTAHYTON apmaType B LBax. [Ins pacyeTHbIX MCCNefoBaHni Co3faHa TpexMepHas MatemaTnyeckas Mogernb
pycnoBoro 3gaHusa MN9C.

BbiBoabl. COCTOSHNE KOHCTPYKUMI ANUTENBHO 3KCMITyaTUpyeMbIX >Kene3ob6eToHHbIX pycrnoBbix 3paHui OC/HanopHbIx
3panunii FASC moxeT noTpeboBaTb UX YCUINEHUS, K MPUMEPY BHELLUHVM apMVpPOBaHVWEM U3 YINEePOAHbIX KOMMO3UTHBIX Ma-
TepuanoB. C y4eToM pe3ynbTaTtoB NMpoBeAeHHbIX NabopaTopHbIX MCCrefoBaHnini 060CHOBAH METOZ, YCUIEHUSI KOHCTPYKLMM
BEPXOBOM CTEHbl MALUMHHOTO 3ara xene3obeToHHoro pycnosoro 3aaHns M9C Ha ocHoBe YrmepoAHbIX KOMMO3UTHBIX NEHT.
C uenblo NpoBefeHNs pacyeTHbIX NCCreAoBaHUA co3gaHa TpexmMepHas mateMatuyeckasi Mmogerns pycrosoro 3ganus [OC.

KIMKOYEBBIE CINOBA: pycrnosble 3gaHuns '9C, HanopHble 3gaHna FTASC, BepxoBble CTEHbl MalL3anos, LUTOBbIE CTEHbI,
CTpoUTENbHbIE LIBbLI Mexay Griokamu, nabopaTopHble UCTbITaHUs,, TPEXMEpPHasi MaTemaTyeckasi MoAernb PycroBoro 3aa-
Hua N9C

Ona UUTUPOBAHUA: Yxar L. Pac4eTHble u aKcnepuMeHTanbHble UcCcnefoBaHus Xene3obeToHHbIX pyCroBbiX 34aHuUm
TMAPO3NEKTPOCTaHLMIA U HAMOPHBIX 3AaHWIA rTMAPOaKKyMYNUPYOLLMX 3neKTpocTaHumii // CTpouTenbCcTBO: Hayka 1 obpasoBa-
Hue. 2026. T. 16. Bein. 1. Ct. 3. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2026.1.3

Aemop, omeemcmeeHHbIl 3a nepenucky: LIstoHbxao YxaH, weiw0951@gmail.com, lisichkin1989@rambler.ru.

Calculative and experimental studies of reinforced concrete
flood control structures and pressure structures
at hydroelectric power stations

Junhao Zhang
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

32

ABSTRACT

Introduction. The pressure walls of the machine rooms and the shield walls of the reinforced concrete channel buildings
of hydroelectric power plants/pumped-storage hydroelectric power plants are subjected to the pressure of the upper/lower
water level, which is transmitted to the floors and other structures of the buildings. The condition of the structures of long-
term operated reinforced concrete channel buildings of hydroelectric power plants/pumped-storage hydroelectric power
plants may require their reinforcement, for example, with external reinforcement made of carbon composite materials.

Materials and methods. The load-bearing structures of the reinforced concrete channel buildings of hydroelectric power
plants and pumped-storage power plants were installed, and their condition may require reinforcement. Laboratory tests

© U. YxaH, 2026
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have been conducted on models of a section of the upper wall of the machine hall of a reinforced concrete channel building
of a hydroelectric power plant at a scale of 1:15 (without reinforcement and with reinforcement using carbon composite tape
on the stretched edge). Numerical finite element methods are used to conduct computational studies of the stress-strain
state of the channel building of a hydroelectric power plant/pumped-storage power plant.

Results. The experimental studies demonstrated a significant positive effect of external reinforcement on the displacement
of the top of the models, the opening width of the inter-block joints, and the stress in the tensioned reinforcement within
the joints. A three-dimensional mathematical model of a river-bed hydroelectric power plant was developed for computa-
tional studies.

Conclusions. The condition of the structures of long-term operated reinforced concrete channel buildings of hydroelectric
power plants and pressure buildings of pumped-storage hydroelectric power plants may necessitate their reinforcement,
for example, with external reinforcement made from carbon composite materials. Based on the results of the laboratory
studies, the method of reinforcing the structure of the upper wall of the machine hall of a reinforced concrete channel build-
ing of a hydroelectric power plant using carbon composite tapes was validated. A three-dimensional mathematical model
of a hydroelectric power plant channel building was created to conduct computational studies.

KEYWORDS: run-of-river hydroelectric power plants, pumped-storage hydroelectric power plants, upper walls of machine
halls, shield walls, construction joints between blocks, laboratory tests, and a three-dimensional mathematical model of
a run-of-river hydroelectric power plant
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BBEJEHUE

Pycnoseie rugposnexrpocraniuu (I'2C) pacnona-
raroTcs B pyciie PeKH M ITOBEPKEHbI ASHCTBHIO KOM-
TIeKca Harpy3ok [1—4]. B xauecTBe mpumMepa paccma-
TpuBaeTcs HaropHas pyciosas '9C Kuras babdaubcs
(puc. 1).

I'SC Bbabanscst — nuskonanopaas [ 9C pycioBoro
Tura B pycie p. Xyanxs (JKenroii peku), KoTopas riiaB-
HBIM 00pa30M BBIpaOaTHIBACT IEKTPOIHEPTHUIO, & TAKKE
UCTIONB3YeTCs sl BomocHaOKeHns U opomenus. Heoo-
XOAMMO OTMETHUTb, YTO HHTEHCUBHOCTH CEHCMUYECKUX
Bo3zaeiictBuit Ha 'DC babaHbcs MOXKET NpeBBIIIATh
8 OaJIoB.

OmHUMHU U3 OCHOBHBIX HECYUIMX KOHCTPYKIIHI
pyciaoBbix 3nanuil ['DC SBASIOTCS BEPXOBBIE CTEHBI
ManI3ajios (KOTOPBIE ClIeTyeT aHATN3UPOBATh COBMECT-
HO C MEePEKPHITUIMH), HA HUX JICHCTBYET TUIpaBiIHye-
CKO€ JaBJIEHUE C BEPXOBOM CTOPOHBI, EPENAIOLIEECS
JIanbIle Ha IPyTHe KOHCTPYKINH 30aHuM.

Cxema pycnosoro 3xanus I'DC mpencraBnena
Ha pHuC. 2.

BepxoBble CTEHBI M HEPEKPBITHS MAII3aI0B BO3BO-
JUITCSL TI0O3TAIHO, JIENAI0TCsl IePEePbIBbI B OETOHUPOBA-

HHH, yCTPAaUBAIOTCS CTPOUTEINILHBIC IIIBBI MEXY OJOKa-
MU O€TOHHPOBAHUS.

Ha puc. 3 nokazaHbl CTPOUTENBHBIC HIBBI MEXKIY
6110KaMu OETOHUPOBAHMUST BEPXOBOI CTEHBI MAlTMHHOTO
3aJ1a ’Kene300eTOHHOTo pycioBoro 3aanus ['9C.

HamnopHoe 31anue ruipoakKyMyJIupyIomen Jiek-
tpoctanmuu (F'ADC), nmeromniee aHATOTUYHBIE HECY-
e KOHCTPYKIMHU ¢ pycaoBbiME 31anHusiMu ['9C, npu-
BEJICHO Ha puc. 4.

Omno BKJIIOYaeT (yHAaMEHTHYIO TUIUTY, IIUTOBYIO
CTEHY C YIIOPOM B ITE€PEKPBITHsI, OAJIKH, KOJIOHHBI  JIpY-
THe KOHCTPYKIWH (pUC. 5) TP HATMYNH CTPOUTEIBHBIX
IIBOB MEX Ay Onokamu 6eToHnpoBanus (puc. 6).

HpI/I OTOM IIUTOBBIC CTCHBI CIIYXAT KIIHOYEBbBIMHU
HECYIIMMH KOHCTPYKIMSMH, Ha HUX JEHCTBYET THJIPaB-
JIMYECKOE JIaBJICHNE CO CTOPOHBI HIKHETO Obeda, mpen-
CTaBIIsIsl COOOH MHOTOKPAaTHO ITOBTOPSIIOIILYIOCS HATPY3-

ky' [5-8].

"' Oruer o HabIFOICHHUSIM 32 OCHOBHBIMH COOPY)KEHHSAMH 3a-
ropckoit TADC ciry>kOpI MOHHUTOPHHTA 000PYIOBAHHS M THAPO-

TeXHUYECKUX coopyxkeHuil B 2022 rony, n. boropoackoe.
2023.

Puc. 1. Bun vanopaoii pycnosoii '9C babanbcs
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Puc. 2. Pycnosoe 3nanue I'OC B BepTuKaJIbHOM pa3pese BAOJIb II0TOKA: / — HallOpHAs CTeHA MAILIMHHOIO 3ajla
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Puc. 3. CrpourensHble MIBEI MKy OJOKaMi OSTOHMPOBAHMS BEPXOBOH CTEHBI MAIIMHHOTO 3aja (pa3Mephl JaHbl B M): [ —
Me>KOJIOUHBIE CTPOUTEIILHEIE IIIBBI

B xone MHoOroseTHel 3KcIulyaTallii BO3MOKHO — apMHPOBAHUEM M3 YINIEPOAHBIX KOMIIO3UTHBIX MaTepHu-
YXyAIICHUE COCTOSIHUSI KOHCTPYKIHH XKele300eToH-  AJIOB.
HBIX pycioBbIX 3manuil ['DC/nanmopusix 3manuii TADC,
B TOM YHCJIC TIPU PACKPBITHH LIBOB MEX]y OJOKaMu
U TOSIBJIGHUH TPELUH B MOHOJIUTHOM YacTu [6], 4TO MO- B nensix 1aboparopHbIX UCIHBITAHUN st 000-
JKET MOTpeOOBaTh X YCHIICHHS, K TIPUMEPY BHEIIHUM  CHOBAHMS MCIOJIB30BAHUS YIIIEPOIHBIX KOMITO3UTHBIX

MATEPUAJIBI U METO/bI
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Puc. 4. Bun nanopaoro 3manust TADC co cTopoHbI HUKHETO Obeda
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Puc. 6. Beptuxansusie (/) ¥ ropu3oHTaNbHBIE (2) CTPOUTEIBHBIC BBl B IIUTOBOM cTeHE HanopHOTO 31aHust [ADC
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Puc. 7. Moaenu HarmopHoO CTEHBI Mali3aia U3 jke1e300eToHa (pa3Mepsl JaHbl B CM): a — 0e3 yCHJICHUs; b — yCHJICHHbBIE

yrnepo;[Hof/'I J'leHTOﬁ; 11— CTPOUTEJIbHBIC BBl MEXKY 6J'IOK3.MI/I; 2— ymiepoaHast KOMIIO3UTHas JICHTA, 3— AHKEPLI
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Puc. 8. TopuzonransHOe cMelieHne Bepxa Moaeneit / u 2: mozxens / — 0e3 yCHIIeHHs; MOAeTb 2 — YCHJICHHAs YIIepOIHON

JICHTOM

MaTeprajIoB IPU YCUICHUH KOHCTPYKIHH BEPXOBOH
CTCHBI MAIIMHHOTO 3aJ1a JKele3006TOHHOTO PYCIIOBO-
ro 3xaHust ['DC H3roTaBIMBAIUCH OIBITHBIC MOACITH
B Macmtabe 1:15.

OnHa U3 Mozesell BBIMOJIHEHa U3 XKele300eToHa
(puc. 7, a), BTOpast MOZIENb U3 Kele300eToHa YCIITHBA-
Jach yrIepoJHOH KOMIIO3UTHOMW JICHTOMH, YCTaHOBJICH-
HOW Ha TBUTOBOH pacTSHYTOH rpaHu Mozelu (puc. 7, b).

JUi1s IpoBeNIeHHs PACYETHBIX HCCICNOBAaHUIT co3a-
Ha TpeXMepHasi MaTeMaTHdecKast MOJIEb JKeIe300eTOH-
HOro pycinoBoro 3nanus ['9C, B KOTOPOH MOJCITUPYIOTCS
XapaKTepHble 0COOCHHOCTH, NPHUCYILHE THIPOTEXHHYE-

36

cxomy coopyxeruro (I'TC). [Ipu 3ToM y4TeH OIBIT YmC-
JeHHoro MoenupoBanus u pacuetoB I'TC [9-19].

PE3YJIBTATHBI HCCIEJOBAHMUA

[TomyueHHbIe pe3yabTaThl MPOBEACHHBIX Jabopa-
TOPHBIX HCTIBITAHUI MOJIENH /, N3TOTOBJIEHHOH 0e3 ycu-
JIeHUs, 1 MOJAENIU 2, YCUIEHHOH YITIEpOaHOIl JIEHTOU
Ha PacTSHYTOH I'paHu, MPE/ICTABICHbI B BUJIE IPAHKOB
Ha puc. 8§—12.

Kax BHAHO U3 pe3yiibTaToB SKCIEPUMEHTAIBHBIX HC-
CJICTOBAaHHH, YCUIICHUE MOJIEINIeH HKeNle300€TOHHBIX KOH-
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Puc. 10. OTHOCHTENBbHAS AedopManus pacTIHYTOH apMaTyphl B IIBaX: MOAeb / — 0e3 yCHIICHHUs; MOeNb 2 — YCHIICHHAS

YTIEPOTHOM JIHTOH (110 MAaKCHMAaIIbHBIM 3HAUSHUSIM U3 TPEX TeH30PE3UCTOPOB)
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Puc. 11. OtHOCHUTENBbHAS NedOpMaIHs YITIEPOIHOHN JICHTHI B IIBaX MOJeNH 2 (YCUIICHHOH yITIepOIHON JICHTOMH)
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Puc. 12. TpexmepHast MozietupyeMast pacdeTHast 00macTs pyciosoro 3aanus [ DC, B pa3pe3e BUAHBI HATOPHAS CTCHA MaIl3aia,

MEPEKPBITHE Mall3alla U IpyTue KOHCTPYKLUU

CTPYKLUH yIJIEPOIHOM JIEHTON OKa3bIBAET CYILECTBEHHOE
BIIMSIHUE HA UX HaIPsHKEHHO-Ie(hOPMHPOBAHHOE COCTOSI-
nue (HAC).

TpexmepHas MaTeMaTHuecKasi MOJIENIb PyCIOBOTO
3panns ['OC nokaszaHa Ha puc. 12.

3AKJIOYEHHUE U OBCYXJIEHHUE

YcTaHOBIICHO, YTO OCHOBHBIMHU HECYIITMMH KOHCTPYK-
LUSIMH KeJIe300€TOHHBIX pycioBbIX 3aanuii ['DC/Ha-
nopHsIX 31aHui TADC SABISIOTCS COOTBETCTBEHHO BEp-
XOBBIE CTE€HBI MALIMHHBIX 3aJI0B U IIUTOBLIE CTEHBI, CO-
CTOSTHHE KOTOPBIX MOXET MOTPEOOBATh MX YCHJICHHS.

B ene300eTOHHBIX KOHCTPYKIHSX JUTATEIIBHO DKC-
MIyaTUPyeMbIX pycioBbixX 3nanuil [DC U HamopHbIX

3nanuii TADC 00pa3yroTcest TPEIIUHBI 110 CTPOUTETbHBIM
IBaM MEX/y OJIOKaMH ¥ B MOHOJIMTHOH 4acTH, KOTOpbIE
HEBO3MO)KHO TTOJTHOCTBIO OTPEMOHTHPOBATD ITyTEM UHb-
EKTHUPOBAHMUS PEMOHTHBIMU MaTepHaJlaMy.

LlenecooOpa3HO BHIIOIHATH YCHIICHHE, HAITPUMED,
BHEIIHUM apMUPOBaHHMEM U3 KOMIIO3UTHBIX MaTepHa-
JIOB.

W3 pe3ysbTaToB 1a00paTOPHBIX UCTIBITAHUN CIIETY-
€T, YTO YCHJICHHE MOZEIIeH JKeIe300€TOHHBIX KOHCTPYK-
LU yIIIEpOIHOH JIEHTOH OKa3bIBaeT 3HAYUTEIILHOE BIIU-
ssare Ha ux HJC.

Pacuernsie uccnenosanust HIIC BbINONHEHBI HA OC-
HOBE TPEXMEPHBIX MaTeMaTHYECKHX MOJIETEH PyCIIOBOTO
3nannst ['OC u HanopHoro 3nanust [ADC, B KOTOPBIX yuu-
TBIBAIOTCSI XapaKTepHble 0cod0eHHoCTH, npucyipe ['TC.

CIIMCOK UCTOYHHUKOB

1. Raja A.K., Srivastava A.P., Dwivedi M. Power
Plant Engineering. New Delhi : New Age International,
2006. 354 p.

38

2. Lenkov A.Yu., Fisenko V.F. Experience gained
from operation of the hydraulic structures of the Vot-
kinsk hydroelectric power plant // Power Technology



PacyeTHble 1 aKcriepuMeHTaAbHbIE MCCAEAOBaHUSA Kene306eToHHbIX PYyCAOBbIX 3paaHUH

C. 32-46

MAPOINEKTPOCTAHLMI U HAMOPHbIX 3AaHUI TMAPOAKKYMYAUPYHOLLMX SAEKTPOCTaHLMM

and Engineering. 2017. Vol. 51. Issue 1. Pp. 33-39.
DOI: 10.1007/s10749-017-0779-y

3. Vasilevskaya L.S., Anufrenkova P.S., Gracheva D.A.
Evaluation of Concrete Structure Condition of the Vol-
zhskaya Hydroelectric Power Plant / Power Technology
and Engineering. 2018. Vol. 52. Issue 2. Pp. 181-184.
DOI: 10.1007/s10749-018-0929-x

4. Rodrigues R.V. Structural Design of a Surface
Hydropower Plant. Technical University of Lisbon, 2014.
Pp. 1-9.

5. Bennenoup E.H., Jlucuukun C.E., Pyoun O./].
O00CHOBaHHE IKCILTYATALHOHHOTO COCTOSHHS 30aHUsI
CTaHIMOHHOTO y31ma 3aropckoit TADC-2 // T'mnpoTtexHmde-
ckoe ctpoutenbeTBo. 2020. Ne 10. C. 5-13. EDN ILATSL.

6. Pyoun OJ1., bennenoup E.H., @ponos K.E., Bax-
avikoé U.B., Unvun FO.A., Jlucuuxun C.E. AHanu3 xa-
pakTepa TpPeIMHOOOpa30BaHus CTEH 3/[aHUsI CTAHIIMOH-
Horo y351a ['TADC u creH 6aronopra cyxoro Joka ¢ pas-
paboTKOH MeponpusATHA IO ycuieHwuro // [Ipupomoooy-
ctpoiictBo. 2022. Ne 4. C. 63-74. DOI: 10.26897/1997-
6011-2022-4-63-74. EDN FBAMPY.

7. Januna C., Hluxwnuc A. CocTosTHIE THIPOTEX-
HUYECKUX COOPYKEHUI M OKpyxKatoieh cpeasl Kpyo-
HUCCKOH TMIPOaKKyMYJIUPYIOIIEH 3JeKTPOCTaHINH //
I'maporexnnueckoe crpourensctso. 2007. Ne 7. C. 1-14.
EDN IAHKVD.

8. Homawmnux H M. HekoTopble BOIIPOCHI KCILTY-
atanmu Kuesckoit 'ADC // I'mapoTexHUYIEeCKOe CTPOH-
TesbeTBO. 1978, Ne 7. C. 9-12.

9. Pyoun O./]., Unvun FO.A., Jlucuuxun C.E., He-
@eoos A.B., Pozanosa H.B., Yepnenxo B.H. OneHka Ha-
NPSDKEHHO-1e(OPMHUPOBAHHOTO COCTOSIHUSL M TPOYHOCTH
HKENEe300eTOHHBIX KOHCTPYKIMI KOMIICHCALIHOHHBIX CEK-
U HaOPHBIX BomoBo0B 3aropckoit [TADC // Tumpo-
TeXHHYecKoe cTpouTenscTBo. 2001. Ne 9. C. 16-19.

10. Pyoun O./7., Jlucuuxun C.E., I pebenwuxos B.I1.,
Lvibakos B.A., Hegpeoos A.B., Kamanos A./]. u op. Pac-
4eTHOEe 000CHOBaHNE PEIICHHH 10 00ECICUCHHIO HaIeK-
HOCTH KOHCTPYKIMA BojjocOpoca Ne 2 GETOHHOM TUTOTH-
ubl boryuanckoit 'OC // Uzsectust BHUWI um. B.E. Be-
neneesa. 2005. T. 244. C. 228-234. EDN IBXJZX.

11. Pyoun O./7., Jlucuukun C.E., JIanun O.b., He-
¢edos A.B. UccnenoBanus OETOHHBIX U HKelIe300€TOH-
HBIX DHEPreTHYECKUX CoopyxkeHuit // 'maporexHuye-
ckoe ctpoutenbeTBo. 1999, Ne 8/9. C. 22-28.

Tocmynuna 6 pedaxyuro 24 uronn 2025 a.
Ipunama é oopabomannom eude 26 cenmsaodps 2025 .
0oobpena onsa nyoruxayuu 8 okmsabps 2025 2.

12. Pybun O./]., Aumonos A.C., Jlucuuxun C.E., ba-
kavikos U.B., bexun H.B., @ponos K.E. PacaeTHOE 060-
CHOBAHHE TEXHUYECKOTO PELICHHS T10 YCHIICHHIO JKeJIe30-
OeToHHOTO TIepekphITHs MarriHHOTO 3aa ['DC // Ctpou-
TeJBCTBO: HayKa 1 oopasosanue. 2019. T.9. Ne 1 (31). C. 4.
DOI: 10.22227/2305-5502.2019.1.4. EDN ZYDXID.

13. Spyrakos C.C., Raftoyiannis 1.G., Credali L.,
Ussia J. Experimental and Analytical Study on Rein-
forced Concrete Beams in Bending Strengthened with
FRP // The Open Construction and Building Technol-
ogy Journal. 2014. Vol. 8. Issue 1. Pp. 153-163. DOI:
10.2174/1874836801408010153

14. Zhou Y., Gou M., Zhang F., Zhang S., Wang D.
Reinforced concrete beams strengthened with carbon
fiber reinforced polymer by friction hybrid bond tech-
nique: Experimental investigation // Materials & De-
sign.2013. Vol. 50. Pp. 130-139. DOI: 10.1016/J. MATDES.
2013.02.089

15. I'epgpanosa O.A., Ocunos I1.B., @Pponos K.E.
Cucrema BHEIITHEr0 apMUPOBAHUS CTPOUTEIIBHBIX KOH-
CTPYKIMI MOJUMEPHBIMUA KOMIIO3UTAMH Ha OCHOBE
YIJIEPOJIHBIX BOJIOKOH JUISl THAPOTEXHUYECKOTO CTPOU-
tenbeTBa // 3BecTus Beepoccuiickoro Hay4HO-UCCIIe-
JIOBAaTEJIbCKOI'0 UHCTUTYTa ruipoTexHuku um. b.E. Be-
neneesa. 2019. T. 291. C. 36-46. EDN MNQORR.

16. Cepowk A.H., Yepnasckuii B.JI. OnsIT ycue-
HUS CTPOUTENBHBIX KOHCTPYKIUI KOMITO3HLIIOHHBIMH
MarepualiaMt Npu pekoHcTpykin bakcanckoit ['DC //
I'maporexnuka. 2013. Ne 3. C. 115-117.

17. Anexcanopos A.B. Pa3zpaboTka 1 000CHOBaHUE
MEeTo/la BBIPAaBHUBAHHS I'HIPOTEXHHYECKHX COOpPYIKe-
HHH, OIBEPTILINXCST HEPABHOMEPHBIM OCAJIKaM : JIUC. ...
KaHZ. TexH. Hayk. M., 2018. 172 c. EDN MYQZRT.

18. Anexcanopos A.B., Beanenoup E.H., Jlaue-
noe C.A., Anvorcanos P.11I. JIukBunanus nocieacTBUi
0CaJKH 34aHUsI CTAaHIIMOHHOTO y31a 3aropckoit TADC-2
BOCCTaHOBHUTEIIbHBIC Pa00ThI // I HIPOTEXHUUECKOE CTPOH-
TenbeTBo. 2016. Ne 7. C. 2-10. EDN WHPWUX.

19. Bellendir E.N., Lisichkin S.E., Rubin O.D.
The Operational State Justification of the Building of
the Station Unit of Zagorskaya PSPP-2 // Power Tech-
nology and Engineering. 2021. Vol. 54. Issue 6. Pp.
806-813. DOI: 10.1007/s10749-021-01291-6. EDN
ETYFOA.

OB ABTOPE: I3ionbxao Uikan — acimpaHT KadeIpsl THAPABIMKA U THAPOTEXHUYECKOTO CTpouTenbeTa; Hanmo-

HAJbHBII Uccaeq0BaTeIbCKHIT MOCKOBCKH rocy1apcTBeHHbIi cTpouTeabHblii yHuBepcuter (HUY MI'CY);
129337, . Mockaa, SIpocnaBckoe mocce, 1. 26; SPIN-kox: 9747-3842, ORCID: 0009-0006-0490-210X; weiw0951@

gmail.com.

39

(6G) L HIAUIGG ‘O O ioeuesran it suken



Science ;il':lngl'l:ll:glii(:ﬁ Vol. 16.Issue 1(39)

Junhao Zhang

INTRODUCTION

Run-of-river hydroelectric power stations (HPP)
are located within the river channel and are subject to
a variety of loads [1-4]. The Babanxia run-of-river HPP
in China is considered here as an example (Fig. 1).

The Babansia HPP is a low-head run-of-river
HPP on the Huanghe (Yellow River), which primarily
generates electricity and is also used for water sup- -
ply and irrigation. It should be noted that the intensity  Fig. 1. View of the Babansya run-of-river HPP

Fig. 2. Run-of-river HPP building in a vertical section along the flow: / — head wall of the machine hall
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Fig. 3. Construction joints between the concrete pouring sections of the machine hall headwall (dimensions in m): / — inter-
section construction joints
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and pressure structures at hydroelectric power stations

Fig. 4. View of the PSPP head building from the downstream side

of seismic impacts on the Babansia HPP may exceed 8
on the Richter scale.

One of the main load-bearing structures of run-of-
river HPP buildings are the head walls of the turbine
halls (which should be analyzed in conjunction with
the floor slabs); these are subjected to hydraulic pres-
sure from the upstream side, which is transmitted fur-
ther to other building structures.

A diagram of a run-of-river HPP building is shown
in Fig. 2.

The upstream walls and floors of the machine halls
are constructed in stages, with breaks in the concret-
ing process and construction joints between the con-
creting sections.

Fig. 3 shows the construction joints between the con-
crete pouring sections of the upper wall of the machine
hall in the reinforced concrete riverbed building of the hy-
droelectric power station.

The head building of a pumped-storage power sta-
tion (PSPP), which has load-bearing structures similar to
those of a run-of-river power station, is shown in Fig. 4.

It comprises a foundation slab, a shear wall sup-
ported by the floor slabs, beams, columns and other
structures (Fig. 5), with construction joints between
the concrete pouring sections (Fig. 6).

In this context, the panel walls serve as key load-
bearing structures; they are subjected to hydraulic pres-
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Fig. 5. Vertical section of the head building of the PSPP (dimensions in m): / — retaining wall; 2 — pressure conduits; 3 —

lower reservoir
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Fig. 6. Vertical (/) and horizontal (2) construction joints in the diaphragm wall of the head building of the PSPP

sure from the lower reservoir, representing a cyclic
load' [5-8].

Over the course of many years of operation, the con-
dition of reinforced concrete riverbed structures at hy-

! Report on the monitoring of key structures at the Zagorsk
Pumped Storage Power Station by the Equipment and Hydraulic
Structures Monitoring Service in 2022, Bogorodskoye. 2023.
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droelectric power stations (HPP) and pressure structures
at pumped-storage power stations (PSPP) may deterio-
rate, including through the opening of joints between
blocks and the appearance of cracks in the monolithic
sections [6], which may necessitate their reinforcement,
for example, using external reinforcement made of car-
bon composite materials.
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Fig. 7. Models of the reinforced concrete machine hall headwall (dimensions in cm): a — unreinforced; b — reinforced with

carbon tape; / — construction joints between blocks; 2 — carbon composite tape; 3 — anchors
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Fig. 8. Horizontal displacement of the top of models / and 2: Model / — unreinforced; Model 2 — reinforced with carbon tape
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tape (based on the maximum values from three strain gauges)
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Fig. 11. Relative deformation of the carbon tape in the joints of model 2 (reinforced with carbon tape)

Fig. 12. Three-dimensional simulated mathematical model of the riverbed structure of the HPP; the cross-section shows the ma-
chine hall headwall, the machine hall floor slab and other structures

MATERIALS AND METHODS

For the purposes of laboratory testing to justify
the use of carbon composite materials in the reinforce-
ment of the upstream wall of the machine hall of a re-
inforced concrete riverbed building of a hydroelectric
power station, experimental models were fabricated
ona 1:15 scale.

44

One of the models was made of reinforced concrete
(Fig. 7, a), whilst the second model, also made of reinfor-
ced concrete, was reinforced with a carbon composite tape
applied to the rear tension face of the model (Fig. 7, b).

A three-dimensional mathematical model of a rein-
forced concrete riverbed structure at a hydro-electric pow-
er station has been developed for com-putational studies,
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in which the characteristic features inherent to hydraulic
structures are modelled. This model takes into account
the experience gained from numerical modelling and cal-
culations of hydraulic structures [9-19].

RESULTS OF THE STUDY

The results obtained from laboratory tests of Mo-
del 7, manufactured without reinforcement, and Model 2,
reinforced with carbon tape on the tension face, are pre-
sented in the form of graphs in Fig. 8—12.

As can be seen from the results of experimental
studies, the reinforcement of reinforced concrete struc-
ture models with carbon tape has a significant effect
on their stress-strain state (SSS).

A three-dimensional mathematical model of the riv-
erbed structure of a hydroelectric power station is shown
in Fig. 12.

CONCLUSION AND DISCUSSION

It was established that the main load-bearing struc-
tures of reinforced concrete riverbed buildings of HPP and

pressure buildings of PSPP are, respectively, the upper
walls of the machine halls and the end walls, the condition
of which may require reinforcement.

In the reinforced concrete structures of long-
serving riverbed buildings of HPP and head buildings
of PSPP, cracks form along the construction joints be-
tween blocks and in the monolithic sections, which
cannot be fully repaired by injection with repair ma-
terials.

It is advisable to carry out reinforcement, for ex-
ample, using external reinforcement made of composite
materials.

Laboratory test results indicate that reinforcing
reinforced concrete structure models with carbon fibre
tape has a significant effect on their structural behav-
iour.

The structural analysis was carried out using three-
dimensional mathematical models of the riverbed build-
ing of a hydroelectric power station and the head build-
ing of a pumped-storage power station, which take into
account the characteristic features inherent to hydro-
electric power systems.
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AHHOTALUMNA

BBepeHue. LindpoBnsaumns ctpontenbHOM oTpacny 1 BHEAPEHNE TEXHOMNOMMI MHpopMaLmMoHHoro moaenuposanus (TUM)
TpebytoT pa3paboTkv HOBbIX MOAXOAOB K OLieHke pabouent gokymeHTauum (PL). TpaauLMOHHbIE METOABI PYYHOI NMPOBEPKM
TPYAOEMKM, CyOBEKTUBHBI M He obecrneyrBaloT BOCNPON3BOAMMOCTU pesynbraTtoB. [peanaraeTcs meToavka UHTENNEKTY-
anbHon oueHkn P, nogroToBneHHOW C MCNonb30BaHWEM CPeACTB MH(OPMaLMOHHOIO MOAENPOBaHUS, Ha OCHOBe (hopma-
NM30BaHHbIX JTIOTMYECKMX NPaBU N HEVPOCETEBOIO aHanmaa.

MaTepuanbl u MeToabl. MeTofmnka peanuayeT AByXKaHanbHbI NOAX0A;: NapanenbHyo OLEeHKY LiMdpoBOIN MOAENV 1 Tek-
CTOBO-rpadhm4eckon fokymeHTaumum. B ee ocHoBe — MHOroypoBHeBasi CTPyKTypa rnokasaTenen, nornyeckas bynesa mo-
Oenb, a Takke apxuTekTypa HelpoceTu, Bknodatowasa rpadosyto noacetb (GNN), TekctoByto noacets (BERT) n cBep-
ToyHyto noacetb (CNN), o6beanHeHHbIe B MHOTOCMOWMHBIN kKnaccudukaTtop. Ha Bbixoae — YeTbipe ANCKPETHBIX PeLUeHUs:
MPUHATO, MPUHATO C AOPabOTKOW, HanpaeneHo Ha AopaboTKy, 0TKa3 B NpMeMKe. Y4TeHa BO3MOXHOCTb paboTbl C HEMOMHbIM
KOMMMEKTOM AOKyMeHTaumn. Bepudwmkaums meToanky ocyLLecTBnsAnach C NOMOLLbIO 3KCNIEPTHOro onpoca.

PesynbraTbl. PaspaboraHa matemaTtnyeckas Mogernb, ONMCbIBatoOLWAasi NIOTUKY OLEHKW AOKYMEHTaLUMKU MO KpUTepUSM Bbl-
MOSIHEHWUS, NPOLIEHTHOTO COOTBETCTBUS M KONMMYECTBEHHBIX METPUK. DKCMepTHasa Banuaauust nokasana BbICOKyl COrnaco-
BaHHOCTb oueHok (W = 0,52), ocobeHHO No noruke CTPYKTYpbl, Pa3AeneHunio Ha KpUTUYeckre rpynnbl U AByXKaHanbHOCTH.
Hanbonee npobnemMHbIMK acnekTaMmu NpM3HaHbl apxXMTEKTypa HelpoceTu 1 obpaTHas CBA3b.

BbiBoabl. MeToavka Agokasana npMMEHUMOCTb AN 3a4ay BHYTPEHHEro ayauTta, aBToMaTtvu3auuy KOHTPONs NpuemMKu Oo-
KyMeHTaLuu, NoaroToBKN K 3KCNEPTU3e N OLEHKN cTenenu rotoBHocT PL. Pa3Butue mogeny BO3MOXHO Yepes3 YyTOYHEHne
apXMTEKTYpbl U paclumpeHne Habopa nokasarenem.

KNOYEBBLIE CIOBA: paGoyasi AOKyMeHTauusi, MHOPMaALMOHHOE MOOENUPOBAHUE, HEMpOCETEBas Kraccudukaums,
umdpoBas Moaenb 34aHusi, METoAMKa OLeHKW, NoKa3aTenu OLEHKU, apXUTEKTYPHO-CTPOUTENBHOE NMPOEKTUPOBaHWE
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nenen n HepoceteBol knaccudukaumm // CTpouTenbCTBO: Hayka 1 obpasoBaHue. 2026. T. 16. Boin. 1. Ct. 4. URL: http://
nso-journal.ru. DOI: 10.22227/2305-5502.2026.1.4
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Evaluation of working documentation using digital models and
neural network classification

Alexander R. Nikitin, Sergej A. Sinenko
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. The digitalization of the construction industry and the introduction of information modelling (TIM) technologies
require the development of new approaches to the evaluation of working documentation. Traditional methods of manual
verification are time-consuming, subjective and do not provide reproducible results. This paper proposes a method for intel-
ligent evaluation of working documentation prepared using information modelling tools, based on formalized logical rules
and neural network analysis.

Materials and methods. The methodology implements a two-channel approach: parallel assessment of the digital model
and textual and graphic documentation. It is based on a multi-level structure of indicators, a logical Boolean model, as well
as a neural network architecture that includes a graph subnet (GNN), a text subnet (BERT) and a convolutional subnet
(CNN), combined into a multilayer classifier. As a result, there are four discrete decisions: adopted, adopted with revision,
sent for revision, refusal to accept. The possibility of working with an incomplete set of documentation is taken into account.
Verification of the methodology was carried out using an expert survey.

Results. Amathematical model has been developed that describes the logic of evaluating documentation by performance crite-
ria, percentage compliance and quantitative metrics. Expert validation showed a high consistency of assessments (W = 0.52),
especially in the logic of the structure, division into critical groups and two-channel. The most problematic aspects are the ar-
chitecture of the neural network and feedback.

© A.P. HuknutuH, C.A. CuHeHko, 2026 47
PacnpoctpaHsieTcs Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)

(6G) L HIAUIGG ‘O O ioeuesran it suken



raTIMTONLCTBS: T 16, BhINYCK 1(59)

A.P. HukumuH, C.A. CuHeHKo

Conclusions. The methodology proved its applicability for the tasks of internal audit, automation of control over the acceptance
of documentation, preparation for examination and assessment of the degree of readiness of working products. The development of
the model is possible through the clarification of the architecture and the expansion of the set of indicators.

KEYWORDS: working documentation, information modelling, neural network classification, digital model of the building,
assessment methodology, assessment indicators, architectural and construction design
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BBEJIEHUE

CoBpeMeHHbIE MPOIECCHI TU(PPOBU3AIMH B CTPO-
UTEeNBHON chepe CIOCOOCTBYIOT aKTUBHOMY BHEIpE-
HUIO TEXHOJIOTMH MH(POPMAIIMOHHOTO MOAEIMPOBAHNUS
(TUM), xoTopble TpaHC(HOPMHUPYIOT TOIXO] K apXHUTEK-
TYpHO-CTPOUTEJIIEHOMY NMPOEKTUPOBaHMIO. braronaps
THUM obecrieunBaeTcsl MOBBIIIEHNE COITIACOBAHHOCTH,
TOYHOCTH W TPO3PAYHOCTH MpH (HOPMHUPOBAHUH MPO-
eKTHOU U padoueii nokymenranuu [1-4]. Tem He MeHee
0 Mepe PaclpOCTPAaHEHHsI TUX TEXHOJIOTUH yCHIINBa-
eTcs He0OXOANMOCTh KPUTHIECKON OLICHKH BBIITyCKae-
Mol paboueit noxymenTtauu (P/I), oT KoTopoii 3aBUCST
CPOKH, CTOUMOCTb U YCTOMYMBOCTD BBITIOTHEHUS CTPOU-
TENbHBIX TIPOEKTOB [5, 6].

TpamuumoHHbIi IoxoA K otieHke PJI B Bue py4Hoii
MIPOBEPKHU IKCIIEPTAMH OCTAETCSI TPYAOEMKNM, CyOBeK-
TUBHBIM M TIOJIBEPKEH UYelloBedecKoMy (aktopy. B aroii
CBSI3U aKTyalIbHOH 3a7aveil sBisieTcsl pa3paboTka aBTo-
MAaTH3MPOBAHHBIX METOIOB OIEHKH JIOKyMEHTALUH, T10-
3BOJISIFOIUX BBISIBISITH OILIMOKH, HETTOJIHOTY U HECOOTBET-
CTBUSI HOPMAaTUBHBIM TpeOoBaHusM [7, 8].

OnHUM U3 NEPCIEKTUBHBIX HANpaBJICHUI B 3TOM
KOHTEKCTE BBICTYITIACT MCIIOIB30BaHUE UCKYCCTBEHHOTO
naTemuiekra (UM), B 9acTHOCTH — HEWPOCETEBBIX ajl-
roputMoB. HeifpoceTn maroT BOZMOXKHOCTH 00ydaThCs
Ha OOJBIINX 00bEMax NaHHBIX U BBISBIATH THIIOBbIC
OLIMOKHM B IIPOEKTHOI 1 paboyeil TOKyMeHTaIu1, B TOM
YHCJIe MOATOTOBICHHON ¢ momompio THM. Onnako,
YTOOBI 00ECTIEYNTh NMPUMEHUMOCTb TaKOW METOAMKH
B peabHOH MMPaKTHKe, TPeOyeTCsl He TONBKO pa3paboTka
ANTOPUTMA, HO 1 €T0 BepU(HKAIIIS C ydacTHEM TTPodec-
CHOHAJIBHBIX SKCIIEPTOB oTpaciu [9—12].

Takum 00pa3oM, BO3HUKAET HAayYHO-TIPAKTHYECKAsT
npodiemMa: Kak HHTErpUpOBaTh BO3MOKHOCTH HEHpO-
CeTel M SKCTIEPTHOTO MOAX0/1A JUIsl 0OBEKTHBHOM 1 BOC-
nporn3BoaMMOi otieHkH PJ], cpopmmpoBaHHOIT cpencTBa-
mu TUM.

Hens nccnenoBanms — pa3paboTKa METOIUKH OLICH-
KU paboueid TOKyMEHTAIMH, OJrOTOBJIEHHON C HCIIOJIb-
30BaHMEM TEXHOJIOTHI HH(YOPMAIMOHHOTO MOJIEINPOBa-
HUS C IPIMEHEHNEM HEHPOCETEBBIX alTOPUTMOB.

3a1aun UCCIIeIOBAHMS:

» 000cHOBaTH KpUTEpHH OIeHKH PJI, co3manHOM
cpencreamu TUM;

* pa3paboTarh CTPYKTYpPY METOHMKH, BKIIOUArOLIEH
HeWpoceTeBOH MOTyIIb aHaJIN3a;
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¢ OpOBECTHU 3KCHepTHBII>'I OIpocC [jisd YTOYHCHUA
SHAYUMOCTHU KPUTEPHUEB U BAJIMJATUN PE3YIIBTATOB aBTO-
MaTPI3PIpOBaHHOI>1 OLICHKMU.

MATEPHWAJIBI U METO/JAbI

[Iporecc apxXUTEKTypPHO-CTPOUTEIHEHOTO MTPOCKTH-
POBaHUS MOYKHO IPEACTABHTH KaK MOCIIEI0BATEIEHOCTb
9TanoB (Ku3HEHHBIH UK poekTa — JKLI) oT 3apoxie-
HUA 3aMbIciia 70 Bbiycka PJ[ n mocneaytomero crpou-
TenbeTBa. Ha puc. 1 npuBeneHa cxemMa OCHOBHBIX STAIlOB
9TOTO LUKJIA.

Ha xonnenryansHoM stare (GopMUpPYIOTCS HCXOAHbIE
TpeOOBaHUS U APXUTEKTYPHO-IIAHUPOBOYHBIE PELICHUS
B 00111 popme (ICKH3HBIN MPOCKT, TEXHUKO-3KOHOMHUYEC-
ckoe obocHOBaHue). [lanee pa3padareiBacTCs MPOCKTHAS
nokymenTtanus (I1J[) — KOMIUIeKT JOKYMEHTOB CTaJluu
«II», moCTaTOUHBIH ISl OLICHKHU IPOEKTA YIIOITHOMOYEH-
HBIMHU OpraHamu. [IpoexTHas JOKyMEeHTAIMs COOEPKUT
OCHOBHBIE apPXUTEKTYPHO-KOHCTPYKTUBHBIC M HH)KEHEP-
HBIE PCLICHNS, MOSICHUTEIIBHBIC 3aIIMCKH U PacyeThl, He-
00X0MMBIe VIS IPOBEPKH COOTBETCTBHSI HOPMATUBHBIM

Konuenus/naes

HpOCKTHaS{ JAOKYMCHTalus

OKcnepTru3a IPOEKTHOM
JIOKyMEHTALU1

Pabouas nokymeHTamus

CTpOHTENBCTBO 00BEKTA

Puc. 1. DTans! )KU3HEHHOTO IUKJIA APXUTEKTYPHO-CTPOUTEIb-
HOTO MPOEKTHPOBAHHS
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TpeboBaHuaM. [locne 3aBepuieHUS MPOEKTUPOBAHUS
9Ta AOKyMEHTalusl MepeaeTcs Ha rocyqapCTBEHHYIO
WM HETOCYIapCTBEHHYIO IKCIIEPTU3Y, KOTOpast IpoBepsi-
€T TPOEKT TI0 KPUTEPHSIM OE30I1aCHOCTH, HAIEKHOCTH,
COOMIONICHNST HOPM M IIPABHJI. YCHEUTHOE MPOXOKICHHE
9KCHEPTHU3HI 3aBEPILACTCS MOMYIEHUEM MOIOKUTETEHOTO
3aKJTFOYEHUS], CBU/ICTEIIHCTBYIOIIETO O COOTBETCTBHH HPO-
€KTa YCTAaHOBJIEHHBIM TPEOOBAHHSM.

Crnenyromuii sTan — pazpaborka PJ[. Ha »toit
CTa/InU TPOEKT AOBOAMTCS A0 TOJHOW AeTaIu3aluu:
BBIITYCKaIOTCsI paboure 4epTenH BCeX PaszesioB, ClIelH-
(ukany MaTepuaioB U 00OPYTOBaHUS U APYTHE J10-
KyMEHTBI, KOTOpbIe TpeOyIOTCS A BBIIOJIHEHUS CTPO-
UTEIBbHO-MOHTaXHBIX paboT. Pabouas mokymeHTanms
OCHOBBIBAETCSl HA PEUICHUSIX, OMOOPEHHBIX JKCIEp-
TU30M, U HE JIOJDKHA MM MPOTHBOPEeYUTh. OHA CITYKUT
HETIOCPEICTBEHHBIM PYKOBOACTBOM ISl CTPOUTENIBHBIX
paboT U COEePIKUT BCIO MHPOPMALINIO, HY)KHYIO CTPO-
urenbHbIM opranuzauusim. [locne Beinycka PII u ee
MIPOBEPKH (BHYTPEHHEH MM BHEIIHEI) MOXKHO TIepPEX0-
JIITH K CTPOUTENLCTBY 00bekTa. Takum odpazom, XKI]
MIPOEKTHPOBAHUS OXBATBIBAET ITyTh OT MIEPBOHAYATBHON
U7IeU JI0 TOTOBOTO KOMILIEKTa JOKYMEHTOB, MPOLIE/IINX
HKCTIEPTHYIO OIEHKY M MPUTOTHBIX JUIS MPAKTHIECKO-
ro BormionieHus. Kakaplil 3Tam JOTHYECKH BBITEKAET
W3 TPENbIIyINero, MOBBIIAsl CTENEHb JeTATN3ANN
1 000CHOBaHHOCTH perennid [13].

Ha Bcex mepeuncieHHbIX 3Tanax B HaCTOSIIUNA MO-
MEHT MapajuIeTbHO CO3MAI0TCs MU(ppPOBEIe HHPOpPMa-
ruoHHble Mozienu (LIMIM) cooTBeTCTBYIONIETO YPOBHS
neranu3ayy. Tak, Ha CTaany KOHIENINH MOJENb MMe-
eT YKpYNHEHHBIH XapakTep (HarmpuMep, COOTBETCTBYET
ypoeato LOD ~ 100-200, conepskaiiemMy 0OIIUe MacCh
U OCHOBHBIE NTapaMeTpBI 3AaHMs), TOINa KaK Ha CTaJun
P/l undpopmanuonnas monens (M) oboramiaercs fera-
JSIMHM KOHCTPYKIWH, MH)KEHEPHBIX CHCTEM M aTprulyTamu,
nocturast yposasa LOD ~ 400-500 (nerann3upoBaHHbIE
JIEMEHTBI BILIOT JIO0 PA3MEPOB M3TOTOBIISIEMBIX H3/ICITHIA)
[14-17].

Pabouvast JoKyMeHTaLusI 110 IPOEKTY BKJIIOYAET JBa
KJTIOYEBBIX B3aMMOCBI3aHHBIX kommoHeHTa: [I1IM 31a-
HUS U KJIACCUYECKYIO TEKCTOBO-IPa)UUECKyIO 4acTh.
Hudposas moxens (LIM) Ha cragmu Pl conep:xut Bech
00bEeM reoMeTpHUYeCcKol 1 arpudyTUBHOM HH(DOpMAIHH
0 TIPOEKTE (APXUTEKTYPE, KOHCTPYKIHSX, HHKEHEPHBIX
CHCTEeMax) B aKTyaJbHON BepcuH. TekcToBo-Tpadude-
CKasl 4aCTh BKJIIOYAET YepTexH (TuaHsbl, acasl, pas-
pes3bl, y3i1bl), 0hOPMIICHHBIE B COOTBETCTBHH ¢ EnHOM
CHCTEMOU KOHCTPYKTOPCKOH moxkymeHTanuu/Cucre-
MOW NMPOEKTHON JOKYMEHTAIMH JUIsl CTPOUTEIHCTBA
(ECKI/CITAC); cnenudukaniuu MaTepuaioB u 000-
PYAOBaHUs; MOSCHUTEIBHYIO 3aMHUCKY, a TaKXKe UHBIE
JIOKyMEHTBHI (HalpuMep, pe3yabTaThl pacieToB, TEXHO-
JIOTHYECKUE KapThl).

B coBpeMeHHBIX MPOEKTaxX ATH JIBa KOMIIOHEHTa
JIOTIONTHAIOT APYT JIpyra: MOAETH CIYKUT HCTOYHUKOM
JUIsl TEHEepaluy YepTeKel n crenuduKaImii, a TeKCTo-

BbIE JJOKYMEHTBHI yTOUHSAIOT MH(POPMAIHNIO, KOTOpas
HE OTpa)keHa HernocpeAcTBeHHo B BIM-Monenu.

C yu4eToM Takoi CTPYKTYphl B METOIUKE peann3o-
BaHa BO3MOXXHOCTb HPOBEJCHUS NMApaAJUICIbHON JIBYX-
KaHaJdbHOHM (KOTJa OHOBpeMeHHO oleHuBaeTcs [IM
W TIpeCTaBIeHHAas JOKyMEHTANNs) WK JIBYXOTarHON
nposepku PJI. TlepBblii BapuaHT — OLIEHKA B OJIUH
9Tal, Korjaa onueHusaerca copmecto LM u npenocras-
JeHHas JOKyMeHTauus. BTopoil BapuaHnT — oneHka
Pl B nBa srana. IlepBelii aTan — nposepka LIM: ana-
JIU3UPYETCA COOTBETCTBUEC MOJCIU YCTAHOBJICHHBIM
TpeOOBaHUIM (CTPYKType, IIPaBUILHOCTH T€OMETPHH,
MHPOPMAIMOHHOMY HaIMlOJTHEHHIO 1 T.71.). [Tocie corna-
coBanus [IM 3amyckaercs BTOpOW 3Tan — IpOBEpKa
oopMIIEHHO TOKyMEHTAINH: OL[CHUBACTCS] KOMITIEKT-
HOCTB U 0(hopMIIEHHE YEPTEKEH, MOICHUTEIBHBIX Ma-
TEpUalioB U UX coriacoBaHHOCTh ¢ MIM. J[ByxaTanHbIii
M0/1X0J1 0OOCHOBAH TEM, YTO BBISBICHUE U YCTPaHEHHE
OImMOOK Ha YPOBHE MOJIENHN YIIPOIIAET HOCIEAYIONLYIO
MIPOBEPKY uepTexkeil u Texkcta. Ecnu Moaens He cooT-
BETCTBYET KIIIOUEBBIM TPEOOBaHMSM, AaJbHEUIIAs Jie-
TaJbHAs MPOBEPKA YEPTEKEH TEPSIET CMBICI, TOITOMY
cHayasia JJOJDKHA OBITh JIOCTHTHYTA ITpUeMIIeMasi CTe-
neHb oneHku BIM-monenu. JIums nocne storo cucre-
Ma MepexoInT K aHAIH3y TeKCTOBOH M TpadpuyecKoi 10-
KyMEHTAallUH, UCIONb3Ys HH(POPMAIHIO, N3BJICYCHHYIO
U3 IPOBEPEHHOI MOJEIH.

Ha puc. 2 npeacrasiena Ook-cxema MMocCiIe0Ba-
TEIBHOCTH OIICHKH B ABa dTana. Ha mepBom sTane mMo-
Jynb aHanu3a BIM-Moznenu BbISBIET HECOOTBETCTBHUS
1o opmann3oBaHHBIM ToKa3atessiM. [locie ncnpasie-
HUS KPUTUYECKUX OLIHMOOK B MOJIENH (TIPU UX HATTMYUH)
CHUCTEMa MEePEeXOAUT KO BTOPOMY ITaIly, HA KOTOPOM
MIPOBEPSIIOTCS COCTaB M COAEPKAHUE BBIJAHHOW [0-
KyMCHTAIlUM: HAJIMIUEC BCEX O6ﬂ3aTeJ'II)HI)IX qepTe>Ke171
W Pa3zesioB, COOTBETCTBHUE UepTexel Mozient, ohopm-
JICHHE TI0 cTaHgapTaM. Takum o0pa3oM, JOCTHTaeTCs
KOMIIJICKCHBII Pe3yJIbTaT OLEHKU: OT HU(PPOBOTO Mpe/-
CTaBJICHUsI IPOEKTA JI0 TPAJUIIMOHHBIX JOKYMEHTOB.

st obocHOBaHMSA pa3pabOTKN METOAMKH OBLI TIPO-
BeZIeH 0030p CyIIECTBYIOIINX METOM0B KOHTPOJIS U SKC-
MIepPTU3bI IPOEKTHON 1 pabouell TOKYMEHTAIMN B OTede-
CTBEHHOM 1 3apy0OekHOi mpakTuke. B Tadn. 1 mpusenena
CpaBHUTECJIbHAA XapaKTCPUCTHKA KIIHOUCBLIX MOAXOA0B
B Poccun u 3a pyoexxom [18].

B Poccun kiaroueBbIM MEXaHU3MOM OLIEHKH OCTa-
€TCsI AKCIIEPTU3a MPOCKTHOM TOKYMEHTAIlNH, HaJleJICH-
Hasi MOJTHOMOYHSIMH HE JOIMYCTUTb MPOEKT K peannsa-
IIUU TIPH HECOOTBETCTBUH TPEeOOBaHMUIM. 3a pyOeskoM
OoJtbIlIe OTBETCTBEHHOCTH BO3JIOYKEHO Ha ITPOEKTUPOB-
IIMKOB U MEXAHHU3MBI CTPAXOBAHUS OTBETCTBEHHOCTH,
a KOHTPOJIb TOCYJapcTBa COCPENOTOUEH Ha OTJEIbHBIX
acrekTax (Mpex/e Bcero, 6e30MacHOCTH U TPaoCTpo-
UTETHHOM COOTBETCTBHH).

O06BeM, HEOTHOPOTHOCTH M MHOTOYPOBHEBOCTH CO-
BPEMEHHOI paboueil JOKyMEHTAllMU Ype3BhIUaifHO 3a-
TPYAHSIOT €€ CUCTEMHYIO IPOBEPKY BpyuHyt0. [Ipoekt
BKJIIOUAET JECATKHU MOAENIEH U YEPTEkKEHN, COTHU CTpa-
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1-i1 atan. OneHka 1UdPOBOH MoAETH

OT4er 0 HECOOTBETCTBUSIX

Pexomennaum

2-it oTan. OueHka JOKyMEeHTaI|H

OT4eT 0 HECOOTBETCTBUSIX
1 PSKOMCHAAIHSX

Pexomenganun

Pesynbrar

OT4YeT 0 HECOOTBETCTBHSIX
1 PEKOMEHAAINAX

ABTOMaTH3UPOBAaHHOE PEIICHHE
(npussiTHE/ TOpabOTKA/OTKIIOHEHHUE)

Puc. 2. Biiok-cxema OCIEA0BAaTCIIbHOCTH OUCHKHU pa60qe1‘/'1 JOKYMEHTallunu

HHI[ TEKCTOB ¥ THICSYH IIAPAMETPOB, KOTOPbIE JAOKHEI
OJJTHOBPEMEHHO COOTBETCTBOBATh MHOXKECTBY TpeOOBa-
uuii — HOopMaTtuBHEIM (CII, TOCT), oprannsannoHHO-
METOANYECKUM, a TAKKe TPeOOBAHHUSIM KOHKPETHOTO 3a-
JIaHUS1 Ha IPOEKTHpoBaHue. [layke mpu MCIOIb30BAHUH
YaCTHUYHBIX aBTOMAaTH3UPOBAHHBIX CPEACTB IIPOBEPKH
(HarpuMep, TOJIBKO KOJIJTM3UH WIIM TOJBKO 3arlOJIHEH-
HOCTB IapaMETPOB) OCTACTCS 3HAYMTEIbHBIH IJIacT
HECOOTBETCTBHH, BBISIBICHUE KOTOPBIX TPeOyeT MHTE-
JIEKTYaJIbHOTO aHanmmu3a. K TakuM ciioxHbIM 17151 hopMa-
JHM3aLK 33Ja4aM OTHOCSTCS, B YaCTHOCTH: NIPOBEPKa

COOTBETCTBHUS MIPHHSTHIX MPOCKTHBIX PEIICHUI HOpMaM
6e30MacHOCTH (aHAJN3 TEKCTa MOSICHUTEIBHOM 3aIu-
CKH Ha Hamndne TpeGyeMBIX pa3zelioB 10 MOXKapHOM
Oe3omacHOCTH, 3HEProd()(HEKTUBHOCTH, OI[CHKE PUCKA
1 T.]1.), COTTOCTABJICHNE YHCIIOBBIX TIOKa3aresieil B Mojie-
JIM ¥ B TIOSICHUTENBHO# 3aITiCKe (HampuMep, CpaBHEHHUE
o01Iell MIoNau Mo IKCIUTMKAIMU C CYyMMOM TLIOMIa-
JIcii TIOMEIIEHUI B MOJIEITH), BBISIBICHUE JTOTHIECKUX
MPOTHBOPEYHI MEXIy paszjenaMu (HarpuMep, Heco-
[TACOBAHHOCTH MapoK 0OOPYIOBaHHS MEXIY CXEMaMH
HHKEHEPHBIX CHCTEM U CHIEHUBUKAIIUSIMH ).

Taou. 1. CpaBHeHHE METOIOB OLICHKH MIPOEKTHOW U paboueii okymeHTanuu B Poccun u 3a pyoesxom

ACTIEKT OIIEHKH OrevecTBEeHHAs HIpaKTHUKa

MesxayHaponHas IpaKkTHKa

Perynsaropnas
IpoBEpKa
opras (3kcneprusa [1]]) mposepsier
COOTBETCTBUE NIPOEKTa HOPMATUBHBIM

HNPUHATHIX pelieHuit B PJ] kocBeHHO
KOHTPOJIMPYETCsI 4YePE3 COOTBETCTBHE

HaJ30p

OO6s13aTelbHast FOCYAAPCTBEHHAS OKCIIEPTU3a
MPOCKTHOW JOKYMCHTALMHU: HE3aBUCHMBbI

JIOKyMEHTaM M BbLIAeT 3akiroueHue. Pabouas
JIOKyMEHTAaLWsl (POPMAJIBHO B IKCIIEPTU3E
HE paccMaTpUBaeTCs, HO IPaBUIBHOCTh

HpOGKTHOfI JOKYMEHTalluu U CTpOI/ITeHLHHﬁ

OTCYTCTBYET €AMHBIH HHCTUTYT FOCOKCIEPTH3BL.
KoHTposb coOTBETCTBUSI HOpMaM
OCYIIECTBIISIETCS Yepe3 MPOLETy Pl BBIIAUN
paspernieHuii Ha cTpouTtesbeTBo (building
permit) MecTHbIMH OopraHamu BiacTu. [Ipoekr
HPOBEPSIETCS] MyHHIMITAILHBIMY YKCIIEPTAMU
WM QKKPEIUTOBAHHBIMH HHKEHEPAMH

Ha COOTBETCTBHE CTPOHTEIIBHBIM KOIEKCAM.
OTBETCTBEHHOCTH 33 Ka4eCTBO JJOKYMEHTALMN
BO MHOTOM JISXKHT Ha CePTUGHULIPOBAHHBIX
APXUTEKTOpax U MH)KEHEepax, YbH MOAIHCH
YILOCTOBEPSIOT COOITIOICHUE HOPM
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Oxkonuanue maén. 1

ACIIEKT OLIEHKH

OTeuecTBeHHAs MPAKTHKA

MesxyHapoaHas IpaKkTHKa

Buyrpennuit
KOHTPOITb

[MpunsiTa cucTeMa HOPMOKOHTPOJIS

B IIPOSKTHBIX OPraHU3aIHsIX — IPOBEpKa
JIOKYMEHTAIMH CIICIAATbHBIMH

otaenamu Ha coorBeTcTBre [OCT,
CIIAC, Texanyeckomy 3amanuro. Taxxe
MPOBOAUTCS aBTOPCKHI HA/130P [IABHBIMHU
CIEIHATUCTAMHU TIPOCKTA

B kpymHBIX MEXTyHAPOAHBIX KOMIAHHUAX

MpHUHATHI BHyTpeHHue npoueaypsl QA/QC (quality
assurance/quality control): mpoBepka uepTexeit
JIPYTUM OT/EJIOM, BHEIIHUI TEXHUYECKUN ayInuT
MpoeKTa (peer review) 1o HHUIATHBE 3aKa3unKa.
Wmkenepsl, NIMEIOIIHE IPO(eCCHOHANBHYTO
JMIEH3UIO, HECYT MEPCOHANBHYIO OTBETCTBEHHOCTh
3a Ka4eCTBO Pa3/iesioB

Hcnons3zoBanne TUM
IIJISL OLIEHKU

[Inpoko mpuMeHsIeTCs TTPOBEpKa

MOJIeNIN Ha KOJUTU3HH U IPYTHE OIIHOKI
cpencreamu [10 (Navisworks, Revit

U JIp.) Ha dTarax MpoeKTHPOBAHUS.
[MosBNSTIIOTCS HOPMATUBHBIE PEKOMEHIAINN
TI0 TIPOBEPKE HHPOPMAITHOHHBIX MOJEIeit
(Munctpoit PO BeimycTnn ctanaapt
MH()OPMAITMOHHOTO MOAEINPOBAHNS,
9KCHEePTU3BI pa3padaThIBAIOT KPUTEPUHT
npoBepku BIM-mozeneit). BIM-monens

B psifie CITydaeB IepeiaeTCsl Ha SKCIIePTH3Y
JUTSL TOTIOJTHUTEIIBHON aBTOMAaTH3HPOBAHHON
MIPOBEPKN

ABTOMaTH3MPOBAHHBIN KOHTPOJIH ¢ ToMolb10 BIM
Pa3BUT: UCIIONB3YIOTCS IPOTPAMMHBIE HHCTPYMEHTEI
qutst mposepku npasui (Solibri Model Checker,
Autodesk Model Checker u nip.), HacTpauBatoTcst
KaCTOMHBIE CKPHUIITHI JJIsI BAJIMJAIH MOJETeH.

B HEKOTOpBIX CTpaHaxX peasn30BaHbI MMIOTHEIE
TIPOEKTHI aBTOMATHIECKOH MPOBEPKH COOTBETCTBUS
HOpMaTHBaM: HanpumMep, CHHraryp BHEAPHIT
cucremy CORENET 1t aBTOMaTHueCcKoTo aHajm3a
MoJIeNel Ha COOTBETCTBHE CTPOUTEILHBIM HOPMAM.
OTH CHCTEMBI CHIKAIOT TPYAOEMKOCTh PYTHON
MIPOBEPKH M TTOBBIMIAIOT €€ 0OBEKTUBHOCTH

DoKyC OLEHKH

OCHOBHOI1 ynIop — COOTBETCTBUE
HOPMAaTHBHBIM TPeOOBaHUSIM
(rexpermaments!, CHull, CIT). [Ipoexr
OLICHUBAETCS TIPEXKJIE BCETO C TOUKU 3PCHUS
0€3011aCHOCTH ¥ COOMIONIEHNUST 00513aTeIIbHBIX
HOpM. BTopruHo paccmarpuBaroTcs
HKOHOMHYECKHE U OpTaHU3AIMOHHEIE

3a pyOeskoM KpUTEpUH OLIeHKH Ooliee
pa3sHOOOpa3HBI: KPOME COONIOIEHHST 00sI3aTEbHBIX
HOpPM (0€3011acHOCTb, JOCTYITHOCTD H T.1I.),
OLICHUBAIOTCS aPXUTEKTYpa (ICTETHKA,
BITMCAaHHOCTH B OKPY)KE€HHE), YCTOHINBOCTD
(3HeproahHeKTHBHOCTH, SKOJIOTUIHOCTh —

4acTo Yepe3 J0OpOBOIBHBIE CEPTUPHUKAIINT

aCIIeKTHI (CMeTHI, rpadukm)

Cy1ecTByIoIIHe CPeACTBa aBTOMAaTH3aIMH He o0ec-
MEeUYUBAIOT MOJHOLEHHOTO OXBaTa ITUX BOMPOCOB,
4TO 00YyCJIOBIMBACT HEOOXOANMOCTh IPUMEHEHUS Me-
tonoB MM. HelipoceTeBple aJITOPUTMBL U CMEXKHBIE
TEXHOJIOTUH CITOCOOHBI 00ydaThcs Ha OOJBIINX Mac-
CHBaX JAaHHBIX NMPOCKTOB, OOHAPYKUBAs CIOXKHBIC 3a-
KOHOMEPHOCTH M HECOOTBETCTBHSI, KOTOPBIE TPYIHO
3aJI0KUTh SIBHBIMHU TIpaBuiaaMu. COBpeMEHHBIE METO/IBI
WU, BxIrouas HEHpPOCETEeBBIE apXUTEKTYPHI IITyOOKOTO
o0ydeHms1, 00paboTKy ectecTBeHHOTO si3bika (NLP)
1 rpad)OBbIe MOJIEIIH, OTKPBHIBAIOT HOBBIE BO3MOXXHOCTH
JUISl HHTENJIEKTYaIbHOM MMPOBEPKU TEXHUUECKON JIOKY-
MeHTaruu Ha ocHoBe TUM [19-21].

B psize uccnenoBanuii npoJeMOHCTpHUPOBaHA d(-
(heKTHBHOCTH TAKHUX MOJXOJIOB JIJIsl OLIEHKH MPOEKTHBIX
pewienuii. HelipoceTu MOryT OHOBPEMEHHO aHAIU3U-
pOBaTh pa3HOPOIHYIO HH(popMaIuio — 3D-reoMeTputo,
TaONIMYHbIC 1aHHbIC, TEKCTOBBIC OMIMCAHUS U BBISIBISTH
CKpbIThIE B3auMocBsi3u. Harpumep, oOyueHHast Mmozenb
MOXKET BBIBUTb, YTO OTCYTCTBHE OIPE/ICIICHHBIX Iapa-

LEED, BREEAM), cTOUMOCTb 1 CPOKH.
®dopmann3oBaHHbIE HHIEKCH KadecTBa Au3aiiHa
BcTpevatoTest (Hanpumep, Design Quality Indicator)
B BenmkoOpuranny — onpocHast METOIMKA
OLICHKU BOCTIPUSATHS KadecTBa IpoekTa. OIHako
TaKWe OIEHKH, KaK IPaBmIIO, 10OPOBOIEHEIE

1 HCTIOJIB3YIOTCSI 3aKa34MKaMH JUIsl BEIOOpa
OINITHMAJIBHOTO MPOEKTa, a He SIBIISIOTCS
00s13aTeIbHOM TOCOKCIIEPTU30M

MeTpoB B IIM dwacTto KoppeaupyeT ¢ OmuOKamu
B odopwiIeHNH crenuduKannii, ¥ CUTHATU3UPOBAThH
0 TakuX cUTyanusx. Takum oOpa3oM, BHEAPEHHE HEHPO-
CETEBOT0 MOJYJISl B CUCTEMY OLICHKH I03BOJISIET 3HAUH-
TEITLHO TTOBBICUTH MOJHOTY M TOYHOCTH aBTOMATHIECKOH
MPOBEPKH, CHU3UThH HArpy3Ky Ha HKCIEPTOB M YCKOPUTH
IMPOLCCC BbIABICHUS OHJI/I6OK Ha paHHUX JTarax Mnmpoek-
TUpoBaHud [22-27].

JIomOTHUTENTbHO NPHUMEHEHNE HeWPOCETEeBOro MO/
Xoza o0ecrednBaeT aJanTUBHOCTh CHCTEMbI OLIEHKH.
ANTOPUTM MOKHO OOYYHTH Ha TPUMEPaxX peajbHBIX TPO-
€KTOB 1 JKCIEPTH3, Oarogapst 4eMy KpUTEPHH MIPOBEPKU
ABTOMATHUYECKH IT0JICTPANBAIOTCS TIOJ] PACTIPOCTPAHEHHbIE
1a0JIOHBI IPOSKTHPOBAHMS M THIIOBBIE OMMOKH. B mep-
CIIEKTUBE 3TO JIaCT BO3MOXHOCTH CHCTEME «yUHUTHCS»
y DKCHEPTOB, NEPEHUMAs UX OIIBIT, U IOCTOSHHO YITyd-
IIaTh Ka9€CTBO OI[CHKH.

st peanuzanuu Metoauku otieHku PJI pazpabora-
Ha ClielHajibHasi apXUTEKTypa HA OCHOBE MCKYCCTBEH-
HBIX HEHPOHHBIX CeTeil, Mo3BoJstonas 00padarsBaTh
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Hudposas
MOJIeTb 3MaHus

R

JoxymeHnTauus

Ortkas
B IIPUEMKE

IIpunsto
¢ topaboTKO#

IIpunsto

BxomHoii cioit N

H3Breuenne nokasarenei

BrixogHoit cnoit

Puc. 3. Cxema apXUTEKTYpbI METOJUKH OILIEHKH pabodeit JOKyMEHTAIN

kak paHHble VIM, Tak U TeKCTOBBIE TOKyMeHTHL. Cxema
ApXUTEKTYpPBI MPE/ICTaBIICHA HA PHC. 3.

BxozaHoli ci10il conepkKUT 1Ba MCTOYHHUKA JaHHBIX:

1. Indposas moxens 3xanus. @opmarsr: [IFC, RVT.
IIpencrasnsier UM 00BekTa KamuTaIbHOTO CTPOUTEIh-
ctBa. CoZlepKUT TOMOJIOTHIECKHE, TEOMETPHUIECKNE, TTa-
paMeTprudecKre U aTpuOyTUBHBIC JTaHHbIE.

2. Hoxymentammsa. @opmarsr: PDF, DOCX, XLS
u Jp. Bkimouaer TEKCTOBbIE TTOSICHUTEBHBIE 3aITUCKH,
YEPTEKH, CHEIM(DUKALINHN, ITAMIIBI, TAOIUIIBI U IPYTYIO
PJ1, nonroroenenHyto Ha ocHoBe LIM.

OTH JaHHBIE MOCTYNAIOT B HEHPOCETh KaK BXOJ-
HOW CHTHAJI, pa3eJICHHBIA Ha TIOTOKH 00pabOTKH.

W3Bneuenne nokasarenei — 3T0 CKPbIThIE I BHY-
TPEHHHE CJIOH, OHN HE BUJTHBI IT0JIb30BATEIIO, B METOANKE
UCTIONB3YETCsI 1BA CKPBITHIX CIIOSL.

Ot0T O50K 0003HaueH Kak «M3BeueHne nokasare-
Jeii», 9TO OTpaykaeT KIFOUEBYI0 OCOOEHHOCTh METOIH-
KH: (OPMUPOBAHHE MPU3HAKOB X, X,, ..., X, Hd OCHOBE
CTPYKTYpHbI N0Ka3aresen oueHku PII.

BHYTpH CKPBITBIX CIIOEB MPOUCXOAUT pa3/ielicHHE
00pabotku nH(OpMaIH 1Mo THIIaM Bxozaa. Ha mepBom
CJIOE OCYIIECTBIISIETCS U3BICUECHHE IPU3HAKOB C TIOMO-
IIBIO TIOCETEN.

I'paghosas noocems. Vicnons3yercs momxon rpado-
BBIX HefipoHHbIX cereif (Graph Neural Network — GNN)
JUTS aHaIW3a CTPYKTYypsI 3nanus. BIM-monens npeoOpa-
3yercst B rpad: y37sl rpada COOTBETCTBYIOT AEMEHTaM
(KOHCTPYKINH, TOMETICHUsI, 000py/IoBaHNKE), a pedbpa —
Pa3IMYHBIM OTHOIICHUAM (CMEXHOCTD, HEPAPXHUS «ITAXK —
MIOMEIIEHNE — 30Ha», CBSI3M MHKCHEPHBIX CETEH U T.IL.).
Kaxprit y3enm nmeet Habop Mpru3HAKOB (aTprOyTOB Ae-
MEHTa: TUII, pa3Mepbl, MaTepuai u 1p.).
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Texcmosas noocemy. sl aHAIIN3a TEKCTOBBIX JIaH-
HBIX TPUMEHSETCS apXUTEeKTypa s o0paboTku ecTe-
crBerHorO s3bIKka (Natural Language Processing — NLP).
Lenb — moMyduTh CEMaHTHUECKHE TIPU3HAKH U3 TI0SIC-
HHUTENBHBIX 3aITHCOK, OMcaHuii u Tpedosanuii. [lomcets
MPEBPAIIACT TEKCT KKIOTO pa3ziesia B BEKTOP, OTpaXka-
ol conepkanue. Hanpumep, oHa MOXKET YJIOBUTbD,
YIIOMUHAIOTCS JIN B TIOSICHUTEIBHON 3alMCKE BAXKHBIC
ACTIeKTHI (HOPMBI, PacueThl), TOTHOTA OTMCAHMUS, HaJH-
YHe OIpeieNICHHBIX KITFOUEeBBIX CIIOB (KaK «IoykapHast 6e3-
OTIACHOCTEY, «IHEPTOCOSPEIKEHIIE) H TIPOUee).

C 1espio CONOCTABICHNS MOJEIH U JOKYMEHTA-
IIUH UCIIONTB3YeTCs ceepmounasn noocems (Convolutional
Neural Network — CNN), oOpabatsiBaromiast m300paxe-
HUS JINCTOB YEPTEkKEH 1 CBEPSIIOLIAs YEPTEXK C MOZIEIIBIO.

Ha BTOpOM CKpBITOM CII0€ TIPOUCXONUT O0BEINHE-
HUEe THPOPMALIUHU OT MOJCETeH 1 POPMHUPOBAHNE BEK-
Topa [x, ... X,] — yHU(HIMPOBAHHOTO HAGOpa IPU3HA-
KOB JUIs1 (PUHAIBHOTO PEIICHUS.

s mpeoOpazoBaHus TOKa3aTee OIEHKHU B MIPH-
3HAKH KaXKIBIM IMoKa3areinb uMeeT 4 arpulyTa, yKazaH-
HBIE B Ta0I. 2.

CxeMa m3BIIeUEHH MTPU3HAKA TTOKa3aHa Ha pHC. 4.

[Mocne obpaborkn UM n mokymMeHTanmuu Ha BBI-
XOIHOM cJi0€ (hOPMUPYETCs OTUET, BKJIIOUAIOIINIT clie-
JYIOIINE OCHOBHBIE KOMITOHEHTBI:

* IepedeHb BBIABIEHHBIX HecoOTBeTCTBHH. I1o 3a-
BEPIIECHUH MIPOBEPKU aBTOMATHYECKU (OpPMHUPYETCs
CBOZIHAsI BEZIOMOCTb BCEX OOHAPYKEHHBIX HApyIICHUH
1 OTKJIOHEHHH OT TpeboBanuii. HecooTBeTcTBHA TpyTI-
MUPYIOTCS T10 TTOKA3aTeNsIM 1 CHA0KEHbI YKa3aHHEM KOH-
KPETHBIX 2JIEMEHTOB MOJIENTH MJIN (PPAarMEHTOB JOKYMEH-
Talny, KOTOPBIX OHH KaCArOTCSI;
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. o o C. 47-71
MOAEA€l M HelpoceTeBok KAacCupukaLmm
Taodu. 2. ATpuOyThl OKa3aresis OLEHKH paboueii JOKyMEHTAIH
AtpubyT Omnucanne
Wnentudukarop VHHKaJIbHOE Ha3BaHHE MU KOJI TTIOKA3aTelIst
Ennnnna m3mepenns %, KONM4eCcTBO, OMHAPHBIH (7]a/HeT), TEKCTOBAst METKa
Metpuka YTO CYMTACTCS COOTBETCTBHEM
Merton u3BnedeHUs Kax OyzeT u3BnedeHo 3HaueHue U3 LU(PoBOil MO/ JOKYMEHTALHN
Hudposas IMokazarenn
MOJIeNb
O6pabotka
JIaHHBIX Hopwma > 90 %
> CpaBHeHHue
Ennanna m3amepenus: % o
" o PK.01 ¢ HOpMOH
entudukarop: PK-
Pa6ouas A P
JOKYMEHTAIHsI
OTKIOHEHUE Ipu3HAaK X,
I

Puc. 4. Cxema usBiieueHus Ipu3HaKa

* PEKOMEHJAIMH TI0 YCTPAHEHUIO HEIO0CTATKOB.
JIJ1st KaXKJI0TO BBISIBICHHOTO HECOOTBETCTBHSI MHTEILICK-
TyaJIbHasi CHCTEMa TeHEPUPYET PEKOMEH/IAIINH, OCHOBAH-
HbIC Ha 3aJIO’KCHHBIX MPaBUJIaX M HAKOIUICHHBIX JTAHHBIX
0 THIOBBIX PEIICHUSAX. PeKOMEHIaMU MOTYT BKJIFOYaTh
YKa3aHUsI 110 UCTIPABICHUEO MOJIEI! WM O JIOTIOJHECHHUIO
JIOKyMeHTaruu. Ecim onpeneneHHoe HECOOTBETCTBHE
BCTpEYaJloch B paHee OOyUEHHBIX IIPUMEpax, CHCTeMa
MPEIOKUT KOHKPETHOE PEeLICHUE, KOTopoe ObLTo 3¢ dex-
THUBHO B MOIOOHBIX CITy4YasX;

* CHCTEMHOE PEIlIeHHE 110 IOKyMeHTaM. KiroueBoit
uTor paboThl METOJJMKN — 3TO MIOMOIIb B BEIPAOOTKE pe-
IICHUsI 0 NaybHEeIel cyapoe mposepsiemoit PII. Ha oc-
HOBE COBOKYITHOM OLIEHKH BCEX OKa3aTelei 1 C y4eTOM
KPUTUYHOCTH OOHApyKEHHBIX MPOOJIEM CHCTEMa BbI-
HOCHT TIpeBapUTEIbHOE 3aKIIIOYEHUE B BUJIE OJHOTO
U3 CLICHApHEB, YKa3aHHbIX B Ta0MI. 3.

Taou. 3. CrueHapuy MPUHATHS PEIICHHN

Mertoauka ouenku PJ[ ocHOBaHa Ha JIOTHYECKUX
TpaBWIIax W HeilpoceTeBol kiaccuduranuu 6e3 mpu-
MEHEHMSI BECOB WJIM UHTErPalIbHBIX MoKa3areneid. Takoi
TI0/1X071 00ECTICUMBAET OTKa3 OT BECOB M arpernpoBaHus,
YIIPOIIACT AYJMT, TTOBBIIIAET TPO3PAYHOCTD JOTHKH ITPH-
HATHS PEIICHUH, TIO3BOJISIET HOO0ABIISTH MM UCKIFOYaTh
W3 MOJZIENHN TIOKA3aTeIH, HE BBINOIHSS JOMOIHUTEIbHBIX
HCCII €I0BAaHUH 110 ONPEJENCHUIO Beca BBEAECHHOIO 110-
kazaress [28, 29]. B ocHOBe Moz€H JEKUT MHOTOYPOB-
HeBasl CTPYKTypa MoKa3aresel, IpeICTaBICHHbIX B BUJE
BIIO’KEHHBIX IPYIIIL:

1) rpynna — 0000LICHHBII KpUTEPHii;

2) moarpymna 1-ro ypoBHsI — YTOYHEHHBIH aCIeKT
BHYTPH TPYIIIIBI;

3) moxnrpymnma 2 — KOHKPETHBIH acCIeKT BHYTPH
TpYIIIbI;

4) noka3zareilb — KOHKPETHBIH aCIEKT OLICHKH.

Pemenue VYenoBust

JlaneHenme 1eicTBUs

IIpunsto

KpUTUYCCKUE 3aMEUaHUs

TTonnbrii KOMIIJICKT, BCC IMOKa3aTcin
B Irpeeiax A0IyCTUMOro, OTCyTCTBYIOT

JlokyMeHTalus nepeaeTcst Ha CIeLyoIHit
9Tan (3KCIEPTU3a, pean3arus)

I TIpunsrto ¢ 1opaboTKoiH

HapymeHus: opOpMIICHUS

Menkue OTKJIOHCHH A, HC BIMAIONINC
Ha MIPUMEHUMOCTD, HeOoIbIINe

JlonmycTHTB YCIIOBHO, 00s13aTh pa3padoTynKa
YCTPaHHUTh 3aMEYaHUS B CPOK

x OTKa3 B IpueMKe

" TCKCTaMH

Kpurniueckne HapymeHUst CTPYKTYpEI,
OTCYTCTBHE 00S3aTEIILHBIX PA3/IeIIOB,
[IPOTUBOPEUHS MEKAY MOJCIIBIO

BosBpar nokymeHTanuu Ha 10padoTKY,
3arpeT Ha UCIOJIb30BaHUE

B HarnpasiieHo Ha 10paboTKy

Brisipiien psAa CYHIECTBEHHBIX,
HO YCTPAaHUMBIX HEJOCTATKOB

(I)opanyeTcs[ OTYET 110 TEKYIIUM
3aMCUaHUsAM U HAMPaBJIACTCA NOAPAAINKY
JUISL yCTPpaHCHU S 3aMEYaHMIt
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@®parMeHT TPYNIUPOBKHU MOKa3aTesel A passe-
J1a «ABTOMAaTHU3alUsl HHKEHEPHBIX CHCTEM) IIPEJICTaB-
JIeH B Ta0u. 4.

ITycts S — MHOXECTBO BCEX TpYIII MOKa3aTelel,
rae kaxzaasd rpynna G cogepKUT NOATPYMIIbI IEPBOTO
ypoBHSI P, KakJasi HOArPyYIIa MEPBOro YpOBHS cofep-
JKHUT MOATPYIIIBI BTOPOTO YPOBHS [, a KayK/1asi HOATpyIa
BTOPOI'0 YPOBHS — KOHEUHOE MHOXKECTBO MOKa3aTenei x.
DopMaIbHO:

§=1{G,G,.,G}; )
G,={P,P, P} 2)

Pij - {Fijl’ FijZ’ > F,-j,,}§ 3)
Fo={,L,,1},1c {01} (4)

Kaxpiii mokasarens — OyiieBa repeMeHHasl, KO-
TOPOIi corocTaBisieTcsi ONHAPHAS OlICHKA:

I=1— TpeboBaHue BBIIIOIHEHO;

I =0 — tpeboBaHUE HAPYIICHO.

Jl1s1 KomMYeCcTBEHHBIX ITOKa3aTelIel U TToKa3aTeseH,
3aJIaHHBIX B MPOIIEHTAaX, BBEJCHA JIOrnuecKast (QyHKIMs
npeodpa3oBaHusi, 4TOObI COXPAHUTh OMHAPHYIO CTPYKTY-
py Mozienu. [Ipu orpaHuYeHnd CBEPXY:

1,xST.

[P OTPAHUYCHUH CHU3Y:
1, x>T
w0, x< T ©)

rae X — (pakTHYecKoe 3HAYCHIE FITH OIS BBITTOTHEHHS,
T — nomycTumMoe 3HauyeHue.

ITonrpyrmma 2-ro ypoBHS CYATAETCS BBHITIOJTHEHHOH,
€CITU BBITIOJIHEHBI BCE €€ NOKa3aTelu:

szk = /\r Iijkr' (7
IMonrpymnmna 1-ro ypoBHsI CYUTAETCSI BHIIIOIHEHHOM,
€CITH BBITIOJTHEHBI BCE TIOATPYIIIBI 2-TO YPOBHS:

B =/NFy =Nl ) ®)

.k

['pynma cuuraercst BBINOITHEHHOMU, €CIIH BBITIOJHE-
HBI BCE TTOATPYIIIHI 1:

G=NB =AML O

Takum 006pa3oM, 0TMEUAETCS! BBITIOJIHEHUE TPYIIITbI
G, "epe3 JIOTMYECKYI0 KOHBIOHKIUIO BCEX BXOMSIIMX
B Hee MoKasareselt.

B pamkax paspabarbiBaeMOi METOAHMKHU OIICHKU
PJ] mpumensieTcst KiracCUpUKAIHS TPYIIT TOKa3aTese
M0 CTETICHN WX 3HAYUMOCTH M BIUSHHS Ha JTOCTOBEp-
HOCTb MPOEKTHBIX pPELICHUI.

Bcee rpynmst paznensrores G, € S Ha JiBa nojkiacca:

= )
ijkr T H
0,x>T G.cSG, =5G. (10)
crit noncrit crit
Taodu. 4. DparMeHT MHOT'OYpPOBHEBOI CTPYKTYpBI OKa3aTeei
P [Moarpymma 1 F [oarpymnma 2 1 [Toxkazarenn Mertpuka
I'pynna 1 — noxkazamenu oyenxu L{AM na cmaouu « Pabouasi 0okymenmayusi»
2 | OyHKUUOHAIBHOCTL | 29 | OYHKIHOHAIBHOCTD 36 [Nonnotra peanu3anun GpyHKIHNH %
o
CUCTEMBI B coorBeTcTBUU ¢ T3
]7 % (yHKINH, peaTn30BaHHBIX COMTACHO %
(4
crienupUKaIuu
OTtcyTcTBHE OLIMOOK
88 | mpu TeCTUPOBaHUU TUIIOBBIX Ha/uer
U TPaHUYHBIX CIICHApUEB
CooTBeTcTBHE QYHKINI Ha3HAYCHUIO
89 by Ja/uer
CHUCTEMBI
Hannune GyHKINUI IHAarHOCTUKA
90 by JNa/uer
COCTOSTHHSI CHCTEMBI
Hannmuue byHKkuil ynpaBiacHUs
91 by yrp Jla/uer
U Py4YHOI'O BMELIATEIILCTBA
Hanuuue u 10cTynHOCTD pyUHBIX
92 | peryasTopoB, KHOIOK aBapUiHOM Ha/ner
OCTaHOBKHU
30 |I'mOxocTh Bo3MoXHOCTH aganTanun
93 K U3MEHEHUIO BXOAHBIX Ja/vet
JTaHHBIX/YCIIOBUI
Co0TBETCTBUE KOJINUECTBA
94 | He3aBUCHMBIX (YHKLHOHAIBHBIX Ha/uer
MOJLyJIeii/610K0B
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Tabu. 5. Cuctemuas kiaccH()UKALMS UTOTOBBIX PEIICHU

3HaueHue Pemenne
D=1 IIpunsto
D=2 [punsTo ¢ nopaboTkoii
D=3 HanpagieHo Ha 1opaboTKy
D=4 OTKa3 B IpHUeMKe

D10 pa3dbueHne MPUMEHSICTCS MPU MOCTPOCHHUH
JIOTHYECKUX BBIPAXKEHUH HECOOTBETCTBHSI:

E = G¥ =G (m)
noncrit = G,EX»,MI _‘Gi . (12)

Jlanee pe3ynbTarhl aHaAU3a UHTEPIPETUPYIOTCS
KJ1acCU()UKATOPOM U BBIHOCHUTCSI HTOTOBOE PEIICHHE:

LF,_ =0AF =0

crit noncrit
2’ F;rit = O A F;roncrit = 13
D =
3, F,, =1 (HOKaHI/ISyeMLIe); (13)
4, F,, =1 (KpHTqucme),

Pesynprar D npuHUMaeT OAHO U3 YETHIPEX 3Haye-
HUH, yKa3aHHBIX B Ta0I. 5.

C nenpio BauIaliy KITFOYEBBIX KOMITOHEHTOB METO-
Jiku orieHkH PJ] mpoBenieH sxenepTHbIH onpoc. st onpo-
ca DKCIIEPTOB ITOATOTOBJICHA aHKETA.

K yuacTuio B orpoce ObIIN NPHUITIAILIEHBI OKCIIEPTHI,
00Ia1aromre TOCTaTOYHBIM OITBITOM F KOMIIETCHIINSIMHA
B 00J1aCTH apXUTEKTYyPHO-CTPOUTEITBHOTO MPOEKTHPOBA-
Hust. Kputepun 11 BRIOOpa SKCIIEPTOB BKITIOYAITH:

1. OmbIT pabOTHI HE MEHEE IISITH JIET B TIPOCKTUPO-
BaHUU WJIN SKCIEPTU3E MPOCKTHO-CMETHOHN U pabodeii
JIOKYMEHTAITUH.

2. Crenuanuctsl, cocrosmue B HOITPI3.

3. CnenuaiucThl, UIMEIONHE TPAKTHUECKHA OTBIT
HOPMOKOHTPOJIS, TPOBEACHUS KCIIEPTU3BI MIIN TEXHH-
YECKOTO ayJuTa JOKyMEHTAIIHH.

4. CrnienuanucTel, 00Jajatolue HaBbIKaMH | T10-
HUMAFOIIUE TPUHINTE HHPOPMAITHOHHOTO MOAEIHPO-
BaHMsI OOBEKTOB KalUTaJIbHOTO CTPOUTENILCTBA.

B ankeTe mpencTaBieHbl 6 TEMaTHYECKUX OJIOKOB,
OXBATBIBAOIIHX!

1. CTpyKTypy CHCTEMBI IOKa3aTeiei.

2. JleneHue Ha KPUTHYIECKHIE U HEKPUTHUECKUE TPYTI-
TIBL.

3. Knaccugukanuio HTOTOBBIX PEIIeHUH.

4. Jloruky n1ByXKaHaJIBbHOU U JBYX3TAIHOM NpoBeEp-
KH.

5. IlpuMeHUMOCTb HEeHPOCETEeBOM apXUTEKTYPHI.

6. MexaHn3M 0OpaTHOM CBA3M.

Kaaplit 0110k BOIPOCOB COAEPIKUT HIKAIBHEIC,
aJBTepHATUBHBIC U OTKPHITHIE BOTIPOCHL. Takoi popmar
MO3BOJIMJI OLICHUTh YPOBEHB COIVIACUS IKCIIEPTOB U CO-
OpaTb peKOMEHIAINH [T JOPAOOTKH METOAUKH.

C 1enbro 3KCIEPTHON BaMIAIIMHA METOAUKH BaX-
HO 00€CIIEYNTH TOCTATOYHBIM, HO HE M30BITOYHBINA CO-
CTaB rpymibl. PacuyeT KoInuecTBa IKCIIEPTOB BHIIOIHEH
o opmyre:

(14)

rae t — ko3 unment nosepus (1,96 mist 95 % nose-
PHUTEIBHOTO HHTEPBANIA); 6 — MPEANoIaraeMoe CTaH-

JapTHOE OTKJIOHEHWe = 1; A — momycTumas ommuoka
(0,6 6amna);

2 2
N L
0.6

st npoBenenus onpoca npusiedeHo 11 skcrnep-
ToB. OCyIIecTBICH 3a09HBIN WHINBHAIYATHHBIN OMPOC
9KCIEPTOB. PacCunTaHbI I KOJMMYCCTBCHHBIX IKAITh-
HBIX OIIEHOK (1—5) omnucarenbHble CTaTUCTHUKY: CpeTHee
3HauUCHHE, MEINaHa, MOJia ¥ AMAaNa30H OLIEHOK JJIS Kax-
JIOTO BOIPOCA, YTO [TO3BOJIMIIO ONPEEIUTH 00IIee MHE-
HUE I'PyIIbl U BAPUATUBHOCTb CyxAeHUU. [Jyist Bompo-
COB C BBIOOPOM BapHaHTOB BBIUMCIICHBI IPOIICHTHBIC
JIOJU TI0 KaKJIOMY BapHaHTy OTBETa — 3TO I0Ka3allo,
Kakye MHEHHS IipeoOanatoT. OTKPHITEIE KOMMEHTApHU
HKCTIEPTOB TOIBEPTHYTHI KaYeCTBEHHOMY aHanu3y. OT-
BETHI CTPYMITHPOBAHEI IO CXOJHBIM TeMaM N TIPE-
noxeHusM. KirroueBple 3aMeUaHust H PEKOMEHIAIIHH,
YacTO YIIOMHUHAEMbIC Pa3HBIMHU YKCIICPTaMU, BBIICIICHBI
B OTUETHOCTH. Ha 0CHOBE NOTy4eHHBIX JaHHBIX OMpoca
Oyzner nopaboTana MeTonuKa oreHku P/I.

C nenbio OIEHKHU COITIAaCOBAHHOCTU MHEHUH JKC-
MIEPTOB JUISI BOIIPOCOB, IJI€ €CTh PAHKUPOBAHUE WU CO-
r1acue/Hecoruacue, pacCcuuTal Kod(PPUIIMEHT KOHKOP-
nmarmu Kennanma W:

(15)

12-§
7 .\ b
m - (n3 —n)
rae S — cyMMa KBaJpaToB OTKJIIOHCHHUI PaHTOB OT CPE-

HETO; 7 — YHUCJI0 SKCIIEPTOB; /1 — YKCIIO OLICHUBAEMbIX
0OBEKTOB.

W= (16)

Crarucriueckas IpoBepKa 3HAYUMOCTH W:

xX2=m-(n—-1)-W. (17)

CpaBHUBACTCSI C KPUTHYCSCKHM 3HaYeHUEM Xx° (Ypo-
BeHb 3HaUMMOcCTH o = 0,05).

Hurepnperanust 3Hauumoct W:

W < 0,3 — Hu3Kast COrIacoOBaHHOCTE;

0,3 < W< 0,7 — ymMepeHHas COTIIaCOBAHHOCTE;

W > 0,7 — BBICOKas COINIACOBAHHOCTb.
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PE3YJIBbTATBI

B sxenepraOM ompoce npuHsio ygactre 11 sxcmep-
TOB, OICHUBIINX Pa3pab0TaHHYI0 METOAWKY IO IIECTH
TEeMaTHYECKAM OTOKaM. AHKETa BKITIOYAIIa ITKAJTbHBIE BO-
npocsl (oneHka 1o S-6amieHoi Likert-mkane), agsrepHa-
THBHBIE BOIPOCHI (JMXOTOMUUECKHUE «/1a/HET» MU BEIOOD
13 BYX BapHaHTOB) U OTKPBITHIE BOIPOCHI SISt KOMMEHTa-
pueB. Temarudeckue OJIOKH OMpoca ObLIH CIESTYIOIMU:

* CTpyKTypa ToKa3aTelieil (JIoTmKa MOCTPOCHHS,
TPYIITAPOBKA, TIOJTHOTa Habopa MoKasaTerneii);

* pazziernieHne Ha KpUTHIECKUE/HeKPUTHIECKUE TPyTI-
bl (0OOCHOBAaHHOCTD BBIICJICHUS] KDUTHUYECKUX TTOKa3a-
Tenen);

* uTOroBas Kiaccudukarms (Ha 4 HCX01a MOJICITH);

* IBYXKaHAJBHOCTh METOJWKH (COBMEIICHHE Pado-
TBI MOJICTTH U IOKyMECHTAJIFHOTO KOHTPOJIA);

* apXHUTEKTypa HelpoceT (IOHATHOCTh U IIeJeco-
00pa3HOCTh BBIOPAHHOM apXUTEKTYPBI);

® 06paTHa$1 CBsI3b CUCTEMbI (CHI/ICOK BbISIBIISIEMBIX
HECOOTBETCTBHUII M BBIZIABAEMBIC PEKOMCHIAIHN ).

KosnnuecTBeHHBIE pe3y1bTaThl ONIpoca

JI71st Ka>k/IoTo MIKATBHOTO BOMPOCA PACCUUTaHbI CBOM-
HbIE [TOKA3aTe N — ME/IMaHa OLIEHKH 1 MEXKBapTHIIbHbBINA
pa3max (IQR). B Tabn. 6 mpuBemeHb! pe3yIbTaThl IO BCeM
mrecty OnokaMm. Beicokue 3HaueHust MeTMaHbl CBUIIETEIb-
CTBYIOT O IOJIOKUTEIBHOM OLIEHKE COOTBETCTBYIOIIETO
aCIIeKTa METOJIUKHU OOJIBIIMHCTBOM JKCIIEPTOB, TOTNA
Kak Oojiee HU3KHE MEIMaHbl YKa3blBAIOT HA HAJIMYHE
KPUTUYECKUX 3aMeyaHuil. MeKKBapTUIIbHBIN pa3Max Xa-
pakTepmsyet pazdopoc MHeHHH: y3Kkuii [QR roBoput o co-
ITACOBAHHOCTH OLIEHOK, HIMPOKHHA — O PacXOXKJIECHUU
MHEHUI IPYIIIbI 3KCTIEPTOB.

Kax BugHO 13 Tabn. 6, HAMBBICIINE OLEHKH TOJTY-
i Onoku 1, 2 u 4. B 4aCTHOCTH, JIOTHYHOCTH CTPYK-
TYpBI U TPYNIIHPOBKA MOKa3aTeael OLEHEHBI PAKTH-
YEeCKH MakCHMaJIbHO (MefnaHa 5) mpu MUHUMAIbHOM
pa30poce MHEHHH, T.€. DKCIIEPTHI JMHOAYIITHO ITPHU3Ha-
JIM CTPYKTYpY IOKa3aTeseil IOHATHOW 1 000CHOBaHHOM.
AHaNOTUYHO BBIJIEJICHIE KPUTHUECKUX TOKa3aTesen
CUMTAETCSI HEOOXOMUMBIM (MeAMaHa 5) — IMOYTH BCe

9KCTIEPTHI COMIACHIINCH C BaKHOCTBIO Pa3ZICIICHUS Me-
TPHK Ha KPUTHYECKUE U HeKpuTHueckue. Kpome toro,
JBYXKaHAJIbHBIN TOXO0/ TOIYYHII BHICOKYIO OLEHKY:
9KCIEPTHI MO3UTUBHO OLEHUIH HJICIO MapajieIbHOTO
aHaJIN3a MOJENH M JOoKyMeHTanuu. Pa30poc omeHOK
B 9THX OJIOKaxX HE MpeBbIaeT 4-5, 4TO yKa3bIBaeT
Ha BBICOKYIO COTTIAaCOBAHHOCTD MOJIOKUTCIIbHBIX MHE-
HUW. B TO e BpeMsl apXUTEKTypa HelpoceTu BbI3Bajia
HauOOJIbIIINE PA3HOIVIACHUSI M HU3KUE OLIEHKH. Mennana
paBHa 3 Kak 110 MMOHATHOCTH, TaK U TI0 IIeJIeCO00pa3Ho-
CTH apXHUTEKTYPBI, IPH ITOM YETBEPTH HKCIIEPTOB Jlasia
OLICHKY 2 (HMKE YIOBIETBOPUTEIFHOMN) IO MOHATHOCTH.
3TO 03HAYaACT, YTO 3HAUUTEIIbHAS YACTh SKCIIEPTOB COY-
Jla apXUTEKTYpY IIOXO MOHSTHOW JUIS TIOJIb30BaTelIsl.
Pa30bpoc MHeHwMIT B OJTOKE 5 Ha HU3KOM YPOBHE, T.€. dKC-
MePTHI 3/I€Ch €IMHBI BO MHEHHH 0 HepocTarkax. [1o Oio-
Ky 6 (oOpaTHast CBSI3b) MHEHUS PA3ACIIMINCD: TTOTHOTY
BBISIBJICHHSI HECOOTBETCTBUH CHCTEMOH OIICHUBAIOT
B IIEJIOM TOJIOKUTENBHO (Meauana 4), Toraa Kak moJes-
HOCTbh PEKOMEHJIATeNIbHON JacTH HIXke (MenuaHa 3).
DTO 1OKa3bIBAET, YTO IKCIEPTHI CUUTAIOT IIEPEUeHb 00-
Hapy>XHMBAEMBIX CHCTEMOH IpoOJIeM J0CTAaTOYHO MOJI-
HBIM, HO IIEHHOCTh aBTOMAaTH4ECKN CreHEPHPOBAHHBIX
PEKOMEH/IAlUil BbI3Bajla COMHEHHUS Y 4aCTU PECIIOH-
neHToB. brok 3 (uToroBas KiaccH(UKAIUS MOJEIN
Ha 4 ucxona) MOJIy4IJI MPOMEXYTOUYHbIE OLIEHKH —
MenmnaHa 4 mo oboumM BompocaM. B 1emom sxcmepTs
COIJIaCHBI, YTO 4 Kjacca MCXOAOB SBISIOTCS pazyM-
HBIM BBIOOPOM, OTHAKO HECKOJIBKO IKCIEPTOB YKa3aln
Ha BO3MOXKHOCTD YITyUILICHHH.

Pacnipenenenue olieHOK 3KCIEPTOB MO LIECTH Te-
MaTHYeCcKUM OJ0KaM MOKa3aHo Ha pHcC. 5.

Jlisl KOJINYEeCTBEHHOW OLIEHKU COTJIACOBAHHOCTHU
MHEHHHI KCTIEPTOB OBIT BEIYUCICH KOA(PPHUIINEHT KOH-
kopnauuu Kenpamna W. PaccuntanHoe 3HaueHue Co-
ctaBmiio W= 0,52, 9T0 CBUACTEIBCTBYET O JOCTATOYHO
BBICOKOM CTETIEHHU cormacusi Mexay skcrepramu. Cra-
TUCTHYECKUH KPUTEPHH > TTOKa3al 3HaYUMOCTh KOH-
kopmanuu (p < 0,001), T.e. corTacOBAaHHOCTh MHCHHIA
HE HOCHT CITy4YailHbIN XapakTep.

Tab. 6. OrieHKN SKCTIEPTOB MO MIKATEHBIM BompocaM (Mexuana u IQR)

biok 1 acnekT oneHku Menuana (IQR)
brox 1. Jlorn4HOCTB CTPYKTYpBI OKa3aTeIen 5(4-5)
Brnok 1. KoppekTHOCTB rpyIIMPOBKY TOKa3aTeeit 5(4-5)
Brnok 1. [TomHOTa HabOpa mokasaremnei 4 (3-5)
Brox 2. Heo6xonnMoCTh pa3jeneHus nokas3aTeneil Ha KpUTHIeCKue 5(5-5)
brnok 2. IToHATHOCT KpUTEpUEB KPUTHUHOCTH ITOKa3aTelen 4 (3-5)
biok 3. KoppekTHOCTb KiIaccudpuKaum Ha 4 ucxomna 4 (4-5)
brnok 3. [TonHoTa 0XBaTa BO3MOXKHBIX UCXOJI0B 4 (3-5)
Brnok 4. LlenecooOpa3HOCTh IBYXKaHATBHON METOTUKH 5(4-5)
Brok 4. Y1o06cTBO HCIIONB30BaHUS IBYX KaHAJIOB 4 (3-5)
Bbrnok 5. IToHATHOCTE apXUTEKTYpBI HellpoceTu 3(2-3)
bnox 5. O6ocHOBaHHOCTH BBIOOpa apXUTEKTYPBI HEHpoceTn 3(3-4)
bnok 6. [TosHoTa 00HApyKEHHST HECOOTBETCTBHI CHCTEMBI 4 (4-5)
brox 6. [Tone3HocTh peKOMEH AU CHCTEMBI 3(3-4)
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JIByXKaHaJIbHOCTb

Kpurnueckue
TPYIIIBI

Crpyxrypa
MoKa3areie

Hrorosas
KIaccupuKanus

OObparHas CBsI3b

Heiipocers

4,64

4,55

1 2

Cpenusist otieHKa dKcreptoB (1-5)

Puc. 5. Ouenku skcreproB

JlonomHuTEeNbHO MPOAHATTM3UPOBAHBI OTBETHI HA AJTb-
TepHATUBHBIE BOIPOCKHI (THIT «13/HET»), CONPOBOKAABIINC
Ka)KIbIH OJIOK. DTH BOIPOCHI BBISBILSUIH JOJEO SKCIIEPTOB,
COIJIACHBIX MJIM HECOIVIACHBIX C KITFOYEBBIMH MOJIOKECHHSI-
MU METOJIMKH. Pe3ysbrarsl pacnpesienieHust OTBETOB MPH-
BEZICHBI HIDKE:

brox 1: 8 axcrieproB (= 73 %) cunrarot HabOp TMO-
KaszareJsiel MoJIHbIM, He TPeOYIOIMM JAOMOIHEeHHI; 3 dKC-
nepTa ykasajiu, 4To HeoOX0quMO 100aBHUTh ITOKa3aTeNln
JUTS TIOTHOTHI OIICHKH.

Brnoxk 2: 9 sxcrieproB (82 %) momnepKUBaroT HEMMo-
CTaTOYHO 0OOCHOBAHO.

Brnok 3: 8 akcrieproB (73 %) cOmACHBI, YTO KITACCH-
(hukanms Ha 4 BCXO/Ia OXBaTHIBACT BCE KITFOUCBEIC CUTY-
alyu; 3 9KCIIepTa MOJAraroT, YTO CIIEyeT MepPecMOTPETh
YHUCJIO KJIACCOB (OOBEIMHHUTD KATETOPHH «OTKa3 B TPH-
€MKe», «HAIPaBJICHO Ha JIOPAOOTKY).

Brox 4: 10 skcnieptoB (91 %) cuuraror 1eneco-
00pa3HBIM HCTIONB30BATh /IBa KaHaa (HeHpoceTs U J10-
KyMEHTAIIHI0) COBMECTHO; JIMIIH | 3KCHEPT BhICKA3amCcs
3a YHpOILICHUE TIOJIX0/a JI0 OJTHOI'0 OCHOBHOTO KaHaja
aHaJm3a.

brok 5: 4 skcnepra (36 %) 3a8BUIM, YTO APXUTEK-
Typa HEMPOCETU UM IOJHOCTBIO TIOHATHA; OCTAJIbHBIE 7
(64 %) oT™MeTHIN HEAOCTATOUYHYIO SICHOCTh YCTPOMCTBA
MOJICJH U IOTPEOHOCTH B IOMOHUTEITBHBIX TIOSICHCHUSX.

Brnox 6: 7 sxcniepToB (64 %) cUUTAIOT, 9TO TIOJIE3HA
BbIJla4a PEKOMEHJIAIMN 110 YCTPAHEHUIO BBISIBICHHBIX
HecooTBeTCTBUI; 4 skcnepra (36 %) OleHUBAIOT LIEH-
HOCTh PEKOMCHIANNHI KaK HU3KYIO, YKa3blBas Ha UX 00-
LU XapakTep.

OTKpBITBIC BOPOCKHI B @HKETE ITO3BOJIHIIH IKCIIEp-
Tam MoipoOHO KOMMEHTHUPOBATh HEAOCTATKUH METOUKU
U [IpeyIararh yydlieHus.. AHaJIU3 OTBETOB BBISIBUII Psijl
MOBTOPSIIOLIMXCS HEOYSTOB U peKOMeHaanui. MHorue
SKCIIEPTHI TOTIOTHIIA OIICHKU KOHKPETHBIMH ITpUMeEpa-
MU HECOOTBETCTBHH M COBETaMU 1o nopabotke. anee
MPUBE/ICHBI KIIFOYEBbIEC 3aMEUaHHsl YKCIIEPTOB (C yKa3a-
HHEM COOTBETCTBYIOIIETO TEMAaTHYESCKOrO OJIOKa):

biox 1 (cTpykTypa nokasaresei): HECKOJIBKO IKC-
MEPTOB yKa3allk Ha HEOCTAIOIINE [TOKA3aTeNH, [Ipe/iia-
rasi pacIMpUTh HA0OP TS OJHOTHL. Takue KOMMEHTapuH
CBHUJICTEIIBCTBYIOT O TOM, YTO, XOTSI B L[EJIOM CTPYKTypa
ObLIa 0100peHa, HEKOTOPHIM CIICIIHATIMCTaM HE XBATHIIO
OTJICIbHBIX METPHK JUTsI BCECTOPOHHETO OXBATa.

Broxk 2 (kpuTrdeckne moKa3aresu): B OT36IBAX MO/~
YEPKHUBAJIACh BAXHOCTh YETKOTO OIMPEICIICHUS KPUTE-
pHUEB KPUTHYHOCTH. Hampumep, onuH 3KCIepT yKasa:
«Kpumepuu omnecenus nokazameneu kK “‘kpumuue-
cxum” QoACHBL ObIMb HONEe YEeMKO NPONUCAHbL, YMOObl
¥ 8cex ObLI0 eOUHOE NOHUMAHUEY .

Brok 5 (neiipocers): Hanbonee oOMMpHYO 00par-
HYIO CBSI3b AKCHEPTHI JAJHU 110 apXUTEKType HeHpoceTH.
HenoHsSTHOCTH MOJIETH CTaia OOIIMM MECTOM B KOMMEH-
TapUsIX. «Apxumexmypa Heupocemu CIUKOM CJLONCHA
07151 NOL306aAMENs; HEOOXOOUMbL OONOTHUMENbHbIE NO-
SCHEHUs. U 0OyuaIouwjue Mamepuaivly, — OTMETHI OJIUH
U3 3KCHEpTOB. J{pyroi pekOMEeHA0BAI YIIPOCTUTh MOJENb:
«Hmeem cmpicn ucnonbsosams 6oiee npocmyo apxumex-
mypy — max pesyiomamsi 0y0ym Jjiecue unmepnpemu-
posamvy. IlonoOHBIE peKOMEHIAINH OOBSICHSIIOT HA3KUE
0asuTbl, BEICTABJICHHBIE MO 3TOMY OJIOKY, U YKa3bIBaIOT

57

(6G) | HOALIGG 9] WOL B oeiemeary



raTIMTONLCTBS: T 16, BhINYCK 1(59)

A.P. HukumuH, C.A. CuHeHKo

HarpasJICHUE I YIIYUIICHUA — YIPOIIECHUEC U JTYUIICC
JIOKyMEHTHPOBAHUE MOJICIIH, & TAK)KE MPEI0CTABICHHE
GoJiee OAPOOHBIX OMUCAHUS METOMKH ¥ HHCTPYKIIUH.

bnok 6 (oOparHas CBs3b): B KOMMEHTAPHUSX 110 MO-
JIYJTI0 OOPATHOM CBSI3M IKCIIEPTHI MOYEPKHYIH HEOO-
XOJIMMOCTh OO0Jiee JIeTajJbHBbIX peKOMEeHIauil. XoTs
CIHUCOK OOHAPYKUBAEMBIX HECOOTBETCTBHI OLIEHEH
MOJIOXKUTENBHO, PSIJI IKCIIEPTOB CUUTAET, YTO COBETHI
HETOCTATOYHO KOHKPETHBI. [Ip0o3ByUano moxenaHue
oboraiarh peKOMEH/IAIMU TPUMepaMu PeLeHuit: «Xo-
menock Obl NOIYYAMb He MOIbKO (hakmul 0 npoodLemax,
HO U KOHKpemHble ulaeu, Kaxk ux ucnpasumasy. Enie onna
yacTasi PeKOMEHIAIUsI — PACIIUPUTD TIepEeUeHb CIIeHa-
pHEB, IPU KOTOPBIX JAIOTCSI PEKOMEH/IALIUH, YTOObI OX-
BaTUTh OOJIBILE TPAKTHYSCKUX CUTYAIH.

Pe3yabTaThl SKCIEPTHOTO OMPOCa JEMOHCTPUPY-
0T, YTO METOIMKA TTOTYYHIIa OTOOPEHHUE TI0 KITFOUEBBIM
napaMeTpam, MpHu 3TOM DKCIEPThI €ANHbI BO MHEHUU
0 Haubosee MPOOIEMHBIX 30HAX, TPEOYIOIIUX 0pa-
0oTku. Beicokast cormacoBaHHOCTH o1eHoK (W = 0,52)
MOJITBEPIKIACT HAJCKHOCTD MOJIYyUECHHBIX BBHIBOJIOB:
OKCICPTHI CXOAATCA B MOJIOKUTEIILHOMN OLICHKE JIOTUKHN
CTPYKTYPBbI [OKa3aTeleil, KpUTepraaIbHOTO pa3ie/ieHus
U UHTErpalliy MOJIETH C JJOKYMEHTAIMEeH, U OJIHOBpE-
MEHHO KOJUICKTHBHO YKa3bIBAIOT HA HEIOCTATOYHYIO
SICHOCTh HEHPOCETEeBOI 4acTu M PEeKOMEHIATEIbHOTO
MOyIisi. DTH JaHHBIC MOCITYKAT OCHOBOM IS LieJICHA-
MPABJICHHOTO YJIYYIIEHHS METOJUKH B COOTBETCTBUU
C PEKOMEH/IAIUSIMH YKCIIEPTOB.

SAKJIIOYUEHUE U OBCYXAEHUE

PazpaboranHas MeToIMKa aBTOMATU3UPOBAHHOM
oneHku PJI, moAroToBNIEHHOM C MCIOIB30BAHUEM TEX-
HOJIOTUH MH()OPMALMOHHOIO MOACIUPOBAHUS, TPO-
JIeMOHCTpHUpoBaia 3(p(HEeKTUBHOCTh U PUMEHUMOCTD
B COBPEMECHHBIX YCIOBUSAX IIH(PPOBOTO CTPOUTEIBHOTO
npoekTupoBaHus. Ee apxutextypa 6azupyercs Ha Jio-
THYECKU CTPYKTYPUPOBAHHBIX TIOKA3aTeNsaX, (hopMali-
30BaHHBIX MPAaBUIIAX U HEHPOCETEBOM KilacCH(UKaTope,
9T0 00ECTIEYHUBACT CTPOTOE W BOCIIPOM3BOINMOE ITPUHSI-

THE peIICHUH 0e3 PUMEHEHUS BECOB WIIM MHTEIPailb-
HBIX 0000meHuii. B MeTtomuke peanm3oBaHa BO3MOXK-
HOCTb KaK MapaJulebHOM, TaK U JBYXITAITHOH OLICHKH,
yuuThIBafoIIeH criennpuky ananmsa [{M u TekcToBo-
rpaduUecKoi TOKYMEHTAUU. BCTPOCHHBIH MEXaHU3M
00pabOTKM HETIOITHOTO KOMITIEKTA ITO3BOJISIET COXPAHSTh
THOKOCTh ¥ (QOPMHPOBATH KOPPEKTHBIC 3aMEUaHUS TaXKe
npu YaCTUYHOM JOCTYITHOCTHU UCXOAHBIX JaHHBIX. Ma-
TeMaTH4ecKast MOZIENb UCIIOIb3yeT OyneBy (hopMasn3a-
U0, JIOTHYECKHE OTIEPaTOPBl U MOPOTOBBIE 3HAYCHHS,
obecrieunBas Mpo3pavHOCTb U HHTEPIPETUPYEMOCTb pe-
synbrara. Cucrema Kiaccu(pUIupyeT pe3ynnbTar aHaIn3a
TI0 YeThIPEM MCXO/IaM: IPUHSTO, IPUHSTO C T0pabOTKOM,
HaIpapJIeHO Ha JOpabOTKY, OTKa3 B IPHEMKE.

IIpoBeneHHbIi SKCIIEPTHBIN ONPOC MOATBEPIUII IPH-
MCEHHUMOCTD NPEIJIOKCHHOI'O MoAX0/1a: 1o 60J'II)HII/IHCTBy
OJIOKOB METOJMKH 3a(MKCHUPOBAHBI BHICOKHE OLEHKH
1 BBICOKHH yPOBEHB COTIIACOBAHHOCTH MHEHHUH (K03 (]-
¢unment Kenpamna W= 0,52). B 1o e BpeMst OTMeUeHbI
HAaIpaBJIeHus, TpeOyIoNe JalbHEHIIero pa3BuTus —
B YaCTHOCTH, apXUTEKTypa HEHPOCETH 1 MOAYb 00paT-
HOH CBSI3M, BBIIAIOIINIA PEKOMEH 1AM,

[TomrydeHHbIE Pe3ynbTaThl IEMOHCTPHUPYIOT Ha-
YUHYIO U MIPAKTHYECKYIO0 3HAUNMOCTh MeToaAukH. OHa
MOXeET OBITh MCIOJIh30BaHA KaK OCHOBA JUISI CHCTEM
MHTEJJIEKTYaJIbHOTO KOHTPOJISI TPOEKTHON JOKYMEHTa-
IIMM Ha JTare MOATOTOBKH K 9KCIIEPTH3e, BHYTPEHHETO
MIPOEKTHOTO ay/INTa WIN aHaJIN3a CTETIEHH TOTOBHOCTH
JOKYMEHTAIlUU B paMKaxX JOTNOBOPHBIX IPOIECCOB.
B nmanmpHelnem rutaHupyeTcsl pacipenne Hadbopa 1o-
Kazareneil m oOydeHrne HeHpOCeTH Ha PacUIMpPEeHHBIX
KOopIryCcax MPOCKTHBIX JaHHBIX.

Oco0yro MPakTHIECKYIO IEHHOCTh METOANKA TTPE-
CTaBJISIET TIPH PabOTe C JOTOBOPHBIMH 00sI3aTEIHCTBAMHA
MOJPATYUKOB Ha NMPOEKTUpoBaHue. B ciyuae nocpou-
HOTO pacTOpP)KEHHsI KOHTPAKTa OHa MO3BOJIIET OOBEK-
THUBHO OICHUTH (DaKTHIECKUN 00BbEeM BBITTOITHEHHOM [1]]
Ha OCHOBE aBTOMaTH3MPOBAHHOM MPOBEPKH, UTO JIeJIaeT
BO3MOKHBIMH OOOCHOBaHHYIO (DHKCAIIHIO CTENICHH TO-
TOBHOCTH pe3yJIbTara U yperyaupoBanue (HUHAHCOBBIX
pacyeToB MEXIy CTOPOHAMH.
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INTRODUCTION

Current digitalization trends in the construction sec-
tor are driving the widespread adoption of information
modelling technologies (TIM), which are transform-
ing the approach to architectural and structural design.
IMT enhances consistency, accuracy and transparency
in the preparation of design and working documentation
[1-4]. Nevertheless, as these technologies become more
widespread, there is a growing need for a critical assess-
ment of the working documentation (WD) produced,
upon which the timelines, costs and sustainability of con-
struction projects depend [5, 6].

The traditional approach to assessing WD, involv-
ing manual checks by experts, remains labour-intensive,
subjective and prone to human error. In this regard,
a pressing task is the development of automated methods
for assessing documentation, enabling the identification
of errors, omissions and non-compliance with regulatory
requirements [7, 8].

One promising area in this context is the use of arti-
ficial intelligence (Al), particularly neural network algo-
rithms. Neural networks make it possible to learn from
large volumes of data and identify typical errors in de-
sign and working documentation, including that prepared
using TIM. However, to ensure the applicability of such
a methodology in real-world practice, it is necessary not
only to develop the algorithm but also to verify it with
the involvement of professional industry experts [9—12].

Thus, a scientific and practical problem arises:
how to integrate the capabilities of neural networks and
the expert approach for an objective and reproducible as-

60

sessment of design documentation generated by informa-
tion modelling tools.

The aim of the research is to develop a methodol-
ogy for assessing working documentation prepared using
information modelling technologies with the application
of neural network algorithms.

Research objectives:

* to establish evaluation criteria for the WD created
using TIM tools;

* to develop a methodology framework incorporat-
ing a neural network analysis module;

* to conduct an expert survey to clarify the signifi-
cance of the criteria and validate the results of the auto-
mated evaluation.

MATERIALS AND METHODS

The architectural and structural design process
can be viewed as a sequence of stages (the project life
cycle) from the initial concept through to the production
of design documents and subsequent construction. Fig. 1
shows a diagram of the main stages of this cycle.

During the conceptual phase, the initial require-
ments and architectural and planning solutions are for-
mulated in general terms (preliminary design, feasibil-
ity study). Next, the design documentation (DD) is
developed — a set of “P” stage documents sufficient
for the project to be assessed by the relevant authorities.
The design documentation contains the main architec-
tural, structural and engineering solutions, explanatory
notes and calculations necessary to verify compliance
with regulatory requirements. Once the design work
is complete, this documentation is submitted for state
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Concept/idea

Project documentation

Examination of project
documentation

Working documentation

Construction of the facility

Fig. 1. Stages of the architectural and structural design life
cycle

or non-state expert review, which assesses the proj-
ect against criteria of safety, reliability and compliance
with standards and regulations. Successful completion
of the review results in the issuance of a positive conclu-
sion, certifying that the project complies with the estab-
lished requirements.

The next stage is the preparation of the working
documentation. At this stage, the design is developed in
full detail: working drawings for all sections, specifica-
tions for materials and equipment, and other documents
required for the execution of construction and installa-
tion works are produced. The working documentation
is based on the solutions approved by the expert review
and must not contradict them. It serves as a direct guide
for construction works and contains all the information
required by construction organizations. Once the work-
ing documentation has been produced and checked (ei-
ther internally or externally), construction of the facil-
ity can begin. Thus, the design lifecycle covers the path
from the initial idea to a complete set of documents
that have passed expert evaluation and are suitable for
practical implementation. Each stage logically follows
on from the previous one, increasing the level of detail
and soundness of the solutions [13].

At all the stages listed, digital information models
(DIM) of the appropriate level of detail are currently
being created in parallel. Thus, at the concept stage,
the model is of a generalized nature (for example, cor-
responding to a LOD of ~100-200, containing the build-
ing’s overall dimensions and key parameters), whereas at
the design stage, the information model (IM) is enriched
with details of structures, engineering systems and attri-
butes, reaching a level of detail (LOD) of ~400-500 (de-

tailed elements down to the dimensions of manufactured
components) [14-17].

The project’s working documentation comprises
two key interrelated components: the building’s digi-
tal model and the traditional text-and-graphics section.
At the design stage, the digital model (DM) contains
the full scope of geometric and attribute information
about the project (architecture, structures, and engineer-
ing systems) in its current version. The text and graphic
section include drawings (plans, elevations, sections,
details) prepared in accordance with the Unified System
of Design Documentation/Construction Project Docu-
mentation System (USDD/CPDS); specifications for
materials and equipment; an explanatory note; and other
documents (e.g. calculation results, process flow charts).

In modern projects, these two components comple-
ment each other: the model serves as a source for gen-
erating drawings and specifications, whilst text docu-
ments clarify information that is not directly reflected in
the BIM model.

Given this structure, the methodology allows for
either a parallel two-channel review (where the DM and
the submitted documentation are assessed simultaneous-
ly) or a two-stage review of the WD. The first option is
a single-stage assessment, in which the DM and the sub-
mitted documentation are assessed together. The second
option is a two-stage assessment of the design documen-
tation. The first stage is the review of the 3D model: com-
pliance of the model with the established requirements
(structure, geometric accuracy, information content, etc.)
is analyzed. Once the DM was approved, the second
stage begins — the review of the formalized documen-
tation: the completeness and presentation of the draw-
ings and explanatory materials are assessed, along with
their consistency with the IM. The two-stage approach
is justified by the fact that identifying and rectifying er-
rors at the model level simplifies the subsequent review
of drawings and text. If the model does not meet key re-
quirements, further detailed verification of the drawings
becomes pointless; therefore, an acceptable level of BIM
model assessment must first be achieved. Only then does
the system proceed to analyze the textual and graphi-
cal documentation, using information extracted from
the verified model.

Fig. 2 shows a flowchart of the two-stage assess-
ment process. In the first stage, the BIM model analy-
sis module identifies discrepancies based on formalized
criteria. Once any critical errors in the model have been
corrected (if present), the system proceeds to the sec-
ond stage, during which the composition and content of
the documentation produced are checked: the presence
of all mandatory drawings and sections, the conformity of
the drawings with the model, and compliance with stan-
dards. In this way, a comprehensive assessment result is
achieved: from the digital representation of the project to
traditional documents.

To justify the development of the methodology,
a review was conducted of existing methods for the con-
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Stage 1. Evaluation of the digital model

Report on inconsistencies

Recommendations

Stage 2. Evaluation of documentation

Report on inconsistencies
and recommendation

Recommendations

Report on inconsistencies
and recommendation

Automated Decision making
(acceptance/modification/deviation)

Fig. 2. Flowchart of the working documentation assessment process

trol and examination of design and working documenta-
tion in both domestic and international practice. Table 1
presents a comparative analysis of key approaches in
Russia and abroad [18].

In Russia, the key mechanism for assessment re-
mains the review of project documentation, which has
the authority to prevent a project from proceeding if it
fails to meet the requirements. Abroad, greater respon-
sibility is placed on designers and liability insurance
schemes, whilst state oversight focuses on specific as-
pects (primarily safety and compliance with urban plan-
ning regulations).

The sheer volume, heterogeneity and multi-lay-
ered nature of modern working documentation make
it extremely difficult to check systematically by hand.
A project comprises dozens of models and drawings,
hundreds of pages of text and thousands of parameters,
all of which must simultaneously meet a multitude
of requirements — regulatory (CP, GOST), organiza-
tional and methodological, as well as the requirements
of the specific design brief. Even when using partially
automated verification tools (for example, checking only
for clashes or only for parameter completeness), a signifi-
cant number of inconsistencies remain, the identification
of which requires intellectual analysis. Such tasks, which
are difficult to formalize, include, in particular: verifying
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the compliance of adopted design decisions with safety
standards (analyzing the text of the explanatory note for
the presence of required sections on fire safety, energy
efficiency, risk assessment, etc.), comparing numerical
indicators in the model and in the explanatory note (for
example, comparing the total area as per the explanatory
note with the sum of the areas of rooms in the model),
and identifying logical inconsistencies between sections
(for example, discrepancies in equipment brands between
engineering system diagrams and specifications).

Existing automation tools do not provide compre-
hensive coverage of these issues, which necessitates
the use of Al methods. Neural network algorithms and
related technologies are capable of learning from large
datasets of projects, identifying complex patterns and
inconsistencies that are difficult to capture through ex-
plicit rules. Modern Al methods, including deep learning
neural network architectures, natural language process-
ing (NLP) and graph models, open up new possibilities
for the intelligent verification of technical documentation
based on TIM [19-21].

A number of studies demonstrated the effectiveness
of such approaches for evaluating design solutions. Neu-
ral networks can simultaneously analyze diverse infor-
mation — 3D geometry, tabular data, and textual descrip-
tions — and identify hidden correlations. For example,
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Table 1. Comparison of methods for assessing design and working documentation in Russia and abroad

Evaluation Domestic practice International practice
aspect
Regulatory audit | Mandatory state review of project There is no single body responsible for state technical

documentation: an independent body (project
documentation review) verifies the project’s
compliance with regulatory documents and
issues a report. Working documentation is

not formally reviewed during this process,

but the correctness of the decisions made

in the working documentation is indirectly
monitored through compliance with the project
documentation and construction supervision

inspection. Compliance with standards is monitored
through the building permit process administered by
local authorities. The design is checked by municipal
experts or accredited engineers to ensure it complies
with building codes. Responsibility for the quality of
the documentation lies largely with certified architects
and engineers, whose signatures certify compliance
with the standards

Internal control

A system of regulatory compliance checks has
been implemented in design organizations,
whereby specialized departments review
documentation to ensure it complies with GOST
standards, design specifications and the technical
brief. In addition, the project’s lead specialists
carry out design supervision

Large international companies have established
internal QA/QC (quality assurance/quality control)
procedures: the review of drawings by another
department, and an external technical audit of

the project (peer review) at the client’s request.
Engineers who hold a professional licence bear
personal responsibility for the quality of their sections

Using TIM
for assessment

Software tools (such as Navisworks, Revit, etc.)
are widely used to check models for clashes and
other errors during the design stages. Regulatory
guidelines for checking information models are
emerging (the Russian Ministry of Construction
has issued a standard for information modelling,
and expert bodies are developing criteria for
checking BIM models). In some cases, the BIM
model is submitted for expert review to undergo

Automated control using BIM is developed: software
tools are used to check rules (Solibri Model Checker,
Autodesk Model Checker, etc.), and custom scripts

are configured to validate models. In some countries,
pilot projects have been implemented to automatically
check compliance with regulations: for example,
Singapore has implemented the CORENET system

to automatically analyze models for compliance with
building codes. These systems reduce the time required

additional automated checks

for manual verification and increase its objectivity

Focus ratings The primary focus is on compliance with

SNiP, SP). The project is assessed first and
foremost in terms of safety and compliance

with mandatory standards. Economic and

are considered secondarily

a trained model can identify that the absence of certain
parameters in the DM often correlates with errors in
the drafting of specifications, and flag such situations.
Thus, the integration of a neural network module into
the evaluation system significantly improves the compre-
hensiveness and accuracy of automated checks, reduces
the workload on experts, and accelerates the process
of identifying errors at early design stages [22-27].

Furthermore, the use of a neural network approach en-
sures the adaptability of the assessment system. The algo-
rithm can be trained using examples from real-world proj-
ects and expert reviews, enabling the verification criteria to
automatically adapt to common design patterns and typi-
cal errors. In the long term, this will enable the system to
“learn” from experts, drawing on their experience, and
to continuously improve the quality of the assessment.

regulatory requirements (technical regulations,

organizational aspects (cost estimates, schedules)

Abroad, the evaluation criteria are more varied:

in addition to compliance with mandatory

standards (safety, accessibility, etc.), assessments
cover architecture (aesthetics, integration into

the surroundings), sustainability (energy efficiency,
environmental friendliness — often through voluntary
certifications such as LEED and BREEAM), cost
and timelines. Formalized design quality indices do
exist (for example, the Design Quality Indicator)

in the UK — a survey-based method for assessing
perceptions of a project’s quality. However, such
assessments are generally voluntary and are used by
clients to select the best project, rather than being

a mandatory state-mandated review

To implement the WD assessment methodology,
a specialized architecture based on artificial neural net-
works has been developed, enabling the processing
of both IM data and text documents. The architecture
diagram is shown in Fig. 3.

The input layer contains two data sources:

1. Building Information Model (BIM). Formats:
IFC, RVT. Represents the IM of a capital construction
project. Contains topological, geometric, parametric and
attribute data.

2. Documentation. Formats: PDF, DOCX, XLS,
etc. Includes explanatory notes, drawings, specifications,
stamps, tables and other design documentation prepared
on the basis of the digital model.

This data is fed into the neural network as an input
signal, divided into processing streams.
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Digital model
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Documentation
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with revision
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Input layer ki

Extracting metrics

Output layer

Fig. 3. Architecture diagram of the methodology for evaluating working documents

Feature extraction involves hidden or internal lay-
ers; these are not visible to the user. The methodology
utilises two hidden layers.

This section is labelled “Extraction of indicators”,
which reflects a key feature of the methodology: the gen-
eration of features x, x,, ..., x_based on the structure
of the WD evaluation indicators.

Within the hidden layers, information processing is
divided according to input type. In the first layer, features
are extracted using subnetworks.

Graph subnetwork. A graph neural network (GNN)
approach is used to analyze the building’s structure.
The BIM model is converted into a graph: the graph’s
nodes correspond to elements (structures, rooms, equip-
ment), whilst the edges represent various relationships
(adjacency, the “floor — room — zone” hierarchy, connec-
tions between engineering networks, etc.). Each node has
a set of features (element attributes: type, dimensions,
material, etc.).

Text sub-network. A natural language processing
(NLP) architecture is used to analyze text data. The aim
is to extract semantic features from explanatory notes,
descriptions and requirements. The subnet converts
the text of each section into a vector that reflects its

content. For example, it can detect whether important
aspects (standards, calculations) are mentioned in the ex-
planatory note, the completeness of the description, and
the presence of certain keywords (such as “fire safety”,
“energy saving” and so on).

To compare the model with the documentation,
a convolutional neural network (CNN) is used to process
images of drawing sheets and verify the drawing against
the model.

In the second hidden layer, information from the sub-
networks is combined to form the vector [x, ... x ] —
a unified set of features for the final decision.

To convert evaluation indicators into features, each
indicator has four attributes, as shown in Table 2.

The feature extraction diagram is shown in Fig. 4.

Once the IM and documentation have been pro-
cessed, a report is generated on the output layer, compris-
ing the following main components:

* a list of identified non-conformities. Upon com-
pletion of the check, a summary of all detected violations
and deviations from requirements is automatically gen-
erated. Non-conformities are grouped by indicators and
accompanied by references to the specific model elements
or documentation sections to which they relate;

Table 2. Attributes of the working documentation assessment indicator

Attribute

Description

D Unique name or indicator code

Unit of measurement

%, count, binary (yes/no), text label

Metrics What constitutes compliance

Extraction method
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Fig. 4. Feature extraction diagram

» recommendations for rectifying deficiencies. For
each identified non-conformity, the intelligent system
generates recommendations based on predefined rules
and accumulated data on typical solutions. Recommenda-
tions may include instructions on how to correct the model
or supplement the documentation. If a particular non-con-
formity has been encountered in previously trained ex-
amples, the system will suggest a specific solution that has
been effective in similar cases;

* asystematic approach to documentation. The key
outcome of this methodology is to assist in determining
the future course of action for the documentation under
review. Based on a comprehensive assessment of all in-
dicators and taking into account the severity of the issues
identified, the system produces a preliminary conclusion
in the form of one of the scenarios listed in Table 3.

The method for evaluating WD is based on logical
rules and neural network classification, without the use
of weights or aggregate indicators. This approach elimi-
nates the need for weights and aggregation, simplifies au-
diting, increases the transparency of the decision-making
logic, and allows indicators to be added to or excluded
from the model without the need for additional research to
determine the weight of the indicator in question [28, 29].
The model is based on a multi-level structure of indica-
tors, presented as nested groups:

1) group — a general criterion;

Table 3. Decision-making scenarios

Indicator

Norm > 90 %
Unit %
ID: RK-01

Comparison
with the norm

Deviation Sign x,
1

2) first-level subgroup — a specific aspect within
the group;

3) second-level subgroup — a specific aspect within
the group;

4) indicator — a specific aspect of the assessment.

An example of the grouping of indicators for
the “Automation of Engineering Systems” section is pre-
sented in Table 4.

Let S be the set of all indicator groups, where each
group G contains first-level subgroups P, each first-level
subgroup contains second-level subgroups F, and each
second-level subgroup contains a finite set of indicators x.
Formally:

S={G,G,.G}; (1)
G,={P.P,.. P, @
Py=AF Frp s Fbs 3)
Fl.jk= U, L, , 1}, 1€ {0.1}. 4)

Each indicator is a Boolean variable to which a bi-
nary value is assigned:

I=1— requirement met;

1= 0 — requirement not met.

For quantitative indicators and those expressed as
percentages, a logical conversion function has been in-

Decision Terms and Conditions Next steps
Complete set; all parameters are within The documentation is forwarded to the next
Accepted acceptable limits; no critical comments stage (review, implementation)
. . . Grant conditional approval; require
i Minor discrepancies that do not affect ’ o
I Accepted with anplicabilit 'pminor formattine errors the developer to address the comments within
amendments PP Y & the specified timeframe
Critical structural flaws, the absence of . ..
. . . . . Return of documentation for further revision;
x Rejection required sections, and inconsistencies cohibition on use
between the model and the texts P
| Anumber of significant but rectifiable A report on current issues is compiled and sent
B Sent for further revision shortcomings were identified to the contractor for rectification

65

(6G) L ONSS| QL JO] Henconramusanelas



Science :ﬁlt:lngtll::glii':::l: Vol. 16. Issue 1(59)

Alexander R. Nikitin, Sergej A. Sinenko

Table 4. An example of a multi-level indicator structure

P Subgroup 1 F Subgroup 2 | 1 | Indicator Metrics
Group 1 — BIM evaluation criteria at the ‘Working documentation’ stage
2 | System 29 Functionality 36 Full implementation of functions in accordance o
functionality with the technical specifications ’
% of functions implemented in accordance with
87 P %
the specification
38 No errors were founq during testing of typical Yes/no
and boundary scenarios
89 Alignment of functions with the system’s Yes/no
purpose
90 | Availability of system diagnostics functions Yes/no
9] Avallabll.lty of control functions and manual Yes/no
intervention
9 The presence and accessibility of manual Yes/no
controls and emergency stop buttons
30 Flexibility 93 Ability to .a.(iapt to changes in input Yes/no
data/conditions
94 Correspondence between the number of Yes/no
independent functional modules/blocks

troduced to preserve the binary structure of the model.
When there is an upper limit:

;o {1, x<T
i 0, x>T ©)
when constrained from below:
;o {1, x>T
o, x< T ©)

where x is the actual value or percentage of completion;
T'is the target value.

A second-level sub-group is considered to have
been completed if all its indicators have been met:

F;‘fk = /\r Iijkr .

(7
A first-level subgroup is considered complete if all
second-level subgroups have been completed:

B =/\F, =N\(AL,). )

ijk
A group is considered complete if all subgroups 1
have been completed:

©)

k

oA AN

Thus, the fulfilment of group G, is indicated by
the logical conjunction of all the indicators it comprises.

As part of the methodology currently being devel-
oped for assessing design solutions, a classification of
indicator groups is applied based on their degree of sig-
nificance and their impact on the reliability of design
solutions.

All groups G, € § are divided into two subclasses:

G cS§G (10)

crit

= S/Gcrit'

noncrit
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This decomposition is used when constructing logical
negation expressions:

E, :G’:é[_'Gi; (11)
noncrit = G,e};'/ _‘Gi' (12)

‘noncrit

The results of the analysis are then interpreted by
the classifier, and a final decision is reached:

LF,, =0AF,.. =0;
2, Fy =O0NE,, =1

b= 3,F,, =1 (localized); (13)
4, F,, =1 (critical).

The result D takes one of the four values listed in
Table 5.

An expert survey was conducted to validate the key
components of the WD assessment methodology. A ques-
tionnaire was prepared for the expert survey.

Experts with sufficient experience and expertise in
the field of architectural and structural design were in-
vited to participate in the survey. The criteria for select-
ing experts included:

1. At least five years’ experience in the design
or review of design and cost estimates and working
drawings.

2. Specialists who are members of NOPRIZ.

3. Specialists with practical experience in regula-
tory compliance, conducting reviews or technical audits
of documentation.

4. Specialists possessing the skills and understand-
ing of the principles of information modelling for capi-
tal construction projects.
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Table 5. Systematic classification of final decisions

Value Solution

D=1 Accepted

D=2 Accepted with amendments
D=3 Sent for further revision
D=4 Refusal to accept

The questionnaire comprises six thematic sections
covering:

1. The structure of the indicator system.

2. The division into critical and non-critical groups.

3. The classification of final decisions.

4. The logic behind the two-channel and two-stage
verification process.

5. The applicability of neural network architecture.

6. The feedback mechanism.

Each set of questions contains scaled, multiple-
choice and open-ended questions. This format enabled
us to assess the level of consensus among experts and
gather recommendations for refining the methodology.

To ensure the expert validation of the methodolo-
gy, it is important to ensure that the group is sufficiently
large, but not overly large. The number of experts has
been calculated using the following formula:

(14)

where ¢ — confidence coefficient (1.96 for a 95 % con-
fidence interval); c — estimated standard deviation = 1;
A — permissible error (0.6 points);

" _1.962-12~11 :
min 0.6 =t (15)
Eleven experts were invited to take part in the sur-
vey. The experts were surveyed individually via a writ-
ten questionnaire. Descriptive statistics were calcu-
lated for the quantitative scale ratings (1-5): the mean,
median, mode and range of ratings for each question,
which made it possible to determine the group’s overall
opinion and the variation in views. For multiple-choice
questions, the percentage shares for each answer option
were calculated — this showed which opinions pre-
vailed. The experts’ open-ended comments were sub-
jected to qualitative analysis. Responses were grouped
by similar themes or suggestions. Key comments and
recommendations frequently mentioned by various ex-
perts were highlighted in the report. Based on the sur-
vey data obtained, the methodology for assessing WD
will be refined.

In order to assess the consistency of expert opin-
ions on questions involving ranking or agreement/dis-
agreement, Kendall’s ¥ coefficient of concordance is
calculated:

(16)

where § — the sum of the squares of the deviations

of the ranks from the mean; m — the number of ex-

perts; n — the number of objects being evaluated.
Statistical significance test V-

xXX=m-(n-1)-W. 17)

This is compared with the critical value of x* (sig-
nificance level a = 0.05).

Interpretation of significance W:

W < 0.3 — low consistency;

0.3 < W< 0.7 — moderate consistency;

W > 0.7 — high consistency.

RESULTS

Eleven experts took part in the expert survey, eval-
uating the methodology developed across six thematic
areas. The questionnaire included scaled questions (rat-
ed on a 5-point Likert scale), multiple-choice questions
(binary “yes/no” or a choice between two options) and
open-ended questions for comments. The thematic ar-
eas of the survey were as follows:

* structure of indicators (logic of construction,
grouping, completeness of the set of indicators);

» division into critical and non-critical groups (justi-
fication for identifying critical indicators);

* final classification (based on the model’s four out-
comes);

¢ dual-channel methodology (combination of model
operation and documentary control);

* neural network architecture (clarity and appropri-
ateness of the chosen architecture);

» system feedback (list of identified discrepancies
and recommendations provided).

Quantitative survey results

For each scaled question, summary statistics have
been calculated: the median score and the interquartile
range (IQR). Table 6 presents the results for all six sec-
tions. High median values indicate that the majority
of experts have a positive assessment of the relevant
aspect of the methodology, whereas lower medians in-
dicate the presence of critical comments. The interquar-
tile range characterizes the spread of opinions: a nar-
row IQR indicates consistency in assessments, whilst
a wide one indicates a divergence of opinion amongst
the group of experts.

As can be seen from Table 6, blocks 1, 2 and 4 re-
ceived the highest ratings. In particular, the logical
structure and grouping of indicators were rated almost
at the maximum (median 5) with minimal variation in
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Table 6. Expert ratings for scaled items (median and IQR)

Module and assessment component Median (IQR)
Section 1. Logical structure of indicators 5(4-5)
Section 1. Correct grouping of indicators 5(4-5)
Section 1. Completeness of the set of indicators 4 (3-5)
Section 2. The need to categorise indicators as critical 5(5-5)
Section 2. Clarity of the criteria for determining the criticality of indicators 4(3-5)
Section 3. Classification accuracy for 4 outcomes 4 (4-5)
Section 3. Comprehensive coverage of possible outcomes 4 (3-5)
Section 4. The merits of the dual-channel approach 5(4-5)
Section 4. The convenience of using two channels 4 (3-5)
Section 5. Interpretability of neural network architecture 3(2-3)
Section 5. Justification for the choice of neural network architecture 3(3-4)
Section 6. Completeness of system non-conformity detection 4 (4-5)
Section 6. The usefulness of the system’s recommendations 3(34)

opinion; in other words, the experts unanimously rec-
ognized the structure of the indicators as clear and well-
founded. Similarly, the identification of critical indica-
tors is considered necessary (median 5) — almost all
experts agreed on the importance of dividing metrics
into critical and non-critical. Furthermore, the dual-track
approach was highly rated: experts responded positive-
ly to the idea of parallel analysis of the model and docu-
mentation. The spread of ratings in these sections does
not exceed 4-5, indicating a high degree of consensus
among positive opinions. At the same time, the neural
network architecture was the subject of the greatest dis-
agreement and received the lowest ratings. The median
score was 3 for both clarity and practicality of the archi-
tecture, whilst a quarter of the experts gave a score of 2
(below satisfactory) for clarity. This means that a sig-
nificant proportion of the experts considered the archi-
tecture to be difficult for users to understand. The range
of opinions in section 5 is narrow, i.e. the experts are in
agreement regarding the shortcomings. Opinions were
divided on section 6 (feedback): the system’s ability to
identify discrepancies was generally rated positively
(median 4), whilst the usefulness of the recommenda-
tions was rated lower (median 3). This shows that ex-
perts consider the list of problems detected by the sys-
tem to be sufficiently comprehensive, but the value
of the automatically generated recommendations was
questioned by some respondents. Block 3 (final clas-
sification of the model into 4 outcomes) received in-
termediate ratings — a median of 4 on both questions.
Overall, the experts agree that four outcome classes are
a reasonable choice; however, several experts pointed
to the possibility of improvements.

The distribution of the experts’ ratings across the six
thematic areas is shown in Fig. 5.

To quantitatively assess the consistency of the ex-
perts’ opinions, Kendall’s ¥ coefficient of concordance
was calculated. The calculated value was W = 0.52,
indicating a fairly high degree of agreement among
the experts. The y? statistical test showed that the con-

68

cordance was significant (p < 0.001), i.e. the consisten-
cy of opinions is not random.

In addition, the responses to the alternative ques-
tions (of the “yes/no” type) accompanying each section
were analyzed. These questions identified the propor-
tion of experts who agreed or disagreed with the key
provisions of the methodology. The distribution of re-
sponses is shown below:

Section 1: 8 experts (= 73 %) consider the set
of indicators to be complete and in no need of further
additions; 3 experts indicated that indicators should be ad-
ded to ensure the assessment is comprehensive.

Section 2: 9 experts (82 %) consider the justifica-
tion to be insufficient.

Block 3: 8 experts (73 %) agree that the classifica-
tion into 4 outcomes covers all key situations; 3 experts
believe that the number of classes should be reviewed
(merging the categories “rejected’ and “sent for revi-
sion”).

Block 4: 10 experts (91 %) consider it appropriate
to use two channels (neural network and documenta-
tion) in conjunction; only 1 expert advocated simplify-
ing the approach to a single primary analysis channel.

Block 5: 4 experts (36 %) stated that they fully un-
derstood the neural network architecture; the remain-
ing 7 (64 %) noted a lack of clarity regarding the mod-
el’s structure and a need for further explanation.

Block 6: 7 experts (64 %) consider it useful to pro-
vide recommendations for rectifying identified discrep-
ancies; 4 experts (36 %) rate the value of the recom-
mendations as low, citing their general nature.

The open-ended questions in the questionnaire
allowed experts to comment in detail on the meth-
odology’s shortcomings and suggest improvements.
An analysis of the responses revealed a number of recur-
ring shortcomings and recommendations. Many experts
supplemented their assessments with specific examples
of inconsistencies and advice on how to refine the meth-
odology. The key comments from the experts are set out
below (with reference to the relevant thematic section):
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Dual-channel

Critical group

Structure of indicators

Final classification

Feedback

Neural network

4.73

4. 64

4.55

1 2

3 4 5

Average expert rating (1-5)

Fig. 5. Expert assessments

Section 1 (structure of indicators): several experts
pointed out missing indicators, suggesting that the set
be expanded for completeness. Such comments indicate
that, although the structure was generally approved,
some specialists felt that certain metrics were lacking
for comprehensive coverage.

Section 2 (critical indicators): the feedback empha-
sized the importance of clearly defining the criteria for
criticality. For example, one expert noted: “The crite-
ria for classifying indicators as “critical” should be
more clearly defined so that everyone has a common
understanding”.

Block 5 (neural network): the experts provided
the most extensive feedback on the neural network ar-
chitecture. The model’s lack of clarity was a recurring
theme in the comments. “The neural network architec-
ture is too complex for the user, additional explanations
and training materials are needed”, noted one of the ex-
perts. Another recommended simplifying the model: “/¢
makes sense to use a simpler architecture — that way,
the results will be easier to interpret”. Such recommen-
dations explain the low scores awarded for this block
and point the way forward for improvement — simpli-
fying and better documenting the model, as well as pro-
viding more detailed descriptions of the methodology
and instructions.

Block 6 (feedback): In their comments on the feed-
back module, the experts emphasized the need for more
detailed recommendations. Although the list of identi-
fied discrepancies was viewed positively, a number
of experts felt that the advice was not specific enough.

There was a call to supplement the recommendations
with examples of solutions: “We would like to receive
not only facts about the problems, but also specific steps
on how to rectify them”. Another frequent recommen-
dation was to expand the list of scenarios for which rec-
ommendations are provided, so as to cover more practi-
cal situations.

The results of the expert survey show that the meth-
odology has been approved in terms of key parameters,
whilst the experts are in agreement regarding the most
problematic areas requiring further refinement. The high
consistency of the assessments (W = 0.52) confirms
the reliability of the conclusions drawn: the experts agree
on the positive assessment of the logic of the indicator
structure, the criteria-based classification and the integra-
tion of the model with the documentation, whilst collec-
tively pointing to a lack of clarity in the neural network
component and the recommendation module. These find-
ings will serve as the basis for targeted improvements to
the methodology in accordance with the experts’ recom-
mendations.

CONCLUSION AND DISCUSSION

The methodology developed for the automated
evaluation of design documentation prepared using in-
formation modelling technologies has demonstrated its
effectiveness and applicability in the modern context
of digital construction design. Its architecture is based
on logically structured indicators, formalized rules
and a neural network classifier, which ensures rigor-
ous and reproducible decision-making without the use
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of weights or integral generalizations. The methodology
provides for both parallel and two-stage evaluation, tak-
ing into account the specific nature of DM analysis and
text-graphical documentation. The built-in mechanism
for processing incomplete data sets allows for flex-
ibility and the generation of accurate comments even
when source data is only partially available. The math-
ematical model uses Boolean formalization, logical op-
erators and threshold values, ensuring the transparency
and interpretability of the result. The system classifies
the analysis result into four outcomes: accepted, accept-
ed with revisions, sent for revision, or rejected.

An expert survey confirmed the validity of the pro-
posed approach: most sections of the methodology
received high ratings and demonstrated a high level
of consensus (Kendall’s coefficient W = 0.52). At
the same time, areas requiring further development
were identified — in particular, the neural network ar-

chitecture and the feedback module that generates rec-
ommendations.

The results demonstrate the scientific and practical
significance of the methodology. It can be used as a ba-
sis for intelligent control systems for project documen-
tation during the preparation stage for expert review,
internal project audits, or analysis of the documenta-
tion’s readiness within contractual processes. Future
plans include expanding the set of indicators and train-
ing the neural network on larger corpora of project data.

This methodology is of particular practical value
when dealing with the contractual obligations of design
contractors. In the event of early termination of a contract,
it enables an objective assessment of the actual volume
of work completed, based on an automated verification
process, thereby facilitating a well-founded determination
of the stage of completion of the deliverable and the settle-
ment of financial accounts between the parties.
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JeiicTBUTEIbHAs Pa00Ta KOHCTPYKIMH BO3AYIIHBIX JIMHUMN
JJIEKTPONEpe a4y HA ITANAX KU3HEHHOI0 LIUKJIA

Hukounaii AnexcanapoBud CeHbKHH'?
! Canxm-Ilemepbypackuii 20Cy0apcmeentblil apXumeKnmypHo-cImpoumeibHblil
yuusepcumem (CII0IACY), e. Canxm-Ilemepoype, Poccus,
2 Poccemu Hayuno-mexnuueckuii yenmp, 2. Mocksa, Poccus

AHHOTALUMUA

BBepeHune. OObEKTOM MCCrefoBaHUs ABNAIOTCA KOHCTPYKLMN BO3AYLUHBIX NTMHUIA anekTponepeaayu (BJ1), Bkntoyas dyH-
[aMeHTbl; NpeaMeToM — AencTBUTenbHas padota KoHeTpykuui (APK) Ha aTanax »xu3HeHHoro umkna (KLL) BI (ctpouTens-
CTBO, 3KCNIlyaTaums 1 PeKOHCTPYKLMSA), Kak NIMHENHOTO COOPYXEHWS, YTO ONpeAensaeT NPakTUYecKyto 3Ha4MMOCTb CTaTbu.
Llenb onpenenserca HeobxoanMocTbio obecneveHunst Tpebyemolr HopMaTUBHOW HaAEXHOCTU byHKLUMOHUpoBaHus BJl. 3a-
naym paboTbl — n3yyeHve akTopoB AencTBUTENbHON paboTbl BJ1 Ha aTanax XKLI.

MaTepuanbl u Metoabl. [lencTBuTenbHas pabota KOHCTpyKuuii BJT, kak COBOKYMHOCTb pearbHbIX OTKIIOHEHWUI XapakTe-
PVICTVK 3NIEMEHTOB OT HOPMATMBHbIX 3Ha4Y€HWUI, YyCTaHOBIEHa B BMAE KOHKPETHbIX (hakTopoB. PakTop aBapuiHbIX MOBPEX-
OEHWUIA KOHCTPYKLUMIA, B TOM YMCrne nafgeHve onop, Takke oTHeceH k [IPK. MNocne pemMoHTa nnm pekoHCTpyKuMK, HanpumMep,
C 3aMeHOV MOBPEXAEHHbIX 1 yNaBLUMX OMnop, MO0 € 3aMeHON CTapbIX MPOBOAOB HA HOBbIE MHHOBALIMOHHBIE, 3KCNIyaTaums
npopomkeHa B coctase XKLI.

Pesynbrathl. [1peacTaBneH peanbHbl NPYMeEp YCNeLIHOW pekoHCTpykuun BJ1 220 kB ¢ 3ameHo NpoBOAOB Ha HOBbIE WH-
HOBaLIMOHHbIE C 3230POM, OTNMYaloLLMECS NepeMeLLeHNEM TOKONPOBOASALLEN YacTW OTHOCUTENBHO HECYLLEro cepaeyHuka
B YCIOBMSIX BbICOKOTEMMNEPATYpPHbIX AedopmaLmnin. BoaMoXXHOCTb Takon pekoHCTpyKumm BJ1 oBycnoBneHa noBbILLEHHOM
MPOYHOCTBIO U MOHWKEHHBIM AVaMeTPOM HOBOrO MPoBOAa C YNIIOTHEHHbIM CeYeHneM. OTO MO3BONUIO MOABECUTL HOBblE
WMHHOBAaLMOHHbIE NPOBOAA M rPO303aLLMTHbIE TPOChI HA CTapble OMopbl C YCUIEHHbIMU (DyHAAMEHTaMM, YTO 3HAYUTENBHO
COKpaTumno 3atpaTbl Mpy peKoHCTpyKuun BJ1.

BbiBoabl. [1aHHbIV MOAXOA Aarn BO3MOXHOCTb MPUMEHWUTL CTapble ONopbl AN NOABECKN HOBbIX NPOBOAOB M rPO303aLUUTHO-
ro Tpoca. Npu atom nponyckHasi cnocobHocTb BJ1 220 kB Bo3pocna Ha 60 % un 6onee. XKL npeacraeneH HoBow rpaduye-
CKOW MO[IENbI — «KPUBOW XWU3HWY», rpadvik KOTOPOW, Kak M3MEHeHWe MOToKa OTKa3oB W MO BPEMEHHOWN OCU T, COCTaBMeH
13 TPEX OCHOBHBIX 3TarMoB: CTPOUTENbLCTBO C NPMPabOTKOWN, HOpMarnbHas aKCnyaTaums U U3HOC. YKasaHHbI rpacduk npea-
NOXeH ANS onMcaHusi npoLecca nocrnenyoLle PeKOHCTPYKLMN Kak YeTBEPTOrO OCHOBHOTO 3Tana C NpoAJIEHNeM BpeMeH-
Hon ocu B cocTase Hosoro XKL BJ1.

KINKOYEBBIE CITOBA: cTanbHble KOHCTPYKLMW, BO3AYLUHbIE NIMHUW 3MeKTpornepeaayu, AencTeuTernbHas paboTa KOHCTPYK-
LA, onopebl, NpoBoAa 1 rpo303alLnTHbIe TPOChl, MPorpeccupytoliee obpyLueHne, aTanbl U MOAENW XU3HEHHOTO LMKNa, pe-
KOHCTPYKLWS
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ABSTRACT

Introduction. The object of the study is the structures of overhead power lines (OPL), including their foundations; the sub-
ject is the actual performance of these structures (APS) at the various stages of the OPL life cycle (LC) (construction,
operation and reconstruction), as a linear structure, which determines the practical significance of this paper. The aim is
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determined by the need to ensure the required regulatory reliability of OPL operation. The objectives of the study are to
investigate the factors affecting the actual performance of OPL at the various stages of their life cycle.

Materials and methods. The actual operation of overhead line structures, as a set of real deviations of the characteristics
of the elements from the standard values, is defined in the form of specific factors. The factor of emergency damage to
structures, including the collapse of poles, is also included in the actual operation of structures. After repair or reconstruc-
tion, such as the replacement of damaged and collapsed poles or the replacement of old wires with new innovative wires,
the operation continues as part of the life cycle.

Results. This is a real example of the successful reconstruction of a 220 kV overhead line, where the wires were replaced
with new innovative wires with a gap, which allow the current-carrying part to move relative to the supporting core un-
der high-temperature deformations. This reconstruction is possible due to the increased strength and reduced diameter
of the new wire with a compact cross-section. This allowed the new innovative wires and lightning rods to be hung on old
poles with reinforced foundations, significantly reducing the cost of the overhead line reconstruction.

Conclusions. This approach allowed the use of old poles for suspending new wires and a lightning protection cable. As
a result, the capacity of the 220 kV overhead line increased by 60 % or more. The life cycle is represented by a new graphi-
cal model, the “life curve”, which shows the change in the failure rate w over time 1. The curve consists of three main stages:
break-in, normal operation, and wear. This graph is proposed to describe the process of subsequent reconstruction as
the fourth main stage, with an extended time axis as part of the new life cycle of the overhead line.

KEYWORDS: steel structures, overhead power lines, actual structural performance, supports, wires, and lightning rods,
progressive collapse, life cycle stages and models, and reconstruction
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BBEJIEHUE

Joxnan mo naHHOW TeMaTHKe OBLI MpECTaB-
neH aBTopoM Ha VIII MexayHapogqHOM CHUMIO3UyMe
PAACH «AxTtyanpHBIe MPOOIEMBI KOMITBIOTEPHOTO
MOJIEJINPOBAHUS KOHCTPYKUMH U COOPYKEHUN», MPO-
BEIEHHOM B TaMOOBCKOM TOCYIapCTBEHHOM TEXHHYE-
ckoMm yHuBepcutete 17-21 mag 2023 r. [1]. Tepmun
«naeiicTBUTENbHAsT paboTa KOHCTPYKIHI», COTIaCHO
m. 4.2 CIT 16.13330.2017 «CtanbHble KOHCTPYKLIUN,
OTpa)xaeT «yTOUHEHHBIE PACUETHBIE CXEMBI M pac-
YETHBIE MPEANOCBUIKH, KOTOPHIE YCOBEPIIEHCTBYIOT
OCHOBHBIEC PACUCTHBIE MOJCIH, IPUBEICHHBIC B JCH-
CTBYIOIINX HOpMax, B IeNAX oOecriedeHust OOIbIIei
MIPOYHOCTH, KECTKOCTH U HAJIE)KHOCTH CTPOUTEIHHBIX
koHCTpyKIni» (CK). TepMHHBI «CTPOUTETBCTBO U pe-
KOHCTPYKIHS», KaK CBA3aHHBIC MOCIEA0BATEIIbHBIC
MIPOLIECCHI CO3/JaHUs U OOHOBJICHUSI BO3YIIHBIX JIMHUN
anekTponepenaun (BJ), HarpsiMyro COnpsHKEHBI ¢ 110-
HsaTreM xu3HeHHoro nukita (JKLI) BJI. ITo Texaugecko-
MY perIaMeHTy O O€30IaCHOCTH 3/1aHUH U COOPYKEHUH
(Ne 384-@3 ot 30.12.2009) «KH3HEHHBIN ITUKI 3TaHHS
WIN COOPY>KEHHSI — IEPUOA BPEMEHH, B TCUCHHUE KO-
TOPOTO OCYIIECTBIISIIOTCA MH)KCHEPHBIE M3BICKAHHUS,
MIPOEKTUPOBAHNE, CTPOUTEIBCTBO, SKCILITyaTaIlus, pe-
KOHCTPYKIUSI, TEKYIUNA U KamUTaJbHBIH PEMOHTHI,
CHOC MO0 KOHCEpBAIMs 3/1aHUSI WA COOPYKECHUS,
BKJIIOYAs BO3AYIIHbIE JINHUY dJIEKTponepeadn. 3aaada
ananmsa JKI[ BJI otHocuTCs X neiicTBUTENBHOM pabo-
te xkoHCcTpyKIui ([PK) [2], nMeeT BbICOKHIA YPOBEHD
HOBU3HBI M COCTABIISIET OCHOBHYIO LIENIb ITyOJIMKanH.

AKTyanpbHOCTH CTaThU OOYCJIOBIICHA 3HAYUTEIb-
HOM IIPOTS’KEHHOCTBIO OTeuecTBEHHbIX BJI HanpsokeHu-
em 0,4-750 xB, mocturaromeit 2,5 MIIH KM 10 JJAHHBIM

ITAO «Poccetn», a Taxke WX HEIOCTATOYHO YIOBJIET-
BOPHTEJBHBIM TEXHUUECKUM COCTOSTHHEM. [10 TaHHBIM
[Tonoxenns [TAO «Poccetny «O eqnHON TEXHUYECKOM
MOJINTHKE B IIIEKTPOCETEBOM KomIutekce» (2017 t.)
CyIIeCTBEHHAs! A0JIs1 000PYAOBaHHS XapaKTepU3yeTcs
CBEPXHOPMAaTHBHBIM CPOKOM CIrykObl. Tak, 1o cocro-
sario Ha 2016 T. HaxonsATCs B DKCIUTyaTannu Oolee
35 net: BJI 220-330 xB — 52 %, 110 kB — 61 %,
35 kB — 63 %, a o0mas 108 TeXHOJIOTHYEeCKHUX Ha-
PYLIEHUH B 2JIEKTPOCETEBOM KOMILIEKCE 10 IPUYHHAM,
CBSI3aHHBIM CO CTapeHueM (M3HOCOM) 00OpyIOBaHHUs
u KOHCTpyKuuit no uroram 2015 ., coctaBuna 24 %.
TpeboBanus aeiictByromero [loigoxeHus: o TexHuYe-
ckoif monmutuke [TAO «DenepanbHas ceTeBast KOMIa-
nus Enunoit snepreruueckoit cuctems» (ITAO «®CK
EDC») 2024 r. pacnipocTpaHAIOTCSA Ha dKCILTyaTUpye-
MbI€ U ITpoeKkTUpyeMble BJI 111 HOBOrO CTpOUTENLCTBA,
PEKOHCTPYKIIMM M TEXHHUYECKOTO MEPEBOOPYKEHHUS
n yuutbiBatorcs B pamkax JKL[ BJI. 3nech Tpedye-
MBIl YPOBEHb HOBU3HBI OCHOBAH HAa aHATUTHYECCKOM
0030pe Hay4YHO-TEXHUUIECKON JTUTEPaATypsl C paccMo-
TpeHueM u3zBecTHbIX Mozenei XL konctpykuuit BJI,
10 CPABHEHUIO C KOTOPBIMHU TPEAJIOKECHHAST aBTOPOM
nHxeHepHass monenpb XKL, onuceiBaromas TexXHU4Ye-
CKO€ cocTosiHuE coopyxeHus ¢ yuetom JIPK B Teuenue
BPEMEHU CTPOUTENILCTBA U dKCIUTyaTauuu BJI, a Takxe
MOCIEqyIomel peKOHCTPYKITNH, 0071a1aeT HOBH3HOM.
OOBEKTOM HCCIIEIOBAHUS SABISIIOTCS] KOHCTpYKInu BJI,
BKITIO9as (hyHIaMeHTH, mpenMetoM — JIPK Ha sTamax
KL B mporiecce CTPONUTENBCTBA, IKCIUTyaTallud U pe-
KoHCTpyKIMH BJL.

B coBmecTHOH poccuiCcKO-HEMEKOH MOHOIpa-
¢un [3] u3ywarorcs BONPOCH! pacyeTa yCHIMBAEMBIX
KOHCTPYKIHH, ()yHJaMEHTOB 1 OCHOBAaHHH PEKOHCTPY-
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UPYEMBIX 3JAHUM U COOPY)KEHUM, IOATBEPKIACTCS
W3BECTHAsl UCTHHA O BBICOKOH 2((EKTUBHOCTH UHBE-
CTHUIUI, HAIIPaBICHHBIX HA MX TEXHUYECKOE MEPEeBO-
OpYy’KeHHE U PEKOHCTPYKIIHIO IO CPABHEHUIO C HOBBIM
CTPOUTENLCTBOM. B crnemyromux mpuMepax mpeacTas-
JICHBI MaTepuabl, MOCBSIEHHbIC BApHAHTAM yTIpaBiie-
Hust XKL BJI Ha ocHOBe OlIEHKU ¥ MPOTHO3UPOBAHUS €€
TEXHUUYECKOTO COCTOSHUS, B YACTHOCTH, IIPUBOJAIIIE
K HEOOXOAMMOCTH BBIOOpA HANpaBJICHUS HA PEKOH-
crpykuuto BJL

B nepBoM npumepe paccmarpuBaeTcs METOMKA pe-
koHCcTpyKImu BJI kak moasranHasi cucrema yrnpasieHHs
MozepHu3anueii orop BJI ¢ yaeroMm TpeboBaHMiA SKCILTY-
aTaluy 1 HaJeKHOCTH SHEProcHa0KeHNs IToTpeOnTemneH,
paspaboranHas B [loHOaccKoit HAMOHABHOM aKaIeMUH
CTPOUTENBCTBA U apXUTEKTYpHI [4, 5]. [Ipennoxken ai-
TOPHUTM OLICHKN TEXHWYIECKOTO COCTOSIHUSI KOHCTPYKITHH
omnop u pyamamentoB BJI, sxcruryarupyemsix Ooiee
30 ;et, Ha OCHOBE PE3YNNBTATOB CIICITHATN3UPOBAHHOTO
00ciIe10BaHus C MCIIOIB30BAHNEM OTPACIEBOTO POC-
cutickoro cranmapra [TAO «Poccetn» CTO 56947007-
29.240.55.111-2011" u CIT 13-102-2003? ¢ pa3paboTKoii
3aKJIFOUYEHUS] O TEXHUUYECKOM COCTOSTHUM KOHCTPYKIMH
BJI u ordera, BKIIOUAIOUIETO ONpPEEICHUE OCTaTOU-
HOTO pecypca 1 00beMOB PeKOHCTPYKIMHU. [losTanHble
pacdeTsl KOHCTPYKIUH U JSWCTBHSI HA OCHOBAHUH pa3-
paboTaHHON METOIMKH, B TOM YHCIIC CMETHBIE PACUEThI,
TIOKa3aJIn BBICOKHMHI sxkoHOMIUYeckui addexr 40 % ot pe-
koHCcTpyKmu BJI 220 kB ¢ 3aMeHo# 1 0OHOBICHHEM
KOHCTPYKIIHH 110 CPAaBHEHHIO CO CTPOUTEIHCTBOM HOBOH
BJI [4].

Bropoii npumMep packpbiBaeT COBpEMEHHBIE MOJIE-
JI BBICOKOTO YpOBHS 110 ynpasieHuto XKL BJI, kotopsie
MIPOBOAATCS B YpalIbCKOM (pe/iepalbHOM YHUBEPCUTE-
Te umenu nepsoro Ilpesnnenra Poccun b.H. Enpuu-
Ha T0J PyKOBOACTBOM mpodeccopo M. Xamsicmaa,
C.A. I'pouierko u B CopuiiCKOM TEXHUYECKUM YHUBEP-
curere npodeccopom /1. bormanoseim [6]. [Ipemnaraercs
pa3paboTka NPOTHO3HBIX MOJENICH, a HA UX OCHOBE —
(hopMHpOBaHIe HOBBIX TTOJIXOJIOB K OIIEHKE OCTaTOYHOIO
pecypca u addextrBHOM cuctembl ynpasnaenus XK1 BJI.
Tax, oOyuatomias BEIOOpKa /Uit OLleHKH cocTostHus BJI
110 kB Bkitouana 160 npumepoB, TJe Kaxaas U3 mnap
BBIOOPOK COOTBETCTBOBAJIA ONPE/IEIICHHOMY COCTOSTHHIO
cucTeMsl. /|11 BBIYUCIUTEIBHOTO IpUMepa Mpou3BeIeH
aHaJIM3 COCTOSIHUS Ha 0a3e pe3ysbTaTroB TEXHUYECKOU
JIMarHOCTUKU M UCTIBITAHUH OJHOTO M3 KOMITOHEHTOB
BJI — u3onsmun.

! Crarmapt OAO «®CK EDC» CTO 56947007-29.240.55.111—
2011. Meroamyeckue yKazaHHs MO OLIEHKE TEXHUIECKOTO CO-
crosinust BJI u ocrarounoro pecypca komnonentos BJI. M. :
OAO «DCK EDCp», 2011. 85 c. URL: https://www.fsk-ees.ru/
upload/docs/sto_56947007-29.240.55.111-2011.pdf

2 CIT 13-102-2003. TpaBuia 06CieR0BaHus HECYIIIUX CTPOU-
TEJIbHBIX KOHCTPYKLUH 31aHui 1 coopyxkeHuit. M. : [occTpoit
P®, 2004. 31 c.
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B tperbem mpumMepe mpeacTaBlieH MPOeKT PEeKOH-
crpykuuu BJI 220 kB B Kutae ¢ pacuerom ctoumMocT
mosHOTO K1 710 M mocie TeXHUYecKoi TpaHchopma-
uu [7]. Ang pacdera cTOUMOCTH JBYyX pa3HbIX JKI|
UCIIOIb30BaH METOJ] YHCTOM TOI0BOM CTOMMOCTH C JUC-
KOHTUPOBaHHBIMH IPUBEACHHBIMU 3aTparaMu Ui NPV.
Croumocts XK1 BitOuaia CyMMy HpSIMBIX, KOCBEHHBIX
W IPYTHX 3aTpaT B TEYCHUE BCETO IIUKJIA, HEOOXOANMBIX
JUTS TIPOSKTUPOBAHS, HICCIICAOBAHNH 1 pa3paboToK, U3-
TOTOBJICHHSI, TEXHUUYECKOTO OOCITY)KMBaHHSI U TapaHTH
JI0O MOMEHTA BBIBOJIA U3 SKCILTyaTanuu. [Ipumep nprse-
JICH JUTA Y9acTKa IPOTSHKEHHOCTRIO 4174 M MarucTpaib-
Hoit onHouenHow BJI 220 kB Ha kee300eTOHHBIX TPo-
MEXYTOUYHBIX OIOpax, BBEJCHHOW B DKCILTyaTalHIo
B nexadpe 1993 r. u skcmmyarupyromeiics 25 iet. Yya-
CTOK COCTABJICH JIByMsI aHKEPHO-YIJIOBBIMHU U JIECSTBHIO
POMEKyTOUHBIMU oropaMu. Kaxnas dasza cocrout
U3 JByX MMpoBozoB ceuenuem 300/40 mm?. JIo HacTymTe-
HUS TIPEICTHHON MPOJODKUTEIBHOCTH SKCIUTyaTalluu
o0bekTa (30 1eT) ocranock 5 yer. B maHHBIA MOMEHT
cleqyeT BBIOPATh OAWH U3 JBYX BO3MOXHBIX BapHaH-
TOB Oymymiero Juisi 0ObeKTa: BBIBO M3 IKCILTyaTaIIH
u Bo3BeaeHue HoBoi BJI 220 kB nubo TexHuueckas
Monepuuzauust BJI. B aToif 3agaue nmpocTble BbIUMCIe-
HUS MoKa3and 3()(HEeKTUBHOCTD PEKOHCTPYKITUH: TOI0-
Basi croumocTh nosHoro XKL no mpeoOpazoBanus au-
HuU coctaBuia 435 321 10aHb, a TogoBasi CTOUMOCTD
nonHoro XII mocie pexoHcTpykmuu Bcero 210 435
10aHel, uTto skoHoMHuuecku dpdexkruBuert Ha 107 %
i B 2,07 paza. DxoHoMuueckast Mozielb 3arpar Ha JKL{
COOPYXEHHS cofeprKaja CIEAYIOIINE PACXOIbI:

* IEepBOHAYAIBHYIO CTOMMOCTb, BKIIIOUAIOIIYIO 3a-
TpaThl Ha IPHOOpETeHIe 00OPYIOBaHNS, 3aTpaThl Ha TIPO-
eKTHPOBaHUE, CTPOUTEIBCTBO, IEMOHTAX U IPyTHE 3aTpa-
THI JIO ITyCKa B DKCILTyaTallHio;

* DKCIUTyaTallHOHHBIC PACXOIBI, B TOM YHCJIE pac-
XOJIBI Ha TIepeAady U MoTpedIeHUE MEeKTPOIHEPTUH 000-
pyZOBaHUEM, NEPHOINUECKOE KOMITJIEKCHOE TEXHHUYE-
CKOE 00CITy)KUBAHHUE;

* CTOMMOCTH KOHTPOJISI M TEXHUUECKOTO OOCITYKH-
BaHMS;

* CTOMMOCTH MOTEPH MIPH OTKA3E M3-3a MpeKparie-
HUS GYHKIIMOHUPOBAHUS (IJIEKTPOCHAOKEHHSI MTOTpe-
OuTeneii) Mo NpUYMHE aBapHu;

* CTOMMOCTH BBIBOJIA M3 DKCIDTyaTaIllH, BKIFOYAs
pacxofpl Ha IEMOHTAK, TPAHCIIOPT, CKJIaIMPOBAHIE, TIPO-
BEJICHUE TOPTOB U JIPYTUE COITyTCTBYIOIIHUE 3aTparthl [7].

B gerBeproM mpummepe mpuBeneH mokian [dpu
bpeHHaHa «PeKOHCTPYKLMS CyLIECTBYIOIIUX BO3AYLI-
HBIX JIMHUH »7ekTponepenaun» (Asctpanus) [8], mpea-
CTaBJIEHHBIN Ha ceccnn B2-203 (2004) Mexmynapon-
HOTO COBETAa IO OOJIBITNM 3IEKTPUIECKUM CHUCTEMaM
BbIcokoro Harpsbkenust (Conseil International des Grands
Réseaux Electriques — CIGRE). Eme B nexabpe 2000 1.
pabouas rpynma 13 BO-3 HccnenoBareinbckoro KOMHUTE-
ta B2 onyonukorana Opourtopy 175 «VipasieHue cyiie-
cTBytommMHu BJI», B KOTOpO# MIpeacTaBIeHa OCHOBHAS
3a[a4a — BOCCTAHOBJICHHE IIPOEKTHOTO CPOKA CITYKOBI
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sKcIuTyaTnpyeMbix BJI myTeM mpoBeneHusI peMOHTHBIX
paboT, 0becreunBalONX CHIDKCHIE BEPOATHOCTH BHI-
xona BJI u3 ¢gynkunonunpoBanuns. @akTnyeckuii cpok
ciryx0b1 BJI BeIXOAMT 32 mipeienbl pacyetHoro — 50 Jiert,
OTIpeIeTIsIeT MPEAEbl TEXHUYECKON IPUTOTHOCTH B KO-
HOMHYECKOTO CPOKa CITY>KOBI M TPEOYeT MPOICHHS TeX-
HUYECKOTO cpoka ciyx0bl. Kpome Toro, cymiectByer
npoOiieMa MOBBIIIEHHS MIPOITyCKHOW criocobHoctu BJI,
910 TpeOyeT pa3padoTku 3GGEKTUBHBIX CTPATETUN €€
MozaepHu3auu. [ penreHns 3TuX mpoOiieM BBITTONHS-
I0TCSI IIMPOKUE MCCIICIOBAHMS 110 N3YyUCHUIO MEXaHH3-
MOB JIerpa/iallii KOHCTPYKIUH, COBEPIICHCTBOBAHUIO
METOIOB JUATHOCTUKHU U CIIOCO00B BoccTaHoBiIeHNS BJI.
Hanpumep, BMecTo peMoHTa IPOBOIOB IeeCO00pazHO
3aMEHSTh UX COBPEMEHHBIMHU 3(PEKTUBHBIMH IIPOBO/IA-
MH, 00€CIeUNBAIOLIMMH MTOBBIIIEHHE TIPOITYCKHOMW CII0-
cobHoctu BJI. dyHaaMeHTHI, KaK MPaBHIIO, HAXOISTCS
B Y/IOBIICTBOPUTEIEHOM COCTOSIHUH B OTIMYHE OT OTOP-
HBIX KOHCTPYKIHUH, Y KOTOPBIX PUCKH, CBS3aHHBIE C Me-
XaHM3MaMH JIETPaaliiy ¥ aBapUITHBIMU BO3ACHCTBUSIMHU,
BapbHUPYIOTCS OT AehopMaliii KOHCTPYKLIUH JI0 TIOJTHO-
TO pa3pylLIeHHs, MPUBOAIIETO K MOTepe padboTocto-
cobHocTH TMHUH. OOBIYHO KOHCTPYKIMH 3a3eMIICHUS
TAKKE 3HAUMTEIILHO TTOBPEKIAFOTCS IIPU SKCILTyaTalluy
ot koppo3uu. [IpousBogurensHocts BJI onpenensiercs
KaK KCIUTyaTallHOHHAS TOTOBHOCTb, ITPOTIOPIIMOHATBHAS
CPOKY ciry>k0bl. OnTHMaNIbHAst TOYKa BOCCTAHOBIICHHUS
IpeJcTaBIsieT coO00 MOMEHT, KOTia MpejiesibHbIe 3aTpa-
Thl Ha POJIOJKEHUE FKcIutyarauuu BJI paBHbl cpenneit
JTONTOCPOYHON CTOMMOCTH BOCCTAaHOBIICHHUA [§].
[IprBeieHHBIE BBIIIE IPUMEPHI CBHICTEIBCTBYIOT
0 BbICOKO# 3exTuBHOCTH 0OHOBIEeHUs1 BJI mocpen-

CTBOM PEKOHCTPYKIUH, HAIIPUMEP C 3aMEHOU CTapo-
TO CTaJCATFOMUHUECBOTO MIPOBOA HA MHHOBAITMOHHBIN
BBICOKOA((EKTUBHBII CTaJICaIFOMHUHUEBBIH KOMITAKTH-
POBaHHBIH POBOJI, OTVINYAIOIIUICS BEICOKOH MPOIYCK-
HOW CTTIOCOOHOCTHIO, TEPMOCTOUKOCTHIO, JKECTKOCTHIO,
CTOMKOCTBIO K BO3/ICHCTBHIO TTOBBIIIEHHBIX BETPOBBIX
1 TOJIOJICTHBIX HATPY30K, MOBBIIIICHHBIM YKCILTyaTallH-
OoHHBIM pecypcoMm [9, 10]. Takum obpa3om, aHAIU3 CO-
crostHusl KOHCTpYKUui BJI ¢ yueTom ux neiicTBUTENb-
HOM pabotsl Ha »Tanax JXXL| ompexnenser roTOBHOCTH
KOHCTPYKIMH ISl BBIOPAaHHOTO BapHaHTa PEKOHCTPYK-
uu BJL.

MATEPHUAJIBI I METO/bI

DakTOpHI AeHCTBUTEIbHOI Pa00ThI KOHCTPYKIHIA
B m. 11.1 TOCT 27751-2014% yTBepxaaercs,
YTO PacUYCTHBIC MOJEIH (CXEMBI) CTPOUTEIHHBIX 00h-
€KTOB JOJDKHBI OTPaKaTh JEHCTBUTEIbHBIC YCIOBUS
uX pabOTHI U COOTBETCTBOBATh PACCMATPHBAEMOM pac-
4eTHOH cuTyaruu. Bersisnenusie gaxropsr PK sBns-
FOTCS ICPBUYHBIMU, IPUCYTCTBYIOIIUMHU B IEPBUYHON
pac4eTHOH cxemMe COOpYKEHHS (0 pa3pylIeHHs) Co-
miacHo 1. 1.3.12 ¥ NOHWKAIOIIMMHU JIMOO MTOBBIIIAI0-
IIMMH HECYIIYIO CIIOCOOHOCTh KOHCTPYKIUH (puc. 1).
Takne (hakTOpPBI MPEACTABIAIOT MEPBONPHIUHY
U MOTYT NMPHUBECTH K aBAPUHHBIM MOBPEKICHUSIM KOH-
CTPYKLMH [IPU MOCIEAYIOIEM BO3AEHCTBUM BHEIIHUX

3TOCT 27751-2014. Haie)XHOCTh CTPOUTEIBbHBIX KOHCTPYK-
uuit u ocHoBanuid. OcHoBHBIE onoxeHus (EN 1990:2002).

M. : Crangaprunagopm, 2015. 14 c.

Puc. 1. Cnyck ognonennoit BJI 220 kB «Moroda — 3u10Bo» ¢ conku u nepexor uepe3 TpaHCCHOMPCKYI0 MAaruCTpaib U 3a-

Mep3arontyto p. Amazap (3abaiikanse, 09.2022)
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Harpysok, €CjJIi HC 3aHUMAaTbCs MPEBCHTUBHBIM YCHUJIC-
HueM KoHcTpykuuil BJI, Harmpumep, MOCpeaCcTBOM «ay-
TPUTEPHBIX KOHCTPYKIMH (TIepecekarouruecst Gpepmsl,
cBsi3H, TuadparMbl WK 0aIKe, 00CCIICUHBAOIIHE TOBbI-
IIEHHYIO KECTKOCTh)» 110 1. 1.3.3. B ¢Bs31 ¢ poMBIII-
JICHHBIM OCBOEHHEM OTHAJIEHHBIX TeppuTopuii Kpaiine-
ro Cesepa, Cubupu u Jlanpaero Boctoka coBpeMeHHbIE
JIMHWH 3JIEKTPOTIEPEIady BO3BOASATCS B ITOYTH HEJJOCTYTI-
HBIX YCIIOBHSX TOp U 0e310poxbs (puc. 1), 9to cymie-
CTBCHHO BJIMACT Ha KaYC€CTBO BLIITOJTHCHUA TPaHCIIOPT-
HBIX ¥ CTPOUTEITFHO-MOHTaXHBIX padot (CMP).

Becbma onacHbIME ISt DYHKIIMOHUPOBAHUS 00b-
CKTa ABJIAIOTCA NOBPEIKIACHM A, BbI3bIBAIOIINE HACTYILIC-
HHUe Tporpeccupyromero oopymenus (I10) koHCTpyK-
Ui, KOTOpbIe MOTYT NMPHUBECTH K JIABUHOOOPA3HOMY
UX pa3pyLICHUIO, €CIIU HE BBIMOIHATH 0COOBIE 3aIUT-
HBIE MEPHI 10 00ECTIEICHUIO )KUBYUECTH 3aHUI U CO-
opyxenuii [11-16]. Takum oOpazom, epBUUHBIE (ak-
TOPbI, @ UMEHHO Ae(PEKThl IPHU M3TOTOBICHUU KOH-
CTPYKIHI, TIPEBHIMIAIONINE HOPMATHBHBIE IOMyCKN*
5. 6.7.8.9.10.11 ' gak M CBEPXHOPMATUBHBIC MTOBPEIKACHHS
KOHCTPYKIHI ITPH TPAHCTIOPTHUPOBKE, YCTAHOBKE U OKC-
IUTyaTaluy KOHCTPYKIUH, IPEACTABIAIOT 3HAYUTEIb-
HBIC PUCKH JJIsl HAJISKHOM SKCIUTyaTaliiy KOHCTPYKITHHA
onop BJI (puc. 2) [17-33].

Takne mepBUYHBIE (AKTOPHI HEOOXOAUMO BEI-
SBIISITH TIPU OCMOTPAX, OCBUJETEIBCTBOBAHNU U 00-
CJIEIOBAHUU U YCTPAHATH IIPU CTPOUTENIBLCTBE, Ia-
HOBBIX PEMOHTaX M PEKOHCTPYKIMH B COOTBETCTBUU
¢ TpeOOBaHUSIMU HOPMATHBHOM JOKyMeHTanuu" > 678,
K nepBuunbiM dakropam JIPK, npencrasustommm pu-
3MYECKHE OTKIOHEHHUS! OT HOPMATHBHBIX 3HAYCHHH Ma-

4 CI120.13330.2016. Harpy3xu n Bo3zetictsust (per. ot 30.12.2020).
M. : Crargaprundopm. 147 c.

5 CI1296.1325800.2017. 3nanust u coopysxkenwusi. OcoObie BO3-
neiicteus. M. : Cranmapruadopm. 30 c.

¢ CIT 76.13330.2016. DrekTpoTeXHUYECKUE YCTPOHCTBA. AKTY-
amm3upoBanHas pexakimst CHull 3.05.06-85. M. : MuHcTpoit
Poccuu, 2016. 90 c.

"PJ134.20.504-94. TuroBast HHCTPYKIHS 110 IKCILTYaTAIINH BO3-
IIYITHBIX JIMHAHN dNIeKTponepenadyn HanpsokeHueM 35-800 kB :
yTB. 19.09.1994 JlemapTamMeHTOM JJIEKTPUUCCKUX CETEH
PAO «EDC Poccum». M. : dupma OPI'POC, 1996. 122 c.

8 O6 yrBepkaeHun [IpaBui paccienoBaHus IPUYHH aBapuii
B JIEKTPOIHEPreTHKE M HHIMACHTOB B AJIEKTPOIHEPTETHKE !
[Mocranosnenue [IpaBurenscrBa PO ot 29.09.2025 No 1489.
M. : TTAO «Pocceru», 2025. 33 c.

°TOCT P 57193-2016. CuctemHasi ¥ IporpaMMHasi HHXKE-
Hepwus. [Iponeccrt sxn3nennoro nukia cucteM (ISO/IEC/EEE
15288:2015, NEQ). M. : Crannapruadopm, 2016. 98 c.

" TOCT P 58087-2018. Enunast sHepreTuveckas CucTeMa
Y U30JIMPOBAHHO PabOTAONINE YHEPTOCUCTEMBL. DJIeKTpHYe-
CKHE CETH.

''CTI 333.1325800.2020. MudopMannoHHOE MOICTHPOBAHIE
B cTpouTenbeTBe. [IpaBuna ¢popmupoBanus nHPOPMALIHOH-
HOIT MOzIe/I 0OBEKTOB Ha PA3IMYHBIX CTAAUSAX )KH3HCHHOTO
muka. M. : Craagaptuagopm, 2020. 286 c.
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paMeTpoB, KOTOPBIE MOTYT BI3BATH IPOrPECCUPYIOLIEe
oOpyurenue nepeoro pona (I10-1) anemeHTOB M camoi
KOHCTpYKuuu ornops! BJI, Bkirowast ee majeHue, oTHe-
CCHBI CIIE/TyOIIHE!

1) nedexThl N3rOTOBICHUS U TIOBPEKIACHUS dJe-
MEHTOB U COETUHEHUI];

2) BepTUKAJIbHBIE U TOPU3OHTAJIBHBIC IIEpEMeIe-
HUS (DYyHIaMEHTOB, UX HEPABHOMEPHAsI OCAJIKa WITH JIe-
TUIaHAIMs, HETOYHOCTh COOPKM M MOHTa)Ka, OTKJIOHE-
Hus ocu onop BJI ot BepTukanu;

3) BO3IEHCTBHUS B3pPbIBA, IT0XKapa, 3eMJICTPSICEHHS,
nedopManuy rpyHTOBOTO OCHOBaHUSI M CBEPXPACUETHBIX
KJIMMaTHYeCKUX HAarpy30K U APYTue, MPUBOAAIINE K T10-
BPEXJICHUIO U MaJICHUIO ONOPHI B pesynbrare [10-1;

4) aBapuifHbIE IOBPEXKICHHS JIEMEHTOB M KOHCT-
PYKLHUH ITpU BHE3AITHOM y/IaJCHUHU 3JIEMEHTa U3 KOH-
CTPYKLUH (Hanmpumep, NPy He3aKOHHOI pa3dopke oro-
PBI WJIM BaHJAIIM3ME);

5) KOppO3UOHHBIN H3HOC KOHCTPYKIIUH.

B pesynbrare sokansHoro paspyuiesus (1. 1.35.8)°
13 TIEPBUYHON pacuyeTHOW CXEMBI, OCIa0IeHHON Tep-
BuuHbIME (akropamu JIPK (1. 1.3.1)%, o6pasyercst BTo-
pHUUHAs pacueTHas CXeMa «IIyTeM HCKIIIOUEHUS! OJHOTO
WJIN HECKOJBKUX HECYIINX KOHCTPYKTHBHBIX JIEMEH-
TOB, PACIOJOKEHHBIX B 30HE JOKAJIBHOTO pa3pylie-
Hus» (1. 1.3.5). Tloce BbIXoa U3 CTPOSt KPUTHUCCKUX
9JIEMEHTOB U MAaJCHUS OMOPBI BO3MOXKHBI Pa3pyIICHUS
KOHCTPYKIMH coceqnux onop BJI n3-3a 3HaunTEIBHBIX
YCIJINH B MPOBO/AX M TPO30TPOCAX M HACTYIUICHHSA
1O Broporo poxa (I10-2). K BropuunbM dakTopam
JIPK MO’XXHO OTHECTH CleIyIOIINe, KaKk IPaBUIIo, Mpei-
CTaBJISTIONINE COO0M aBapHifHBIE TIPOIECCHI C pa3pyie-
HHEM TPYIII OTI0pP, KOTOPEIE B COOTBeTCTBHU ¢ [1YD-7
«IIpaBuna ycTpoWCTBa 3IIEKTPOYCTAHOBOK» 2 ClieayeT
BKJIIOUYUTH B COCTaB aBapUIHBIX PEKUMOB IPH 0OpHIBE
MIPOBOJIOB, TPO30TPOCOB, TUPJIAH U30ISTOPOB U Majie-
HuH onop. [Ipu 3TOM npn aHaIM3€e NEPBUYHBIX U BTO-
PUYHBIX (PaKTOPOB TpeOyeTcs paccMaTpUBaTh (PU3HUKO-
MaTeMaTHYeCKHe MOJIEIH, OMUCHIBAIOIINE CUCTEMHBIN
XapakTep padoThl U B3aUMOJICHCTBHS JJIEMEHTOB U KOH-
CTPYKLIMH:

1) KOHCTpPYKIHIA o110p, (PyHTAMEHTOB U TPYHTOBO-
TO OCHOBaHUS,

2) onop, IPOBOIOB, TPO30TPOCOB, N30JISITOPOB B €11~
HOM MexaHnuyeckol cTpykType BJI, kak BaHTOBO-CTEpKHE-
BOU CHCTEMBI,

3) BJI, kak BAaHTOBO-CTEPKHEBBIX CUCTEM CO CTPYK-
TYPHBIM PE3€PBUPOBAHNEM KOHCTPYKIMH MOCPEACTBOM
CIEIHATBbHBIX OMOP MOOHMIIBHOTO PE3epBa AJIsl SKCTPEH-
HOI1 3aMEeHbI TIOBPEkKICHHBIX HOPMAJIBHBIX OTIOP IS TI0-
BBIIICHUS HKCITYyaTallHOHHOM Ha/leKHOCTH Ha CTaaAuU
aKcIutyarauumu [16].

Canenosarensno, IPK, npencrasisomas COBOKyI-
HOCTb PEabHBIX OTKIOHEHHH XapaKTepPUCTUK (MM Ma-
paMeTpoB) ee AEMEHTOB OT HOPMATUBHOTO (TIPOEKTHOTO)

12 TIpaBuiia yCTpOUCTBA SIEKTPOYCTAaHOBOK. 7-¢ u3t. (ITYD-7).
M., 2003. URL: https://pue-7.ru/pue_7.pdf
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Puc. 2. [Tpumeps! OBpeXICHNUS U aBapUU CTPOUTENBHBIX KOHCTpYKuuil BJI: ¢ — npenaBapuifHblii HAKJIOH aHKEPHO-YTJIOBOH

onopbl ¥220-1 1o npuyrHe MOPO3HOTO BIMYYUBaHUs (QYHIAMEHTOB H3-32 HEPACUSTHOIO IPOMEP3aHuUs TPYHTOBOTO OCHOBA-

nus (3abaiikanbe, 12.2022); b — oaHa U3 IByX yNaBIIUX IPOMEKYTOYHBIX OAHOLETHBIX orop Tuna 211220-1-6.8 no npuunne

CBEepXpacyeTHBIX BETPOBbIX HArpy3ok (Mpkyrckas obmacts, 11.2019)

COCTOSIHUSI, BBISIBJISIETCS B BUJI€ KOHKPETHBIX (DaKTOpOB
B pe3yJbTaTte 0CMOTpa, OCBUICTEIbCTBOBAHUS MIIH 00-
CJIEIOBaHUS CTPOSILUXCS U DKCIUTyaTupyeMbix BJI.
3HaunTenbHOE BiaMsHUe Ha cocrosHue CK okaspiBaer
KOPPO3HMOHHAs cpefia aTMOC(epsl, B KOTOPOH 3KCILTY-
arnpytores ornopsl BJI, a Takxke mpoJoIKUTEIBHOCTD
MX 9KCIUTyaTaInu.

IIpounoctueie pacuetsl CK BJI, umeromux uc-
K )KEHHYIO0 (popMy O IPUUNHE OTKIOHEHHS CTalbHbBIX
OTIOp OT BEPTHKAIBHON OCH, a TaKXKe IMPU HEPaBHO-
MEpPHOH yCTaHOBKE (DyHAAMEHTOB, ITOKA3alN YBEIH-
YeHNE YCHINH B HECYIINX JIEMEHTax B mpenenax 5 %
IIPH YCIOBUHU HEIIPEBBIICHUS! OTKIOHEHUH JOIYCTH-
MBIX 3HAQYEHHUH 10 HOPMATUBHO-TEXHUYECKON JOKYMEH-
taruu® > %78, ABapuitHbIC MOBPEKICHHUS KOHCTPYKIIHIMA
(puc. 2, a), BKII09as MageHUE OMOP JIMHUN AIIEKTPO-
nepenaun (puc. 2, b), mpeprIBAlONINX HOPMAJIbHOE
¢yukunonuposanue BJI ¢ mpekpaiiennem nepenadn
3JIEKTPOIHEPTUU MOTPEOUTENAM, TAKKE OTHOCATCS
K KaTeropyuu JIeHCTBUTENLHON paboThl KOHCTPYKIIUA.

[Tociie peMOHTa MM PEKOHCTPYKIUH, HAITPUMED
C 3aMEHOH yHaBIIMX OMOp, FKCIUTyaTalus MpoIoJIKa-
ercsa B coctae JKII. B cooTBeTcTBHM ¢ MpHU3HAKaMHU
TEXHOJIOTMYECKHUX HapylleHUH (aBapuil) B AJIEKTPO-
JHEpreTuke, CPopMyTUpoBaHHBIMY B TrL. 7 1 8 [IpaBui
pacciieioBaHus IPUYNH aBapuil B IEKTPOIHEPreTHKE
U MHIUICHTOB B AJICKTPOIHEPTeTHKE®, K aBapusM OT-
HocsiTcst otkitouenus BII 110 kB u Brlte ¢ mpexpariie-
HUEM 2JIEKTPOCHAOKEHHSI ITIOTpeduTENeil MOIIHOCTBIO
100 MBrT u 6onee.

PE3YJIBTATHI HCCJIEJOBAHUA

[IpuBeeHHBIE BBIIIE TPUMEPHI CBHICTEIBCTBYIOT
0 BBICOKOH A(h(PEeKTUBHOCTH OOHOBIICHHS OCHOBHBIX
9JIEMEHTOB WM KoMIioHeHTOB BJI mocpencTBom 3ame-
HBI CTApOro CTAICATIOMUHUEBOTO IIPOBOIA HA HHHOBA-
IIMOHHBIN BBHICOKOX(P(PEKTUBHBINA CTalIeaTIOMIHIECBBIN

KOMITAaKTHPOBAaHHBIH MTPOBOJI, OTIIMYAIOLIMICS BBICO-
KO TPOITyCKHON CIOCOOHOCTBIO, TEPMOCTOUKOCTBIO,
JKECTKOCThIO, CTOMKOCTBIO K BO3JICHCTBUIO TOBBIIICH-
HBIX BETPOBBIX U TOJIOJEHBIX HATPY30K, TOBBIIICHHBIM
9KCIUTyaTaIlMOHHBIM pecypcoM [9]. HoBslit mpoBox co-
CTaBJICH M3 TUIACTHYECKN 1e(h)OPMUPOBAHHBIX ITPOBO-
JIOK Tpamnemnen aibHoro min Z-o0pa3Horo mpogus,
YTO 3HAYUTEIBHO MOBBIMIACT KOI(PPHUIUEHT 3aI0IHe-
HUSI pabOYero CeueHus, TOBOAS €ro MOYTH 10 CIANHH-
1[I, @ 3HAYUT, CYLIECTBEHHO MOHIKACT TUaMETP HOBO-
O MIPOBOJIA U TOJIOJICTHO-BETPOBBIC HATPY3KH Ha OMOPHI
COOTBETCTBEHHO, 00eCIeYrBast BOSMOXXHOCTH MOABECKU
HOBBIX TIPOBOJIOB Ha CTapble OMopsI [9].

Crapsrit npoext BJI 220 kB Brmonsen B 1958 1. Po-
CTOBCKHM OTJICJICHUEM NTPOEKTHOTO MHCTUTYTA « Teruto-
JIEKTPOIPOCKT, a JINHUS ObUIA IIOCTPOCHA U BBEJIE-
Ha B dKkcIuyatanuio B 1960 . B cBsi3u ¢ 3aBepuieHu-
€M pacdyeTHOro cpoka skcruryarauu (50 ner), a Takxe
OOHyJIEHMEM CTOMMOCTH OOBEKTa W aMOPTHU3aLNOH-
HBIX OTYMCJICHUN MOTpeOoBaiachk pekoHCTpyKIust BJI
220 kB «Adwunckas — Kpsimckas» (KpacHomapckmit
Kpaif) (mpoTsHKeHHOCTh 68,4 KM, CTaphlil MPOBO Map-
ku ACO-300, rpo3o3amuTHsrii Tpoc C-70, cTams Map-
TeHoBckast Mapku CT3M st orop, cBau kene300eToH-
Hble amuHOU 5,0 M u ceuenuem 0,3 X 0,3 m). B urone
2008 1. Opuranoii lleHTpa HHXUHUPUHTA BO3LYITHBIX
nuani 2nexrponepenadn (LIUBJI) AO «HxeHepHsIi
Hentp EDC — ®upma OPT'POC» nox pykoBOACTBOM
aBropa u HavanbHuka [[MBJI P.C. KaBepunoii mpo-
BEJICHO TEXHUYECKOE OOCIIEJOBAHNE CTPOUTEIBHBIX
koHCTpyKIHit B coorBerctBun ¢ CIT 13-102-20032,
CBUJICTEIIbCTBYIOIIEE O PAOOTOCIIOCOOHOM U PEMOHTO-
MPUTOJTHOM COCTOSHHU METa/UIOKOHCTpykuuii BJI,
HO OI'PaHUYEHHO PabOTOCIIOCOOHOM COCTOSTHUH JKEJIE30-
OCTOHHBIX CBAaMHBIX POCTBEPKOB aHKEPHO-YTIOBBIX
omop. 3arem B yieTHe-oceHHUU mepuon 2008 1. ObLT
BBINTOJTHEH BOCCTAHOBUTENIFHBIN PEMOHT C YCHIICHHEM
JKeIe300€TOHHBIX POCTBEpPKOB. A B okTsA0pe 2009 T
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npoBeneHa pekoHcTpykuus BJI 220 kB «Adwurnckas —
KpbiMckas» 110 npoexTy U CuiaMHu U3BECTHON B CTpaHE
Hay4HO-NIPOU3BOACTBEHHON KoMnaHuu AO «3DneKTpo-
CeTBCTPOUTIPOEKT» (I. MOCKBA) MPU YyIaCTHH aBTOPA,
OCYILIECTBIISBIIETO TEXHUYECKUH HaI30p CO CTOPOHBI
3akazuuka [TAO «®CK EDC» (puc. 3) [10].

HoBbIli MHHOBAIIMOHHBIM CTajicaJIlOMUHHUEBBINA
npoBoz ¢ 3a30poMm GTACSR 217/49 J-Power Systems
(SlmoHHMs) BKIIOYAET HAPYKHYIO TOKOHECYILIYIO 4acTb
U3 TEPMOCTOWKOTO aJIOMHHHEBOTO CIUIaBa CEUCHH-
em 217 mm? ¢ monmyctumoi Temmeparypoii 150 °C,
a e 80 °C kakx mna obsraynoro mposoma AC-300,
IIPY 3TOM IPOIMYCKHAsi CIOCOOHOCTH HOBOTO BBICOKO-
TEeMIIepaTypHOTO MPOBO/ia MoBkIIIeHa B 1,6 paza [11].
Hecymmii cepneunnk ceuenneM 49 MM? W3TOTOBJIECH
13 BBICOKOTIPOYHBIX OLIMHKOBAHHBIX CTAJIBHBIX IIPOBO-
JIOK, a 3a30p MEXIY CEepACUHHKOM M Hapy>KHOW TOKO-
Hecymield 000JI0YKOH 3aroiHeH 0c000 BSI3KOW TepMO-
CTOMKOM CMa3KoM, oOecreuyuBaroileil NX B3auMHEIE
nepemenieHus npu temmeparype 1o 240 °C. Bozmox-
HoOCTb pexoHcTpykuuu BJI 220 kB ¢ 3amenoil nposona
Ha BBICOKOA(D(PEKTHUBHBIN MPOBOA HOBOTO MOKOJICHUS
00ycCIIOBII€HA TTOHMKEHHBIM AMaMETPOM HOBOTO TPO-
Bona. Tak, pasHuIla B JUamMeTpax CTaporo ¥ HOBOTO
MpPOBO/Ia COCTaBmMIA 3,2 MM, THAaMETP HOBOTO TPOBO-
Ja MeHble Ha 13,6 %, mpu 9TOM pacueTHbIE Harpy3Ku
Ha IIPOBOZA U OLIOPBI B pacyeTax peKOHCTpyKuuu BJI
220 kB OBLIH MPUHSATHI COOTBETCTBEHHO HIKE, UTO TTO3BO-
JIMJIO IPUMEHHTH CTapble MPOMEKYTOUHBIE  aHKEPHO-
YIJIOBBIE ONOPHI ¢ OOHOBICHHBIMH (DyHIAMEHTaMH
JUISL IOZIBECKH HOBOTO MPOBOJIA M TPO30TPOCA, B TO XKe
BpEMsl JIIEKTPUUECKas IIPOITYCKHAs CIIOCOOHOCTD JIaH-
Ho#t BJI 220 kB Bo3pocna Ha 60 %. B cTpykType 3arpar
Ha KOHCTPYKLMHU U MaTepuasibl CTOUMOCTh IPOBOIOB

o0prgroro ucnonHenus mo F'OCT 839-2019 «IIposo-
Jla HEM30JIMPOBAHHBIEC ISl BO3AYITHBIX JTHHUH JJIEK-
Tponepenaun. TexHUUECKHe yCIoBUsI»'® cocTaBseT
11 %, mpu 3TOM CaMy0 OOJIBIIYIO JOJIIO HMEIOT OHOPBI
u QpyHgameHTsl — 75 % (Tadm.).

Tabnuia cocraBiieHa Ha OCHOBaHMH JaHHBIX [TAQO
«lleHTp MHXUHUPUHTA U YIIPABJIECHUS CTPOUTEIBECTBOM
Enunoii sneprernueckoii cucremsn» (LIMYC EDC), BbI-
momHuBIINM B 2014 . aHaMM3 CMETHOH TOKYMEHTAIHN
BJI 220 kB ¢ nensio onpenenacHus CTPYKTyphI 3aTpar
pH IpUMeHeHnn o0brgHoro nposoa mo 'OCT 839—
20195, Ha 6a3ze KOTOPOTO aBTOPOM YCTAHOBJIEHA CTPYK-
Typa 3aTpar AJsl pa3HbIX YpPOBHEH CTOMMOCTH HOBOTO
rpoBoza. Takum 00pa3oM, HECMOTpS Ha CyIIECTBEHHbIE
3aTparsl 110 3aMeHe 0OBIYHOTO MPOBOJA HAa HOBBIM, CTO-
HUMOCTh IPHOOPETEHNsI KOTOPOTO OKa3anach B 4 pasa J1o-
poxe 00br4HOTO, 3aKazunk-uHBecTop [TAO «PCK EDC»
MPUHSAN pelieHue mo pexoncTpykmuu BJI 220 xB
«Adurnckas — KpbiMckas» u3-3a noBbleHus Ha 60 %
MIPOITYCKHOW CIIOCOOHOCTH, Kak miaBHOW (yHKumu BJI,
1 BOCCTAHOBJICHUS 3HAYMTEIBHONW 4acTH OallaHCOBOM
CTOMMOCTH JIMHUU.

Crenyrommm pe3ysIbTaToM UCCIIeJOBAHHUS SIBIISIET-
cs nmxeHepHas mozens JKL] BJI, paspaboTanHast aBTo-
pom. TexHuko-akoHOMIUECKHEe Mozenu onucanus YKL
1 MOJTyYEHHBIE PE3YIIBTATh, TPEACTABICHHBIC B IPUME-
pax BBenenus, Toka3bIBaroOT BHICOKYIO 3(h(EKTUBHOCTD
HallpaBJIeHUs Ha pekoHCTpykuuo BJI, kak npasuio,
BBINOJIHIEMYIO TIOCPE/ICTBOM 3aMEHBI ITPOBOJIOB Ha CO-
BpPEMEHHbIE KOMITAKTHPOBAHHBIE MPOBOJIA C YIIJIOTHEH-

BTOCT 839-2019. ITpoBojia HEU30IMPOBAHHbIE [UISI BO3TYIII-
HBIX JIMHUH 3J1eKTpornepeaaun. TeXHuueckue ycinoBus. M. :
Crannmaptaapopm, 2019. 43 c.

RRRRRRDL

Puc. 3. Pexonctpykuus BJI 220 kB «Adunckas — KpeiMckas» ¢ 3aMmeHoi crapbix mpoBoaoB tTuna ACO-300 Ha BEICOKOTEMIIE-

parypubie npoBona tTuia GTACSR 217/49 smonckoii komnanuu J-Power Systems ¢ HCIoabp30BaHUEM COBPEMEHHOH TEXHOJIO-

TUU «MOHTaX IOJI TShKeHHEeM» [12]
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Crpykrypa 3arpar Ha komroHeHTbl BJI 220 kB mipu n3MeHeHnH CTOMMOCTH IIPOBOIOB [0 CPABHEHUIO € 6a3MCOM — IPOBOIOM

no F'OCT 839-2019"

Komnonentsr BJI Jomns xomrmoHeHTOoB B 001eit croumoctr BJI 220 kB mu1st pa3HBIX ypOBHEH CTOMMOCTH POBOA
OTHOCHUTENBbHO HOpManbHOTO mpoBoza o FOCT 839-2019%, %
o 'OCT 839-2019" B 2 pa3a J0poxKe B 4 pasa 1opoxe B 10 pa3 nopoxe
Ormopst 40,0 36,0 30,1 20,1
DyHIaMEHTBI 35,0 31,5 26,3 17,6
IIpoBona 11,0 20,0 33,1 55,3
I'pozoTrpocsr 8,0 7,0 6,0 4,0
Uzonsuus 5,0 4.5 4.0 2,5
Apmarypa 1,0 1,0 7,5 0,5
HUroro, % 100,0 100,0 100,0 100,0

HBIM CeYeHHeM, 00J1aAat0Ie MOBBIIIIEHHON MPOITYCK-
HOM CITOCOOHOCTBIO, a TaKXKe IPO3OTPOCH C 3aMEHON
Ha MOJHHME3AINIICHHBIC CTAJIbHBIE TPOCHI, CTOHKHE
K pacKpy4dHBAaHMIO TOcie yaapa MonHuu. OCHOBHas
uzes TakoW PEKOHCTPYKIMHU 3aKIIFOUAETCSI B COXpaHe-
HHUH KOHCTPYKIUH OTOp, MMEIOIINX TTOHKEHHYIO HECY-
IIyIO CTIOCOOHOCTB, TO3TOMY HAarpy KEHHBIX IIPOBOIAMHU
U IPO30TPOCAMHU C HOHMKEHHBIMA MEXaHHUECKIMH Ha-
rpy3KaMH, HO 00€CIEeYNBAIOIINMH KJIIOUEBBIC (DYHKIMN
IO TIepesiaue AEKTPOIHEPTUN U CHUIKEHUHU HATrPy30K
Ha HUX Ul JaibHEHIero npumeHeHus. CMeTHas cTo-
UMOCTb CTPOUTENBHBIX KOHCTPYKIUI — omop u QyH-
JTAMEHTOB, KaK mpaBmito, gocturaet 70-80 % ot obmieit
CTOMMOCTH cTpouTenbcTBa BJI, onpenenss HeoOXxomu-
MOCTb TMPUCTAIBHOTO OTHOIICHHS K KOHCTPYKTUBHON
JaCTH HPHU CTPOUTEIBCTBE U 3KCILTyaTaIHH.

Mogens XK1 coopyxenust, oTHOcserocs: Kk BJI,
ONHMCHIBACTCS «KPHUBOHW XMU3HW», I'paUK KOTOPOH,
KaK M3MEHEHHUE MOTOKA OTKA30B ( 110 BPEMEHHOMH OCH T,
COCTOWT U3 TPEX TIABHBIX 3TAIOB: CTPOUTENBCTBO (IIPH-
paboTKa), HopMaIbHast AKCILTyaTalus U H3HOC (puc. 4).

Juist moctpoenust rpaduka MCIOIb30BAHBI PE3y-
JBTATHl CTATUCTHUECKHUX HccienoBannii AO «Dupma

OPI'POC» [19], momy4eHHBIX TOA PYKOBOACTBOM BBI-
Jaonierocs uHxeHepa-ucneitarens JI.B. fIkosiesa,
1 AO «HTLpneKkTpo3IHepreTHKM», MOTyIeHHBIX H3BECT-
ueiMu nccnenoBarensivua C.B. KpsutoBemv n JI.B. Tuma-
moBoit [20, 21], a B UYC EDC — N.M. I'ammackapo-
BbIM [22], a Takke B JloHOacCKoi HaITMOHATLHOW aKajie-
MHH 10 CTPOUTENBCTBY U apXuTeKType [23-26] nox py-
KOBOZICTBOM JIOKTOpa TEXHUYECKUX HaykK, mpogeccopa,
pekropa E.B. TopoxoBa. Ha ocHOBaHMM W3y4eHUsI IOTOKa
0TKa30B Ha 3kcruryatupyemsix BJI 35-750 kB 3a mmm-
TenbHbIN nepuon JI.B. SIkoBneB onpenenus npenensHo
JIOITy CTUMBIE 3HAYEHHMS 3TOTO ITOKA3aTels HAJIEKHOCTH —
YIEIbHOW aBapUMHOCTH JJIs pa3HbIX KJIACCOB HAIps-
KEHUH He3aBHCHUMO OT Martepuaia ormop: BJI 110 kB —
0= 1,1 orkasos na 100 kM omguorenHoi BJI B rox;
220 kB — 0,6; 330 kB — 0,5; 500 kB — 0,4; 750 kB —
0,3. B Hacrosmiee BpeMs yKa3aHHBIE TOKa3aTeIN IPHHSTHI
KaK MaKCHMaJIbHO JIOIyCTHMBIE B COCTaBE MOKa3aTeeh
MPOTPECCUBHOCTH B COOTBETCTBUH C TpeOoBaHmamH I1o-
noxenns [TAO «Poccetn» «O ennHON TEXHUYECKON TI0-
JIUTHKE B 2JIEKTPOCETEBOM KoMITIekce» (2017 ).

Ipy IpoeKTHPOBAaHMH CIIETYET 3aKIIa/1bIBATh, & HA CTa-
JUSIX CTPOUTENBCTBA M AKCIITyaTallui HE MPEBBIIIATh

C, rozpt
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2,0
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- b C (’0110=1=1 Mé 04 e
S0 _——— = e i i —_— e
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Puc. 4. ['paduk sxiu3HEHHOTO IHKIa («KpuBast sku3Hm» ) BJI 110-750 kB ¢ pa3HbIMEI BpeMEHHBIMH OCSIMHU, HCXOMS U3 MIPENETbHO J0-

ITyCTUMBIX 3HAYCHUH YACIPHON aBapUIHOCTH (O TS Pa3HBIX KJIACCOB HATIPSHKEHUH (ITyHKTHPHBIE JIMHUH ), TTocTpoeH it BJ1 110 kB
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Tpe6yeMI)IX YHCJICHHBIX JOIYCTUMbIX 3HAYEHUH I10 OT-
Ka3aM , B YaCTHOCTH, Ha dTarax npupaboTKu U U3HO-
ca 0T KOPPO3UOHHBIX N0TePh. BJI MOXKHO npeacTaBuTh
B BUJC CUCTCMBI, COCTOﬂIHeﬁ M3 Ipynibl B3aUMOCBS-
3aHHBIX KOMIIOHEHTOB (OIOpHI, (PYHJAaMEHTbI, IPOBO/IA,
IPO30TPOCHI, U3OJIAIINSA, APMATYPa, YCTPOUCTBA 3AITUTHI
OT MepeHanpsHKEHHH ), IPUYeM KOTOpas B COOTBETCTBUU
c . 4 TOCT P 57193-2016° umeeT CcBO¥t KU3HEHHBIIM
UK, TTOIpa3aesisieMblid Ha CTAJUN WU MOCIeI0Ba-
TCJIbHBIC DTaIlbl.

IlepBeIif 3Tam (3Tam CTPOMTENLCTBA C MpHUpa-
00TKOI — y4acTok a—b—c Ha puc. 4) XapakTepusyeT-
Csl CyIIECTBEHHBIM YPOBHEM OTKa30B KOHCTPYKLIMH
0 MpUYKHE 1e(PEKTOB U MOBPEKIACHUH, BOZHUKAIOIINX
IIPH BBINOJIHEHUN TPAHCIIOPTHBIX, ITIOIPY304HO-pa3rpy-
30YHBIX U CTPOUTECIbHO-MOHTAaXXHBIX pa60T. Ycunenue
CTPOUTENHHOTO KOHTPOJISI, TEXHUYECKOTO U aBTOPCKOTO
HaJ30pa Ha TIEPBOM JTarle, a Takke Ha3HaAuYeHHE TapaH-
TUWHOTO CpOKa HE MeHee 3—5 JIeT B JOTOBOPE MoApsiaa
Ha cTpouTenbcTBO BJI ¢ 11e51b10 KOHTPOJIS U UCTIpaBIie-
HUS TOAPSTHBIX OMTUOOK U Opaka JOJKHBI 00€CTICUUTh
Hajnexaiee kaaectBo CMP ¢ moHmKeHreM oToka oT-

Ka30B JI0 HOPMAaTUBHOTO 3Ha4eHus ®, = 1,1 oTka3 B rox

11

Ha 100 xkm BJI 110 kB (BepxHuuit l'IyI?IKTI/Ip Ha puc. 4).
[TpomomKUTENEHOCTE BTOPOTO 3Tara (HopMasbHast 9KC-
TTyaTaius, y9acTok c—d Ha puc. 4) onpeaensercs, npe-
XKJI€ BCETr0, YPOBHEM aHTUKOPPO3MOHHON 3aIUTHI 3JIe-
MeHTOoB CK, B yCIIOBHSX MPOMBIIIICHHON aTMOC(epsbl
cranbpHas KOHCTpykuus BJI Tepser ropsiuyto OLUHKOB-
Ky 3a 15-25 5eT B 3aBUCHMOCTH OT IepBOHAYAIHHON
tonuHel [23, 32]. Ha mocnennem Tpetbem sTane CK
HUMEIOT KOPPO3MOHHBIE MOBPEKIACHUS B 3aBUCHMOCTH
OT arpecCUBHOCTH aTMOC(epbl (Y4aCTOK dKCIUTyaTaI[n
d—e na puc. 4), «kKpuBbIe KU3HU» ¢ KOXPOUIIUSHTAMH
0,4-0,6 B 3aBHCUMOCTH OT KOPPO3UOHHBIX XapaKTEPH-
ctuk armocdeps! [32]. 3neck norpedyercss 0OHOBIIE-
HUE aHTUKOPPO3NOHHOM 3aIIUTHI CTATBHBIX U XKEJIe30-
OCTOHHBIX KOHCTPYKIIMH, a TAaK)Ke YCHJICHHE U 3aMEHa
anemenToB CK. Kak BapuaHT, Ha 3TOM 3Tare 1eiaeco-
00pa3HO BBIMOIHUTH APPEKTUBHYIO PEKOHCTPYKIIHIO
C 3aMEHOI MPOBOJia HA COBPEMEHHBIN KOMIAaKTHPO-
BaHHBIN, IPU MOBBIIICHUN MPOIYCKHOI CIIOCOOHOCTH
BJI nHarpy3ku OT roJjioJeHO-BETPOBBIX BO3/IEHCTBUI
Ha OMOPBI CHUKAIOTCS B CBA3H C YMEHBIICHUEM JHa-
MeTpa IPOBOJIOB.

Ipennaraercs paspadoranusiii rpaduk XKL BJI
BKJIIOYUTH B COCTAaB OCHOBHBIX NpuioxeHui [lacnopra
Ha skcrutyatupyemyto BJI, o6s3arensroro mist BJI 35 kB
u Boimie o FOCT P 58087-2018°. [Ipuuem yKa3aHHbII
rpaduk peKOMEHIYeTCsl NPUMEHHUTD ISl TEXHUYECKO-
TO OMHCAHUS Tpoliecca MOCIeIYOIeil pEKOHCTPYKINN
C IPOJIJICHHEM BPEMEHHOW OCH B COCTaBE HOBOW MOJIEIIN
JKM3HEHHOTO 1mKia BJI.

80

3AKJTIOYEHHUE

®DaxTOpHI ISHCTBUTENBHON paOOTHI, BO3ICHCTRY-
IolMe Ha KOHCTpykuuu onop BJI, uMeror npupoaHslii
U aHTPOIOTE€HHBIN XapaKTep U MPeJCTABIAIOT OTKIOHE-
HUSI XapaKTePUCTUK HAIPSKEHHO-1e()OPMUPOBAHHOTO
COCTOSIHUS OT HOPMAaTUBHBIX 3HAYECHUI B TEUEHUE BCETO
JKII BJI, BK/IrOUaromero 3Tamnsl CTpOUTENLCTBA, SKCILTY-
aTauuu U pekoHcTpykuuu BJL

Bermeyka3anHble ()akTOpbI MOTYT OBITh IEPBUYHBI-
MU, BO3HUKAIOIIKUMU OT MPUPOIHBIX I aHTPONOTEeH-
HBIX BO3I€HCTBUI, KOTOPBIE MOT'YT IIPUBECTH K IIPOrpeC-
CHUpPYIOIIEMY OOpYLICHHIO IEPBOTO poja C paspylie-
HUEM KOHCTPYKIHU U najgenueM onopsl BJI, kotopoe,
B CBOIO OYEpeib, MOXKET BBI3BAaTh HACTYIJICHHE BTO-
PUYHBIX (PAKTOPOB, MPUBOASAIINX K IIPOTPECCHPYIOLIIE-
My OOpYIICHHIO BTOPOTO PO/a C MaJCHUEM CMEKHBIX
OTIOP PSAOM C TIEPBOH yHaBIICH, YTO MOXKET POUZ0NTH
Ha JI000M 3Tare XKU3HEHHOTO IHUKJIA.

IIporecchl TEXHUUECKOTO U aBTOPCKOTO HAA30pa,
CTPOHUTEIBHOTO KOHTPOJIS JTOJKHBI TIATENBHO BBIION-
HSATBCS, 0COOCHHO Ha CTaIMU CTPOUTENILCTBA, IPH ITPO-
U3BOJICTBE TPAHCHOPTHBIX M CTPOUTEIBHO-MOHTAXKHBIX
pabot mns obecrneueHust TpeOyeMoOl HaJl€KHOCTH
Ha nocieayrowmux sranax JKLI.

Kax mpaBuio, HanGomplee KOJIUYECTBO MPUPO/I-
HBIX ¥ aHTPOIIOT€HHBIX BO3AECHCTBUI BO3HUKAET Ha Ca-
MOM IPOJIOKUTEIIEHOM 3TaIe IKCIUTyaTalluH, TIPUBOIS-
IMUX K TOSIBJICHUIO TIEPBUYHBIX ¥ BTOPUYHBIX (PAKTOPOB
JIEHCTBUTEIEHOM PabOThl KOHCTPYKIIUH, KOTOPBIE MOTYT
CTaTh MPUYMHON OCIa0IECHUSI KOHCTPYKIIMU U IIPOrpec-
CHPYIOILETO OOPYIIEHUsSI IEPBOTO U BTOPOTO POJIOB, T10-
9TOMY aKTyaJIbHBIMH OYJIyT PEryJsipHbIE OCMOTPBI U OC-
BUJETEIbCTBOBAHUS KOHCTPYKLMI orop BJI.

Ha sTane pekoHCTpyKIMH 11e1eco00pa3Ho MOBTOP-
HO NIPUMEHHUTH KOHCTPYKIMH B (PyHIAMEHTHI CYILIECTBY-
IOIIMX OIOP, YTO JIOJKHO OBITH OCHOBAHO Ha Pe3yJibTa-
Tax 00CIIeIOBaHMSI OCHOBHBIX HECYIINX KOHCTPYKIIHH
C aHAJIM30M UX JICHCTBUTENLHOW paOOThI M PE3yJIbTaTOB
UX YCUIICHUSI.

Ha ocHoge onenku mozeneit ynpasnenus XKL mo-
JIy4€H BBIBOJI O BBICOKOH 3(()EKTUBHOCTH PEKOHCTPYK-
LMY 110 CPABHEHHUIO CO CTPOUTEIHCTBOM HOBOU BJI,
0COOCHHO B pe3yNbTaTe 3aMEHbI IIPOBOJIOB HA HHHOBA-
LUOHHBIE IIPOBO/Ia HOBOT'O MOKOJIEHHUS, OTIIMYAIOIIHECS
MOHMKEHHBIMU MEXaHUYECKUMU Harpy3KaMH Ha Cylie-
CTBYIOILIUE OMOPHI U MO3BOJISAIONINE 3HAYUTEIBHOE ITO-
BBILIIEHUE NPOITYCKHOM criocobHocTH BJI.

Pazpaborana umxeneprast mozens KL BJI ¢ rpadu-
KOM «KPUBOI1 JKU3HI», COCTABICHHBIM U3 TPEX KITFOYEBBIX
3TaroB (CTPOUTENBCTBO C MPHUPAOOTKOM, HOpMATIbHAS IKC-
TUTyaTamys ¥ M3HOC), KOTOPBIH MTPU PEKOHCTPYKIUH PO~
JIEBAETCS YETBEPTHIM ATAIlOM B COCTaBE HOBOI MOAEIH
YKM3HEHHOTO LIUKJIA.
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INTRODUCTION

A paper on this topic was presented by the author
at the 8th RAASN International Symposium “Current Is-
sues in Computer Modelling of Structures and Buildings”,
held at Tambov State Technical University on 17-21 May
2023 [1]. The term “actual performance of structures”, in
accordance with clause 4.2 of CP 16.13330.2017 “Steel
Structures”, reflects “refined calculation schemes and
design assumptions that improve the basic design mod-
els set out in current standards, with the aim of ensuring
greater strength, stiffness and reliability of building struc-
tures” (BS). The terms “construction and reconstruction”,
as related sequential processes of creating and upgrad-
ing overhead power lines (OPL), are directly linked
to the concept of the OPL’s life cycle (LC). According to
the Technical Regulations on the Safety of Buildings and
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Structures (No. 384-FZ of 30 December 2009), “the life
cycle of a building or structure is the period of time dur-
ing which engineering surveys, design, construction,
operation, reconstruction, routine and major repairs,
demolition or conservation of a building or structure”,
including overhead power lines. The task of analyzing
the life cycle of overhead power lines relates to the actual
performance of structures (APS) [2], is highly innovative
and constitutes the main objective of this publication.
The relevance of this paper stems from the consid-
erable length of Russia’s 0.4-750 kV overhead power
lines, which, according to PJSC “Rosseti”, extends to
2.5 million kilometres, as well as their unsatisfactory
technical condition. According to the provisions of PISC
“Rosseti” “Regulations on a Unified Technical Policy in
the Power Grid Complex” (2017), a significant propor-
tion of the equipment has exceeded its standard service
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life. Thus, as of 2016, the following have been in op-
eration for more than 35 years: 220-330 kV overhead
lines — 52 %, 110 kV — 61 %, 35 kV — 63 %, whilst
the total proportion of operational disruptions in the pow-
er grid complex due to ageing (wear and tear) of equip-
ment and structures stood at 24 % as of the end of 2015.
The requirements of the current Technical Policy Regu-
lations of PJSC “Federal Grid Company of the Unified
Energy System” (PJSC “FGC UES”) 2024 apply to op-
erational and planned overhead lines for new construc-
tion, reconstruction and technical refurbishment, and
are taken into account within the life cycle of overhead
lines. Here, the required level of novelty is based on an
analytical review of scientific and technical literature, in-
cluding an examination of known life cycle models for
power line structures; in comparison with these, the au-
thor’s proposed engineering life cycle model — which
describes the technical condition of the structure, taking
into account structural damage during the construction
and operation of the power line, as well as subsequent
refurbishment—is novel. The object of the study is pow-
er line structures, including foundations; the subject is
structural damage during the life cycle stages of power
line construction, operation and reconstruction.

A joint Russian-German monograph [3] examines
issues relating to the design of reinforced structures,
foundations and base plates for builings and structu-
res undergoing refurbishment, confirming the well-
known fact that investments in their technical upgrading
and refurbishment are highly cost-effective compared to
new construction. The following examples present mate-
rial on options for managing the life cycle of overhead
lines based on the assessment and forecasting of their
technical condition, in particular those leading to the need
to opt for the reconstruction of overhead lines.

The first example examines a methodology for
the reconstruction of overhead power lines as a phased
management system for the modernization of power line
supports, taking into account operational requirements
and the reliability of power supply to consumers, devel-
oped at the Donbas National Academy of Civil Engineer-
ing and Architecture [4, 5]. An algorithm is proposed for
assessing the technical condition of power line tower
structures and foundations that have been in operation for
over 30 years, based on the results of a specialized survey
using the Russian industry standard of PJSC “Rosseti” STO
56947007-29.240.55.111-2011" and CP 13-102-20032
with the preparation of a conclusion on the technical con-
dition of the power line structures and a report includ-

! Standard of OJSC “FSK UES” STO 56947007-29.240.55.111—
2011. Guidelines for assessing the technical condition of overhead
power lines and the remaining service life of their components.
Moscow, OJSC “FSK UES”, 2011; 85. URL: https://www.fsk-ees.
rw/upload/docs/sto_56947007-29.240.55.111-2011.pdf

2 CP 13-102-2003. Rules for the inspection of load-bearing
structural elements of buildings and structures. Moscow, Gos-
stroy RF, 2004; 31.

ing the determination of the remaining service life and
the scope of reconstruction. Step-by-step structural calcu-
lations and analyses based on the developed methodology,
including cost estimates, demonstrated a high economic
benefit of 40 % from the reconstruction of the 220 kV
overhead line with the replacement and refurbishment
of structures compared to the construction of a new over-
head line [4].

The second example highlights modern high-
level models for managing the lifecycle of overhead
lines, which are being developed at the Ural Federal
University named after the First President of Russia,
B.N. Yeltsin, under the supervision of Professors I. Hal-
jasmaa and S.A. Groshenko, and at Sofia Technical Uni-
versity by Professor D. Bogdanov [6]. The proposal in-
volves the development of predictive models and, based
on these, the formulation of new approaches to assessing
remaining service life and an effective system for manag-
ing the lifecycle of power lines. Thus, the training sample
for assessing the condition of a 110 kV power line com-
prised 160 instances, where each pair of samples cor-
responded to a specific system condition. For the com-
putational example, a condition analysis was performed
based on the results of technical diagnostics and tests
of one of the overhead line components — the insulation.

The third example presents a project for the refur-
bishment of a 220 kV overhead line in China, including
a calculation of the total life-cycle cost before and after
the technical upgrade [7]. The net present value (NPV)
method, using discounted present value, was used to cal-
culate the cost of the two different life cycles. The life
cycle cost included the sum of direct, indirect and other
costs throughout the entire cycle, necessary for design,
research and development, manufacturing, maintenance
and warranties until decommissioning. An example is
given for a 4,174 m section of a 220 kV single-circuit
overhead line on reinforced concrete intermediate sup-
ports, commissioned in December 1993 and in opera-
tion for 25 years. The section comprises two anchor-
corner supports and ten intermediate supports. Each
phase consists of two conductors with a cross-section
0f 300/40 mm?. There are 5 years remaining until the fa-
cility reaches its maximum service life (30 years). At
this stage, one of two possible options for the facility’s
future must be selected: decommissioning and construc-
tion of a new 220 kV overhead line, or technical mod-
ernization of the existing overhead line. In this case,
simple calculations demonstrated the cost-effectiveness
of the refurbishment: the annual cost of the full life cycle
prior to the line’s conversion was 435,321 yuan, whilst
the annual cost of the full life cycle following the refur-
bishment was just 210,435 yuan, representing a 107 %
improvement in cost-effectiveness, or 2.07 times more
cost-effective. The economic model of the facility’s life-
cycle costs included the following expenses:

* the initial cost, including the cost of purchasing
equipment, design, construction, dismantling and other
costs prior to commissioning;
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* operating costs, including the cost of electricity
transmission and consumption by the equipment, and
periodic comprehensive maintenance;

* the cost of monitoring and maintenance;

* the cost of losses resulting from a failure caused
by the cessation of operations (supply of electricity to
consumers) due to an accident;

* the cost of decommissioning, including expenses
for dismantling, transport, storage, tendering and other
associated costs [7].

The fourth example is Gary Brennan’s paper “Ret-
rofitting Existing Overhead Power Lines” (Australia) [8],
presented at session B2-203 (2004) of the International
Council on Large Electric Systems (Conseil Internatio-
nal des Grands Réseaux Electriques — CIGRE). Back
in December 2000, Working Group 13 of Subcommittee
BO-3 of Research Committee B2 published Brochure 175
“Management of Existing Overhead Lines”, which sets
out the main objective: to restore the design service life
of operational overhead lines by carrying out maintenance
work that reduces the probability of the overhead line fail-
ing. The actual service life of power lines exceeds the de-
sign life of 50 years, determines the limits of technical
suitability and economic service life, and requires the ex-
tension of the technical service life. Furthermore, there is
the issue of increasing the transmission capacity of power
lines, which necessitates the development of effective
modernization strategies. To address these issues, exten-
sive research is being carried out to investigate the mecha-
nisms of structural degradation and to improve diagnostic
methods and techniques for the restoration of overhead
lines. For example, rather than repairing the conduc-
tors, it is advisable to replace them with modern, high-
performance conductors that increase the transmission
capacity of the overhead lines. Foundations are generally
in satisfactory condition, unlike support structures, where
the risks associated with degradation mechanisms and
accidental impacts range from structural deformation to
complete collapse, leading to the loss of line operability.
Grounding structures are also typically subject to signifi-
cant damage from corrosion during operation. The perfor-
mance of an overhead line is defined as operational readi-
ness, proportional to its service life. The optimal point
for replacement is the point at which the marginal cost
of continuing to operate the overhead line equals the av-
erage long-term cost of replacement [8].

The examples given above demonstrate the high
effectiveness of upgrading overhead lines through refur-
bishment, for example by replacing old steel-aluminium
conductors with innovative, high-performance compacted
steel-aluminium conductors, which are characterized by
high current-carrying capacity, heat resistance, rigidity,
resistance to increased wind and ice loads, and an ex-
tended service life [9, 10]. Thus, an analysis of the condi-
tion of overhead line structures, taking into account their
actual performance at various stages of their life cycle,
determines the suitability of the structures for the selected
overhead line reconstruction option.
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MATERIALS AND METHODS

Factors affecting the actual performance
of structures

Clause 11.1 of GOST 27751-2014° states that de-
sign models (schemes) for building structures must reflect
the actual conditions of their operation and correspond to
the design situation under consideration. The identified
APS factors are primary factors present in the primary
design scheme of the structure (prior to failure) in accor-
dance with clause 1.3.12, and they either reduce or in-
crease the load-bearing capacity of the structure (Fig. 1).

Such factors constitute the root cause and may lead
to catastrophic structural failure under subsequent external
loads unless preventive measures are taken to reinforce
the power line structures, for example, by means of *out-
rigger structures (intersecting trusses, ties, diaphragms
or beams providing increased stiffness) as per clause 1.3.3.
In connection with the industrial development of remote
areas of the Far North, Siberia and the Far East, modern
power lines are being constructed in the almost inaccessi-
ble conditions of mountainous and roadless terrain (Fig. 1),
which significantly affects the quality of transport and con-
struction and installation works (CIW).

Damage that triggers progressive collapse (PC) of
structures poses a significant threat to the operational in-
tegrity of a facility; such damage can lead to a cascade
of failures unless specific protective measures are imple-
mented to ensure the resilience of buildings and struc-
tures [11-16]. Thus, primary factors, namely defects
in the manufacture of structures exceeding regulatory
tolerances* > % 7% % , as well as damage to structures

3 GOST 27751-2014. Structural reliability of building struc-
tures and foundations. General principles (EN 1990:2002).
Moscow, Standardinform, 2015; 14.

4CP20.13330.2016. Loads and Actions (revised 30 December
2020). Moscow, Standardinform; 147.

5 CP 296.1325800.2017. Buildings and structures. Special ef-
fects. Moscow, Standardinform; 30.

¢ CP 76.13330.2016. Electrical equipment. Updated edi-
tion of SNiP 3.05.06-85. Moscow, Ministry of Construction
of Russia, 2016; 90.

7 ST 34.20.504-94. Standard Operating Instructions for 35—
800 kV Overhead Power Lines: approved on 19 September
1994 by the Electrical Networks Department of RAO “UES
of Russia”. Moscow, ORGRES, 1996; 122.

8 The Approval of the Rules for Investigating the Causes
of Accidents and Incidents in the Electricity Sector: Resolu-
tion of the Government of the Russian Federation No. 1489
of 29 September 2025. Moscow, PJSC “Rosseti”, 2025; 33.

? GOST R 57193-2016. Systems and software engineer-
ing. System lifecycle processes (ISO/IEC/EEE 15288:2015,
NEQ). Moscow, Standardinform, 2016; 98.

1" GOST R 58087-2018. Unified Energy System and Isolated
Power Systems. Electrical Networks.Specification for over-
head power lines with a voltage of 35 kV and above. Moscow,
Standardinform, 2018; 23.

1'CP 333.1325800.2020. Information Modelling in Construc-
tion. Rules for the Creation of Information Models of Struc-
tures at Various Stages of the Life Cycle. Moscow, Stan-
dardinform, 2020; 286.
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Fig. 1. The descent of the 220 kV single-circuit overhead line “Mogoch — Zilovo” from the hill and its crossing of the Trans-
Siberian Railway and the freezing Amazar River (Transbaikal region, September 2022)

exceeding regulatory limits during transport, installation
and operation, pose significant risks to the reliable opera-
tion of power line support structures (Fig. 2) [17-33].

Such primary factors must be identified during in-
spections, surveys and assessments, and rectified during
construction, scheduled maintenance and refurbishment
in accordance with the requirements of regulatory docu-
mentation** %78 The following are classified as primary
factors of structural damage, representing physical de-
viations from the standard values of parameters which
may cause progressive collapse of the first kind (PC-1)
of structural elements and the power line support struc-
ture itself, including its collapse:

1) manufacturing defects and damage to compo-
nents and connections;

2) vertical and horizontal movements of foundations,
their uneven settlement or warping, inaccuracies in assem-
bly and installation, and deviations of the power line sup-
port axes from the vertical;

3) the effects of explosions, fire, earthquakes, soil
deformation and climatic loads exceeding design lim-
its, and other factors leading to damage and the collapse
of a support as a result of PC-1;

4) accidental damage to components and structures
caused by the sudden removal of a component from
the structure (for example, due to unauthorized disman-
tling of a support or vandalism);

5) corrosion-induced wear of structures.

Asa result of local failure (clause 1.35.8)° of the primary
design model, which has been weakened by the prima-
ry APS factors (clause 1.3.1)%, a secondary design model
is formed “by excluding one or more load-bearing struc-
tural elements located within the zone of local failure”
(clause 1.3.5). Following the failure of critical elements
and the collapse of a support, the structures of adjacent
power line supports may fail due to significant stresses in
the conductors and lightning arresters and the occurrence
of a second-order failure (PC-2). The following may be
classified as secondary factors of APS, typically represent-
ing emergency processes involving the failure of groups
of supports, which, in accordance with RIE-7 “Rules for
the Installation of Electrical Installations”'?, should be
included in the scope of emergency modes in the event
of the breakage of conductors, lightning arresters, insulator
strings and the collapse of supports. In this context, when
analyzing primary and secondary factors, it is necessary
to consider physical and mathematical models describing
the systemic nature of the operation and interaction of ele-
ments and structures:

1) the design of supports, foundations and ground
anchors;

2) supports, conductors, lightning arresters and insu-
lators within the unified mechanical structure of the over-
head line, as a cable-and-pole system;

12 Rules for the Installation of Electrical Systems. 7th ed.
(PUE-7). Moscow, 2003. URL.: https://pue-7.ru/pue_7.pdf
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Fig. 2. Examples of damage and failures in power line structures: a — pre-failure tilt of an U220-1 anchor-corner support
caused by frost heave of the foundations due to unanticipated freezing of the subsoil (Transbaikal region, December 2022);
b — one of two fallen intermediate single-chain supports of type 2P220-1-6.8 due to wind loads exceeding design values

(Irkutsk Region, Nov 2019)

3) overhead lines as cable-and-pole systems with
structural redundancy provided by special mobile re-
serve supports for the emergency replacement of dam-
aged standard supports, thereby enhancing operational
reliability during the operational phase [16].

Consequently, the condition of the power line, rep-
resenting the aggregate of actual deviations in the charac-
teristics (or parameters) of its components from the stan-
dard (design) condition, is identified in the form of specific
factors following an inspection, survey or assessment
of power lines under construction or in operation.
The corrosive atmospheric environment in which power
line supports are operated, as well as the duration of their
operation, has a significant impact on the condition
of the structural integrity.

Structural analyses of power line supports, which
are distorted due to the deviation of steel towers from
the vertical axis, as well as in cases of uneven founda-
tion installation, have shown an increase in stresses in
load-bearing elements of up to 5 %, provided that the de-
viations do not exceed the permissible values specified
in the technical standards and regulations* > %78 Emer-
gency damage to structures (Fig. 2, a), including the col-
lapse of power line supports (Fig. 2, b), which inter-
rupts the normal operation of the power line and ceases
the transmission of electricity to consumers, also falls
within the category of actual structural performance.

Following repairs or refurbishment — for example,
the replacement of fallen supports — operation contin-
ues as part of the operational cycle. In accordance with
the criteria for operational disruptions (accidents) in the
electricity sector, as set out in paragraphs 7 and 8 of
the Rules for Investigating the Causes of Accidents and
Incidents in the Electricity Sector®, accidents include
outages of 110 kV overhead lines and above resulting in
the interruption of power supply to consumers with a ca-
pacity of 100 MW or more.
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RESEARCH RESULTS

The examples given above demonstrate the high
effectiveness of upgrading key elements or components
of overhead power lines by replacing old steel-aluminium
wire with innovative, high-performance compacted steel-
aluminium wire, which is characterized by high current-
carrying capacity, heat resistance, rigidity, resistance to
increased wind and ice loads, and an extended service
life [9]. The new conductor consists of plastically de-
formed wires with a trapezoidal or Z-shaped profile, which
significantly increases the cross-sectional fill factor, bring-
ing it close to one; consequently, this substantially reduces
the diameter of the new conductor and the ice and wind
loads on the supports, respectively, making it possible to
suspend new conductors from existing supports [9].

The original design for the 220 kV overhead line was
completed in 1958 by the Rostov branch of the “Teploele-
ktroproekt” design institute, and the line was constructed
and commissioned in 1960. Due to the expiry of the es-
timated service life (50 years), as well as the asset’s val-
ue and depreciation charges reaching zero, reconstruc-
tion of the 220 kV “Afipskaya — Krymskaya” overhead
line was required (Krasnodar Krai) (Iength 68.4 km, old
ASO-300 conductor, S-70 lightning protection wire,
St3M open-hearth steel for supports, reinforced concrete
piles 5.0 m long and 0.3 % 0.3 m in cross-section). In
July 2008, a team from the Centre for Overhead Power
Line Engineering (COPLE) of JSC “Engineering Cen-
tre of the UES — ORGRES Firm”, led by the author and
the head of COPLE, R.S. Kaverina, carried out a technical
inspection of the structural elements in accordance with
CP 13-102-20032, which confirmed that the metal struc-
tures of the power line were in a serviceable and repairable
condition, but that the reinforced concrete pile grillage
of the anchor-corner supports was in a limited serviceable
condition. Subsequently, during the summer and autumn
0f 2008, restoration work was carried out, including the re-
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Fig. 3. Reconstruction of the 220 kV “Afipskaya — Krymskaya” overhead line, involving the replacement of old ASO-300
conductors with high-temperature GTACSR 217/49 conductors manufactured by the Japanese company J-Power Systems, using

modern “tension-assisted installation” technology [12]

inforcement of the reinforced concrete grillage. And in Oc-
tober 2009, the 220 kV “Afipskaya— Krymskaya” overhead
line was reconstructed according to a design by and using
the resources of the nationally renowned research and pro-
duction company JSC “Elektrosetstroyproekt” (Moscow),
with the participation of the author, who carried out techni-
cal supervision on behalf of the client, PJSC “FSK UES”
(Fig. 3) [10].

The new innovative GTACSR 217/49 J-Power Sys-
tems steel-aluminium stranded conductor (Japan) features
an outer current-carrying layer made of a heat-resistant al-
uminium alloy with a cross-sectional area of 217 mm? and
a permissible temperature of 150 °C, rather than 80 °C as
with standard AC-300 cable; the current-carrying capac-
ity of this new high-temperature cable has been increased
by a factor of 1.6 [11]. The 49 mm? conductor core is
made of high-strength galvanized steel wires, and the gap
between the core and the outer current-carrying sheath
is filled with a particularly viscous heat-resistant grease,
ensuring their relative movement at temperatures up to
240 °C. The feasibility of upgrading the 220 kV overhead
line by replacing the conductor with a new-generation,
high-efficiency conductor is due to the reduced diameter
of the new conductor. The difference in diameter between
the old and new conductors was 3.2 mm, with the new
conductor being 13.6 % smaller in diameter, whilst the de-
sign loads on the conductors and supports in the 220 kV
overhead line reconstruction calculations were set lower
accordingly, which allowed the use of the old intermedi-
ate and anchor-corner supports with upgraded foundations
for suspending the new conductor and lightning conductor,
whilst the electrical capacity of this 220 kV overhead line
increased by 60 %. In the cost structure for structures and
materials, the cost of standard conductors in accordance

with GOST 839-2019 “Uninsulated conductors for over-
head power lines. Technical specifications™* accounts for
11 %, whilst supports and foundations account for the larg-
est share — 75 % (Table).

The Table was compiled on the basis of data from
PJSC “Engineering and Construction Management Cen-
tre of the Unified Energy System” (ECMC UES), which
in 2014 carried out an analysis of the cost estimate docu-
mentation for the 220 kV overhead line with the aim of de-
termining the cost structure when using standard wire in
accordance with GOST 839-2019"3, on the basis of which
the author has established the cost structure for different
price levels of the new wire. Thus, despite the significant
costs involved in replacing conventional wire with new
wire, the purchase price of which turned out to be four
times higher than that of conventional wire, the client-
investor, PJSC “FSK UES”, decided to reconstruct
the 220 kV “Afipskaya — Krymskaya” 220 kV overhead
line due to a 60 % increase in transmission capacity —
the main function of the overhead line — and the recovery
of a significant portion of the line”s book value.

The next result of the study is an engineering model
of the power line”’s life cycle, developed by the author.
The technical and economic models describing the life
cycle and the results obtained, as illustrated in the exam-
ples in the Introduction, demonstrate the high effective-
ness of the approach to power line refurbishment, which
is usually carried out by replacing the conductors with
modern compacted conductors with a densified cross-
section, offering increased current-carrying capacity, as
well as replacing the lightning protection wires with light-

13 GOST 839-2019. Uninsulated conductors for overhead power
lines. Technical specifications. Moscow, Standardinform, 2019;
43.
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Cost structure for 220 kV overhead line components with changes in the cost of wires compared to the baseline — wire

according to GOST 839-2019"

Overhead line The share of components in the total cost of a 220 kV overhead power line for different levels
components of wire cost relative to a standard wire according to GOST 839-2019", %

in accordance with twice as expensive four times as 10 times more

GOST 839-2019" expensive expensive
Supports 40.0 36.0 30.1 20.1
Foundations 35.0 315 26.3 17.6
Wires 11.0 20.0 33.1 55.3
Lightning rods 8.0 7.0 6.0 4.0
Insulation 5.0 4.5 4.0 2.5
Reinforcement bars 1.0 1.0 7.5 0.5
Total, % 100.0 100.0 100.0 100.0

ning-protected steel cables that are resistant to unwinding
following a lightning strike. The main idea behind such
a refurbishment is to retain the structures of supports with
reduced load-bearing capacity, which are therefore load-
ed with conductors and lightning arresters subjected to
lower mechanical loads, but which still perform key func-
tions in power transmission and have their loads reduced
for continued use. The estimated cost of structural ele-
ments — supports and foundations — typically accounts
for 70-80 % of the total cost of power line construction,
highlighting the need for close attention to structural as-
pects during both construction and operation.

The life cycle model of a power line-related struc-
ture is described by a “life curve”, the graph of which —
showing the variation in the failure rate @ over the time
axis T — consists of three main stages: construction
(running-in), normal operation and wear and tear (Fig. 4).

The graph was constructed using the results of sta-
tistical studies conducted by JSC “ORGRES” [19], under
the supervision of the distinguished test engineer L.V. Ya-
kovlev, and by JSC “NTCseleektroenergetiki”, carried
out by the renowned researchers S.V. Krylov and L.V. Ti-

masheva [20, 21], as well as at the Central Information
and Computing Centre of the Unified Energy System
(ECMC UES) by I.M. Galiaskarev [22], and at the Don-
bas National Academy of Construction and Architecture
[23-26] under the supervision of Doctor of Technical
Sciences, Professor and Rector E.V. Gorokhov. Based
on a study of the failure rate on operational 35-750 kV
overhead lines over a long period, L.V. Yakovlev deter-
mined the maximum permissible values of this reliability
indicator — the specific failure rate — for different volt-
age classes, regardless of the material of the supports:
110 kV power lines — o, = 1.1 failures per 100 km
of single-circuit power line per year; 220 kV — 0.6;
330 kV—0.5; 500 kV — 0.4; 750 kV — 0.3. Currently,
these indicators are accepted as the maximum permis-
sible values within the framework of progressivity in-
dicators in accordance with the requirements of PJSC
“Rosseti” Regulation “A Unified Technical Policy in
the Power Grid Complex” (2017).

During the design phase, the required numerical
limits for failure rates @ must be incorporated; during
the construction and operation phases, these limits must
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Fig. 4. Life cycle graph (“life curve”) for 110-750 kV power lines with different time scales, based on the maximum permis-
sible values of the specific failure rate @ for different voltage classes (dotted lines), plotted for 110 kV power lines
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not be exceeded, particularly during the running-in and
wear phases due to corrosion losses. An overhead line
can be represented as a system consisting of a group
of interconnected components (supports, foundations,
conductors, lightning arresters, insulation, hardware,
surge protection devices), which, in accordance with
clause 4 of GOST R 57193-2016°, has its own life cycle,
divided into stages or successive phases.

The first stage (the construction and commissioning
stage — section a—b—c in Fig. 4) is characterized by a sig-
nificant rate of structural failure due to defects and damage
arising during transport, loading and unloading, and con-
struction and installation works. Strengthening of construc-
tion supervision, technical and design supervision during
the first stage, as well as the stipulation of a warranty pe-
riod of at least 3-5 years in the contract for the construction
of the overhead line, with the aim of monitoring and rectify-
ing contractor errors and defects, should ensure the appro-
priate quality of construction and installation works, reduc-
ing the failure rate to the standard value o ,, = 1, 1 failure
per year per 100 km of 110 kV power line (upper dotted
line in Fig. 4). The duration of the second stage (normal op-
eration, section c—d in Fig. 4) is determined primarily by
the level of corrosion protection of the transmission line
components; in an industrial atmosphere, the hot-dip gal-
vanized coating on a steel transmission line structure wears
away within 15-25 years, depending on the initial thickness
[23, 32]. In the final third stage, the structural components
develop corrosion damage depending on the aggressive-
ness of the atmosphere (operational section d—e in Fig. 4),
with “life curves” having coefficients of 0.4-0.6 depend-
ing on the atmospheric corrosion characteristics [32]. Here,
it will be necessary to renew the anti-corrosion protection
of steel and reinforced concrete structures, as well as to re-
inforce and replace elements of the overhead line. Alterna-
tively, at this stage it is advisable to carry out an effective
refurbishment involving the replacement of the wire with
amodern compacted type; whilst increasing the transmis-
sion capacity of the overhead line, the loads from ice and
wind effects on the supports are reduced due to the smaller
wire diameter.

It is proposed that the developed power line life
cycle chart be included among the main appendices to
the Technical Specification for the power line in opera-
tion, which is mandatory for power lines of 35 kV and
above in accordance with GOST R 58087-2018. Further-
more, it is recommended that this schedule be used for
the technical description of the subsequent reconstruction
process, with the timeline extended as part of the new
overhead line life cycle model.

CONCLUSION

The operational factors affecting power line support
structures are of both natural and man-made origin and
result in deviations in the stress-strain state from standard
values throughout the entire life cycle of the power line,
encompassing the construction, operation and refurbish-
ment phases.

The above factors may be primary, arising from nat-
ural or anthropogenic influences, which may lead to pro-
gressive collapse of the first kind with structural failure
and the fall of the power line support, which, in turn, may
trigger secondary factors leading to progressive collapse
of the second type, with the collapse of adjacent towers
near the first one to fall, which may occur at any stage
of the life cycle.

Technical and design supervision, as well as con-
struction monitoring, must be carried out meticulously,
particularly during the construction phase and whilst
transport and construction-and-installation works are
being carried out, in order to ensure the required reli-
ability during subsequent stages of the structure”s life
cycle.

As arule, the greatest number of natural and man-
made impacts occur during the longest operational phase,
leading to the emergence of primary and secondary fac-
tors affecting the actual performance of structures, which
may cause structural weakening and progressive collapse
of the first and second types; therefore, regular inspections
and surveys of power line support structures will be es-
sential.

During the reconstruction phase, it is advisable to
reuse the structures and foundations of existing supports,
which should be based on the results of an inspection of
the main load-bearing structures, including an analysis
of their actual performance and the results of their rein-
forcement.

Based on an assessment of life cycle management
models, it has been concluded that reconstruction is high-
ly effective compared to the construction of a new power
line, particularly as a result of replacing the conductors
with innovative new-generation conductors, which are
characterized by reduced mechanical loads on existing
towers and allow for a significant increase in the power
line”’s transmission capacity.

An engineering model of the overhead line’s life
cycle has been developed, featuring a “life cycle curve”
comprising three key stages (construction and commis-
sioning, normal operation, and wear and tear), which is
extended to include a fourth stage as part of the new life
cycle model during refurbishment.
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AHHOTALUMUA

BBegeHue. PaccmatpuBaetcs npobnema noBbILEHUS HECYLLEN CNOCOBHOCTM M KECTKOCTU AepPeBAHHbIX U3rnbaemblx ane-
MeHTOB. AKTyanbHOCTb paboTbl 06ycrnoBneHa HeobxoAMMOCTbIO pa3paboTkn aPdPEKTUBHBIX METOAOB YCUIIEHNS, YYUTbIBA-
IOLLIMX @aHU3OTPONUIO APEBECUHBI M MOAATIMBOCTL coeanHeHui. Lienb nccnepoBaHus — COBEPLUEHCTBOBAHVE KOHCTPYKLMM
yCUneHust AepeBsiHHbIX 6anok ¢ ncnonb3oBaHneM Metannodybyateix nnactuH (M3[1) B kayecTBe BHELLHErO apMypoBaHus
1 paspaboTka METOAUKN UX pacyeTa C y4eTOM COBMECTHOWN paboTbl 3N1eMEHTOB.

MaTtepuanbl u meToabl. Ha 0CHOBe Teopum pacyeTa cocTaBHbIX cTepxxHelr A.P. PxaHuubiHa paspaboTtaHa meToguka pac-
Yera 6anok, ycuneHHblx M3I1 Ha yacTu nponerta. Y4TeHa NoOAATIMBOCTL COeAVMHEHU Ha rpaHuue «banka — nnactuHa.
[MpoBeaeH uncneHHbIn aHanma Ansa oueHkn BnusHua tuna M3 (GNA-20 n T-150), AnvHbl y4acTka yCUNeHUst U BENUYMHbI
npeaBapuTEnbHOrO HaNPsHKEHNS Ha HanpshKeHHO-AePOPMUPOBAHHOE COCTOSIHUE KOHCTPYKLIMW.

Pe3ynbraTbl. YCTaHOBMEHO, YTO yCUNEHne pacTaHyTon 30Hbl 6anku M3l no3BonseT CHU3MTb HOpMaribHble pacTaArneato-
Lwme HanpsbkeHust Ha 12,3-59,6 %, cxumatowme — Ha 6,2—30 % B 3aBUCMMOCTU OT TUMa NNacTuHbl U YPOBHSI NpeaBapu-
TEMbHOro HanpskeHus. MakcumanbeHbii npornd G6ankn ymeHbluaetcs Ha 1,7-27,5 %. Hanbonbluas adpdeKkTMBHOCTL A0-
CTUrHyTa npu ncnonbaobaHun nrnactnH GNA-20 ¢ npeaBapuTENbHLIM HaNpPsXXEHNEM.

BbiBoabl. [MpeanoxeHa HoBas KOHCTPYKUMS yCuUIneHus u meToavka ee pacyeTa. [lokasaHa adpheKTUBHOCTb MpUMeHe-
Hust M3I 4ns NoBbILLEHNSt MPOYHOCTU U KECTKOCTU AepeBsiHHbIX 6anok. PekoMeHAoBaHO UCNonb3oBaHWe MnacTuH Tvna
GNA-20 n paspabotka HoBbIx TMMoB M3l ¢ ynyylleHHbIMU XapakTepucTukamu Ans 6onee NonHOro BkoYeHWs B paboty
KOHCTPYKLMN.

KIMKOYEBBIE CITOBA: nsrnbaemble anemMeHTbl, AepeBsiHHble Garnku, rBo3feBble MMacTuHbl, NPOYHOCTb, XXECTKOCTb, No-
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ABSTRACT

Introduction. The problem of increasing the bearing capacity and stiffness of wooden bending elements is considered.
The relevance of the work is due to the need to develop effective reinforcement methods that take into account the anisot-
ropy of wood and the compliance of joints. The aim of the study is to improve the design of strengthening wooden beams
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UccrepoBaHue pepeBsHHBIX 6aAOK, YCUAEHHbIX BHELLUHUM apMnpoBaHNeEM

C. 92-108
Ha 0CHOBE MeTarr03yb4aTbiX NAaCTUH

using metal toothed plates (MTP) as external reinforcement and to develop a methodology for their calculation, taking into
account the joint work of the elements.

Materials and methods. Based on the theory of composite rods by A.R. Rzhanitsyn, a method for calculating beams rein-
forced with MTP on a part of the span was developed. The compliance of the connections at the “beam — plate” interface
was taken into account. A numerical analysis was carried out to assess the influence of the MTP type (GNA-20 and T-150),
the length of the reinforced section and the value of the preliminary stress on the stress-strain state of the structure.
Results. It was found that strengthening the stretched zone of the beam with MTP can reduce normal tensile stresses by
12.3-59.6 %, and compressive stresses by 6.2-30 %, depending on the type of plate and the level of prestress. The maximum
beam deflection is reduced by 1.7-27.5 %. The greatest efficiency was achieved when using GNA-20 plates with prestressing
Conclusions. A new reinforcement design and its calculation methodology are proposed. The effectiveness of using MTP
to increase the strength and stiffness of wooden beams is proved. The use of GNA-20 type plates and the development
of new types of MTP with improved characteristics for more complete inclusion in the work of the structure are recommended

KEYWORDS: flexural elements, wooden beams, nail plates, strength, stiffness, compliance, external reinforcement
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BBEJIEHUE

OmHUM U3 CIOCOOOB YBEITHMUEHUS MPOIHOCTHBIX
XapaKTePUCTHK KJIEEHBIX JECPEBSHHBIX KOHCTPYKITHH
sBIIsIeTCsl apMupoBanue [1]. Yeunenue gpeBecuHsl ap-
MaTypoil yMEHbIIAET BIUSHUE ECTECTBEHHBIX TOPOKOB,
CYIIECTBEHHO YBEJIMUYMBAET HECYNIYIO CIIOCOOHOCTH
1 KECTKOCTh KOHCTPYKIUH [2] P CHUKEHUH UX MacC-
CBI ¥ CTOMMOCTH. PaccMOTpUM n3BECTHBIE pabOTHI.

K. Kyma u T. Coua [3], ananmu3upys padoty nepe-
BSTHHBIX OQJIOK, apMHPOBAHHBIX KJIECCHOH YIIICIIIACTHKO-
BOI1 JIGHTOH, OMpEeAETHIN, YTO MPOUCXOAUT YMEHBbIIIE-
HUE HavanbHOTrO mMporuba Oanok. A.B. Kpurunsim [4]
MIPOM3BOAMIICS aHAIN3 METO/I0B pacueTa JIEPeBSIHHbBIX
0aJoK, yCHJICHHBIX YITIEPOIHBIM BOJIOKHOM. YCHIICHHE
JICPEBSIHHBIX OAIOK Ha JICHCTBHE KacaTeNIbHBIX HAIpsKe-
HUH OCYILECTBIISIETCS ITyTEM MPUKIICHBAHNS YIIICBOJIOK-
Ha Ha OOKOBYIO I'PaHb AJIEMEHTA O/ YIVIOM K BOJIOKHAM
10 HAMPaBJICHUIO TUIOUIAI0K IIABHBIX PACTATHBAIOIINX
Hanpsbkenuid. O.M. YcrapxaHos [5] ucciemnoBa Hampsi-
JKeHHO-nepopmupoBanHoe coctosane (HJIC) momaro-
KJICCHBIX OaJIOK MPH YCTAaHOBKE CTEKJIOTIACTHKOBON
apmarypbl. OH BBISIBUJI, YTO B PACTAHYTOH 30HE apMH-
pOBaHMeE 11e1eCO00Pa3HO BBIIOIHATH HE MPSIMOIUHEHHO
0 BCEH JUIMHE OaJKH, a TOJIBKO B mposieTe. B onopHbIx
30HaX OTrubaeTcsi KOMIO3UTHAsL apMaTypa MoJ YIJIOM
K BOJIOKHAM JIPEBECHHBI (IIPOROIBHON OCH KOHCTPYK-
mun). B BepxHeil ckaroif 30HE KOMITO3UTHAS apMaTypa
MOXKET YKJIaJbIBaThCS B 123 MapaulebHO BEpXHEH rpa-
HU. A.A. [laraunkuM [6] nokazaHa palMoHaJIbHOCTh
pa3MeIeHus MoJIOCH U3 BBICOKOIIPOYHOTO MaTepuana
MEKLy JTaMeJISIMU OaJIKH, YTO MPUBOIUT K 3HAYUTEIIbHO-
MY YBEJINYEHHIO HECYIIEeH CIOCOOHOCTH KOHCTPYKINH.
B crarse [7] H.E. [lerpsieBbm 1 YO.b. JleBunckum pac-
CMOTPEHO MOJOKUTEJIBHOE M OTPULIATEILHOE BIUSHHE
apPMHPOBaHHMSI KJICCHBIX JIEPEBSHHBIX 0aJIOK C IOMOILIBIO
BKJICMBaHUS METAJNIMYECKUX CTepXKHEH B Hamboiee
HAaIpsUKEHHBIE 30HBI KJICEBBIX KOHCTPYKIMHA. YCTaHOB-
JICHO, YTO BHYTPEHHHE HANpsDKEHUS! BHYTPH KICEBOTO
CJIOSI CHMDKAIOTCS TIPH BO3ACHCTBUM METO/A paccede-
HUS CILIOIIHOTO KJIEEBOIO CJIOSI TOHKOBOJOKOHHBIMU
U CeTYAThIMM MaTepuajgaMu. DTH MaTepHUalibl, KpOMe
YKa3aHHOTO Ha3HA4YEHUs, 00eCIIeUnBalOT apMUPOBAaHHUE

KOHCTPYKIHWH, MTOBBIIIAA €€ NPCACIbHBIC COIPOTHUBIIC-
HUSI MEXaHW4eCcKUM Harpy3kam. M. Koppaau u coasr.
[8], paccmaTpuBas TpaIUIIMOHHBIC TEXHUKH apMHPOBa-
HUS, TIPSATIOKIIN BapUAHT YCHIICHHUS C MPAMEHEHUEM
JOTIOJTHUTEIHFHOTO CJIOS JOCOK: CTPOIMUIA M MEPBBIA
CJIOH JTOCOK COGIMHSIIOTCS C IIOMOIIBIO YEThIPEX TBO3-
JIeil Ha JIOCKY, T.e. JIBa Ha Ka)X/IOM KOHIIE; OCHOBHBIE
W YKPEIUISIOIINE JOCKH COCMHSIOTCS IIECTHIO TBO3/IS-
MU, JBa Ha KaXXJOM KOHIIE U [[Ba B cepenuHe. B pabo-
Te [9] @. PeckanbpBo MpeacTaBIeHO KPaTKOE OMHCAHUE
CXEM apMHpPOBaHUA NCPEBAHHBIX 68..]'[01( MOJIMMEPHBIMHU
BosiokHamu. b.B. JlaOymmuaev u A.B. Kapensckum [ 10, 11]
MIPUBENICHBI PE3yIIbTaThl UCIIBITAHUN Ha U3THO ICPEBSH-
HBIX COCTaBHBIX 0aJlOK, COCAMHEHHBIX METaJUINICCKH-
MU 3yOuateiMu miactuHamu [12, 13]. HanGonee pac-
MMPOCTPAHCHHBIC MOBPCKACHHUS KICCHBIX NCPECBAHHBIX
0asloK — 3TO TPOJIOJBHBIC TPEIIMHBI B KIIEEBBIX IIIBaX.
[TosiBIeHUE TaKUX TPEIIUH OCIAOIACT cedeHrne 0aIoK
W TIpH TaJdbHEHIIEM Pa3BUTHHU TPEIINH BBI3BIBAET UX
paspyliieHue. 3anpeccoBaB MEeTaI03youaThle MIaCTHHBI
(M3II) B 30HY C TPEIIMHON U B 30HY BO3MO>KHOTO Pa3BU-
THSI TPEIIMHBI, MOYKHO BOCCTaHOBHUTB HECYIITYIO CITOCO0-
HOCTH ceueHus. CXeMbI OaJIOK ¢ pa3IMYHBIMU BapHaHTa-
MU apMHPOBaHMS TIOKa3aHkI Ha puc. 1, 2.

Oco0EHHOCTD IPEBECHHBI 3aKITI0YAETCS B €€ pe3-
KO BBIPAKEHHBIX aHM30TPOIHBIX CBOicTBax [14, 15],
a TaK)Xe B MOAATIMBOCTH coenrHeHui [16—19]. MHo-
THE MCCIIEIOBAaTENN MPEHEOPETA0T YIeTOM ITHX (haKTo-
POB TIpU pacyeTe ACPEBSIHHBIX U IEPEBOKICCHBIX KOH-
CTPYKLIMH, 4TO IPUBOJUT K CEPHE3HBIM IIOIPELIHOCTAM
B onienke HJIC [20].

Lenp ucciienoBaHmss — COBEPILISHCTBOBAHUE KOH-
CTPYKIUHU YCHJICHHUS ICPECBSIHHBIX U IEPEBOKOMITIO3HT-
HBIX 0ajok myTeMm mcmoib3oBanus M3II B kagecTBe
BHEIITHETO apMHUPOBAHMS U pa3paboTKa METOIUKHU pac-
9yeTa TAKUX KOHCTPYKIIHH.

J1J1s1 BEITTOTHEHUS ATOM eI HEOOXOIIIMO Ha OCHO-
BE TEOPUH COCTABHEIX cTepkHeH A.P. Prxanmmpiaa [21]
pa3paboTaTh METOAMKY pacdyeTa 0aloK M3 IEIHHOU
U KJIeeHOH JAPEBCCUHBI, YCUJICHHBIX BHCITHUM apMU-
poBanueM Ha O6a3e M3II, B KOTOpPOH y4UTHIBACTCS I10-
JATIUBOCTH Ha TpaHuIe «Oamka — M3II» [22, 23]. Ipu
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Jlenra Sika CarboDur S1512

CrepsxHeBast apMatypa

Apwmupyromuii MaTepuan

VrﬂepouHoe BOJIOKHO

L

T

Puc. 1. BapuanTs! apMUpOBaHUS IEPEBIHHBIX 0ATOK: @ — yrieruracTukoBoi entoit Sika CarboDur S1512; b — ctepxueBoit

WA KOMITO3UTHOM apMaTypoﬁ, 3anpecc013f,1BaeM0171 MEKAY JJaMEIsIMU KJICEHOU 62UIKI/I; ¢ — YIIIEBOJIOKOHHBIM apMHUPOBAHUEM

MEKAY JaMeJIIMU KJICCHOMU 6a.IIKI/I; d— YCHUJICHUEC NPUOIIOPHBIX 30H Oaku YTIIE€BOJIOKHOM

CO37IJaHUU TEPMHUHOJIOTHYECKOTO arapara uccieaoBa-
HUS TPUMEHSIIUCH TIOJI0KEHUS COBPEMEHHOTO CTPOU-
TEJIBHOTO cioBaps [24].

C 1es1blo TPOBEPKH TEOPUH BBIMOJIHEH YHCIIEHHBIH
aHanmu3 0anok, apmupoBaHHbIXx M3I1 1ByX BHIOB B 3a-
BUCHMOCTH OT Tuna u 1iauHbsl M3I1, onpenenens! 3Ha-
YEeHUsI TPOAOJILHOM CUJIBI IPEABAPUTENBHOTO HANPSKE-
HUS IIACTUHBI — 0CHOBBI M3I1 1 1aHbl peKOMEeHJalui
0 KOHCTPYUPOBAHHIO U PacyeTy OaJIoOK ¢ IMONATIUBO-
cThi0 MexaHnueckux cBsa3eit M3II. Brimeckazannoe
Jienaet paboTy akTyanbHOH [25].

MATEPHUAJIBI U METO/bI

Pacuernas cxema Oanku mpejcTaBieHa Ha puc. 3.
[Tposter Ganku faenuTcst HA 3 30HBI, CPEAHSS 30HA —
YCUJIEHHBII y4acToK. B ciydae, koraa ycunenue npous-
BOJIUTCS 0 BCEW JUIMHE MpOJIeTa, ATUHA KPalHUX 30H
MPUHUMAETCS paBHOU HyIt0. B MaTemMaTnyeckoil Moje-
JIM MICTIOJNIB3YIOTCS CIIEAYIOIINEe 0003HAUCHNS BEJTUUNH:
ll, 13 — JUIMHA HEYCWJICHHBIX 30H OaJKH; 12 — JJnHa
30HBI PACIIOIOKEHHSI 3JIEMEHTa YCHIICHUS; X/ — ToJ-
HBII PaCUETHBII MPOJIET.

CpenHIo0 30HY YCUIEHHOTO 3JIEMEHTa, paccMma-
TPHUBAEMOTO KaK COCTaBHOTO (KOMIIO3UTHOTO) C MOAAT-
JVBBIMH CBSI3IMHU CIBHTA, MOXHO BOCIHPHUHHMATh KaK
COCTaBHOM CTEpP)KeHb Ha yNpyroae(GopMupyeMbIX Mpo-
JIOJBHBIX CBSI3SIX M OCCKOHEYHO YKECTKUX MOTEPEUHBIX
CBS35X (TaKk Kak KpOMe Beca YCHIIMBAIOUICH TUIACTHHBI
JIPYTHE «OTCIIANBAIOIINE» HAIPY3KN OTCYTCTBYIOT).

KoaddurmeHT xecTKoCTH CBsI3eH cIBHTa, MpHBE-
JICHHBIN K TIOTOHHOMY 3Ha4€HHIO, ONpeaersieTcst 1mo Gpop-
MyJIe:

&ZCCB/SCB’ (1)

CrepsxHeBast apMaTypa

e ¢, — Ko (QUIHMEHT KECTKOCTH OJHON CBA3M, pac-
CMaTPUBAEMON Kak JUCKpETHas; S — pacCTOsHUE
MEXJ1y COCEIHUMU JTUCKPETHBIMU CBSI3SIMHM HA y4acTKe
yCuiieHHs (PACCTOSTHUE MEXKITY 3yObsIMH yCHIHBAFOIICH
MJIACTUHBI 110 TOPU3OHTAIIN).

Pacuer cxeMbl MpOM3BOAUTCS METOAOM CHJI, 33 UC-
KOMbI€ HEHU3BECTHbIE TPUHUMAIOTCS YCUIIUSI B CBS3SIX
casura. CoracHO KJIACCHYECKOW TEOPUH COCTaBHBIX
crepxkneit A.P. Pxxanunpina [21], npuHumaercs cieny-
I0lIlee pa3pellaroliee ypaBHeHHe, ONUChIBAOIIEe pac-
MpeJielieHne KacaTellbHbIX YCUIIUI Ha TpPaHulle CIlIayu-
BaHUs JJIs IPOAOJIBHOTO 111Ba:

T"(z)& =8,,-T(2)+A(2), @)

rae 8, u A — Ko3(pOUUUEHT IIPH HEU3BECTHOM H Ipy-
30BOH 4YJEH ypaBHEHHUs METOAA CUJI, OIpeielisieMble
no gopmynam (3) u (4); T — HCKOMOE HEH3BECTHOE
(cymma ycunuii cABUra Ha paccMaTpHUBaeMOM Y4acTKe
COCTaBHOTO DJIEMEHTA).

2
8, = L, 1 +(t‘+t2j/ZEJ; 3)
EFER \ 2
0
Ay=Do - Mo(z)-[m) ISEL 4
EF, 2

e £, F| — monyns FOHra nepeoro poja u miomaib
TOTIEPEYHOTO CEYECHHs YCHIIMBAEMOTO DIIEMEHTa; £,
F, — monysn FOHra nepBoro posa u riomaibs morneped-
HOTO CEYEHUS IEMEHTa YCHJICHUS (TIOAaab CEUCHUs
Juts Tep(OPUPOBAHHOMN MIACTHHBI — IUIOLIA/b HETTO);
XEJ=EJ + E,J, — nonnas u3ruOHas ;KeCTKOCTb KOM-
MO3UTHOTO CTEPXKHS B OCHOBHOW cucTeme (B ciiydae,
KOTJIa 3JIEMEHT YCUJICHHUS HE JOXOIUT J0 OMOp, CIexy-
et nonoxutk J,= 0); N, — HOpManbHas cujia, BO3HH-
Karollasi B 3JIEMEHTE YCUJICHUSI B PE3Y/IbTaTe HarpeBa;

AN\

a b c

<< e

M3II B 30He TperyHbI Yreponnoe BOJTOKHO

Puc. 2. BapranTte! apMUpOBaHHS AEPEBSIHHBIX OAIOK: a, b — CTepKHEBOW NI KOMIIO3UTHOM apMaTypoii, BKIIENBaeMOM B I1a3Hl;

¢ — ycranoBka M3II ju1st orpaHn4eHns pa3BUTHS TPEIINH; d — YCHJICHUE PACTSIHYTOH 30HBI OAJIKU YITIEBOJIOKOHHOM JIEHTON
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Ha OCHoBe MeTa/\/\OSyﬁanle nAaCTUH

C. 92-108

i E

VcunmBaeMblii 3JIeMEHT

O

/
/

T

i

Yeunusatouuii yrement (M3IT)

=

Xl
1-1 2-2
==
T 4

Ycunenne x

a

q = const

I
LT P T AT LT

El ET ‘ﬁ:l Elgib'

2l

b

Puc. 3. Cxema ycuIIeHHOTO U3rn0aeMoro JIeMEHTa U IPUHATHIE 0003HAYEHIS MAaTEMATHYeCKOH MOIETH

MO(Z) — (YHKIUS U3THOAFOIIET0 MOMCHTA OT BHEIITHEH
HArpy3KH B OCHOBHOU CHCTEME METO/Ia CHUII, OTIPE/IeIsi-
emast 10 OOIIKMM MPABUIIAM CTPOUTEIILHON MEXaHUKH:

My (2)=V"(l,+2)-0,5¢z" —ql, (z+0,5,), (5)

rae V" — omnopHas peakiysi, BO3HUKAIOLIas Ha JIEBOU
OII0pe 3JEMEHTa B I'PYy30BOM COCTOSIHUM B OCHOBHOM
cHCTEeMEe METO/Ia CHIL

Cxema HJIC ¢parmeHTa cOCTaBHOTO 3JIEMCHTA JIJTH-
HOM dz npuBe/ieHa Ha puc. 4.

Penenne ypaBHenwus (2) COCTOUT U3 OOLIETO U 4acT-
HOTO pelenwst. J{yist 3aricu 4acTHOTO PEIIeHNs! BOCTIONb-

3yemcs gyHkuuei [puna [26]:
T (z) = Ash(hz)+ A,ch(Lz) +% X
6

[ MO(Z)(QJFQJ (6)
x | —2—— sin[x(z—f)]dz,

o| E,-F, Y EI

q = const
(LT

N

.
~

w7 5 |

0

NS R Py |

— N
5
E

M,

VCuMBaroUui 3eMeHT

YcunuBaeMbli deMEHT

IJe z — BCIOMOrareibHasi KOOpJUHATA, 110 KOTOPOH
BBITIOJIHSICTCS MHTErPUPOBaHUE (DYHKI[MH YaCTHOTO pe-
meHus AupGepeHInanbHoOro ypasHenus (2).

B pasBepnyToii popme pynKIusg-penierne (6) Oy-
JIeT UMETh BUJI:

T(z)= A -sh(hz)+ A,ch(hz)+

(t'-;t?)q(ch(kz)—l)
KX EJ
ll'm aleh() =) (e 721)_ cqz(z-1)
QMY EJ 2AXEJ
m.q(Zl-sh(kz)—ll-(2sh(kz)—2kz))

- +
2N X EJ

29 (eh(0,502)" 1)
\EF,

(7

+

+
> o

u' T. ~max

Heiitpansnas nunus

|
4/2

4/2
c

N, pnnngnn

h

b]:bz

Puc. 4. Cxema HanpsHKeHHO-1€(OPMHUPOBAHHOTO COCTOSIHUS ()parMeHTa COCTAaBHOTO JIEMEHTa (B 30HE YCHIICHHS)
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Koncrantel 4, u 4,, yYUTHIBAIONINE BIUSHUE IPa-
HUYHBIX YCJIOBUH Ha KOHIIAX COCTAaBHOTO 3JE€MEHTA
(yCHIIeHHOM 4acTH MposeTa MeMeHTa 1) ¢ y4eToM oT-
CYTCTBHUS MPETATCTBUI CIBUTA 11O KOHIIAM yCHUJIMBAIO-
W TUTACTHHBI 2, OyAyT UMETh BH/I: A2 =0.

Al — E"— X
Ash(Ll,)

2N (ch (0,504, )"~ 1)
).E,F,
(’1;’2) +q (X1 sh(M1) —1,(25h(\1) —2)1,))
- +
) 2V X EJ ,(8)
q(t ;tj( h(uL)-1) g, (’ ”j(zl 1)
i PYE 20X EJ
gl [’1 ;’2 j(lll)(ch(klz) -1)
203 EJ

rae A — YHUCI0BON KO3 GHUIIUCHT, ONPEAeIAEMbIi 110
hopmyme:
£, )
DYHKIMKA PAaCIPEIETICHUS MOTHBIX U3rnOaroIIX
MOMEHTOB B 30HE YCHJICHUsI 2IEMEHTA U KPaeBbIe HAIIPSI-
JKEHUS B CJIOSIX 1 U 2 pacCUMTHIBAIOTCS 10 (hopMyIIam:

oo (o

M) = S5 (10)
0 L+t
{M (z)—T(z)-[ H-EZJZ
M) = S 2 .
EJ
0,5t - M. T
e
0,5:1,- M .
02=itsz(Z)'%’ (13)

rne 7(z) — ¢dbyHKOHS pacrpemeNieHus] CIBUTAIONINX
YCHJIMH 110 JJTUHE 30HbI YCHUIICHHUSI.

C mempo ompeneNieHus mporuda MIEMEeHTa B pac-
CMaTpUBAEMOM CEYCHUH MPHUMEHSIETCs TeopeMa Mopa.
YuuThBaeTCS TOABKO padoTa M3rHOAIONIUX MOMCH-
TOB, MOCKOJIbKY BKJIAJ] OCTAIbHBIX CHIIOBBIX (haKTOPOB
B MPOTU0 MPSIMOTMHEHHBIX U3rH0AEMbIX CTePIKHEN pu
Xl/t>5[27]:

I, —

f= J‘M(Zl) M(Zl) dzy + J’M(l1+zz)'M(ll+Zz)dz 4
EJ, S B+ Ey,
J’M(11+12+Z3) ML+ +2zy)

E3J;

(14)

d3,
0

rae M(...) — (QyHKIus, ONMCHIBAIOIIAS PACTIPE/ICIICHUE
M3THOAIOIIMX MOMEHTOB CHCTEMBI B «EIIHHHIHOM))

96

cocrostaun; M(...) — QYHKIHS, OMUCHIBAOIIAS PACIIpe-
JIeNICHNE N3TMOAOIIIX MOMEHTOB CHCTEMBI B «TPY30-
BOM) COCTOSIHUH.

Jns cpennero yyactka nposera [, pyHKIuu pac-
MpeeIeHnss MOMEHTOB CIIEAyeT 3alUCaTh C YyUETOM
YCHJIMH B CBSI3SIX C/IBUTA, T.€. 10 popmynam (10), (11),
npu atoM ¢(yHkius 7(z) onpenesnsieTcsi aHAIOTHYHO
PELIEHHUIO JUIsl CIydas ¢ = const ¢ COOTBETCTBYIOIMMU
BhIp@XKeHUsIMU JUtst pyHKimu M(z):

MO (2) = Ve (1+2).

rae V, . — ONOpHas peakuys Ha JEBOH OIope yCHIIH-
BAaEMOTO0 3JIEMEHTA, PACCUMTAHHAS I «EAUHUIHOTO»
COCTOSIHUS cuCTeMBbI (pHc. 3, b).

[Toncrasmnss Beipaxenue (15) B (6), momydnm:

(15)

T(2) = 4 - sh(02)+ 4, ~ch(kz)—% x

(sh(xZ)—xz)-(’l ;tzj I (’1 ?j-sh (0,502
’ LY EJ

e A, u A, — KOHCTaHThI, yIUTHIBAIOIINE BIUSIHUE IPa-
HUYHBIX YCIOBHH, ONPENENAIOTCS aHAJIOTUYHO BhIpaske-
HUIO (8) MPH YCIOBUH OTCYTCTBUS MPETISITCTBHNA CABUTY
TI0 TOPIIaM YCHJIMBAIOIIETO 3JIEMEHTA U JUTA «SIUHUIHO-
T0» COCTOSIHUSI CHCTEMBI OyTyT UMeTh BUIL: 4, = 0.

(16)

X

20D EJ

g@(ch(o,smz) — 14 21k-ch(0,25M) sh(0.2511))
4

l:

.(7)

2% Y EJ - ch(0.5M,)

C yaetom popmymst (17) Beipakerue (16) MOxHO
3amKcarh B BUAE:

L) oh0,50) -1+ 21).ch(0,251,)sh(0.2511)
10 { ( 2 ) W

X

2 EJ-ch(0,510) J 8

(sh02) - 22) [’ ;tj+l] [t ;t] $h(0.52)

3
sh(hz) -2
*sh2) by INPYEL

MZET

B ciyuae cuMMeTpUYHON CXE€MBI MPUIIOKEHUS
BHEIITHEH HAarpy3KH CIIEAYET IPOESKTHPOBATh yCHUIICHHE
TaKuM 00pa3om, 9ToObI /, = /. Jlnst JTaHHOTO CiTy4ast 3a-
mUIIeM BeIpakeHne (14) B pa3BepHyTOM BUJIE:

ZJ

2
_q.zl(ZQJro,szl)—qlz2 ]—

(19)




UccrepoBaHue pepeBsHHBIX 6aAOK, YCUAEHHbIX BHELLUHUM apMnpoBaHNeEM

C. 92-108
Ha 0CHOBE MeTarr03yb4aTbiX NAaCTUH

g=3xH/m. m

o

1-1

k!

L0 0 1 0 0 0 1 1 0 1 01 01 11

)

150

Ii

) 1, =500, 750, 1000

/\7—\
ENE
NG

b= 150

3000

by=145
VYcunenue

Puc. 5. VicxonHele aHHbIe K IPUMEPY pacyera

3 4 5

15

a

5 aﬁ
Lot |42
mt:]:U:U:U:U: =
°«@g:U:U:U:U:U: =

1p0p0p0glpl} S

b

Puc. 6. I'Bo3zeBbIe utacTHHBL: ¢ — THII | (¢ IpssMBIM 3y0oM pazmepamu 15 x 3 x 1,5 mm); b — tun 11 (c BuTBHIM 3y00M pas-

Mepamu 8 X 3 x 1 Mm)

ac z w0 Zn
JJIMH Y4aCTKOB ll U ITOJIOBHUHBI lz COOTBCTCTBCHHO.

— KOOPAWHATBI, OTCYHUTBIBACMBIC B IIpCACIax

B kavecTBe arpoOaryy mpeicTaBIeHHOTO PerIeHHs
TpUBeIeM puMep pacuera. TpeOGyercst OleHUTb KpaeBble
HaIpsDKEHUS] 1 MAKCUMAIbHOE 3HAUYEHHUE BEPTUKAJIBHBIX
TIepeMEILeHUH B YCHIICHHOM JIEPEBSHHON OaJIke U3 JipeBe-
CHHBI 111 Ki1acca pouHocTd C20' B 3aBUCHMOCTH OT THIIA

' CIT164.13330.2017. lepeBsitHbIe KOHCTPYKIMH. AKTyaIn31pO-
BanHas peaakims CHull 11-25-80 (¢ M3menenuem Ne 1) : BBe.
28.07.2017. URL: http://docs.cntd.ru/document/456082589

Pe3ynbraThl BEIUMCICHUI

rBo3zieBoit mractunsl (I u 1) 1 JUTMHBT 30HBI yCHIICHHSI.
VcxonHble TaHHBIE 3a/1a9K TIPEJICTaBIICHBI Ha PHC. 5.
3HadeHune k03()(HUIMEHTA, YIUTHIBAIOIIETO C/IBH-
TOBYIO NOAATIMBOCTb COEAMHEHUH I'BO3/IEBBIX MIACTHUH
tunos [ u II (puc. 6), onpexnensiercs mo Gpopmyse (20),
K03()GHUIMENTBI CIBUTOBOM MOMATIMBOCTH O , PUHHUMA-
10TCA 10 TaHHBIM ucnibiTanuil A.B. Kapenbsckoro [11]:

E=—1b . (20)

1
SA w1

Pe3ynsTaTel BEIUMCICHUI CBEIEM B TaONIHUILY.

Tun Eaunnunas Kectrocth [Inomane nonepeuHoro [IpenenbHoe ycuine
TUTACTHHBI NOJATINBOCTD § , COCIMHEHHH Ha CEUCHHS DIIEMCHTA MIPEABAPUTEIHHOTO HAIPSKCHUS,
(puc. 6) MIla™! no pesysbraram | 1 mor. M mBa, MITa ycuJeHus (HeTTo), co3naBaeMoro Harpesom, MIla
padorsi [11] E=bJ3, M2 10 (R, =235 Mlla s cranu Cr3km2?)
I 1/9,7 9,7 1,26 235- 1,26 - 104 =10,00296
11 1/27,85 40,1 0,84 235-0,84-10%=0,00197

2T116.13330.2017. CranbHbie KoHCTpyKImH. AKTyanusuposanHas penakims CHul T 11-23-81* (¢ TTorpaskoii, ¢ M3menernem Ne 1) :
BBea. 28.08.2017. URL: http://docs.cntd.ru/document/456069588
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Puc. 7. ['padyku 3aBECHMOCTH: @ — HOPMAJIGHBIX HAPSHKEHUI
B KPaeBBIX BOJIOKHAX YCHIIMBAEMOTO MIEMEHTa U B YPOBHE IICH-
Tpa THKECTH OCHOBBI TBO3JIEBOH TIACTUHBI; b — MaKCHMAIIBHBIX
BEPTHKATBHBIX NIEPEMEIIeHNH KOMOMHIPOBAHHON KOHCTPYKITUI
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Ha puc. 7, a npuBeneHsl MaKCUMaJIbHbIE HOP-
MaJIbHbIE HAIPSIKCHUSI B BOJOKHAX yCHUJIHMBAEMOTO
9JIEMEHTA W HANpPSDKEHUS B yPOBHE LIEHTPA TSHKECTH
OCHOBBI (CpeHUE HANPSDKEHUS) B YCHIMBAIOLICH
IBO3/I€BOM MIacTUHE. 3aBUCUMOCTh BEPTUKAIbHBIX
NepeMeNeHUH OT BapbUPYEMBIX IapaMeTpoB Ipes-
cTaBlieHa Ha puc. 7, b.

PE3YJIBTATHBI HCCIEJOBAHMUA

[TpoBeneHHBIE pacueThl MOKA3bIBAIOT, YTO CPE-
HUE HOPMaJIbHbIC HANPSDKCHHUS B yPOBHE LIEHTpA TA-
KECTH TUIACTHHBI-OCHOBBI HE MPEBBIIAIOT 3HAYCHUH
810 MlIla, 4To0 CyIIECTBEHHO HUXKE PACUE€THOIO COIPO-
THUBJICHUS CTalM Kiacca mpouHoct C235. SIBnsercs pa-
LIMOHAIBHOM JUIs pellieHus! TIOJ00HBIX 3a/1a4 pa3paboTka
IUTACTHH MHOM ()OPMBI C YBETMUEHHBIM KOJINYECTBOM
3yObeB Ha CAMHMILY TUIOIIA/IH, YTO TIO3BOJIMIIO ObI TOBBI-
CHUTh BEIIMYHMHY KECTKOCTH IIIBAa Ha T'PaHUIIE CIIa4YnBa-
HUSI YCHIIMBAEMOTO JIEMEHTa 1 TBO3/ICBOH TIIACTHHBI.

Pacuer no pa3paboTaHHOW METOIUKE MTOKA3bIBACT,
YTO YCHJICHHE PACTSHYTOW 30HBI OAJIKHU 3a CUET MpH-
KpEIUIEHUs B PACTAHYTOM 30HE I'BO3/IE€BON IJIACTUHBI
tumna | (tuna 1) cHkaeT HOpMaIbHBIE PACTATUBAIOIIE
HarpsokeHust 5-21 % (ua 12-24 %) u cxumaronye Ha-
npspxenust 2—10 % (aa 6-20 %). IIpu ocyniecTBieHnN
MIPeBapUTEIHLHOI0 HarpeBa OCHOBBI T'BO3/IEBOM ILIa-
CTHHBI HaOMIOaeTcsi 00jIee 3HAYMTENbHOE CHIDKEHNE
KpaeBbIX HanpsoxkeHnit — 1441 % (36-60 %) u 7-20 %
(19-30%) B pacTsiHyTOM M C)KaTol 30HE COOTBETCTBEH-
Ho. CHIDKeHHe Mporuda B MHTEpBaJle BapbHPyEMbIX 3Ha-
yeHuil cocraBuiio 2—10 % (5-15 %) nnst nactun Thna I
u 4-18 % (9-28 %) ans mnactud tuna Il npu orcyt-
cTBUHM (HAJIMYKMHN) TIPEBAPUTEIILHOTO HAMPSHKEHHUS 0C-
HOBBI T'BO3/IEBOH IIJIACTHHBI, CO3/1aBAEMOTO HAIPEBOM.
CTOUT OTMETHTH, YTO HAIMYUE I'BO3JCBOM NIACTHHBI
C TIPaBUJILHO MTOI00PaHHON JUTMHOW B pacTSHYTOH 30HE
JICPEBSIHHON OaJIKM MCKIIIOYAeT BO3MOXKHOCThH BHE3aIll-
HOTO ee 00pyIICHHSI, CBSI3aHHOTO C XPYIKHM Pa3pbIBOM
PaCTSIHYTBIX BOJIOKOH JAPEBECHHBI, YTO XapaKTepHO s
HEapMHUPOBAHHBIX JIEPEBSIHHBIX OaOK.

DhheKTHBHOCTD YCHIICHHIS 3aBICHUT OT BRIOOPA THITA
TUTACTHHBL, JUTMHBI YCHIINBAEMOTO yJacTKa Oalikv, Halli-
Yps IPEIBAPUTEILHOTO HAMPSDKEHMS TIaCTHHBL, CO3/1aBa-
eMoro HarpeBoM. HecMOTpst Ha MEHBIIIYIO TONIIMHY OC-
HOBBI 1 MEHBIIIME Ta0apHThl BBHIIITAMIIOBAHHBIX 3yObEB,
BHE/ZIPSIEMBIX B MACCHB IPEBECHHBI, TPUMEHEHHE TIIIaCTHH
tuna Il B taHHOM citydae ciry’kut 6ojee parroHaIbHBIM
BapuaHToM. Butas (opma 3yda criocoOcTByeT Ooree Ha-
JI©KHOM aHKEPOBKH IUIACTHHBI, UCKIIIOYAst €€ OTCIOCHHE
B Cllyyae HEPaBHOMEPHOM YCYIIKH M BO3MOXXHOCTH KO-
poOIeHusT yCUITUBAEMOM IEPEBHHOM OAJIKU TIPH HCTIONb-
30BaHUM MTMJIOMATEPHATIOB €CTECTBEHHON BIIAKHOCTH.
OnHaKo CTOUT UMETH B BHILY, YTO IUIACTHHBI THIA | Tpe-
OYIOT MEHBIIICE YCUITHE 3aIpeccoBKy [ 11], 94To nCKIFOdaeT
JIOTIOJIHUTEIIBHBIE CIIOKHOCTH ITPU MOHTaXKE, HAaIllpuMep,
B CJTy4ae TPYAHOJOCTYITHOCTH YCHIIMBAEMbIX OAJIOK.



UccrepoBaHue pepeBsHHBIX 6aAOK, YCUAEHHbIX BHELLUHUM apMnpoBaHNeEM

C. 92-108
Ha 0CHOBE MeTarr03yb4aTbiX NAaCTUH

3AKJTIOYEHHUE U OBCYXJIEHHUE

Pa3paboTrana KOHCTPYKIHSI YCHUIICHHSI U3TrH0aeMBbIX
3JIEMEHTOB U3 LI€JIbHON U KJIIEEHOW JIPEBECUHbI, 3aKJIIIO-
4aromascs B TOM, YTO CTalbHasl I'BO3/€Basl MIIaCTUHA
3aMPeCcCOBBIBACTCS CO CTOPOHBI HUYKHEH I'paHy OaIKu.

IIpemioxkena aHanuTHUECKass METOAMKA pacyera
YCUJIEHHOHM JIepEBOKOMITO3UTHON KOHCTPYKIIMH, YUUTHI-
BaIOLIAsl 3aIPECCOBKY IEMEHTa YCUJICHUS 10 BCeH -
HE TpoJieTa WK TOJBKO Ha 4acTH IpoJieTa OCHOBHOTO
9JIEMEHTA, BEIMYMHY MOJATIIMBOCTU CBS3EW Ha rpaHUlle
CIUTQYMBAHUS CIIOEB, HAJIMUKE HANPSHKEHUS! TIACTHUHBI-0C-
HOBBI, CO3/IAaBAEMOT0 ITyTEM ITPEIBAPUTEIHHOTO HarpeBa.

YcTaHOBIIGHO, YTO BHEAPCHUE TBO3JICBOI ILa-
CTHUHBI B PACTSHYTYIO 30HY MOXET CII0COOCTBOBATh
CHIDKCHHUIO HOPMAaJbHBIX PACTATHBAIOIINX HAIpshKe-

Hu#t 10 24 % (60 %), cxxumaromux — 10 20 % (30 %),
BEPTUKAJIBHBIX MEPEMEIICHUI B CeperHe MpojeTa —
10 18 % (28 %) npu oTCyTCTBUHM (HAJTMYUH) MTpEBapH-
TCJIBHOI'O HAIIPSXKEHUA OCHOBBI FBOS}ICBOﬁ IJIAaCTUHBI,
C03/1aBa€MOTO HarpeBOM.

B kauecTBe yCHIIMBaIOIINX 3JIEMEHTOB PEKOMEH/TY-
eTCsl MPUMEHSATH TuacTuHbl Tuna Il ¢ BuTo# Gopmoii 3y-
ObeB. SIBisIeTCS paMoHaIbHON pa3paboTka HOBOTO THIIA
TBO3/IEBBIX TUIACTHH C OOJBIINM KOJIMYECTBOM 3yObEB
Ha €MHUITY TUIOIA N IUTACTHHBI BBULY 3HAYUTEIHHOTO
pe3epBa MPOYHOCTHBIX CBOICTB €€ MaTepHaa.

[IpemmoxeHHBI cmoco0 YCHIICHHUS HCKIIOYaeT
XPYIKHHA XapaKTep pa3pylieHUs IepeBSTHHBIX OajoK,
00YCJIOBICHHBIH Pa3pbhIBOM PACTSHYTHIX BOJIOKOH JIpe-
BECHHBI, YTO 3HAYHTEIHHO IOBHIIIACT HAIACKHOCTH
9TUX KOHCTPYKTUBHBIX JIEMCHTOB.
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INTRODUCTION

K. Kula and T. Socha [3], in their analysis of the be-
haviour of timber beams reinforced with bonded carbon-

One way of improving the strength properties
of glued timber structures is through reinforcement [1].
Reinforcing timber with steel reduces the impact of natu-
ral defects and significantly increases the load-bearing ca-
pacity and stiffness of structures [2], whilst reducing their
weight and cost. Let us review the relevant literature.
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fibre tape, found that the initial deflection of the beams
is reduced. A.V. Kritsin [4] analyzed methods for cal-
culating timber beams reinforced with carbon fibre.
The reinforcement of timber beams against shear stress-
es is achieved by bonding carbon fibre to the side face
of the member at an angle to the fibres in the direction



Investigation of wooden beams with external reinforcement based on metal toothed plates
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Sika CarboDur S1512 strip Bar reinforcement

Reinforcing material Carbon fiber

e

b

Fig. 1. Reinforcement options for timber beams: a — Sika CarboDur S1512 carbon fibre tape; b — bar or composite reinforce-

ment pressed between the lamellae of a glued laminated beam; ¢ — carbon fibre reinforcement between the lamellae of a glued

laminated beam; d — reinforcement of the beam’s support zones with carbon fibre

of the principal tensile stress planes. O.M. Ustarhanov [5]
investigated the stress-strain state (SSS) of laminated
timber beams when installing fibreglass reinforcement.
He found that in the tension zone, it is advisable to ap-
ply reinforcement not linearly along the entire length
of the beam, but only within the span. In the support
zones, the composite reinforcement is bent at an angle
to the wood fibres (the longitudinal axis of the structure).
In the upper compression zone, the composite reinforce-
ment can be laid in a groove parallel to the top face.
A.A. Pyatnitsky [6] demonstrated the rationality of plac-
ing a strip of high-strength material between the lamel-
lae of the beam, which leads to a significant increase
in the load-bearing capacity of the structure. In paper [7],
N.E. Petryaev and Yu.B. Levinsky examine the positive
and negative effects of reinforcing glued laminated timber
beams by embedding metal rods into the most stressed
areas of the glued structures. It was established that inter-
nal stresses within the adhesive layer are reduced when
the continuous adhesive layer is split using fine-fibre
and mesh materials. In addition to their stated purpose,
these materials reinforce the structure, increasing its ulti-
mate resistance to mechanical loads. M. Corradi et al. [§],
in examining traditional reinforcement techniques, pro-
posed a reinforcement method using an additional layer
of boards: the rafters and the first layer of boards are
joined using four nails per board, i.e. two at each end;
the main and reinforcing boards are joined with six nails,
two at each end and two in the middle. In [9], F. Res-
calvo provides a brief description of methods for rein-
forcing timber beams with polymer fibres. B.V. Labudin
and A.V. Karelsky [10, 11] present the results of bending
tests on composite timber beams joined by metal toothed
plates [12, 13]. The most common damage to glued lam-

Bar reinforcement

inated timber beams is longitudinal cracks in the glue
joints. The appearance of such cracks weakens the beam
cross-section and, as the cracks progress, leads to their
failure. By pressing metal toothed plates (MTP) into
the cracked area and the area where the crack may de-
velop, the load-bearing capacity of the cross-section can
be restored. Schematic diagrams of beams with various
reinforcement options are shown in Fig. 1 and 2.

A distinctive feature of timber lies in its pronounced
anisotropic properties [14, 15], as well as in the flex-
ibility of its joints [16—19]. Many researchers neglect
to take these factors into account when calculating tim-
ber and glued-laminated timber structures, which leads
to significant errors in the assessment of the SSS [20].

The aim of the study is to improve the design of re-
inforced timber and wood-composite beams by using
MTP as external reinforcement and to develop a calcu-
lation method for such structures.

To achieve this objective, it is necessary to develop,
based on A.R. Rzhanitsyn’s theory of composite members
[21], a calculation method for solid and glued-laminated
timber beams reinforced with external reinforcement
based on MTP, which takes into account the compliance
at the “beam — MTP” interface [22, 23]. In establishing
the terminological framework for the study, the provisions
of the modern construction dictionary [24] were applied.

To verify the theory, a numerical analysis was carried
out on beams reinforced with two types of MTP, depending
on the type and length of MTP; the values of the longitudi-
nal prestressing force in the base plate of MTP were deter-
mined, and recommendations were provided for the de-
sign and calculation of beams with flexible mechanical
connections in the prestressed concrete. The above makes
this work relevant [25].

a b c

Nail plate in crack zone Carbon fiber

d

Fig. 2. Reinforcement options for timber beams: @, b — bar or composite reinforcement glued into grooves; ¢ — installation
of crack-limiting metal toothed plates (MTP); d — reinforcement of the beam’s tension zone with carbon fibre tape
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Fig. 3. Schematic diagram of a reinforced bending member and the notation used in the mathematical model

MATERIALS AND METHODS

The analytical model of the beam is shown in Fig. 3.
The beam span is divided into three zones, with the mid-
dle zone being the reinforced section. When reinforce-
ment is applied along the entire length of the span,
the lengths of the outer zones are taken to be zero.
The following symbols are used in the mathematical
model: /, [, — the lengths of the unreinforced zones
of the beam; /, — the length of the zone containing
the reinforcement element; X/ — the total design span.

The central zone of the reinforced member, consid-
ered as a composite structure with ductile shear connec-
tions, can be regarded as a composite bar supported by
clastically deformable longitudinal connections and in-
finitely rigid transverse connections (since, apart from
the weight of the reinforcing plate, there are no other
“peeling” loads).

q = const
AR AR AR

The stiffness coefficient of the shear connections,
reduced to a per-unit length value, is determined by
the formula:

&:CIH/‘S}HD (1)

where ¢, —the stiffness coefficient of a single link,
considered as a discrete element; S, — the distance
between adjacent discrete connections in the reinforce-
ment section (the horizontal distance between the teeth
of the reinforcement plate).

The design of the structure is carried out using
the force method, with the shear forces in the connec-
tions taken as the unknowns to be determined. Accord-
ing to A.R. Rzhanitsyn’s classical theory of compos-
ite members [21], the following governing equation
is adopted, describing the distribution of shear forces
at the joint interface for a longitudinal joint:

T"(2)/€ =8, T(z)+4(2), 2

Neutral axis
I
=
=
— sz,, P I o —
Lo
0 =
N, pannnan L
-~ =
RS
bl:bz

Fig. 4. Diagram of the stress-strain state of a composite component fragment (in the reinforcement zone)
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where 6, and A — the coefficient for the unknown
and the load term of the force method equation, deter-
mined by equations (3) and (4); 7— the unknown of inter-
est (the sum of the shear forces in the section of the com-
posite member under consideration).

5y =y +(t+t]/ZEJ, 3)
EF EF, 2

Ay = {0()[ ﬂ/zm, )
E,F,

where E,, F, — Young’s modulus of the first kind
and the cross-sectional area of the reinforced element;
E,, F,— Young’s modulus of the first kind and the cross-
sectional area of the reinforcing element (for a perforated
plate, the cross-sectional area is the net area); XEJ=E J +
+ EJ, — total bending stiffness of the composite rod
in the principal system (where the reinforcement element
does not extend to the supports, J, should be set to 0);
N°, — normal force arising in the reinforcement element
as aresult of heating; M, (z) — function of the bending mo-
ment as a function of the external load in the principal sys-
tem of the force method, determined according to the gen-
era.rules of structural mechanics:

M(z)=V(l, +2)-0.5¢z" —ql (z+0.5),  (5)

where V' — the support reaction arising at the left support
of the member under load in the principal force system.
A stress-strain diagram for a segment of a compos-
ite member of length dz is shown in Fig. 4.
The solution to equation (2) consists of a general
solution and a particular solution. To express the par-
ticular solution, we shall use Green’s function [26]:

T'(z) = Ash(hz)+ A,ch(hz) +% X

[ M()(tﬂz-t). o (6)
- S Bl sm[k(z—z)}dz

N 2
}').EF

where z — an auxiliary coordinate along which
the function representing the particular solution to dif-
ferential equation (2) is integrated.

In expanded form, the solution function (6) will
take the form:

T(z)= 4, -sh(hz)+ A,ch(hz) +

(t];tzj-q(ch@z)—l)
XX EJ "
i t1+t2 oy 1 ]
: o e~ (a-31) Cegz(z-1)
+2lt -
2 203 EJ 2ATEJ
m.q(zl.sh@z}11.(2sh(xz)—2xz))
B 2N Y ET "
29 (ch(0.5%2)" 1)
+
MELF,

The constants A4 and 4,, which take into account
the effect of boundary conditions at the ends of the com-
posite element (the reinforced section of span 1), as-
suming there are no shear barriers at the ends of the re-
inforcing plate 2, will be given by: 4, = 0.

Al = ‘i— X
Ash(rly)
2N (ch (0,504, )"~ 1)
ME,F,
(ﬁ;tzj q (X1 -5hOL) —1(25h(11,) ~2).L)
B 20X EJ

q(t ;tj( h(hL)-1) gl (’”j(zl 1)

XX EJ 2AXEJ

gl (tl ;’2 ](1—11 )(ch(My)—1)

2AXEJ

+

- (8)

+

where A — a numerical coefficient determined by
the formula:

‘5'511' ©)

The distribution functions for total bending mo-
ments in the member’s reinforced zone and the edge
stresses in layers 1 and 2 are calculated using the fol-

lowing formulas:
s

{M%)—T(z)-[”;

M,(z)= SE ;o (10)
[Mo(z)T(z).[’lﬂzﬂ-EzJ2
M, ()= 5 2 )
EJ
0.5¢, - M, T
R S I
0.51,-M
Gzzitzj—zw'%’ (13)

where 7(z) — the distribution of shear forces along
the length of the reinforcement zone.

Moore’s theorem is applied to determine the de-
flection of the member in the section under considera-
tion. Only the effect of bending moments is taken into
account, since the contribution of other forces to the de-
flection of straight, flexural members is negligible when
2lt>5127]:

f= J‘M(Zl) M(Z1) dzy + J‘M(ll+zz)‘M(ll+22)dZ 4

2
B+ EyJ, (14)

l 1 0

+IM(11 +1, +2zy)-M(] +12+z3)dz

0

3

EsJ;
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Fig. 6. Nail plates: a — Type I (with a straight tooth measuring 15 x 3 x 1.5 mm); b — Type 1I (with a twisted tooth measuring

8 x 3 x 1 mm)

where M( (...) —a function describing the distribution

of bending moments in the system under “unloaded” con-
ditions; M(...) — a function describing the distribution
of bending moments in the system under “loaded” condi-

tions.

Calculation results

For the middle section of span /,, the moment

distribution functions should be expressed taking
into account the forces in the shear connections, i.e.
using equations (10) and (11), where the function

7(z) is determined in the same way as in the solution

Plate type Unit modulus Joint stiffness per 1 Cross-sectional area | Maximum prestressing force
(Fig. 6) of elasticity 0, metre of joint, MPa | of the reinforcement induced by heating, MPa
MPa! according E=bJ3, member (net), (R,=235MPa for St3kp2!
to the findings m?- 10* steel)
of [11]
I 1/9.7 9.7 1.26 235-1.26 - 10*=0.00296
I 1/27.85 40.1 0.84 235-0.84-10%=0.00197
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for the case ¢ = const, with the corresponding expres-
sions for the function M(z):

M0 (2) =V, (1+2).
where 7,

s — the support reaction at the left support
of the reinforced member, calculated for the “single”
state of the system (Fig. 3, b).

Substituting expression (15) into (6), we obtain:

T (2) = 4 -sh(02)+ 4, -ch(xz)—%x

(sh(hz)—22) (tl ;tzj I -(’1 ;tzj -5h(0.522)" o
X + s
22N EJ A EJ

(15)

where 4, and 4, are constants that account for the in-
fluence of boundary conditions; they are determined
in the same way as in equation (8), assuming there are
no obstacles to shear movement at the ends of the rein-
forcing element, and for the “unit” state of the system
will take the form: 4, = 0.

g[tl;tzj(ch(O.SMZ) —1+ 21\ ch(0.250,) sh(0.2501))
A

= .(17)
20> EJ-ch(0.5M,)

Taking formula (17) into account, expression (16)
can be written as:

it (¢h(0.51) ~ 1+ 21 Ach (0.2501,)sh(0.2511,)
ofth |

2° ) EJ - ch(0.51b)

(sh02) - M)(tl ;’2) 11(’1 ;’ZJ-Sh(o.sxz)2
+

2\PREI LZEI

Jx(lg)

x sh(hz) —=

In the case of a symmetrical external load configu-
ration, the reinforcement should be designed such that
[, = [.. For this case, let us write expression (14) in ex-
panded form:

ZJ

0.512
q- 2l +z /
xj ((f‘’2)q~ll(lz+0.511)—qz2 J (19)

_T(le).(’l “;5)] [, (I 2) ~Tx) +t)dz,2,

where z,, z,, are coordinates measured within the lengths
of segments / and half of [, respectively.

To demonstrate the validity of the proposed so-
lution, we present a calculation example. The task is
to estimate the edge stresses and the maximum verti-
cal displacement in a reinforced timber beam made

6,500

: B(;am Wlfhout plate

6,000

5,500

\.(Jl
(=3
(=3
(=]

4,500

4,000

Maximum stresses v} |0+, kPa

3,500

3,000 F = = - -

2,500 - -

|

|

|

|

5 10 15 20 25 30
Compressive force N, kN

a

2,000
0

8.00

6.00 - - -

Vertical displacements y~, mm

0 5 10 15 20 25 30
Compressive force N, kN

b

Stresses in the compression zone

of the beam

Stresses in the tension zone of the beam
Beam with GNA-20 Mit plate

Beam with T150 Mit plate

Beam without plate

Fig. 7. Graphs showing the relationship between: @ — nor-
mal stresses in the edge fibres of the reinforced element
and at the centre of gravity of the nail plate base; b — maxi-
mum vertical displacements of the composite structure
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of C20%-grade spruce, depending on the type of nail
plate (I and II) and the length of the reinforcement zone.
The initial data for the problem are shown in Fig. 5.

The value of the coefficient accounting for
the shear compliance of Type I and II nail plate con-
nections (Fig. 6) is determined using Equation (20);
the shear compliance coefficients &, are taken from
the test data of A.V. Karelsky [11]:

b

Pl

&= (20)

1
6/1

We will summarize the results of the calculations
in a Table.

Fig. 7, a shows the maximum normal stresses in
the fibres of the reinforced element and the stresses
at the centre of gravity of the base (average stresses) in
the reinforcing nail plate. The relationship between ver-

tical displacements and the variable parameters is shown
in Fig. 7, D.

RESEARCH RESULTS

The calculations carried out show that the average
normal stresses at the centre of gravity of the base plate
do not exceed 8—10 MPa, which is significantly low-
er than the design strength of C235 grade steel. A ra-
tional approach to solving such problems is to develop
plates of a different shape with an increased number
of teeth per unit area, which would increase the stiff-
ness of the joint at the interface between the reinforced
element and the nail plate.

Calculations based on the developed methodology
show that reinforcing the tension zone of a beam by at-
taching a Type I (or Type II) nail plate in the tension zone
reduces normal tensile stresses by 5-21 % (by 12-24 %)
and compressive stresses by 2—-10% (by 6-20 %).
When the base of the nail plate is preheated, a more
significant reduction in edge stresses is observed —
14-41% (36-60 %) and 7-20 % (19-30 %) in the ten-
sion and compression zones, respectively. The reduc-
tion in deflection within the range of varying values was
2-10% (515 %) for Type I plates and 4—18 % (9-28 %)
for Type II plates in the absence (presence) of pre-stress
in the base of the nail plate created by heating. It is worth
noting that the presence of a nail plate of the correct

2 CP 64.13330.2017. Timber structures. Updated version
of SNiP II-25-80 (with Amendment No. 1): effective 28 July
2017. URL: http://docs.cntd.ru/document/456082589

length in the tension zone of a timber beam eliminates
the possibility of its sudden collapse due to brittle frac-
ture of the tensioned wood fibres, which is characteristic
of unreinforced timber beams.

The effectiveness of the reinforcement depends
on the choice of plate type, the length of the rein-
forced section of the beam, and the presence of pre-
stress in the plate created by heating. Despite the thin-
ner base and smaller dimensions of the stamped teeth
embedded in the solid timber, the use of Type II plates
is the more sensible option in this case. The twisted
shape of the tooth contributes to more reliable an-
choring of the plate, preventing it from delaminating
in the event of uneven shrinkage and the possibility
of warping of the reinforced timber beam when using
sawn timber of natural moisture content. However, it
should be borne in mind that Type I plates require less
pressing force [11], which eliminates additional instal-
lation difficulties, for example, where the beams to be
reinforced are difficult to access.

CONCLUSION AND DISCUSSION

A design was developed for reinforcing bending
members made of solid and laminated timber, which
involves pressing a steel nail plate onto the underside
of the beam.

An analytical method is proposed for calculating
the reinforced wood-composite structure, taking into
account the pressing of the reinforcement element along
the entire span length or only over part of the main ele-
ment’s span, the degree of compliance of the connec-
tions at the interface between the layers, and the pres-
ence of stress in the base plate created by preheating.

It was established that the insertion of a nail plate
into the tension zone can help reduce normal tensile
stresses by up to 24 % (60 %) and compressive stress-
es by up to 20 % (30 %), and vertical displacements
in the middle of the span by up to 18 % (28 %) in the ab-
sence (presence) of pre-stress in the base of the nail
plate, created by heating.

It is recommended to use Type II plates with twist-
ed teeth as reinforcing elements. It is rational to develop
a new type of nail plate with a large number of teeth
per unit area of the plate, given the significant reserve
of strength properties of its material.

The proposed reinforcement method eliminates
the brittle nature of the failure of timber beams caused by
the rupture of the wood’s tensile fibres, which significant-
ly increases the reliability of these structural elements.
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AHHOTALUMNA

BBepenume. [NpuBeneH 0630p nutepatypbl No cnocobam MateMaTyeckoro MoAenMpPOBaHNs CTauMOHaPHbIX U HECTaLMOHaPHbIX
TemMnepaTypHbIX MONei orpa)aaroLLmx KOHCTPYKUMIA 3aaHuiA. [okasaHo, YTo TemrnepaTypHOe COCTOSIHUE OrpaXKOAeHWs BnusieT
Ha 3aHeprocbepexeHne 1 SHeproaheKTUBHOCTL 3haHus. Pa3paboTka MeTodoB pacyeTa TEMMNEPATYPHOTO pexMma O0COBEHHO
aKTyanbHa B YCOBUSIX MOSIBMEHUSI HOBbLIX KOHCTPYKTUBHBIX PELLEHWUI U TENSOU30MSALMOHHBIX MaTepuarnos, HanpymMep npume-
HeHUs1 hasonepexoaHbIX MaTepuarnos, UCMOMb30BaHNUS 3AaHWIA C HYNeBbIM 3HEPronoTPeGNEHNEM 1 PACCMOTPEHUST BOMPOCOB
3€ereHoro CTponTenbLCTBA.

MaTepuansbi u MeToAbl. Vicnonb3oBaHbl pocCUACKME 1 3apybexHble UCTOYHMKM, B YaCTHOCTM POCCUICKNE CTaTby U3 Cru-
cka BAK, aucceprtauum kaHanaaToB TEXHUYECKMX HayK. [MpoaHanuanpoBaHbl 3apy6exHble CTOMHUKU, MPOUHAEKCMPOBaH-
Hble B MexayHapoaHbix 6asax aaHHbIx (Scopus n Web of Science).
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HecTaumMoHapHOCTb NPOLECCOB, HanM4Me Braru 1 rasosbix cped. MNpeacTtasneH nogxod T.A. MUPOLLHWUYEHKO, KOTOPbIV pe-
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BOW, MO3BOMNSAOLLME ONpeaenuTb TpEXMEPHOE TeMNepaTypHOe norne 1 AOoMNONHUTENbHbIE TEMOBbIE NOTEPU.
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CS1 UCMOSb30BaHUE HENMHENHOTO ABYXMEPHOIO UMM TPEXMEPHOTO HECTaLMOHAPHOIO yYpaBHEHUsI TennonposogHocTu. Mpu
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ABSTRACT

Introduction. This paper provides a literature review on methods for mathematically modelling steady-state and transient
temperature fields in building envelopes. It is demonstrated that the thermal state of the envelope affects the energy conser-
vation and energy efficiency of a building. It is noted that the development of temperature calculation methods is particularly
relevant given the emergence of new design solutions and thermal insulation materials, such as the use of phase-change
materials, the development of zero-energy buildings, and the consideration of green building.

Materials and methods. The literature review was written using both Russian and international sources. Russian papers
from the Higher Attestation Commission (HAC) list and dissertations by candidates of technical sciences (PhD) were used.
International sources indexed in international databases (Scopus and Web of Science) were also included.

Results. The paper describes the work of A.V. Kolesnikova, which considers a physical and mathematical model for de-
scribing non-stationary two-dimensional heat transfer in a heterogeneous fragment. The paper of L.A. Puldas is presented,
examining a multifactor thermophysical model that takes into account the multi-layered nature of structures, the non-station-
arity of processes, and the presence of moisture and gaseous media. The approach of T.A. Miroshnichenko, which solves
the problem of the influence of a cylindrical connector on the thermal state of a three-layer enclosing structure in a cylindri-
cal coordinate system, is considered. The mathematical model and software of N.S. Kotlyarova, allowing one to determine
the three-dimensional temperature field and additional heat losses, are studied.

Conclusions. The optimal way to determine the temperature field of a building’s enclosing structure is to use a nonlinear
two-dimensional or three-dimensional transient heat equation. For complex object geometry, it is possible to divide the spa-
tiotemporal domain into a number of subdomains with their own boundary conditions. For a combined problem, it is possible
to supplement the heat equation with other equations, such as the equations for the transport of water vapor, air, water, and ice.

KEYWORDS: mathematical model, mathematical modelling, boundary conditions, thermal conductivity, temperature field,
temperature-moisture field, heat transfer, energy saving, energy efficiency, energy consumption
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BBEJEHHUE AKTyaJIbHa B YCJIOBUSX IOSIBIICHUS HOBBIX KOHCTPYKTUB-
HBIX [25-27] ¥ TeMIOM30IIALMOHHBIX MaTepranos [28-30)].
Hampumep, B &apKHX CTpaHaxX HCHONB3YIOTCS 3/aHUS
¢ (hazonepexomabiMu Matepuanamu [31]. Taroke cTposiTes
COOpYKeHH HOBOTO TrMa. OCOOCHHO BayKHBI pa3padOTKH
3aHUi ¢ HyNeBbIM 3HepronorpedienueM [32, 33] u Bo-
IIPOCHI 3€JIEHOTO CTPOUTENBLCTBA [34].

Maremarnueckoe MOICTHPOBAHUE TEMIIEPaTypHO-
TO peXHMa BBIIOJIHAETCS KaK ¢ pa3pabOTKOM KOMITbIO-
TepHBIX Tporpamm [35, 36], Tak u ¢ IPUMEHEHHUEM TIPO-
rpaMMHBIX KoMmIuiekcoB [37-40]. Haubonee cioxHbIe
pacueTHbIE CIIydan IOSBIIIOTCS, KOTIa TpedyeTcst Mojie-
JIMPOBATh PA3IMYHbIC Y3/IbI 31aHNs, HAITPUMEpP, OKOHHbIE
OTKOCBI, CONPSIKEHUS KOJIOHH U KpoBenb U T.4. Knumaru-
YECKHE yCIIOBUS Pa3HBIX PAHOHOB CTPOUTENBCTBA OTIIU-
Yal0TCS U CO3Jal0T YHUKAJIBHBIC KPAeBble YCIOBUS IS

W3yuenue TemnepaTypHOro nojst y3710B Pa3IMYHbIX
OTpaKIAFOIIMX KOHCTPYKIMH 3/1aHUH SIBIISCTCS aKTyallb-
HOM 3aja4yeil B cTpoutenbeTBe. IMEHHO TeMiiepaTypHoe
COCTOSTHHE OTPaKICHNUS BIMSACT Ha MPUBEACHHOE COIIPO-
TUBJICHHUE TEIJIONepeiade, TEIUIOBbIE MOTEPHU U, KaK CIIe/i-
CTBHE, Ha dHEprocoOepexeHne 1 3Hepro’HHeKTHBHOCTD
3manus [1-5]. IpaMOTHO paccunTaHHBIN TeMIepaTyp-
HBII PEXUM Orpa)kAaroleil KOHCTPYKLMU IIPUBOAUT
K CO3/IaHUIO OJIaroNpHsITHBIX TEMIEPATYPHBIX YCIOBHI
B ITOMEIICHNH [6—9], 9TO CIIOCOOCTBYET MOBBIIICHUIO Ka-
JecTBa XU3HH denoBeka [10].

VccrnenoBanue TEIUIONEPEHOCA B Pa3IMIHBIX OTPask-
JIAIOIINX KOHCTPYKLMSX JOJDKHO YUUTHIBATH UX 0COOCH-
HocTu. TemonepeHoC NMPUHIMIHNAIBHO HO-Pa3HOMY

raTIMTONLCTBS: T 16, BhINYCK 1(59)

paccuutbiBaetcs s creH [11, 12], xposens [13] u cBe-
TOTIPO3pavHBIX orpaxaeHui [14, 15]. TemmneparypHsrii
PEXUM HEIPO3PaYHbIX KOHCTPYKIMH BO3ZMOXKHO paccma-
TPUBATH JIMOO HA OCHOBAHWH YPAaBHEHHS TETUIOMPOBOIHO-
ctu [16-18], 1160 OH MOXKET OBITH OCIIOKHEH TIEPEHOCOM
Braru [19-24]. PacueTsl CBETONPO3pauHBIX OTPasKIar0-
IIMX KOHCTPYKLMH BEyTCSI C y4ETOM CBETOBOTO KOM(Op-
Ta B TIOMCIICHAH, a TAaK)K€ HEOOXOMUMOCTH YIHTHIBATH
BO3IYIIHYTO IIPOCIIONKY Mex Ty okHamH [ 14]. Pa3zpaboTka
Pa3IMYHBIX METOJIOB pacyeTa TeMIIepaTypHOIo pexuma
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TeMIepaTypHBIX Toner [41, 42]. YdaeHsle Bcero Mupa
OTAEIBHO M3Yy4aloT TeMIepaTypHbIe PEKUMBI OIpaka-
FOITNX KOHCTPYKIHU 3MaHUH, TOCTPOCHHBIX B Pa3HBIX
ctpanax. [IpuMepom cimyxar UccieoBaHHs TEILIOe-
peHoca B 3nanusx Kuras [43], Hoso#t 3enannuu [44],
Uramiu [45], BemuxoOpuTtanuu [46].

3ajaya MCCiel0BaHMs — IpoBeJecHUEe 0030pa
JUTEPATYPHI TIO CII0C00aM MaTeMaTHIECKOTO MOICITH-
pOBaHUS TEMIIEPaTYPHBIX MOJIEH OTPaKJAIONINX KOH-
CTPYKLMI 31aHUH.
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MATEPHAJIBI U METO/JbI

O030p nUTEPaTYphI BKIIIOYAT U3Y4YESHUE U OIHCa-
HHUE POCCUHCKUX U 3apyOeKHBIX HCTOYHHUKOB. Vcromib-
30BaJIMCh POCCUICKHE cTaThu U3 criicka BAK, nuccep-
TalMM KaHJAWJaTOB TEXHUUECKUX HayK, COTNIaCHO 0ase
naHHbIx'. OMECHIBATICH 3apyOSKHbIC HCTOYHHKH, PO~
WH/IEKCUPOBAHHBIC B MEKAYHAPOAHBIX 0a3aX JaHHbBIX
(Scopus u Web of Science). Ha paboTsl Bcex aBTOpOB
MpUBEICHBI ONOIHOrpadMueCKIe CChLTKH.

PE3YJIIBTATBI HCCIEJOBAHMUA

MaremaTnyeckasi MojieJib HECTAIHOHAPHOTO
TeMIepaTypHOro MoJisi B IByXMepPHOii IOCTaHOBKe

A.B. KonecHukoBa npejioxkuma Jijis ONUCcaHus
HECTaIMOHAPHOT'O JIBYXMEPHOT'O TEILUIONEPEHOCA B He-
OJTHOPOJTHOM KEepPaM3HTOOCTOHHOM (hparMeHTe Mmprume-
HATHh (PU3NKO-MATEMATHUECKYI0 MOJIEIb, TTOKa3aHHYIO
Ha puc. 1 [47].

Terutonepenoc B obnactsx / u 2 (puc. 1) onucel-
BaeTCsl CIEAYIOUIMMHU ypaBHEeHUsAMH [47]:

ot. 0 o, 0 ot, 1
(pc), —- = — (b, —)+—(h, —1), i=1.2; (D
ot Ox ox Oy oy

ti |T:0:Tin (xa J’),l = 12, (2)
ot
™ 87; 5=0= %o (g ins =4y |x:0)5 3)
oy,
s _ 3 . 4
! Ox x:XK ao(tg’g tl x=XK): ( )
ot
=0 5
oy |y’0 (%)
ot .
L (©)
A TEPEA B N
Ha=Xy 2 =X T gy =X T2 gy x=X1’(7)
Y, <y<Y,;
v Y AnuabatHble yCIOBHS
Yk
2
i 1
0
X1 Xy Xi X

AnmabaTHbIE YCIOBHS

Puc. 1. ITonepeunoe ceuenne GpparmMeHTa CTEHBI MO TAHHBIM
A.B. KonecHnkoBoii: / — KOHCTPYKIHMOHHBINA Marepual; 2 —
yremnuTens [47]

! DisserCat. URL: https://www.dissercat.com/

Y, M
0,20 -

Y
0,15 4 13
0,10- 729

35
0,05 T
9.5

0 0,1 0,2 03 04 xm

Puc. 2. M30TepMbl B IONEPEYHOM CEUCHUM HEOJHOPOAHO-
TO KepaM3UTOOETOHHOTO (pparMeHTa CTEHHI MpH T = 168 4
o nanubM A.B. KosnecuukoBotii [47]

ot ot
Hx=X," 2|x=X, ™o |x=X," 72 5y x=X2’(8)
K <y<t;
N ot N ot
t =t — =\, —
Hy=Y,"2|y=Y> "™ =Y, "™ =Y’
y=1 Yy=1 ay y=1 ay y=n (9)
X, Sx<X,;
t =t ‘ Iy %‘ = %
1 y:Y2 2 y:Yz’ 1 ay y:Y2 2 ay y:Yz’(lo)
X, <x<X,,
rJe p — IUIOTHOCTB CJIOs, KI/M°; L, ins — TEMIIEPATYpa

BHelHel cpensl, °C; t,, — TEMIIepaTypa HapyKHOro
Bo3nyxa, °C.

Hanee aBTOp npHBOAUT TrpaduK, MOKa3aHHBIN
Ha pUC. 2, Ha KOTOPOM ITOKa3aHO paclpelielieHHe TeM-
nepaTypbl B HEOJAHOPOJIHOM (parMeHTe. Makcumaib-
HOE BO3MYIIEHNE TEMIIepaTypHOTO MoJIs HalmonaeTcs
B 30HAX CThIKA YTCIUIUTEIIS U Kepam3utobeTona [47].

[TpuBoanTcs rpaduk 3aBUCUMOCTH TEILUIOBOTO I10-
ToKa (puc. 3) 111 HEOJHOPOIHOW ¥ OHOPOIHOM CTCHBI
B Pa3HbIE MOMEHTHI BpeMeHH [47].

CorlacHoO MCCIe/IOBaHUIO, BPEMsI BBIXO/Ia Ha CTallH-
OHAap UCCIEAYyeMOM KOHCTPYKIMU cocTaBuiio 60 u [47].

Tennopuznyeckasi Mojiesib HeCTAHOHAPHOTO
TeMIepaTypHOro MoJisl B IPaKIaHCKUX 3aHUSIX

B pabote JI.A. Ilyabaac 6buta pa3padboTana Terio-
(usnveckast Mosieb, B KOTOPOH YUUTBHIBAJIUCH CIETY-
IOII[E 0COOCHHOCTH: MHOTOCTIOMHOCTh KOHCTPYKIIMH
CTEHOK OTpa)</ICHHU; HECTAIIMOHAPHOCTH TEIUIO(pHU3U-
YECKUX IMPOIECCOB; PEIICHUE 3a7a4y B BYXMEPHOM
U TPEXMEPHOW MOCTaHOBKAX, HAJIMYUE BJIard W ra3o-
BbIX (ha3, a Takke (a30BbIX MEPEXOI0B B MHOTO(a3HOM
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q, Br/m?

60 -+

20 2

0 0,1 0,2 0,3 0,4 X, M

Puc. 3. Pacnipenienenue mioTHOCTEH TEIIOBBIX IOTOKOB IO X
B cedeHuH Y,/2 st HeonHopoaHoi (7, 2) n ogxHopoaHoi (3)
KepaM3UTOOCTOHHOMN CTEHbI B PA3JIMUHBIC MOMEHTBI BPEMEHU
t,u: 1 —12; 2, 3 — 168 no nanusim A.B. KonecuukoBoii [47]

cpene. TpexMepHast IOCTaHOBKA HCIIOJIB30BaIach IS
aHaJIN3a MPOIIECCOB B YIIIOBBIX YACTAX 3AaHui [48].
Takxe B NPENJIOKEHHON MOAEIU yUYUTHIBAJICS
OanaHc Macchl KaXa0W OTAeNbHOH (a3el: Taza (cMecH
HCATBHBIX T'a30B), BOJBL, JIbJa. YPAaBHEHUS MOKHO 3a-
nucath B Buje [48]:
* JUIS BOASHOTO Tapa:

1
o ol

At

k=4(6)
nk .
_Zp”ijk'vni/k'ASfjk-‘_ Iin ’ I/ii5 (11)
k=1

* JUIS BO3AyXa:

(n+1) (n) k=4(6)
pal +palj
v V= _1; Paiik Val]k “AS; ; (12)
® IJId BOOBI:
(n+1) (n) k=4(6)
pll/ pll}
T'Vij :_; Puijk * ank ASZ +
R (13)
Ly Vi + g Vs
* IS JIBJA:
n+l n
pg 1), pgij) y
T'sz:[lS'Vij" (14)

ABTOp BBIBOIUT YpaBHCHUE OallaHCa BHYTPECHHEH
sHepruu MHOTro(a3Hoit cpensl [48]:

PACE Uy - Z(pl UM™)
Vl..
At v

™M=

(15)
k=4(6) N ke k=4(6) ok
== kzl ;(Pi"’i Uiy -AS, - kzl g - ASy.
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HavaspHoe pacmpe/iesieHie TeMIeparyp napame-

TPOB Ha MOMEHT BpemeHH ¢ = 0 [48]:
T=T,ty,x,»); (16)
o) = ol g x, 9 (17)
ol =l x, (18)
P, = Pty X, V); (19)
Ps = Pty X, V). (20)

MaremaTundeckasi MoAe/Ib HECTAIIHOHAPHOTO
TeNJ10- ¥ BJIATONEPEHOCa B MHOTOCJIOHHBIX
OTPaKIAIOIHNX KOHCTPYKIHUSAX ¢ BKIOYEHUSIMH

T.A. MUpOIIHUYEHKO U3yYaeT BIUSHUE LIMJIMH-
JIPUUYECKUX TEINIOTEXHUYECKUX HEOJHOPOIHOCTEH
Ha TEMIIEpAaTypHOE IIOJIe TPEXCIOHHON OoTrpa)iaro-
el KOHCTPYKIMU, COCTOSIIEH U3 KUPIUYHON KIIaJIKU
C IBYX CTOPOH U YTEIIUTEIISl B LEHTPE CTeHBI [49].

3ajaya peraercs ¢ NpUMEHEHUEM LUIMHApUYe-
CKOM cucTembl koopauHar. Cxema npuBeseHa Ha puc. 4
[49].

PacueTHas reomerpudeckas o0nacTp pa3omBaeTcs
Ha 4eTeIpe nogobmactu [49]. TemonepeHoc B KaxIou
13 1ogo0nacTel OMUCHIBACTCS HEJIMHEHHBIM HECTAI[HO-
HApHBIM JIByXMEPHBIM ypaBHEHHEM TEILIOIPOBOIHOCTH
[49]:

o, 10 ot, 0 ot
B A (7 W N W |
(p) ot rar(r lar) 8x( lax)

(21
i:171, x,r,t1eD;
1| eco = i (s xeD,i=14 (22)
oy
o 0= Gl = 1), 0Sr<Ry (23)
6t
-3 x =ty =), OSr<Ry; (24)
81-
—0=0,i=1,3,4, 0<x<X, (25
or
| —0,i=T3, 0<x<Xx; (26)
or k
o ot,
= <r< 27
b |ymx,= txXlkaxx:XI kax 0 r<R; (27)
ot ot
t4x:X4:t3 x:)(4»7L 74)::)( 387; x=X (28)
0<r<R;
ot ot
Uliex. =t mxs M=t oy =Ry =2
1 x—X2 2 |x=Xp 1 Ox x—X2 ax (29)
ot, oty
b leex.= liexs M —=|iox. = As y
2 x7X3 3 fo?’ 2 Ox 7X3 ax (30)
R<r<R;
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p
Ry
] 2 3
R
4
0 X, X X3 X4 Xp X

Puc. 4. Cxema Tpexcii0iHOT0 Hapy»KHOTO OIpaskACHUS C KOH-
HEKTOpOM: /—3 — BHYTPEHHUH, CpEIHUH U HapyXKHbIH cI0H
OrpakIeHUs; 4 — KOHHEKTOp 1o JaHHbIM T.A. MupomHu-
4eHKO [49]

ot ot
ty|rer=1],or> Ma 87:|r=12 :kla*}”r:ka 31)
X, <x<Xy;
ot ot
tyly—r = bl y—r> A 87:|r=1e = Xzaflﬂr:m (32)
X, <x< X5
ot ot
t4|rr=13],=r > A 67:|r=1z =h3 a*:|r=Ra (33)

Xy<x<Xy,1e[0,14,]

UucneHHo 3ajaya pelieHa METONO0M PaCILEIICHUS
H.H. Slnenko. Ha kaxjoM BpeMEHHOM Il1are ObLIO pac-
CMOTpeHO fBa 3Tana. CHavasa penanach OJHOMEpHas
3a/la4a B HaIIpaBJICHUU 7, & IEPEHOC TEIUIA B HAIPAaB-
JICHUU X HE YUUTBIBAJICA. 3aTeM MIPOU3BOJUIOCH pellie-
HUE OJHOMEpHOM 3a/lauu B HApPaBJICHUH X, a IEPEHOC
TeIUIa B HANPABIIEHUH 7 HE yuuThIBascs. Jlanee aBTop,

r, M
0,20 1
-34
0,15 | +
16
0,10 1 T
8
0,05 1 14
0 0,1 0,2 0,3 0,4 0,5 X, M

AQHAJUTUYECKH pellas 3ajady, IpUMEHsAeT UTepalu-
OHHO-MHTepHoIAIHOoHHbIN MeTon (MMM). Pemenue
HECTAI[MOHAPHOTO TEIJIONEPEHOCa MPOBEPEHO Ha CTy-
IIAIOIUXCS CEeTKaX 110 MPOCTPAHCTBY U BpeMeHH. [lome
H30TEPM B TPEXCIOWHON KOHCTPYKLMM C KOHHEKTOPOM
1 0e3 Hero MpeCcTaBIeHo Ha puc. 5 [49].

ABTOpPOM TPOBEJIEH HKCIEPUMEHT IO Ompeserie-
HUIO TEMIIEPATyPHBIX M10JIEH U TEIIO3ALLUTHBIX CBOMCTB
MarepuaoB. VIcIbITaHNS OCYIIECTBISUIUCH B JTa00paTo-
PUM B KJIMMaTUYECKON KaMepe, COCTOSILEH U3 XOJIOAHON
30HBI 00beMOM 30 M3 U TerIoi 30HbI 00BEMOM 28 M,
ObUT BBITIOJIHEH (ParMEHT TPEXCIOWHOI orpaxaaro-
e KOHCTpYKIuu pazmepamu 2450 x 2800 x 660 mm.
Ha paccrosuun 380 MM ipyT OT ApyTa 3aeJaHbl JaTIH-
KU TeMIEpaTyphl U3 CTEKJIOMIacTuka [49].

Pe3syneraThl HCIIBITAHUI TIPEICTABICHBI HA pHC. 6, 7
[49].

MaremaTu4eckasi IOCTAHOBKA 3a1a4H
JJ151 TeMIIePaTyYPHOTO IOJISI B OTPAKAAIOLINX
KOHCTPYKIHUSIX B 30HE YCTAHOBKH OTOIHTEILHOTO
npudopa

MareMaTHuecKyto MOJETb U KOMIIBIOTEPHYIO MTPO-
rpaMMy JJIsl OIPEIEIICHNS TPEXMEPHBIX TEMIIEPATYPHBIX
MoJIeH W JAOMOJHUTENBHBIX TEIUIOBBIX ITOTEPh B 30HE
YCTaHOBKH CTaJIHOTO MAaHEIBHOTO paraTopa pa3pado-
tana H.C. Komsiposa [50].

C menplo peneHus 3a/1a4M MECTHOTO HarpeBa aB-
TOp NMPUMEHSET METOJ NCTOYHUKOB, B OCHOBE JIEKHT
TIPHUHITAIT CYTICPIIO3UINH TeMITepaTypHBIX moueit [50]:

o v (34)
ot
JI7st TOro 9TOOBI TIOJYYUTEH aHATUTHYECKOE pellie-
HHE 110 METO/Iy HCTOYHUKOB, UCITOJIB3YETCSI TOTOBOE pe-
IIEHHUE, TT0 KOTOPOMY HaXOIUTCS TEMIIEPATypa B 000
TOYKE U MOMEHT BPEMEHHU HEOTPAHMUYEHHOTO 110 OCSIM X,
y, z Tena [50]:

2

H(R,7)=—= - exp|-——— (35)
’ cpldmary’? 4at
r,M
0,20 4
-34
0,15 1 o | PR
—16
w'
0,104 g P
2
0,05 1 14
1 Crlla
0 0,1 0.2 0,3 04 05 xwM

b

Puc. 5. Tlone nzorepM B TpeXcnoiiHol orpax/iaroliei KOHCTPYKIMK: a — 03 KOHHEKTOpa NpH T, = 24 4; b — ¢ KOHHEKTOPOM

npu T = 24 4 no nanubiM T.A. Mupomnunienxo [49]
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0 —— 0 |

10 ——

20—

Ry

00,02 0,4 0,54 0,66

Puc. 6. Xapakrep pacnpezeneHus TeMIeparyp B CTCHE C KOH-
HekTopoM 2 1o nanHbM T.A. MupomHndenko (/ — anmpok-
CHMUPYIOIIast 3aBHCUMOCTE) [49]

At, K
6 -
4 £
2 -
0
2
g a
o
44
A
67 Konnexrop
1 1 T T 1 T 1 | T 1 1 T | 1 T
0 0,1 0,2 0,3 0,4 05 x,™m

Puc. 7. Xapaxrep pacrpenesieHus nepenagoB TeMneparyp
o nauHbM T.A. Mupomandyenxko [49]

ABTOp NOJTy4aeT aHAJIMTUYECKUE PELICHUSI 110 OTIpe-
JICJICHUIO TEMIIEPaTypPHOTO IOJIsl OTpa)Jlaroleil KoH-
CTPYKIIMHU 3JaHUA, KOTOpasa Harp€BacTCsA OTOIMUTEIbHBIM
npudopom [50].

Hanee H.C. KomisipoBa paccMaTpuBaeT OTHOCIIOM-
HYIO OTPaKAAIOUIYI0 KOHCTPYKLHUIO B BUJIC HEOTPaHU-
YEHHOM MJIACTUHBI I10 OCSIM X 1 ) TOJIIUHBI 6, IIOKa3aH-
Hyto Ha puc. 8 [50].

K MMOBEPXHOCTHU z MPUKIIAABIBACTCA HEPABHOMEDP-
HO pachpee’eHHbIN HICTOYHUK TeIia, U3MEHSIOIIUICS
1o onpeeleHHoMY 3aKkony. JluddepenunansHoe ypas-
HEHUE ¥ rpaHnyHbIe ycroBus [50]:

ot o’ 0%t 0%

O _ ot 0, ot (36)
ot ¢ a? ot ezt
ot 2 2
—7»6— .—0=9(0.0)exp(—k;x"— k,y") +
2 . 37)
+(X’()(tB.B_ tB.H)!
_}"? =8 = a@(tu.n - tl—LB); (38)
Z
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OronurenbHbLi
npudop

®parMeHT orpaxaaroIiei
KOHCTPYKLIMU

Puc. 8. Cxema HarpeBa BHYyTpEHHEHl TOBEPXHOCTU Orpax-
JICHHsI TOBEPXHOCTHBIM HOPMAJIBHO paclpelieIeHHBIM HC-
TOYHHKOM TEIUIOTHI (OTONMHTENILHBIM IPHOOPOM) 10 JTAHHBIM
H.C. Komsiposoii [50]

ot ot ot ot

2 = o= = = 0; (39)

6x|x_ * 6y|y_ 8x|x_+ 6y|y_+
Hx,y,2,0)=1, (40)

3AKJIIOYEHUE U OBCYXJIEHHUE

A.B. KonecankoBoif 6p1a TipeioskeHa (pu3uko-
MaTeMaTHIecKasi MOJIEJNb JJIsl ONMCAHMS HECTAIOHAP-
HOTO JIByXMEPHOTO TEIUIONEPEHOCa B HEOTHOPOIHOM
tdparmente. J[aHHAST MOMIETH ONHCHIBACTCS HEIHHEH-
HBIM JIByXMEPHBIM HECTAI[HOHAPHBIM YPABHEHHUEM Te-
IUTOTIPOBOJHOCTH, KOTOPOE aBTOP MpeAsaraeT peunTh
npu nomowmu meroaa pacuierienus H.H. fInenxo.
B kauecTBe pesynprara aBTOp NMPUBOAWT Tpadukm pac-
IIpe/ieNIeHNs] TEMITEPaTypbl B HEOMHOPOJHOM (hparMeH-
T€, COITIACHO MCCIIE0BAHMIO, BPEMSI BBIXO/IA HA CTAIH-
oHap cocTaBmio 60 4.

JL.A. Tlynpac paccMoTpenia MHOTO(aKTOPHYTO 3a-
Jadgy u pa3padoraina TermIohu3nIecKyro MOIeb, B KO-
TOPOH yUYHUTHIBANIACh MHOTOCIOMHOCTh KOHCTPYKIUH,
HECTAI[IOHAPHOCTH MPOIIECCOB, HATWYNE BIAard U Ia30-
BEIX cpea. Taxoke OBUTH 3amiCaHbl ypaBHEHUs OanaHca
MAacCHI TS KaXKI0H OTAETHHOM (hasbl: Ta3a, BOMBL, JTHA.
B pesynbrare nomyueHo ypaBHeHHe OanaHca BHYTPEH-
Hel SHeprur MHOTO(A3HOH CPEBL.

Maremarndeckas MOZIEIb ¥ IPOTpaMMHOE o0ec-
MIEYCHHUE, ONPEACIIIIONIEe TPEXMEPHOE TEMIIEPATyPHOE
TI0JI€ ¥ JIOMOJHUTEIbHBIE TEIUIOBBIE TIOTEPH, pa3pado-
tanbl H.C. KomnsgpoBoii. [Ins permeHns 3amadn aBTop
MPUMEHSET METOJ HCTOYHNKOB, B OCHOBE KOTOPOTO Jie-
JKUT MPHUHIHAI CYTIEPIIO3UIINN TEMIIEPATYPHBIX TOJICH.
PaccmarpuBaeTcs ogHOCHOMHAs orpakaaronias KOH-
CTPYKLHSI B BUI€ HEOTPAaHIMUCHHOHN TIIACTHHBI IO OCAM
X ¥ y TONIWHBI O U 3aITUCHIBAIOTCA MU PepeHIHaIbHOe
ypaBHEHHE U TPAHUYHBIE YCIOBHS JUIS BHYTPEHHEH I10-
BEPXHOCTH OTPaXICHUSI TOBEPXHOCTHBIM HOPMAJIBHO
pacrpeesleHHBIM HCTOYHIKOM TEIUIOTHI.

T.A. MupOLHUYEHKO pelaeT 3a1ady O BIUSHUU
[WINHAPUIECKOTO KOHHEKTOpa Ha TEIUIOBOE COCTOSI-
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HUE TPEXCIOUHOM Oorpakiarouieid KOHCTPYKIHUU B LU-
JIMHAPUYECKOU cucTeMe KoopAuHatr. TeronepeHoc
B KaXX/I0M M3 o0yacTeld MOXKHO ONUCATh HEJIMHCHHBIM
HECTAUMOHAPHBIM JBYXMEPHBIM YpPaBHEHHEM TEILIO-
MPOBOAHOCTH. UHCIIEHHO 3aJlaya pemuiach IpH Io-
mouu pacuieruienust H.H. Sluenxo. Ha kaxxom mare
OBLTO JBa dTama: pemajach OMHOMEPHAs 3a/aa4a B Ha-
[IpaBJIEHUH 7, IEPEHOC TEIlIa B HAIPABJIECHUU X HE YUH-
TBIBAJICS, 3aTE€M 3ajjada pernajgach B HAMpPaBJICHUH X,
a TEIJIONEPEHOC HE YUUTHIBAJICSA B HAIIPABICHUH 7.

B pesynbrare aHanuza auTeparypbl YCTaHOBJIECHO,
YTO ONTHMAITBHBINA CIIOCO0 OTPE/IeTICHUsI TeMIIepaTypHO-

IO OJIS1 OTPAXKJAIOLIEH KOHCTPYKLMH 31aHHs1 — UCIIOJIb-
30BaHHE HEJIMHEWHOIO JIBYXMEPHOTO WK TPEXMEPHOTO
HECTAIMOHAPHOTO YPaBHEHHUS TEILUIONPOBOAHOCTH. [Ipu
CIIO)KHOU reoMeTpUd 00BEKTa BO3MOXHO Pa3OUTh IPo-
CTPaHCTBEHHO-BPEMEHHYIO 00JIaCTh Ha PsiJl O00IacTei
CO CBOMMH TPAHUYHBIMH YCIIOBUSIMHU, @ OOIIYIO TEIIO-
TEXHUUECKYIO 3a/1a4y pa3OouTh Ha cepuro nojazaaad. [Ipu
COBMEIICHHOH 3a/1aue MOKHO JI00aBUTh K YPABHEHHUIO Te-
IUIOIPOBOJHOCTH PsiZl YPABHEHUM, HAIIPUMED YPABHEHUSI
nepeHoca BOSIHOTO Tapa, BO3/AyXa, BOJIbL, Jibja. B psie
ciry4aeB 3G PEKTHBHO 3aMCHUTH KITACCHYCCKYHO JICKapTO-
BYIO CHCTEMY KOOPJIMHAT Ha IIWITHHIPUUECKYIO.
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INTRODUCTION

The study of the temperature distribution in various
building envelope components is a key issue in the con-
struction industry. It is the thermal state of the building
envelope that influences the thermal resistance, heat
loss and, consequently, the energy conservation and en-
ergy efficiency of a building [1-5]. A properly calculat-
ed temperature regime for the building envelope leads
to the creation of favourable indoor temperature condi-
tions [6-9], which contributes to an improved quality
of life [10].

Any study of heat transfer in various building
envelopes must take their specific characteristics into
account. Heat transfer is calculated in fundamentally
different ways for walls [11, 12], roofs [13] and trans-
lucent building envelopes [14, 15]. The thermal behav-
iour of opaque structures can be analyzed either using
the heat conduction equation [16-18], or it may be
complicated by moisture transfer [19-24]. Calculations
for translucent enclosing structures are carried out taking
into account indoor lighting comfort, as well as the need
to account for the air gap between windows [14].
The development of various methods for calculating
thermal conditions is relevant in the context of the emer-
gence of new structural [25-27] and thermal insula-
tion materials [28-30]. For example, in hot countries,
buildings incorporating phase-change materials are
used [31]. New types of structures are also being built.
Of particular importance are developments in zero-
energy buildings [32, 33] and issues relating to green
building [34].

Mathematical modelling of thermal conditions is
carried out both through the development of computer
programmes [35, 36] and the use of software packages
[37—-40]. The most complex calculation scenarios arise
when it is necessary to model various building compo-
nents, such as window reveals, the junctions between
columns and roofs, and so on. Climatic conditions vary
across different construction regions, creating unique
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boundary conditions for temperature fields [41, 42].
Scientists worldwide are conducting separate studies
on the thermal regimes of building envelopes constructed
in different countries. Examples include studies of heat
transfer in buildings in China [43], New Zealand [44],
Italy [45] and the United Kingdom [46].

The aim of this study is to review the literature
on methods for the mathematical modelling of tempera-
ture fields in building envelopes.

MATERIALS AND METHODS

The literature review involved the study and de-
scription of Russian and foreign sources. Russian arti-
cles from the Higher Attestation Commission (HAC) list
and PhD theses in technical sciences were used, as per
the database'. Foreign sources indexed in international
databases (Scopus and Web of Science) were described.
Bibliographical references are provided for the works
of all authors.

RESEARCH RESULTS

Mathematical model of a non-stationary
temperature field in a two-dimensional formulation

A.V. Kolesnikova proposed using the physical-
mathematical model shown in Fig. 1 to describe non-
stationary two-dimensional heat transfer in a non-
homogeneous expanded clay concrete section [47].

Heat transfer in regions / and 2 (Fig. 1) is de-
scribed by the following equations [47]:

ot, 0 ot 2 ot .
(pc)iizi(}\ai 7)“1‘7(7\,1 7), 1 212’ (1)
ot Ox ox ay ay
ti |T:0:’cin (x’ y),l = 12, (2)
ot
_7\41 67;‘ v=0— %o (tg,ins _tl |x=0); (3)
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Fig. 1. Cross-section of a wall section based on data by
A.V. Kolesnikova: / — structural material; 2 — insulation [47]
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where p — is the density of the layer, kg/m?; Lyims —
is the ambient temperature, °C; lye ™ is the outside air
temperature, °C.

The author then presents the graph shown in Fig. 2,
which illustrates the temperature distribution within a non-
uniform section. The maximum disturbance of the temper-
ature field is observed at the interface between the insula-
tion and the expanded clay concrete [47].

A graph of the heat flux (Fig. 3) for a non-uniform
and a uniform wall at different points in time is pro-
vided [47].

According to the study, the time taken for the struc-
ture under investigation to reach steady state was 60
hours [47].

A thermophysical model of the transient
temperature field in civil buildings

In the work by L.A. Puldas, a thermophysical mod-
el was developed that took into account the following
features: the multi-layered nature of building envelope
structures; the non-stationary nature of thermophysical
processes; the solution of the problem in two-dimen-
sional and three-dimensional formulations; the presence
of moisture and gaseous phases; and phase transitions
in a multi-phase medium. The three-dimensional for-
mulation was used to analyze processes in the corner
sections of buildings [48].

The proposed model also took into account
the mass balance of each individual phase: gas (mix-
tures of ideal gases), water, and ice. The equations can
be written as follows [48]:

« for water vapour:

(n+1) | ((n) k=4(6)
pnij + pm] _ nk . (11
At Vy = 7/;pnijk.vnijk.ASijk+ Iin ‘Vija ( )
* for air:
(n+1) (n) k=4(6)
Paij ~ * Paij k ,
T . Vz] = —; paijk .sz_k . ASl/k’ (12)
« for water:
(}’H—l) (n) k=4(6)
Py *Puj k
T T _; Puje Vigk DSy +
R (13)
+1,Vi+1g-Vys
« forice:
pi )+ p)
vy . 14
At /a L Vij' 19

The author derives the internal energy balance
equation for a multiphase medium [48]:

N N

2 (p; - Ui(n+l))_ 2 (p; Ui(n))

i=1 i=1 V.
At v

(15)
nk k=4(6) nk
(p; Vi Uiy -AS, = kZ::] - AS;

M=

k=4(6)
- 3
&=

1

Initial distribution of parameter temperatures
at time ¢ =0 [48]:

T= Tty x. % (16)
pv =l . x, ) (17)
o) = ol v, (18)
P, = Pty X, V); (19)
Ps = Pyl X, ¥)- (20)
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Fig. 2. Isotherms in a cross-section of a non-homogeneous ex-
panded clay concrete wall section at T = 168 h, based on data
by A.V. Kolesnikova [47]
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Fig. 3. Distribution of heat flux densities along the x-direction
in the Y /2 cross-section for a non-homogeneous (/, 2) and ho-
mogeneous (3) expanded clay concrete wall at various times ¢, h:
1—12; 2,3 — 168, based on data by A.V. Kolesnikova [47]

A mathematical model of unsteady heat
and moisture transfer in multi-layer building
envelopes with inclusions

T.A. Miroshnichenko investigates the influence
of cylindrical thermal inhomogeneities on the temperature
field of a three-layer building envelope consisting of brick-
work on both sides and insulation in the centre of the wall
[49].

The problem is solved using a cylindrical coordi-
nate system. A schematic diagram is shown in Fig. 4 [49].

The computational geometric domain is divid-
ed into four subdomains [49]. Heat transfer in each
of the subdomains is described by a non-linear, non-sta-
tionary two-dimensional heat conduction equation [49]:
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Fig. 4. Diagram of a three-layer external barrier with a con-
nector: /-3 — inner, middle and outer layers of the barrier;
4 — connector, according to T.A. Miroshnichenko [49]
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Fig. 5. Isotherm field in a three-layer building envelope: @ — without a connector at t | =24 h; b— with a connectoratt , =24 h,

according to data by T.A. Miroshnichenko [49]
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The problem was solved numerically using
N.N. Yanenko’s splitting method. Two stages were
considered at each time step. First, the one-dimension-
al problem in the r-direction was solved, whilst heat
transfer in the x-direction was not taken into account.
Then, the one-dimensional problem in the x-direction
was solved, whilst heat transfer in the r-direction was
not taken into account. The author then applies the iter-
ative-interpolation method (IIM) to solve the problem
analytically. The solution for unsteady heat transfer was
verified on refining grids in space and time. The iso-
thermal field in a three-layer structure with and without
a connector is shown in Fig. 5 [49].

The author conducted an experiment to determine
the temperature fields and thermal insulation properties
of the materials. The tests were carried out in a labora-
tory in a climatic chamber consisting of a cold zone

o 1 T
o Vil
i

zd

0 0.02 04 054 066

20—

Fig. 6. Temperature distribution pattern in a wall with connec-
tor 2, based on data by T.A. Miroshnichenko (/ — approxi-
mate relationship) [49]

with a volume of 30 m* and a warm zone with a volume
of 28 m?; a section of a three-layer building envelope
structure measuring 2,450 x 2,800 x 660 mm was con-
structed. Fibreglass temperature sensors were installed
at a distance of 380 mm from one another [49].

The test results are shown in Fig. 6 and 7 [49].

Mathematical formulation of the problem
for the temperature field in building envelopes
in the area where a heating appliance is installed

A mathematical model and computer program for de-
termining three-dimensional temperature fields and addi-
tional heat losses in the area where a steel panel radiator is
installed were developed by N.S. Kotlyarova [50].

To solve the problem of local heating, the author
applies the source method, which is based on the prin-
ciple of superposition of temperature fields [50]:

ot
“=aVi. (34
01
To obtain an analytical solution using the source
method, a ready-made solution is used to determine
the temperature at any point and at any time in a body

that is unbounded along the x, y and z axes [50]:

2
t(R, ’[) = L:%/Z . exp[_R)
cp(@mar) 4art

The author derives analytical solutions for deter-
mining the temperature field of a building envelope
heated by a heating appliance [50].

N.S. Kotlyarova then considers a single-layer
building envelope in the form of an unbounded
plate along the x and y axes of thickness 6, as shown
in Fig. 8 [50].

A non-uniformly distributed heat source, vary-
ing according to a specific law, is applied to surface z.
The differential equation and boundary conditions [50]:

ot okt o' of
T sttt ]
ot ox® oy oz

(35)

(36)
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Fig. 7. Distribution of temperature differences according
to data by T.A. Miroshnichenko [49]
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Fig. 8. Diagram showing the heating of the inner surface of
an enclosure by a surface-distributed heat source (heating ap-
pliance), based on data from N.S. Kotlyarova [50]
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CONCLUSION AND DISCUSSION

A.V. Kolesnikova has proposed a physical-math-
ematical model to describe unsteady two-dimensional
heat transfer in a heterogeneous region. This model is

described by a non-linear two-dimensional transient
heat conduction equation, which the author proposes
to solve using N.N. Yanenko’s splitting method. As
a result, the author presents graphs of the temperature
distribution in a heterogeneous fragment; according
to the study, the time to reach steady state was 60 hours.

L.A. Puldas examined a multi-factor problem
and developed a thermophysical model that took into
account the multi-layered nature of structures, the tran-
sient nature of processes, and the presence of moisture
and gaseous media. Mass balance equations were also
derived for each individual phase: gas, water and ice.
As a result, an internal energy balance equation
for the multiphase medium was obtained.

The mathematical model and software used to de-
termine the three-dimensional temperature field and ad-
ditional heat losses were developed by N.S. Kotlyaro-
va. To solve the problem, the author applies the source
method, which is based on the principle of superposi-
tion of temperature fields. A single-layer building enve-
lope in the form of an unbounded plate along the x and y
axes of thickness 6 is considered, and the differential
equation and boundary conditions for the inner surface
of the envelope with a surface normally distributed heat
source are derived.

T.A. Miroshnichenko solves the problem of the in-
fluence of a cylindrical connector on the thermal state
of a three-layer building envelope in a cylindrical co-
ordinate system. Heat transfer in each of the regions
can be described by a non-linear, non-stationary, two-
dimensional heat conduction equation. The problem
was solved numerically using N.N. Yanenko’s split-
ting method. Each step consisted of two stages: a one-
dimensional problem was solved in the r-direction, with
heat transfer in the x-direction ignored; then the prob-
lem was solved in the x-direction, with heat transfer
in the r-direction ignored.

A review of the literature has shown that the opti-
mal method for determining the temperature distribu-
tion within a building’s envelope is to use a non-linear
two-dimensional or three-dimensional transient heat
conduction equation. In the case of complex object ge-
ometry, it is possible to divide the space-time domain
into a number of sub-domains with their own boundary
conditions, and to break down the overall thermal prob-
lem into a series of sub-problems. For a coupled prob-
lem, a number of equations can be added to the heat
conduction equation, for example, equations govern-
ing the transport of water vapour, air, water and ice. In
a number of cases, it is effective to replace the classical
Cartesian coordinate system with a cylindrical one.
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AHHOTALUMNA

BBeaeHue. KanutanbHbli pEMOHT 3a4aHUI NpeacTaBnsieT coboi KOMMMEKCHbIN MPOLLECC, OXBaTbIBAOLLMIA LUMPOKMIA CNIEKTP
PEMOHTHO-CTPOUTENbBHbBIX NMPOLECCOB. [N AOCTWXEHNSA MakCcuManbHON adeKTUBHOCTY BaXKHO NPaBWIbHO MIaHNpoBaTh
W ynpaBensiTb pecypcamu, y4nuTblBaTb CneumduKky o6bekToB, YCNoBUsS 1 0COBEHHOCTU BbIMOMHsEMbIX paboT. Heobxogumo
nccnegosaTtb U BHEAPUTL METOAbI COBMeELLEHUS paboT, NO3BONSAOLLME COKPATUTL NPOAOIKUTENBHOCTL KanuTanbHOro pe-
MOHTa, CHU3UTb 3aTpaTbl HA PEMOHTHO-CTPOUTENBHOE MPON3BOACTBO.

Matepuanbl n metoAbl. [pMMeHeHbl COBPEMEHHbIE MOAXOAb! K MPOEKTUPOBAaHUIO OPraHN3aLMOHHO-TEXHOMOMMYECKNX MO-
fAenevi Npou3BOACTBA KanUTanbHOrO pemMoHTa. PaspaboTaHbl anropnTMbl pacyeTa napaMeTpoB, BKMOYas onpeeneHne
WHTEHCUBHOCTW NOTPebneHns pecypcoB, NPOAOIMKUTENBHOCTY BbINOMHEHNS paboT U yCrnoBWil B3avMOCBA3U NPOLIECCOB.
Ocoboe BHMMaHWe yaeneHo MeToamkam OLEHKN OpraHM3aLVOHHbIX NepepbiBOB M MOAyren, No3Bonsiowmx ahdHeKTUBHO
pacnpenenaTb TPyAoBble U MaTepuanbHbie Pecypcebl.

Pesynbrathl. [NpeanoXxeHHble METOAUKN MO3BOMSIOT ONTMMU3MPOBATb MPOLECChI KanuTarnbHOrO PEMOHTa NyTem paumo-
HanbHOro pacnpeaeneHns pecypcoB 1 COBMeLLIeHUs paboT. Vicnonb3oBaHne COBMELLEHHbIX MOTOKOB A5 yCTPONCTBA KPOB-
nun, hacaga N UHXEHepPHbIX CUCTEM MHOMOKBapTUPHOIO A0oMa NPOAEMOHCTPYPOBANO 3HaYMTENbHOE CoKpalleHne obLuero
BpPeMeHM peMoHTa 6e3 CHXEHNSA KayecTBa Npon3BeaeHHbIX paboT. PazpaboTaHHble anropuTMbl obecneymBatoT pacieTHoe
obocHoBaHMe BbIbopa onTUMarnbHOro Metoda BbinonHeHus paborT.

BbiBoabl. [TpoBegeHHoOe nccnefoBaHne NOATBEPANIO 3HAYMMOCTb BapMaTUBHOCTM COBMELLIEHMS paboT B npoLecce Kanu-
TanbHOro peMoHTa 34aHui. [peanoxeHHble anropuTMbl U METOAMKN AAKOT BO3MOXHOCTb CYLLEECTBEHHO COKPaTUTb CPOKM
BbINOMHEHWS paboT 1 CHU3UTb CTOMMOCTb PaboT.

KIMKOYEBBIE CJIOBA: peMOHTHO-CTpOUTENbHble paboTbl, TPYAOEMKOCTb, CTOUMOCTb, MPOAOIKUTENBLHOCTL, NOCnenoBa-
TenbHOCTb paboT

OnA UWUTUPOBAHUA: Koporns E.A., ydkosa A.I-., lNempocsiH P.C., AHmoHuadu [.[]. BapuaTMBHOCTb COBMELLEHMS paboT
npu KanuTanbHOM peMoHTe 3aaHuii // CTpoutenbcTBO: Hayka 1 obpasoBaHue. 2026. T. 16. Bein. 1. Ct. 8. URL: http://nso-
journal.ru. DOI: 10.22227/2305-5502.2026.1.8

Aemop, omeemcmeeHHbIl 3a nepenucky: Puma CepreesHa NeTpocsiH, PetrosyanRS@mgsu.ru.

Variability of work overlap during capital repair of buildings

Elena A. Korol'?, Anna G. Gudkova'?, Rima S. Petrosyan'?, Diana D. Antoniadi’
I Moscow State University of Civil Engineering (National Research University) (MGSU),
Moscow, Russian Federation;

2 Research Institute of Building Physics of the Russian Academy of Architecture
and Building Sciences (NIISF RAASN); Moscow, Russian Federation

126

ABSTRACT

Introduction. Capital repair of buildings is a comprehensive process that encompasses a wide range of building mainte-
nance and construction processes. To achieve maximum efficiency, it is crucial to properly plan and manage resources,
taking into account the specifics of objects, conditions, and characteristics of work performed. It is necessary to study and
implement methods for combining operations that allow reducing the duration of capital repairs and lowering costs in con-
struction and maintenance production.

Materials and methods. In this research, modern approaches to designing organizational and technological models for
capital repair production were utilized. Algorithms for calculating parameters such as resource consumption intensity, task
execution duration, and interprocess connection conditions were developed. Special attention was given to methodologies
for assessing organizational downtimes and modules enabling efficient distribution of labour and material resources.
Results. The proposed methodologies enable optimization of capital repair processes through rational allocation of re-
sources and overlapping of works. The use of combined flows for roofing, facade renovation, and engineering systems
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installation in multi-apartment residential buildings demonstrated significant reduction in total repair time without compromis-
ing the quality of executed works. Developed algorithms provide computational justification for selecting an optimal method

of performing tasks.

Conclusions. The conducted research confirmed the significance of variability in overlapping works during the capital repair
of buildings. Proposed algorithms and techniques make it possible to significantly reduce both the time required for comple-

tion and the cost of the works.

KEYWORDS: repair and construction work, labour intensity, cost, duration, sequence of works
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BBEJEHUE

KanmuTtaapHBIH PEMOHT SIBISIETCSI HEOTHEMIIEMO
COCTaBIISIIOIIEH J)KU3HEHHOTO LMKJIA 3/1aHui, obecre-
YUBaOLIeH UX paboTOCIIOCOOHOCT U JJOITOBEYHOCTh
[1-5]. CTpoutensHast OTpacib CTaIKUBACTCS C PacTy-
IIMMH TPEOOBAHUSIMU K COKPAIICHUIO CPOKOB BBIIIOJTHE-
HUS paboT, yMEHBIIICHHIO 3aTpaT U 00ECIICUEHHIO BBICO-
KOTO YpPOBHSI KauecTBa KallUTaJIbHOTO PEMOHTA 3JJaHu,
B CBSI3M C YEM CJICIyeT BHEAPSTH HOBBIC MOJIXOJBI B
PEMOHTHO-CTPOUTEITHFHOM TPOU3BOICTBE JUTS COKpAIIle-
HUSI CTOUMOCTH, CPOKOB U TPYAOEMKOCTHU MPOBEJCHUS
KanmuTaibHOTO peMoHTa [6, 7]. Meromuecs uccieno-
BaHMS YacTO COCPENOTOUYEHBI HA OT/ICIBHBIX acleKTax
KalMTaJIbHOTO PEMOHTA, HE OXBaThIBasi BOIIPOCHI BapHa-
TUBHOCTH COBMEIIECHUS PAOOT M ONTUMH3AIIIH BPEMEH-
HBIX U TPYAOBBIX pecypcoB [8—10].

OpHa U3 NPUOPUTETHBIX 3a/1a4 B COOTBETCTBHUHU
co Crparerueii pa3BUTHS CTPOUTEIBLHON OTPACIH U JKH-
JIMIIHO-KOMMYHaJIbHOTO X03diicTBa Poccuiickoit ®ene-
pammn Ha riepron 10 2030 roga — MOBBIICHHE TIPOU3BO-
JUTENBHOCTH TPYAQ, YTO JOCTHTACTCs TPEUMYIIECTBEH-
HO 3a CUET YIy4IIeHUs TapaMeTPOB TEXHOJIOTMUECKUX

nporeccoB [11-14]. Heobxonumo pa3pabarsiBaTh YHU-
BEPCAIBHBIC ANTOPUTMBI, TTOJXO/IBI ¥ METOANKH, KOTO-
pbl€ YUUTBIBAIOT MHOTOOOpa3ne YCIOBHI M OTpaHHye-
HUH, BO3HUKAIOIMINX TPH POU3BOACTBE KAUTAIHLHOTO
PEMOHTA 30aHHH.

IIpuMeHsiemMblil HHCTpYMEHTAPUI OPUEHTUPOBAH
Ha MHTETPAIHNIO TEXHOJOTHYECKUX M OPraHU3alHOH-
HBIX PELICHUH, MO3BOJISIONINX BIUSITH HA COBMEIICHHE
paboT IpH KaUTaJIbHOM PEMOHTE 3/IaHUH, BKIIIOYAs
OTIpe/IeJIEHNe MHTEHCHUBHOCTU NMOTPEOICHUs pecyp-
COB, TIPOJIOJDKUTEIILHOCTH BBITIONHEHHS PadoT, a TakxKe
BPEMEHHOM H IPOCTPAHCTBEHHOM CTPYKTYPHPOBAHUU
nporeccos [15—-19]. Takoit mOAXOA MO3BOIUT PACCMO-
TPeTh 0COOCHHOCTH COBMEIIEHHUS paldoT, YTO 1aCT BO3-
MOYKHOCTb CYIIECTBEHHO YMEHBIIUTH CPOKH PEMOHTA,
CHU3UTH 3aTpaThl HA PEMOHTHO-CTPOUTEIBHOE NTPOU3-
BOJICTBO C COKpaIlleHHEM Tpyzao3arpar 0e3 MoTepH Ka-
4eCTBa MPOBEICHHBIX padoT [20-22].

MATEPHUAJIBI U METO/bI

AJ'Il"OpI/ITM MOCTPOCHUA OPraHMN3allMOHHO-TEXHO-
JIOTHYECKOI MOJCJIN KAlTUTAJIbHOT'O PEMOHTA BKJIIHOYACT

Ilar 1. OnpexeneHue o6beMa H TPYA0EMKOCTH PaboT:

3\11 = 23711,/

=

" —>

IIar 2. ®opMHPOBaHUE TEXHOIOTHICCKONH MOIEIH.
DopMUPOBAHHE NEPEUHS TEXHOIOTHYECKUX OIEPALMH, BXOIAIINX
B KaIUTAIbHEIH PEMOHT, KaKOMY BHIY pabOT NPUCBAHBAIOTCS
MHIMBHIYyalbHbIE HOMepa (=1, 2, ..., m)

!

Eciii MHTEHCUBHOCTH IIOTPEOIICHUS PECYPCOB [IEPEMEHHA,
TO mpuMeHsteTcst hopmyira:

a
= 3|P _ZV:IIP»'At' 1
1

pd+l

k

Ilar 3. YcTaHOBIICHHE TEXHOIOTHYECKHX CBsA3eil MEXKITy paboTaMH.
OnpezeneHne NOpsKa BEIIOIHEHHs paboT
C Y4E€TOM TEXHOJIOTHYECKOI'O IIpouecca:

IIar 5. BbI6Op ONTHMAIBHOIO BapHAHTA HHTCHCUBHOCTH.
BuﬁnpaeTcx ONTUMAJIBHOC 3HAYCHUE UHTCHCUBHOCTH,
06CCH5‘II/IBEKOLLICC MHUHHUMAJIbBHYIO TIPOAOJDKUTEIbHOCTD

¢ co0OMIo/IeHNeM He0OXOANMBIX TPeOOBaHMIT TEXHUUECKOTO 3aaHMUs.

v

IIar 4. PaccMOTpeHHe BapHAHTOB HHTEHCUBHOCTH IIOTPEOICHHUS PECYPCOB:
1. <I <I

min = “pj = “max’

el

— MHHHUMaJIbHasi J0IyCTUMAasi NHTCHCUBHOCTD,
— MaxkCHMalbHas JOITyCTHMasi HHTCHCHUBHOCTh

max

Iar 6. PaspaGoTka rpaduka mpou3BoAcTBa pabor

Ilar 7. ITpoBepka COOTBETCTBUS TEXHUYECCKOMY 3aJaHUIO
Ha TIPOBEJICHHE KAIMHTAIEHOTO PEMOHTA

Her /T\ Ta

PeOOBaHUS BBHIIIOIHEHbI? i

‘ Ilar 8. 3aBepiieHne MOACTHPOBAHHS ‘

Puc. 1. Anroput™ onpeseneHs HHTEHCHBHOCTHU MOTPEOICHUS PecypcoB
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JIBa dTara: cHayajga (pOpMHUPYIOT TEXHOIOTHUYCCKYIO MO-
JIeNb, aHATTU3UPYS KOHCTPYKITUH 3IaHUH, TPUMEHSIeMbIe
Marepualibl U TPEOOBAHUsI K BBITIOIHCHUIO padoT, aajee
OCYILECTBIISIIOT MePEeXo] K OPraHU3alMOHHON MOJIENH,
YCTaHaBJIMBasi HHTCHCUBHOCTh MOTPEOJICHUS PECypCOB
1 3aJaBasi CPOKH BBIITOJTHEHMSI KaXKJ0r0 Ipoliecca, YTo-
OBI COOTBETCTBOBATh TEXHUUECKOMY 33JJaHUIO 3aKa34UH-
Ka. [IpogomKUTENBHOCTD KaKIOTO MPOLECCa 3aBUCUT
OT KOJIMYECTBA TPYAOBBIX U Mare€pHagbHO-TEXHUUECKUX
PECYPCOB, a TAKIKE NPUPOAHO-KIMMATUYECKUX YCIOBUH.
[TorpeOHOCTE B pecypcax OnpenenseTcss HHTCHCHBHO-
CThIO HUX HCIIOJB30BaHUs B TEKyIIUd MOMEHT. Pacuer
rapaMeTpoOB OPraHU3aMOHHO-TEXHOJIOTMYECKON MOjie-
JI1 TIPOU3BOAMUTCS B COOTBETCTBUU C pHC. 1. OCHOBHBI-
MU TlapaMeTpaMu, BIUSIOIIMMHU Ha U3MEHEHUE TIPOJIOI-
JKUTEIBHOCTH MPOU3BOJICTBA PA0OT, SIBIISIOTCS 3aTPAThI
Tpyna 3Tp, MIPOIOJKUTEIHHOCTD BBIMOIHEHUSI OTIEpaIluu
Hj, WHTEHCUBHOCTb MOTPEOJICHUS PECYypPCOB Ip; B CiIyyae,

©CJIM UHTEHCUBHOCTH MOTPEOICHHSI PECYPCOB MEHACTCS:
T,— MOMEHT OKOHYaHMs Tpolecca u Az, — HHTEpBA
BpeMeHI/I N3MCHCHHUU MHTCHCUBHOCTU.

Pacuer ocymiecTBiieH Ha pUMepe KalUTaIbHOTO pe-
MOHTa KpOBIH, (pacasia U MHIKCHEPHBIX CUCTEM | 7-3Tax-
HOTO 5-IT0JIbE3IHOT0 MHOTOKBAPTUPHOI'O YKUJIOTO A0MA.
3a UCXONHbIE JJaHHBIE MPUHATHI HATYPHbIE U3MEPEHUS
Ha 00BEKTEe MPHU MPOBENCHUHU KAIUTAJIHHOTO PEMOHTA
M0 KaKIOMY TEXHOJOTHYCCKOMY IIPOIIECCY, BKIIOUAs
HAUMEHOBAHMS TEXHOJOTHYECKUX TPOIECCOB U OTIe-
panuif, Ha4ajao ¥ OKOHYaHWE HAOIIONEHHH, UX TIPOIOII-
JKUTEIbHOCTh. Ha OCHOBE MCXOHBIX CBEJCHUI MTOCTPO-
eHbl TpaMKU POM3BOACTBA padOT Ha ISATH 3aXBaTKax
(puc. 2).

Kpome npoBenieHust HaTYpHBIX HAOIIOJCHUH, UC-
cJIe/I0BaHNE OCHOBBIBAJIOCH TAK)KE HA PacueTHO-aHAIH-
TUYCCKHX METOJaX, BKJII0Uasl B aHAJTUTHYCCKOM YacTu
onpeeseHle paluOHaIbHbBIX YCIOBUN TPy/a, KOMILICK-

Ontumea yeanpono 6w
xpey  Gerowy

§ 4 Opynoms et 1
el
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Puc. 2. I'paduku mpon3BoacTBa padboT MO KAMUTAILHOMY PEMOHTY MHOTOKBAPTHPHOTO I0Ma: @ — Ha 1-1 3axBarke; b — Ha 2-i
3aXBaTKe; ¢ — Ha 3-1 3axBarke; d — Ha 4-i 3axBarke; ¢ — Ha 5-if 3aXBaTKe
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MA  Pesons Hadmakme 30R04H

BITLL MHIEPLILIOA TONLHOT 100 M 3¢
VICIUICHHCG NOKPLITHH IIHTANH: 13
MHHCPUILIOH BATH
[ o APMHPOBAINHE NOCTIINOUIUX CHOLH U
nabetonok W Yetpoficto
BLIPIBIHIIONIMX CTSHRCK
HEMEHTHO-NICCHAHBIX TO/MLMHOR 15 My
[EF YCTpoRcTno NpHMLKANHA Py0IINLX K
MACTHUHBIX KPOBLIL K CTCHAM H
1aPAIICTaA BLCOTOf Gojice 600 s ¢
ojum paprykom 1 Yerpoiicrao
PYNIOKIOIO NOKPLITHA B B3 C/I0K 13
iy
1 - PesonT mnkeiepibix cicres 42 nueii
15| HenmonTaz G/loKoB yNpawIciHA W Laeus 1w,
PACHPC/ICHTONBHBIX NYNKTOB
YOPAWICHHA HIKaGHOTO HCMIONNCHUA WIH
pacnpeneaTEnLIL myIkT (wKady),
YETaIOWIHBIGNBII: 11a CTCHC, BLICOTA I
i 20 12001000 Mu

20 et 1958 2

23 jwieit 1958 M2

16 A PasGopka 1pyGonpososion 3
Bojlorazonposojbx Tpy6 H JlenonTan
KaGens

W Ipoxraxa 1pyGonposoos . Mot 35 ancii 2806 u
KaGons

1B Morrraz Giokon ynpawienus n Lacus 1w
DACHDCACAHTEILILIE IVIKIOD

26 et 2806 n

Anvrersiocm OSved  yp 05 Anp 19 a0 03 st 17 poit 3 Mot 14 oo 28 ko
saza oabor | 24 | 22 |0y | o5 w2 125 | 29l olor |nlas|e 2 lzz |3 [os lealozlelonl2al sl

1 = 1 Mocwsa, Hayspyanas v, 4. 11 65 nueii r 1
2 Pesont dacana 62 uicii r 1
3 |# TTpombiBka 0GIHLOBIHHEX 20 ameii 13760 M2 T S —

ToBCPXIHOCTER CTCH dacanos
a|# A p 30 ameir 4128 32
5 |4 TpocTykHpanme nosepxuoctch acaga, 32 amci 13759 M2

OBINILOBANIIONG TUIOCKHAK

KCPAMHUCSKHMH IVIHTRAMH 1IpH paGoTe:

¢ monck ¥ Boceranonienue

0BCPXHOCTH, THAPogoGHIaILIs

CHIHKONOBOH Iny/beHeil (2 cron)
& A OTGHBK WTYKATYPKH 10 KHPUHNY 1t 32micit 2061 M2

GeTomy cTen, wionwio Goniee 5 M2 H

Orpynronka nosepxioctei
7| y yKaTypKa no cetke eten 34 uicit 2061 M2

Ges yeTpoitcTsa Kapraca

UCMENTHO-HIBESTROBLIN PACTBOPOM
8 | Pacuineka WweoB KAKK, Boccosanme 34 jwicit 2061 2

ouepTanmii rwmwTkM 1 Oxpacka pacajion

€ NOATOTORKOH NOBCPXHOSTH
9 |+ PevonT kposan 34 i r X
0 [# PasGopka NOKpbITHA KPOMTH H1 20 et 1958 M2

PYNOMHLIX MATCPHAIOB B 1-3 c/ioA K

PasGopka ueMenmiio- necaliof CTkkg

OTBOHILIN MONOTKOM
u # PasGopka Teivioonaumy ua kpomie i: 17 et 1958 m2 C —

Puc. 3. CkoppeKTHPOBaHHBIN C Y4€TOM METOAMKH rpaduK Mpor3BoACTBa pabOT M0 KAlUTAIBHOMY PEMOHTY

ca HCO6XOI[I/IMI)IX MallnuH, THCTPYMEHTOB U ITPUCIIOCO-
OJeHNnil, BOSMOXXHOCTH COBMELICHUS BO BPEMEHH 3a-
Tpar paboyero U MalIMHHOTO BPEMEHH, yCTaHOBJICHHUE
YCTOWYMBBIX (DYHKIIMOHATIBHBIX 3aBUCUMOCTEH MEXKITY
UCCIIEYEMbIM BJIEMEHTOM 3aTpaT M KOHKPETHBIMH
(akTOpamMH WM MapaMeTpaMu, BIUSIOIUMU Ha MPO-
JOJIKUTCIBHOCTDh €0 BBIIIOJIHCHHUSA, a4 B pacquHoi?I —
BBISIBIICHUE 3aBUCHMOCTEH, CBA3aHHBIX C H3MEHEHUSAMH
BBIOPAHHBIX TEXHOJIOTHYECKUX MAapaMETPOB.

ITo pe3ynbraram pacdyeToB U OpPraHHM3al[MOHHO-
TEXHOJIOTUYECKOT0 MOZCIHPOBAHUS pa3paboTaH rpa-
(UK TPOU3BOACTBA PAOOT MO KAMUTAIEHOMY PEMOHTY
00BEKTa C YYC€TOM BBIABJICHHBIX PE3CPBOB U BBITIOJHCH-
HBIX PAacyeTOB IO COBMEHICHHUIO padoT W mpodeccuid
npu GOPMHUPOBAHUH KOMIUICKCHON OpHIajbl AJIsl Mpo-
M3BOJICTBA KOMIUIEKCA padoT (puc. 3).

PE3YJIBTATHI HCCIEJOBAHUA

[IpencraBieHHbIH adropuT™M GOPMHUPOBAHHS Opra-
HU3aIMOHHO-TEXHOJIOTMYECKOM MOJICITH KaMTaIbHOTO
peMOHTa 3MaHUH 00eCTIeYnBAET KOMIUIEKCHBIA TTOIXO]T
K IIPOBEJCHUIO KAIIUTAIEHOTO PEMOHTA, B TOM YHUCIIE
TEOPETHYCCKOE 0OOCHOBAHKE U MPAKTUICCKYIO peali-
3amuio. [I[puMeHenne MeToga 000CHOBAHO BO3MOXKHO-
CTBHIO TOYHOTO pacueTa OCHOBHEIX MTOKa3aTelei MpoeK-
Ta, BKJIF0YAs MOTPEOHOCTH B TPYIOBBIX pecypcax, CPOKH
BBITIOJIHEHHS pabOT M MX CTOUMOCTE. LlenecooOpa3HoCTh
9TOTO MOJXO0a 3aKJIF0YAeTCs B CIOCOOHOCTH CBOEBpE-
MCHHO aJIalITUPOBATHCS K M3MECHCHUSIM BHEIITHEH CPEJIbI,
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obecreunBaTh KOHTPOJIh HaJl KA9€CTBOM BBITOJTHEHHBIX
paboT U MHHUMH3HUPOBATH PUCKH HEBBITIOJIHCHUS CPOKOB
pean3alyy MpoeKTa.

B npoBeieHHBIX pacyeTax BBIBICHA BOZMOKHOCTh
COKpAILCHUS TPOJIOJDKUTEIIBHOCTH TIPOM3BOACTBA paboT
o peMoHTy (hacama ot 72 10 62 (wa 13,9 %), kpoBiiu —
ot 40 mo 34 (ua 15,0 %), MHKEHEPHBIX cHCTeM OT 44
o 42 nuelt (Ha 4,5 %) Tpu cOBMEIICHUU MpodeccHii
pabounx oTieNbHbIX podeccuii B Opuraze.

JlanHas MeTOMKA TTO3BOJIAT CTICIIHAIUCTAM TIIaHH-
POBATh NEATEIHLHOCTb 110 KATUTAJIBFHOMY PEMOHTY 3[aHHH,
obecrieunBasi 3KOHOMHUIO PECYPCOB, COKpaIasi CPOKHU MPO-
BEIICHUSI PEMOHTHO-CTPOHUTEIBHBIX paldoT, TIPH ATOM TIPH-
BJIEKast HEOOXOIMMOE KOJIMYECTBO UCIIOIHHUTENCH.

3AKJTIOYEHHUE U OBCYXJIEHHUE

Ompenenenye MPoIOJHKUTEIBHOCTH KOMILIEKCa pa-
00T IpH TIPOBEJICHUH KaNMTAILHOTO PEMOHTa 0a3upyeTcst
Ha YCTaHOBJIEHUH CBsI3el U yIOPSJOYEHNH Ha UX OCHOBE
PEMOHTHO-CTPOUTENBHBIX TPOLIECCOB, YTO CIIOCOOCTBYET
MOBBIIIEHUIO TPOU3BOJUTENILHOCTH TPYAA U CHUXKEHUIO
3aTpar pecypcoB U CIY>KHT OIIHAM M3 KIIIOYEBBIX (haKTo-
OB COBPEMEHHOTO BBINOJIHEHNS! KallUTAILHOTO PEMOHTA
3A1aHUA. DTO JaeT BO3MOXKHOCTb UCIIONB30BaTh B HAYUHO-
HCCIIeZIOBATEIIbCKOMN U ITPAKTHYECKOM AeSITETbHOCTH pa3pa-
60TaHHYI0 METOIMKY TSI OTIPEIETICHHUSI 3aJaHHBIX CPOKOB
MIPOM3BOZCTBA PA0OT IO KAMNUTAITEHOMY PEMOHTY 3/IaHUH
IyTEM PalMOHAJIBHOTO COBMEIIEHHUS pabOT BO BpEeMEHH
Y TIPOCTPAHCTBE.
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INTRODUCTION

Major refurbishment is an integral part of a build-
ing’s life cycle, ensuring its functionality and longev-
ity [1-5]. The construction industry faces growing
demands to reduce project durations, lower costs and
ensure a high standard of building refurbishment; conse-
quently, new approaches must be introduced into the re-
furbishment and construction sector to reduce the cost,
duration and labour intensity of refurbishment works [6, 7].
Existing studies often focus on individual aspects of
major repairs, without addressing issues of flexibility in
the coordination of works and the optimization of time
and labour resources [8—10].

One of the priority tasks in accordance with
the Strategy for the Development of the Construction
Industry and Housing and Utilities Sector of the Rus-
sian Federation for the period up to 2030 is to increase
labour productivity, which is achieved primarily by
improving the parameters of technological processes
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[11-14]. It is necessary to develop universal algorithms,
approaches and methodologies that take into account
the diversity of conditions and constraints arising dur-
ing the major refurbishment of buildings.

The tools employed are designed to integrate
technological and organizational solutions that enable
the coordination of works during major building refur-
bishments, including the assessment of resource con-
sumption, the duration of works, and the temporal and
spatial structuring of processes [15—19]. This approach
will enable the specific features of work coordination to
be examined, thereby making it possible to significantly
reduce repair times, lower the costs of repair and con-
struction work, and reduce labour costs without com-
promising the quality of the work carried out [20-22].

MATERIALS AND METHODS

The algorithm for constructing an organizational
and technological model for major repairs comprises
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v

Step 1. Determining the scope and labor input of the work: Step 2. Forming the process model.
m —» Compiling the list of process operations included in the overhaul;
Cy= ZC,,,J each type of work is assigned an individual number (j =1, 2, ..., m)
J=1
If the resource consumption rate is variable, Step 3. Establishing process relationships between the works.
the following formula is used: Determining the sequence of work execution
with due regard for the process flow:
d
D= Cm 7z,z|1mAt, +1, D = Cm,/
1,40 S
.
. X X Step 4. Considering resource consumption rate options:
Step 5. Selecting the optimal rate option. I <I <I
The optimal rate value is selected to ensure the minimum min =) T max
duration while meeting the necessary requirements ¢ a4 X
. . where / . — minimum allowable rate;
of the technical assignment T 7
I — maximum allowable rate

Step 6. Developing the work schedule

Step 7. Verifying compliance with the technical
assignment for the overhaul

S S
(s} A €s

re the requirements met? i

Step 8. Completion of modelling ‘

Fig. 1. Algorithm for determining resource consumption intensity

two stages: first, a technological model is formed by
analyzing building structures, the materials used and
the requirements for carrying out the work; subsequent-
ly, a transition is made to the organizational model by
establishing the intensity of resource consumption and
setting deadlines for each process to meet the client’s
technical specifications. The duration of each process
depends on the quantity of labour and material-techni-
cal resources, as well as natural and climatic conditions.
Resource requirements are determined by the intensity
of their use at the present moment. The parameters of
the organizational and technological model are calcu-
lated in accordance with Fig. 1. The main parameters

influencing changes in the duration of work are labour
costs C,,, the duration of an operation Dj, and the in-
tensity of resource consumption / ; in the event that the
intensity of resource consumption changes: T, — the end
time of the process and Az, — the time interval of changes
in intensity.

The calculation is based on the example of a major
refurbishment of the roof, fagade and building services
of a 17-storey, five-block apartment block. The initial
data consists of on-site measurements taken during
the major refurbishment for each technological process,
including the names of the technological processes and
operations, the start and end dates of the observations,
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Fig. 2. Progress charts for the major refurbishment of a block of flats: @« — phase 1; b — phase 2; ¢ — phase 3; d — phase 4;

e — phase 5

and their duration. Based on this initial data, work sched-
ules were drawn up for five construction phases (Fig. 2).

In addition to field observations, the study was also
based on computational and analytical methods, includ-
ing, in the analytical section, the determination of opti-

mal working conditions, the set of necessary machin-
ery, tools and fixtures, the possibility of synchronizing
labour and machine time, the establishment of stable
functional relationships between the cost element under
investigation and specific factors or parameters affect-
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ing the duration of its execution, and in the computa-
tional part — the identification of relationships associ-
ated with changes in selected technological parameters.

Based on the results of the calculations and orga-
nizational and technological modelling, a schedule for
the overhaul of the facility has been drawn up, taking
into account the identified reserves and the calculations
performed on the coordination of tasks and trades when
forming a comprehensive team to carry out the set
of works (Fig. 3).

RESEARCH RESULTS

The proposed algorithm for developing an orga-
nizational and technical model for the major refurbish-
ment of buildings provides a comprehensive approach
to carrying out such refurbishments, including both
theoretical justification and practical implementation.
The application of the method is justified by the ability
to accurately calculate key project indicators, includ-
ing labour requirements, completion times and costs.
The advantage of this approach lies in its ability to
adapt promptly to changes in the external environment,
ensure quality control of the work carried out and mini-
mize the risks of missing project deadlines.

The calculations carried out have revealed the po-
tential to reduce the duration of facade repair works
from 72 to 62 days (by 13.9 %), roofing works — from
40 to 34 days (by 15.0 %), and for engineering systems
from 44 to 42 days (by 4.5 %) by combining the roles
of workers from different trades within a single team.

This methodology will enable specialists to plan
major building refurbishment projects, ensuring re-
source savings and reducing the duration of repair and
construction works, whilst engaging the necessary
number of contractors.

CONCLUSION AND DISCUSSION

Determining the duration of a set of works during
major refurbishment is based on establishing interrela-
tionships and, on this basis, organizing the refurbish-
ment and construction processes; this helps to increase
labour productivity and reduce resource costs, and
serves as one of the key factors in the modern execution
of major building refurbishments. This makes it pos-
sible to apply the developed methodology in research
and practical work to determine the specified deadlines
for building overhaul works by rationally coordinating
tasks in terms of time and space.
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AHHOTALUMUA

BBeaeHue. lNMpegnaralotcs cxema cratvyecku onpegenumont doepMbl ¢ napannefnbHbIMU NosicaMn U anroputMm BbiBoAa
aHanUTUYeCKoW 3aBMCMMOCTM BEMUYUHBI NPornda KOHCTPYKLMKU nof AeCTBUEM PaBHOMEPHO pacrnpeferneHHon y3noBo
Harpysku 1 NepBoK YacToTbl COGCTBEHHbIX KonebGaHuii OT Yncna naHenew.

Matepuansbi n metoabl. Matepuan ctepxHen epMbl YNpyrun, LWapHUpbl naeanbHble, Harpyska ysnosas. Pepma BHeLLHe
cTaTnyecku Heonpegenumasi. Bce pacyetbl ycunuii n npeobpasoBaHusi B CUMBOSIbHOW (DOPME BbIMOMHSIKOTCH B CUCTEME
KOMMbIOTEpHOM MaTemaTuku. [ins pacyeta npormba npumeHsieTcs chopmyna Makceenna — Mopa. dopmMyna ansi nepeoi Ya-
CTOTbI BbIBOAMUTCSI HA OCHOBE BapvaHTa npubnmkeHHoro metoaa [JoHkepnes B NpeanonoxeHnm, 4To macca pepmbl paBHoO-
MepHO pacrnpeferneHa no ee ysnam. Y3nbl COBepLIatoT BepTukarbHble konebaHusi. [ns pacyeTta koaduumeHToB B hop-
Mynax Ans npornba v 4acToTbl UCNOMb3yeTCH METOA MHAYKUMM NO Ynchy naHenen. PelueHne nony4yeHHbIX peKyppeHTHbIX
YPaBHEHWI OCYLLECTBNSAETCS B CUCTEME KOMMNbIOTEPHON MaTemaTukn Maple.

Pesynbratbl. KoachduumeHTsl hopMynbl Ans pacyeTa npornba n YactoTbl konebaHuii uMetoT BuA NONMHOMOB MO YUCHly na-
Hernen cTeneHun He Bbile YeTBepTo. OGHapYXeHO, YTO Npu ONpeaeneHHOM YMcre naHener epma AornyckaeT KUHeMaTu-
YecKylo n3meHsiemocTb. MNpeacTaBneH NpuMep KMHeMaTU4ecky HeNpPOTUBOPEYMBON KapTVHbI pacnpefeneHns BUPTYyanbHbIX
cKopocTel y3noB gepMbl. MeToa, NpUMEHEHHbIN A5t OLEHKM YacToTbl konebaHuiA, nokasan XopoLUy TOYHOCTb B CpaBHe-
HUW C YACTNEHHbBIM, YYUTbLIBAIOLLIMM BCE CTeneHn cBoboabl NpuHATON Moaenu chepMbl. PacyeT npoBeaeH ANst KNHEMaTU4Yecku
[ONYCTUMBbIX Yncen naHenemn KoHCTpyKuun. MpueeneH obLwMIn YneH NocneaoBaTenbHOCTU TakuX Yncer.

BbiBoAbl. Vcnonb3oBaHHbIe ANs OUEHKM AedopMaumii U COBCTBEHHON YacTOTbl METOAbl M anropuTM Mokasanu CBO
3(PPEKTUBHOCTb 1 MOTYT ObITb NPUMEHEHbBI AN aHANOMMYHbIX PACYETOB PErynsipHbIX KOHCTPYKUMA. HaiaeHHble cryyau
KMHEMaTNYECKON M3MEHSEMOCTM YKa3blBaloT Ha HEOBXOAMMOCTb KUHEMATUYECKOW MPOBEPKU UCMOSb3yeMbIX Ha MpakTuke
CTEePXXHEBbIX KOHCTPYKLMIA.

KIMKOYEBBIE CITOBA: cdepma, npornb, cobcTBeHHas Yactota konebaHuii, KuHeMaTuyeckasi U3BMeHsIeMOCTb, aHanuTuye-
cKoe pelleHve, acumnToTvka, Maple, casur onopbl, metog, [loHkepnes
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ABSTRACT

Introduction. A diagram of a statically determinate truss with parallel chords and an algorithm for deriving an analytical
dependence of the magnitude of the structure deflection under the action of a uniformly distributed nodal load and the first
frequency of natural oscillations on the number of panels are proposed.

Materials and methods. The material of the truss rods is elastic, the hinges are ideal, the load is nodal. The truss is exter-
nally statically indeterminate. All calculations of forces in symbolic form and transformations are performed in the computer
mathematics system. The Maxwell — Mohr formula is used to calculate the deflection. The formula for the first frequency is
derived based on a version of the approximate Dunkerley method under the assumption that the truss mass is uniformly
distributed over its nodes. The nodes perform vertical oscillations. To calculate the coefficients in the formulas for the de-
pendence of deflection and frequency, the induction method is used with respect to the number of panels. The solution
of the obtained recurrent equations is performed in the Maple computer mathematics system.

Results. The coefficients of the formula for calculating the deflection have the form of polynomials with respect to the num-
ber of panels of a degree not higher than fourth. It was found that for a certain number of panels the truss allows kinematic
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variability. An example of a kinematically consistent distribution of virtual velocities of truss nodes is given. The method
used to estimate the oscillation frequency showed good accuracy in comparison with the numerical method, which takes
into account all degrees of freedom of the adopted truss model. The calculation was performed for kinematically admissible
numbers of panels. The general term of the sequence of such numbers is given.

Conclusions. The methods and algorithm used to estimate deformations and natural frequency have proven their efficiency
and can be applied to similar calculations of regular structures. The found cases of kinematic variability indicate the need for
kinematic verification of the rod structures used in practice.

KEYWORDS: truss, deflection, natural frequency of oscillations, kinematic variability, analytical solution, asymptotics, Ma-
ple, support shear, Dunkerley method
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BBEJIEHUE

B mpakrtuueckux pacdyeTax CTPOUTEIbHBIX KOH-
CTPYKLHH, KaK IIPaBUIIO, UCTIOIB3YIOT YNCICHHBIE METO-
JTBI, TTO3BOJIAIONIHE YIECTh BCE OCOOCHHOCTH PACCUUTHI-
BaE€MbIX CUCTEM U JCHCTBYIOIINX HAarpy3o0kK. Yaie Bcero
JUIS1 9TOTO MIPUMEHSIOT KaKUe-IT100 MPOrpaMMHBIE KOM-
TUTEKCHI, OCHOBAaHHBIC HA METOJIC KOHCYHBIX 3JICMEHTOB
[1-3]. AnpTepHaTHBOI YUCICHHBIM METO/AM SIBIISIOT-
CsA aHAJIUTUYCCKUE MCTOAbI, UCITOJIB3YIOIHUE CUCTCMbI
KOMITBIOTEepHOH MaTteMaTtuky. Hanboree pacripoctpane-
HBI Takue cucTeMmbl, kKak Wolfram Mathematica u Wa-
terloo Maple, nMeroInue CXOAHbIE CHCTEMbI KOMaH]I
1 BO3MOXXHOCTH. [IpoGiieMbl aHATUTHYECKUX HCCIIe-
JIOBaHUH PETYIAPHBIX (COMEpIKAIINX EPHONANICCKHE
CTPYKTYPBI) CTEPKHEBBIX CHCTEM M3Y4JaJIHCh B paboTax
[4, 5]. PacueTamu 311eMEHTOB CTPOUTEIBHBIX KOHCTPYK-
Wi B CUMBOJIbHOH (hopme 3annManick A.B. Marpocos
u JI.I1. TonockoxoB [6, 7]. AHanUTHYECKHN pacdeT oc-
HOBHOI YacTOTBI COOCTBEHHBIX KOJICOAHUH IMIOCKOU
MOJIEJIM COCTaBHOM (epMbl ¢ MPOMU3BOJIBHBIM YHC-
moM maneneit B cucteme Maple Bemomanmn E.B. Ko-
Mep3an, W.I. Hunananos u O.B. CBupuaenko [8].
[TprMeHEeHHBIH 3TUMH aBTOPaMH aJTOPUTM TTO3BOJIHII
paccuuTarh MPOrud IIOCKOH BHEITHE CTATUIECKH He-
onpenennMoit (hepMbl 1 BRIBECTH KOHEUHYIO (popMyITy
s mporuba B 3aBUCUMOCTH OT 4yucla nanenei [9].
B nccnenosannsx [10, 11] oHyr nomyyunu npuoiInxeH-
HOE peImIeHue I KOHCONBbHOH (hepMBl U TIPOCTpPAH-
CTBEHHOU CTEP;KHEBON KOHCTPYKLUU COOTBETCTBEHHO.

DopMynbl IS pacyeTa cTaTHueckoro nporuda u ya-
CTOTHI COOCTBEHHBIX KOIIeOAHHUH y3JI0B TUTOCKOH (DepMBbI
C TIPOM3BOJIFHBIM YHCIIOM TIaHENIeH BBIBEICHBI METOIOM
uHaykuuu [12]. BeimonHeH pacueT 3HaueHHs MEepBOH
(OCHOBHOI1) 4aCTOTBI COOCTBEHHBIX KOJICOAHUH TUTOCKOM
IITTPEHTENFHON (PepMBI C UCTIONH30BAHUEM TIPHUONMKEH-
Horo metona Jlonkepnes [13]. IIpoananusupoBana o6-

JIaCTh PE30HAHCHO OE30MAaCHBIX YacTOT IIOCKOM Mojie-
JM peryisipHoi (epMbl B TPEITONOKEHNH, YTO MacChl
B y3J1aX COBEPIIAIOT TOJBKO BEPTHKAIbHBIC KOJICOAHMS
[14, 15]. IIpubmmxennas Gopmyna 11 COOCTBEHHOU
YacTOTHI ABYXIPOJICTHONW (hepMBI MOTyUeHa B CHCTEME
Maple [16]. 3aBucMMOCTB IPOrHOa MIIOCKON BHEIIIHE CTa-
THYECKH HEOIpe/IeNIMMO (hepMBbl OT YHMCIIa aHeNIeH BbI-
BesieHa MeTonoM MHIAYKIH [17]. CrekTp coOCTBEHHBIX
YaCTOT IUIOCKOH PETYISPHOIN (pepMbI ¢ TBOHHON perieT-
KOW paccMoTpeH B myOmukarwm [ 18], mpocTpaHCTBEH-
HOIT — B pabore [19]. BoiBenieHa aHaMTHUECKasT OICHKA
MIEPBOI YaCTOTHI COOCTBEHHBIX KOJICOAHUIA OMIOPBI B BUIC
I'-o06pasnoit npocrpancTBeHHO (epmsr [20].

Lenb HacTOAIIETO UCCAEA0BAHUS — MOIYYUTh aHA-
JIMTUYECKYIO 3aBUCHMOCTh OT YHCIIA TTaHeNel 1 pasMepoB
KOHCTPYKIIMH TPOTHOa M COOCTBEHHOI 4acTOTHI KOJIe-
OaHuUit HOBOM CXEMbI PaCKOCHOH (hepMBI, JOIMYCKAOIICH
TP OTpe/ICTICHHOM YHCIIe TTaHes el KHHEMaTHUeCKYTO 13-
MEHSEMOCTb.

MATEPUAJIBI U METO/bI

Cratmdecku ompenenuMmasi pepma ¢ BOCXOIAIIH-
MH PacKoCaMH PEIIETKH, CTOWKaMU U HapajllebHbl-
MU MojgCcaMMu UMCET IO KOHI[aM IO ABE OIIOPHI. TpI/I
OIIOpPBI — TIO/IBMIKHBIE IIAPHUPHI, OIHA ONIOpa — He-
MOJBWKHBIA mIapHup. B depme 27 naneneld amuHoON
@ B CpPeAHEH JacTH mposeTa (CYuTas Mo BEpXHEMY I10-
SICy) ¥ elIle 10 TPY TIaHEeIH 10 KOHIaM. BeicoTa depMBbI
paBHa i. Macca Mozenu (pepMbl paBHOMEPHO paclipe-
JIeJIeHa 10 ee y3JlaM PaBHBIMH MacCaMH /m, CTEPKHU
IIPU TaKOM ITOJIXO/I€ CYMTAIOTCSI HeBeCOMbIMH. Paccma-
TPUBAIOTCS] BEPTUKAIIbHBIE KOJIEOaHNUS y3JI0B 10 rapMo-
HHYECKOMY 3aKOoHY (pHc. 1), TOpu30HTaIBHEIMH KoJieOa-
HUSIMH y3JI0B IPEHEOPETatoT.

B pemrennn 3agauu 0 gactore CBOOOTHBIX KojieOa-
HUH (hepMBI YUCIIO CTeNeHei cBOOOIbI paBHO YHCITY €€

/a @7/0 IPa IPa IPa IPaKIPa IPa IPa IPa Ipa%

Puc. 1. Cxema pepmsl, n =3
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2n+8
14

13 15 14 16 15 17
)

16 1 17

18 204n+8

)5

Puc. 2. Homepa y3110B 1 crepxHei Gpepmsl, n =3

BHYTpPEHHUX y3JI0B: K = 4n + 8. OO011ee YnuCiIo CTepxK-
Hell v = 8n + 16. B 310 4nci0 cTepykHell BXOAAT TakxKe
MATh CTepPXKHEH, MOIETHPYIOMHUX onopsl. XKecTkocTh
OTIOP COOTBETCTBYET KECTKOCTH CTEPKHEH UTMHOM /1.

Pacuem ycunuii 6 cmepoicnsx. YCUIUs B CTEPIKHSIX,
HEOOXOJMMBIE IS ONIPENCIICHNS )KECTKOCTH CTaTHUe-
CKH OTIPEJIeTUMOH CHCTeMBI TIo (hopmyne MakcBenia —
Mopa, Haxo#ATCs U3 YCIOBHsI paBHOBECHS y3II0B. B cu-
CTEME CUMBOJILHOW MaTeMaTHKH COCTABIISETCS CHCTeE-
Ma ypaBHEHHI paBHOBECHs y3JIOB, MaTpuIla KOTOPOH
COCTOWT M3 HaNPaBISIONINX KOCHHYCOB YCHIIMH. DTH
BEJIMYHMHBI BEIYKCIISIIOTCS B CHMBOJIBHOW (hopMe 110 JaH-
HBIM O MOPS/IKE COSIMHEHUsSI CTEPKHEH B y3J1aX U KOOp-
JIMHATaM Y3JI0B. Y3JIbl U CTEPIKHU (hepMbl HyMEPYIOTCS
(puc. 2). Hagamo koopAuHAT HAXOJUTCS B JIEBOM MOA-
BIDKHOH orope A:

x=a(i-1)y,=0;i=1,..,2n+7;
X =a(i+2)y

+2n+7

=hyi=1,..,2n+1.

+2n+7

CTpyKTypa COeTUHEHUs CTeP>KHEH U Y3J10B 3a/1aeT-
s CIIMCKaMH, COZIePrKaIlliMHU HOMEpa Y3JI0B IO KOHIIaM
ctepxHed. CTEpKHM HIDKHETO T10sica, HallpuMep, KOJIH-
pyrotes cnenyrommumu ciuckamu: @ =[i,i+1],i =1,...,
2n + 6. AHAJOTHYHO JJIs CTep)KHEH BEpXHETo Imosica
cosmatorcst cuckn: O o= [i+2n+ 7, i+ 2n + 8],
i=1,...,2n.

Iponer pepmer AD = L = 2(n + 3)a. Ycunus Ha-
XOJISITCSL M3 PELICHUS] CHCTEMbI ypPaBHEHHUH PaBHOBECHS
Y3JI0B, 3aIIMCAHHOM JUIs POU3BOJILHOTO MOpsiiKa (ep-
MBI B MaTpuaHOi popme: GS = R, rne G — marpuna
HaMpaBJIAIONUINX KOCHHYCOB Pa3MepoM V X v; S — Bek-
TOP HEU3BECTHBIX YCUIUHU U ONOPHBIX peakuuil; R —
BEKTOp BHEIIHMX Y3JIOBBIX Harpy3ok. Hampasmstomue

KOCUHYCBI PACCUUTBIBAIOTCA 110 JaHHBIM O KOOpAMHA-
Tax y3J10B U NOPAIKY COCIMHEHUS CTEPIKHEH B COOT-
BETCTBYIOIINX y3/1ax.

PE3YJIBTATHBI UCCJIEJOBAHUA

Yeunua 6 cmepoicnax. Tlpn nelicTBuM Harpy3ku HH-
TEHCUBHOCTBIO P, pacripenieseHHou no yzuam 3, ..., 11
HIDKHETO T10siCa, HeHYJIEBbIE 2IEMEHTHI BEKTOpa B Mpa-
BOW 4acTH CUCTEMbl YPaBHEHUIH PaBHOBECUS UMEIOT
Bup: R =P,i=3,i=3,...,2n+ 5 (puc. 3). Pacnipenerne-
HHUC YCWINH B CTCPIKHSAX OT JACHCTBHS COIMHUIHON 0e3-
pa3MepHOil Harpy3ku P = 1, pacnpeaeneHHON Mo Hux-
HeMy Mosicy 1pu a = 3 M, i = 2 M, IOKa3aHo Ha puc. 3.

KpacHbIM IIBETOM BBIJICIICHBI PACTSHYTHIE CTEPXK-
HH, CHHUM — C)KaTble. 3HaUCHHsI YCHIIMH B CTPEIKHSIX
OKpYIVICHBI 10 JBYX 3HaKOB. Bepxuuii nmosic depmsl
IpU TaKoM Harpyske ciaT, HO C)KaT HEPaBHOMEPHO.
LleHTpabHble CTEPIKHHU OKa3bIBAIOTCS HE CAMBIMU Ha-
TPY>KEHHBIMH, KaK B IPOCTHIX 0ATOUHBIX (hepMax. ITo
SABIISCTCSI CICACTBHEM OCOOCHHOCTH KOHCTPYKIIHH:
PacKoChl OXBaTHIBAIOT TPHU COCEIHHE MaHEeIH, Tepe/a-
Basl YCWJIUSI Ha CTEPIKHH dTHX NaHened. Hwknuit nmosc
M PacKOChI B PELIETKE CKAThl, @ CTOHKH PACTSIHYThI He-
3HAUUTEIbHBIMH yCHIIHSIMH.

Pacuer ycnnmii B cTepkHAX (pepMBbl C pa3InIHBIM
YHCIJIOM TaHeJIeH MoKa3al, YTO MPH ONPEICIICHHOM YHC-
Jie TIaHenel onpeaeNuTeNb MaTPULbl CUCTEMBI YpaBHe-
HUIl paBHOBecus obparmaercs B HOJb. U 3T0T 3hpexr
HE 3aBUCHUT OT Pa3MEPOB IaHEIed U NPUI0KEHHOHN Ha-
rpy3ku. OOHapy»KeHa rmocyeioBarensHocTs 1 =1, 3,4, 6,
7,9, ... IOMyCTUMBIX YHCEN MaHENICH ¢ OOIIMM WICHOM:

n=(6k+1)f—1)/4k=1,2,.... (1)

-6,8 20  -68
4.6
6,9 ~14 1.5 2 23 1 9,2
A B D
6,8 20 * 16 18 27 27
-1,5 -3 1 Y1 YI Yi -1,5

Puc. 3. Harpyska u pacnpezaenenue ycunuii, n =3
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16 17=4n+8

Puc. 4. Bo3aMOXHBIE CKOPOCTH y3JI0B H3MEHSIEMOH (epMBI TIpH 1 = 2

B ocTranbHBIX cIydasx MOKHO OOHApYKUTh KHHEMa-
THUYECKH HENPOTUBOPEUNBYIO CXEMY BO3MOXHBIX CKOPO-
CTeH y3710B (hepMBbl, ACNAOLIYI0 €€ MTHOBEHHO H3MEHsIe-
MBIM MEXaHU3MOM (pHC. 4).

[Ipu n = 2 4ersipe y3i1a GepMbl HOITYYAOT HEIO-
MYCTUMBIE JJIsl )KECTKOH KOHCTPYKIIMU BEPTHUKAJIbHbIC
CKOPOCTH V, OCTaJIbHbIE Y3JIbI U OIIOPBI OCTAOTCS HEMO-
BIDKHBIMH. YacTb cTepykHe, Harpumep 23, 3—4, coep-
LIal0T MCHOBEHHBIE BpallleHus, a crepxxuu 3—14, 614
u 9-14 nBUXKYTCS MOCTYIAaTeNbHO. TakuM 0Opa3om,
pacueTsl MporudoB M 4acTOT KoJieOaHUH TOIKHBI OBITh
BBITIOJIHEHBI HE JUIs BCeX GepM, a TOJIBKO JUIs TeX, YHC-
JI0 TIaHeNel B KOTOPBIX comIacyercs ¢ BelpaskeHueM (1).
AmnanoruuHblii 3p(exT KUHEMaTHYECKOrO BHIPOXKIACHHS
IUIOCKOW (DePMEHHOM KOHCTPYKLMHU ObLI 0OHApYKEH
B paborax [21, 22].

OTaenbHO MOKHO BBIBECTH (DOPMYITBI JUTsl peaKiuii
orop. /lyist 3TOTO MCHONB3yeTCS METOA MHAYKIMH. Pac-
YeT peakUii Onop Ul OCIeJ0BaTENLHOCTH (epM pas-
JIMYHOTO TIOPSI/IKA AT MOCIEeN0BaTeNbHOCTh: N, = N, =
=[2P,3P/2,4P, 5P/2, 6P, 7P/2, ...]. OOmmmuii 4ieH dToi
MOCJIC/IOBATEIbHOCTH HAXOANUTCsl cpeacTBamMu Maple
U3 PELICHUs JIMHEHHOTO OJJHOPOIHOTO PEKYPPEHTHOTO
ypaBHEHusl, cocTapieHHoro oneparopom rgf findrecur:

N, =N, =P+ 1)(~1))k—3)4 k=1,2,3, ...

AHAJIOTMYHO HAXOMIATCS U IPYTUE PEAKIIUH, KaK (QyH-
KIIMH YMCIa TTaHeNen:

N,=N.=P((3 + (~1y9k +2 +2(~1)")/4;
k=1,2,3, ...

TopusonrtanpHas peakius MpaBoil HEMOJBUKHON
OTIOPBI ITPU TaKOI Harpy3Ke paBHA HYIIIO.

IIpoeud. TIporud dGepmbl OIICHUBAETCS 110 BEPTHU-
KaJIbHOMY CMEILEHUIO cpenHero y3na E. Jlins sToro uc-
nome3yeTcst hopmyna MakcBema — Mopa:

v

Ay =SSP J(EF),
a=1
riae S ) — ycuiue B CTEpKHE C HOMEPOM o TpH Jiek-
CTBUM Ha (pepMy yKa3zaHHOH pacripeieNIeHHOH Harpy3KH;
S () — ycunue ot neHCTBHSA eIMHMYHON BePTHKAILHOM
cunbl Ha y3en E; [ — nnmna crepxns o. Cuuraercs,
YTO JKECTKOCTh Ha pacTsbkeHue EF crepykHel i Bcel
dhepmbl onnHakoBag. Kak um mpu BeIBOme (opmyr
JUISl YCHITMH B 3aBHCUMOCTH OT YHCJIa MaHeJIeH cocTaB-
JISIETCS ITOCIICIOBATEIFHOCTD pereHnid it k=1, 2, ...

A, =P99a* + & + 31°)/(2PEF);

A, = P(441a’ +2¢° + 4l°)(WPEF);

A, = P(593a* +2¢* + 4I°)/(WEF);
A,,=3P(1557a° + 3¢ + SI)(Q2IEF);

A, = 5P(64 053d> + 10¢* + 121°)/(WEF).

s MeHbIIeN AJIMHBI TOCIEN0BATEILHOCTH pellie-
HUH 3aKOHOMEPHOCTH B cucTeMe Maple HaiiTH Hesb3sl.
Penrenns nuHeHHBIX OMHOPOAHBIX PEKYPPEHTHBIX ypaB-
HEHUI1 TOTyYeHBI ¢ MTOMOIIIBIO oreparopa rsolve u3 make-
ta genfunc cuctemsl Maple. Koadduuuent npu a* sipis-
€TCs PEIICHUEM YPaBHEHUS EBATOTO MOPSAIKA:

C,,=C,,, +4C,, ,~4C,  ~6C

1k 1k-1 143 1k—4

+ 4CI k6 4C1,k—7 - Cl,/fx + Cl k-9

+ 6C1 k=5 +

C HayaJbHBIMH YCIOBUSAMU C1,1 =99/2, C]‘2 =441, C]‘3 =
=093,...,C ,=46 935/2 v umeeT BHII:

C, = (270K + 36(45 + (-1 )k’ +
+54(71 + 21(~ 1R + 36(117 + 67(~ 1))k + 2115 +
+1917(-1)%/128.

B obwem: A, = P(C\a’ + C,c* + C,1*)/(h,EF),
mec=v9* +h* u
C, = (2K + (6 + 2(-1))k + 3(~1): + 5)/16;
C,= 2+ Q1+ 14k + 17 + 7(-1) )/16.

Ha puc. 5 npencrasineHsl KpuBble 3aBUCUMOCTH
OT YHCJa TaHeJeH OTHOCHUTEIBHOTO mporuba. A' =
=EFA, /(LP ), e P = P(2n + 3) — cymmapHas
Harpy3ka Ha depmy. Oneparopsl cucrembl Maple mo-
TYT Tak)XKe HAWNTH aCHMIITOTUKY pemieHus. BrrsicHseT-
Csl, UTO POCT OTHOCUTENBLHOTO Mporuda npu yBenude-
HUU YUCIIa TIaHeJlel IMeeT KBaIpaTUIHBIN XapaKTep:
}meA'/kz =154’/ (64h*).

Crienryer OTMETHUTB, YTO B TIPE/IeNiax MPHHSITOH Mojie-
7w (hepMBI MTOTYUCHHOE PEIICHUE YIS IIPOTHOA SIBISCTCS
TOYHBIM, TIO3TOMY OHO 0COOEHHO d(PPEKTHBHO TS hepM
CO 3HAYUTETHHBIM YHCIIOM MaHEEH.

Yacmoma cobcmeenuvix konebaruil. Haudoee Boc-
TpeOOBaHA HA MPAKTHKE YIS AMHAMHUYCCKUAX PacyeTOB
KOHCTPYKIIWH TTepBasi, HAUMCHBINAS, YacTOTa KOJICOaHMIA
[23, 24]. T1s nomyvyeHust 3HAUYSHUS STOW BEJIMIHHEI B 3a-
BHCUMOCTH OT YHCJIa MaHeNIel MOXKHO BOCIIOIb30BAThCS
METOIOM MHAYKIUH 0000MIeHUs psia MPHOIMKEHHBIX

141

(6G) L HIAUIGG ‘O O ioeuesran it suken



raTIMTONLCTBS: T 16, BhINYCK 1(59)

M.H. KupcaHoe
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400 /
300 /
h=1wm
Yl
200 /
4 /-“’_'_,.p-"
100 -~
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/ h =2M
— h=3M

2 3 4 5 6 7 8 9 10 11 12

Puc. 5. 3aBUCHMOCTS OTHOCHTEIIFHOTO MTPOTH0a OT YKCIa NaHeleH

AQHAJIMTHYECKUX PEIICHNI Ha OCHOBE MOIU(UIIMPOBaH-
HO# popmyitbl Jlonkeprnest [25]:

K K
o, =0 =my.5, =mdK2=mKA, (2)
p=1 p=1
TIe cop — IapuuanbHas 4acToTa KoJe0aHnnii OHOM
MAcCChl m B OTACIIBHOM Y3JIC C HOMCPOM p. YHpOH.[eHI/Ie
nucxonHoi popmynsl JJoHKepies TOCTUTHYTO 33 CUET
K

3aMEeHBI CyMMBI TAPIHATIBHBIX TPOTHO0B ZSP ee cpel-
p=1
HUM 3Ha4eHueM 0™ K/2. YacToTa HaXOAUTCS U3 ypaB-

HCHUSA ABUKCHUS MACCEHI B Y3JIC:

my +Dy =0;p=12,...K 3)

Koadpdurment D, BerauCIISCTCS C HCIIONB30BAHIEM
hopmymer Makcgermra — Mopa CyMMHpPOBaHHEM 10 BCEM
CTEp>KHAM (DepMBbI, BKIIIOUAS IISITh OTIOP, KOTOPBIE MPUHS-
TBI IeOPMUPYEMBIMU:

_N (g

1D, = Z; (S ) 1LiER), )
e S, — ycuiue B CTEpKHe C HOMEPOM 0. IPH JIeHCTBIH
Ha y3el p eAVMHUYHOM BepTUKANbHOM cuiibl. OTIOpHBIE
CTEpI)KHM TIPHHSATHI C YCIOBHOI aniHOW /. B xauecTBe
y37a p BeIOMpaeTcs Haubojiee MOAATIUBLINA y3en [25].
Jns paccmarpuBaeMoil CXeMbl TaKUM Y3JIOM SIBIISIETCS
y3€eIl ¢ HOMEPOM 7 + 4 B cepeTuHe HHIKHETO 1osica. Pac-

2
YeT CyMMBbI B BBIp@XKEHHH (4) A = Z( S;”)) 1 /(2EF)
a=1

ULt psizia (pepM € TOCIIE0BATENIbHO YBEINUHBAIOIIIMCS
YHCIIOM TIaHENEH JaeT CIEeAyoue (OpMyIIbI:

A, = Q7a + & + 3)/(4R*EF);

A, =(8la’ + & + 21°)/(2R°EF);

A, =(8la’ + & + 21°)/(2R°EF);
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A, = (513> + 3¢ + SB)/(4h2EF);
A, = (513a* + 3¢* + S)/(4WEF), ... .

OO0muit 4iIeH NoTydYeHHON TOCIeT0BATEIEHOCTH
merogamu Maple HaxoauTCs U3 aHaIN3a HE MEHee Ye-
ThIpHaAUATH GepM pazauyHoro nopsaka. C moMoIibo
omeparopa rgf_findrecur cucremsr Maple cocraisiercst
OIHOPOIHOE PEKYPPEHTHOE YpaBHEHHE JUIS KaXKIOTO
kospdunmenta. Jng kosppunuenta C, nomayyaercs
yYpaBHEHHE CEeIbMOTO TOpsiIKa:

Cl,k = Cl,k—l + 3C1,k—2 -3C

k3 3 Cl,k—4 + 3C1,k—5 +
+C

k6 T 1LkT

Jns1 pemiennst ypaBHEHUI UCTIONB3YETCs ONepaTop
rsolve:

C, = (18K +27(3 + (1)K + 9(19 + (1) )k +
+135 + 81(-1)9/32.

AHAIOTHYHO HAXOIATCA U APYTHe KOI(DUINESHTHI:

C,=((-1)f+2k+3)/16; C,= (11 + (1) +

+20)/16. )

B urtore peienue nmeer Bua:
An = (C1a3 + Czc3 + C3h3)/(h2EF).

PacueTHast popmyrna A7t onpeneneHus nepBoi ya-
CTOTHI KOJICOAaHUI TIPHHUMAET BUJI:

EF
o, =h 3 3 N
m(4n+8)(Cia” +C,c” +C,’)
B ominune OT aHATUTHYECKOTO PEIICHUs 3a1a9u

0 nporube A, TONY4EHHOE PENIEHHE Il OCHOBHOM 4a-
CTOTHI KOJICOAHUH SABIACTCS MPHOMKEHHBIM. OIICHUTH

(6)
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Puc. 7. IlorpemHocTs aHaIUTUYECKON OLEHKH OCHOBHOM YaCTOThI

CTETICHb MPHOMMKCHNS HAICHHOTO PELIeHUsI MOKHO,  30B. [l pacueTa MpHUHATHI pasMepsl GepMmbl: a = 3 M,
CPaBHUB €TI0 C YHCIICHHBIM PEIICHUEM 3aauu 0 Kosieba-  /#=2 M wn & =4 M. CtanbHble CTEP’KHA HMEIOT MOJTYIIb
HHH ¢ y4eToM Bcex K cTerneHeit cBoOobl cucteMsl rpy-  ympyroctu £ = 2,1 - 10° MIla, maccel B y3nax m = 200 kr,
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TUTOIIA/Ib MTOTICPEYHOTO CEUCHUs CTepxKHEH F = 9 cm?.
KpuBble aHAIMTUYECKON 3aBUCMMOCTH OT YHCJIA MaHe-
JIEH YaCTOTBI ®,) U IEPBOM YaCTOTHI CIIEKTPA (,, PACCUH-
TAHHOW YMCIICHHO IS ABYX 3HAYCHHH BBICOTHI (PepMBI /1,
npuBeAeHbI Ha puc. 6. [lpu yBenuyeHnu yncia naHenaei
B (epMe 00a pemieHns, aHATUTHIECKOE W YUCICHHOE,
COMIKAIOTCS, YacTOTa CKAYKOOOpPa3HO yMEHBINACTCS.
B npenene yacrora crpemurcs K Hyio. Mcnons3oBan-
HBIA MOTU(pUIIMPOBAHHBIN MeTon [loHKepies He 00ma-
JIaeT CBOMCTBOM HIIKHEH IPaHUIIbI TOYHOTO PEIICHMS
opuruHaibHoro Merona Jloukepnes [24]. Kpusas ana-
JUTUYECKOTO penieHus (6) HeCKOIbKO pa3 mepeceKkaet
KPUBYIO YHUCJICHHOTI'O. DTO MOBBIIIAET TOYHOCTh npeaiio-
KEHHOTO perieHns. TOUHOCTh TPUOIMKEHHOTO aHAJIUTH-
YECKOTO PEIIEHHUS MTOTyYaeTcsl BEICOKOH M yBEITMIHNBACT-
Csl C pOCTOM YHCJIa MTAaHEeNeH. DTO JydIle BCETO MOXKHO
OLIEHUTB N0 OTHOCHTENBHOH BEMIHUHE: € = [0, — O, [/®,.
Ha puc. 7 moka3zaHa 3aBHCHMOCTb HMOTPEIIHOCTH €
OT YKMCJIa MTaHeJel IPH pa3IMIHbIX 3HAYEHUSX BBICOTHI /1.

[Ipu mocTpoernn rpauka NCIONB30BaHbBI TE XKe
JIaHHbIe (hepMBbl, UTO M sl KpUBBIX Ha puc. 6. ITo-
IPEIIHOCTh AaHAJUTHYECKOrO PELIeHUs] HEPaBHOMEPHO
YMEHBIIAETCS ¢ YBEIIMYCHHUEM IOpsiaKa (epMbl U He-

MHOTO 3aBHCHT OT BBICOTHI (epMbl /. [TorpemrHocts
TaKKe 3aBUCHUT OT YETHOCTH YHCIIA K.

3AKJIIOYEHHUE U OBCYXJIEHHUE

Paccmorpena u mpoaHanu3MpoBaHA HOBas CXe-
Ma PaCKOCHOHM CTaTHYECKU OMPENeTUMON peryasipHoi
(hepMBI ¢ IBYMS TOMIOTHNUTEIBHBIMHA KOHIIEBBIMH OI1O0-
pamu, JOMyCKaromas KUHEMaTH4eCKy0 U3MEHIEMOCTh
IIpU OTIPE/ICTICHHOM 4Mciie MaHened. 3aMedeHHbIH fe-
(heKT pacCMOTPEHHOW CXEMBI JOCTATOYHO OMACHBIH, TaK
KaK OH MOYKET OBITh CKPBIT B pealTbHONM KOHCTPYKIINH, Ha-
TIPUMED, 3a CUET BBE/ICHUSI )KECTKUX COCANHEHNI BMECTO
MIApHUPHBIX y3710B. OOHapyKeHNE ITOH 0COOCHHOCTH
PETYISIPHBIX (pepM BO3MOXKHO TIPH aHAIN3€ UX KHHEMa-
TUKU. B cucTeMe KOMIBIOTEPHON MaTeMaTHKHU € UCTIOJb-
30BaHHEM METO/1a MH/TYKIMHU BBIBEICHBI PUOIIKEHHBIC
(hopMyITBI 3aBUCUMOCTH TIPOrHOa 1 OCHOBHOM (TIEpBO¥A)
9acTOThl COOCTBEHHBIX KOJI€OAaHUIl OT YKciIa MaHele.
OTMedaeTcs, YTO TOUHOCTh MPUOIIKEHHON (GopMyITbI
pacTeT ¢ yBeJIMYEHHEM YKcia naHenei. B pemiennu 3a-
JTag¥ O Tporude GepMBbl IMoJ ASUCTBUEM pacIpe/eieH-
HOH y3J70BOM HAarpy3ku MO HH)KHEMY IOSCY HailjeHa
KBaJIpaTUYHAsI aCUMIITOTHKA.
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Scholar: FloNGFwAAAAJ, IstinaResearcherID: 2939132; C216@ya.ru.

INTRODUCTION

In practical calculations of building structures, nu-
merical methods are generally employed to account
for all the characteristics of the systems under consid-
eration and the applied loads. Most commonly, soft-
ware packages based on the finite element method are
used for this purpose [1-3]. An alternative to numerical
methods is analytical methods utilizing computer alge-
bra systems. The most widely used systems are Wol-
fram Mathematica and Waterloo Maple, which have
similar command systems and capabilities. Problems
relating to the analytical study of regular (containing
periodic structures) bar systems have been investigated
in [4, 5]. A.V. Matrosov and D.P. Goloskokov carried
out symbolic calculations of structural elements [6, 7].
An analytical calculation of the fundamental natural

frequency of a planar model of a composite truss with
an arbitrary number of panels in the Maple system was per-
formed by E.V. Komerzan, I.G. Ninalalov and O.V. Sviri-
denko [8]. The algorithm applied by these authors made
it possible to calculate the deflection of a plane truss that
is statically indeterminate in external terms and to derive
a final formula for deflection as a function of the number
of panels [9]. In studies [10, 11], they obtained an approxi-
mate solution for a cantilever truss and a spatial bar struc-
ture, respectively.

Formulas for calculating the static deflection and
natural frequencies of the nodes in a planar truss with
an arbitrary number of panels have been derived using
the method of induction [12]. The first (fundamental)
natural frequency of a planar truss has been calculated
using Donkerley’s approximate method [13]. The range
of resonance-safe frequencies of a flat model of a regular
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Fig. 1. Diagram of a truss, n = 3

truss was analyzed, assuming that the masses at the nodes
undergo only vertical vibrations [14, 15]. An approximate
formula for the natural frequency of a two-span truss
was derived in the Maple system [16]. The dependence
of the deflection of a flat externally statically indeterminate
truss on the number of panels was derived by the method
of induction [17]. The natural frequency spectrum of a flat
regular truss with a double lattice is considered in [18],
and that of a spatial truss in [19]. An analytical estimate
of the first natural frequency of a support in the form of
an L-shaped spatial truss has been derived [20].

The aim of this study is to derive an analytical re-
lationship between the number of panels and the dimen-
sions of the structure, and the deflection and natural fre-
quency of a new diagonal truss design which, for a given
number of panels, allows for kinematic variability.

MATERIALS AND METHODS

A statically determinate truss with ascending diago-
nal members, struts and parallel chords has two supports
at each end. Three of the supports are movable joints,
and one is a fixed joint. The truss consists of 2# panels
of length « in the central part of the span (counting from
the top chord) and a further three panels at each end.
The height of the truss is /. The mass of the truss model is
uniformly distributed across its nodes in equal masses mz;
the members are considered weightless in this approach.
Vertical oscillations of the nodes are considered accord-
ing to a harmonic law (Fig. 1); horizontal oscillations
of the nodes are neglected.

When solving the problem of the natural frequen-
cy of a truss, the number of degrees of freedom is equal
to the number of its internal nodes: K = 4n + 8. The to-
tal number of members is v = 8n + 16. This number
of members also includes five members representing
the supports. The stiffness of the supports corresponds
to the stiffness of members of length 4.

2n+8
14

13 15 14 16 15 17
)

Calculation of forces in members. The forces in
the members, required to determine the stiffness of a stati-
cally determinate system using Maxwell — Mohr’s formula,
are derived from the equilibrium conditions at the joints. In
a symbolic mathematics system, a system of equilibrium
equations for the joints is formulated, the matrix of which
consists of the direction cosines of the forces. These values
are calculated symbolically using data on the arrangement
of members at the nodes and the coordinates of the no-
des. The nodes and members of the truss are numbered
(Fig. 2). The origin of the coordinate system is located at
the left movable support A4:

x=a(i-1)y,=0;i=1,..,2n+7;

=a(i+2);y =hyi=1,...,2n+1.

xi+2n+7 +2n+7

The structure of the connection between mem-
bers and nodes is defined by lists containing the node
numbers at the ends of the members. The members
of the lower chord, for example, are encoded by the fol-
lowing lists: @, = [i, i+ 1],i=1, ..., 2n + 6. Similarly,
lists are created for the members of the upper chord:
O ~li+t2n+7,i+2n+8]i=1,...,2n

Truss span AD = L = 2(n + 3)a. The forces are
determined from the solution to the system of equilib-
rium equations at the joints, expressed in matrix form
for an arbitrary truss configuration: GS = R, where G
is a matrix of direction cosines v X v; S 1is a vector of
unknown forces and support reactions; R is a vector
of external joint loads. The direction cosines are cal-
culated from the node coordinates and the connection

order of the members at the corresponding nodes.

RESEARCH RESULTS

Forces in the members. When a load of inten-
sity P is applied, distributed across nodes 3, ..., 11
of the lower chord, the non-zero components of the vec-

18 204n+8

Fig. 2. Node and member numbers of the truss, n =3
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697" 14 1.5
A B D
6.8 20 * 16 18
-15 -3 1 Y1 -1.5

Fig. 3. Load and force distribution, n =3

tor on the right-hand side of the system of equilibrium
equations take the form: R, = P,i=3,i=3,...,2n+5
(Fig. 3). The distribution of forces in the members due
to a unit dimensionless load P = 1, distributed along
the lower chord for @ =3 m, 4 =2 m, is shown in Fig. 3.

Tension members are highlighted in red, and com-
pression members in blue. The values of the forces
in the members are rounded to two decimal places.
Under this load, the upper chord of the truss is under
compression, but the compression is uneven. The cen-
tral members are not the most heavily loaded, as in
simple beam trusses. This is a consequence of the de-
sign: the braces span three adjacent panels, transferring
forces to the members of these panels. The lower chord
and the braces in the truss are in compression, whilst
the struts are in tension under minor forces.

Calculations of the forces in the truss members
with different numbers of panels have shown that, for
a certain number of panels, the determinant of the ma-
trix of the equilibrium equations becomes zero. Fur-
thermore, this effect is independent of the dimensions
of the panels and the applied load. A sequence of n =1,
3,4,6,7,9, ... admissible numbers of panels has been
identified, with the common term:

n=(6k+ 1) —1)4,k=1,2,.... (1)

In other cases, it is possible to identify a kinemati-
cally consistent configuration of the possible velocities
of the truss members, which makes it an instantaneous-
ly variable mechanism (Fig. 4).

When n =2, four nodes of the truss experience ver-
tical velocities v that are unacceptable for a rigid struc-
ture, whilst the remaining nodes and supports remain
stationary. Some members, for example 2-3 and 34,
undergo instantaneous rotations, whilst members 3—14,

12 13

6—14 and 9—14 undergo translational motion. Thus, cal-
culations of deflections and vibration frequencies should
be performed not for all trusses, but only for those in
which the number of panels satisfies expression (1).
A similar effect of kinematic degeneration in a planar
truss structure was observed in [21, 22].

The formulas for the support reactions can be de-
rived separately. The method of induction is used for
this purpose. Calculating the support reactions for a se-
quence of trusses of varying order yields the following
sequence: N, =N, =[2P,3P/2,4P,5P/2, 6P, TP/2, ...].
The general term of this sequence is found using Maple
by solving a linear homogeneous recurrence equation
generated by the rgf findrecur operator:

N, =N, =P+ )(~)k—3)/d; k=1,2,3, ...

Similarly, other reactions can be found as func-
tions of the number of panels:

N,=N,=P(3 + (~1))k + 2 +2(~1)"/4,
k=1,2,3,....

The horizontal reaction of the right fixed support
under this load is zero.

Deflection. The deflection of the truss is estimated
based on the vertical displacement of the middle node
E. To do this, the Maxwell — Mohr formula is used:

Ap =D S LIEP),
a=1

where S @ — the force in member o under the specified
distributed load acting on the truss; S ' — the force
resulting from a unit vertical force acting on node E;
[ — the length of member a. It is assumed that the ten-
sile stiffness EF of the members is the same throughout
the truss. As with the derivation of the formulas for

16 17=4n+38

Fig. 4. Possible node velocities in a variable truss when n = 2

147

(6G) L ONSS| QL JO] Henconramusanelas



Science :ﬁltllnftllzll:glii'::l: Vol. 16.Issue 1(39)

Mikhail N. Kirsanov

forces as a function of the number of panels, a sequence
of solutions is derived for k=1, 2, ...:

A, =PO9a* + &+ 30°)/(2W°EF);

Ay, =P(441a’ +2¢° + 4l°)(WEF);

A,y = P(593a +2¢ + 4W*)(WEF);
A, ,=3P(1,557a* + 3¢ + Sh*)/(2h°EF);

A, . =5P(64,053a> + 10¢* + 121°)/(WEF).

E,18

For shorter sequences of solutions, no pattern can
be found in the Maple system. The solutions to the linear
homogeneous recurrence equations were obtained using
the rsolve operator from the genfunc package in the Ma-
ple system. The coefficient at @* is a solution to a ninth-
order equation:

Cl,k - Cl,k—l * 4Cl,k—2 —4C
+4C,,  —-4C

1,k—6

-6C

1,k=3 1,k—4

c .+C

1,8

+ 6C‘] =5 *

L7 1,k-9
with initial conditions C, = 99/2, C,, =441, C , =
=693, ..., C,,=46,935/2 and takes the form:
C, = (270k* +36(45 + 7(-1)Hk* +
+54(71 + 21(-1)HK + 36(117 + 67(-1)Hk + 2,115 +
+1,917(-1)%/128.
All in all: Ay, = P(C @+ C,c* + C)/[(hEF),

where ¢ =+94*> +h* and

C,= 2k + (6 +2(-1)Hk + 3(-1)F + 5)/16;

C,= Q2+ Q1)+ 14)k + 17 +7(-1)"/16.
Fig. 5 shows the curves depicting the relationship
between the number of panels and the relative deflection
A"=EFA, /(LP ), where P = P(2n + 3) is the total

sum

load on the truss. Maple operators can also determine

the asymptotic behaviour of the solution. It turns out
that the increase in relative deflection as the num-
ber of panels increases follows a quadratic pattern:
lim A/ k* = 15a%/(64h%),

It should be noted that, within the scope of the ad-
opted truss model, the solution obtained for deflection
is accurate; therefore, it is particularly effective for
trusses with a large number of panels.

Natural frequency. In practice, the first (lowest)
natural frequency is most commonly used for dynamic
structural analyses [23, 24]. To obtain the value of this
quantity as a function of the number of panels, one may
use the method of induction by generalizing a series
of approximate analytical solutions based on the modi-
fied Donkerley formula [25]:

K K
o, =) 0l=my .5, =mdK2=mKA, (2)

p=l p=l
where o, is the partial vibration frequency of a single
mass m at a specific node numbered p. The simplifi-
cation of the original Donkerley formula is achieved

K
by replacing the sum of the partial deflections 28,,

p=1
with their average value 6™*K/2. The frequency is de-
termined from the equation of motion for the mass at
the node:

myj +Dy =0;p=12,.., K 3)

The coefficient D is calculated using the Max-
well — Mohr formula by summing over all members
of the truss, including the five supports, which are as-
sumed to be deformable:

D, = X (s 1EP) (4)

AV
400 /
300 /
h=1m
Yl
200 /
4 /ﬂ/"‘
100 -~
I ___________/
_/ ﬂ’/
—" h =3 ml

Fig. 5. Relative deflection as a function of the number of panels
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Fig. 6. Comparison of the analytical solution with the numerical solution
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Fig. 7. Error in the analytical estimation of the fundamental frequency

where S © is the force in the member numbered @ when  chosen as the most flexible node [25]. For the scheme
a unit vertical force acts on node p. The support mem- under consideration, this node is node number n + 4
bers are assumed to have a nominal length 4. Node p is  in the middle of the lower chord. Calculating the sum
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in expression (4) A, = Z(S;") )2 I /(2EF) for a series
a=1

of trusses with a sequentially increasing number of pan-

els yields the following formulas:

A, = (27a* + & + 31°)/(AR’EF);
A, = (81a’ + & +21*)/(2W*EF);
A, =(8la’ + & + 21°)/(2W°EF);
A, = (513a’ + 3¢ + 5h°)/(4W°EF);
A, =(513a* + 3¢ + SK)/(A4W’EF), ... .

The general term of the sequence obtained using
Maple methods is derived from the analysis of at least
fourteen trinominal expansions of various orders. Using
the rgf findrecur operator in Maple, a homogeneous re-
currence equation is formulated for each coefficient. For
the coefficient C,, a seventh-order equation is obtained:

Cl,k = Cl,k—l + 3Cl,k—2 - 3C1,/ﬁ3 - 3C1‘k4 + 3C1,k—5 +
+ Cl,k—() T Mk

The rsolve operator is used to solve equations:

C,= (18K +27(3 + (1)) + 9(19 + 9(-1)")k +
+ 135 + 81(-1)"/32.

Other coefficients are calculated in the same way:

C,= ((=1)*+ 2k +3)/16; C, =11+ (=D + )
+2k)/16.
The result is as follows:

A, =(C@ + C,¢ + C)(WEF).

The formula for calculating the natural frequency
is as follows:

o -4 EF ]
b m(4n+8)(C,a* + C,c* + C,h*) ©)

Unlike the analytical solution to the deflection prob-
lem A, , the solution obtained for the natural frequency
is approximate. The accuracy of the solution can be as-
sessed by comparing it with the numerical solution to
the vibration problem, taking into account all K degrees
of freedom of the load system. The following truss dimen-
sions are used for the calculation: a =3m,h=2morh =
=4 m. The steel members have a modulus of elasticity
of E=2.1"-10° MPa, masses at the nodes of m =200 kg,

and a cross-sectional area of the members of F'=9 sm?.
The analytical curves showing the dependence of the fre-
quency o, and the first spectral frequency ®, on the num-
ber of panels, calculated numerically for two values
of the truss height %, are shown in Fig. 6. As the num-
ber of panels in the truss increases, both the analytical
and numerical solutions converge, and the frequency
decreases abruptly. In the limit, the frequency tends
to zero. The modified Donkerley method used here
does not possess the lower bound property of the ex-
act solution of the original Donkerley method [24].
The curve of the analytical solution (6) intersects the curve
of the numerical solution several times. This improves
the accuracy of the proposed solution. The accuracy
of the approximate analytical solution is high and increas-
es with the number of panels. This can best be assessed by
the relative value: £ = |, — o |/w,. Fig. 7 shows the depen-
dence of the error € on the number of panels for various
values of height /.

The same truss data used for the curves in Fig. 6
were used to construct this graph. The error in the ana-
lytical solution decreases unevenly as the truss order in-
creases and depends slightly on the truss height /. The er-
ror also depends on whether the number £ is even.

CONCLUSION AND DISCUSSION

A new design for a statically determinate regular
truss with two additional end supports was examined and
analyzed; this design allows for kinematic variability when
a specific number of panels is used. The defect observed
in the scheme under consideration is quite dangerous, as
it may be concealed in a real structure, for example, by
introducing rigid connections instead of hinged joints. De-
tection of this feature of regular trusses is possible through
an analysis of their kinematics. Using the method of in-
duction within a computer algebra system, approximate
formulas were derived for the dependence of deflection
and the fundamental (first) natural frequency on the num-
ber of panels. It is noted that the accuracy of the approxi-
mate formula increases with an increase in the number
of panels. In solving the problem of truss deflection under
a distributed nodal load along the lower chord, a quadratic
asymptotic behaviour was found.
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AHHOTALNA

BBeneHwue. /3yyalotcs 3aKOHOMEPHOCTW PacnpoCTPaHEHNs rapMOHUYECKUX NPOAONbHbLIX BOMH B AUCKPETHO-HEOAHOPOA-
HbIX NIMHENHO-YNPYIX CTEPXKHAX. AKTyanbHOCTb 0OyCcnoBneHa 3agayel ynpaBnsemoro nepeHoca v nokanusauum MexaHu-
YecKoW dHeprnn B MHXeHepHbIX cuctemax. Lienb nccnegosanns — paspaboTaTth obliee aHanuTu4yeckoe pelleHne BOMHo-
BOrO Mons Ans nony6eckoHeYHbIX ANCKPETHO-HEOAHOPOAHBIX CTEPXKHEN, COCTOSALLMX U3 MPOMU3BONLHOMO KONMMYECTBa COeB,
a TaKke nokasatb, YTO BbIOOP NOCrNeaoBaTENbHOCTA CIOEB, UX TOMLLMH U KOHTPACTOB MEXaHUYECKNX NapamMeTpoB (Moayns
YNpyrocTu, MAOTHOCTU M aKyCTUYEeCKOro uMneaaHca) no3eosnsieT ynpasnaTb aMnnnTyAHO-4aCTOTHBIMY XapakTepucTukamm
1 co3gaBaTh 30HbI YCUMEHNs 1 ocnabneHns konebaHuin B 3aAaHHbIX Ananas3oHax 4acToT.

Matepuansbi 1 metoabl. [peanoxeHo obLee aHanNnUTUYECKOe pelleHre AN CTEPXKHEN, COCTaBIIEHHbIX U3 KOHEYHOTO YMcna
CINOEB C KYCOYHO-MOCTOSIHHBIMM NapameTpamu. B kaxgom crioe none NpeacTaBnsieTcst Cyneprnovumen BCTpedHbIx beryLmx
BOIMH, @ Ha rpaHunUax pasgena cpeq BbIMOMHATCA YCNOBUA HENPEePbIBHOCTU NepeMeLLEHNIn 1 HOPManbHbIX HaMPsHKEHWN.
3TO NpUBOAUT K MaTpyyHOMY ONMCaHUIO (METOA NepeaaToyHbIX (MMNeAaHCHbIX) MaTpuLl)), MO3BONSIOLLEMY: BbIYUCIISTL KOM-
nneKkcHble aMnnuUTyAbl B CHOSIX, NOMyYaTb KO3(ULIMEHTbI OTPaXEHUS/MPOXOXAEHUA ANs 3aAaHHON YacTOTbl BO30YXAEHUS W
N CTPOUTB aMMINTYAHO-4YaCTOTHbIE XapaKTePUCTVKN B MPOM3BONBbHON TOYKe CTepxHs. MNpuBeaeHa metoamka YNCNEHHOTO KO-
HEYHO-3NIEMEHTHOTO MOAENMPOBaHNSA ANCKPETHO-HEOAHOPOAHBIX CTEPXHEBBLIX MOAeneln B nporpammHoM Komnrekce ANSYS
Mechanical APDL.

Pe3ynbtaThl. [okasaHo, YTO AMCKpPeTHas HEOAHOPOAHOCTL MaTepmana no3BonseT LeneHanpasneHHo dhopMmnpoBaTte am-
NAUTYAHO-YaCTOTHbIE XapakTepPUCTVKM 1 yNpaBnsTb BOMTHOBLIMU NpoLieccamMu, Co3faBasi 30Hbl YyCUIEHUst Unu ocrnabnexHuns
konebaHuit. Ha npumepe TpPexCromHOro CTEPXKHSA MpUBEAEHb! 3aBUCUMOCTU aMniuTyd KonebaHui oT napameTpoB Mate-
prana (pasHbIX CKOPOCTEN pacrnpoCTPaHeHUst BOSH B CPEAE) U YacTOTbl BHELWHEro BO3AeNCcTBMS. BbinonHeHa yncneHHas
BepudurKaumsa ¢ aHanUTUYECKM peLLeHneM, NOATBEPAMBLIAA KOPPEKTHOCTb METOAVKMA MOAENUPOBAHUS.
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ABSTRACT

Introduction. The regularities of the propagation of harmonic longitudinal waves in discretely inhomogeneous linearly elastic
rods are investigated. The relevance of the study is due to the problem of controlled transfer and localization of mechanical
energy in engineering systems. The aim of the work is to develop a general analytical solution for the wave field in semi-infi-
nite discretely inhomogeneous rods consisting of an arbitrary number of layers, as well as to show that the choice of the se-
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quence of layers, their thicknesses, and the contrasts of mechanical parameters (Young’s modulus, density, and acoustic
impedance) makes it possible to control the amplitude-frequency characteristics and to create zones of amplification and at-
tenuation of vibrations in prescribed frequency ranges.

Materials and methods. A general analytical solution is proposed for rods composed of a finite number of layers with piece-
wise constant parameters. In each layer, the field is represented as a superposition of counter-propagating traveling waves,
and at the interfaces the continuity conditions for displacements and normal stresses are satisfied. This leads to a matrix
description (the transfer, or impedance, matrix method), which makes it possible to compute complex amplitudes in the lay-
ers, obtain reflection/transmission coefficients for a given excitation frequency w, and construct amplitude-frequency char-
acteristics at an arbitrary point of the rod. A procedure is presented for numerical finite element modelling of discretely
inhomogeneous rod models in the ANSYS Mechanical APDL software package.

Results. It is shown that discrete material inhomogeneity makes it possible to purposefully shape the amplitude—frequency
characteristics and control wave processes by creating zones of amplification or attenuation of vibrations. Using a three-
layer rod as an example, the dependences of vibration amplitudes on material parameters (different wave propagation ve-
locities in the medium) and on the frequency of external excitation are presented. Numerical verification against the analyti-
cal solution has been carried out, confirming the correctness of the modelling procedure.

Conclusions. The obtained results open up prospects for practical applications in solving engineering problems, includ-
ing the design of seismic barriers, waveguides, and filters with prescribed dynamic properties that increase the resistance
of structures to vibrational and seismic action.

KEYWORDS: discretely inhomogeneous rod, harmonic longitudinal waves, wave dynamics, analytical solution, numerical

modelling, ANSYS Mechanical APDL, amplitude-frequency characteristics
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BBEJEHUE

Onucanue npobnemsi. PacipocTpaneHne rapmMo-
HUYECKUX MPOJOIBHBIX BOJIH B MEXaHUYECKH HEOIHO-
POZHBIX CTEPKHSX, 00JIaIAI0IINX TUCKPETHO-HEOAHO-
POJHON CTPYKTYpOH, MpencTaBisieT co00i BaXKHYIO
(hyHIaMeHTaIbHYIO U ITPUKIIAAHYIO TpoliieMy st psijia
WH)KEHEPHBIX oOsiacTeil. B yclloBUsX HenpepbIBHOTO
YCIIOXKHEHUS! KOHCTPYKIIMOHHBIX MaTepHajoB M IOSIB-
JICHWS] HOBBIX KOMIIO3MIIMOHHBIX CTPYKTYp IOSIBHIIACh
HEOOXOIMMOCTE B O0Jiee TOYHOM H JeTATU3UPOBAHHOM
ONHCAaHUH BOJIHOBBIX MPOIECCOB, BOZHUKAIOIINX HPU
Ppa3JIMYHbIX BHCHITHUX BOSHeﬁCTBI/IHX.

ITonxon, cBsI3aHHBIN C HEOIHOPOAHBIMU MaTepu-
ajiaMu, 1o3BoJisieT (hOpPMHUPOBATH BOJHOBBIE CBOMCTBA
CHCTEMBI, CO3/[aBasi BOJIHOBOMI [ 1] mitn GpuiIbTPHI C 3a-
JAHHBIMU PE30HAHCHBIMH XapaKTEPUCTUKAMHU, IeJe-
HaIpaBICHHO YIPaBJIAIONINE MIPOLECCaMH MEpPEeHOCca
MEXaHUYECKOW SHEPTUHU.

Oco0bIil HHTEpEeC BBI3BIBAIOT JIMHEWHO-YIIPYTHE
Cpeabl ¢ TUCKPETHO-HEOAHOPOAHBIMH BKIIFOYCHUAMU
[2—8] wii neproguyeckoit (GpyHKIMOHAIBHO-TPAUEHT-
HOM) cTpyKTYpOii [9—14], TOCKOIBKY BOJHOBBIE ITPOLIEC-
CBI B TAKHX CHCTEMax CYIIECTBEHHO OTIMYAIOTCS OT UX
AQHAJIOTOB B OJHOPOJHBIX CIUIONIHBIX cpenax. B vact-
HOCTH, HAJINYME HEOAHOPOAHOCTEN IIPUBOANT K pacces-
HHIO BOJIH, I3MEHEHHIO CKOPOCTEH MX PacIpoCTpaHEHNS,
a TaxKe (OPMHUPOBAHUIO CIOKHBIX MOJIEH HANPSKEHUI
u nedopmaiyii. [JToHuMaHue 3THX MTPOLIECCOB J]AeT BO3-
MOKHOCTh OIITUMU3HPOBATH KOHCTPYKIIMIO MHKEHEPHBIX
CHCTEM, IPOTHO3MPOBATH IMHAMUYECKOE [TOBEJICHUE Ma-
TEpHaJIOB U pa3palbaThIBaTh HOBbIE BOTHOBOJHBIC CTPYK-
TYPBI C 33/JaHHBIMHA CBOHCTBaMH.

Ilpumenenue OuckpemHo-HeoOHOPOOHBIX Md-
mepuanos. OnHON 13 chep MpUMEHEHHUS TUCKPETHO-
HEOIHOPOJHBIX MATEPHATIOB B CTPOUTEIBCTBE SIBIISIOT-
csi ceiicmuueckue O6apbepsl [15-19]. Ceiicmuueckue

Gapbepbl — 3TO CTPYKTYPHI MU MaTepPUAIBI, CIICIIH-
AIBHO CTIPOCKTUPOBAHHBIC TS TIONABICHUS WITH OTKITO-
HEHHS paCTIPOCTPAHEHUS CEHCMUYIECKIX BOJTH B TPYHTE
U CTPOUTENBHBIX KOHCTPYKIHUAX. OCHOBHOW MPUHITHIT
UX pabOTHI 3aKITFOYACTCS B CO3aHUM MIPETIITCTBUH IS
MEXaHHYECKON YHEPTUU, TEM CaMbIM IPeIOTBpaIas
nepenavqy KoleOaHUH B 3amummaeMbiii 00beKT. OTHO
13 BO3MOXKHBIX PEIICHU [T CO3MaHUS CEHCMHYCCKUX
0apbepoB — HCIIOJIb30BaHUE JUCKPETHO-HEOTHOPOI-
HBIX cpell. JIMCKpeTHas HCOIHOPOIHOCTh 03HAYACT, UTO
paccMmarpuBaeMasi CTPYKTypa COCTOUT M3 MHOXKECTBA
YY4aCTKOB, KK/l M3 KOTOPBIX 00JIaaeT YHUKAIb-
HBIMHU (DU3UKO-MEXAaHUYCCKUMHU CBOWcTBaMu. Takue
CTPYKTYPHBI ITO3BOJISIFOT CYIIICCTBEHHO U3MCHSTh XapaK-
TEPUCTHKH PacIpoOCTpaHEHHs BOJIH, oOecreunBas -
(dhexkTHBHOE OCJIa0ICHUE TUHAMUYCCKUX BO3ICHCTBUN
Ha COOPY)KCHHE.

Lenu u 3a0auu uccredosanus. B paMkax HaCTOSIIIIETO
HCCIeI0BaHus pa3paboTaHo obIIee aHATUTHIECKOE Pelile-
HHE BOJIHOBOTO TOJIS IS TIOJTyOCCKOHCUHBIX TUCKPETHO-
HEOHOPOHBIX CTEPKHEH, COCTOSIINX M3 TIPOM3BOIEHOTO
KonnvecTBa cioeB Marepuana (puc. 1). Ocodoe BHUMaHue
YACNACTCS N3YUCHHUIO ITOBEICHIUS AUCKPETHO-HEOTHOPOI-
HBIX CTEPKHEH NP MPUIOKESHUHN TAPMOHHUECKUX PO-
JIOTBHBIX BOJH PA3TUYHON YaCTOTHI, a TAKXKe aHATU3Y
JIUCKPETHBIX HEOTHOPOMHOCTEH, MMEIOIINX Pa3INIHEIC
CKOPOCTH pacIlpoCTpaHEeHUs MPOIOFHBIX BOMH. Takxke
TIPOBOAUTCS YHUCIICHHOE MOJICITMPOBAHIE B ITPOTPAMMHOM
xomrmrekce (ITK) ANSYS Mechanical APDL c mensro Be-
PUPHUKAIIH TOTYICHHBIX aHAJTHTUICCKAX PE3YIbTaTOB
U TIOCJICAYIOIIETO PEIICHHUS 3a1a9 BOTHOBOW JHHAMHKH
HEOTHOPOIHBIX CpPel.

Takum oOpa3om, HacTosmas paboTa HampaBicHA
Ha HccieaoBaHue (yHIaMEHTAIBHBIX IIPOIIECCOB pac-
MPOCTPAHCHUS BOJH B MOJTyOCCKOHEUHBIX TUCKPETHO-
HEOTHOPOIHBIX JIMHEWHO-YIPYTUX cpenax. [lomyueHHbIe
pE3yNBTaThl BO3MOXKHO HCIIOIB30BaTh MPH Pa3padbOTKe
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METO/IOB IPOCKTHPOBAHUS CEHCMHUYECKUX OapbepoB
C 33JaHHBIMH XapaKTePUCTHUKAMH, U OHH MOTYT OBITh
TMMOJIE3HBI MPOCKTUPOBUIMKAM W WHXCHEpAM, 3aHUMaA-
FOLIMMCST pa3pabOTKON U peaiu3aliieil Mep 1o 3aluTe
UH(PACTPYKTYPBI OT CEHCMUUECKHUX M MTPOYMX BO3/ICH-
CTBHH, a TaK)Ke HCCIENOBATENSIM, HHTEPECYIOMUMCS
BOJIHOBBIMU IIPOLIECCAMU B HEOJHOPOAHBIX CTPYKTYpax.

MATEPHAJIBI U METO/JbI

THocmanoska 3a0auu. PaccMatpuBaetcs moyoec-
KOHEYHBIA JUCKPETHO-HEOIHOPOHbIN JINHEUHO-YIIPY-
U CTEPKEHb ¢ TAPMOHMUYECKON CUJIOBOM Harpys3Koil,
MIPUJIOKEHHOHU K JIEBOMY KOHILY, H YCJIOBHEM 30MMep-
(henblia Ha MPaBOM KOHIIE (AJIsI yXOAAIIMX HAa OECKOHEY-
HOCTh BOJIH), TIOKa3aHHbBIN Ha puc. 1. [lanHas 3amada
MPECTABISICT HHTEpeC U3-3a 3 (deKTa MpeTOMICHHBIX
W OTPaKEHHBIX BOJIH HA IPaHUIIAX pasjelia cpel ¢ pas-
HBIMU CKOPOCTSIMHM PaclpOCTpPaHEeHHUs BOJH (aHajor
ypaBHeHuss OpeHens uist cpell ¢ pa3HbIMH MOKa3aTe-
JIIMH TIPEJIOMIICHNS ), IPY BapbUPOBAHUU ITapaMETPOB
KOTOPBIX MOXHO IlO6I/IT])C)I N3MCHCHUS aMIUIUTYyIHO-
YaCTOTHBIX XapaKTEPUCTUK BOJIH.

Ypasnenus osudicenus. s kaxxnoro yyactka n (rae
n=1,2, ..., N) cTepxHs C JVIMHOH [ , MOJTylleM yHpyrocTu
En U IJIOTHOCTBHO pn MOXXHO 3aIiucarb YPaBHCHUEC JIBUKE-
HHUSL JUIS1 TPOJIONIBHBIX KOJIeOaHHUH. YpaBHEHUE JABUKCHHS
JUISL KJKZIOTO y4acTka OyJeT BBIVISIETh CIIEYIOLINM 00-
pazomM:

o’u, (x,7) B ﬂ@zun (x,2)
or* P, Ox°

TIe un(x, ) — (QYHKOHS IPOJOIHHOTO MEePEMEIICHHUS
CTEpPIKHSI JUIsl n-TO y4acTKa; X — MPOCTPAHCTBEHHAs
KOOpJIUHATA; ! — BPEMSI.

Torma ckOpOCTh PACHIPOCTPAHEHHS BOJHBI B /1-M
y4acTKe CTEP)KHsI OyJIeT OMUCHIBATHCS JUIS KaXKOTO
CJIOS TIO OTJENBHOCTH:

, ()

n = 2)

I'panuunvie u nauanvhvie yciosus. [ paHudHOE yC-
JIOBHE Ha JICBOM KOHIIE (TapMOHIYECKUE KOIeOaHus):

u(0, f) = A e 3)
MOXXHO 3aItiucaTb B KOMIIJIEKCHOM BU/JIC:
A= Aee, ()

rae A — KOMIUICKCHAsl aMIUTUTY/Ia, YIuThIBaroIas (hasy
KOJIEOaHUH (.

u(t) = A,

Ha npaBom KoHIIe MPUMEHEHO YCIOBHE HEOTpaXKa-
folux rpasul (yciosue 3ommepdensaa [20, 21]), co-
OTBETCTBYIOIIEE YXO/SIIMM Ha 0ECKOHEYHOCTh BOJIHAM.
B KoHTEKcTEe IMCKPETHO-HEOAHOPOIHOTO MaTepuala
ATO O3HAYAET PABEHCTBO HYIIO aMIUIUTY/] BOJH, IIPHXO-
nsEx «cnpasay (47, = 0).

JlJ1st aHAIMTUYECKOTO PELIeHHs PacCMaTpPHBAIOTCS
HavaJlbHbIE YCIIOBUSI ISl Y)KE YCTAaHOBUBIIMXCSI KosieOa-
HUI (9KBUBAJICHTHO MOMEHTY BPEMEHH, KOT/la CUCTEMa
yIKe BBIIILIA HA CTAIIMOHAPHBIN PEKHM ), YTO COOTBETCTBY-
€T HAYaNBHBIM YCIOBHAM i, (x, 0) = Aje " + Ale™
u(0, 0) = 4, tne A, — HaYAIbHBIE AMIUTATY (bl TAPMOHH-
4ecKoro Bo3aeicTrus. [10100HbIC YCIOBUS HCKITFOUAIOT
WMITYJIbCHBII (DPOHT.

Venosus cuusku ¢ynkyuii na epanuye paszoena
cped. YciaoBusl CIUMBKH (QyHKUMU (HEpa3pbIBHOCTh
MepeMeIeHNH U HaNpsHKEHUH Ha TPaHUIAX YIaCTKOB)
B 00II[eM Cllydae 3ar1ChIBAIOTCS B CIEIYIOIIEM BUIE:

i, anzi,z =i, Zn:l,.,t ; )
i=1 i=l

ou, (<& ou !
N = E — L Y|, (6)
Ox ; i n+l1 ox ; i

En

n n
rIe i, Zli’ tlui,, le-,t — KOMIIJIEKCHEIE Iepe-
i=1 i=1
MELICHHs B #-M ¥ 71 + | CIIOSIX Ha UX FpaHHUIaxX pasjesa
- n ~
i, Zli, t|m % Zn: I, t |— KOMILICKCHbIE
ax \ig ox \ig
nedopmanuu B n-M H 71 + 1 CIIOSX Ha UX TPaHMLAX pa3-
JeJ1a Cpeasl.

DyHKYUA nepemeueHull OUCKPemHo-HeoOHOPOO-
HO20 CIEPIHCHA NPU 2APMOHUYECKUX Kolebanusx. Pere-
HHE ypaBHEHHMS IS 71-TO CJI0s OyleT HaXOAUTHCS B BHIE
CYMMBI OeTyIIX BOJH (IPSMBIX U OTPA’KEHHBIX) B KOM-
IUIEKCHBIX NIePEMEHHBIX:

L (x 1) = Al E) g freilorha) ™

cpenbl;

e AZ " A:’, — KOMIUIEKCHBIE aMIUTUTY/bI BOJH JUISL 7-TO
CJIOsI, PACIPOCTPAHSIONIMXCS HAJIEBO M HANPABO COOT-
BETCTBEHHO.

Cucmema TUHEUHbIX Al2eOPaAUYecKUx YPaeHeHUll.
Torna oO1ias cucreMa JIMHEHHBIX are0pandecKix ypas-
HEHUI OTHOCHTEIILHO HEM3BECTHBIX 3aIIMCHIBACTCS Clie-
JIYIOIIIUM 00pa3oM:

E w Py

I, —»

Puc. 1. [TonybeckoHeyHas AUCKPETHO-HEOAHOPOIHAS BSI3KOYIIPYTasi OIHOMEpPHAs Cpeia C TapMOHUYECKOW CHIIOBOI Harpy3Koi,

HpHﬂO){(eHHOﬁ K JICBOMY KOHILY, 1 HEOTpAXKAOIUMHU YCIOBUAMU CIIpaBa
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Al k,L, +Arezk"L” _AIHG ik, L, +A:;+1€ik"“L”;
E, [Al (=il ) e~ 4 47 (ik, )™ | =
k+Ln kll+ Lll
n+1|: n+1( lknJrl) e +An+1(lkn+1)el I :| (8)

Ay = A+ 47;
Ay =0.

U3 cuctembl anreOpardeckux ypaBHEHUH (8) moiry-
YeHO 00IIIee PEIICHUE IS 71 YIaCTKOB (CJIOEB), KOTOPOE
coaepkut 2n — 1 HeusBecTHbIX. Perienre cBoaures K cu-
cTeMe BUJa:

1 1 0

-io, p7‘/, i, ﬂll —io, p—Z/,
E E E

—io, Fll+17
0
O \/g —zm\/:lﬁl, \/E
0

AHanUTHYECKOE pelieHne sl YaCTHOH 3a1a49u Oy-
JIET IPEACTABICHO B BUJIC BRIpAXXCHUS (7) ¥ IPUBEACHO
B ypaBHeHuu (11):

Re(All.ei(mt—k,x) " Alr'ei(mHk'x)) x< l]

ulx, i) = Re(A£~e'(m' B4 40 “””k”)l <x <l +1, an

Re(A’ k) 4 gre “”*"**)) I+ <x

Yucnennoe modenuposanue ¢ IIK ANSYS Mecha-
nical APDL. C 1ienpio 4uCICeHHOTO MOISTUPOBAHUS 3a-
Jlad BOJTHOBOHM TMHAMHKH B OCHOBHOM HCIOJB3YIOT SIB-
HBIE METOJIbl YNCIICHHOTO HHTETPUPOBAHMSI ypaBHEHHI
JBIDKEHUS, TaK KaK OHM IPOCTHI B peanu3zannu. s
BBIUMCIICHHS 3HAUCHUSI (YHKIIMHM HA TEKyILIEeM IIare
MPUMEHSIFOTCS 3HAYEHHS TOJBKO Ha MPEIbIIYILEM IlIare,
OJTHAKO 3TO TpedyeT MaJloro BPEMEHHOTO Iara s
ycToitunBocTH (Hampumep, metox Pynre — KyTTsl [22]
WM METOJ KOHEYHBIX pazHocteit [23]). HesBHBIC Me-
TOJbl YCTOWYHUBHI TPU OOJBIIMX BPEMEHHBIX Ilarax
U PEIAIOT CHUCTEMbI YPAaBHEHHH Ha Ka)kJOM Ilare, 3To
Jenaer Oyayniue 3HaYCHUS! 3aBUCHMBIMHM OT CaMHUX
ce0s1, YTO TOBBIIIAET UX BBIUYUCIUTENBHYIO CIIOXKHOCTD
(mammpumep, metox Kpanka — Hukoncona [24], meton
Heromapka [25] niu I'mnasbepa — Xbro3a — Teitnopa-a
(HHT-a) [26]). Beibop meToma 3aBUCHUT OT TpeOOBaHHIA
K TOYHOCTH, YCTOWYMBOCTU M JIOCTYIHBIX BBIYHCIH-
TEJILHBIX PECYPCOB.

B HacrosmeM ncciaemoBaHUN IS YNCICHHOTO
moaenuposanust npumensics [IK ANSYS Mechanical

J;:/ . .

ﬁE'm o \F ol \E JEZ F J;Z/ . .

A —zm\/L_:(I, +1)

io, 7[1+1,

{4} = [KI'{F}, ©)
rae {4} — BEKTOp HEM3BECTHBIX aMILIUTY/I KOJIeOaHHH
B ypaBHeHuu (7); [K] — marpuna xkod3pGUIHeHTOB;
{F} — BEKTOp BHEIIIHETO BO3/ICHCTBYSL.

Pewenue ons uacmnoeo ciyuas. ]It KOHKPETHBIX
pacyeToB M aHaJIHM3a 3aKOHOMEPHOCTEH pacmpocTpaHe-
HUSI TAPMOHUYCCKUX TPOIOTBHBIX BOJIH B JUCKPETHO-
HEO/IHOPOAHBIX JIMHEIHO-YIPYT'HX CTEPXKHSIX PacCMO-
TPHUM CITy4aid, KOT/ia KOJIMIeCTBO cioeB (yuacTkoB) N = 3.
Janee npuBeneHa pacuimpeHHas MaTpuia ko3hduiu-
eHTOB [K] AJis JaHHOTO BapUaHTa:

0 0 0

(10)

m( (h+1)

i, | == 1, (h+1) p3 —m\/: h+1h) p3 \/; (h+1h)

APDL, peanu3yromuii HesIBHbIE METOIBI YHUCICHHOTO
WHTEIPUPOBAHUS YPABHEHUH JIBHXKEHUSI.

B nuHelHBIX cucTeMax IMHAMUKUA KOHCTPYKLIMM
BHYTPEHHSISI HAarpy3Ka JIMHEHHO MPOIOPLUOHAIbHA Y3-
JIOBBIM TIEPEMEILIEHUSM, a MaTPUIA )KECTKOCTU CUCTe-
MBI OCTAeTCsl HEU3MEHHON. YpaBHEHHE IBUKEHUS B Ma-
TPUYHOU POpME METOAa KOHCYHBIX IJICMEHTOB MOXKHO
3amMcaTh B CIAEAYIOEM Buje':

[(M]{iy + [Cl{uy + [K]{u} = {F"}, (12)

rae [M] — rmobanpHasg MaTpuna Macc (OOBIYHO AHATO-
HaJbHASI WIN cOoTIacoBaHHas); {u}, {u}, {u}, {F'} —
BEKTOPBI, XapaKTEPHU3YIOUINE Y3JIOBbIE YCKOPEHUS,
CKOPOCTH, MEPEMEIICHUS U HarPy3Ky COOTBETCTBEHHO
Kak (pyHKIMIO oT BpeMeHH; [ C] — mmobaibpHas MaTpuna
nemrpupoBanus; [K] — miobajgbHas MaTpuIa )KecTKo-
CTH CHCTEMBI.

B HacrosiiemM HMcciie[oOBaHNU CHCTEMa YPaBHEHHIA
(12) pazpemraercst metogom Hetomapka [25]. CemeiicTBO
AJITOPUTMOB UHTETrpUpoBaHust HbroMapka siBisieTcs of1-
HHUM U3 CaMBbIX MOIYJISIPHBIX METOJ0B MHTETPUPOBAHUS
BO BPEMEHHN KaK OJJHONIATOBBIM aJTOPUTM, KOTOPBIN
3apeKOMEH/I0BaNl ce0sl B MPAKTHKE JUIsl 3a/1ad HESIBHOM
JVMHAMHMKN B MEXaHHKE Ae(hOPMUPYEMBIX TBEPIBIX TEIl.
VYpaBuenue aBrkenust (12) MOXXHO nepenucarb Kax:

(M1, 3 + [CHa,, § + [KHu,, ;= {F, ) (13)
e {i,, =it )3, {u,,, f =t )y uu, = {u(, )} —

COOTBETCTBEHHO BEKTOPBI Y3JIOBBIX YCKOPEHHUH, CKOPO-
CTel W TlepeMeNIeHH B MOMEHT BpeMenH (¢ . ); {F7, } =

OOOOOOOOOCPR

! Theory Reference. Release 2024R1 ANSY'S Inc. Canonsburg, 2024.
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= {F:,IH
30K.

B nononnenue k ypasaenuto (13) cemeiicTBo ain-
TOPUTMOB MHTEIPUPOBaHUs BO BpeMeHU Hpromapka
TpeOyeT 0OOHOBICHU NTEPEMEIICHNI U CKOPOCTEHl cie-
JIyFOIIIMM 00pa3zoMm:

i, 3 =y + (L =8){d,} + 64, } 1A,

(¢,,,)} — BEKTOp TIPUIIOKEHHBIX Y3IIOBBIX HArPy-

(14)

HAZ, (15)

T1e o ¥ 6 — MapaMeTpsl HHTerpupoBanus Heromapka

2
621, azl(lﬁij -
2 4

fu b= {u )+ {u f A+ [(1/2 —o){ii } +adii

n+l

2

B xoHeuHOM uTOre cxema MHTErpupoBaHusi Huro-
MapKa COCTOMT M3 TPeX YpaBHEHHH KOHEYHBIX Pa3HO-
CTel, Ipe/ICTaBIeHHbIX B ypaBHeHUH (13) uepes ypaBHe-
nus (14) u (15), a Taxke Tpex HEM3BECTHBIX {ii , }, {1 .}
u {u  }, KOTOpbIE MOT'YT OBITh YMCIEHHO BBIYMCIIEHBI
C MIOMOIIIBIO TPeX ajreOpanuecKux ypaBHEHHH BMeCTe
C TpeMs M3BECTHBIMM BeJIMUMHAMM {1 }, {1 } 1 {u }.

Wcnonezys Tpu ypasuenus (13)—(15), onHormaro-
BBIH aNrOpUTM B TEPMUHAX HEU3BECTHOM {u , } M Tpex
M3BECTHBIX BEJIMYNH MOYKHO 3aIMCaTh!

(o [M]+ o, [CT+ [KD A, 3 = 1", } + [MI(o {u, 5 +
o,y o i)+ [Cloy {u,} + o di ) +agdi,}), (16)
1 8 1 1

e o, =——, o, =——, o, =——, o :__1’
oA’ T aAr aAt” 7 2a
9 At( 8
o, =—-1, oy =—| ——2 | — napameTpsl UHTEIPHU-
a 2 \a
poBaHusI.

Hauanvnvie u epanuunvie ycnosus. I'panHnaHoe yc-
JIOBHE HA JIEBOM KOHIIE 33/I1aHO aHaJOIMYHO yCIIOBHIO
B ypaBHeHHH (3) B BUJIE 33JJaHHOTO BEKTOpa IepeMertie-
HU OT BpEMCHU. HeOTpamanmI/Ie TpaHUYHBIC YCJIOBUA
(ycnoBust 3ommepdenbaa [20, 21]) orcyrersytor B [TK
ANSYS Mechanical APDL. CyiiecTByOT HECKOJIBKO
HHBIX MMOAXOA0B I pe€ain3allui HCOTpaKaroumx rpa-
HUYHBIX YCJIOBHUH B 3a/1a4aX BOJHOBOM IMHAMUKU:

1. Tlormomaronye rpannuHble ycnosus (Absorbing
Boundary Conditions — ABC). Hcnonb3yrorest 1yist Mu-
HUMU3ALMN OTPKSHUH BOJH OT IPaHUIl PACYETHOH 00-
nactu. PeanusyloTcst yepe3 crielaibHbIe AJIEMEHTBI
FLUIDI129 umu FLUID30 (1151 akyCTHUECKUX 3a7ad)
00 Yepe3 MONIONIAI0IINE Macchl 1 eMiiepbl. OCHOB-
HOU MPUHIUIT — 00aBIeHHE AeMITDUPYIONHX D (EKTOB
Ha rpaHHuIIe.

2. Nornomaromnwe ciou (Perfectly Matched Layer —
PML). [IpumeHstoTCst U1 9EeKTPOMArHUTHBIX, aKyCTH-
YECKUX M HEKOTOPBIX yIpyrux 3anad. PML co3paer uc-

KyCCTBEHHYIO 00J1aCTh ¢ MaTepHUajoM, MOIVIOMIAIIINM
SHEPTHUIO BOJHEI 0e3 oTpakeHus. HactpamBaeTcs uepes
CBOICTBa MaTepHajOB, 3aJaBaeMbIX B SJIEMEHTAX IOTJI0-
miaroriero cios [27].

3. UmnenancHble rpaHuubl. Mcenonb3yrores ais
MOJICITUPOBAHUS BOJHOBOTO COMPOTUBICHUS CPEIBI
Ha rpaHuIiax. YacTo NPUMEHSIOTCS B aKyCTHKE H 3a-
Jadax ruaporazoguHaMuKu 111 UMUTAIUU OTKPBITBIX
IPaHHMIL.

4. beckoneunsie amemeHTs! (Infinite Elements).
TUMUYIHO TPUMEHSIOTCS B aKyCTHIECKIX 3a1adax (Ha-
npumep, snemerTsl INFIN110). [To3Bomstror Mogenn-
pOBaTh HEOTPAaHUYCHHBIC 00IACTH 0€3 NCKYCCTBEHHBIX
orpaxenuii [28, 29].

OnHako HanboJiee MPOCTHIM B PEaTU3allUU SIBIIS-
©TCsI METOJI MPOJICHHSI PACUCTHOM 00JIACTH 33 TPAHUILY
HHTEpecCylolIel 001acTu (Ha pacCTOSIHUE, 3HAYUTEIILHO
MpeBBIIIaoIIee ee pazMep). Takoi Moaxo Mo3BOJSIET
«ECTECTBEHHBIMY CIIOCOOOM J1aBaTh BO3MOKHOCTB BOJI-
HaM YXOIWTH 3a Mpeensl pacdeTHoi odmact. Ho atot
MOJIX0I UMEET M HEeOCTATKHU, CBA3AHHBIC C TEM, YTO
caenarh OSCKOHEYHYIO PAaCUSTHYIO 00JacTh B YHCIICH-
HOM MOJICITMPOBAaHUHN HEBO3MOXKHO. BOJHBI, KOTOpBIC
MPOIIIX Yepe3 UHTEPECYIONIYI0 PACYCTHYIO 00JIacTh,
B KaKOM-TO MOMEHT BpEMCHHN HAYHYT OTpaXaTbCA
OT IIpaBoOM rpaHulibl. JlJIst 3TOr0 B UMCIEHHOM MOJIEIIU-
poBaHUM ObLTa CIeNaHa JOTOTHUTEIbHAS pacueTHas
o0macthb (Ha puc. 2 o0macTh, MOKa3aHHAS CHHUM IIBE-
TOM), JUTHHA KOTOPOH Ha IMOPSIOK OOJBIIE paccMaTpH-
BacMOU OOJIaCTH, ¥ aHAJM3UPYETCS OTPAHIHYCHHBIN OT-
PE30K BPEMEHH JI0 TEX IOp, MIOKA BOJIHBI HE OTPA3SITCS
OT IPaBOroO KOHIIA.

HauanbHbIe yCIOBUS U1l YUCIACHHOTO MOICIUPO-
BaHus u(x, 0) = u(x, 0) = 0. Tako#t BEIOOP 00yCIOBICH
0COOEHHOCTSIMH YHCIICHHOTO PEIICHNUs, KOTJ]a Ha3Ha4e-
HHUE aMIUTUTYIbI B HAYAIbHBI MOMEHT BPEMEHH MOXKET
MPUBECTH K UMITYJICHOMY BO3ZCiCTBUIO. BBIX0om mpo-
[[ecca Ha YCTAaHOBHBIIUIICS PEXKHUM KOJICOAHUH TIPOUC-
XOJIUT 332 HEKOTOPOE BpeMsl, OOBIYHO 3a BpEeMsi, KOT/Ia
repBasi BOJIHA MPOM/IET OT JICBOT'O JI0 [TPABOTO Kpasi pac-
CMaTpuBaeMOi pacyeTHoit o0acTu.

Buvibop muna xoneunwvix snemenmos (K3) u napa-
Mempbl YUCTEeHHO20 MOOenupo8anus. J{s duciIeHHOTo
MonenupoBarust mpuMensics KO LINK180 — omgHo-
OCHBIH AIIEMEHT PACTIKCHHUS-CIKATHS C TPEMS CTCIICHSI-
MH cBOOOIBI B KaXIoM y3iie. Ob1iee BpeMs MOJIEIH-
poBanus cocrtasisio ¢ = 100 mpu KonvuecTBe 11aroB
NSUBST = 1000.

Jluckpemuzayus pacuemmnoti oonacmu. YucneHnoe
pelIeHre MPEeACTaBICHO U YACTHOTO Caydasi, KOTaa
kommaectBo ciaoeB N = 3 (puc. 3). Kak 6s110 cka3aHO

| ||' “‘ ||' “' ||‘ “' “‘ ||' “‘ ||' “‘ “’ “‘ “' “’ “' “' “' “'

[HHHIHHIHHIHEHHHRHHHR

HHEFE
(LTI T

Puc. 2. KoneuHo-31eMeHTHBIE MOJIECIH TIPH Pa3HBIX ceToUHBIX pa3duskax (30, 150 u 300 »nemeHTOB)
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MoaeampoBaHue pacrnpoCcTpaHeHUs rapMOHMUYECKMX MPOAOAbHbIX BOAH B AUCKDETHO-

. C. 152-171
HEOAHOPOAHbIX AMHENHO-YNPYIMX CTEPXHSIX

B paszesie ¢ IOCTaHOBKOM 3a7jauu, IPaBbli Kpail CTepxK-
HS OBUT IPOJUIEH IS YXO/a BOJH HA 3HAYUTEIFHOE pac-
CTOSIHUE, YTOOBI N30eKATh OTPAKCHUS M €TO BIHUSIHUS
Ha WHTEPECYIOMIyI obnacth perieHus. [IpomneHHas
001acTh MoKa3aHa CHHUM I[BETOM Ha PUC. 2 U HE MPH-
BEJICHA B CBOEH MOJIHOM JITTMHE.

Jns ncenenoBaHusl CETOUHOW CXOOUMOCTH pac-
CMaTpUBAJIOCh TPU BapwaHTa KOHEYHO-IIIEMEHTHOM
CETKH C pa30MEHUECM UHTEPECYIONICH 001acTH CTEPIKHS
Ha 30, 150 u 300 snemenToB. JlaHHOE HCclieOBaHUE
MPOBOJUTCS C IENbI0 OMpPEAeTIEeHHS] ONMTUMATLHOTO
pasmepa KD mias momydeHusl YHCICHHOTO PEIICHHUS,
HE3aBUCUMOTO OT CETOYHOTro pa3dmenms. CpaBHEHHE
YHCIICHHOTO PEHICHHsI OYIeT MPOBOIUTHCS C aHATUTH-
YECKUM PELICHUEM JUIsl CJIOMCTOTO MaTepuasa ¢ OJuHa-
KOBBIMH CKOPOCTSIMH PACTIPOCTPAaHEHHUS BOJIH B CpeJie
(TapMoHMYECKHUE KOTIeOaHNs PAaBHON aMIUTATYIIB).

PE3VYJIBTATHBI HCCJIEJOBAHUA

Ananumuueckoe pewenue. Ha puc. 3, a npencras-
JIEHBI pe3yNbTaThl st N = 3 CJI0€B Ul CIEIYIOINX CIIy-
vaeB (MPpU PaBHBIX JUIMHAX y4acTKoB [ =1 =/, =10 m
1 OJIMHAKOBOM YacTOTE BHEIIHETO BO3AEHCTBHSA ® = 1):

1. Bce cxopocTu pacnpocTpaHeHUs BOJIH PaBHbBI
MEKIy €000l ¢, = ¢, = c,. TakoMy Bapuanry COOTBET-
CTBYIOT CIIEyIOINE 3HAYCHHUS KOHCTAaHT MaTepHaa:
E=E=E=1p=p,=p,=L

2. Korjga ckopocTH pacrnpoCTpaHEHMs BOJH IS
KaXJIOM CIIe/IYIOIIEH CPeJibl BABOE MEHBIIE ¢, > ¢, > ¢,
(¢, = 2¢,, ¢, = 2¢,). Takomy BapuaHTy COOTBETCTBYIOT
CIIE/IyIOIME 3HAYEHHSI KOHCTAHT Matepuana: £ = 16,
E,=4E=1,p =p,=p,= 1.

3. Koria ckopocTu pactpoCTpaHeH st BOJTH JIJIsT KaK-
TOY CIIETYIOIIEN Cpenibl BIBOE OotbIe ¢, < ¢, < c, (c3 =2c,,
¢, = 2¢,). TakoMy BapumaHTy COOTBETCTBYIOT CIENy-
IOLIME 3HAYEHUS KOHCTAHT Marepuana: £, = 1, £, = 4,
E,=16,p, =p,=p,= 1.

4. Korjia ckOpoCTH pactipoCTpaHEeHHs BOJIH IS KaXK-
TOY MOCTIEYIONIEH Cpenbl ¢, < ¢, > ¢, (c2 = 4c1, c,= 2c1).
TakoMy BapHaHTy COOTBETCTBYIOT CJIEIYIOIINE 3HaUe-
HUs KOHCTAHT Marepuana: £ =1, £, =16, £, =4,p =
=p,=p,= 1.

Matepuansl BEIOpaHBI B Oe3pa3MepHBIX BEIHYN-
HaxX: MOJAYJIH YIPYroCTH HOPMHPOBAHBI Ha 0a30BYIO
BEJIMYMHY £, a INIOTHOCTH Ha p,,.

W3 nosy4eHHBIX pe3ysibTaTOB MOXKHO C(OPMYJIH-
pOBaTh CIEAYyIOIIEE:

1. PaBeHCTBO CKOpPOCTEHN pacnpocTpaHeHUs BOJIH
(¢, = ¢, = c,). Pesynbrarel MOKa3pIBalOT yCTOHYUBYIO
nepeiady SHEPruy 4epe3 CIOM ¢ MHHUMAJIbHBIMHU UC-
KQ)KEHUSIMH U PAaBHOMEPHYIO aMIUTUTY/Y KOJeOaHuil.

2. D ekt ycuneHns aMILIITY KOIeOaHuii U yBe-
JIMYEHUS 9aCTOTHI KOJICOAHUH, KOT/Ia CKOPOCTH pacIIpo-
CTpaHEHHs BOJIH ISl KKIOH CIIeTyIOIIel Cpeibl BIBOE
MEHbIIE (¢, > ¢, > C;).

3. D¢ dexT cHMKECHUS aMIUTUTY U YMEHBIICHHS
YacTOThI KOJeOaHM, KOT/Ia CKOPOCTH PacCHpOCTpaHe-

HUSI BOJIH JJISL K&XK/IOW ClIelyIolIel cpe/ibl BIBOE 00JIb-
we (¢, <c, <c,).

4. lns cirydast, KorJja CKOPOCTH paclpOCTPaHEHUS
BOJIH JUIsl KaXKJI0M MOCIIEAYy oI cpeibl ONPEeAeIIsitoTCs
KaK ¢, < ¢, > c,, BOSHUKAET CIIOKHBIH TIEPEXO]] B 30HE
MEXJly IIEpBBIM M BTOPBIM CJIOSIMH, KOTJ]a CKOPOCTH
pacrnpocTpaHeHus] BOJHBI B cpelax OTIHYarTcs B 4
pa3a.

JMCKpeTHO-HEOJTHOPOAHBIA MaTepuall Mo3BOJIs-
eT d3QPEeKTUBHO YNPABISATh XapaKTEPUCTUKAMHU pac-
pocTpaHeHus BOJIH. M3MeHss cBoiicTBa Marepuala
(TUIOTHOCTB, MOAYNb YNPYTOCTH), KOTOPBIE BIUSAIOT
Ha CKOPOCTH paclpoCTpaHeHHs BOJIH B CPEJEe, MOKHO
IeJICHANPABICHHO (POPMUPOBATH AMIUIUTYHO-4aCTOT-
HBIE XapaKTEPUCTUKH. DTO OTKPHIBAET HEPCHEKTUBBI
NPUMEHEHHS MOJO00HBIX CTPYKTYp Uil pa3paboTKu
HalpaBJICHHBIX CEHCMUYECKUX OapbhepoB, (GUIBTPOB
Y BOJTHOBOJIOB.

PaccmoTpuM moBeieHHE TUCKPETHO-HEOAHOPO/I-
HOTO CTEPIKHS JUIS cTydas, korja ¢, < ¢, < ¢, (¢, = 2¢,,
¢, = 2c¢,) IpH Pa3INYHBIX YaCTOTaX BHENIHMX BO3JEH-
crBui (0 =1, 0=2,® =5, ® = 10).

Ha puc. 3, b BUHO, 4TO C yBEJIMYEHUEM YacTO-
TBI BHEIITHETO BO3/ICHCTBUSI TPOMCXOANT 3HAYUTEIHHOE
MU3MEHEHHE aMIUTUTYIHO-4YaCTOTHBIX XapaKTEPUCTHK
kojeOanuil. B HU3KOYACTOTHOI 007aCTH aMILTUTY/IBI
OCTAIOTCSl OTHOCUTEIBHO CTAOMIIBHBIMU U UMEIOT He-
60mbIIIYI0 BapHanuio BAOIb cTepxkHa. [Ipn yBennuennn
YaCTOTHI HAOIIONAIOTCS PE30HAHCHBIC MTUKH aMILTUTYI,
CBS3aHHbBIC C HACTPOWKOH mapaMeTpoB marepuaina
U CTPYKTYPBI CTEPXKHA. J[JIs1 BBICOKMX 4acTOT aMILIH-
TYIIBI PE3KO M3MEHSIOTCS, JEMOHCTPHPYSI CIOKHBIE KO-
nebarenbHbIe TaTTepHbl. Hanuume HeoqHOpOAHOCTEN
CYILIECTBEHHO BIMACT HA (JOPMY U BEIMUUHY aMILIH-
tyn. [lapamerpsl, Takue Kak JUIMHBI CETMEHTOB, 4acTO-
Ta BHEIIHEro BO3JEHCTBHUS M Pa3jIMyus B CBOWCTBAX
Marepuaia (IIOTHOCTH, MOIYJISIX YIIPYTOCTH), UTPAIOT
KJIFOYEBYIO POJIb B OIPEJICIICHNH XapaKTepa KoJIeOaHuii.

I'paduk Ha puc. 3, b moAYEPKUBACT BAXKHOCTH yUe-
Ta YacCTOTHI BO3JCHCTBUS M CTPYKTYpPbI CTEPXKHS MIPU
MPOCKTUPOBAHUN CEHCMUYECKUX OaphepoB M BOJIHOBO-
JIOB. YIpaBlICHHE NTapaMeTpaMy HEOTHOPOIHOCTEH 110-
3BOJISIET AOCTHUTaTh LEJICHAPABICHHOTO ITO1ABICHNUS
BOJIH WM (DOPMUPOBAHUSI 30H KOHIIEHTPAIINU SHEPTUH.

Jist Tex ke mapaMeTpoB MaTepHalia pacCMOTPHUM
MU3MEHEHHE MEepPEeMELICHUH BO BPEMEHHU IPU 4acTOTe
BHEIITHETo Bo3JeicTBus ® = 5 (puc. 3, ¢). [IpuBenens
pe3yibTaThl IS TPEX MOMEHTOB BPEMEHH: C MaKCH-
MaJIbHBIMU 1 MUHUMAaJIbHBIMU aMIUTUTYIaMH BO BpeMe-
HH, a TAaK)K€ B MOMEHT, KOT/a Ha JICBOM KOHIIE CTEPXKHS
u =1 (rpaHUYHOE yCIIOBHE PHHUMAET MAKCHMAJIbHOE
BO BPEMEHHU 3HAYCHHUE).

B MOMEHT MaKCHMaJIbHOW aMIUTUTY/IbI HaOto1a-
I0TCSI BBIPQXCHHBIE KU B (DMKCHPOBAHHBIX TOUYKAX,
YTO CBSI3aHO C PE30HAHCHBIMU SIBICHUSMHU B HEOIHO-
POZIHOM CTPYKType CTep)KHS. B MOMEHT MUHUMAaJIbHON
AMIUTATYABl KOJIeOaHUsl 3HAYMTEIBHO 3aTyXaloT, YTO
CBHJICTEJIHCTBYET O (a30BOM MHTEP(PEPEHINH BOJIH
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raTIMTONLCTBS: T 16, BhINYCK 1(59)

C.I. CausiH

w
™~

I'pannna
MarepuaioB
I'panuna
MaTepuaioB

\/ \/

MarepualioB

15 2 25 30
X, M
— t=1,4014 ¢ — t=1,7017 ¢ — t=1,2262 ¢

b

MaTepuaioB
I'panura
MarepHajoB

15 2 25 30
X, M

— t=1,4014c¢c — t=1,7017 ¢ — t=1,2262¢

C

Puc. 3. 3aBHCUMOCTD aMIUTHTY[ KOEOaHUI: ¢ — NPHU Pa3IMYHBIX TapaMeTpax MaTepraia (pa3HbIX CKOPOCTEH pacTpoCcTpaHe-
HHS BOJIH B CPEJie ¢); b — IpH pa3inyHbIX YaCTOTAX BHEUIHUX BO3JCHCTBHIl ®; ¢ — OT BPEMEHH /
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MoaeAnpoBaHme pacrpoCTpaHeHUs rapMOHUYECKUX MPOAOAbHBIX BOAH B AUCKPETHO-
HEOAHOPOAHbBIX AMHEMHO-YMPYIHUX CTEPXKHSIX

C. 152-171

A

—-.982011

HE A

—734285

i

—.486558 —238832

—.920244 —.680238 —.440233 —.200228

M

.008894

.039777

1

kA

25662

il

999798

G A
]

.504346 752072

il

999798

759793

279783 519788

I

—.830556

—.601762 —.372967 —.144173

084621

313416 54221 771004 999798

Puc. 4. AMIUIUTY/IbI IEPEMEILEHUH OTHOPOJHOTO CTEPIKHS IPU YCTAaHOBUBLIEMCS PeXKUME KoseOaHHUi JUIsl pa3InyuHbIX Hapa-

METPOB CETOYHOT0 Pa30UEeHUs pacueTHOI 00IacTH

B HEOJHOPOJAHOHU cucteme. HeogHOpOAHOCTE CTPYK-
TYpBI CTEPKHSI CO3/IaeT 30HBI KOHIICHTPAITNH YHEPTHH
M y9aCTKH 3HAYUTEIBHOTO CHUXCHUS aMIUTHUTYIHI,
YTO CBA3AHO C OTPAKCHHWEM BOJIH Ha TpaHUIIAX ydacT-
KOB C pa3HBIMH (PU3HKO-MEXaHUICCKUMH CBOHCTBAMH.
B MoMeHT MakcHManbHOTO BO3ICHCTBHS Ha JICBOM KOH-
IIe pacTlpeAesieHue aMIUTHTY XapaKTePU3yeTCs CHIThb-
HBIM BJIMSTHIEM TPaHUYHOTO YCJIOBHS, KOTJIA SHEPTHS
WHTCHCUBHO TIepeIacTCs Yepe3 CTePIKEHb.

Junamuka koneOaHM TMOIIePKUBACT Ba)KHOCTH
BpeMeHHOTO0 (hakTopa /s aHaJu3a BOJHOBBIX MPOIIEC-
COB B JIFICKPETHO-HEOTHOPOTHBIX MaTepraax, 4To CBs-
3aHO C MOSBJIICHUEM KaK CTOSYUX, TaK U OCTYIINX BOIH.
BsanmMoneiicTBre BOH, 00yCIOBICHHOE HEOTHOPOTHO-
CTBIO, TIPUBOIUT K TIOSIBIICHHUIO CIOKHBIX BPEMEHHBIX
3aBUCHMOCTEH, BKIIIOUasi CIBUTH (a3 M aMIUTUTYIHBIC
MOIYJISIINH.

Yucnennoe pewenue 6 IIK ANSYS Mechanical
APDL. Ha puc. 4, 5 npencTaBiIeHBbI pe3yiIbTaThl HCCIIe-

JIOBaHUS CETOYHON CXOIUMOCTH JIJIsl Pa3HBIX BAPUAHTOB
KOHEYHO-3JIEMEHTHBIX CETOK B CPABHEHHUH C aHAJINTH-
YECKHMM PEIIECHHUEM JUTS CIIOUCTOTO MaTepHraia ¢ OfuHa-
KOBBIMHU CKOPOCTSIMH PaclpOCTPaHEHHUsI BOJH B CPEIC.
PewrenueM 3aiaun B Takol Bapualuy CIYKUT yCTaHO-
BUBILHICS TAPMOHUYECKUI CUTHAJ C OJMHAKOBOM am-
TUTATYZION KoJIeOaHWH BO BCEX CIIOSAX MaTepHaa.

ITo pe3ynpraTamM MOAEIMPOBAHUS yCTAHOBIEHO,
YTO IIPU YBEJIMUCHNH KOJIUIECTBA HIIEMEHTOB TOUHOCTh
YHCJICHHOTO PEIICHHS BO3PACTAET, MPUONMIKAsICh K aHa-
nmutraeckomy. bonee rpyOsie cetku (Hampumep, 30 ire-
MEHTOB) JIEMOHCTPHUPYIOT 3HAUNTEIbHBIC OTKIOHEHUS
OT aHAJIUTUYIECKHUX PEIICHHUH, YTO CBSA3aHO C HEJOCTa-
TOYHOM JeTanu3aluueil B MOAEIUPOBAHUM I'PAIUEHTOB
HaINpsHKeHUH 1 nedopmanmii. Ha ocHoBaHWMHM nccenoBa-
HUS CETOYHON CXOANMOCTH ONTUMAJIBHBIE 10 TOUHOCTH
permieHns OBUTH MTOMYYCHBI Ha ceTke ¢ pa3oueHmeM 300
37IeMEHTOB. [laHHas ceTKa MPUMEHSIIACH JUIS MOCIEmy-
FOLINX PAcUeTOB YK€ AUCKPETHO-HEOAHOPOAHBIX MaTe-

— ANSYS; kel =300

— ANSYS; kel = 150

20
X, M
— ANSYS; kel=30  — AmnanuTHuYeCKOE
pelieHue

Puc. 5. BiusiHue ceTOYHOTO pa30MeHus Ha YHCICHHOE PEIICHHE ISl OTHOPOIAHOTO CTEPIKHS

—1.04627 —-.783675 —-.521083 —.258491

(BRI

.004101

266693 529285 791878

1.05447

Puc. 6. AMIATYIBI IEpEMEIIEHIH TUCKPETHO-HEOAHOPOIHOTO CTEPIKHS TIPH YCTAaHOBUBIIIEMCS PEeXXHUME KoJeOaHni
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raTIMTONLCTBS: T 16, BhINYCK 1(59)

C.I. CausiH

>

A

0,8 1 1

0.6 1 e 15

|

] ElE Al

0.2 =8 E1E
= ]\ \ 7 \ P 7
R0 I W [ \ | 7
—0,4 - |

-0,6 | 1

-0,8 1 l

—1 4

— AHaJIUTHYECKOE peuIeHnue

15 20 25
X, M

— UYncnennoe pemenne (ANSYS MAPDL)

Puc. 7. ConocrapiieHHE aHATUTUICCKOTO U YHCICHHOTO pemeHHﬁ JUIL JUCKPETHO-HECOAHOPOAHOTO CTEPIKHSA

MX MN
221E-05 .015893 .031783 .047673 063564 .079454 095344 111235 127125
~ MX . . MN —
.666E-06 .007244 .014487 02173 .028973 .036216 .043459 .050702 057945

Puc. 8. li3ameHeHne ynenbHON KHHETHYECKOM 3HEPTUH (a) U OTCHIMATBbHON SHEPTUH (b) MO ATHHE AUCKPETHO-HEOTHOPOTHOTO

CTEepIKHS

PHAJIOB C PAa3HBIMU CKOPOCTAMH PACIIPOCTPAHEHHS BOJH
B cpeziax.

Bepugurayus uucnennoti mooenu. Paccmarpupai-
Csl TUCKPETHO-HEOHOPOAHBIM CTEPIKEHb AJIS CiIydas,
xorma ¢, < ¢, <c, (¢, = 2¢,, ¢, = 2¢,). Koncranter ma-
tepuanioB: £, =1, E, =4, E. =16, p =p,=p, = 1.
Ha puc. 6, 7 npuBeneHsl pe3ynbTaTbl YUCIEHHOTO MOJIE-
JMPOBAHUS B CPABHEHUH C AHATUTHIECCKUM.

UucnoBoe 3HaYEHNE OMMOKH OMpPEEIIIoch HA
OCHOBE HOPMBI Pa3sHOCTH MEXJy AaHaJIUTHYECKUM
1 YUCIICHHBIM PACUYETOM:

sup|ua (x)—u, (x)|
£, = x>0

100 %, (17)

max|ua (x)|

e u (X), u (X) — aHaITMTUIECKOE M YMCIEHHOE PENe-
HHUE B TOYKE X COOTBETCTBEHHO.

PesynbraTel BepuduKauu NOKa3bIBaIOT, YTO YHC-
nenHoe mozpenupoBanne B [IK ANSYS Mechanical
APDL mo3BoyisieT aJiekBaTHO (C TOYHOCTBIO 0 5 %
B TOYKEC C HAHOOJBIIMM OTKJIOHCHHEM) OIHUCHIBATH
pacrpeneieHue aMILTUTY KOJIeOaHU sl AUCKPETHO-
HEOJHOPOTHOTO MaTepuaa.

Ha puc. 8 moka3aHbl COOTBETCTBYIOIINEC TAHHOMY
MOMECHTY BPEMCHU 3HAUCHUS KHHETHYCCKON IHEPTHH
U 3Hepruu nedopMariuii, u3 KOTOPHIX MOXKHO BUICTH,
YTO MX PaACIpPECICHUE BIOIb HEOTHOPOIHOTO CTEPIKHS
HEPaBHOMEPHO. DTO CBS3aHO C HEOAHOPOIHOCTHIO Mare-
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puaia n YacTOTOH BOJTHOBOIO BOSI[GfICTBPIﬂ. MaKCI/IMyMBI
OHEPruun COCPEAOTOYCHBI B OITPCACIICHHBIX 30HaX.

3AKJIOYEHHWE U OBCYXJIEHHUE

Ha ocHOBe poBeIEHHOTO HCCIIEIOBAHMS MOJIEITH-
POBaHHUS PaCIPOCTPAHEHUS TAPMOHUUYECKHUX MPOJIOIIb-
HBIX BOJIH B JUCKPETHO-HEOTHOPOAHBIX JINHEHHO-YTIPY-
THX CTEPIKHSIX MOXXHO C(OPMYIUPOBATH CIEAYIOLINE
BBIBOJIBI:

1. Pa3paborano o0liiee aHaIUTHYECKOE pEllICHHE
JUTSE TADMOHHYECKON aKyCTHYECKOH BOIHBI B IMOTy0ec-
KOHEYHOM JMCKPETHO-HEOJHOPOIHOM JIMHEHHO-YTIPY-
TOM CTEP)KHE, COCTOSIIEM M3 ITPOU3BOIBHOTO KOJIHYE-
CTBa CJIOEB.

2. Ha ocHOBe pa3pabOTaHHOTO aHATUTHIECKOTO
peuieHusd YyCTAHOBJICHBI KJIFOYCBBIC 3aKOHOMEPHOCTHU
pacIpocTpaHEeHUs] TAPMOHNYECKUX MPOJOJIEHBIX BOJIH
B IUCKPETHO-HEOJAHOPOAHBIX JIMHEWMHO-YIIPYTUX CTEPXK-
HsIX. BBIABIIEHO, UTO MCKpETHASI HEOIHOPOJHOCTH MaTe-
pHaja CyIeCTBEHHO BIMET Ha aMIUTUTYIHO-4aCTOTHbIE
XapaKTEPUCTUKH U pacIipeielIeHIe SHEPrin KoneOaHuni,
coz/aBast KaK 30HbI YCHJICHHSI, TaK ¥ OCJIa0JIeHUs! JHA-
MHUYECKUX BO3IEHCTBUMN.

3. IToka3aHo, YTO ILieJI€HANIPABIEHHOE N3MEHEHHE
(hU3MUYECKUX U TEOMETPUIECKHIX CBOWCTB Marepraia (Mo-
Jlyled yIpyrocTH, IJIOTHOCTH, JIIMH YYaCTKOB U KOJIMYe-



MoaeampoBaHue pacrnpoCcTpaHeHUs rapMOHMUYECKMX MPOAOAbHbIX BOAH B AUCKDETHO-

. C. 152-171
HEOAHOPOAHbIX AMHENHO-YNPYIMX CTEPXHSIX

CTBa CJIOEB) MO3BOJISICT (DOPMUPOBATH 33 JAHHBIC AMILIHU-
TYTHO-YACTOTHBIC XapAKTCPUCTHKH BOJTHOBBIX TOJICH.

4. ConocTraBieHUE aHATUTUYECKUX PELIEHUI C pe-
3yJbTaTaMu yucieHHoro monenupoBanus B [TIK ANSYS
Mechanical APDL nipoeMOHCTpHPOBAJIO UX XOPOIIIEe
coBmajeHrue. PaBHOMepHAss HOpMa Pa3HOCTH MEXIY
AHATTUTUYCCKAM U YUCICHHBIM PAacuyeTOM HE MPEBHI-
mana 5 %. JleTanu3upoBaHHbIE KOHEYHO-IIIEMEHTHBIE
pacyeThl MoKa3alu, 4To I PACCMAaTPUBAEMON MOJICITH
00ecreunBaeTCs CXOJUMOCTh KOHEYHO-3JIEMEHTHBIX
anmpPOKCUMAITUH K aHATUTUIECKOMY PEIIEHHUIO.

5. Tlony4yeHHbIE Pe3yNbTaThl OTKPBIBAIOT LIUPO-
KHE TEPCIEKTHBEI [ WHKCHEPHBIX MPUMCHCHUH.

VYhpasnsas napaMeTpaMyd HEOAHOPOAHOCTH, MOXKHO
MIPOEKTUPOBATh CEHCMUYECKHE Oaphepbl, BOTHOBOIBI
n QUIBTPHI ¢ 3apaHee 3aJaHHBIMU JAMHAMHYECKUMHU
CBOMCTBAaMM, IOBBIIIAS YCTOMYMBOCTh KOHCTPYKLUH
K BUOPAIIMOHHBIM U CEHCMHYECKUM BO3/IeHCTBHAM. Ta-
KM 00pa3oM, pa3paboTaHHOE aHATUTHYECKOE PELIeHHE
U Mpe/UIOKEHHAst METOUKA YUCICHHOTO MOJIETIHPOBa-
HUS BOJTHOBOM JIMHAMUKH AMCKPETHO-HEOTHOPOIHBIX
CTEP>KHEN MOTYT CIIY>KUTh OCHOBOM JIJIsl 1alibHEUIIUX
TEOPETUYECKUX HCCIEAOBAHUN U NMPUKIAJHBIX pa3pa-
0O0TOK B 00JIACTH BOJHOBOW TWHAMUKH HEOTHOPOIHBIX
MaTepHaoB.
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INTRODUCTION

Problem statement. The propagation of harmonic
longitudinal waves in mechanically inhomogeneous
rods with a discretely inhomogeneous structure repre-
sents an important fundamental and applied problem
for a number of engineering fields. With the increasing
complexity of structural materials and the emergence
of new composite structures, there is a need for a more
accurate and detailed description of the wave processes
arising under various external influences.

An approach based on inhomogeneous materials
allows the wave properties of a system to be shaped by
creating waveguides [1] or filters with specified reso-
nance characteristics, thereby purposefully controlling
the processes of mechanical energy transfer.
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Linear-elastic media containing discretely inhomo-
geneous inclusions [2—8] or possessing a periodic (func-
tional-gradient) structure [9—14] are of particular interest,
as the wave processes in such systems differ significantly
from their counterparts in homogeneous continuous me-
dia. In particular, the presence of inhomogeneities leads
to wave scattering, changes in their propagation speeds,
and the formation of complex stress and strain fields. Un-
derstanding these processes makes it possible to optimize
the design of engineering systems, predict the dynamic
behaviour of materials, and develop new waveguide
structures with specified properties.

The use of discretely heterogeneous materials. One
area of application for discretely heterogeneous materi-
als in construction is seismic barriers [15—19]. Seismic
barriers are structures or materials specifically designed
to suppress or deflect the propagation of seismic waves
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in the ground and building structures. The basic princi-
ple behind their operation is to create obstacles to me-
chanical energy, thereby preventing the transmission
of vibrations to the protected structure. One possible
solution for creating seismic barriers is the use of dis-
cretely heterogeneous media. Discrete heterogeneity
means that the structure in question consists of a multi-
tude of sections, each of which possesses unique physi-
cal and mechanical properties. Such structures allow
the wave propagation characteristics to be significantly
altered, ensuring effective attenuation of dynamic im-
pacts on the structure.

Aims and objectives of the study. Within the scope
of this study, a general analytical solution for the wave
field has been developed for semi-infinite discretely in-
homogeneous rods consisting of an arbitrary number
of material layers (Fig. 1). Particular attention is paid
to studying the behaviour of discretely inhomogeneous
rods when subjected to harmonic longitudinal waves
of varying frequencies, as well as to analyzing discrete
inhomogeneities with different longitudinal wave propa-
gation speeds. Numerical simulations are also carried out
using the ANSYS Mechanical APDL software package
to verify the analytical results obtained and subsequently
solve wave dynamics problems in heterogeneous media.

This study therefore aims to investigate the fun-
damental processes of wave propagation in semi-infi-
nite, discretely inhomogeneous, linearly elastic media.
The results obtained may be used in the development
of methods for designing seismic barriers with specified
characteristics, and may be of use to designers and en-
gineers involved in the development and implementa-
tion of measures to protect infrastructure from seismic
and other impacts, as well as to researchers interested
in wave processes in inhomogeneous structures.

MATERIALS AND METHODS

Problem statement. We consider a semi-infinite,
discretely inhomogeneous, linearly elastic rod with
a harmonic force applied to the left end and a Sommer-
feld boundary condition at the right end (for waves prop-
agating to infinity), as shown in Fig. 1. This problem is
of interest due to the effect of refracted and reflected
waves at the interfaces between media with different
wave propagation speeds (analogous to the Fresnel
equation for media with different refractive indices),

E
ll(t) :Aoez(uf 1’ p]

where varying these parameters allows one to alter
the amplitude-frequency characteristics of the waves.

Equations of motion. For each segment n (where
n=1,2, ..., N)ofarod of length / , with elastic modu-
lus £ and density p , an equation of motion for longitu-
dinal vibrations can be written. The equation of motion
for each segment will take the following form:

n 62un (x, t) (1)
o p, o
. X

where u (x, t) — the longitudinal displacement function
of the rod for the n-th section; x — spatial coordinate;
t — time.

In that case, the wave velocity in the n-th section
of the rod will be described separately for each layer:

€y =— 2
Py
Boundary and initial conditions. Boundary condi-
tion at the left end (harmonic oscillations):

u(0, 1) = A4, 3)
can be written in complex form:
A= Ae, 4)

where 4 — the effective amplitude, which takes into ac-
count the phase of the oscillations, ¢.

At the right-hand end, the non-reflecting boundary
condition (the Sommerfeld condition [20, 21]) is ap-
plied, corresponding to waves propagating to infinity.
In the context of a discretely inhomogeneous material,
this implies that the amplitudes of waves arriving “from
the right” are zero (4", = 0).

For the analytical solution, the initial conditions
for steady-state oscillations are considered (equivalent
to the moment in time when the system has already
reached a steady state), which corresponds to the ini-
tial conditions u,, (x, 0) = e + 47 e" u(0, 0) = 4,,
where 4, — initial amplitudes of the harmonic excita-
tion. Such condition.rule out a sharp transition.

Boundary conditions for the continuity of functions
at the interface between media. The boundary condi-
tions for the continuity of functions (continuity of dis-
placements and stresses at the boundaries between re-
gions) are generally expressed as follows:

i, [z L, tj =i, [Z L, IJ; &)
i=1 i=1

E4’ Py | EN’ Py

L1

1‘7 [,v 7"

Fig. 1. A semi-infinite, discretely inhomogeneous, viscoelastic one-dimensional medium with a harmonic force applied

to the left end and non-reflecting boundary conditions on the right
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ou, [ & ou w
21Nt =E LN £, (6)
- (; i J n+l 8)6 [,Z] i ]

where (Z[ tJ and 7, EZ ] complex dis-

i=l1
placements in the n-th and (n + 1) layers at their inter-
ou
face; —2 Lt and 1, t |— complex defor-
(B 3
mations in the n-th and (n +1) layers at their interface.
The displacement function of a discretely inho-
mogeneous rod under harmonic vibrations. The solu-
tion to the equation for the n-th layer will take the form
of a sum of travelling waves (incident and reflected)
in complex variables:

LNln (x, t) = A‘l{lei(wtfkﬂx) 4 A‘;;ei(thrkﬂx)’ (7)

where 4! u A7 — the complex wave amplitudes
for the n-th layer, propagating to the left and

A system of linear algebraic equations. The gen-
eral system of linear algebraic equations in terms
of the unknowns is then written as follows:

1 1 0

—Im‘/p—Tll io, ﬂ[,
E, E
€

0 —zm\/:1|+l

0

The analytical solution to the specific problem will
be presented in the form of expression (7) and given
in equation (11):

Re(Al’-e k) gy gl )) x<l
ulx, = Re(Aé

Re(4!-

Lol = k) +A2*.ef<‘””"2*)) L <x<l +1, (1)

ei(mr—k3x) 4 A; . ei(u)t+k3x)) ll i 12 <y
Numerical modelling in ANSYS Mechanical
APDL. For the numerical modelling of wave dynam-
ics problems, explicit methods of numerical integration
of the equations of motion are generally used, as they
are straightforward to implement. To calculate the value
of the function at the current step, only the values from
the previous step are used; however, this requires a small-
time step for stability (for example, the Runge — Kutta
method [22] or the finite difference method [23]). Im-
plicit methods are stable with large time steps and solve
systems of equations at each step; this makes future

E.
JEEMA. b mq. f;EeEA f; P2

Al —ik,L, +Ar ik,L, _AlJrle—lkML” +A;+lelk”"L";
E,| 4, (<ik, )& ™ + 47 (ik, )" | =
En+1|: n+1( lkn+l) ks +A;+l(lkn+l)elk +]L:| (8)
Ay = A+ A
Al =0.

From the system of algebraic equations (8), a gen-
eral solution was obtained for n sections (layers), which
contains 27 — 1 unknown. The solution reduces to a sys-
tem of the form:

{4} = [K]'{F}, 9)

where {4} — the vector of unknown oscillation am-
plitudes in the equation (7); [K] — coefficient matrix;
{F} — the vector of external influence.

Solution for a special case. For specific calcula-
tions and analysis of the propagation patterns of har-
monic longitudinal waves in discretely inhomogene-
ous linearly elastic rods, let us consider the case where
the number of layers (sections) is N = 3. The extended
coefficient matrix [K] for this variant is given below:

0 0 0 4,

—lw\/Ell lu)\/Ell 0 0 g

0 0 0

0 (10)

leE:I,+/2 WF(I,%) m)\/:(IIH) 0
0
0 \/g *Lﬁ)\/:/]ﬁ'l \/g ,m71,+12 \/E ﬂw\El,u \/EEC\FJM )10
0

0]

values dependent on themselves, which increases their
computational complexity (e.g., the Crank — Nicholson
method [24], the Newmark method [25] or the Hilbert —
Hughes — Taylor-a (HHT-a) method [26]). The choice
of method depends on the requirements for accuracy, sta-
bility and available computational resources.

In this study, ANSYS Mechanical APDL soft-
ware was used for numerical modelling, which imple-
ments implicit methods for the numerical integration
of the equations of motion.

In linear structural dynamics systems, the internal
load is linearly proportional to the nodal displacements,
and the stiffness matrix of the system remains constant.
The equation of motion in matrix form for the finite ele-
ment method can be written as follows':

(M)} + [CTHu} + [K]{u} = {F7], (12)

where [M] — global mass matrix (usually diagonal
or consistent); {i}, {u}, {u}, {F'} — vectors character-
izing the nodal accelerations, velocities, displacements

! Theory Reference. Release 2024R1 ANSY'S Inc. Canonsburg, 2024.
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and load, respectively, as functions of time; [C] —
global damping matrix; [K] — global stiffness matrix
of the system.

In this study, the system of equations (12) is solved
using the Newmark method [25]. The family of New-
mark integration algorithms is one of the most popular
methods of time integration as a single-step algorithm,
which has proven itself in practice for implicit dynam-
ics problems in the mechanics of deformable solids.
The equation of motion (12) can be rewritten as:

(M, + [CHu,, 3+ [KHu,, b =) (13)

where {ii  } = (it )}, {u,,} = {u(z, )} and {u | =
= {u(t,,)} — accordingly, the vectors of nodal accelera-
tions, velocities and displacements at a given instant (¢ . );
{Fe 3 = {F" (¢t ,,)} — the vector of applied nodal loads.

In addition to Equation (13), the family of New-
mark time-integration algorithms requires the displace-
ments and velocities to be updated as follows:

=y + (A =8){i,j +8{i, ]A;  (14)

fu = {uy+ i YAr+ [(12— a) i } + afii , }JAZ, (15)

where o and 6 — Newmark integration parameters

2
621, azl[l+8) .
2 4\ 2

Ultimately, the Newmark integration scheme consists
of three finite difference equations, expressed in equation
(13) in terms of equations (14) and (15), as well as three
unknowns {ii .}, {z  } and {«  }, which can be calcu-
lated numerically using three algebraic equations together
with three known values {ii }, {1 } and {u }.

Using equations (13)—(15), the one-step algorithm
in terms of the unknown {u . } and the three known
quantities can be written as:

(o [M]+ o, [CT+ [KDAw,, ;= {F,, ) + [M)(o{u, } +
totu } ogdi, )+ [Clog{u} +odi ) +ogdi,)), (16)

1 S 1 1
where oy =——, o, =——, a,=—0, o, =—-1,
aAt oAt aAt 20
5 At . .
o, =—-1, o5= —(— - Zj — Integration parameters.
a 2 \a

Initial and boundary conditions. The boundary condi-
tion at the left end is defined in the same way as the con-
dition in equation (3), in the form of a specified displace-
ment vector as a function of time. Non-reflecting boundary
conditions (Sommerfeld conditions [20, 21]) are not avail-
able in the ANSYS Mechanical APDL code. There are
several other approaches for implementing non-reflecting
boundary conditions in wave dynamics problems:

\ ||' “‘ ||' “' ||‘ “' “‘ “' “‘ ||' “‘ “’ “‘ “' “’ “' “' “' “' “' ||' ||' ||' ||' |‘

1. Absorbing boundary conditions (ABC). These
are used to minimize wave reflections from the bound-
aries of the computational domain. They are imple-
mented using special FLUID129 or FLUID30 ele-
ments (for acoustic problems) or via absorbing masses
and dampers. The basic principle is to introduce damp-
ing effects at the boundary.

2. Perfectly Matched Layers (PML). These are
used for electromagnetic, acoustic and certain elastic
problems. PML creates an artificial region with a mate-
rial that absorbs wave energy without reflection. Con-
figured via the material properties specified in the ab-
sorbing layer elements [27].

3. Impedance boundaries. Used to model the wave
impedance of the medium at boundaries. Frequently
used in acoustics and hydrodynamic problems to simu-
late open boundaries.

4. Infinite elements. Typically used in acous-
tic problems (e.g., INFIN110 elements). They allow
the modelling of unbounded domains without artificial
reflections [28, 29].

However, the simplest method to implement is
to extend the computational domain beyond the bound-
aries of the region of interest (by a distance signifi-
cantly greater than its size). This approach allows
waves to propagate beyond the computational domain
in a “natural” manner. However, this approach also has
drawbacks, stemming from the fact that it is impossible
to create an infinite computational domain in numerical
modelling. Waves that have passed through the region
of interest will, at some point in time, begin to reflect
off the right boundary. To address this, an additional
computational domain was created in the numerical
simulation (the area shown in blue in Fig. 2), the length
of which is an order of magnitude greater than the do-
main under consideration, and a limited time interval is
analyzed until the waves reflect off the right-hand end.

Initial conditions for numerical simulation u(x, 0) =
= 1(x, 0) = 0. This choice is dictated by the nature
of the numerical solution, where specifying an ampli-
tude at the initial time could result in an impulsive effect.
The process reaches a steady-state oscillation after a cer-
tain period of time, typically the time it takes for the first
wave to travel from the left to the right edge of the com-
putational domain under consideration.

Selection of finite element (FE) types and numeri-
cal simulation parameters. For the numerical simula-
tion, the LINK 180 FE was used — a uniaxial tension-
compression element with three degrees of freedom
at each node. The total simulation time was ¢ = 100,
with a number of steps NSUBST = 1,000.

[HHIHHIHHIHEHHHRHHR
LTI

Fig. 2. Finite element models for different mesh configurations (30, 150 and 300 elements)
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Discretization of the computational domain. The nu-
merical solution is presented for the special case where
the number of layers is N =3 (Fig. 3). As stated in the prob-
lem statement section, the right-hand end of the rod was
extended to allow the waves to propagate over a consid-
erable distance, in order to avoid reflection and its influ-
ence on the region of interest in the solution. The extended
domain is shown in blue in Fig. 2 and is not shown in its
full length.

To investigate mesh convergence, three finite element
mesh configurations were examined, with the region of in-
terest on the rod divided into 30, 150 and 300 elements.
The aim of this study is to determine the optimal element
size for obtaining a numerical solution that is independent
of the mesh configuration. The numerical solution will be
compared with the analytical solution for a layered mate-
rial with identical wave propagation velocities in the me-
dium (harmonic oscillations of equal amplitude).

RESEARCH RESULTS

Analytical solution. Fig. 3(a) shows the results
for N =3 layers in the following cases (assuming equal
segment lengths /, =/, = [, = 10 m and the same fre-
quency of external excitation ® = 1):

1. All wave propagation speeds are equal ¢, = ¢, =
= ¢,. This scenario corresponds to the following values
for the material constants: £, =E, =E,=1,p, =p,=p,= L.

2. When the wave propagation speeds for each
successive medium are half those of the previous one
¢, >c,>c, (c, = 2c, ¢, = 2c,). The following material
constants apply: £, =16, E,=4, E.=1,p, =p,=p, = |.

3. When the wave propagation speeds for each suc-
cessive medium are twice as high ¢, <c¢, <c, (¢, = 2¢,,
¢, = 2c,). The following values of the material constants
apply: £, =1, E,=4,E,=16,p, =p,=p,= L.

4. When the wave propagation speeds for each suc-
cessive medium are ¢, <c, > ¢, (¢, = 4c,, ¢, = 2c,). This
scenario corresponds to the following values for the ma-
terial constants: £, =1, E, =16, E, =4,p =p,=p,= 1.

The materials were selected in dimensionless
units: the elastic moduli are normalized to a base value
of £, and the densities to p,,.

The following conclusions can be drawn from
the results obtained:

1. Equality of wave propagation speeds (¢, =c,=c,).
The results show stable energy transfer through the lay-
ers with minimal distortion and a uniform oscillation
amplitude.

2. The effect of amplified oscillation amplitudes
and increased oscillation frequency when the wave
propagation speeds for each subsequent medium are
half as fast (¢, > ¢, > c,).

3. The effect of reduced amplitudes and decreased
oscillation frequency when the wave propagation
speeds for each subsequent medium are twice as fast
(¢, <c,<cy.

4. In cases where the wave propagation speeds
for each successive medium are defined as ¢, < ¢, > c,,
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a complex transition occurs in the region between
the first and second layers, where the wave propagation
speeds in the media differ by a factor of four.

A discretely heterogeneous material allows for ef-
fective control of wave propagation characteristics.
By altering the material properties (density, elastic
modulus) that influence wave propagation speeds
within the medium, it is possible to deliberately shape
the amplitude-frequency characteristics. This opens
up prospects for the application of such structures
in the development of directional seismic barriers, fil-
ters and waveguides.

Let us consider the behaviour of a discretely inho-
mogeneous rod in the case where ¢, < ¢, <c, (¢, = 2c,,
¢, = 2c¢,) at different frequencies of external influences
(=1, 0=2,0=5,0=10).

Fig. 3(b) shows that as the frequency of the exter-
nal excitation increases, there is a significant change
in the amplitude-frequency characteristics of the oscilla-
tions. In the low-frequency range, the amplitudes remain
relatively stable and vary only slightly along the rod.
As the frequency increases, resonant amplitude peaks
are observed, associated with the tuning of the material
parameters and the rod structure. At high frequencies,
the amplitudes change sharply, exhibiting complex oscil-
lation patterns. The presence of inhomogeneities signifi-
cantly influences the shape and magnitude of the ampli-
tudes. Parameters such as segment lengths, the frequency
of the external excitation, and differences in material
properties (density, elastic moduli) play a key role in de-
termining the nature of the vibrations.

The graph in Fig. 3(b) highlights the importance
of taking into account the frequency of the excitation
and the structure of the rod when designing seismic
barriers and waveguides. By controlling the parameters
of the inhomogeneities, it is possible to achieve targeted
wave attenuation or the formation of energy concentra-
tion zones.

For the same material parameters, let us consider
the variation of displacements over time at the frequen-
cy of the external excitation ® = 5 (Fig. 3, ¢). Results
are shown for three points in time: at the maximum
and minimum amplitudes over time, and at the moment
when, at the left end of the rod = 1 (the boundary con-
dition takes its maximum value over time).

At the point of maximum amplitude, pronounced
peaks are observed at fixed points, which is attributed
to resonant phenomena within the rod’s inhomogene-
ous structure. At the point of minimum amplitude,
the oscillations are significantly damped, indicating
phase interference of waves within the inhomogeneous
system. The inhomogeneity of the rod’s structure cre-
ates zones of energy concentration and regions of sig-
nificant amplitude reduction, which is associated with
the reflection of waves at the boundaries between re-
gions with different physical and mechanical proper-
ties. At the point of maximum excitation at the left end,
the amplitude distribution is characterized by a strong
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Fig. 3. Dependence of oscillation amplitudes: a — for different material parameters (different wave propagation speeds
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Fig. 4. Displacement amplitudes of a homogeneous rod in steady-state vibration for various mesh parameters of the computa-

tional domain

influence of the boundary condition, where energy is
intensively transmitted through the rod.

The dynamics of the oscillations highlight the im-
portance of the time factor in analyzing wave processes
in discretely inhomogeneous materials, which is associ-
ated with the appearance of both standing and travelling
waves. Wave interaction caused by inhomogeneity leads
to the emergence of complex time-dependent relation-
ships, including phase shifts and amplitude modulations.

Numerical solution in ANSYS Mechanical APDL.
Fig. 4 and 5 present the results of a mesh convergence
study for different finite element mesh configurations,
compared with the analytical solution for a layered
material with uniform wave propagation velocities
throughout the medium. The solution to the problem
in this configuration is a steady-state harmonic signal
with a uniform amplitude of oscillation across all layers
of the material.

The simulation results show that as the number of el-
ements increases, the accuracy of the numerical solution
improves, approaching the analytical solution. Coarser

meshes (e.g. 30 elements) exhibit significant deviations
from the analytical solutions, which is due to insufficient
detail in the modelling of stress and strain gradients.
Based on the study of mesh convergence, the solutions
with optimal accuracy were obtained on a mesh with 300
elements. This mesh was used for subsequent calcula-
tions of discretely heterogeneous materials with different
wave propagation speeds in the media.

Verification of the numerical model. A discretely
inhomogeneous beam was considered for the case,
where ¢, <c¢, <c, (¢, = 2¢,, ¢, = 2c,). Material proper-
ties: £, =1,E,=4,E,=16,p, =p,=p,= 1. Fig. 6and 7
show the results of numerical modelling compared with
the analytical results.

The numerical value of the error was determined
based on the standard deviation between the analytical
and numerical calculations:

sup|ua (x)—un (x)|
g, =20 -100 %,
max|ua (x)|

(17

1 4

057

SLVRAVRYRVAY

— ANSYS; kel =300

— ANSYS; kel = 150

20
X, m

— ANSYS; kel =30  — Analytical solution

Fig. 5. Effect of mesh partitioning on the numerical solution for a homogeneous beam
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Fig. 6. Displacement amplitudes of a discretely inhomogeneous rod in steady-state vibration
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Fig. 8. Variation of specific kinetic energy («) and potential energy (b) along the length of a discretely inhomogeneous rod

where u (x), u, (x) — the analytical and numerical solu-
tions at the point x, respectively.

The verification results show that numerical model-
ling in ANSYS Mechanical APDL allows for an adequate
description (with an accuracy of up to 5 % at the point
of greatest deviation) of the distribution of vibration am-
plitudes for a discretely inhomogeneous material.

Fig. 8 shows the values of kinetic energy and de-
formation energy at this particular moment in time,
from which it can be seen that their distribution along
the inhomogeneous rod is non-uniform. This is due
to the inhomogeneity of the material and the frequency
of the wave excitation. The energy maxima are concen-
trated in specific zones.

CONCLUSIONS AND DISCUSSION

Based on the study of the propagation of harmonic
longitudinal waves in discretely inhomogeneous linearly
elastic rods, the following conclusions can be drawn:

1. A general analytical solution has been developed
for a harmonic acoustic wave in a semi-infinite discretely
inhomogeneous linearly elastic rod consisting of an arbi-
trary number of layers.

2. Based on the analytical solution developed, key
patterns of the propagation of harmonic longitudinal
waves in discretely inhomogeneous linearly elastic rods
have been established. It has been found that the discrete

inhomogeneity of the material significantly influences
the amplitude-frequency characteristics and the distribu-
tion of vibrational energy, creating both zones of amplifi-
cation and attenuation of dynamic effects.

3. It was shown that targeted modifications to
the physical and geometric properties of the material
(moduli of elasticity, density, segment lengths and num-
ber of layers) enable the generation of specified ampli-
tude-frequency characteristics of wave fields.

4. A comparison of analytical solutions with the re-
sults of numerical modelling in ANSYS Mechanical
APDL demonstrated good agreement between them.
The average norm of the difference between the ana-
lytical and numerical calculations did not exceed
5 %. Detailed finite element calculations showed that,
for the model under consideration, the finite element ap-
proximations converge to the analytical solution.

5. The results obtained open up broad prospects
for engineering applications. By controlling the hetero-
geneity parameters, it is possible to design seismic bar-
riers, waveguides and filters with predefined dynamic
properties, thereby increasing the structures’ resistance
to vibration and seismic effects. Thus, the analytical so-
lution developed and the proposed method for numerical
modelling of the wave dynamics of discretely inhomo-
geneous rods can serve as a basis for further theoretical
research and applied developments in the field of wave
dynamics of inhomogeneous materials.
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NpUOOPOB AJIs1 YJIYyYIIEHHUS TEeNJI00TAAYH

Huxura IOpseBuy CaBBuH, Tarbsina Hukonaesna Uibuna,
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AHHOTALUMUA

BBeageHue. PaccmaTpuBaeTtca npobnema CHUXKeHUst NoTpebneHnst TENNOBOM 3HEPTUM U NOBbILLEHUS 3HEPTrO3P(PEKTUBHO-
CTW CUCTEM OTOMIEHUS B XXUITULLHOM CEKTOPE ANS YBEMUYEHUS UX XXU3HEHHOTO Lukna. PadpaboTka HOBbIX KOHCTPYKLIMI OTO-
nMTenbHbIX MPUOOPOB ABNSETCA akTyanbHON 3agaden. Llenb nccnegoBaHns — nNpoBECTU BbIYMCIUTENBHBIN SKCMEPUMEHT
ONs onpefenenvs rMapoANHaAMUYECKUX XapaKTePUCTUK CMOAENMPOBAHHBLIX TpybyaTbiX paavnaTtopoB OTOMMEHUS pasHbIX
TUMOB, BKMIOYAS KOHCTPYKLMK C YCUMEHHOW Typbynusaumen TennoHOCUTens.

MaTepuanbl n meToabl. BbinonHeH aHanva akTyanbHOW Hay4HOW NuUTepaTypbl, NOCBSALLIEHHON MOBbILLEHWIO 3hdeKTuB-
HOCTV paboTbl cuctem oTonneHus. MogenupoBaHue npouecca ABWMKEHUS TENOHOCUTENSA OCYLLECTBIEHO B MPOrpaMMHOM
komnnekce SOLIDWORKS.

Pesynbratbl. PaspaboTaHbl HOBble KOHCTPYKLIMU OTONUTENbHBIX MPUOOPOB, KOTOPbIE MO3BOMSIOT CHU3UTL 06BbEMBbI NOTpe-
6GrneHnsa TeNoBOW SHEPTN U MOBLICUTb OBLLYI0 SHEProadEKTUBHOCTL CUCTEM OTOMNEHUs. ViccnenoBaHo BMMSHNE KOH-
CTPYKUMOHHBIX 3MIEMEHTOB Ha [ABWXEeHWe TennoHocutens. BbISCHEHO, YTO MakcumanbHble nokasaTtenu TypOyneHTHOCTH
1 ahPeKTUBHOCTbL TennoobmeHa obecneunBatoTca Npu NPYUMEHEHUN CNpanbHbIX BCTaBOK B paguaTtopax.

BbiBoabl. [pakTuyeckme akcnepumeHTbl NOATBEPANIN NOBbILLEHWE 3 dEKTUBHOCTU 0BorpeBaTenbHbIX MPUGOPOB CO Cnm-
panbHbIMK BCTaBKamu MPUMEPHO Ha 3 %, YTO BEAET K YMEHbLLEHUIO SHEPronoTpebneHns 1 aKcnyaTalMoHHbIX PacxodoB.
YnyJlleHHble XapakTepucTukn obopyaoBaHMsa obecnedmBaloT YMEHbLUEHUE Harpy3kv Ha UHXEHEepHble CeTu, Npoaresas
UX pecypc aKcnyaTaumm 1 CHkas NoTpebHOCTb B YaCTOM TEXHUYECKOM OBCMYyXXMBaHUW.
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ABSTRACT

Introduction. The problem of reducing thermal energy consumption and increasing the energy efficiency of heating systems
in the residential sector in order to increase their life cycle is considered. The development of new heating device designs is
an urgent priority. The aim of this study is to conduct a computational experiment to determine the hydrodynamic character-
istics of simulated tubular radiators of various types, including designs featuring enhanced coolant turbulence.

Materials and methods. An analysis of relevant scientific literature devoted to improving the efficiency of heating systems
was carried out. The modelling of the coolant flow process was performed using the SOLIDWORKS software package.
Results. New designs of heating devices were developed that enable a reduction in heat energy consumption and
an increase in the overall energy efficiency of heating systems. The influence of structural elements on coolant flow was
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investigated. It was found that maximum turbulence values and heat exchange efficiency are achieved by using spiral inserts

in radiators.

Conclusions. Practical experiments have confirmed an increase in the efficiency of heating devices with spiral inserts by
approximately 3 %, which leads to a reduction in energy consumption and operating costs. Improved equipment charac-
teristics reduce the load on utility networks, extending their service life and reducing the need for frequent maintenance.

KEYWORDS: heating device, modelling, turbulation, experimental studies, heat exchange efficiency, spiral insert, plate,

heat carrier
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BBEJEHUE

B nocnenuue necstunerys B Poccuu u psijie Apyrux
WHJYCTPHAIIBHO Pa3BUTHIX TOCYJAPCTB OTMEYACTCS CTa-
OWTbHAs TCHICHIHS K CHYDKCHHIO TIOTPEONICHIUSI TETIOBOM
sHeprun. PaccmarpuBaercs mpobieMa CyIiecTBEHHBIX
Terutonorepb B Poccnu, 00yciioBeHHas mepexoioM po-
MBIIIICHHBIX MPEANPUATAN Ha aBTOHOMHOE TeTIOCHA0-
YKEHHE Y TOBBIIICHUEM SHEPreTHUeCKoi 3(hPEeKTUBHOCTH
obopynoBanus. Tem He MeHee B pe3yJibTaTe SKOHOMUYe-
CKUX TpeoOpa3zoBaHuii Hadana 1990-x TT. maHHas Tpo-
6nema mpuobdpena KpuTHyeckuii xapakrep. Haydmsie nc-
CJISIOBaHUS IEMOHCTPUPYIOT YBEJIMUEHHUE TETUIONIOTEPh
TIPU TPAHCIIOPTHPOBKE MPAKTHUESCKH B 2,5 pasza, 9To He-
3aMEeUINTEIBHO OTPA3HIOCh HAa TapU(HON MOITUTHKE
JUTSL KOHEYHBIX MoTpeOuTeneil. [ TaBHOW PHYIUHOMN CTOMb
PE3KOT0 POCTa IMOTEPh CTANl HEYIOBICTBOPUTEIBHEINA TeX-
HUYECKUH CTaTyC MH)KEHEPHBIX CETEU, XapaKTepu3yo-
IIUHCS BBICOKKM ypOBHEM (r3udeckoro usHoca' [1, 2].

Bormpoc TemtocHadkeHus TpeOyeT HEOTIOKHBIX Mep
IO TIOBBIIICHUIO 3P ()EKTUBHOCTH PabOThI BCEH CHCTEMBI.
[Totepu Teruia MpUBOASAT HE TOJIIBKO K POCTY TapH(OB,
HO W K YXYAIICHUIO KaueCTBa MPEIOCTABIIEMBIX YCIIYT,
YTO HETaTWBHO CKA3bIBACTCS Ha yPOBHE KoM(opTa JKHUTeE-
neit. OcoOEHHO OCTPO TO OLIYIIACTCS B CEKTOPE JKHIIUIL-
HOTO CTPOHUTEITLCTBA BCIISCTBHE TOTO, YTO ITEPCIICKTHBBI
BO3MOYKHOTO 3HEProcOepeKeHus B TeUEHHE rofia puoIH-
skarorcst kK 400 moe ['kan [3].

CorracHO BEIBOZAM, TIPEICTABICHHBIM aBTOPAMHU
paboTsl [4], yBenuueHue 3HEPro3(hpHEKTHBHOCTH HOBBIX
CTPOUTEINILHBIX OOBEKTOB HE3HAYUTEIIHHO BIUSIET HA POCT
CTOMMOCTH 3aCTpOHKHU. C MPaKTHYECKOHN MEPCTIEKTUBBI MO-
JICpPHHU3ANHUS CYIIECTBYIOMINX CHCTEM OTOIUICHHUS B JKHU-
JBIX 3[aHUSIX MyTEM 3aMEHBI yCTapeBIIEro 000py/I0Ba-
HUS TIPEJICTaBIsIeTCs 00JIee SKOHOMUUESCKH OTPaBIaHHOM
1 OBICTPOH aJIETEPHATHBOM MMOJTHON PEKOHCTPYKIINH JKH-
noro oHsa. DTOT METOJ TTO3BOJISIET 3HAYUTEIBHO COKpPa-
THUTH 3aTPaThl U BPEMEHHBIC PECYPCHI, JeNasi ero IMpUopH-
TETHBIM BBIOOPOM IS OOJBIIMHCTBA KOMMYHATBHBIX
MpeINpUATUI U YIIPABIAIOINX OpraHu3anuii [5—7].

B uccnenoBanuu [8] aHamM3UpyOTCS MOAXO/IBI K TIO-
BBIIICHUIO SHEPTro3(H(HEKTHBHOCTH OTOMUTEIIBHBIX CHCTEM

! TerutocHaO)keHe HACENCHHBIX IMyHKTOB // MenepanbHast
ciyx0a rocynapcrBeHHol cratuctuku. 2022. URL: https://
rosstat.gov.ru/storage/mediabank/jkh3.docx

Kak B JISHCTBYIOMINX, TaK M IPOSKTUPYEMBIX JKIJIBIX 00H-
eKTaxX C MPUMCHCHHUEM IEPEIOBBIX TEXHOIOTHICCKUX
pemenuil. IomyyeHHble pe3ynbTaThl JEMOHCTPUPYIOT,
YTO KOMILJIEKCHAsI MOJIEPHU3ALIMS CUCTEM OTOILIIEHHS CIIO-
coOHa obecreunTh yaydmeHue ux 3QHekTHBHOCTH.

IIpoBenen cpaBHUTENbHBIN aHAIN3 TIPOLIEHTOB CHU-
JKEHUS YJISTbHOM XapaKTEepUCTUKU TOTPEOICHUS TEIIo-
Boif sHepruu [9]. B kauecTBe pe3yasTaToB MPeICTaBICHBI
pacyeTsl XapaKTepPUCTUK CHCTEMBI OTOIUICHUS MHOTO-
ATAXHOTO 31aHWA. AHAJIOTUYHBIC HCCIICIOBAHNS TIPUBE-
JIeHsl B TpyAax [10, 11].

PaccMmoTpeHB HMEIOIIHeCs: THITBI CHCTEM OTOILIe-
HUS Kwioro noma [12]. YeraHoBieHo, uTo Ormaromaps
CaMOCTOSITEIIFHOMY PETyIHPOBAHUIO ITOJJa91 TEIlIa KO-
HOMHUS 3a OILIaTy cocraBisieT B cpenHeM ot 20 1o 30 %.
[ToaTBepskaeHNE STOTO MCCIIEAOBAHHS OIyOINKOBAHO
u B padote [13].

W3yueH BOIpOC OLIEHKH 3aTpar Ha CTPOUTEIHCTBO
TEIIOBBIX CETEH U MPOBEJECH CPABHUTEIIBHBIN aHAJIN3
pasMepa KOMMYHANIBHBIX TUIATEXKel MPH pa3INIHBIX Me-
Tozax TeriocHatkenus [14]. BeisiBieHo, 94TO MeHTpa-
JN30BaHHBIC CHCTEMBI TETNIOCHAOKEHHS OKa3bIBAIOTCS
GoIree TOPOTOCTOSIITIMU JUTS SKAJIBIIOB.

Ha ceronusimmamii neHp HaOIOaeTCs TCHACHITHS yBe-
JIMTICHUSI THTEepeca K BHEIPSHHUIO YHEProd()(PeKTHBHBIX UH-
TEJUICKTYaJIbHBIX CHCTEM TerutocHatkerws [ 15]. M3BectHo,
YTO BaYKHEUILIMM 3TarloM IPH pa3padOTKe TAaKUX CHUCTEM,
PaBHO KaK ¥ BCEX BUJIOB OTOIHUTENBHBIX CUCTEM B IIENIOM,
SIBIISIETCSI TTPOLIECC MOJIEIMPOBaHus. B 1ukie myonmkarmii
[16—-18] paccmarpuBaroTcsi BOIPOCHI CO3IAHMSI OCHOBBI
1(POBOTO JIBOWHUKA CUCTEMBI OTOTUICHHS JKUJIOTO 31aHHsI
C 1ICJIBIO MOBBIIICHHs A(Q(PEKTHBHOCTH YIPABICHHUS TEILIO-
BOI1 sHEprueit. Mcrnons3oBanue nporiecca MOAETUPOBAHUS
JTaeT BO3MOKHOCTB HE TOJIBKO COKOHOMHUTB SHEPrOPECyPCHI,
HO ¥ ONTUMH3HAPOBATH JEHCTBHUS B HEIITATHBIX CUTYAINSIX,
BKJIIOYAs! aBAPUIHBIE PEKUMBI.

Oco0BIit MHTEpEC MpecTaBIseT uccnenoBanue [19],
a UMCHHO BBIBOJIBI, YKA3bIBAIOIINEC HA BAYKHOCTH BHE-
JIPEHUS] HOBBIX KOHCTPYKLMI OTONHMTENBHBIX TPHOOPOB
Ha dTare pekoHCTPyKInH. Pa3zpaboTka HOBBIX KOHCTPYK-
IUH OTOIUTENBHBIX IPHOOPOB OCTACTCS AKTyaJILHON 3a-
Jladeld u 1o Hacrosiiiee Bpemsi. CoBpeMeHHbIe TpeOOBaHHs
K 9HeproaGHeKTUBHOCTH AUKTYIOT HEOOXOIMMOCTh CO3-
JTAaHUS yCTPOMCTB, 00NaMAI0NINX YIyUIICHHBIMI TEXHHU-
YECKUMH XapaKTEPUCTHKAMH, TAKIMHU KaK BBICOKas Te-
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IJIONPOU3BOAUTEIIBHOCTD, JOJITOBECYHOCTH U MPOCTOTA
MOHTa)ka. Perrienne 3Toii 3a1aun moajpasyMeBacT 00beIu-
HEHHE YCWINH BEIyIMX HHKEHEPOB M YUEHBIX, CII0CO0-
HBIX MPEUIOKUTh NHHOBALIMOHHBIC TEXHUYECKHUE pellie-
HMS1, CIIOCOOHBIE Y/IOBJIETBOPHUTH PacTyIIUE IIOTPEOHOCTH
o0mIecTBa B Ka4eCTBEHHOM | JIOCTYITHOW TETIOBOM dHEp-
ruu [20]. [TomynsipHBIM 1 HE3aTpaTHBIM CIIOCOOOM OCY-
MECTBJICHUST aHan3a YPPEKTUBHOCTH PaOOTHI CUCTEM
OTOTUJICHHS BBICTYITA€T KOMIIBIOTEPHOE MOJICINPOBAHHE.
Ero pacnpocTpaneHHOCTh 00yCIIOBJIE€HA 3HAYUTEIHHO
MEHBIINMH 3aTpaTaMy B CPABHEHHH C PEaJIbHBIMHU HKCIIC-
PUMEHTAJIBHBIMU UCCIIEIOBAHUSMHE, TIOCKOJIBKY 11T (hu-
3UYECKUX UCIBITAaHUN HCO6XO}II/IMO H3roTaBJIMBATh MPO-
ToTHN 06opynoBanusa. Cpean WHXEHEPHBIX MPOrpamMM
0coboe BHIMaHHE XOTEIOCh ObI YIEIUTh CHCTEME TIPO-
extrpoBanuss SOLIDWORKS. JlaHHbII nporpaMMHBIHA
TIPOJLYKT YJOBJIETBOPSICT BCEM TPEOOBAHMSM, ITOCTABIICH-
HBIM aBTOpaMH, 8 IMEHHO MTO3BOJISIET OCYIIIECTBUTH MOJIE-
JIMPOBAHHUE JIBUIKEHHMSI TIOTOKA TEIJIOHOCUTEIISI B OTpe/ie-
JICHHOM JTHara3oHe CKOPOCTEH.

Lexnb riccieoBaHus — N3yYEHNE PA3ITMIHBIX OPHTH-
HaJIbHBIX KOHCTPYKIMH OTOIUTENIBHOTO Mpruoopa 1 cpas-
HEHHUE PEe3yNbTaToOB C CEPUITHBIM 000pyJOBaHUEM. DTO
TIOMO’KET JIyHIIle TOHSATH pPabOTy TaKUX YCTPOMCTB U YiIyd-
IIATh MX AW3aNH 7151 TOCTKCHIS HaHOOMbIIeH Y3 heKTrB-
HOCTH.

MATEPHAJIBI U METO/JbI

XapakTep IBMKEHUS JKUAKOCTH OKa3bIBAaeT 3Ha-
YUTENbHOE BIMSAHHE HA 3()()EKTHBHOCTH MPOILECCOB
Teruronepenadn. B noxasisronieM OOIBIIMHCTBE OTO-
MUTEJIBHBIX IPUOOPOB HAOIIOIAETCS JIAMUHAPHBIH pe-
JKAM, TIOTOMY KOJIMYECTBO IEpe/laBaeMoOi TenaoBOU
SHEPTUY B ITOMEIICHNE 3aBUCTU OT THIA TETNIOHOCH-
TeJsl, ero CBOMCTB M KOHCTPYKTHUBHBIX 0COOCHHOCTEH
OTONUTENEHOTO 00opynoBanust [21].

Onenka > QEeKTUBHOCTH TEINIOOTAa4YH B TpyOUa-
THIX M KaHAJBHBIX CUCTEMaX TPaJAMIUOHHO MTPOU3BO-
JIATCSI C IPUMEHEHHEM KOA(pQHIIMEHTa TEIIO0TIauH.
YeranosneHo, yto uucio Hyccensra pacteT npomnop-
IIMOHAJBHO YBEIMUCHUIO 3HAYCHUS KpuTepus PeitHomns-
Jica, yKa3bIBasl Ha BO3pacTaHue KO3 PHUIEHTA TEIlIo-
otjauu ¢ poctoM uncia Re [22, 23].

HccnenoBarenbckue padoThl 3apyOeKHBIX CIICIH-
aucToB [24-26] IEMOHCTPUPYIOT, YTO OpeOpeHue; uc-
MOJb30BAHNE IIEPOXOBATHIX MOBEPXHOCTEH, BCTABOK
Pa3IMYHOM reoMeTpruaecKoii (POpMBI CHOCOOCTBYIOT yBe-
JIMYEHUIO CTETICHU 3aBUXPEHHOCTH TTOTOKA U, KaK Clie/-
CTBHUE, POCTY dPPEKTUBHOCTH TeTIo0OMeHa. VHBIMU
CJIOBaMHU, OCHOBHOM 3ajlaueil BCeX MCCJICIOBAaHUU BbI-
cTymnaet pa3paboTKa TaKMX KOHCTPYKIUH OTOIMHUTEIbHBIX
prOOPOB, KOTOPBIE COUETaNN ObI B ce0e ONTHMAIIEHOE
COOTHOIICHHE MacCOTabapUTHBIX TOKa3aTenel 1 Koad-
(HIMeHTa TeTUIO0TAa4H — OCHOBHOT'O TIOKA3aTeJIs], XapaK-
TepU3yIIIEro YPPEKTHBHOCTH PaOOTHI OTOMUTEIHHOTO
npubopa [27].

174

Bce MeTozpI BO3EHCTBHS Ha MTOTOK TEIIOHOCH-
TeJIsl MOKHO pa3JeuTh Ha JBe OOJBIINE KaTerOpHUH —
aKTHBHBIE U MacCUBHBIC [28].

CyTh aKTHBHBIX METO/IOB 3aKJIIOYACTCs B BO3JIECH-
CTBUH Ha 000pyIOBaHNe, a He Ha ITOTOK. [ 1oy Bo3neticTBreM
IIOHUMACTCs CO3aaHUC BI/I6paI_[I/II/I, MAarHUTHBIX I10JIEH
WIN aKyCTHUECKHX [29].

K maccHBHBIM MeTOZIaM MOKHO OTHECTH CIIOCOOBI,
BJIMSIOLINE HEIOCPEICTBEHHO Ha MOTOK TEINIOHOCHTE-
1. J171s1 9TOT0 M3MEHSIIOT KOHCTPYKIIMIO KaK pajauaropa,
TaK M ero KaHana, T.€. yCTaHABIIMBAIOT BCTABKH Pa3JIny-
HOM reoMeTprudeckoil hopMmel. B HaydHO! TUTEpaType
TaKue BCTaBKW Ha3bIBatoTCs TypOynusarops [30, 31].

Takum 00pazom, BEIOOp ONTUMAIBHOTO METONA
MHTEHCU(DUKALNN TEIIOOTIAYH JOJKEH yYUTHIBATh
creru(uKy KOHKPETHONH CHCTEMBI U jKeJaeMble mapa-
METpBI TEII000MeHa.

PE3YJIBTATHBI HCCJIEJOBAHUA

B cucremax oromenus TPaauIIMOHHO UCTIOJIB3YIOT-
Csl MHOTOCEKIIMOHHBIE PaInaTophbl OTOIUIeH s X BHeI-
HHI BUJ] U KOHCTPYKTHB NPECTABIICHBI Ha pHC. 1.

CBOI0 NOIYIISIPHOCTD JAHHBIH THIT PaJHaToOpOB I10-
Ty4ui Onarozjapsi MpocToTe KOHCTPYKIUHU U U3TOTOBIIE-
HUS, TIOCKOJIBKY He TpeOyeTcsl CIennaln3upoBaHHOe
obopynoBanue. V3-3a 3T0r0 mapaMeTpsI (BBICOTa, THa-
METp U T.JI.) painaTopoB MOTYT BapbUPOBATHCSA UCXOS
U3 TEXHUYECKUX YCIIOBUI WM TpeOOBAaHUH 3aKa3uuKa.
HecoMHEHHBIM TUTFOCOM SIBIISIETCS TPOCTOTA YXO/a, 0CO-

Puc. 1. Cepuiinbiii paguatop OToIuIeHUs: /, 2 — KOJUIEKTO-
pBI; 3 — ceKuus; 4 — CroH
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Puc. 2. Yeprerxu OpurHHATBHBIX PAAUATOPOB: @ — KOHCTPYKIIHS pafHaTopa ¢ BOTHYTHIMH IUTACTHHAMU: [, 2 — KOJIIEKTOPBHI;

3 — cexuus; 4 — CroH; 5 — BHYTpEHHss TpyOa; 6 — TypOyau3aTop; b — KOHCTPYKLUS paguaTtopa co CIHPaTbHBIMH BCTaB-

KaMmu: /, 2 — KOJUIEKTOPHBI; 3 — CEKILUsI; 4 — CrOH; 5 — BHYTPEHHsA TpyOa

OCHHO ATO BA)KHO B 3aIBLJICHHBIX MOMEIICHUAX U IIPO-
n3BOZICTBaX. Ecii roBopuTh 0 HEZOCTaTKaX, OCHOBHBIM
HEOOXOAMMO YyKa3aTh HU3KYIO CTEIICHb TYpOyIH3amun
TEIIOHOCUTEIISI.

[t perrenns 310 mpoodaeMsl ObUTH pa3padOTaHbI
TPH OPUTHHAIBHBIX KOHCTPYKIIMM Ha 0a3e CepUHHOTO
paauaropa otoreHus [32-35]:

* pajnarop ¢ BOTHYTHIMH IJIaCTHHAMH (pHcC. 2, a)
[33];

* CO cIiUpalibHBIMK BcTaBKamu (puc. 2, b) [34];

* C IMCKOBBIMHU BCTaBKamu (puc. 3) [35].

BaxHO OTMETHTH, YTO TUIACTUHEHI (CM. pHC. 2, a)
MOHTHUPYIOTCA O ONIPEACIICHHBIM YITIOM OTHOCHUTEIIb-
HO JIpyT Apyra, 00pasys psijabl. PaccrosHie Mex ity 3TH-
MU PSITaMHA PACCYUTBHIBACTCS TAKUM 00pa3oM, YTOOBI
00€CTeYnTh MOCTOSIHHYIO TypOYJICHTHOCTD JBHXKCHHS
TEIUIOHOCHUTEIIS], CIIOCOOCTBYIOIIYIO JTyYIIeMy TEIUIO-
oOmeHy.

B paamaropax ¢ nuckoBbIMHU BcTaBKamu (puc. 3)
TypOyIM3aTOPhl paconaraloTcst BHyTPH BEPTHKAIBHO-
ro KaHajia, o0ecreynBasi JOMOJHUTEIbHYIO TUIONIAb
MOBEPXHOCTHU AJIs TeruioodMena. Takast cTpyKTypa 1o-
3BoJsieT 3()(HEKTHUBHO TIepeiaBaTh TEIIIOBYIO SHEPTHIO
OT TEIUIOHOCHTEIIS] B OKPY’KAIOIILYIO CPELy.

JanbHelmue uccieqoBaHus MPeAnoaraloT co3-
JTaHWE KOMITBIOTEPHBIX MOJIEIICii KaHaJIOB OPUT'HHAIb-
HBbIX KOHCTPYKLUMH U MOAENIN CEPUMHOIO OTONUTENb-
Horo npubopa (puc. 4) ¢ NOCIEAYIONUM aHATH3OM
Pe3yNIbTaTOB MOJICIMPOBAHUS JIBUKCHUS TECTIJIOHOCH-
Tensd. DTy 3a/jady ylajdoCh PEIINTh C MOMOIIBI0 KOM-

d
1
T =

4 [\ ——— | —— )  ——— 1 4
3
M
6_ 1]
4 4

= =
2

Puc. 3. Yeprex paguaropa ¢ IMCKOBBIMHI BCTaBKaMH: /, 2 — KOJI-
JIEKTOPBI; 3 — CEKIWsI; 4 — CroH; 5 — BCTaBKa; 6 — 0Chb
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a c d

Puc. 4. O0beMHBIC MOJICIIU CEKIUIT paxguaTopa: ¢ — ¢ BO-
THYTHIMH TUTACTUHAMH; b — CO CIIHPaJBbHBIMH BCTABKAMU;
¢ — C IMCKOBBIMH BCTaBKaMU; d — CTaHJAApPTHOTO pajraTopa

miekca SOLIDWORKS, mockoiapKy 3TO MOIIHEIA HH-
CTPYMEHT U1l TPEXMEPHOTO MOJIEITMPOBAHHSI, KOTOPBIH
MIPOKO NMPUMEHSETCS HHKCHEPaMHU M AH3aliHepaMu
JUISL CO3/1aHMS BBICOKOTOYHBIX IU(POBBIX MPOTOTUIIOB
m3nenuid. Korna peus nier o MopeIupoBaHUM IOTOKOB
TEIJIOHOCUTENIeH B KaHajaX pajuaropa OTOIUICHHS,
SOLIDWORKS mpeanaraet MHOXKECTBO IPEUMYIIIECTB,
KOTOpBIE AENAIOT €ro MAea]bHbIM BHIOOPOM ISl BbI-
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MOJIHEHUS NOJ00HBIX 3a/ad. BriGop aToro nporpam-
MHOT0 o0OecrieueH s 03BOJISIET HHKEHEPaM CO3/1aBaTh
TOYHBIE IIU(YPOBBIC TIPOTOTUIIBI, IIPOBOAUTH KOMILIEKC-
HBIE PACYETHl U ONTHMHU3UPOBATH KOHCTPYKIINHU PAJIH-
aTOPOB, YTO BEACT K MOBBIIICHUIO UX 3PPEKTUBHOCTH
U JIOJTOBEYHOCTH.

HaxoxieHue 4yuciieHHOro 3HaYeHus KodGhuim-
eHTa TypOyJIU3ali1 3aKII04AEeTCs B IPOBEACHUH MOJIe-
JIMPOBAHUS JIBUIKEHHUS TEINIOHOCUTEJISI IIPU Pa3INuHbIX
CKOPOCTSIX.

Onpenenenue kputepust PeliHonbaca BHIIOTHEHO
npu ckopocTH Terutonocurenst ot 0,5 no 1,5 m/c myst Beex
TUIIOB KOHCTPYKLMI COOTBETCTBEHHO. Pe3ynbTarsl npes-
CTaBJIEHBI Ha pUC. 5.

Ilo pe3ysabraraM BUIHO, YTO 3aBHCHUMOCTH BO3pAcTa-
0T JIMHEWHO C yBEINYEHUEM CKOPOCTU TEIIOHOCHUTETIS.
UYem OoJIbIIe CKOPOCTh, TEM BBIIIE U 3PPEKTHBHOCTD Pa-
60tbI. Takke ¢ pOCTOM CKOPOCTH YBEINYMBAETCS Pa3phbiB
MEX1y OpPUTHHAIBHBIM O0OPYAOBaHUEM U CEPUHHBIM.
Tax, mpu crkopoctn 0,5 M/C pa3pbIB B umciax Re cocrasis-
et 3, ampu ckopoct 1,5 M/c uncio Re Oormbie B cpenHeM
Ha 850. [IukoBble 3HaUCHNS Re 1 MaKCUMaNbHBIN TEMIT
€ero npupocTa (PUKCHPYIOTCS TP YBEIMIEHUH CKOPOCTU
B XOJI€ CUMYJIALMOHHBIX YKCIEPUMEHTOB HaJl OTOKOM
B CEKLIUH, OCHAILICHHON CIUPaJIbHBIMU KOMITOHEHTaMHU.

Just BeprduKanyuy TOYHOCTH TOJIyYEHHBIX CBEJIe-
HUH BBITIOJTHEH CPABHUTEIILHBIN aHAIN3 BEJIMYNH KOI(-
¢unmenta PeitHonmbica At CTaHAAPTHOTO TPYOUATOTO
TEMJI000MEHHHUKA M TETUIOOOMEHHUKA ¢ BHEIPECHHOU
CIHpasbHOH BcTaBKOH. JlaHHBIE TapaMeTphl OBUTH CMO-

1,1 1,3 1,5

V, m/c

Puc. 5. Pe3ynprars! TEIUIOTEXHUYECKUX HCIIBITAHUN: / — pajinatopa ¢ BOTHYTBIMH TUIACTUHAMU; 2 — PaJRATopa Co CIIUpPab-

HBIMH BCTaBKaMH; 2 — pacueTHBIC 3HAUCHNUS YHcia Re B CeKnusx paguaTopa co CIMpaNbHBIMU BCTaBKaMK; 3 — pajguaTopa

¢ IUCKOBBIMH BCTaBKaMM; 4 — CTaHIAPTHOTO pajinaTopa; 4 — pacueTHHIC 3HAUCHUS 4ucia Re B ceKIMsAX CTaHIApTHOTO

paauaropa
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3,00
2,83
1,67
1,50
2,33
2,17
2,00
1,83
1,67
1,50
1,33
1,17
1,00
0,83
0,67
0,50
0,33
0,17

Puc. 6. ['paduueckoe pacrpesnesieHne MHTEHCUBHOCTH TypOYJIEHTHOCTH MOTOKA B CEKLHAX: ¢ — PaJUaTOpa C BOTHYTHIMU

IJIaCTUHaAMU, b— paauaropa Co CiMpaJbHbIMU BCTaBKaMU; ¢ — paauaTropa ¢ JUCKOBbIMH BCTaBKaMU; d— CTaHAAPTHOT'O

pazauaropa

JICTUPOBAHBI C TIOMOIIBIO BBIYUCIIUTEIBHBIX METO/IOB.
[Tony4eHHbIe pacueTHbIC BEJIMYMHBI TIOKa3aHbI Ha PHC. 5
B BUJIE ITyHKTUPHOU JIMHUH.

Pacuers! cpetHel IHTEHCUBHOCTH TYpOYJICHTHOCTH
MIPOBOJIMJIMCH HA OCHOBAHUH PE3YJIBTATOB MOJICIIUPOBA-
HHS [TOTOKOB TEIUIOHOCHUTEIIS B CHELHAIN3NPOBAHHBIX
MaKeTax KOMITbIOTEPHOHN THIIPOJAMHAMUKH, TAKNX KaK MO-
nyie Flow Simulation makera SOLIDWORKS (puc. 6).
Cpennee 3Ha9EHIE aOCOTIOTHOIH CKOPOCTH BHIUHCIISIIOCH
KaK MHTETPaJIbHOE 110 BCEMy 00BEMY CeueHHsl TPyOKH
pazuaropa.

[Tomy4yeHnHbIe JaHHBIE OTOOPAKATHCH TPAPIICCKU
B BUJIE TPAGKTOPHI YACTHIL TETIIOHOCUTEIIS, TIE KKIbINA
MyTh OKpAIlleH B 3aBUCUMOCTH OT JIOKQJIbHOW HHTEHCHB-
HOCTH TypOyleHTHOCTH. L|BeToBast manmTpa BEIOHpaiach
TaK, 4TOObI HANISAHO OTpaXkKaTh rpafalliyl HHTEHCHB-
HOCTH, TIO3BOJISISI BU3YaJIbHO OL[EHUTD Pa3JInius MEXKIY
Pa3INYHBIMH KOHCTPYKIMSIMH PaJHaTOPOB.

B pesynbrare ycTaHOBJIEHO, YTO MHTEHCHBHOCTB
TypOyJIEHTHOCTH camasi HU3Kasl y CEpUIHOTO paguaropa
u cocrasnser 2,5 %. Hausbiciieii crenenn TypOyneHT-
HOCTH 5 % yaanoch JOOUTHCS IIPH UCTIOIb30BAHNUH CITH-
paJIbHBIX BCTABOK B paJiaTop.

C wenblo MOATBEPKICHUS PE3yIbTaTOB KOMITBIO-
TEPHOTO MOJIEIIUPOBAHUS ITPOBEJICHBI CPABHUTEIIbHbIC
SKCIEPUMEHTAIILHBIC UCCIIEIOBAHUS PaiaTopa co CIu-

paJIbHBIMU BCTaBKaMM U CEpUMHOrO. J[j1s1 3TOr0 B HKCIIEe-
PUMEHTAJIBHYIO YCTAHOBKY (pHC. 7), CIPOEKTUPOBAHHYTO
cormacHo ['OCT P 53583-2009, nunterpupoBaHsl yka-
3aHHBIC PaJUaTophl. B KauecTBe 3TalOHHOTO MPUMEHSII-
Csl CepUIHBIN paguarop, B Ka9ecTBEe MUCCIEAYEeMOro —
paauarop co CnupaibHBIMU BCTaBKaMH.

Iepen npoBeneHNEM IKCTIEPUMEHTAIBHBIX HCCIIC-
JIOBaHUIl OBUIM M3TOTOBJIEHBl U BMOHTHPOBAHBI CITH-
panbHbIe TypOyau3aTopbl. VX BHENIHWI BHJ TOKa3aH
Ha puc. 8.

OKCIIEpUMEHTBI OCYIIECTBISUIUCEH C UCTIOJIB30BAHH-
€M BOJIbI B KQUE€CTBE rOPSTYEro TEIIOHOCUTEIS M BO3/TyXa
B KaueCTBE XOJIOIHOTO. BO BpeMsi 3KCIIEPUMEHTOB TeM-
rieparypa BozpI BapbrpoBaiack ot 50 1o 85 °C. Boznyx
MMell KOMHaTHYIo Temneparypy okoso 20 °C. [Tnanupo-
BaHHE HKCIIEPHMEHTA KOPPETUPYETCS C TEMIIEPATY PHBIMU
rpa)MKaMH HCTOYHHKA TETUIOBOM SHEPTUH M TIOTpeOuTe-
JIst JUTSL HU3KOTEMITEPaTyPHBIX CHCTEM TEIUIOCHA0KEHHS
Benropozckoit obnactu. BaxkueiM 31eMeHTOM Jab0pa-
TOPHOH yCTaHOBKH, IIPEJCTABIEHHOM Ha PUC. 7, SIBIIETCA
BOZIOTpeHBIN anekTpuueckuit koren «PYCHUT» (momr-
HOCTh 5 KBT), MakcumanbHas TeMneparypa TeIIoHOCH-
TeJIst Ha BBIXOJIe KOToporo cocrasisieT 87 °C.

CrienoBaresbHO, TEMITEpaTypbl CETEBOM BOJIBI B 110-
JIAfOIIeM U 00paTHOM TPyOOIPOBOAAX, B3ATHIC IIPU TEM-
rieparype HapyxHoOro Bo3ayxa —17 °C, OymyT KOHEUHbI-
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Puc. 7. DkcniepiMeHTaNbHast YCTAHOBKA: @ — cxeMma; b — BHEWHUH Bua; | — nepenus; 2 — 0ak MOCTOSHHOTO YPOBHS;

3 — CMeIIUBaloIIee YCTPOHUCTBO; 4 — SIEKTPUUECKHIA KOTeN; 5 — KJIanaH; 6 — HUPKYISIMOHHbIA HacoC; 7 — KianaH; § — pa-

natop; 9 — u3MepuTenbHblid cocyn; /() — kinana; // — Teruio00MeHHUK [UTsl TEPBUYHON MMOATOTOBKH BOABL, /2 — (uiibTp;

13 — ycTpOHCTBO /71 MI3MEPEHNUS TeMIlepaTypsl; /4 — KiamnaH

Puc. 8. BHemnuii Bu TypOynmu3aTopoB

178

MH B DKCIICPUMCHTAIILHBIX HcclienoBanusx (85, 64 °C).
[Ipu BBINOIHEHNY CEPUM DKCIIEPUMEHTOB PACCMOTPEHBI
TeMIeparypbl TEIJIOHOCUTEIIS ITPH CIIELYIOIIMX TeMIepa-
Typax Hapy>kHOro Bo3ayxa, °C: —15,-10, -5, 0, +5, +8.

Pe3ynbrarsl SKCIEpPUMEHTAIBHBIX TEIUIOTEXHIYE-
CKUX HMCCIEJOBaHUN JIBYX PaJHaTOpOB IPEICTABICHbBI
B TabuIe.

Pe3ynbrarsl 9KCIEpUMEHTANIBHBIX UCCIEA0BAHUI
MIPUBEICHBI Ha pUC. 9.

W3 rpaduka BHIHO, YTO OTONUTENILHBIA TPUOOP
CO CITUpaJIbHBIMH BCTaBKaMU (P (eKTuBHEE CEPUITHOTO
B cpenHeM Ha 3 %. B pesynbrare nccienoBaHuii MOXKHO
CIenaTh BBIBOM, YTO YHEProdPPeKTHBHOE 000PyIOBa-
HHUE MEHBIIIE MOABEPKEHO N3HOCY, CIIEI0BATEIHHO, €TO
CPOK CITyOBI yBEITHINBACTCSL.

TeMneparypsl TEIUIOHOCHUTENS B TPEIOIEM M Ha-
TpeBaeMOM KOHTYPaX ONPEIEIISUTICEH C TOMOIIBIO TETII0-
Berancimrens «Bsner TCPB-042» ¢ maTunkom Temriepa-
Typsl «Baner TIIC Pt500 L70». KonTponbeHble noka3aHus
(hMKCHpPOBAITKCH TTOCIIE UCTEYEHMS 15 MUH, T.e. BO BpeMs
yCTaHOBHUBIIErocs pexxuMa. OTHOCUTEIbHAS IOTpel-
HOCTB [IPY U3MEPEHUH TeMIIepaTypsl cocTaBisieT £0,2 %.

Pacxon TeruioHocuTenst B 000MX KOHTypax ycTa-
HaBJIMBAJICS C TIOMOIIBIO TEIUIOBBIYMCINTENS «B3ier
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TerutoTeXxHUYECKHE HCCIICA0BAaHUA

ITapamerp

Howmep onbiTa

2 3 4 5 6 7

Temmneparypa HapykHOTO Bo3nyxa, °C 48

+5 0 -5 -10 -15 -17

Temmeparypa B MojiarolieM TpyOoorpoBo/ie IPEIOLIEro
KOHTYpa, °C 43

47,7 56,9 65,6 74,1 82,3 85,0

PacuerHoe 3HaueHue CPEAHEro TEMIIEPATYPHOIro

Haropa, °C 3.54

4,94 6,57 8,9 9,9 10,8 12,43

Kpurepuii Pelinonsaca, Re 631

878 1112 1418 1694 1775 1983

Koapduuuent temnonepenaun cepuitHoro

paauaropa, Br/(m?-°C) 1992

2203 2377 2643 2820 3054 3187

Koa¢duuunent remnonepenadn OpuruHaibHOro

paaumaropa, Br/(m?-°C) 2032

2234 2456 2687 2898 3066 3249

PacueTHOE 3HAUCHUE KOIDDUIMEHTA TEIUIOTIEPEIaYH

OpPHUIHHAIIBHOTO pauaropa, Br/(m?-°C) 2084

2303 2522 2743 2982 3194 3372

PacxokieHHEe 9KCIePUMEHTAIbHBIX U PACYETHBIX

JAHHBIX KO3 GHUIHEHTa TeTUIoNepeaayn

JUISL ODUTHHAIIBHOTO paguaropa, % 26
b

3500

3,1 2,7 2,1 2,9 4,2 3,8

3300

N~

3100

2900

2700

2500

2300

2100

Koaddurment rermonepenayn

1900

1700

1500

0 0,5 1

1,5 2 25

Kpurepuii Peiinonbaca, 10°

Puc. 9. Pe3ynbrarsl SKCIIEepUMEHTANBHBIX UCCIIEOBAHUIT

TCPB-042) nocpencTBoM 3JIeKTpOMarHUTHOTO PAcX0z0-
Mepa-cueTunka «Baner OP JlaitM 440J1 B» Iy 15 mm.
OTHOCHTENBHAS TOTPEITHOCTH IEKTPOMArHUTHOTO pac-
xomomepa-cuetanka «B3mer OP JlaittM 440J1 B» co-
crapisget £0,5 %.

OUHATBFHBIM ATAIIOM HCCIIEOBAHUS CTalla OLEH-
Ka BIMSHHS pa3pab0TaHHON KOHCTPYKIHMH paguaTopa
Ha YKU3HEHHBIN LIUKJI CUCTEMBI TeIIocHa0OKeHus. biaro-
JTapsi BBICOKOMY K03(h(hHIMEHTY TeTIO0TIauH YTy dIlacT-
cs1 9Heproo(h(PeKTUBHOCTH CUCTEMBI, COKpallast HoTpeo-
JICHUE SHEPTUH U CHIDKAS YKCIUTyaTalliOHHBIC PAaCXOIBI.
[NoBbIIeHHAsT HA/IGKHOCTD M JIOITOBEYHOCTH KOHCTPYK-
MM YMEHBILIAIOT HEOOXOAUMOCTh B PEMOHTE M 00CITy-
JKUBAaHHH, YTO JIOTIOJHUTEIEHO CHIDKACT 3aTpaThl Ha IPO-

TSDKEHHMH BCETO CPOKa CITyObl. B KOHEYHOM HTOTE, Ta-
Kast KOHCTPYKIIHS CITIOCOOCTBYET ONTHMH3AIINH PabOThI
CHCTEMBI TEIUIOCHAOKEHIS, TIOBBIIIICHUIO €€ 00IIei -
(DEeKTUBHOCTH ¥ TIPOJIIEHUIO CPOKA CITYIKOBI.

3AKJIIOYEHHUE U OBCYXJIEHHUE

PazpaboTka HOBOTo 5Hepro3(h(HeKTUBHOIO TEILIO-
00MEHHOT0 00O0pYIOBaHMS MOMOTaeT COKpPAIIECHUIO
00BEMOB MOTPEOJICHUS TEIIIOBOW SHEPTHU.

CeKTop KHIIUIHOTO CTPOUTENBCTBA UCTIBITHIBACT
3HAUYNTEIbHBIC TIPOOJIEMBI C TIOTEPEN TerIa, J0CTUras
BBICOKHUX I10Ka3aTesield NOTEeHUHaIbHON SKOHOMUHU Te-
IIJIOBOM 3HEPIHH.
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[ToBbleHre 3HeprodHHEeKTUBHOCTH KHUIIBIX J10-
MOB BO3MOKHO 32 CUET MOJICPHH3ALIUH CYIECTBYIOIINX
CHCTEM OTOILICHHS, YTO IIPEIIOYTUTEIIbHEE TOJHOM pe-
KOHCTPYKLMU 31aHUH.

D DHeKTUBHOCTD OTONMUTENBHOIO NPUOOpa HATIPSIMYIO
3aBUCHUT OT KO3(hpuIMeHTa TypOyIM3alliH, YeM BbIIIE HH-
TEHCUBHOCTb TYpOYJIM3aLHH, TEM BbIIIE 3P()EKTHUBHOCTb.

Bcenencrue nosblienus 53pGpekTHBHOCTH paboThI
OTOIUTEIbHBIX TPUOOPOB MOCIEIYET CHUIKEHHE CTOU-
MOCTH U MaccorabapuTHBIX [TOKa3aTesei.

[TpoBeneHHbIE UCCIIENOBAHMUS TOKA3AIN MPSIMYIO
3aBUCUMOCTH 3(D(HEKTHBHOCTH TEIIIOOOMEHA OT MHTECH-

CHUBHOCTH TYypOYJICHTHOCTH, ITPHYEM BBEACHUE CIICIIH-
aJbHBIX TYypOYJIH3UPYIOIINX BCTABOK (HAIPUMEp, CITH-
PaJIbHBIX JJIEMEHTORB) IMO3BOJISICT YBEIHMUUTh CPEIHIOKO
HHTEHCHUBHOCTH TYPOYJICHTHOCTH IIOYTH BIBOE IO CPaB-
HEHUIO C TPAJULIMOHHBIMU MOAEISIMHU. Takol MmOaX0[
OTKPBIBACT MEPCIECKTUBY JaIbHEHIIIEIO COBEPILICHCTBO-
BaHMsI KOHCTPYKIIMIA OTOMUTEIILHBIX IIPHOOPOB, HAIIPaB-
JICHHBIX Ha TOBBIIICHHE MX dHEProd(HeKTUBHOCTH
1 CHUKCHHUE SKCIUTyaTallMOHHBIX 3aTpar.

BaxxHO mpojoikaTh MOACPHU3AILUIO CYIIECTBY-
FOLIUX CHCTEM OTOIUICHHS JJIsl TOCTHOKCHUS OOJIbIICH
9HEePro3(G(HEKTUBHOCTH ¥ CHIKCHHSI U3ICPIKEK.
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INTRODUCTION

In recent decades, Russia and a number of other in-
dustrially developed countries have seen a steady trend
towards a reduction in thermal energy consumption. This
paper examines the problem of significant heat losses in
Russia, caused by the transition of industrial enterpris-
es to autonomous heat supply and the improvement of
equipment energy efficiency. Nevertheless, as a result
of the economic reforms of the early 1990s, this prob-
lem has become critical. Scientific studies demonstrate
that heat losses during transmission have increased by
almost 2.5 times, which has had an immediate impact
on tariff policy for end users. The main cause of such
a sharp rise in losses was the unsatisfactory technical
condition of the utility networks, characterized by a high
level of physical wear and tear' [1, 2].

The issue of heat supply requires urgent measures to
improve the efficiency of the entire system. Heat losses
lead not only to rising tariffs but also to a deterioration in
the quality of services provided, which negatively affects
residents’ comfort levels. This is particularly acute in the
housing construction sector, as the potential for energy
savings over the course of a year approaches 400 mil-
lion Geal [3].

According to the conclusions presented by the au-
thors of the study [4], increasing the energy efficiency
of new construction projects has a negligible impact
on the cost of development. From a practical perspective,
the modernization of existing heating systems in residen-
tial buildings by replacing obsolete equipment appears
to be a more economically viable and rapid alternative to
the complete renovation of the housing stock. This meth-
od allows for a significant reduction in costs and time,
making it the preferred choice for most utility companies
and management organizations [5—7].

The study [8] analyses approaches to improving
the energy efficiency of heating systems in both existing

! Heat Supply to Settlements, Federal State Statistics Service.
2022. URL: https://rosstat.gov.ru/storage/mediabank/jkh3.
docx
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and planned residential buildings using advanced techno-
logical solutions. The results demonstrate that compre-
hensive modernization of heating systems can improve
their efficiency.

A comparative analysis of the percentage reduc-
tion in specific heat energy consumption has been car-
ried out [9]. The results presented include calculations
of the characteristics of a multi-storey building’s heating
system. Similar studies are cited in [10, 11].

The available types of residential heating systems
are examined [12]. It has been established that, thanks
to independent regulation of the heat supply, savings
on utility bills average between 20 and 30 %. Confirma-
tion of this research is also published in [13].

The issue of estimating the costs of constructing
heating networks has been examined, and a comparative
analysis of utility bills under various heat supply methods
has been carried out [14]. It has been found that central-
ized heat supply systems prove to be more expensive for
residents.

Currently, there is a growing trend towards the im-
plementation of energy-efficient smart heat supply sys-
tems [15]. It is well known that the most critical stage
in the development of such systems, as with all types
of heating systems in general, is the modelling process.
A series of publications [16—18] examines the creation
of a digital twin for a residential building’s heating sys-
tem with the aim of improving the efficiency of thermal
energy management. The use of the modelling process
makes it possible not only to save energy resources but
also to optimize responses in abnormal situations, includ-
ing emergency modes.

Of particular interest is the study [19], specifically
the conclusions highlighting the importance of introduc-
ing new heating appliance designs during the renovation
phase. The development of new heating appliance de-
signs remains a pressing task to this day. Modern energy
efficiency requirements dictate the need to create devices
with improved technical characteristics, such as high
heat output, durability and ease of installation. Solving
this problem requires the combined efforts of leading
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engineers and scientists capable of proposing innovative
technical solutions that can meet society’s growing de-
mand for high-quality and affordable thermal energy [20].
Computer modelling is a popular and cost-effective
method for analyzing the efficiency of heating systems.
Its widespread use is due to significantly lower costs
compared to real-world experimental studies, as physi-
cal testing requires the construction of equipment pro-
totypes. Among engineering software, we would like to
draw particular attention to the SOLIDWORKS design
system. This software meets all the requirements set by
the authors, namely, it allows for the modelling of heat
transfer fluid flow within a specific velocity range.

The aim of the study is to examine various original
designs of heating appliances and compare the results
with mass-produced equipment. This will help to better
understand how such devices work and improve their de-
sign to achieve maximum efficiency.

MATERIALS AND METHODS

The nature of fluid flow has a significant influence
on the efficiency of heat transfer processes. In the vast
majority of heating appliances, laminar flow is observed;
therefore, the amount of thermal energy transferred to
the room depends on the type of heat transfer fluid, its
properties, and the design features of the heating equip-
ment [21].

The assessment of heat transfer efficiency in tubu-
lar and duct systems is traditionally carried out using the
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Fig. 1. Standard heating radiator: /, 2 — collectors; 3 — sec-
tion; 4 — coupling

heat transfer coefficient. It has been established that
the Nusselt number increases in proportion to the in-
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Fig. 2. Drawings of the original radiators: « — radiator design with concave plates: /, 2 — manifolds; 3 — section; 4 — out-
let; 5 — inner pipe; 6 — turbulator; b — radiator design with spiral inserts: /, 2 — manifolds; 3 — section; 4 — coupling;

5 — inner pipe
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Fig. 3. Drawing of a radiator with disc inserts: /, 2 — collec-
tors; 3 — section; 4 — coupling; 5 — insert; 6 — axis

crease in the Reynolds number, indicating an increase in
the heat transfer coefficient with an increase in the Reyn-
olds number [22, 23].

Research by international experts [24—26] demon-
strates that finning, the use of rough surfaces, and inserts of

WY

oA i

AN

AN

‘ ; —_—

Fig. 4. Volumetric models of radiator sections: @ — with con-
cave plates; b — with spiral inserts; ¢ — with disc inserts;
d — standard radiator
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various geometric shapes help to increase the degree
of flow turbulence and, consequently, improve heat trans-
fer efficiency. In other words, the main objective of all re-
search is to develop heating appliance designs that com-
bine an optimal balance between mass-to-volume ratios
and the heat transfer coefficient — the primary indicator
characterizing the efficiency of a heating appliance [27].

All methods of influencing the heat transfer fluid
flow can be divided into two broad categories: active and
passive [28].

The essence of active methods lies in influenc-
ing the equipment rather than the flow. By “influence”
is meant the generation of vibrations, magnetic fields
or acoustic fields [29].

Passive methods include those that directly influ-
ence the heat transfer fluid flow. To achieve this, the de-
sign of both the radiator and its channel is modified,
i.e. inserts of various geometric shapes are installed. In
the scientific literature, such inserts are referred to as tur-
bulators [30, 31].

Thus, the selection of the optimal method for inten-
sifying heat transfer must take into account the specif-
ics of the particular system and the desired heat transfer
parameters.

RESEARCH RESULTS

Multi-section radiators are traditionally used in
heating systems. Their appearance and design are shown
in Fig. 1.

This type of radiator has gained popularity due to
the simplicity of its design and manufacture, as no spe-
cialized equipment is required. Because of this, the pa-
rameters (height, diameter, etc.) of the radiators can vary
depending on technical specifications or customer re-
quirements. An undeniable advantage is ease of mainte-
nance, which is particularly important in dusty rooms and
industrial settings. As for the drawbacks, the main one to
note is the low degree of heat transfer fluid turbulence.

To address this issue, three original designs were
developed based on a standard heating radiator [32-35]:

+ aradiator with concave plates (Fig. 2, a) [33];

+ with spiral inserts (Fig. 2, b) [34];

» with disc inserts (Fig. 3) [35].

It is important to note that the plates (see Fig. 2, a)
are mounted at a specific angle to one another, forming
rows. The distance between these rows is calculated in
such a way as to ensure constant turbulence in the cool-
ant flow, which promotes better heat exchange.

In radiators with disc inserts (Fig. 3), turbulators are
positioned inside the vertical channel, providing addi-
tional surface area for heat exchange. This design enables
the efficient transfer of thermal energy from the coolant
to the surrounding environment.

Further research involves the creation of computer
models of the channels in the original designs and a mod-
el of a standard heating appliance (Fig. 4), followed by
an analysis of the results of the coolant flow simula-
tion. This task was successfully accomplished using



Optimization of hydraulic characteristics of heating devices to improve heat transfer P. 172-190

2,000

1,800

1,600

1,400

1,200

Re

1,000

800

600

400

200

0.5 0.7 0.9 1.1 1.3 1.5
V, m/s

Fig. 5. Results of thermal tests: / — radiator with concave plates; 2 — radiator with spiral inserts; 2" — calculated values
of the Reynolds number in the sections of the radiator with spiral inserts; 3 — radiator with disc inserts; 4 — standard radiator;
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inserts; ¢ — radiator with disc inserts; d — standard radiator
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Fig. 7. Experimental setup: @ — schematic diagram; b — external view; / — overflow; 2 — constant-level tank; 3 — mixing
device; 4 — electric boiler; 5 — valve; 6 — circulation pump; 7 — valve; 8§ — radiator; 9 — measuring vessel; /0 — valve;
11 — heat exchanger for primary water treatment; /2 — filter; /3 — temperature measuring device; /4 — valve

Fig. 8. External appearance of the turbulators
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the SOLIDWORKS suite, as it is a powerful 3D model-
ling tool widely used by engineers and designers to cre-
ate high-precision digital prototypes of products. When
it comes to modelling heat transfer fluid flows in heat-
ing radiator channels, SOLIDWORKS offers numerous
advantages that make it the ideal choice for such tasks.
Choosing this software allows engineers to create accu-
rate digital prototypes, carry out comprehensive calcula-
tions and optimize radiator designs, leading to improved
efficiency and durability.

Determining the numerical value of the turbulence
coefficient involves simulating the flow of the coolant at
various speeds.

The Reynolds number was determined at coolant ve-
locities ranging from 0.5 to 1.5 m/s for all types of struc-
tures, respectively. The results are shown in Fig. 5.

The results show that the dependencies increase lin-
early with increasing coolant velocity. The higher the velo-
city, the greater the efficiency. Furthermore, as the veloci-
ty increases, the gap between the original equipment
and the standard version widens. Thus, at a velocity of
0.5 m/s, the difference in Re numbers is 3, whilst at a ve-
locity of 1.5 m/s, the Re number is on average 850 higher.
Peak Re values and the maximum rate of their increase
are recorded as the velocity increases during simulation
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Thermal engineering studies

Parameter

Experiment number

2 3 4 5 6 7

Outdoor air temperature, °C +8

+5 0 -5 -10 -15 -17

Temperature in the heating circuit supply pipe, °C 43

47.7 56.9 65.6 74.1 82.3 85.0

Calculated value of the mean temperature head,® C 3.54

4.94 6.57 8.9 9.9 10.8 12.43

Reynolds number, Re 631

878 1,112 1,418 1,694 | 1,775 1,983

Heat transfer coefficient of a standard radiator,

W/(m?-°C) 1,992

2,203 | 2,377 | 2,643 | 2,820 | 3,054 3,187

Heat transfer coefficient of the original radiator,

W/(m?-°C) 2,032

2,234 | 2,456 | 2,687 | 2,898 | 3,066 3,249

Calculated heat transfer coefficient of the original

radiator, W/(m?-°C) 2,084

2,303 | 2,522 | 2,743 | 2,982 | 3,194 3,372

Discrepancy between experimental and calculated
heat transfer coefficient data for the original
radiator, % 2.6

3.1 2.7 2.1 2.9 42 3.8
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Fig. 9. Results of experimental studies

experiments on the flow in a section equipped with spiral
components.

To verify the accuracy of the obtained data, a com-
parative analysis of the Reynolds number values was
performed for a standard tubular heat exchanger and
a heat exchanger with an integrated spiral insert. These
parameters were modelled using computational methods.
The calculated values are shown in Fig. 5 as a dotted line.

Calculations of the average turbulence intensity
were carried out based on the results of heat transfer fluid
flow simulations in specialized computational fluid dy-
namics software packages, such as the Flow Simulation
module of the SOLIDWORKS package (Fig. 6). The av-
erage absolute velocity was calculated as an integral over
the entire cross-sectional volume of the radiator tube.

The data obtained were displayed graphically as
heat transfer fluid particle trajectories, where each path
is coloured according to the local turbulence intensity.
The colour palette was selected to clearly reflect the gra-

dations in intensity, allowing for a visual assessment
of the differences between various radiator designs.

The results showed that the turbulence intensity was
lowest for the standard radiator, at 2.5 %. The highest
turbulence intensity of 5 % was achieved by using spiral
inserts in the radiator.

To confirm the results of the computer modelling,
comparative experimental studies were conducted on the ra-
diator with spiral inserts and the standard radiator. For
this purpose, the specified radiators were integrated into
the experimental setup (Fig. 7), designed in accordance
with GOST R 53583-2009. The standard radiator was
used as the reference, and the radiator with spiral inserts as
the test specimen.

Prior to conducting the experimental studies, spiral
turbulators were manufactured and installed. Their ap-
pearance is shown in Fig. 8.

The experiments were carried out using water as
the hot heat transfer fluid and air as the cold heat transfer
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fluid. During the experiments, the water temperature varied
between 50 and 85 °C. The air was at room temperature, ap-
proximately 20 °C. The experimental design correlates with
the temperature profiles of the heat source and the consum-
er for low-temperature heat supply systems in the Belgorod
Region. An important component of the laboratory setup
shown in Fig. 7is the ‘RUSNIT” electric water heater (5 kW),
the maximum outlet temperature of which is 87 °C.

Consequently, the temperatures of the network wa-
ter in the supply and return pipes, measured at an out-
side air temperature of —17 °C, will be the final values in
the experimental studies (85, 64 °C). In a series of exper-
iments, the heat transfer fluid temperatures were exam-
ined at the following outdoor air temperatures, °C: —15,
-10,-5, 0, +5, +8.

The results of the experimental thermal studies
of the two radiators are presented in the Table.

The results of the experimental studies are shown
in Fig. 9.

The graph shows that the heating unit with spiral in-
serts is on average 3 % more efficient than the standard
model. The results of the studies suggest that energy-
efficient equipment is less prone to wear and tear, and
consequently has a longer service life.

The temperatures of the heat transfer fluid in the heat-
ing and heated circuits were determined using the “Vzlet
TSRV-042” heat calculator with the “Vzlet TPS Pt500
L70” temperature sensor. Reference readings were re-
corded after 15 minutes, i.e. during steady-state operation.
The relative error in temperature measurement is £0.2 %

The heat transfer fluid flow rate in both circuits was
determined using the “Vzlet TSRV-042" heat calcula-
tor via the “Vzlet ER LightM 440L V” electromagnetic
flow meter (nominal diameter 15 mm). The relative error
of the “Vzlet ER LightM 440L V” electromagnetic flow
meter is £0.5 %.

The final stage of the research involved assessing
the impact of the developed radiator design on the life

cycle of the heating system. Thanks to the high heat
transfer coefficient, the system’s energy efficiency is
improved, reducing energy consumption and lowering
operating costs. The increased reliability and durability
of the design reduce the need for repairs and mainte-
nance, which further lowers costs throughout the entire
service life. Ultimately, this design contributes to the op-
timization of the heating system’s operation, improves its
overall efficiency and extends its service life.

CONCLUSION AND DISCUSSION

The development of new energy-efficient heat ex-
change equipment helps to reduce heat energy consumption.

The residential construction sector faces significant
heat loss issues, offering high potential for thermal en-
ergy savings.

Improving the energy efficiency of residential buil-
dings is possible through the modernization of existing
heating systems, which is preferable to the complete
renovation of buildings.

The efficiency of a heating appliance depends di-
rectly on the turbulence coefficient; the higher the turbu-
lence intensity, the higher the efficiency.

As the efficiency of heating appliances improves,
their cost and physical dimensions will decrease.

Research has shown a direct correlation between heat
transfer efficiency and turbulence intensity, with the intro-
duction of special turbulence-inducing inserts (such as spi-
ral elements) enabling the average turbulence intensity to
be almost doubled compared to traditional models. This
approach opens up prospects for further improvements to
the design of heating appliances, aimed at increasing their
energy efficiency and reducing operating costs.

It is important to continue modernizing existing
heating systems to achieve greater energy efficiency and
reduce costs.
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AHHOTALUMNA

BBepeHue. [inutenbHasi akcnnyatauust 6ETOHHbIX U3OEeNUIA N KOHCTPYKLUMIA B YCIIOBUSIX MOBbLILLEHHOW TeMNepaTypbl 1 BNax-
HOCTU MPUBOAMUT K YXYALUEHNIO (PU3NKO-MEXaHUYECKMX CBONCTB OETOHA, YTO OOYCrNOBMEHO N3MEHEHUEM CTPYKTYpbl U da-
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3anonHuTenen B npoueccax AeCTPYKUMN LLIEMEHTHON MaTpuLibl NPpU BOAO-TEMMOBOM BO3AENCTBUN.

Matepuanbl u Mmetoabl. Vicnonb3osanu noptnaHauemeHT LIEM | 42,5H 3A0 «OckonuemMeHT»; NPOMbILLMEHHBIA OTCEB
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nanu Ha rugpasnuyeckom npecce MNIM-100MIM4. MUkpocTpyKTypy 1M3yyanu ¢ MOMOLLbI PaCTPOBOrO 3fIEKTPOHHOIO MUKPO-
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curHana B obpasuax 6eToHa TepMOBMaXHOCTHOTO TBEPAEHUSI C UCCredyeMbIMW 3anofNHUTENSIMU yKasbiBaeT Ha 3ameane-
HVe AeCTPYKTUBHBIX NPOLIECCOB, BbI3BAaHHbIX pekpucTannmaauunen rmapartHbix ¢as. lMpu atom narogaps B3aMmMoAencTBuio
MWHEeparnoB 3anofiHuTenen ¢ rmapaTHbIMU ha3amu NOBLILIAKOTCS CLEMNEHNE C LEMEHTHOW MaTpuLen 1 NPOYHOCTHbIE Xa-
paKkTepucTukm 6eToHa.
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ABSTRACT

Introduction. Long-term operation of concrete products and structures under conditions of elevated temperature and hu-
midity leads to deterioration of the physical and mechanical properties of concrete, which is caused by changes in the struc-
ture and phase composition of the cement matrix. In this regard, the study of the role of fine aggregates in the processes
of cement matrix destruction under water-thermal exposure is of particular interest.

Materials and methods. Materials used for research: Portland cement CEM | 42.5N manufactured by “Oskolcement”
CJSC; industrial screening of crushed quartzite sandstone by Lebedinsky Mining and Processing Plant; fine aggregate from
crushed quartzite sandstone and granite in laboratory conditions. The compressive and bending strength of the specimens
was determined using a hydraulic press PGM-100MG4. The microstructure was studied using a Tescan Mira 3 SEM. An STA
449 F1 Jupiter NETZSCH synchronous thermal analyzer was used to analyze the hydration products. Ultrasonic testing was
performed using a Pulsar 2.2 device.

Results. It was established that concrete specimens made of quartzite sandstone exhibit a higher thermal and moisture
resistance index compared to specimens made of granite aggregate. This is due to the higher absorption of lime by quartz-
ite sandstone, which leads to the formation of thermodynamically stable compounds under conditions of high humidity
and temperature. The continuous increase in the speed of the ultrasonic signal in the thermal and moisture-cured concrete
specimens with the studied aggregates indicates a slowdown in the destructive processes caused by the recrystallization
of hydrate phases. At the same time, due to the interaction of aggregate minerals with hydrated phases, the adhesion
to the cement matrix and the strength characteristics of concrete increase.

Conclusions. Comprehensive studies showed that the most stable structures in thermo-humidity conditions are created
in fine-grained concretes based on quartzite sandstone. The results obtained indicate the need for careful selection of ag-
gregates, taking into account their ability to form thermostable hydrate phases.

KEYWORDS: cement stone, fine-grained concrete, active mineral additives, thermal corrosion, strength, microstructure,
phase composition

Acknowledgments. This work was supported by a grant from the Russian Science Foundation (project No. 25-19-00866)
using equipment High Technology Centre of BSTU named after V.G. Shukhov.

FOR CITATION: Tolypina N.M., Khakhaleva E.N., Chashin D.Yu., Tolypin D.A. The role of aggregates in hygrothermal cor-
rosion of concrete. Construction: Science and Education. 2026; 16(1):12. URL: http:/nso-journal.ru. DOI: 10.22227/2305-

5502.2026.1.12

Corresponding author: Elena N. Khakhaleva, HahalevaEN@mgsu.ru.

BBEJEHUE

IIpob6nema paspynieHus: OETOHHBIX KOHCTPYKITHHA
MPU SKCTPEMaTbHBIX TEMIIEPATyPHBIX U BIaXXHOCT-
HBIX YCJIOBHSIX B OCHOBHOM 3aKJIIOUAE€TCS B AECTPYK-
Mu OeTOHa NP BO3/CHCTBUU HU3KUX TEMIIEpaTyp
BCJIC/ICTBHE 3aMEP3aHUs BIIATH B TeJie OSTOHA WIIH BBI-
COKHX Temneparyp npu noxapax [1-8]. Cymectyer
P TPOMBIIIUIEHHBIX 00BEKTOB, SKCITYaTHPYIOIINXCS
B YCJIOBHSAX MTOBBIIICHHOH TEMIIEpaTyphl OKPY>KaIOIICH
Cpe/ibl IPU OTHOBPEMEHHOM BO3/IeHICTBUU BIaKHOCTH,
onuskoit k 100 %, 4TO OKa3bIBaeT OOJIBIIOE BIUSHUE
Ha (QU3UKO-MEXaHWYECKHE MapaMeTpPhl U JOJITOBEY-
HOCTB OETOHHBIX KOHCTpYKIM. [Tpn aTOM nponcxoasr
WHTEHCUBHbIE U3MEHEHUS B CTPYKTYpE, BBI3BAHHBIC
POCTOM IMOPHUCTOCTH 3a CYET MEPEKPUCTAIITH3ANHH
TEPMUYECKH HECTAOWIBHBIX THAPATHBIX (a3 1meMeHT-
HOW MaTpHUIIbI, YTO MPUBOJAHUT K yXYAIIEHHUIO MPOY-
HOCTHBIX XapaKTEPUCTHK, CHUIKCHHUIO HAJIC)KHOCTHU
u ycroiunBoctu [9—16]. [TonoOHbIe yCIOBUS BO3HH-
KaloT TIPH KOHTAaKTe OETOHHBIX IEMEHTOB C TOpsUei
BOJIOH T TTApPOM B TPATUPHSAX TEIUIOBBIX M aTOMHBIX
anekTpocTaHiui [17—19], nepuBalluOHHBIX TOHHEISIX
ruapodekTpocTanuuii [20] u 1pyrux oObeKkTax KoM-
MYHaJBHOTO XO3SiCTBa. PEMOHT M BOCCTaHOBIICHHE
TaKUX KOHCTPYKIUH OTINYAIOTCS BBICOKOHM TPya0€eM-
KOCTBIO ¥ 3HAYUTEIHHON CTONMOCTBIO, 3a4acTyIO Ipe-
BEIMIAFOTICH TepBOHAYATFHBIC KAaTUTATbHBIC 3aTPaThI
Ha cTpouTenscTBO. [ToaTBEpKACHHEM ATOH TMpobIIe-
MBI MOXXHO YCJIOBHO CYHTaTh HOPMHUPOBAHHYIO MEPH-
OIMYHOCTDH KAIMUTAIFHOTO PEMOHTA JKeJIe300C TOHHBIX
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rpamupeH: Kaxapie 3—4 roga'. CrienuanncraMu oTMe-
gaeTcs [21], 4TO B yCIOBHUSAX BBICOKOH TeMIepaTyphl
U BIQKHOCTH paspyllleHne OETOHHBIX KOHCTPYKIHN
MOXET Ha4aThCsl yKe 4epes3 Tol.

[l OBBILLIEHUS] TEPMOBIIAXKHOCTHON yCTONYMBO-
CTH LIEMEHTHBIX CHCTEM IIeJIeCO00Pa3HO MCIOJIb30BaTh
KpeMHEe3eMcoJIepiKalline MUHepaJibHble J100aBKH, 4TO
CHOCOOCTBYET 00pa30BaHUIO TEPMOCTAOMIBHBIX HH3KO-
OCHOBHBIX THIPOCHIIMKATOB Kayblius [22] u 3amenie-
HUIO (ha30BBIX MEPEXOAOB. B cBA3M ¢ TeM, UTO B TEpMO-
BIQKHOCTHBIX YCIIOBHSIX Mpolecchl (pa3000pa3oBaHus
MPOTEKaIoT 00JIee WHTEHCHBHO, YeM B HOPMAaJIbHBIX,
MOXKHO MTPEINOJIOKUTE, YTO MUHEPAIBL, BXOJSIINE B CO-
CTaB 3aloJHHUTENEH, OynyT Oosee aKTMBHO BCTyHaTh
BO B3aUMOJEHCTBHE C TMAPOKCHIOM KajbLUsl >KHJKON
(das3el OeToHa ¢ 0Opa3oBaHHEM TEPMOIMHAMHYECKU
YCTOHYMBBIX TIPOYKTOB TBEpAEHUS. B 3T0ii CBsI3M 0co-
Obli MHTEpeC MPECTaBISIET 3aMOIHUTENh U3 KBapIUTO-
TIeCUYaHNKa, OTJIMYAIOIIMHCS TTOBBIIIIEHHON aKTUBHOCTBIO
IO MONIOIICHNIO U3BECTH, OOYCIIOBICHHOH He3aBepIICH-
HOCTBIO KPUCTAJUIMYECKON CTPYKTYPBI, [0 CPABHEHHIO
C TPaIMIIMOHHBIM TPAaHUTHBIM 3aITOJHUTEIICM.

Jannast paboTa mocsiiieHa nccae0BaHuIO TPaHC-
(hopManmu CTPYKTypHO-MEXAaHHIECKIUX CBOMCTB MEITKO-
3EPHUCTOr0 OETOHA Ha 3alOIHUTENSIX Pa3IuIHOTO
COCTaBa B YCJIOBUSAX IOBBILLICHHON TEMIIEPATy PHO-BIIAXK-
HOCTHOHU Harpy3kH. [IpaBuiIbHBIN BEIOOp 3anoHUTENCH
MO3BOJIUT pa3paboTrars SGPEeKTHBHBIE MEPHI IEPBUYHON

! TTonoxxenue. TexHUYECKask SKCIUTyaTalust IPOMBIIIICHHBIX
3nannii U coopyxernit. [IOT PO 14000-004-98 : ytB. Mun-
skoHOMHUKH PO 12.02.98.
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3aIIUTHI ¥ MOBBILICHHS J0JITOBEYHOCTH OETOHHBIX KOH-
CTPYKIMH NPH KCIUTyaTalllX B yCIOBUSIX MHOTO(AKTOP-
HOTI'0 BOJIO-TEIJIOBOIO BO3ACHCTBUSL.

MATEPHAJIBI U METO/JbI

B kagecTBe BSKYIIETO MCIIOJIB30BAJIN MOPTIAH-
uemeHT LIEM I 42,5H 3A0 «Ockonuement» (I'OCT
31108-2020) (C,S = 61,59 %, C,S = 14%, C,A =
=6,83%, C,AF = 13,73 %; HI' =26 %; ¢ =230 mun,
akTUBHOCTH 56,2 MIla). B xauecTBe 3amonHuTtenei
MEJIKO3EpHUCTOTO OETOHA MCHOIB30BATH: MPOMBIII-
JICHHBIH OTCEB APOOJICHUS KBapLUTOINCCYaHUKA; M-
KW 3aTI0JIHUTEIIb, TOJYYCHHBIN APOOJICHNEM KBapIH-
TOTIECYaHWKA U TPAHNTA B JTAOOPATOPHBIX YCIOBHUSAX.
3epHOBOI COCTaB 3aMOJIHUTENICH MpUBEAEH B Tadu. 1,
XUMUYECKUH — B Ta0mI. 2.

WsroraBnuBanu o0pa3iel pazmepoMm 2,5 X 2.5
x 10 cMmu 4 x 4 x 16 cM Menko3epHUCTOTO OeToHa 1:3
n3 cMmecr HopMansHOU KoHCcHcTeHnuH ('OCT 310.4-81).
Yacts 00pas3noBs TBep/ena B HOpMaJIbHBIX YCIOBUX (20
°C), 9acTh B TEIUIOBIAXKHOCTHBIX ycnoBusx (80 °C) B ma-
GoparopHoii BomsHOI 6ane LOIP LB-163. B ycranosien-
Hble cpokH (1, 3, 6 1 12 Mec) onpeaessm npeies MpoYHo-
CTH IIPU CIKATHHU U M3rM0E C MOMOIIIBIO THAPABIMYECKOTO
npecca [II'M-100MI'4. MukpoCTpyKTypHBIE XapaKTepu-
CTHKU LIEMEHTHOTO KaMHs HCCJIEA0BANIH C IOMOIIBIO pac-
TPOBOTO IEKTPOHHOTO MUKpockona Tescan Mira 3. J{s
aHaM3a NPOIYKTOB FMpaTalliy UCTIOIb30BAId CUHXPOH-

Taoa. 1. [panynomMeTpuuecKuii cOCTaB METIKHX 3aIllOTHUTEICH

HeIid Tepmoananmm3arop STA 449 F1 Jupiter NETZSCH.
HcnbiTanns o0pa3oB MENKO3EpHUCTOTO OCTOHA INpH
TIOMOIIU METOAA YJIBTPA3BYKOBOI'O KOHTPOJIA ITPOBOANIIN
Ha nipuodope «Ilymbscap 2.2». OOpasibl MEIKO3EPHUCTOTO
OeToHa pasmMepoM 4 X 4 X 16 cM TOBEepraiiu yiabTpa3By-
KOBOMY KOHTPOITIO B T€UEHHE BCETO CPOKA UCTIHITAaHHH (24
Mec) C IEPHOANYHOCTBIO 1 pa3 B HeZeIo.

PE3YJIBTATHBI HCCIEJOBAHMUSA

HccnenoBann BIUsSHUE 3aMIOIHUTENEH HA TEPMO-
BJI&YKHOCTHYIO KOPPO3HIO O€TOHOB. Pe3ynbrarsl iepuo-
JMUYECKHX OTIPECICHUH TIpe/iesia MPOYHOCTH 00pa3IoB
npu u3rude u cxaruu rnocie 1, 3, 6 u 12 mec tBepaeHus
npuBeAcHbI B Tab1. 3. O0pa3ibl MEIKO3EPHUCTOTO Oe-
TOHA Ha OCHOBE TPaHMTA, TBEP/CBIINE B HOPMAIbHBIX
YCIIOBHSIX, TIOKa3aJl HanOOJIBLIYIO IPOYHOCTD, a MPH
TBepAeHUH B Boae mpu 80 °C Goree BBICOKHE MPOYU-
HOCTHBIE ITOKa3aTeNn MOJIY4YeHbI sl 00pa3ioB, U3To-
TOBJIEHHBIX Ha KBAPIIUTONECUAHUKE.

[TomyueHHbIe NaHHBIE MOKA3BIBAIOT, YTO B yCIIO-
BHSX TEPMOBJIQXXHOCTHOTO TBEPACHHSI 3aMOJIHUTEIb
IIPUHUMAET aKTUBHOE ydJacTHe B (JOPMHUPOBAHNH ITPOU-
HOCTH.

ITo maHHBIM MPOYHOCTH TIPH CHKATUU PACCUMTAH
K03(p(HULMEHT TEPMOBIIA)KHOCTHOI CTOHKOCTH (TaduI. 4),
KOTOPBIil IEMOHCTPUPYET OTHOILICHUE TIpejiena Mpod-
HOCTH IIPU C)KaTHUH 00pasIoB, TBEPAEBIINX B BOJC MPU

Omces Opobrenus KeapyumonecuaHuxd

Howmep cura 2,5 1,25 0,63 0,315 0,16 <0,16
Yactable ocTaTKH, %0 51,7 12,36 18,86 8,29 7,32 1,47
[Tonusle ocTaTku, % 51,7 64,06 82,92 91,21 98,53 100
Kesapyumonecuanux
Homep cura 2,5 1,25 0,63 0,315 0,16 <0,16
YacrHble ocTaTku, % 26,2 14,17 15,23 23,27 19,47 1,66
Ilonusle ocrarku, % 26,2 40,37 55,6 78,87 98,34 100
I'panum
Howmep cura 2.5 1,25 0,63 0,315 0,16 <0,16
YacTHele ocTaTku, % 42,31 16,72 13,24 9,28 17,31 1,14
TTonubie octarku, % 42,31 59,03 72,27 81,55 98,86 100
Taou. 2. XuMuueckuil coctaB 3aroJIHUTEINCH
Kesapyumonecuanux
Conep:xanue okcu0B, Mac. %
SiO, TiO, ALO, FeO, FeO CaO MgO Na,0 +K,0 P,O, S
86,24 0,27 2,39 2,16 1,58 0,89 1,34 0,69 0,11 0,06
I panum
CozepixaHue OKCHIOB, Mac. %
ILILII. Na,O MgO ALO, Sio, K,0 CaO TiO, MnO Fe,0, PO, S
0,24 3,82 1,57 15,59 63,57 4,65 2,90 0,62 0,094 6,31 0,21 0,03
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Ta6u. 3. Kuneruka TBepAeHHs 00pa3lOB MENKO3EPHUCTOr0 OETOHA B PA3IMYHBIX TEPMOBIIQJKHOCTHBIX YCIOBHSIX

3anoaHUTEb R, Mlla, B cpoku, mec R, MIla, B cpoku, Mec
N B L] o3 | e | o2
20 °C

S:;;;;Eiiﬁ:ﬁm 4,04 5,04 10,2 13,98 | 3446 40,5 40,37 | 39,07
Tpasut 2,52 9,48 8,47 10,2 37,73 46,21 43,44 | 54,66
KBapruronecuanuk 3,52 7,14 9,91 16,7 32,49 43,82 47,04 48,05
80 °C

g;:;ﬁﬁ’iﬁi‘;ﬁm 7,36 8,32 11,03 12,39 27,2 29,71 39,21 46,7
pasut 2,1 13,36 12,78 16,33 29,0 36,0 38,98 38,7
KBapiuTOInecyanmK 8,82 10,08 17,62 18,5 27,2 44,09 57,08 | 63,37

temmepatype 80 °C, k mpezery MpodyHOCTH MPU CHKaTHH
npu Temneparype 20 °C: K, = R®_/R® .

Kak BumHO 13 Ta0i1. 4, HAMMEHBIIHI K0P (UITHSHT
CTOMKOCTH y 00pa3iioB 6€TOHA Ha TPaHUTHOM 3aIOJTHH-
TeJe, 9TO CBUACTEILCTBYET O ACTPAJAIMN MaTepHaia
MPH AJTUTEIHFHOM TEPMOBIAXXHOCTHOM BO3JEHCTBUU.
OOpa3ipl 6eToHAa Ha KBAPUHUTOMECYAHUKE MOKA3aIH
MOHOTOHHBIA POCT KO (UIIMEHTA TEPMOBIAKHOCT-
HOM CTOMKOCTH B T€UEHHE BCETO NMEPUOJIa UCTIBITAHUI:
ot 0,84 (1 mec) o 1,32 (12 mec), 9TO yKa3bIBaeT Ha BbI-
COKYIO0 YCTOWYHMBOCTH CTPYKTYPHI K BOAO-TEIIJIOBBIM
BO3JICHCTBHSIM.

J1J151 TOCTOSTHHOTO KOHTPOJISI ITPOLIECCOB ASCTPYKIHN
06eToHa MCHOIB30BAIM METO/ YIIBTPa3BYKOBOM JAHArHO-
ctuxd. [logpemM U mepruoanvIecKkoe CHIKCHHE CKOPOCTH
V3-uMITyIibca HaXOAATCS BO B3aUMOCBSI3H C SIBJICHUSIMA
nepekpuctaum3anun. CKopocTh Y3-curHana npe-
CTaBJsIeT COOOM MHTETPANBHBIA TapaMeTp, XapaKTepH-
3YIOIIMH KOMIUIEKC CTPYKTYPHO-MEXAaHUYECKHUX CBOWCTB
Marepuaa (IPOYHOCTH, TOPUCTOCTH, TPEIIMHOOOpa30Ba-
HUS U T.1.). Pe3ynbrarel npuseneHsl Ha puc. 1, 2. [1o gan-
HBIM MOHUTOPHHTA CPETHEH CKOPOCTH MPOXOKIACHUS
V3-curnana gepe3 o0pasibl MEJIKO3EPHUCTOTO OETOHA,
TBepaeBire B Boze npu 80 °C, yCTaHOBIIEHO, YTO 32 BECh
Nepro] HAOIIOIEHUH MMPUPOCT CKOPOCTH COCTABHI Y 00-
pa3LoB Ha KBapiUTonecyanuke +A538 M/c u Ha rpaHuTe
+A471 m/c. Y 00pa3oB Bcex COCTABOB HICT HHTCHCHB-
HOE yBEIMYEHHE CKOPOCTH MPOXOXKIEHUS Y3-CHUrHaia
1o 8—10 Mec mpeObIBaHMsI B TOpsYEH BOJIE, MTOCIE Yero
HacTymaeT crabummsanus 10 24 Mec. DTO CBUIAETEIb-
CTBYET O TOM, YTO JICCTPYKTHUBHBIE ITPOLIECCHI, CBSI3aHHbIC
C PeKpHCTAININ3ALMEH THAPATHBIX (a3, MPOTEKAIOT OYeHb

Taou. 4. KoaddurmeHT TepMOBIaKHOCTHON CTOUKOCTH

Bpewms, mec
3anoIHUTEIb
1 3 6 12
OtceB apobneHus 079 | 073 0.97 12
KBapIUTOIICCYaHUKA
I'panur 0,77 0,78 0,9 0,71
KBapruronecuanuk 0,84 1,01 1,21 1,32
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MEICHHO BO BCEX CIIy4asiX, CyLIECTBEHHOIO POCTa Io-
pHCcTOCTH He oTMedaeTcsi. CXOKeCTh KPUBBIX CKOPOCTH
V3-umITynibca CBUACTEIBCTBYET 00 aHATOTHYHOCTH MPO-
IIECCOB CTPYKTYpO- U (ha3000pa3oBaHMsL.

[puBeeHHBIC JaHHBIE TOKA3BIBAIOT, YTO MPOLIECCHI
(azo- u cTpyKTypooOpa3oBaHus 00pa3OB MEIKO3Ep-
HHCTOTO OETOHA Ha Pa3JIMYHBIX 3aMOJHUTEISIX B TEPMO-
BJI’KHOCTHBIX YCJIOBHSIX ITPOTEKAOT 110 APYTHM 3aKOHO-
MEpHOCTSIM, YeM B YCJIOBHSX HOPMAJILHOTO TBEPJCHUSL.
[IponomkuTenbHBI HAOOP CKOPOCTH TIPOXOXKICHUS Y 3-
curHasia B o0pasiax oOycIIOBJIEH TeM, Y4TO KBaply, MoJie-
BBI€ IIIATHI ¥ CJIIOJIBI KUCIIOTO COCTaBa, BXOSIINE B CO-
CTaB KBapuuToneCYaHka u rpaHuTa, B BbICOKOHleJ'lO‘iHOﬂ
cpene (c pH cpenst 12—12,5) noaseprarorcsi akTUBAIMN
B TOU WK WHOM crenend. OHU aKTUBHO B3aUMOJICHCTBY-
0T C TUAPOKCUIOM KaJIbIWsA, BXOIAIIUM B COCTaB )KHHKOﬁ
(ha3bl OeToHa, ¢ 00pa30BaHUEM MMAPOCUIIMKATOB M THIPO-
AITFOMOCHJIMKATOB KaJIbIIHsA, KOTOPBIC B pa3H0171 CTCIICHU
COJICHCTBYIOT YIIJIOTHEHUIO IEMEHTHON MaTpHIlbl U KOH-
TaKTHOM 30HBI MEKIy 3allOJIHUTENEM U IEMEHTHOW Ma-
Tpuieil 6eToHa. B cooTBeTCTBHM ¢ TaHHBIMU TEPMOJIH-
HAMHYECKUX PACUETOB AKTHBHOCTH KBapIia IPEBOCXOAUT
AKTHBHOCTh MHHEPAJIOB TPYIIIHI TIOJIEBBIX IIITaTOB [23].
Pesynbrarbl 9TOro nporecca OTYETIIBO IPOCIICKUBAIOTCS
TIO IaHHBIM Y 3-IMarHOCTHKH.

Jnst ucenenoBanus npoueccos (hazoo0pa3oBaHus
B IIEMCHTHOM KaMHE TOTOBUJINCH MPOOBI st audde-
peHIuaNbHOro TepMudeckoro ananusa (JTA) myrem
CYIIKH 00pa3IoB B CyIIMIHHOM mkady U uX Apodie-
Hus. OT/eNIeHre THAPATHPOBAHHOTO IEMEHTA OT 3ar1oJI-
HUTEIIS] IPOU3BOMIIOCH JIETKUM pacTupanuem B dpapdo-
poBoii crymnke. HekoTopoe KoIIM4ecTBO H3MENTBYEHHOTO
3aIOJIHUTEINS 0CTaBAJIOCh B IPOOE C IIEMEHTOM, HECMO-
Tpsl HA OCTOPOKHOE NPOCEUBAHUE Yepe3 cuTo. B aroii
CBsI3U TepMorpaduyeckuii aHamu3 TaHHBIX P00 Oosee
HAJIS)KEH C KaueCTBEHHOM CTOPOHBI.

VY 00pa3ioB MEJIKO3EpPHHUCTOr0 OCTOHA, COIepKa-
UX T'PaHUT U KBApUUTONCCUAHNUK, B HOPMAJIbHBIX YyC-
noBusix TBepaeHus (20 °C) HaOMona0TCsl CXOKHE TEp-
muueckue 3pdektsl. B Teuenune 12 mec coxpaHstoTcs
suporepmudeckue 3ddexrsr mpu 400-500 °C, cesizan-
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Puc. 1. CkopocTh IPOXOXKICHNS YIBTPa3Byka B 00pa3iiax MeIKo3epHUCTOro O6eToHa (1:3) Ha pa3NnMYHBIX 3aMOIHUTEIIX, TBEP-

nesmmx npu Temneparype 20 °C (a) u 80 °C (b)

HBIC C PA3JIOKCHUEM TUAPOKCUIA KaJbIus, 00Jice BbI-
pakeHHI y o0pasiia ¢ TpaHuToM. Ha KpuBOit HarpeBaHus
HaOIonaeTcst JBOHOM sHa0TepMuueckuil addext mpu
temneparypax 95,8 u 139,2 °C, cBsi3aHHbIi ¢ BbleIe-
HHUEM CBOOOIHOM BOIIBI H ICTUAPATAIACH BEICOKOOCHOB-
HeIX TipoaykToB Tuma C-S-H, C-A-H u C-A-S-H (puc. 2).
[IpocnexuBaroTCs ClIa0OBBIPAKEHHBIC YHIOTCPMUYC-
ckue 3 ekt mpu 575 °C, cBA3aHHBIC ¢ IEPEKPUCTAT-
nr3anuei kpapia. OTMEYarOTCs SHI0TCPMUYCCKUC TTHKH
B nuanasone 640-750 °C, cBs3aHHbIE ¢ 00€3BOKHBA-
HHEM THIPOCHINKATOB PA3IIMYHOTO COCTaBa, KOTOPHIC
MOTYT HaKJIaJbIBaThCsl Ha dHIO0TEpMHUYECCKHEe P PEKThI
PA3IIOKEHUST KaJbIUTa, 00PA3yIONIETOCs BCICACTBHUE
KapOOHHU3AIHN Ca(OH)2 U JBYXKQJIbLIMEBOTO CHJIMKATA.
K 24 mec MHTEHCHBHOCTH JaHHBIX YHIOTEPMUICCKUX
s dexToB ymeHbIaercs. Dk30TepMuYecKuX dPPEeKToB
HE HaOJIOIaeTCs.

[pu TermoBIa)XKHOCTHOM TBEPIACHIN 00pa3IIOB M-
ko3epHucToro oerona (80 °C) mpoucxoauT U3MeHEHHE
TepMHAYCCKHX 3(P(PEKTOB, UTO CBUACTEIBCTBYET 00 UHTCH-
CHBHBIX ITPOIIECCaX XMMHUECKHIX B3aNMOICHCTBHI U 00-

pasoBannu HOBBIX (a3 (puc. 3). Ha xpuBoii Harpesa-
HUS (0COOCHHO ¢ KBapIIUTOIIECYAHUKOM) HaOIOMaeTcs
YBEJIMYEHHE SHI0TEPMUYECKOT0 3P eKTa B Tuana3oHe
90-280 °C, uT0 OOBSICHSIETCSI BHICOKUM COZEPKAHUEM
(a3er Tuma C-S-H. Yepes 12 mec TBepneHHs Ha TEPMO-
rpaMMax 00OMX COCTaBOB He OOHapykuBaeTcst S PeKT
ruzpokcuia Kanbiwst. [1pu aToM ukcupyercst SK30TepMu-
yecknit 3 ekt mpu remmeparype 860-900 °C, cBunerensb-
CTBYIOLIHIT 0 HATIYIMK ruApocurkaros Tia CSH(B). Du-
noaddexrs ipu 720 °C xapaKTepHbI U HU3KOOCHOBHBIX
runpocuikaros (ruposmt C S H, ), KoTopble cOBMEIIEHBI
C DHIOTEPMHUUYECKUMH d(P(HEeKTaMu pa3IoKEHHS KaIbITH-
Ta. K OCHOBHBIM M3MEHEHUsIM B UHTepBane 12-24 mec
MO)KHO OTHECTH CHIKEHHE HHTEHCUBHOCTH SHIOTEPMH-
yeckux 3¢dextoB mpu temmneparype 640-750 °C. Dr1o
CBHUACTCIILCTBYET O TOM, YTO MAKCUMaJIbHbBIC (basom)le us-
MEHEHUsI B IEMEHTHOM KaMHe, HauaBIIHecs: Ha EpPBUYHON
CTa/INM TBEPJICHHS M POJOJDKAOIINECS IO OJHOTO TOofia,
3areM MepexosT B a3y 3aMeIeHHOM TpaHchopMaryy.
ABTOpaMH POBEICHBI AJTEKTPOHHO-MUKPOCKOIIHYE-
CKHE HCCTIEOBAHU 00pa3ioB METKO3EPHUCTOTO OETOHA
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Puc. 2. TepmorpaMmbI IEMEHTHOTO KaMHs MEJIKO3EpHUCTOr0 OeToHa, TBepaAesiuero npu 20 °C. 3anonHuTens: @ — rpanurt, 12 mec;
b — rpanuTt, 24 Mec; ¢ — KBapUUTONECYaHNK, 12 Mec; d — KBapLUTONECYaHUK, 24 Mec
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Puc. 3. TepmMorpaMMbl IEMEHTHOTO KaMHS MEIKO3EPHHUCTOr0 OeToHa, TBepaenmiero npu 80 °C. 3amomHuTenb: @ — TPaHMT,
12 mec; b — rpanut, 24 Mec; ¢ — KBapLUUTOIECYaHUK, 12 Mec; d — KBapIUTOIECYaHUK, 24 Mec
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2.00 ym Det: SE MIRA3 TESCAN
SEMHV:50kV  SM: RESOLUTION 500 nm i
BI: 6.00 WD: 5.65 mm BITY um. BT u]yxasan

View field: 10.00 ym ‘ Det: SE MIRA3 TESCAN
SEMHV:5.0kV | SM:RESOLUTION |2pm i
BI:6.00 | wo:eosmm |

Det: SE Lot liiet] MIRA3 TESCAN
SEMHV: 50KV | SM: RESOLUTION 2pm 7
BI:6.00 | wo:sesmm |

BITY M. B.T. I.Llyxoaan BITY um. BT, u.lyxoaan

. 4

Det: SE MIRA3 TESCAN
SEMHV:50kV | SM:RESOLUTION 2pm
BI: 6.00 | wp:s74mm |

b
Puc. 4. MUKpOCTpyKTypa IIEMEHTHOU MaTpUIbl OCTOHA, TUAPOCHIINKATHI Kanblus, 12 Mec, 20 °C: @ — TpaHUTHBIN 3aOJTHU-
TeNb; b — KBapIUTONCCYAHUK

View field: 10.00 ym Det: SE MIRA3 TESCAN
SEMHV:5.0kV | SM:RESOLUTION |2pm
BI:6.00 | wob:asamm | BITY um. BT, I.Llyxoaan

View field: 2.00 pm Det: SE ]
SEMHV:50kV | SM:RESOLUTION 500 nm
BI: 6.00 WD:574mm |

MIRA3 TESCAN
rd

BITY um. BT, u.lyxoaan BITY um. B.T. Luyxoaan

View field: 2.00 pm | Det: SE MIliAS TESCAN
SEMHV: 50KV | SM: RESOLUTION 500 nm 7
BI: 6.00 | woiasTmm | BITY um. B.T. I.l.lyxoaan

View field: 10.00 pm | Det: SE
SEMHV:5.0kV | SM:RESOLUTION |2pm

View field: 2.00 ym Det: SE MIRA3 TESCAN
-
BI:6.00 | wo:asrmm | BITY um. BT, I.Llyxoaan

SEMHV:50kV | SM:RESOLUTION 500 nm
BI: 6.00 WD:453mm | BITY M. B.T. Luyxaaan

C &
View field: 2.00 pm ‘ Det: SE MIRA3 TESCAN

SEMHV:50kV | SM: RESOLUTION 500 nm
BI: 6.00 | wb:e4omm | BITY M. B.T. I.l.lyxoaan

b
Puc. 5. MuKpoCTpyKTypa [IEeMEHTHOH MaTpHIbl OeTOHA, THAPOCHINKATHI Kambuus, 12 mec, 80 °C: @ — rpaHUTHBIH 3am0IHA-
Telb; b — KBapLUHUTONECYaHUK

View field: 2.00 pm Det: SE MIRA3 TESCAN
SEMHV:50kV | SM:RESOLUTION 500 nm i
BI: 6.00 wp:6e4mm |

View field: 10.0 ym ‘ Det: SE MIRA3 TESCAN
SEMHV:5.0kV | SM:RESOLUTION |2pm i
BI: 6.00 | wp:eaomm |

BITY M. B.T. I.Llyxoaan BITY um.B.T. Luyxoaan
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Puc. 6. MukpocTpyKkTypa LEeMEHTHOM MaTpuLbl OETOHA HAa OCHOBE I'paHUTa, THAporpaHarsl, 24 mec, 80 °C

C 3aI0JTHUTEJIEM U3 FPaHKTa M KBapLIUTONECYaHHKa, TBEp-
JeBImX 12 Mec B HOPMAJIBHBIX YCIIOBHSIX, KOTOPBIE T10-
Ka3aJli, 9T0 MUKPOCTPYKTypa IIEMEHTHOTO KaMHS B 000-
HX Clly4asix JOCTaro4Ho cxoxka (puc. 4). HaOmonaerces
OoJee-MeHee PaBHOMEPHOE PACIIOI0KEHUE BOIOKHUCTBIX,
XOPOIIO Pa3TUYUMBIX KPHCTAIUIOB BBICOKOOCHOBHBIX
TUPOCUIMKATOB KaJIBIHsI B CTPYKTYpE LIEMEHTHOH Ma-
TPHIIBI, TIOJIOXKHUTEIHHO BIUSIONIEE HA MPOYHOCTh. He-
MIPEPBIBHBIN POCT XOPOMIO C(POPMUPOBAHHBIX BOJIOKOH
BBICOKOOCHOBHBIX I'MIPOCUIMKATOB KaJIbLIUA CBUACTCIIb-
CTBYET O Pa3BUTHH NPOLECCOB CTAPEHUs IEMEHTHOTO
KaMHs1, TBEPJCIOIIETO B BOJE AJIUTENbHBINA cpok. Uepes
OJIMH IO/l HOPMAJLHOTO TBepAeHUs Kpuctamisl C,SH,
YBEJIMYMBAIOTCS B pasMepe /10 2—3 MKM, 00pasyst IPOUHbIe
cpoctku ¢ nopmanauroM Ca(OH), (puc. 4).

[pu nurenbHOM TBEpACHUH (OIHMH TO/T) 00pa3ioB
MeKo3epHucToro 6erona B Boae mpu 80 °C mpowucxo-
IIUT YBEJIWYCHHE JOJTU XOPOIIO 3aKPUCTAIIIN30BaH-
HBIX YacTHIl (pUC. 5) IO OTHOIICHHUIO K resieo0pazHoi
marpune. OOpa3yrorces 4eTKo 0(hopMIICHHBIE BOJIOK-
HUCTBIE KpUCTAILTH! 0,5—1 MKM, Hepenko B BUAC ario-
MEpaToOB, C MEPEXOAHBIMHU TeJcO0Pa3HBIMU 30HAMHU
Mexay HUMH. HaOmromarores moNMMKpuCTaIIMIecKre
YY9acTKH B BHJIC XaOTUYHO PACTIOIOKEHHBIX KPYITHBIX
IJIaCTUHYATBIX KPUCTAJIJIOB T'MAPOCUIIMKATOB KaJIbIIUs,
YTO HOBBIIIAET CTENEHb HEOJHOPOIHOCTH CTPYKTYPBHI.
OpraHu3anuoHHas CTPYKTypa EMEHTHOTO KaMHs 00-
YCIIOBJICHA YIIOPSIIOYEHHBIM CTPOSHHEM Ha OT/ICIBbHBIX
MHKpoydJacTkax. Kpucrammm3anus KpPYITHBIX IOJIH-
KPUCTAJUIMIECKUX CPOCTKOB MPU MX HEPABHOMEPHOM
pacrpeneneHuu B CTPYKType THAPOCHIMKATHOTO Tels
He)KeJaTelbHa, TaK KaK 4acTo MPHUBOJAUT K JECTPYK-
TUBHBIM siBIeHUAM. C yBeNIWYEHHUEM JIUTEIBHOCTH
TBEPACHUA MOBBIIIACTCA CTCIICHDb KPUCTATIIUYHOCTHU
HOBOOOpa30BaHMWH KaK B TEPMOBJIAXXHOCTHBIX, TaK
U B HOPMAJIGHBIX YCIIOBHSX TBEPACHUS.

B ¢Bs13u ¢ NOBBIIIEHHBIM COZICP)KAHNUEM aJTFOMHUHUA
B FPaHUTE NP JUTUTEILHOM TBEPICHHU B TEPMOBIAXK-
HOCTHBIX YCIIOBHSAX OH CBSI3BIBACTCS TPEUMYIIIECTBEHHO
B I'MJPOTPaHaThl, KOTOpPbIE, HECMOTPS HA yCTOWYMBOCTD,
MOT'YT CHIKaTh IPOYHOCTB M3-3a YCHJICHUSI HEOIHOPOI-

HOCTH CTPYKTYPHI (pHcC. 6).
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S3AKJTIOYHEHHUE U OBCYXJAEHUE

YcTaHOBIIEHO, YTO 3aIIOHUTENN U3 TPAHNUTA U KBap-
IIUTOINECYAHHKA MTOBBIMIAIOT TEPMOCTAOMIBHOCTD MEJI-
Ko3epHucTOoro OeroHa. HanbGonpmmii koddpduunent
TEPMOBJIYKHOCTHOM CTOMKOCTH y 00pa3LioB Ha KBAPLHTO-
necuanuke (K ,‘épm =1,20-1,3), uem Ha TpaHuTE (Kﬁmcr =
=0,71). 310 00YCIOBICHO MOBBIIIIEHHOH aKTHBHOCTEIO
TIO TTOTVIONICHHUIO U3BECTH KBAPIUTONECYAHHKA 110 CPaB-
HEHUIO C TPAHUTHBIM 3aIlOHUTEIIEM, YTO CIIOCOOCTBYET
(hOopMHUPOBAHUIO TEPMOJMHAMUYECKH YCTONUHMBBIX TIPO-
JTYKTOB TBEPZCHHMS B YCIIOBHUSIX TTOBBIIICHHOHN BIaXHOCTH
U TEeMIepaTyphl.

[ToCTOSIHHBIN POCT CKOPOCTH MPOXOXKACHUS Y 3-
cUTHaja yepe3 o0pasibl MEIKO3EPHHUCTOrO OCTOHA,
TBepeBire B Boze mpu 80 °C, CBUAETENLCTBYET O TOM,
YTO IECTPYKTUBHBIE TIPOIIECCHI, CBSI3aHHBIE C PEKPUCTAII-
IM3alyel THAPATHBIX (a3, TPOTEKatoT OYEHb MEUICHHO
B 00oux ciydasix. [Ipu 3ToM 3a cueT XUMHYECKHX ITPO-
[[ECCOB HA MOBEPXHOCTH 3€PEH MEJKOTO 3arOIHHUTEIS
MIPOUCXOANT YCUJIICHUE CPACTAHUSI MEXXIY HUMH H Iie-
MEHTHOW MaTpulleH, 4TO MOBBIIAET IPOYHOCTH OETOHA.

IIpomueccer pa3zoobpa3zoBaHus B IEMCHTHONH Ma-
TPHILE MEJIKO3EPHHUCTOr0 OETOHA B TIOBBILICHHBIX TEP-
MOBJI&)KHOCTHBIX YCJOBHSX HPOTEKAIOT IO APYTHM
3aKOHOMEPHOCTSIM, YeM B YCJIOBHSX HOPMaJbHOI'O
TBepAeHus. ['naparHbie Ba3bl HEMEHTHOTO KaMHsl, Tpe-
xne Bcero Ca(OH),, mpyu MOBBIIICHHON TeMIIEpaType
AKTUBHO BCTYHNAIOT B XUMHUYCCKOEC B3aUMOJCHUCTBUC
C MHMHEpaJllaMH MEJKHUX 3alOoJHHUTENeH, 00pasys Tep-
MHUYECKN CTOMKHE HU3KOOCHOBHBIE TMJIPOCHINKATHI
kanpnus CSH(B), nnentndunupyemsie mo 3K30Tep-
MugeckoMy 3¢dexry mpu 860-900 °C. ITpu TBepae-
HUN B HOPMaJIbHBIX YCJOBHSX CBOOOJHAs M3BECTh
MIPaKTHYECKU He cBsA3bIBacTCs. OCHOBHBIM KOMIOHEH-
TOM LIEMEHTHOTO KaMHS SIBJISIETCS JIBYXOCHOBHBIN TI'H-
JPOCWIIMKAT Kajblius. M3MeHneHus (azoBoro cocrasa
LIEMEHTHOW MaTpUIbl OETOHA Ha KBapLUTOIECUAaHUKE
1 IPpaHUTE JOCTATOYHO CXOXKHU.

ITonyueHHble pe3ysIbTaThl UMEIOT BAKHOE IIpaK-
TUYCCKOC 3HAYCHUEC U MMO3BOJIAIOT CUUTATh KBAPIIUTO-
MECYAHUK [IEHHBIM CBIPHEM JIJISl M3TOTOBJICHUSI OETOHA,
CTOMKOI'O K TEPMOBJIQXKHOCTHOM KOPPO3UH.
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INTRODUCTION

The problem of concrete structure failure under
extreme temperature and humidity conditions mainly
lies in the degradation of concrete when exposed to low
temperatures due to the freezing of moisture within
the concrete mass, or to high temperatures during fires
[1-8]. There are a number of industrial facilities op-
erating in environments with elevated ambient tem-
peratures whilst simultaneously exposed to humidity
levels close to 100 %, which has a significant impact
on the physical and mechanical properties and dura-
bility of concrete structures. This leads to significant
changes in the structure caused by an increase in po-
rosity due to the recrystallisation of thermally unstable
hydrated phases in the cement matrix, resulting in a de-
terioration of strength characteristics and a reduction
in reliability and stability [9-16]. Such conditions arise
when concrete elements come into contact with hot wa-
ter or steam in cooling towers at thermal and nuclear
power stations [17-19], diversion tunnels at hydroelec-
tric power stations [20] and other public utility facili-
ties. The repair and restoration of such structures are
highly labour-intensive and costly, often exceeding
the initial capital costs of construction. The standard-
ized frequency of major repairs to reinforced concrete
cooling towers every 3—4 years can be taken as indica-
tive of this problem'. Experts note [21] that, under con-

! Regulation. Technical operation of industrial buildings and
structures. POT RO 14000-004-98: approved by the Ministry
of Economy of the Russian Federation on 12 February 1998.
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ditions of high temperature and humidity, the deteriora-
tion of concrete structures can begin as early as one year
after construction.

To improve the thermal and humidity resistance
of cementitious systems, it is advisable to use silica-
containing mineral admixtures, which promote the for-
mation of thermally stable, low-basic calcium hydrosili-
cates [22] and slow down phase transitions. Given that
phase formation processes occur more intensively un-
der thermal and humidity conditions than under normal
conditions, it can be assumed that the minerals com-
prising the aggregates will interact more actively with
the calcium hydroxide in the liquid phase of the con-
crete, forming thermodynamically stable hardening
products. In this regard, quartzite sandstone aggregate
is of particular interest, as it exhibits increased lime ab-
sorption activity due to its incomplete crystalline struc-
ture, compared to traditional granite aggregate.

This study examines the changes in the structural
and mechanical properties of fine-grained concrete
made with aggregates of varying compositions un-
der conditions of elevated temperature and humidity.
The correct selection of aggregates will enable the de-
velopment of effective measures for the primary pro-
tection and enhancement of the durability of concrete
structures when operated under conditions of multi-
factor hydrothermal exposure.

MATERIALS AND METHODS

Portland cement CEM 1 42.5N produced by “Os-
kolcement” CJSC (GOST 31108-2020) was used as
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the binder (C,S = 61.59 %, C,S = 14 %, C,A = 6.83 %,
C,AF = 13.73%; NC = 26 %; t, = 230 min, activ-
ity 56.2 MPa). The following were used as aggregates
for fine-grained concrete: industrial screenings from
the crushing of quartzite sandstone; fine aggregate ob-
tained by crushing quartzite sandstone and granite un-
der laboratory conditions. The particle size distribution
of the aggregates is given in Table 1, and their chemical
composition in Table 2.

Specimens measuring 2.5 X 2.5 x 10 cm and 4 x 4 x
x 16 cm were produced from 1:3 fine-grained concrete

Table 1. Particle size distribution of fine aggregates

using a mixture of normal consistency (GOST 310.4-81).
Some of the specimens were cured under normal condi-
tions (20 °C), and some under warm and humid conditions
(80 °C) in a LOIP LB-163 laboratory water bath. At spec-
ified intervals (1, 3, 6 and 12 months), the compressive
and flexural strengths were determined using a PGM-
100MG#4 hydraulic press. The microstructural character-
istics of the cement paste were investigated using a Tes-
can Mira 3 scanning electron microscope. A NETZSCH
STA 449 F1 Jupiter synchronous thermal analyzer was
used to analyze the hydration products. Tests on fine-

Screening of crushed quartz sandstone

Sieve size 2.5 1.25 0.63 0.315 0.16 <0.16
Private sector balance, % 51.7 12.36 18.86 8.29 7.32 1.47
Total balances, % 51.7 64.06 82.92 91.21 98.53 100
Quartz sandstone
Sieve size 2.5 1.25 0.63 0.315 0.16 <0.16
Private sector balance, % 26.2 14.17 15.23 23.27 19.47 1.66
Total balances, % 26.2 40.37 55.6 78.87 98.34 100
Granite
Sieve size 2.5 1.25 0.63 0.315 0.16 <0.16
Private sector balance, % 42.31 16.72 13.24 9.28 17.31 1.14
42.31 59.03 72.27 81.55 98.86 100
Table 2. Chemical composition of aggregates
Quartz sandstone
Oxide content, % by mass
SiO, TiO, ALO, FeO, FeO CaO MgO Na,0+K,0 P,O, S
86,24 0,27 2,39 2,16 1.58 0.89 1.34 0.69 0.11 0.06
Granite
Oxide content, % by mass
n/d Na,0 MgO ALO, Sio, K0 CaO | TiO, MnO FeO, P,O, S
0.24 3.82 1.57 15.59 63.57 4.65 2.90 0.62 0.094 6.31 0.21 0.03

Table 3. Setting kinetics of fine-grained concrete specimens under various temperature and humidity conditions

Filler R, » MPa, within the specified time R, MPa, within the specified time frame,
frame, months months
N 3 | e | 2
20 °C

Screening of crushed quartz 4.04 5.04 10.2 13.98 34.46 40.5 40.37 39.07
sandstone

Granite 2.52 9.48 8.47 10.2 37.73 46.21 43.44 54.66
Quartz sandstone 3.52 7.14 9.91 16.7 32.49 43.82 47.04 48.05

80 °C

Screening of crushed quartz 7.36 8.32 11.03 12.39 27.2 29.71 39.21 46.7
sandstone

Granite 2.1 13.36 12.78 16.33 29.0 36.0 38.98 38.7
Quartz sandstone 8.82 10.08 17.62 18.5 27.2 44.09 57.08 63.37
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grained concrete specimens using the ultrasonic testing
method were carried out on a “Pulsar 2.2 device. Fine-
grained concrete specimens measuring 4 x 4 x 16 cm
were subjected to ultrasonic testing throughout the entire
test period (24 months) at a frequency of once a week.

RESEARCH RESULTS

The effect of aggregates on the thermal and mois-
ture corrosion of concrete was investigated. The results
of periodic determinations of the flexural and compres-
sive strength of specimens after 1, 3, 6, and 12 months
of curing are presented in Table 3. Specimens of fine-
grained granite-based concrete, cured under normal con-
ditions, demonstrated the highest strength, while when
cured in water at 80 °C, higher strength values were ob-
tained for specimens made from quartzite sandstone.

The data obtained show that, under conditions
of hygrothermal curing, the filler plays an active role
in the development of strength.

Based on the compressive strength data, the hygro-
thermal stability coefficient has been calculated (Table 4),

5,000
4,718

4,656 4,734

4,800
4,600

4,400

v, m/s

4,464
4,457
4,269

4,200
4,000
3,800

3,600
0

-o— Screening of crushed quartz sandstone

5,000

4,800

4,682

4,600

4,382

v, m/s
S
[y}
S
(e}

3,983

3,800

3,600

4,636

4,506
5 4359 4,454 >

4 6 8 10

a

4,483 4,430

0 2 4 6 8 10

T, month

-o— Screening of crushed quartz sandstone

b

Table 4. Hygrothermal resistance coefficient

Time, months
Filler
1 3 6 12
Screening of crushed 079 | 073 | 097 12
quartz sandstone
Granite 0.77 0.78 0.9 0.71
Quartz sandstone 0.84 1.01 1.21 1.32

which demonstrates the ratio of the compressive strength
of specimens cured in water at 80 °C to the compressive
strength at 20 °C: K, =R% /R* .

As can be seen from Table 4, the lowest durabil-
ity coefficient was observed in the concrete specimens
made with granite aggregate, indicating material deg-
radation under prolonged hygrothermal exposure.
The concrete specimens containing quartzite sandstone
showed a steady increase in the hygrothermal resistance
coefficient throughout the entire test period: from 0.84
(1 month) to 1.32 (12 months), indicating high struc-
tural resistance to hygrothermal effects.

4,698

4,656 4,691

4,492 \ 4,466 4 475
4,418

4,344

12 14 16 18 20 22
T, month

24

—eo— QGranite —o— Quartz sandstone

4,770 4632 4,739

4,501 4,446 4421 4,533

s

12 14 16 18 20 22 24

—e— Granite —o— Quartz sandstone

Fig. 1. Ultrasonic velocity in fine-grained concrete specimens (1:3) using various aggregates, set at temperatures of 20 °C (a)

and 80 °C (b)
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Fig. 2. Thermograms of the cement paste in fine-grained concrete cured at 20 °C. Aggregate: ¢ — granite, 12 months; b —
granite, 24 months; ¢ — quartz sandstone, 12 months; d — quartz sandstone, 24 months
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Fig. 3. Thermograms of the cement paste in fine-grained concrete cured at 80 °C. Aggregate: ¢ — granite, 12 months; b —
granite, 24 months; ¢ — quartz sandstone, 12 months; d — quartz sandstone, 24 months
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Ultrasonic diagnostics were used to continuously
monitor the processes of concrete degradation. The rise
and periodic decrease in the velocity of the ultrasonic pulse
are correlated with recrystallisation phenomena. The ve-
locity of the ultrasonic signal is an integral parameter
characterizing the complex of structural and mechanical
properties of the material (strength, porosity, crack forma-
tion, etc.). The results are shown in Fig. 1 and 2. Accord-
ing to monitoring data on the average velocity of the ul-
trasonic signal passing through specimens of fine-grained
concrete cured in water at 80 °C, it was established that
over the entire observation period, the increase in ve-
locity amounted to +A538 m/s for the quartz sandstone
specimens and +A471 m/s for the granite specimens. For
specimens of all compositions, there is an intense increase
in the ultrasonic signal velocity up to 8—10 months of im-
mersion in hot water, after which stabilization occurs up
to 24 months. This indicates that the destructive processes
associated with the recrystallisation of hydrated phases
proceed very slowly in all cases; no significant increase
in porosity is observed. The similarity of the ultrasonic
pulse velocity curves indicates that the processes of struc-
tural and phase formation are analogous.

The data presented show that the processes of phase
and structure formation in fine-grained concrete speci-
mens using various aggregates under hygrothermal con-
ditions follow different patterns than those under normal
curing conditions. The prolonged increase in the ultra-
sonic signal velocity in the specimens is due to the fact
that quartz, feldspars and acidic micas, which are compo-
nents of quartz sandstone and granite, undergo activation
to varying degrees in a highly alkaline environment (with
pH of 12-12.5). They actively interact with the calcium
hydroxide present in the liquid phase of the concrete,
forming calcium hydrosilicates and calcium hydrous
aluminosilicates, which to varying degrees contribute
to the densification of the cement matrix and the interface
between the aggregate and the cement matrix of the con-
crete. According to thermodynamic calculations, the activ-
ity of quartz exceeds that of feldspar group minerals [23].
The results of this process are clearly evident from ultra-
sonic diagnostic data.

To investigate the phase formation processes in ce-
ment stone, specimens were prepared for differential ther-
mal analysis (DTA) by drying the specimens in an oven
and grinding them. The hydrated cement was separated
from the aggregate by gentle grinding in a porcelain
mortar. A small amount of ground aggregate remained
in the cement specimen, despite careful sieving. Conse-
quently, the thermographic analysis of these specimens is
more reliable in terms of quality.

Similar thermal effects are observed in specimens
of fine-grained concrete containing granite and quartz
sandstone under normal curing conditions (20 °C). En-
dothermic effects persist for 12 months at 400—500 °C,
associated with the decomposition of calcium hy-
droxide, and are more pronounced in the specimen
containing granite. A double endothermic effect is
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observed on the heating curve at temperatures of 95.8
and 139.2 °C, associated with the release of free wa-
ter and the dehydration of highly basic products of
the C-S-H, C-A-H and C-A-S-H types (Fig. 2). Weakly
pronounced endothermic effects are observed at 575 °C,
associated with the recrystallisation of quartz. Endother-
mic peaks are observed in the 640750 °C range, asso-
ciated with the dehydration of hydrosilicates of various
compositions, which may overlap with the endothermic
effects of the decomposition of calcite formed as a re-
sult of the carbonation of Ca(OH), and dicalcium sili-
cate. By 24 months, the intensity of these endothermic
effects decreases. No exothermic effects are observed.

During the heat-moisture curing of fine-grained con-
crete specimens (80 °C), changes in thermal effects occur,
indicating intense chemical reactions and the formation
of new phases (Fig. 3). On the heating curve (particularly
for the quartzite-sand mixture), an increase in the endo-
thermic effect is observed in the range of 90280 °C, which
is explained by the high content of the C-S-H phase. After
12 months of curing, no calcium hydroxide effect is detect-
ed on the thermograms of either composition. At the same
time, an exothermic effect is recorded at a temperature
of 860-900 °C, indicating the presence of CSH(B)-type
hydrosilicates. Endothermic effects at 720 °C are char-
acteristic of low-basic hydrosilicates (gyrolite C,S.H.),
which are combined with endothermic effects of calcite
decomposition. The main changes in the 12-24-month in-
terval include a decrease in the intensity of endothermic
effects at temperatures of 640750 °C. This indicates that
the maximum phase changes in the cement stone, which
began at the initial stage of hardening and continued for up
to one year, then transition into a phase of slow transfor-
mation.

The authors conducted electron microscopic studies
of specimens of fine-grained concrete containing granite
and quartz sandstone aggregate, which had cured for 12
months under standard conditions; these studies showed
that the microstructure of the cement paste was fairly simi-
lar in both cases (Fig. 4). A more or less uniform distribu-
tion of fibrous, clearly distinguishable crystals of highly
basic calcium hydrosilicates is observed within the cement
matrix structure, which has a positive effect on strength.
The continuous growth of well-formed fibres of highly
basic calcium hydrosilicates indicates the development
of ageing processes in the cement stone hardening in wa-
ter over a long period. After one year of normal harden-
ing, the C,SH, crystals increase in size to 2-3 um, forming
strong intergrowths with the portlandite Ca(OH), (Fig. 4).

During prolonged curing (one year) of fine-grained
concrete specimens in water at 80 °C, there is an increase
in the proportion of well-crystallized particles (Fig. 5) rel-
ative to the gel-like matrix. Well-defined fibrous crystals
of 0.5-1 pm are formed, often in the form of agglomer-
ates, with transitional gel-like zones between them. Poly-
crystalline regions are observed in the form of chaotically
arranged large plate-like crystals of calcium hydrosili-
cates, which increases the degree of structural heterogene-
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Fig. 4. Microstructure of the cementitious matrix of concrete, calcium silicate hydrates, 12 months, 20 °C: ¢ — granite ag-
gregate; b — quartz sandstone
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Fig. 6. Microstructure of the cement matrix in granite-based concrete, hydrogranite, 24 months, 80 °C

ity. The organizational structure of the cement stone is
determined by the ordered structure in individual micro-
regions. The crystallization of large polycrystalline ag-
gregates, when unevenly distributed within the structure
of the hydrosilicate gel, is undesirable, as it often leads
to destructive phenomena. As the setting time increases,
the degree of crystallinity of the new formations rises, both
under hygrothermal and normal setting conditions.

Due to the high aluminium content in granite,
during prolonged solidification under thermal and hu-
mid conditions, it is predominantly incorporated into
hydrogarnets which, despite their stability, can reduce
strength by increasing structural heterogeneity (Fig. 6).

CONCLUSION AND DISCUSSION

It has been established that aggregates made
of granite and quartz sandstone improve the thermal sta-
bility of fine-grained concrete. The highest coefficient
of hygrothermal resistance was observed in specimens
containing quartzite sandstone (K} = = 1.20-1.3)
compared to those containing granite (K)> = 0.71).
This is due to the increased lime absorption activ-
ity of quartz sandstone compared to granite aggregate,
which contributes to the formation of thermodynamically
stable hardening products under conditions of elevated
humidity and temperature.

The steady increase in the ultrasonic signal velocity
through specimens of fine-grained concrete cured in wa-
ter at 80 °C indicates that the destructive processes asso-
ciated with the recrystallisation of hydrate phases proceed
very slowly in both cases. At the same time, chemical
processes on the surface of the fine aggregate grains lead
to increased bonding between them and the cement ma-
trix, which enhances the strength of the concrete.

The phase formation processes in the cement ma-
trix of fine-grained concrete under elevated temperature
and humidity conditions follow different patterns than
those under normal setting conditions. The hydrated
phases of the cement paste, primarily Ca(OH),, actively
undergo chemical reactions with the minerals of fine
aggregates at elevated temperatures, forming thermally
stable, low-basic calcium hydrosilicates CSH(B), iden-
tifiable by an exothermic effect at 860—900 °C. During
hardening under normal conditions, free lime is practical-
ly not bound. The main component of the cement paste
is dibasic calcium hydrosilicate. Changes in the phase
composition of the cement matrix in concrete made from
quartzite sandstone and granite are quite similar.

The results obtained are of significant practical im-
portance and allow quartz sandstone to be considered
a valuable raw material for the production of concrete
resistant to hygrothermal corrosion.
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AHaJN3 NPUMEHEeHUsI MeTOA0B HCKYCCTBEHHOI0 MHTEJJIEKTA
B pellleHUH 3a/1a4 BbINMYCKHbIX KBAJIN(PUKANUOHHBIX padoT
o0y4arommuxcst

Ouabra Hukosnaesna Ky3una, Esnena Banentunosna Urnaroa
Hayuonansnutii uccnedosamenvcxuil Mocko8ckuti 20cyoapcmeentbiil
cmpoumenvhuiil yrugepcumem (HUY MI'CY), e. Mockesa, Poccus

AHHOTAUMA

BeepeHue. ObcyxaaTcs BONPOChl MPUMEHEHNST TEXHOMOIMIA CKYCCTBEHHOTO MHTennekTa (W) B BbinyckHbIX kBanuduka-
LMOHHbIX paboTax (BKP) cTyneHTOB ANns peLleHust 3agay cTpoutensHomn otpacnu. [MpoaHanuanpoBaHbl 3a4ayun, KotTopble pe-
wanuce ctyaeHTammn B 2023-2025 rr. no Tpem obpasosaTenbHbIM NporpamMmMam ¢ nomolubio metogos NN. Liens aHanusa —
oueHka ypoBHs BHeapeHus M B BKP oby4yatowmxcs.

Matepumansil n metoabl. OnvcaHbl NPeAnockInky ncnone3osannsa MW ons pelwenns sagad, onpeaeneHbl KpUtepun oLeHK
nporpecca BHegpeHus VW, BoigeneHsl TexHonornm N, kotopblie NpUMEHSANUCh Npy peLleHny 3aaad, yCTaHOBIEHb! YPOBHM
rny6uHbl BHeapeHust TexHonoruni M.

PesynbtaThl. [prBefeHsl pedynstaThl aHanvaa B HarnsaHoM Buge. OTMeYeHo, YTo 0cobblii MHTEpPeC NPeacTaBnsaioT pa-
60Tbl, B KOTOPbIX UMetoTCHA paspaboTka 1 anpobauus aBToMaTU3MPOBAHHON cucTeMbl ¢ npumeHennem UW. Mepeuncnena
Tematvka Takux pabor.

BrbiBogbl. Hanbonee BocTpeboOBaHHLIMU U MOHATHLIMU TexHonornsaMu MW sBnsioTca mMalunHHoe obyyeHue M KOMMblo-
TepHoe 3peHuve, a Hauborbllee KOMMYECTBO peLleHuii 3aday ¢ npuMmeHeHnem VIV cooTBeTCTBYET aTany CTpoMTEnbCTBa.
MocTtaBneHa 3agaya NOAroTOBKM akTyanbHbIx Tem BKP ans aBTomMat3vpoBaHHOMO pelleHust 3ajay CTpouTenbCTBa C UC-
nonb3oBaHnem N. Onpepenexbl nepcnekTMBbl UCCNeaoBaHNn — pasBuTMe MOAENEN, METOAOB M TexHonorun MW ansa npu-
MEHEHUSI B CTPOUTENBHON OTpacmnu.

KINKOYEBBIE CINOBA: 1cKyCcCTBEHHBIN UHTENNEKT B 06pa3oBaHuM, UCKYCCTBEHHbIA MHTENnNekT, BKP, rubkue obpasosa-
TenbHble NPorpamMMbl, aBTOMaTUyeckasi oLueHka AUNIoMHbIX paboT, Modenu obpasoBaTenbHbIxX nporpamm, MW, TexHonorum
MH(OPMAaLMOHHOTO MOAENVPOBaHNS

onAa UATUPOBAHUA: KysuHa O.H., MezHamosa E.B. AHanv3 npuMeHeHUs METOA0B MUCKYCCTBEHHOIO MHTEMMeKTa B pe-
LLEHUW 3a4ad BbIMYCKHbIX KBanuguKaLMoHHbIX paboT obyyatolumxcs // CTponTenbCcTBO: Hayka u obpasoBaHue. 2026. T. 16.
Boin. 1. Ct. 13. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2026.1.13
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Analysis of the application of artificial intelligence
methods in solving problems in students’ final
qualification projects

Olga N. Kuzina, Elena V. Ignatova
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. This paper discusses the application of artificial intelligence (Al) technologies in students’ final qualification
projects (FQP) to solve problems in the construction industry. The tasks solved by students in 2023-2025 across three edu-
cational programmes using Al methods are analyzed. The aim of the analysis is to assess the level of Al implementation in
students’ final qualification projects.
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Materials and methods. The prerequisites for using Al to solve problems are described, criteria for assessing the progress
of Al implementation are defined, Al technologies used in problem-solving are identified, and levels of Al technology imple-
mentation are established.

Results. The results of the analysis are presented in a clear and accessible format. It is noted that works involving the de-
velopment and testing of automated systems using Al are of particular interest. The topics of such works are listed.
Conclusions. The most sought-after and accessible Al technologies are machine learning and computer vision, whilst
the largest number of problem-solving applications using Al correspond to the construction phase. The task of preparing
relevant topics for final-year projects for the automated solution of construction problems using Al has been set. Research
prospects have been identified: the development of Al models, methods and technologies for application in the construction
industry.

KEYWORDS: artificial intelligence in education, artificial intelligence, final qualification projects, flexible educational pro-
grammes, automatic assessment of final qualification projects, educational programme models, Al, information modelling
technologies
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BBEJIEHUE

Oco0eHHOCTB BBIITYCKHBIX KBaJIH(HKAIIMOHHBIX pa-
6ot (BKP) mporpamMm BeIcmiero oopa3oBaHUS yPOB-
Hel OaxasnaBpuara u maructparypsl B HUY MI'CY
mo HampaBieHusM moarotosku 09.04.01 «Muadopma-
THKa U BBIYUCIUTEIbHAS TeXHUKa», 09.03.02 «Uubpop-
MaIMOHHBIE CHCTEMBI U TEXHOJIOTHM» 3aKIIOUaeTCs
B IIpUMEHEHMH MHPOpMauoHHbIX TexHomoruit (UT)
JUIS PEIICHUS 3a]1ad IPOCKTUPOBAHMUS, CTPOUTEIIBCTBA
U JKCITyaTallui 00BEKTOB PA3JINYHOTO HAa3HAYCHUSI.
Kak npaBuno, BKP no nporpamme maructparypsl
JIOJDKHBI BKITIOUAaTh HAYYHO-HCCIIEA0BATEILCKYIO YacTh
U noasexar peuensuposannto UT-cneunanucros, pa-
6otarommx B cepe crpoutenseTsa u UT.

Perynsarop crpoutenbHON OTpaciy, Kak v peryisTop
I(POBOTO Pa3BUTHSI, yIIEISIET 0CO00€ BHUMAHKE HCIIONb-
30BaHUIO METOJOB HMCKyccTBeHHOTO mHTemIekTa (MN)
B oTpacisix akoHomuku" 3. Tlpumenenne MU npu moz-
rotoBke BKP oGywaromixcs paccMarpuBaeTcs B psie CTa-
Tel npenoaaBarenelt yHuBepcuteToB [1-4]. OTMeuaercs,
YTO «CTYIEHTBI POCCHUICKHX BY30B BCE Yallle HCIOIb3YIOT
texnonornu M B yueGHOM Tporiecce, 4To COOTBETCTBY-
eT 00IEeMHUPOBON TEHIICHIINH, OTpaKkalomeil Bo3pac-
Tarouryio posab M B m3MeHeHHN nmapajurMbl BBICHIETO
obpazoBanms» [2—12]. [Ipumaercs Gonpiioe 3HaYCHHUE
Borpocy renepanuu tekcra BKP. «IIpu noaroroske BKP
BO3MOKHO HCIIOJIBb30BaTh OHJIAIH-CEPBHCHI, NCTIONb3YIO-
IIME TEXHOJIOTMU MCKYCCTBEHHOTO MHTEIUIEKTa JUIsl cOO0-
pa, 06paboTKu HH(OPMAIUH U PEIICHUS Pa3TNIHbBIX 3a-
nad. Kaskplid Takol CepBUC OOBIYHO CICIHATH3APYCTCS
Ha KOHKPETHOH cdepe: pacro3HaBaHHE pedr, 00paboTka

! IH/IeKC MHTEIUICKTYaIbHOM 3PEIOCTH OTPAciiell SKOHOMHKH,
CEKTOPOB CONIHMATBHOI C(hepbl U CHCTEMBI TOCYIapCTBEHHOTO
ynpasienust Poccuiickoit denepatinu : aHAIUTHYECKUIN JOKIIAL.
M., 2023. URL: https://ai.gov.ru

2 MeTo/IMKa OLEHKH TIPOHUKHOBEeHUsT I B CTPOUTEILHOMN OT-
paciu. URL: https://www.minstroyrf.gov.ru/docs/377130/

3 PeffTHHT By30B I10 Ka9eCTBY MOATOTOBKH CIIEIHAIICTOB B 00-
JIACTH MCKYCCTBEHHOTO MHTEIUIeKTa // AnbsiHe B cepe UU.
2023-2025 rr. URL: https://rating.a-ai.ru/#rating
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M300paKeHNH, aBTOMAaTHIECKHI TIEPEBOI, TeHEPALIS TEK-
cTa, Koza u apyrux» [3]. Yacto mpeaMeToM o0Cy K IeH s
CTaHOBUTCSI ATUKA IpuMeHenus 1 npu noaroroske cry-
JICHYECKHUX padoT [5—8]. B 3apyOeKHBIX CTAThIX TaKKE
AQHAJIM3UPYIOTCS] BOSMOXKHOCTH M PUCKHU HCTIOJIH30BAHMS
reneparuBHoro M B o6pazosanmu [10, 11]. P mccie-
JioBaternel oleHnBaeT pPEKTUBHOCTE MpuMeneHns 1IN
CTyJeHTaMH By30B Iipu Hanucanun BKP ypoHs Oaka-
naBpuara [13], paccMarpuBaeTcsi HOpMaTUBHO-TIPABOBAst
OCHOBA MCIOJIb30BaHUs CpeJICTB reHeparuBHoro MU B nc-
CJIe/IOBATEIbCKON padoTe, MPOBOIUTCS 0030p ITe1aroru-
YEeCKUX UCCIICIOBAHUH, TIOCBSIICHHBIX OIMUCAHHIO OITHITA
ucnosnb3oBanus MM B perieHnn UccienoBaresbCKux 3a-
nad*, GOpMHUPYIOTCS IPETOKEHHS TI0 PErIAMEHTHPO-
BaHMIO TIPUMEHEHUs cpecTB reHeparusHoro M1 B BKP
0akaaBpOB ¥ MarucTPOB, 00yJarONIMXCs IO HAITPABJICHH-
sm «JIuHrBrcTHKa» 1 «[lenarornueckoe 0OpasoBaHue» .
TocymapcTBeHHEBI cTaHTAPT yCTaHABIMBACT OOIIHE TIO-
JIOKEHUS K peai3aliyl (PyHKIMOHATBFHOHN ITOCHCTEMBI
Ha dTarnax CO3/IaHus HayYHbIX MyOIrKarmii B cepe odpa-
30BaHUsI M HayKH, B TOM YHCIIE C IPUBIICYCHUEM 00yYaro-
IIMXCS, a TAKKe onuchiBaeT cucreMbl VI, peHazHaueH-
HbIE JUIs o0ecrieueH s ee paboThl, ONpe/IeNseT BapHaHThI
ucnomnb3oBanust TexHonoruit U ¢ nenbio perenus 3aiay,
BO3HHKAIOIINX B TPOIIECCE HAYIHO-MCCICAOBATEIHCKON
JIESITeNILHOCTH B 00J1aCTH 00pa30BaHuMsI, HanpumMep B cde-
e NeAaroruky, o0pa3oBareIbHOro MpaBa, dKOHOMUKH 00-
pasoBanus’ [14-16].

OnHaxo HauOOJBIINK HHTEPEC MPE/ICTABISIET HE BO-
MPOC CO3IaHMUs KOHTEHTA B CTYICHYECKOH padoTe, a mpu-
MeHeHue TexHosoruit MW s perienns 3anad npodeccuo-
HaJIbHOM JiesiTennbHOCTH cTyneHTos’ [1, 9, 17-23].

*TOCT P 71657-2024. TexHONOTHH HCKYCCTBEHHOTO WHTEI-
JeKTa B 00pasoBaHny. PyHKIMOHAIbHAS OJICHCTEMA CO3/1a-
HUS Hay9HBIX ITyOnuKanuii. OOIue monoKeHNSI.

STOCT P 70949-2023. TexHOIOTUH HCKYyCCTBEHHOTO MHTEI-
JieKTa B 00paszoBanuy. I IprMeHeHHEe HCKYCCTBEHHOTO HHTEIUICKTA
B HAYYHO-HCCIIC0BATEIBCKON CSATEIbHOCTH. BapraHThl Hc-
HOJIb30BAHUS.
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BbINYCKHbIX KBaAMPUKALIMOHHbIX paboT 06yyaroLLmMXCS

[IpenmeT HACTOSAIIETO MCCIENOBAaHUSI — MpUMe-
nenue UM B BKP nns aBroMaTu3anuu peiieHus 3aaada
CTPOUTENBCTBA, B TOM YHCIIC YIPABICHUS CTPOUTEITH-
CTBOM, U151 KOTOPBIX JIOJDKHO OBITB IIPE/ICTABICHO U 000-
CHOBAHO UCIOJIb30BaHHE METOJI0B U TexHonoruit M.

IIpennocsuikamu BHeapenus: MU B perenue 3anaq
BKP o6yuaromuxcs SBISIOTCS:

* Pa3BUTHE HOPMATUBHO-NIPABOBOI U HOPMATHUBHO-
TEXHUYIECKOMN JoOKyMeHTarmu B cepe MU>* [16];

* COCTaBJICHHE PEHTHHTA BY30B IO KaYE€CTBY IMOA-
TOTOBKH CIICNUAINCTOB B obmactu NI,

* pemreane OeneparbHOTO YIeOHO-METOANICCKO-
ro oobenunenus (GYMO) no 09.00.00 «Mudpopmarnka
U BBIUUCIIUTEIbHAS TEXHUKA) PACIIUPUT MepeueHb Ha-
MIpaBICHUI ITOATOTOBKH C BKIIFOYCHHUEM HAITPaBICHUS
MOJIrOTOBKH B OakayiaBpuare o 1U;

* MaccoBO€ IOBBIIICHHE KBAJIH(DUKALIMH TIPEToja-
Bareneii mo teme MU,

* BBeleHHE B oOpa3oBarenbHbie Tporpammbl (OIT)
BCEX CTYJEHTOB IMCUMIUIMHEI 110 u3y4yenuto MU (8 HUY
MI'CY mucrmmmHa «OCHOBBI HCKYCCTBEHHOTO HHTEII-
JICKTa B CTPOUTEIIECTBE)» PEaN3yeTCs IS BCeX HaIpaBIIe-
HHH MTOATOTOBKY OakaniaBpuara yHusepcurera ¢ 2023 1)
[24-27];

* pazsurre nporpamm «L{ndposoii kadenpbn yHu-
BEpCHUTETA B 4aCTU Ucnosb3oBanusa MU B cTpourtenscTae
[24];

e peamm3zarus 10 mporpamMm o pa3IMIHbIX acleKTax
npuMeHenust UM B mpoeKTupoBaHUM, CTPOUTEILCTBE,
SKCIUTyaTallly B paMKaX JOTIOIHUTEIHFHOTO Tpodeccro-
HaspHOTO 00pazoBanus (AI10) HUY MI'CY [24];

e otkpbiTie OIT 08.04.01 «CtpoutenbeTBoy, Npo-
¢unp «VICKyCCTBEHHBI MHTEIUICKT B CTPOUTEIECTBEY
(mepBbIif BeITyck B 2026 1) [24];

* yuactue uccnenonareseit HUY MI'CY B mexy-
HapOIHBIX KOH(EPECHINAX U IMyOIUKAIUS PE3YIIbTaTOB
uccnenoBanuii B oonactu npuMmenenns MM B HaydHbIX
JKypHaax;

* TpoBeieHue exxeronHoi ommmvrma s M. H.C. Ctpe-
aenkoro ¢ npoduiem «MCKyCCTBEHHBIH HHTEIUICKT
B CTPOUTENLCTBEY NpH nojaepxke U T-nunepo orpaciu
[24];

e BceoOmuil nHTEpec o0IIecTBa (CTYIEHTOB, Mpe-
nojaBareneil, OTpacieBbIX JUIEPOB) K UCIOIb30BAHUIO
MeTOZIOB U TexHoyoruit M.

3a mocieHIe TPU Tofa CofeprKaTelbHas 4acTh
BKP nperepnena nzmenenus. [Ipexae Bcero HameTHics
TPEHJ K TMTOUCKY d(PPEKTOB (IKOHOMHUIECKUX U ONMTHMH-
3alMOHHBIX) oT mpuMeHeHns MU B ctpourtenscTae. 10
MO3BOJISIET U3Yy4aTh BOIPOCH!, CBA3aHHBIE C METOIUYE-
CKUM M HOPMAaTHUBHBIM o0ecriedeHrneM TexHoioruit M1,
(hopMHpOBaHUEM JIATACETOB, AHAIN30M OOJBIINX JIaH-
HbIX. Temarnka Takux paboT — pa3BUTHE METOJIOB IIPO-
SKTHPOBAHUS U PACICTOB, COBEPIICHCTBOBAHIE METOIOB
yIpasieHus, oreHka 3¢ dexrnBHoCcTH npumenennst MU
B ctpoutenbscTBe. BKP obyyaronuxcst Bkirodaror B cedst
pemreHus mo BHeApeHno M B mporecchl CTpouTehb-
HOW JIeSTeITBHOCTH Ha Pa3HBIX dTarax >KH3HEHHOTO ITUK-

J1a 00bEKTa KalMTAILHOTO CTPOUTEIBCTBA KU3HEHHOTO
mukiia (XKL) oObeKTOB KanuTalbHOTO CTPOUTEIHCTBA
(OKC).

Iens ananu3a — oreHka ypoBHs BHeApeHus NN
B BKP o0Oyuaromuxcs, onpeesneHne KIr4eBbIX METO-
JIOB, TEXHOJIOTUH U CEPBUCOB, UCIONb30BaHHbIX B BKP,
omperieNieHue nepcrekTruB npumeHenus MU B o0yuennn
CTYJICHTOB, TIOBBIIICHHE (DPEKTHBHOCTH 00pa3oBaTelib-
HOTO TIporiecca, popMHUpOBaHKE aKTyalbHEIX TeM BKP
¢ yuetoM metonos M.

MATEPHAJIBI U METO/JbI

IIpoBenen ananus temaruk BKP Ha npeamer uc-
monb30BaHusT MeTonoB MU s pemeHus 3amad mpo-
(beccHOHaNBHOM AESTEILHOCTH B chepe CTPOUTEIIBCTRA.
ITepuon uccnenoBanmst — ¢ 2023 mo 2025 . Ucxoanbie
nmaxHble 11 anam3a — BKP crynenTos kadenpsr nadop-
MAaIlMOHHBIX CUCTEM, TEXHOJIOTUNA U aBTOMATH3alMHU
B CTPOUTEIHCTBE MO HAIIPABICHUSAM ITOATOTOBKH:

* 09.03.01 «MlHpOpMaTHKa W BBHIYHCIHUTEIbHAS
TEXHHKa» (OaKagaBpHar);

* 09.03.02 «MHpOpMAIIMOHHBIE CUCTEMBI M TEXHO-
morum (bakamaBpHar);

* 09.04.01 «Mudopmarnka 1 BBIUUCIUTEIbHAS
TEXHUKa» (MarucTparypa).

Mopnens pazsutust OIl Ha TeKyMii MOMEHT, BKIIIO-
YAFOIIUX TeMATHKH, UCIUILIHHBI H aJITOPUTMBI TCXHO-
noruit U, nokazana Ha puc. 1 [28-30]. Peanmzyemblit
moaxon (hOpMHUPYET MPEATIOCHUTKH BEIOOpa 00yJaroIi-
mucsi TeM BKP, cBsi3aHHBIX ¢ BHEJPEHUEM B OTPacCib
texHonorui NU.

OTnenpHOTO BHUMAHUS TPeOyeT AUCKyCCHs O Ha-
YUYHBIX CHCIHATBHOCTSIX MPOTrPaMM acIUPAHTYPhI B 00-
sactu pa3Butus texHojgorut UM. B pamkax Ttexnuue-
CKHX CITCIMAIIEHOCTEH B OOJIACTH CTPOUTENbCTBA 2.1.
«CTpOUTENBCTBO U APXUTEKTYPa» €CTh CHEIUATBbHOCTD
2.1.14. «YnpaBneHue XU3HCHHBIM ITHKIOM OOBEKTOB
CTPOUTEIBCTBAY, B KOTOPOH 3aTParuBarOTCsS BOTIPOCHI
YIpaBJIeHUsI JaHHBIMU U TPOIIECCAMH, HO ATH aCTIEKThI
He SIBJISIOTCS TVIABHBIM (DJOKYCOM CIIEIMATbHOCTH, HCKYC-
CTBCHHBI WHTEJUICKT TaM OTPa)kKEH HEsIBHO, B 00JIaCTH
CUCTEM MOJICP>KKH U MPUHSITUS PEILICHUI. DTO 3HAYUT,
YTO CTPOMTEIH HE TOTOBAT HCCIIeIoBaTeNeH-pa3paboTau-
KOB MH(OPMAIIMOHHBIX CUCTEM M aBTOMaTH3UPOBAHHBIX
CHUCTEM YMPaBIICHUSI, TOCTPOCHHBIX HA TEXHOJOTHSIX
WU, ¢ Tmy6oKuMH 3HAHUSIMH ITPOIIECCOB CTPOUTENHCTBA.
OOmast U BcexX oTpaciieil  obacTed 3HaHUIT TpyTa
cnenuanbHocted — 2.3. «MHpOpMaOHHBIE TEXHO-
JIOTHH W TEJIEKOMMYHHUKAITUI PACKPBIBACT OT/ACIHHBIC
BHEOTPACIIEBEIC aCIEKTHI M TOAXOIB! IT0 BHEIPEHUIO
texunonoruit UW. B cnenmansHoctu 2.3.1. «CuctemMHbII
aHaiu3, yrnpasieHue 1 00paboTka HH(POPMALIUH, CTaTH-
CTHKa» PaCKPHIBAIOTCS METOIBI M allTOPUTMBI PEIICHUS
3aJ]1a4 CUCTEMHOTO aHaAJIK3a, ONTUMU3AINH, YIIPABICHUS,
MPUHSTHS peIIeHui, 00padboTku uHpopManuu u WU,
B cneumnansHocty 2.3.3. «ABTOMATH3alUs U yHpaB-
JIEHUE TEXHOJOTUYECKUMU MPOIECCaMU U MPOU3BOJI-
CTBaMM» €CTh TeMa «MeTOo0IOT s, HAyYHBIE OCHOBHI,
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BbINYCKHbIX KBaAMPUKALIMOHHbIX paboT 06yyaroLLmMXCS

CpPE/CTBA ¥ TEXHOJIOTHH TIOCTPOCHUS aBTOMaTH3UPOBAH-
HBIX CHCTEM YIPABJIEHUS TEXHOJIOTMYECKUMH MpOIlec-
camu (ACYTII) u npousBoncreamu (ACVYII), a takxe
TEXHUYECKOHM moaroToBkoi mpoussoactBa (ACTIIIT)».
B cnemmansHOCTH 2.3.7. «KOMIBIOTEpHOE MOAETHPO-
BaHNE M aBTOMATH3aLUs ITPOSKTUPOBAHUS) CONEPIKUT-
csl 3a/1a4a pa3pabOTKH HAyYHBIX OCHOB MOCTPOCHUS
KOMIIJIEKCA CPEACTB CHUCTEMBbl aBTOMATH3UPOBAHHOTO
npoektuposanust (CAIIP), Bxirovaromero nupopma-
IUOHHOE, MaTeMAaTHIeCKOe, JIMHIBUCTHIECKOE, METO-
IUYEeCKOe, TEXHHIECKOe, IPOrpaMMHOE 0OeCTICUeHHE
(ITO) nenpepwiBHOM HHpOPMATMOHHON TToIepKkn JKI
MPOEKTUPYEMBIX OOBEKTOB, U B 3TOH CIENHAIBLHOCTU
paccMmarpuBaroTcs npyrue mudpossie Texaonoruu (MU,
VR, agmutuBHbIe TexHONOTMN). B cnienmansHOCTH 2.3.4.
«YTpaBieHIE B OPTaHU3AUOHHBIX CHCTEMAaX» MMEETCS
TeMaTHKa pPa3pabOTKN METOJOB M alTOPUTMOB MHTEI-
JIEKTYaTbHON MOMACPKKU MPUHATHS yIPABICHICCKUX
pelIeHUi B OpraHU3alMOHHBIX cCUCTeMax. B cnenuans-
HocTtH 1.2.1. «VIcKycCTBEHHBIN MHTEIUIEKT U MAIlIHHOE
oOydeHue» HalpaBlICHUS MCCICOBAaHHS 3aTparuBaroT
€CTeCTBEHHO-HAyYHbIC OCHOBBI U MeToxbl MU, He Kaca-
IOTCS OTpaCceBBIX 0COOeHHOCTEH. OTCYTCTBHE CHCTEM-
HOTO HAYYHOTO IMOJXOAa JJIS peasin3allii MOUCKOBBIX,
(hyHIIaMEHTAIILHBIX W MTPUKIIAJHBIX UCCICIO0BaHUN B 00-
nacti pa3sutusa M B cTpouTenscTBe 3aMeIseT TeMITb
pOCTa CTPOUTEIBHON OTPACiH B LIEJIOM, TaK KaK HE I10-
3BOJISICT ONICPATHBHO AJallTUPOBATh CHCTEMY pa3ieiic-
HUS TPYJa B CTPOUTENBCTBE C YUETOM YKE UMETOIITIXCS
TEXHOJIOTHH MCKYCCTBEHHOTO MHTEJIICKTA, BOSHUKAIOT
pasposnennbie U perenust, kotopsie GOpMHUPYIOTCS
OTJeJIbHBIMU MOJIb30BAaTEISIMU, B OTAEIbHBIX OpraHU-
3aIMsIX, 10 OTAEIbHBIM 00bekTaM. ClieJIcTBHE ITOr0 —
OrpaHIYCHHBIC BO3MOXKHOCTH IT0 CTaHIAPTU3AINH TIPO-
IIECCOB, OTCYTCTBHE KaKUX ObI TO HA OBLIO CHCTEMHBIX
HOPMAaTHBHO-TEXHHYECKUX W HOPMATHBHO-TIPABOBBIX
JIOKyMEHTOB.

B nacrosmem uccnenosanuu BKP ncnons3oBanb!
METO/JMKH 10 OLIEHKE PEIICHUH, B KOTOPBIX IPUMEHSIOT-
cst rexHonorun N2, Ha ux ocHOBe chopMyTHPOBAHBI
KpuUTEepHH OLieHKH BHeapenus: metooB MU B BKP 00y-
garoruxcst. OLeHka ypoBHs ¥ mporpecca BHeApenust 1
MPOBOJIUTCS C OMOIIBIO CIEAYIOIINX OKa3aTeNnei:

* noi1s cTyeHToB, npuMensitonx M1 B BKP;

* nM3MeHeHHe ypoBHs BHenpenus MU no ronawm;

* JI0JIs1 CTYZEHTOB, ucnonb3ytomux MU B paspese
HarpaBJIeHU MOATOTOBKH U ypOBHs 0Opa3oBanus (0a-
KaJlaBpHaT, MarucTparypa);

2023 .
13

' 10 %

2024 .

Puc. 2. smenenne ypoBus BHenpenus MU mo rogam

 nonsa BKP, npumensromux MU B pa3pese cranuii
KL OKC;

 nons BKP, ucnons3yromux MU B paspese TexHo-
JIOTHH.

Omnpenenens! TexHosornn MU, kotopeie yunThIBa-
nwck nipu perreHny 3anad BKP oGyuaromuxcs:

1. Mammnunoe oOyuenune (ML) (kinaccudurarus,
MIPOTHO3UPOBAHNE).

2. Kommeroteproe 3penue (CV) (neTekuus, uiacH-
TUdUKaIys).

3. Hetiponnsie cetn (NN) (kmaccudpukanms, mpo-
THO3MPOBAHUE, aHAIIM3 BPEMEHHBIX PSIJIOB).

4. T'eneparusubiii U (GenAl) (reneparust m300pa-
JKEHHH, TEKCTa, BAPUAHTOB).

5. Data Science (DS) (ananu3 manasix, Bl-cuc-
TEMBI).

6. Po6orm3amms (BOT) (60TsI, BUpTyalbHBIE TTO-
MOIITHUKN).

7. Tlognepxka npunsatus pemenuii (I1T1P) (axc-
TIePTHBIE CUCTEMBI, CEMaHTHYECKUE CETH, 0a3bl 3HAHUN).

8. Obpabotka ecrecTBeHHOTO si3bika (NLP).

9. DBOJIONMOHHBIC ATOPUTMEI (TCHETHYCCKHN al-
TOPHUTM JUISl ONTUMHU3AIINH).

Beenensr 6 ypoHeii ucronp3oBanust MU (ue cun-
Tasi TeHepaIuio u nposepky Texcta BKP):

0. O6cyxnenne 3(pHeKTHBHOCTH/TIEPCIIEKTHB TIPH-
menenust UN.

1. ITocranoBka 3amaun ucrons3oBanus M.

2. cnonp30BaHne MEXaHU3MOB XpaHEHHUS M 00pa-
OOTKH OOBIITOTO KOJTMUYECTBA MH(POPMAITIH (JIATACETOB).

3. Ucnonb30BaHue TOTOBBIX PELICHUH C IpUMEHE-
auem UN.

4. Coznanne monenu VU u ee ampodarust (c uc-
noJsb3oBaHueM Oubimorek mMerogoB M u nporpamMmu-
pOBaHH).

5. Pa3paboTka aBTOMaTH3UpOBAHHOM CHCTEMBI C IPH-
MeHenueM MU u ee anpobamus.

PE3VYJIBTATBI

Ha puc. 2, 3 npencraBieHsl pe3yabTaThl aHaTH3a
B COOTBETCTBHH C yCTAHOBJICHHBIMH KPUTEPUSIMHU OLICH-
ku. J{ons BKP B 2025 r., B KOTOPBIX IPUMEHSIOTCS TEX-
vomoruu MU, Bo3pocma go 30 %. K 2025 . mons 06-
yYaloUUXCcs Ha IMporpamMmax OaxaiaBpuara, KOTOpBIE
HCIoNb3YIOT TexHoinoruu MU B paspese peuieHus or-
pacneBbIX 33/1a4, MPEBBICHIIA JOJTI0 00YYAIOIMXCS Maru-
cTparypsl, npuMmenstommx MU B 3agagax. DTo roBOpHUT
0 POCTE KPUTHYECKON Macchl 00y4aroIuxcsl, JUIsl KOTO-

2025t

30
54
' 15 % 30 %
178
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Puc. 4. Ilpumenenne MU B paspese craguii XKL OKC

pbix TexHonorun MU ciyxaT peaqbHbIM UHCTPYMEH-
TOB pa3BuTHA. Eciu roBoputs o cragusax XKL oObekra,
To (hoxyc BKP, rae pematorcs 3agaun ¢ IpUMEHEHHEM
texnonoruit UM, cmectuiics ¢ 2023 . ot craguu mpoex-
TUPOBAHUSA K CTaAUU cTpouTenscTBa. OTAeIbHO BaKHO
OTUEepKHYTh Hebonbioi oo0beM BKP, 3atparusatomuit
CTaJIMIO SKCIDTyaTalllk 00BEKTA, YTO 00YCIIOBICHO CIIOXK-
HOCTBIO ITONCKA OTKPBITHIX JAHHBIX [UIS aHAIN3a Jes-
TEITLHOCTH 00BEKTA Ha 3Talle ero SKCILTyaTalny.

Ha puc. 4, 5 npuBeneHo KOIUUECTBEHHOE pacmpe-
nenenrne BKP mo texnonorusim UM u mo ypoBHSIM Hc-
nonb3oBanus TexHonoruit MN. O6cyxnenne S3pQeKkTiB-
HocTu/mepcriektiB npumenenus U B 2025 . Benercs
B Ka)XkJ10i1 pabore, rie ncroib3yrorcst TexHosnornn UL
ITocranoBka 3agaun ucnonb3oBanuss MM nokxaseiBaeT
YPOBEHb HMCCIICAOBATEIILCKOM [TTyOUHBI B IIPOBEACHHOM
paborte, Takue MPOEKTHI MoABIIOTCS ¢ 2024 1. [Iprve-
HEHHE MEXaHM3MOB XPaHEHUSI U 00pabOTKH OOIBIIOTO
KoJIMuecTBa MHQOPMAIMH (IaTaceToB) MAJIO 3aTparuBa-
eTcs oOyvarorumucs B pamkax BKP, xots nannas mpo-
OnemaTHKa SIBISETCS KPUTHUECKH BAXKHOH B paspese
pa3BUTHsI CHCTEM OOJBIINX JaHHBIX B CTPOUTEIILCTBE,
B paMKaxX TEXHOJIOTHI MH(OPMAIIMOHHOTO MOJIEINPOBa-
HUs ¥ popMupoBaHUst M(POBOI HHOPMALIMOHHOH MO-

214

Crpoiika OKcIutyaTanus

JIeTTH, TIM(POBBIX TBOHHUKOB OOBEKTOB U B ATbHEHIIIEM
B HCIOJIb30BAHUH IU(POBBIX TEXHOJOTMH Ha CTAIUH
SKCIUTyaTaluu. JJaHHBIN acekT cieayeT NpoaHaIu3Hpo-
BaTh C IENBI0 YCUIICHHS AUCIUIUTHH TPO(eCCHOHATBHOTO
mukiia B pamkax OIl. YpoBeHb 3 moka3bIBaeT HCIOJIb30Ba-
HUE roToBbIX perieHuit ¢ npumenenueM M B BKP, nons
TakuX paboT Moka He3HaunTeabHa 1 B 2025 T. CHU3MIIAch
1o cpaBHeHHUIO ¢ 2024 . DT0 MU NOXYEPKUBAET HECH-
CTEMHOE Pa3BUTHE TAKHUX PEIICHUI B paMKaxX MPOrpaMM-
HOTO 00eCcIeueH s, a TAKKE YPOBEHb IOCTYITHOCTH TaKOTO
T1O mst mecnenoBaHwMiA, 00YJAIOIINXCS M TTONB30BaTENeH
B 1esioM. 3amereH poct 3aga4 B BKP B 2025 . no Tema-
THKe co3nanus Mmoaenn U u ee anpobaryn (¢ ucrons3o-
BaHHeM OubnmoTex MetonoB MW 1 mporpaMMHupoBaHus),
9TO TOBOPHUT 00 UMEFOIIIEMCsI 3a/1e71e 00yJaFOIITHXCS K 3Ta-
Iy JAMIIOMHOTO TIPOEKTHPOBAHHMS, KOTOPBIH MOSBIISIETCS
nipu ocBoeHnu auctuiuind OIL. TonoxutenbHas auHa-
MHKa TaKKe BUJIHA [IPU aHAJIU3€ YPOBHS 5, PeCTaBIeH
poct xomnyectBa BKP, B KoTophIx BenmeTcs pa3zpaboTka
ABTOMaTU3UPOBAHHOM cucteMbl ¢ npuMmeHennem U1 u ee
arpoOarys, YT0 KPUTHIECKH BKHO VIS (GOPMHUPOBAHMS
CHCTEMBI pa3/ieNeHHs TPyZa B OTPACIIH B LIEJIOM.

Amnanus texHonoruit UM (puc. 6), KoTOpble y4u-
THIBAJIUCH MPH penreHun 3a1ad BKP oOyuarommxcs, mo-
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m 2023 m2024 m 2025

Puc. 5. Yposuu npumenenust U1

KazaJ HanOONBIINK WHTEPEC U YPOBEHb OCBOCHUS TEX-
HOJIOTHH MammHHOTO 00y4enus (MO) aist peanuzanyn
3a1a4 otpaciu. Jlanee mo momyasipHOCTH CIEAYIOT 3a-
JIa4M JCTCKIMHA O0BEKTOB U JAe(PEKTOB, T.C. IPUMCHEHHE
TEXHOJIOTUI KOMIIBIOTEPHOTO 3peHus. Mcnonp3oBanue
HEHPOHHBIX CETEeH U TCHEPATHBHBIX TEXHOJIOTHU TPE-
CTaBIAIOT ofanHaKoBbIH uHTEpec B BKP B mocnennue
3 rona. Taxoxe pacter gons BKP B pemennu 3aia4 ¢ mo-
MoOIIBI0 TexHOMOTHH 1o Data science u poboruzanun
B YacTH ()OPMUPOBAHHS OOTOB — BHPTYAILHBIX IIOMOIII-
HUKOB Ha pa3nuuHbix ctaausx JKII oobekra. B sBHOM
Buzie 00paboTKa ecTecTBeHHOTO s13bIka (NLP) mpumens-
ercs B orpaHnueHHoM konndectse BKP, ognako ucnosns-
3yeTCsI TAKKE TIPU CO3JJaHUU OOTOB — BUPTYaJIBHBIX I10-
MOIITHHKOB.

DS

GenAl

Puc. 6. Texuonoruu U

II| = = = III Ill III
0 1 2 3 4 5

Howmep ypoBHs

OcoOblii HHTEpEC MPEACTABIAIOT PabOTHl, B KOTO-
PBIX UMeeTCsl pa3padoTKa aBTOMaTU3HPOBAHHOM CHCTEMBI
¢ npumenenneM MU u ee anpobanust. Jlasee npuBeneHsl
HEKOTOPBIE 33Jja4M CTPOUTENBHON OTPACIIH, PEIIEHUE KO-
TOPBIX aBTOMAaTU3HUpPyeTCsl ¢ mpumeHeHueM 1I:

* reHepalyus MIIAHUPOBOK FOPOJCKUX TEPPUTOPUIL;

* KOHTPOJIb TEXHUKHU O€30MacHOCTH;

* KOHTPOJIb A€(EKTOB B OETOHHBIX KOHCTPYKIHAX;

* yIpaBIEHUE CTPOUTEIbHBIMU 3aM1aCaMU;

* CTPOUTENBHBIN KOHTPOJIb 38 CTPOUTEIbHO-MOHTAXK-
HBIMH PabOTaMH B PEKHUME PEaTbHOTO BPEMEHH;

* MPOEKTHPOBAHME U JU3AIH 00BEKTa;

* CO3JAaHUE OJI0OCOBOIO ACCHUCTEHTA B UHTEILIEKTY-
aJIbHBIX CUCTEMAaX MHOTOKBAPTUPHBIX JOMOB;

* OITUMHM3ALIMS IBHIKEHHSI CTPOUTEIIBHBIX OpHIaj;

m ]
-2
=3
=4
m5
=6
m 7
m 8
m 9
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* MOHHUTOPHHI pabOThI CTPOMTENILHON TEXHUKH;

* TPOTHO3MPOBAHKE COCTOSHUSI MHKEHEPHOTO 000-
pyIOBaHUs,

* IPOTHO3UPOBAHUE CTOMMOCTH, POIOIIKHUTEIb-
HOCTH CTPOUTENBCTBA.

3AKJIIOYEHUE

Pesyibrarsl aHam3a MOKa3bIBAIOT MOCTOSIHHYIO TEH-
JICHITMIO TTOBBINICHUS 3aMHTEPECOBAHHOCTH CTYJICHTOB
u niperiosaBareneii B npumenennu MU s perenwst 3amad
po(heCCHOHAIBHON NEATEIBHOCTH B C(epe CTPOUTEIIb-
crBa. B Teuenme tpex et ponst BKP, B koTopbix 06cyxma-
etcst ucrionb3oBanue MU, ysemmuunack ¢ 10 1o 30 %.

Hawuboree BocTpeOOBaHHBIMIE ¥ IIOHATHBIMU TEXHO-
norusimu U siBnisitorest MO 1 KOMIIBIOTEPHOE 3pEHUE.

Hawnbornpliree KoIn4ecTBO pelieHnit 3a1a4 ¢ mprumMe-
neanem NN cooterctyet XKL OKC — cTpouTenscTBo.

Exeronno ysenuuuBaercst konnuecTso U 1o BKP,
B KOTOPBIX pa3padaThIBaeTCs aBTOMATU3UPOBAHHAS CH-
cTeMa ¢ BKJIIOYeHueM Meronos M.

3ametHo, uto B BKP nanpasnenus 09.03.02 «u-
(hopMaIMOHHBIC CHCTEMBI M TEXHOJIOTHI MAJIO UCIOJb-
3yroT U s pemenns 3aad pa3pabOTKH aBTOMATH3H-
poBaHHBIX cucTeM ympasieHus (ACY) opranusanum,
HO MHTEPEC yKe MOSBUICS.

B Hacrosiiiee Bpems OnpesiesieHbl TeMbl U 331aHHs
qa BKP nanpasnenns 08.04.01 «MckyccTBeHHBIH UH-
TEIUICKT B CTPOUTENBCTBE) (BBITycK 2026 T.).

[pmmepnsie Tembr BKP Opumi cpopmynmpoBaHb
JUTSE IPOPabOTKH 00ydJaroONMIMMICS B paMKaX MpPaKTHK.
Onu KacaroTcst pa3paboTKU HHTEIJICKTYaIbHONW CHCTe-
MBI TOJICPKKU TIPUHSATHSI PEILICHUH [IPU POEKTUPOBa-
HHUH CTPOUTENHHBIX 00BEKTOB Ha OCHOBE MeToi0B MO,
ucnonb3oBanus MU nyist ananusa npoeKkTHBIX pelIeHui,
OIITHMH3AIMN KOHCTPYKTHUBHBIX JIEMEHTOB M CHHKECHHUS
CTOMMOCTH CTPOUTENBCTBA, Pa3paO0TKH HHTEIUIEKTYallb-
HOW CHUCTEMBI ITPOTHO3MPOBAHHUSI CPOKOB U CTOUMOCTH
CTPOUTEIILCTBA C TIOMOIIBIO METOIOB TITyOOKOr0o 00yue-
HUS, pa3pabOTKH HUPPOBOTO JBOHHUKA CTPOUTEIHEHOTO
o0bekTa ¢ mHTerpanueit moneneit M mist MOHUTOpPHHTA

u ynpasienus XK1 31aHus1, UCIIOJIB30BaHUS T€HEPATHB-
HOro npoexkrupoBanus U MM ans aBromarnyeckoil rexe-
panyu apXUTEeKTypHO-KOHCTPYKTHBHBIX PEIICHUN JKH-
JBIX 3[aHUH, pa3pabOTKN CHCTEMbI HHTEIUIEKTYaIFHOTO
aHaJI3a PUCKOB IIPH PeaTN3aIiU CTPOUTEIHHBIX MPOCK-
TOB Ha OCHOBE 00pabOTKH HECTPYKTYPHPOBAHHEIX JIaH-
HBIX (IOTOBOPHI, OTYETHI, TICPEIIICKA), AaBTOMATH3AIIH
COCTaBJICHUS] CMETHOH JOKYMEHTALUU C IIPUMEHCHHEM
texHoiornit I m oO6paboTKM ecTecTBEHHOTO SI3bIKa,
Ppa3paboTKH CUCTEMBI IPEIUKTHBHOTO OOCITYKHBAaHUS
CTPOMTEIILHON TEXHUKH Ha OCHOBE aHAJIN3a TEJIEMETPHH
u MetonoB MU, MHTEIIEKTYanbHOTO aHAIN3a SHEPro-
3¢ GEKTUBHOCTH 31aHHU ¢ Ucrons3oBanreM VU u nan-
HbIX ¢ loT-garunkoB, npumenenust MU st ontumuzaniu
JIOTUCTHKH U YIPABJIEHUS CTPOUTEIbHBIMU MaTepUalaMu.

OcHoBHBIC TTpoOIeMbI Hcnoiab3oBanus M 8 BKP
00y4arOIIHXCSI:

* OTCYTCTBHE OTKPBITBHIX JJAHHBIX B Chepe CTpOH-
TEJIbCTBA,;

* JTOCTOBEPHOCTbH BXOIHBIX JAHHBIX M TIOIyYCHHBIX
PE3yaBTaTOB;

e HeoOxomuMocTh uHTerparuu MU ¢ cymecTByro-
MU CPEACTBAMH aBTOMAaTH3AINH;

* HEJIOCTATOYHBIC OIBIT M KBANH(UKAII KaAPOB
(xax mpemnonaBaTesieid, Tak 1 00yJaronnuxcs);

* CJIOXKHOCTh WHAWBUAYAJIEHOU paboTHI 1O cOOpy
¥ TIOBBIIICHUIO KadecTBa WHPOPMAITUH, CO3TAHUIO MO-
nemn VU, o ee oOy4eHuro u Bepudukanmy;

* HEJOCTATOYHBINA OIBIT OTPACIH CTPOUTEIHCTBA
B mpumenernu MU [31].

B xagecTBe mepCrieKTHBHBIX HAIIPaBIICHUH HCCITe-
JIOBAHHST MOYKHO OTMETHTb:

* WM3yYCHHE OIBITA POCCUUCKHUX H 3apyOCIKHBIX
CTPOMTENbHBIX OpraHu3aluii no npumeHenuto NU;

* (opMyarpoBaHNUE 3a/1a4 B N3bICKAaHUSX, IIPOCKTH-
pOBaHUM, CTPOUTENBCTBE, FKCILTyaTanuu u cHoce OKC
1 TIOJITOTOBKA IAHHBIX JUIsl MX pereHust cpencrsamu U

* pa3BUTHE MOJIENei, METOI0B U TexHosoruid MU ms
MPUMEHEHHS B CTPOUTEIBHON OTpaciu (B TOM UHUCIE
C Y4ETOM HETOJHOTHI U HEYETKOCTH JaHHBIX, BEPOST-
HOCTHBIX ()aKTOPOB M pHCKOB) [32].
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INTRODUCTION

A distinctive feature of final qualification projects
(FQP) in undergraduate and postgraduate higher educa-
tion programmes at Moscow State University of Civil
Engineering (MGSU) in the fields of study 09.04.01
“Computer Science and Computing”, 09.03.02 “Infor-
mation Systems and Technologies™ lies in the application
of information technology (IT) to solve problems relating
to the design, construction and operation of facilities for
various purposes. As a rule, final qualification projects
under the master’s programme must include a research
component and are subject to review by IT specialists
working in the fields of construction and IT.

The construction industry regulator, like the digi-
tal development regulator, pays particular attention to
the use of artificial intelligence (AI) methods in vari-
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ous sectors of the economy' 3. The application of Al
in the preparation of students’ final qualification proj-
ects is discussed in a number of articles by university
lecturers [1-4]. It is noted that “students at Russian
universities are increasingly using Al technologies in
the learning process, which is in line with a global trend
reflecting the growing role of Al in the paradigm shift in
higher education” [2—12]. Great importance is attached

! Index of Intellectual Maturity of Economic Sectors, Social Sec-
tors and the Public Administration System of the Russian Fed-
eration: Analytical Report. Moscow, 2023. URL: https://ai.gov.ru
2 Methodology for assessing the penetration of Al in the construc-
tion industry. URL: https://www.minstroyrf.gov.ru/docs/377130/
3 Ranking of universities by the quality of training in the field
of artificial intelligence, Al Alliance. 2023-2025. URL: https://
rating.a-ai.ru/#rating
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to the issue of generating thesis text. “When preparing
final-year projects, it is possible to use online services
that employ artificial intelligence technologies for col-
lecting and processing information and solving various
tasks. Each such service usually specializes in a specific
field: speech recognition, image processing, machine
translation, text and code generation, and others” [3].
The ethics of using Al in the preparation of student work
is often a topic of discussion [5—8]. Foreign articles also
analyze the opportunities and risks of using generative
Al in education [10, 11]. A number of researchers assess
the effectiveness of Al use by university students when
writing bachelor’s degree theses [13]; the regulatory
framework for the use of generative Al tools in research
work is examined; a review is conducted of pedagogi-
cal studies describing experiences of using Al to solve
research problems!, proposals are formulated for regulat-
ing the use of generative Al tools in bachelor’s and mas-
ter’s theses by students studying “Linguistics” and
“Teacher Education™. The state standard establishes gen-
eral provisions for the implementation of the functional
subsystem at the stages of creating academic publica-
tions in the field of education and science, including with
the involvement of students, and also describes the Al
systems designed to ensure its operation, and defines op-
tions for using Al technologies to solve problems arising
in the course of research activities in the field of educa-
tion, for example in the fields of pedagogy, educational
law and the economics of education* [14-16].

However, the greatest interest lies not in the cre-
ation of content in students’ work, but in the application
of Al technologies to address the challenges of students’
professional activities® [1, 9, 17-23].

The subject of this study is the application of Al in
final-year projects to automate the resolution of construc-
tion-related tasks, including construction management,
for which the use of Al methods and technologies must
be presented and justified.

The prerequisites for the implementation of Al in
solving students’ final qualification work tasks are:

* the development of regulatory, legal and technical
documentation in the field of AI>*[16];

* the compilation of a ranking of higher education
institutions based on the quality of training of specialists
in the field of AI%;

* the decision of the Federal Educational and Meth-
odological Association (FEMA) for 09.00.00 “Computer
Science and Computing” to expand the list of study pro-
grammes to include a bachelor’s degree programme in Al;

» widespread professional development for lectur-
ers on the subject of Al;

4 GOST R 71657-2024. Artificial intelligence technologies in
education. Functional subsystem for the creation of scientific
publications. General provisions.

5 GOST R 70949-2023. Artificial intelligence technologies in
education. Application of artificial intelligence in research ac-
tivities. Options for use.

* the introduction of a course on Al into the cur-
ricula of all students (at the Moscow State University
of Civil Engineering, the course “Fundamentals of Arti-
ficial Intelligence in Construction” will be offered across
all undergraduate programmes from 2023) [24-27];

* development of the university’s “Digital Depart-
ment” programmes regarding the use of Al in construc-
tion [24];

* implementation of 10 programmes on various
aspects of Al application in design, construction and op-
eration within the framework of additional professional
education (APE) at MGSU [24];

¢ launch of the 08.04.01 “Construction” education-
al programme, specializing in “Artificial Intelligence in
Construction” (first cohort in 2026) [24];

* participation of MGSU researchers in interna-
tional conferences and publication of research findings
on the application of Al in scientific journals;

* holding an annual competition named after
N.S. Streletsky with the specialization “Artificial Intel-
ligence in Construction” with the support of IT industry
leaders [24];

» widespread interest among the public (students,
lecturers, industry leaders) in the use of Al methods and
technologies.

Over the past three years, the content of final-year
projects has undergone changes. Above all, there has
been a growing trend towards investigating the benefits
(both economic and optimization-related) of applying Al
in the construction industry. This enables the study of is-
sues related to the methodological and regulatory frame-
work for Al technologies, the creation of datasets, and big
data analysis. The topics of such theses include the de-
velopment of design and calculation methods, the im-
provement of management methods, and the assessment
of the effectiveness of Al application in construction. Stu-
dents’ final theses include solutions for the implementation
of Al in construction processes at various stages of the life
cycle of capital construction projects.

The aim of the analysis is to assess the level of Al
implementation in students’ final-year projects, identify
key methods, technologies and services used in these
projects, determine the prospects for applying Al in stu-
dent education, enhance the effectiveness of the educa-
tional process, and formulate relevant topics for final-
year projects taking into account Al methods.

MATERIALS AND METHODS

An analysis was conducted of the topics of final-year
projects with regard to the use of Al methods to solve
professional tasks in the field of construction. The re-
search period was from 2023 to 2025. The source data for
the analysis consisted of final-year projects by students
of the Department of Information Systems, Technologies
and Automation in Construction in the following fields
of study:

* 09.03.01 “Computer Science and Computing”
(Bachelor’s degree);

219

(6G) L ONSS| QL JO] Henconramusanelas



Olga N. Kuzina, Elena V. Ignatova

91942 911
s Aoy e
Jo a3mys
AIOAD IR

NWIL —HddV

JuowRSeUEI
UALID-EIEp

[euorssajoid
[BUOnIpPY

—Q0UBIS Ble( Ul -
(3dV) uogednpa

IV ur uoneoiyijenb
puo9as
quounaedo( eN31q

djenpeidisod

juowkojduwd
.Sojenpeln

UONINISUOI Ul
Ivul

IEETILET
WETLIET
WITT el
(TV Ul Sa1pnys

swwresdoxd

drenpeidisod oN

uoronnsuod ur sowwesdord feuoreonpa Ty Jo Judwdo[oaap oy 10J [OPOIA *T “SIq

sonsne)s

[eonewayjew pue K109y} Ajiqeqoid
K100y wpioge ‘Surwersord

‘SWYSAS [V ‘Sul[[opoul WdISAS
‘unyew-uorsioop pue uoneziundo ssasord
‘sar3ojout}o9) Juowadeurw 3oofoxd
pajewoine ‘saseqeyep :s)02lqng

S2INJONYS BJEp pue
swjLIoge ‘sogengue|
Surwwer3od jo Apms

A

A

((EAS) uoneonps
N\ [eUOIIBOOA
e A1BpU022S)

(ag) erep S1q J0J SPOYIOW [EONEIAIEUL
‘uonerodo pue uononnsSuod Ul [y

{(IND) JuSZEUE UONONISU0d PUB
Suruueyd ut 1y (NN) SHoMjoU [Rmou
“TIA paseq-ydess ‘Ansnpur oy 10§
Spotjou ("IA]) SurLIe] duroew
‘spopow Juatuageuew ejep :s)2lqng

IV 10%0°80
(LA Sd1Bojoupar,
SuI[[opOJA] UOHBULIOJU] $930[[00 U 9[npowr
(SOdIV) sweisAs e . 1V Atosindwo)
[onuo)) pue wc.._mmvoo.Hm . 20°€0°60 - @@=
UOIEULIOJU] Pajetony, 10°€0°60 DAN
"T0'70'60 Swruersod "uonLONpa JAYSIH Surwerdoxd
SRR ‘syidnd [ooyos 10]
SOSSE[O
Suudouidug
oudgIeuy
[eloynly jo
S[ejuoWEpUN,,
9sI1N09 — ()0°00°80
(Ddn) dno1n
pIo1d peold
‘uoneonpy IoYSIH

(61 1 NSS1 91 10N Stter <=oes

220



Analysis of the application of artificial intelligence methods in solving problems

in students’ final qualification projects P. 209-226

* 09.03.02 “Information Systems and Technolo-
gies” (Bachelor’s degree);

* 09.04.01 “Computer Science and Computing”
(Master’s degree).

The current model for the development of educa-
tional programmes, which includes topics, disciplines
and algorithms related to Al technologies, is shown in
Fig. 1 [28-30]. The approach being implemented estab-
lishes the basis for students to select final year project
topics related to the implementation of Al technologies
in the industry.

The discussion regarding the academic specializa-
tions of postgraduate programmes in the field of Al tech-
nology development warrants particular attention. Within
the technical specializations in the field of construction
2.1. “Construction and Architecture”, there is specializa-
tion 2.1.14. “Management of the life cycle of construction
projects”, which touches upon issues of data and process
management, but these aspects are not the main focus
of the specialization; artificial intelligence is only implic-
itly addressed there, within the field of decision support
systems. This means that construction institutions do not
train researchers and developers of information systems
and automated control systems based on Al technolo-
gies who possess in-depth knowledge of construction
processes. Specialization group 2.3. “Information Tech-
nology and Telecommunications”, common to all sectors
and fields of knowledge, covers specific cross-sectoral
aspects and approaches to the implementation of Al
technologies. Specialization 2.3.1. “Systems Analysis,
Control and Information Processing, Statistics” covers
methods and algorithms for solving problems in systems
analysis, optimization, control, decision-making, infor-
mation processing and Al. Specialization 2.3.3. “Au-
tomation and Control of Technological Processes and
Production” includes the topic “Methodology, scientific
foundations, tools and technologies for the construction
of automated control systems for technological processes
(ACPS) and production (APS), as well as technical prep-
aration of production (TPP automation systems)”. Spe-
cialization 2.3.7. “Computer Modelling and Design Au-
tomation”, includes the task of developing the scientific
foundations for constructing a suite of tools for a com-
puter-aided design (CAD) system, comprising informa-
tion, mathematical, linguistic, methodological, technical
and software (SW) components for continuous informa-
tion support throughout the life cycle of designed objects;
this specialization also covers other digital technologies
(Al VR, additive technologies). In specialization 2.3.4.
“Management in Organizational Systems” covers the de-
velopment of methods and algorithms for intelligent sup-
port of managerial decision-making in organizational
systems. In specialization 1.2.1. “Artificial Intelligence
and Machine Learning”, research areas address the natu-
ral science foundations and methods of Al, without ad-
dressing sector-specific features. The lack of a systematic
scientific approach to conducting exploratory, fundamen-
tal and applied research in the field of Al development in

construction slows down the growth of the construction
industry as a whole, as it prevents the rapid adaptation of
the division of labour in construction to take account
of existing artificial intelligence technologies; this results
in fragmented Al solutions developed by individual us-
ers, within individual organizations, and for specific proj-
ects. The consequence of this is limited opportunities for
process standardization and the absence of any system-
atic technical or regulatory documents.

This thesis employs methodologies for evaluating
solutions that utilize AI technologies' 2. Based on these,
criteria have been formulated for assessing the imple-
mentation of Al methods in students’ final course proj-
ects. The level and progress of Al implementation are
assessed using the following indicators:

* the proportion of students using Al in their final-
year projects;

* changes in the level of Al implementation over
the years;

* the proportion of students using Al by field
of study and level of education (undergraduate, post-
graduate);

* the proportion of final-year projects using Al, bro-
ken down by stage of the higher education cycle;

* the proportion of final-year projects utilizing Al,
broken down by technology.

The Al technologies taken into account when solv-
ing students’ final year projects have been identified:

1. Machine learning (ML) (classification, predic-
tion).

2. Computer vision (CV) (detection, identification).

3. Neural networks (NN) (classification, prediction,
time series analysis).

4.Generative Al (GenAl) (image, text and variant
generation).

5. Data Science (DS) (data analysis, BI systems).

6. Robotization (BOT) (bots, virtual assistants).

7. Decision support (DS) (expert systems, semantic
networks, knowledge bases).

8. Natural Language Processing (NLP).

9. Evolutionary algorithms (genetic algorithms for
optimization).

Six levels of Al usage have been introduced (ex-
cluding the generation and verification of thesis text):

0. Discussion of the effectiveness/prospects of Al
application.

1. Formulation of the task for using Al

2. Use of mechanisms for storing and processing
large amounts of information (datasets).

3. Use of off-the-shelf solutions employing Al.

4. Creation of an Al model and its testing (using Al
method libraries and programming).

5. Development of an automated system using Al
and its testing.

RESULTS

Fig. 2 and 3 present the results of the analysis in ac-
cordance with the established evaluation criteria. The pro-
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Fig. 3. Proportion of students mentioning Al by field of study

portion of final-year projects in 2025 utilizing Al tech-
nologies rose to 30 %. By 2025, the proportion of un-
dergraduate students using Al technologies to solve in-
dustry-specific problems exceeded the proportion
of postgraduate students applying Al to such tasks. This
indicates a growth in the critical mass of students for
whom Al technologies serve as practical tools for de-
velopment. In terms of the lifecycle stages of a facility,
the focus of final-year projects involving the application
of Al technologies has shifted since 2023 from the de-
sign stage to the construction stage. It is also important to
highlight the small volume of final year projects covering
the facility’s operational stage, which is due to the dif-
ficulty of finding open data for analyzing the facility’s
performance during its operational phase.

40
35
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15
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Design
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Fig. 4 and 5 show the quantitative distribution
of theses by Al technologies and by levels of Al tech-
nology usage. A discussion of the effectiveness/prospects
of Al application in 2025 is included in every thesis that
utilizes Al technologies. The formulation of the task
of using Al demonstrates the level of research depth in
the work carried out; such projects have been appearing
since 2024. The application of mechanisms for storing
and processing large amounts of information (datasets) is
scarcely addressed by students within the context of their
final-year projects, although this issue is critically impor-
tant in terms of the development of big data systems in
construction, within the framework of information mod-
elling technologies and the creation of digital informa-
tion models, digital twins of objects and, subsequently,

2023

5 \3 4

Construction Operation

Fig. 4. Application of Al in the context of the life cycle stages of a capital construction project
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Fig. 5. Levels of Al application

in the use of digital technologies during the operational
phase. This aspect should be analyzed with a view to
strengthening the professional cycle disciplines within
the educational programme. Level 3 indicates the use
of off-the-shelf solutions utilizing Al in final-year proj-
ects; the proportion of such work remains insignificant
and decreased in 2025 compared to 2024. This merely
highlights the unsystematic development of such solu-
tions within software, as well as the level of accessibility
of such software for research, students and users in gen-
eral. There is a noticeable increase in the number of tasks
in final-year projects in 2025 relating to the creation of
an Al model and its testing (using libraries of Al meth-
ods and programming), which indicates the groundwork
students have laid for the final-year project stage, ac-

DS
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Fig. 6. Al technologies
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quired through the study of the curriculum’s disciplines.
A positive trend is also evident in the analysis of Level 5,
showing an increase in the number of final-year projects
involving the development and testing of automated sys-
tems using Al, which is critically important for establish-
ing a division of labour within the industry as a whole.
An analysis of Al technologies (Fig. 6) considered in
solving students’ final course projects revealed the great-
est interest in and level of adoption of machine learning
(ML) technology for implementing industry tasks. Next
in popularity are object and defect detection tasks, i.e.
the application of computer vision technologies. The use
of neural networks and generative technologies has shown
equal interest in final-year projects over the last three
years. There is also a growing proportion of final-year
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projects solving problems using data science and robotics
technologies, specifically in the development of bots —
virtual assistants — at various stages of an object’s life-
cycle. Natural language processing (NLP) is explicitly
applied in a limited number of final-year projects, though
it is also used in the creation of bots — virtual assistants.

Particular interest is given to studies that involve
the development of automated systems incorporating
artificial intelligence (AI) and their experimental vali-
dation. The following presents a number of problems in
the construction industry whose solutions are being au-
tomated using Al:

* generating urban area layouts;

* safety monitoring;

* inspection of defects in concrete structures;

* management of construction stocks;

* real-time supervision of construction and instal-
lation works;

* project planning and design;

* creation of a voice assistant for smart systems in
apartment blocks;

* optimization of construction teams’ movements;

* monitoring of construction machinery;

* predicting the condition of engineering equip-
ment;

» forecasting construction costs and duration.

CONCLUSION

The results of the analysis show a steady trend to-
wards increasing interest among students and lecturers in
the application of Al to solve professional problems in the con-
struction sector. Over the course of three years, the pro-
portion of final-year projects discussing the use of Al has
increased from 10 to 30 %.

The most sought-after and accessible Al technolo-
gies are machine learning and computer vision.

The largest number of Al-based problem solutions
correspond to the life cycle of the construction project.

The number and proportion of final qualification
projects in which an automated system incorporating Al
methods is developed is increasing annually.

Itis noticeable that in final year projects in the 09.03.02
“Information Systems and Technologies” specialization,
Al is rarely used to solve problems in the development
of automated control systems (ACS) for organizations,
but interest has already emerged.

At present, topics and assignments have been de-
fined for final-year projects in the 08.04.01 specialization
“Artificial Intelligence in Construction” (graduating class
0f 2026).
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Sample thesis topics have been formulated for stu-
dents to explore as part of their practical placements.
These relate to the development of an intelligent deci-
sion-support system for the design of construction proj-
ects based on machine learning methods, the use of Al
to analyze design solutions, optimize structural elements
and reduce construction costs, the development of
an intelligent system for forecasting construction time-
lines and costs using deep learning methods, the devel-
opment of a digital twin of a construction project with
the integration of Al models for monitoring and managing
the building’s lifecycle, the use of generative design and
Al for the automatic generation of architectural and struc-
tural solutions for residential buildings, the development
of an intelligent risk analysis system for the implemen-
tation of construction projects based on the processing
of unstructured data (contracts, reports, correspondence),
the automation of cost estimate documentation using Al
and natural language processing technologies, the devel-
opment of a predictive maintenance system for construc-
tion machinery based on telemetry analysis and Al meth-
ods, the intelligent analysis of building energy efficiency
using Al and data from IoT sensors, and the application
of Al to optimize logistics and the management of con-
struction materials.

Key challenges in the use of Al in students’ final-
year projects:

« lack of open data in the construction sector;

* the reliability of input data and the results ob-
tained;

* the need to integrate Al with existing automation
tools;

« insufficient experience and qualifications among
staff (both teachers and students);

* the complexity of individual work involved in
collecting and improving the quality of information, cre-
ating an Al model, and training and verifying it;

« insufficient experience in the construction indus-
try regarding the application of Al [31].

Promising areas of research include:

* studying the experience of Russian and foreign
construction organizations in the application of Al

« formulating tasks in surveying, design, construc-
tion, operation and demolition of building structures, and
preparing data for their solution using Al

* the development of Al models, methods and tech-
nologies for application in the construction industry (in-
cluding taking into account data incompleteness and un-
certainty, probabilistic factors and risks) [32].



Analysis of the application of artificial intelligence methods in solving problems

in students’ final qualification projects P. 209-226

REFERENCES

1. Ignatova E.V. Application of artificial intelli-
gence in students’ theses. Actual problems of the con-
struction industry and education — 2023 : collection
of reports of the IV National Scientific Conference. 2024;
759-766. EDN WBRWEFL. (rus.).

2. Trusov S.V. Application of artificial intelligence
tools by Russian students in preparing their final qualifi-
cation work. Innovative Development of Vocational Edu-
cation. 2024; 4(44):45-53. EDN GQODZN. (rus.).

3. Grigorenko E.I., Yaschenko E.N. The possibili-
ties of using artificial intelligence when writing a final
thesis. Humanitarian Scientific Bulletin. 2025; 3:32-37.
DOI: 10.5281/zenodo.15188806. EDN KCLOHV. (rus.).

4. Glushak E.V. Application of artificial intelli-
gence in writing final qualifying works by students ma-
joring in ICTSS. Actual problems of higher education in
the field of infocommunication technologies : proceedings
of the XIII Russian scientific and methodological confer-
ence. 2025; 116-118. EDN LEFRDL. (rus.).

5. Kornyakova M.S., Temirbulatova A.R. The view
of teachers and students on the use of artificial intelli-
gence in education. Information technologies in the edu-
cational process of universities and schools : Proceedings
of the XIX All-Russian scientific and practical conference.
2025; 139-144. EDN ILUASF. (rus.).

6. Shalaginova N.A., Ryaboshapka A.I. Risks of
using artificial intelligence technologies in teaching stu-
dents of educational institutions of the higher education
system. Transformation of the national socio-economic
system of Russia : Proceedings of the 7th Annual All-Rus-
sian scientific and practical conference with international
participation. 2025; 170-181. EDN STYWEQO. (rus.).

7. Filippova S.A., Akhremenko I.N. Risks of un-
ethical use of artificial intelligence in students’ education-
al work. Psychological and pedagogical research — to
the Tula region : collection of materials of the V Regional
scientific and practical conference with international par-
ticipation. 2025; 60-63. EDN KYFEZS. (rus.).

8. Krezhevskikh O.V. Options for the application
of artificial intelligence in the research activities of uni-
versity students from the point of view of scientific ethics.
Pedagogical education and modern science: problems
and prospects of development : collection of scientific
papers. 2025; 133-138. EDN HUQIXR. (rus.).

9. Stefanova G., Krutova O. Training of students to
use the technologies of artificial intelligence for solving
the tasks of professional activity. /vzestia of the Volgo-
grad State Pedagogical University. 2024; 5(188):35-41.
EDN VVNIJPD. (rus.).

10. Zhong Y., Rosli M.S.B. Generative Artificial
Intelligence in Higher Education: Opportunities, Chal-
lenges, and Future Directions. International Journal
of Academic Research in Progressive Education and De-
velopment. 2025; 14(3). DOI: 10.6007/IJARPED/v14-i3/
25813

11. NgD.T.K., Chan EK.C., Lo C.K. Opportunities,
Challenges and School Strategies for Integrating Genera-
tive Al in Education. Computers and Education: Artificial
Intelligence. 2025; 8:100373. DOI: 10.1016/j.caeai.2025.
100373

12. Andreeva O.S., Novikova Z.N., Surhaev M.A.
Problems of using artificial intelligence in writing final
qualification works. Dagestan State Pedagogical Univer-
sity. Journal. Psychological and Pedagogical Sciences.
2025;19(3):23-30. DOI: 10.31161/1995-0659-2025-19-3-
23-30. EDN IEMCMZ. (rus.).

13. Derevyankina O.M. Use of artificial intelligence
by bachelor students of the management program in prep-
aration of the final qualification work. Pedagogical edu-
cation in Russia. 2025; 4:124-133. EDN UAFEPL. (rus.).

14. Sysoyev P.V., Evstigneev M.N. The use of ar-
tificial intelligence technologies in the students’ research
work. The Bulletin of Moscow University. Series 19.
Linguistics and Cross-Cultural Communication. 2025,
28(1):85-101. DOI: 10.55959/MSU-2074-1588-19-28-1-6.
EDN AYNWSU. (rus.).

15. Tivyaeva L.V., Mikhailova S.V., Kazantseva A.A.
Regulating the use of generative artificial intelligence
tools in graduate qualification papers. Bulletin of the Mos-
cow State Pedagogical University. The series “Philol-
ogy. Theory of language. Language Education”. 2024;
2(54):202-218. DOI: 10.25688/2076-913X.2024.54.2.15.
EDN AAGZXZ. (tus.).

16. Nikolic S., Daniel S., Haque R., Belkina M.,
Hassan G.M., Grundy S. et al. ChatGPT versus engineer-
ing education assessment: A multidisciplinary and multi-
institutional benchmarking and analysis of this generative
artificial intelligence tool to investigate assessment integ-
rity. European Journal of Engineering Education. 2023;
48(4):559-614. DOI: 10.1080/03043797.2023.2173609

17. Gulshin I., Kuzina O. Optimization of wastewa-
ter treatment through machine learning-enhanced supervi-
sory control and data acquisition: a case study of granular
sludge process stability and predictive control. Automa-
tion. 2025; 6(1):2. DOI: 10.3390/automation6010002

18. Database registration certificate No. 2024625092.
Database of the most significant predictors of the regres-
sion model for assessing the quality of treated wastewater |
Gulshin L.A., Kuzina O.N. 11/12/2024.

19. Kuzina O.N. Development of machine learn-
ing models for forecasting construction duration. Actual

problems of the construction industry and education —
2023 : collection of reports of the IV National Scientific
Conference. 2024; 816-820. EDN UWJKXK. (rus.).

20. Gulshin I., Kuzina O. Machine learning meth-
ods for the prediction of wastewater treatment efficiency
and anomaly classification with lack of historical data.
Applied Sciences. 2024; 14(22):10689. DOI: 10.3390/
app142210689

225

(6G) L ONSS| QL JO] Henconramusanelas



Science :ﬁlt:lnftll::glii':::l: Vol. 16. Issue 1(59)

Olga N. Kuzina, Elena V. Ignatova

21. Kuzina O.N. Model of labor productivity man-
agement in construction by artificial intelligence meth-
ods. Scientific and Technical Volga region Bulletin. 2023;
3:68-73. EDN CGISZV. (rus.).

22. Kuzina O. Construction management using
computer vision of the construction site. Construction
and Architecture. 2023; 11(4):34. DOI: 10.29039/2308-
0191-2023-11-4-34-32. EDN RORSTL. (rus.).

23. Bazhenov V.1, Primin O.G., Bazhenov V.V. Thero-
le of artificial intelligence in preventing water leakages
from water supply networks. Construction: Science and
Education. 2024; 14(4):98-111. DOI: 10.22227/2305-5502.
2024.4.98-111. EDN ADHSREF. (rus.).

24. Kuzina O.N. Dialectics of educational programs,
or greenfield of digital competencies of information model-
ing. Information Modeling. 2025; 1:86-94. EDN EJIDDIM.
(rus.).

25. Walter Y. Embracing the future of Artificial Intel-
ligence in the classroom: the relevance of Al literacy, prompt
engineering, and critical thinking in modern education. /n-
ternational Journal of Educational Technology in Higher
Education. 2024;21(1). DOL: 10.1186/s41239-024-00448-3

26. Proletarsky A.V., Buldakova T.I., Lantsberg A.V.
Educational Programs for Training Digital Economy Per-
sonnel. Studies in Systems, Decision and Control. 2024,
99-109. DOI: 10.1007/978-3-031-67911-7 8

27. Malhotra R., Massoudi M., Jindal R. Shifting
from traditional engineering education towards compe-

Received December 9, 2025.
Adopted in revised form on January 19, 2026.
Approved for publication on February 25, 2026.

tency-based approach: The most recommended approach-
review. Education and Information Technologies. 2023;
28(7):9081-9111. DOI: 10.1007/s10639-022-11568-6

28. Feng X., Ylirisku S., Kéhkonen E., Niemi H.,
Holtta-Otto K. Multidisciplinary education through fac-
ulty members’ conceptualisations of and experiences in
engineering education. European Journal of Engineer-
ing Education. 2023; 48(4):707-723. DOI: 10.1080/
03043797.2023.2185126

29. Chee S.K., Hoong S.L.J., Lee Y.S. Innovating
engineering education with blended learning and remote
laboratories. 2024 IEEE Global Engineering Educa-
tion Conference (EDUCON). 2024; 1-5. DOI: 10.1109/
EDUCON60312.2024.10578848

30. Avila-Garzon C., Bacca-Acosta J. Curriculum,
pedagogy, and teaching/learning strategies in data science
education. Education Sciences. 2025; 15(2):186. DOI:
10.3390/educscil 5020186

31. Henadirage A., Gunarathne N. Barriers to and
opportunities for the adoption of generative artificial intelli-
gence in higher education in the Global South: Insights from
Sri Lanka. International Journal of Artificial Intelligence
in Education. 2025; 35(1):245-281. DOIL: 10.1007/s40593-
024-00439-5

32. Xu L. Innovative interdisciplinary models in en-
gineering education: Transforming practices across global
universities. Engineering Education Review. 2025; 2(3).
DOI: 10.54844/eer.2024.0846

BronoTEs: Olga N. Kuzina — Candidate of Technical Sciences, Associate Professor, Head of the Department
of Information Systems, Technologies and Automation in Construction; Moescow State University of Civil Engineer-
ing (National Research University) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation; ORCID:

0000-0002-1671-7300; kuzinaon@mgsu.ru;

Elena V. Ignatova — Candidate of Technical Sciences, Associate Professor, Associate Professor of the Depart-

ment of Information Systems, Technologies and Automation in Construction; Moscow State University of Civil
Engineering (National Research University) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation;

ORCID: 0000-0002-8447-7484; ignatova@mgsu.ru.

Contribution of the authors:

Olga N. Kuzina — writing the source text, developing the methodology, participating in the development of training

programs and their implementation, collecting data, final conclusions.

Elena V. Ignatova — research concept, data processing, writing the source text, final conclusions.

The authors declare that there is no conflict of interest.

226



