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AHHoTanusa. OnucaHa METOAUKA HEIUHEHHOIO CTaTUYECKOIO pacueTa KOMOMHUPOBAHHBIX INIUTHO-0AI0YHBIX KOHCTPYKIUI
C MCIOJb30BaHMEM KOHEYHBIX 3JIEMEHTOB, IOCTPOCHHBIX ¢ IPUMEHEHHEM TPEXMEPHOH T€OPUHU YNPYTOCTH M IIACTUYHOCTH.
IIpu 3TOM UCHOIB3YIOTCS MHOIOCJIOMHBIE JIEMEHTHI IIIMT U 000JI0UEK, a TAKKE MHOIOCIOHHBIE 00BEMHBIE OATIOUHbIE 3T1EMEHTHI
(cymepaneMeHTHI), MO3BONSIONINE PACCUUTHIBATH KOHCTPYKIIMH, BBITIOMHEHHBIE M3 HEOAHOPOAHBIX MaTepualoB, B TOM YHCIE U
JKene300eToHHbIE. B OONBIIMHCTBE NPUMEHAEMBIX B HACTOSIIEE BPEMS INPOrpPAMMHBIX KOMILIEKCAX KOHEUHBIE 3IEMEHTBI 0anok
CTpOATCA MO0 Ha OCHOBE KJIACCHYECKOH TEOPHM COMPOTUBIECHHS MaTepUaloB, THOO HA OCHOBE TPEXMEPHOH TEOPHH YHPYTOCTH.
ITpu ucnonb30BaHUU TPEXMEPHOI TEOPUU BBOIITCS OIPAaHUUYEHHUS 110 popMe U pa3MepaM MONEPEUHbIX CEUEHMU, a BCe XapaKTepu-
CTUKH TIPUBOAATCS K TOYKaM, JISKAIIMM B TOPIEBBIX CEUEHHAX Oalok Ha MX ocsx. O6a 3THX MOAXO0Ha 3aTPyAHSIOT OXHOBPEMEH-
HBIl yueT (pU3MYecKoil U reoMeTpudecKoil HeMMHEHHOCTH, IOATOMY pa3padoTKa aNbTePHATUBHBIX METOAUK HEIMHEHHOIo CTaTU-
YeCKOro pacdera KOHCTPYKIHUH SBIACTCS aKTyalbHOI 3amadeil. [Ins ycTpaHeHHs 3TOro HeAOCTaTKa B JAHHOM paboTe MmpeuIokeH
CYHEpAIEMEHT /ISl MOZICJIUPOBAHHUS KeIe300€TOHHBIX KOJIOHH U 0alloK B COCTaBe KOMOMHUPOBAHHBIX IUIMTHO-0AJIOYHBIX pacyer-
HBIX cxeM. Ha ceromHsmHuil 1eHb aHAIOTH TPEAIaraeMoro Cynepa/IeMeHTa JUI pacdeTa ’Kele300eTOHHBIX KOHCTPYKIUAX OTCYT-
CTBYIOT B U3BECTHBIX KOMMEPUYECKHX KOHEYHO-IIEMEHTHBIX Mpoaykrax. [IpuBeneHHas MeToquKa afanTUPOBaHA K BBIUYUCIUTEIb-
HoMy kommuiekcy [TPUHC, pa3pabarsiBaeMoMy aBTOpaMH IS HCTIONB30BAHMS B HHIKCHEPHO-TEXHUIECKHUX U HAYyIHBIX Iemsx. Jlms
JIEMOHCTpaLUK BOSMOXKHOCTEH 3TOr0 KOMILJIEKCa MPUBEJEH TECTOBBIM NMPUMEP pacueTa HecCylleil CliocOOHOCTH IBYXITaXHOU pa-
Mbl. BeraucnurensHeid komiueke [TIPUHC MoxeT ObITh 3()(eKTHBHO HCHONB30BaH HHKEHEPAMH NMPOEKTHBIX U HAYYHBIX OpraHH-
3aIUi JUI peICHUS] HHXKCHEPHBIX 3a/1a4, CBA3aHHbIX C PacCYeTOM JKeJ1€300eTOHHBIX KOHCTPYKIIHH.

KuroueBble c10Ba: METO KOHEUHBIX AJIEMEHTOB, BhrunciuTenbHbIN KoMiuieke [IPUHC, crponTenbHble KOHCTPYKIINM, MAaCCUBHBIE
JKeNe300eTOHHBIE COOpYKEHUsI, (PU3NUECcKasi HEJTMHEHHOCTb, INIACTUYHOCTb, TEOPUS TEUECHHS, MEXaHUKa 1e()OPMUPYEMBIX TeJ
Bkaax aBTOpoB: Acanog B.Il. — HaydHOe PYKOBOJACTBO, KOHIIETIIHMS WCCIeNOBaHMs, Banunanus; Mapkosuu A.C. — HamucaHue
TEKCTa, KOHLEMIHUS NCCIESIOBaHuUs, 0030p IUTEPaTyphl, HAyYHOE PEIIeH3NPOBaHNE U PeJaKTUPOBaHKE. Bce aBTOPEI 03HAKOMIICHEI ©
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Abstract. The article presents a methodology for nonlinear static analysis of slab-and-beam structures using finite elements
constructed using the three-dimensional theory of elasticity and plasticity. Multilayer plate/shell elements and solid beam elements
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on the basis of the three-dimensional elasticity theory. When using the three-dimensional theory, restrictions are introduced on the
shape and size of cross-sections, and all characteristics are reduced to points lying in the end sections of the beams along their
axes. Both of these approaches make it difficult to simultaneously take into account physical and geometric nonlinearity, therefore
the development of alternative methods for nonlinear static analysis of structures is relevant. To avoid this drawback, a
superelement for modeling reinforced concrete columns and beams as part of combined slab-and-beam systems is proposed in this
article. To date, there are no alternatives of the proposed superelement for analyzing reinforced concrete structures in known
commercial finite element products. The developed methodology is adapted to the PRINS software. An example of calculating the
load-bearing capacity of a two-story frame using this software is given. The PRINS software can be used by engineers of design
and scientific organizations to solve engineering problems related to the analysis of reinforced concrete structures.
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1. BBenenue

[Ipennocelaky a1 pacyera Keae300€TOHHBIX KOHCTPYKIUHI B HEJIMHEHHOM MOCTaHOBKE 00YCIOBIIEHBI
pPa3BUTUEM KOMIIBIOTEPHBIX TEXHOJIOIHM, C OJHON CTOPOHBI, U PA3BUTUEM YUCICHHBIX METONOB CTPOUTEIIb-
HOM MEXaHUKH, B MEPBYIO0 ouepelb METOJa KOHEUHBIX 3JiIeMeHTOB [1—4], — c apyroii. Ilpu 3ToM HenuuHen-
Hoe JnedopMupoBaHue OETOHA C YYETOM peajibHbIX YNPYroIIaCTHYECKUX CBONCTB B YCIOBHUSX 0OBEMHOIO
HANPSKEHHOTO COCTOSIHUS UCCIIEN0BATIOCh yUeHBIMU Ha TIpoTskeHnn XX Beka' [5-9].

OueBUAHO, YTO COBPEMEHHBIE METO/Ibl PACUETHI JKeJIe300€TOHHBIX KOHCTPYKLUI JOJKHBI pa3padarhl-
BaThCs HA OCHOBAaHMU YMCJIEHHBIX METOAOB CTPOUTENIBHON MEXaHMKH C Yy4E€TOM HEIMHEHHBIX 3(Q(EKTOoB,
IPUCYLINX OETOHY U apMaType M yCTaHOBJICHHBIX SKCIIEPUMEHTAIbHBIM ITyTEM.

[Ipu BBINIOJIHEHUH HETMHENHBIX PACUETOB BaKHOH 3a1a4uell SIBIISIETCS KOPPEKTHOE BBIYMCICHUE YCUIINN
U HalpspKeHuH, BO3HUKAIOIMX B OeToHe U apMatype. IIpu ncrnonp3oBaHNM OZHOMEPHBIX CTEPHKHEBBIX KO-
HEYHbIX 3JIEMEHTOB 0aI0YHOrO (PaMHOI0) TUIMA AJIsI MOJCIUPOBAHHS KOJIOHH MM OaJoK, B CHIIy OCOOCHHO-

! CEB, CEB-FIP Model Code 1990 / CEB Bulletin d’Information No. 213/214. Lausanne: Comite Euro-International du
Beton, 1993. 437 p.
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CTEH TOCTPOEHUS THX 3JIEMEHTOB, 3HAYCHUsI YCHIUI B O€TOHE W apMaType, paBHO KaK U MPOYHOCTH KOH-
CTPYKLIUHU, HE MOTYT OBbITh TOUHO ompenenaeHsl. OMH U3 MyTel pelieHus TON 3aJjaui BUJUTCS B HCIIOJIb30-
BaHUHM JUISI MOJICTIMPOBAHUS Tela KOJOHH (M/WiH 0aJIOK) KOHEYHBIX 3JIEMEHTOB CIUIONIHOM cpenbl (Tuml solid).
C on1HO¥ CTOPOHBI, IPUMEHEHHUE 3JIEMEHTOB CIUIOIIHON Cpebl BeIeT K HEONPAaBIaHHOMY YBEIHMUYCHUIO YHC-
Jla HEM3BECTHBIX PACUETHON CXEMbI U KOJMYECTBY pa3pelIaloNINX YpPaBHEHHUH, 4TO TpeOyeT JOMOJHHUTEb-
HBIX BBIYUCIHMTENBHBIX PECYPCOB JJIA peuieHus 3aaaud Oonbiioi pazmepHocTH. C Ipyroil CTOpOHBI, s
MOJICIIUPOBAHUS apMaTyphl, pacrojiaraeMoil B TejJe KOHCTPYKIUH, OOBIYHO HCIIONB3YIOTCSI OJXHOMEpPHBIE
CTep)KHEBbIE KOHEUHBIE DJIEMEHTHI, 3aKIIOUEHHBIC B y3J1aX 3JIEMEHTOB CIUIOIIHOW cpenbl. [ ydera Bcex
0COOEHHOCTEH pacroioKEHUsI apMaTypbl B Tejie OeToHa (JUIMHBI, 111ara, 3alllUTHOTO CJIOS U T.J.) OT pacder-
qyuKa TpeOyIOTCSl 3HAUUTENIbHbIE BPEMEHHBIE 3aTPaThl AJIs IOCTPOCHUSI KOPPEKTHOM MOJIEIN apMUPOBAHHOMN
KOHCTPYKIIUH.

s ycTpaHeHusl yKa3aHHBIX HEJIOCTaTKOB aBTOPAMHU Ipeajiaraercsi 00beMHBIN CyNepaIeMeHT, Mpea-
HA3HAYCHHBIN I MOJICITMPOBAHMS KeJIe300€TOHHBIX KOJOHH (W/min 6anok). JlaHHbI KOHEUHBIH 3JIEMEHT
MOCTPOEH HAa OCHOBE 00BEMHOW TEOpUHU YyNPYTOCTH M IacTHUHOCTU. CynepaieMeHT BJI0JIb OCH pa30uBa-
€TCs Ha ONPEJEICHHOE KOJIUYECTBO CIOEB, a B IIPE/Ieax CJIOSl COCTABISIETCS U3 00ObEMHBIX 2JIEMEHTOB U
BKJIIOYAeT B ce0s1 BO3MOKHOCTh aBTOMAaTHYECKOT'0 3aJ[aHUs NTapaMeTpOB apMUPOBAHUs U FeHepaluu apMma-
TYpPHBIX CTepXHEH. TeM caMbIM IS TOJIB30BATENs UCKIII0YAaeTCS HE0OX0IMMOCTh PYYHOTO TOCTPOCHHS
apMaTYpHBIX CTEp)KHEH B Telle OETOHHON KOHCTPYKIIMHU, YTO CYIIECTBEHHBIM 00pa30M YHpOILIAEeT MpoIecc
CO3/IaHHS PACUETHBIX MOJEIIEN peaIbHbIX KOHCTPYKIUH.

2. MeTtoa

[Ipemmaraercs Metoauka GU3NISCKH U TCOMETPUICCKHA HEIIMHEHHOTO CTATHYECKOTO pacyeTa Kele-
300€TOHHBIX TUTUTHO-0aIOYHBIX KOHCTPYKLUN C UCTIOIB30BaHUEM pa3paboTaHHBIX paHee npodeccopom
B.I1. AramnoBsiM MHOTOCJIONHBIX KOHEUHBIX 37eMeHTOB [10]. Metoauka 3akmtodaercs B cienyromieM. Pere-
HUE 331241 C TIOMOIIBIO BRIYUCIUTEIBHOMN MPOrpaMMbl (periaTenis), UCKiodas (opMUpoBaHUe OJI0Ka HCXOI-
HBIX JTaHHBIX U BU3YaJIM3aLIMI0 PE3YyJbTATOB, IEIUTCSA Ha J[Ba dTala: COCTABJICEHUE pa3pellalouiero ypaBHe-
HUSL U €r0 pelieHrne. ABTOPBI CTaTbU JUIS HEIMHEWHOTO CTaTHYECKOTO pacueTa MCIOJIb3YIOT ypaBHEHUE
paBHOBecHsI, oy4deHHoe B pabote [11] u umeromee BU

(K+Kg+Kyp, +Kyp, JAu=AP, (1)

rac K , KNLI )51 KNL2 — MaTpHlbI )KCCTKOCTHU HYJICBOT'O, IICPBOTIO U BTOPOI'O IMOPAAKOB; KG — MaTpuia

HayvaIbHBIX HanpsokeHuid; Au u AP — BekTOpBI mpHUpalieHuil y3IoBbIX MepeMeIIeHHH U Harpy30K COOT-
BETCTBEHHO.

@opMyITbl 711 BEIYUCIICHHS BCEX MPHUBEICHHBIX BBIIIE MAaTpHIl mpencTaBieHsl B [11]. OcoGeHHOCTEIO
Npe/IaraéMoro ajJropuTMa SIBJSIETCS MCIOJB30BaHUE JUISI MOJICITUPOBAHUS TUTUTHO-0AIOUHBIX KOHCTPYK-
[IUH KOHEYHBIX 3JIEMEHTOB, OCHOBAaHHBIX HAa TPEXMEPHON TEOpHUM yNPYroCTH W IuTacTUYHOCTH. [jig Mome-
JMPOBAHUS KOJOHH M OallOK MCHOJIB3YETCs CYNEpIIEeMEHT, COCTABICHHBIH M3 OOBEMHBIX MIECTUTPAHHBIX
KOHEYHBIX 3J1eMEHTOB (OE€TOH) U OJIHOMEPHBIX CTEPKHEBBIX 3JIEMEHTOB (apmarypa) (puc. 1), a 11 Mmoaenu-
POBaHUS TUTUT — MHOTOCJIOMHBIN 3JIEMEHT TUIACTHHKH/000JI0UKH (pHC. 2), 0COOEHHOCTH TTOCTPOSHUS KOTO-
poro paccMOTpeHHI B padote [12].

Apmatypa B IUIUTE TPEACTABISETCS CIOEM SKBUBAJICHTHON TONIIMHBI C OJHOHAIPABICHHBIMU CBOW-
CTBaMH.

Kaxk BugHO 13 puc. 1, cynepaneMeHT KOJIOHHBI (Wi 0aimku) pa3ouBaeTcs BIOJIb OCH Ha OTpeIesIieHHOS
KOJIMYECTBO CIJIOEB, a B MpeJeliaxX CJIOSl COCTaBIIsIeTCS U3 00BEMHBIX 2JIEMEHTOB. Bee XapakTepucTuku cymep-
AJIEMEHTA TPUBOIATCS K y3J1aM, JISKAIIMM B €ro TOPIEBBIX CEYCHHAX. Y3IJIbl CETKH Ha TOpIAxX Cyrepaiie-
MEHTa ¥ IUTUTHI B MECTE CTHIKA JOJDKHBI COBIAIaTh. DTO 00€CIeUYNBAET COBMECTHOCTD ITEPEMEIEHHH U B TO
K€ BpeMsI MOJIATIIMBOCTh B MECTE COCMHEHUS ITUTHI C KOJIOHHOH.
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Puc. 1. CynepaneMeHT xene300€TOHHOYM KOJIOHHBI:

a — o0muii BUI KOHEYHOTO JIEMEHTa; 6 — PACIIONIOKEHHUE apMaTyphl B OIEPEYHOM CEUSHHN KOJIOHHBI
W c 1o 4Huk: BeinonHeHo B.I1. Aranossivm, A.C. MapkoBuuem

‘ | 6eToH / concrete

> 6eToH / concrete

| apmartypa / reinforcement

| 7 apmarypa / reinforcement

X

a 9]

Figure 1. Superelement of reinforced concrete column:
a — general view of the finite element; 6 — position of reinforcement in the cross section of the column
S ource: made by V.P. Agapov, A.S. Markovich

Puc. 2. CocTaBHOM YETHIPEXYTOJILHBIN KOHEUHBIH 3JIEMEHT IUIACTHHKH/000I0UKH
W c 1o 4Huk: BeinonHeno B.I1. Aranosivm, A.C. MapkoBuuem

Figure 2. Combined quadrilateral plate/shell finite element
S ource: made by V.P. Agapov, A.S. Markovich

Tak kak crocoObl BBIYUCIIEHUSI MATPUUHBIX XapaKTEPUCTHK UCIOJIB3YEMBIX KOHEUHBIX 3JIEMEHTOB MO-
npoOHO omucanbl B pabdorax [10; 11], B maHHOM cTaThe OHM HE paccMarpuBaroTcs. OTMETHM, OJHAKO, OCO-
OEHHOCTH BBIYMCIICHUSI MATPHIIBI )KECTKOCTH HYJIEBOTO Mopsiaka K TpH ydere pU3HUECKON HETMHEHHOCTH.
B 3T0oM ciiydae He yAaeTcs MoJy4uTh aHATUTUYECKOE BhIpaKeHUE JUId MaTpullbl K B SIBHOM BHJE, TaK Kak
€C DJICMCHTBI 3aBUCAT OT U3MCHAIONIUXCA Ha IIare Harpy>KeHus CBOMCTB MaTtepuaia. OILHaKO €€ MOXHO
HalTU B YUCICHHOM BUJE B Hauyajle M KoHIe 1ara. Eciu o603HaunTth 3TH Matpuuel, kak K, u K; coor-

BETCTBEHHO, TO MaTpHily K MOXHO HpHOIMKEHHO HANUTH Kak moycymmy matpun Ko u K :
1
K:E(KO +K1). (2)

IIpencraBum matpuny K B BUje
K=K;+AK. 3)
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C yugerom (2) u (3) mosrygaem

1 1
AK:K—KO:E(K0+K1>—K0:E(K1—K0). (4)
VYuureiBas popmyny (4), ypaBHenue (1) npuHuMaeT BUA

(Ko +AK+K; +Kyp, +Ky, JAu=AP. (5)

[lepeneceM cnaraemple MaTpHILIBI )KECTKOCTH, 3aBUCSIINE OT IIArOBBIX NIEPEMEILLEHHI, B IPABYIO 4acTh
ypaBHeHus (5) u OyzeM pemaTh 3T0 ypaBHEHUE UTEPALMOHHBIM METOJIOM:

(i-1)

J

)

(Ko+K), sl = AP, —(AK+Kyy, +Kyr, ) Aul) 6)

Urtepanuu noBTOpstOTCS A0 AOCTHXKEHUS 3aJaHHOM TOYHOCTH. 10 OKOHUaHHMK UTEepaluil HAXOIATCS
MIPHUpAIICHUS HAIPSDKEHUH 110 hopmyJie

Ao =CgAe, (7)

rae Ce, — ynpyroracTuyeckas MaTpyiia XapakTepUCTHK MaTepHAIIOB.

[TostHBIC 3HAUCHUS TIEPEMEIICHNH M HAITPSHKCHUH BBIYUCIISFOTCS 110 JOPMyJIaMm:
u=uy+Au, o=c;)+Ac. (8)

IIpn 5TOM BO3MOXKHA KOPPEKLHs HAIpPsSIKEHUI B COOTBETCTBUU C 3aJ@HHOW JUAarpaMMOM HarpsKe-
HH1e — nedopmanus. [loaToMy NpH TOCTHKEHUU CXOJUMOCTH 110 IEPEMEILEHUSAM B alrOpUTME, IPUHATOM
B nporpamme [IPMHC, ocymecTBiAOTCS UTEpalUy PaBHOBECHs IO HANPSHKEHUSM C HMCHOJIb30BAHUEM

bopMmyIibl

i i—1
(Ko +Kg)au) =p; -pl ), ©)
rae P; — mosHbIiA BEKTOP y3/I0BOW HArpysKH, Fy_l) — BEKTOP Y3JIOBBIX CHJI, 00yCIIOBJICHHBIX BHYTPCH-

HUMU HAIIPSKCHUSAMU.

3. Pe3yabTaThl H 00CyK1CHHE

Jis mumocTpanuy  TIPEIOKEHHON BhIe METOAMKH (cM. ypaBHeHHs (1)—~(9)) pemena 3amada 1o
OTIpEe/ICIICHUIO HECYIICH CIIOCOOHOCTH ABYXATAKHOM KEJIC300€TOHHOW pamMbl MPH JIEHCTBUU TOPU30HTAIIb-
HOI Harpy3ku. [Ipu Takom BO31€WCTBUM OCHOBHAsI Harpy3ka BOCIIPMHHMAETCS KOJIOHHAMH, YTO JAaeT BO3-
MOXHOCTb OIICHUTH BIUSHUE PA3JMYHBIX PACUETHBIX MOJIEJEH KOJIOHH Ha OKOHYATEIHHOE HAIPSKEHHO-
ne(OpMUPOBAHHOE COCTOSIHUE KOHCTPYKIIMU. B CBSI3M ¢ 3TUM paccMaTpUBAIHChH JIBE KOHCUHO-IJIEMEHTHBIC
CXEMBbI C Pa3IMYHBIMU CIIOCOOaMH MOJEIMPOBAHMS KOJOHH. B mepBoi cxeme KOJOHHBI MOJIEIHPOBAIIUCH
MpH TOMOIIM cymnepaneMenTa Tumna 46 (corjacHo crneur(UKanud KOHEUHBIX 3JIEMEHTOB B Iporpamme
[TPUHC), a Bo BTOpOl cXxeMe — CTaHAAPTHBIM OANOYHBIM 371eMeHTOM THmna 32. [IuTel MoenupoBanuch
MHOTOCJIOMHBIM 3JIEMEHTOM TUTACTHHKHU/00070uku THNa 26. CyrnepaneMenT 46 MO3BOISET YUYUTHIBATh Kak
TE€OMETPUYECKYT0, TaK M (PU3MUECKYI0 HETUHEHHOCTH, TOT/Ia KaK B 3JIEMEHTE 32 YUYHUTHIBAETCS TOJIBKO I'e0-
MeTpUYecKas HEJTMHEHHOCTD.

PacueTHble cxeMbl IPH UCIIOJIB30BAHUU 3JIEMEHTOB 46 1 32 moKa3aHbl Ha pUC. 3, @ U 6 COOTBETCTBEHHO.

OTmMeTuM 0J1HY OCOOEHHOCTh PacueTHOM CXeMbl, IPUBEACHHON Ha puc. 3, a. CynepaneMeHThl KOJIOHH
JIOJKHBI COTIPATATHCS C TUIMTOW BO BCEX y3J1aX CBOMX TOPIIEBBIX CEUEHHI. DTO MPUBOIUT K HEOOXOUMOCTH
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TE€HEpUPOBATh HA IUIUTE TYCTYIO CETKY KOHEUHBIX 3JIEMEHTOB B MECTaX CTHIKOB. Eciin pacnpocTpaHsaTh 3Ty
CETKY Ha BCIO IUIUTY, 3TO MOXKET IPUBECTH K €€ HEONPABJAHHON I'yCTOTE, U, KaK CJIEJICTBUE, K HEOIIpaBAaH-
HOMY YBEJIMYECHHUIO YUCIIA CTeNeHeil cBoO0aAbl KOHCTPYKIMU. UTOOBI M30€XKaTh 3TOTr0, B BEIUUCIUTEILHOM
komruiekce [IPUHC pa3paboTtan Moy, KOTOPBIH aBTOMaTHYECKH T€HEPUPYET CETKY KOHEYHBIX AJIEMEH-
TOB C IEPEMEHHBIM I1arOM B OKPECTHOCTH CTBIKA, YTO U OTPAXKEHO Ha puC. 3, a.
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Puc. 3. PacueTHble cXeMBbI paMBbl:
a — C UCTOJIB30BaHHEM JIJISl MOJICIIMPOBAHHS KOJIOHH CYIIEPAJIEMEHTOB; O — TO )K€ JIEMEHTOB 0aJIOUHOTO THIIA
W ¢ 1o 4HuK: BeinosnHeHo B.I1. Aranossim, A.C. MapkoBuuem

Figure 3. Finite element model of the frame:
a — using superelements for modeling columns; 6 — the same for beam-type elements
S ource: made by V.P. Agapov, A.S. Markovich

B pacuerax ucnons3oBaics 6eTon kinacca B25 u apmarypa kimacca A400. Pazmeps! ceueHust KOJTOHH —
40%40 cM TIpr apMHPOBAHHUH CTEPKHSAMHU THAMETPOM 2 CM TI0 CXeMe, PUBEICHHON Ha pucC. 1, 6.

s GeToHa KOJOHH HCIIONB30Basach (PU3MUECKass MOJENb HEIWHEHHO-yIpyroro aegOopMUPOBAHHUS
npu XpynkoM paspyiienuu [13]. s niaut npuMeHsIach ynpyromiactuyeckas Mojieiab ¢ MOAU(UIUpPO-
BaHHBIM KpuTepueM Tekydectu ['yoepa — Mmuseca [14]. [Ipu 3TOM mcnonb30Basiack HEMHEWHAS TUa-
rpaMma J1eopMUpOBaHUs GETOHA COITIACHO €BPOIEHCcKUM cTanaapTam?. {1 apMaTyphbl IPUHUMAIACh JUa-
rpamma [Tpanarus.

BerpoBas (ropusoHTanbHas) Harpyska npuHEMaiack mo CBOIy MpaBuil, JEHCTBYIONIEMY Ha TEPPUTO-
puu Poccuiickoii @enepanuu CIT 20.13330.2020° 1151 4eTBepTOro BeTpoBOro paiiona. PaBHojeiicTByomas
BETPOBOM HArpy3Ku MPHUKIAIbIBANIACh B BHJIE COCPEAOTOUEHHBIX CHII B BEPXHUX CEYEHHSIX KOJIOHH C HAaBET-
PEHHOM CTOPOHBI B HANIPaBJIECHUH OCHU X. PacueT BBINOIHSIICS IArOBO-UTEPALIMOHHBIM METO/I0M JI0 IOJITHOTO
paspyueHus KoHcTpyKuuu. KoadduuumeHt k maroBoii Harpy3ke npuHumaics pasasm 0,1.

Hwuxe mpuBoasTcst HeKoTOpbie U3 pe3ysibTaToB pacyeta no nporpamme [IPUHC u naercs ux noapo6-
HBII aHaJIN3.

Tak, Ha puc. 4 mokaszansl neopMalnry IEMEHTOB PaMbl, COOTBETCTBYIOIINE ABYM PAacUETHBIM CXe-
MaM. OTMETHUM, YTO B MPEAETHLHOM COCTOSHUM MEpeMelIeHHs HEHTPaIbHONW TOUKH IIUTHI 711 paMbl C KO-
JIOHHaMH OaJIO4YHOTrO THIIA MPEBBIMIAIOT Oojiee YeM B 9 pa3 mepemeleHus, OTBeUarolue CXxeme, Uil Moje-
JMPOBAHUS KOJIOHH KOTOPOH MCTIONIB30BANIUCH CYTIEPITIEMEHTHI (pHcC. 4).

2 CEB, CEB-FIP Model Code 1990 / CEB Bulletin d’Information No. 213/214. Lausanne: Comite Euro-International du
Beton, 1993. 437 p.

3 CIT 20.13330.2020. Harpy3ku u BoszeiicTBus. AxTyanuszuposanHas pepakuus CHull 2.01.07-85*. IIHUMCK wum.
B.A. Kyuepenko AO «HUL] «Ctpoutenscto». 2020. 147 c.
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Puc. 4. [lepemenienus (M) HEHTPAILHON TOYKHU IUTUTHI HA TIPEANIOCIICTHEM IlIare Harpys>KeHHs:
a — C UCTOJIb30BaHHEM JIJISl MOJICIIMPOBAHMS KOJIOHH CYIIEP3JIEMEHTOB; O — TO JKE JIEMEHTOB 0AJIOUHOTO THIIA
W ¢ 1o 4HuK: BeinosnHeHo B.I1. Aranossim, A.C. MapkoBuuem

Figure 4. Displacement (m) of the central point of the slab at the penultimate loading step:

a — using superelements for modeling columns; 6 — the same for beam-type elements
S ource: made by V.P. Agapov, A.S. Markovich

[IprMmeHeHue uId MOJENINPOBAaHUS KOJIOHH CYNEPIEMEHTHON TEXHOJIIOTHH MO3BOJISIET KOPPEKTHO Olle-
HUBATh HANpPsDKEHHS, BOSHUKAIOIINE B TeJIe KOJIOHHBI (B O€TOHE) M apMaTypHOii ctanu. Tak, [y paccMaTpu-
BaeMOM paMbl Ha pUC. 5 MPUBEACHBI HOPMaJIbHbIE HANIPSKEHHS B OETOHE U apMaType KOJIOHH CPEAHEr0 psja.
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Puc. 5. Hanpspxenns B cynepaneMenTax (KOJIOHHAX) CPETHETO psijia:
a — HOpMalbHble Hanpskenus O, (klla) B Oetone; 6 — HopmabHble Hanpshxenus (klla) B apmatype

W cTo4H uk: Bemonneno B.I1. AranoseiM, A.C. MapkoBuiem

Figure 5. Stresses in the superelements (columns) of the middle row:
a — normal stresses 0, (kPa) in the concrete; 6 — normal stresses (kPa) in the reinforcement
S ource: made by V.P. Agapov, A.S. Markovich

TpCIlII/IH006pa3OBaHI/Ie Ha BEPXHUX W HHWIXHHUX IMOBCPXHOCTAX ILIUT IIEPBOTO 3Ta)Ka B IMPEACIBHOM
COCTOSAHHHU IJIA IBYX BAPHUAHTOB PACYCTHBIX CXEM paMbl ITIOKa3aHO Ha pUC. 6 ¥ 7 COOTBETCTBEHHO.
ITonst MHTEHCUBHOCTHU HaHpﬂ}KeHI/Iﬁ G;, COOTBCTCTBYIOIIUC TpeIJ_II/IHOO6pa3OBaHI/IIO Ha BEPXHHUX

MOBEPXHOCTAX TUTHT (puc. 6), IPUBEICHBI HA pUC. §.

AHAIUTUYECKVE W YACHEHHBIE METOZbI PACHETA KOHCTPYKLIMIA 289



Agapov V.P., Markovich A.S. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(4):283-293

290

ﬁ

a 7]

Puc. 6. TpeIJ_II/IHI)I Ha BEPXHHUX MNOBEPXHOCTAX IUIMT IEPBOI'0O dTaxKa:
a — C UCIIOJIb30BAHUEM TSI MOACIIMPOBAHNA KOJIOHH CYIIEPIJICMCHTOB, 6 — TO K€ DIIEMEHTOB 0AJIOYHOI0 THIIA
W cTo4H uk: Bemonreno B.IT. Aranossiv, A.C. MapkoBuuem

Figure 6. Cracks on the upper surfaces of the first floor slabs:
a — using superelements for modeling columns; 6 — the same for beam-type elements
S ource: made by V.P. Agapov, A.S. Markovich
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Puc. 7. TpemmHbl Ha HUHKHUX MTOBEPXHOCTSAX IUTUT IIEPBOTO TAXKa:
a — C UCIOJIb30BaHHEM JIJIsI MOJICIMPOBAHHS KOJIOHH CYIIEpAJIEMEHTOB; O — TO K€ 3JIEMEHTOB 0aJIOUHOTO THIA
W c 1o 4Huk: BeinonHeno B.I1. Aranosivm, A.C. MapkoBuuem

Figure 7. Cracks on the lower surfaces of the first floor slabs:
a — using superelements for modeling columns; 6 — the same for beam-type elements
S ource: made by V.P. Agapov, A.S. Markovich
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Puc. 8. ntencuBHOCTh HanpskeHuidl G; (kIla) Ha BEpXHMX MOBEPXHOCTAX ILIMT IEPBOTO TaXKa:
@ — C UCIOJIb30BaHUEM ULl MOJICITUPOBAHHUS KOJIOHH CYIIEPAIIEMEHTOB, 6 — TO XK€ 3JIEMEHTOB 0al0YyHOro THIIA
U ¢ 1o 9nuk: Bemonneno B.II. AranossiM, A.C. MapkoBudeMm
Figure 8. Stress intensity 6; (kPa) on the upper surfaces of the first floor slabs:

a — using superelements for modeling columns, 6 — the same for beam-type elements
S ource: made by V.P. Agapov, A.S. Markovich

[IpenensHbIN MapaMeTp HArpy3kH (kod¢hdUIMEHT 3amaca MPOYHOCTH) I MEPBOM PAaCUETHOM CXEMBI
pambl, B KOTOPOI KOJIOHHBI MOJICTHPOBAIHNCH CYNEpAIEMEHTOM (CM. puc. 3, a), paBasuics 13,5. [Ipu stom
JUISl BTOPOUM CXEMBI ¢ KOJIOHHAMH CTaHAapTHOTO OaiouHoro Trma (cM. puc. 3, 6) coctasmi 34. PaBHOBecHBIE
KpUBBIE «IIepeMEIIeHne — IMapaMeTp Harpy3Ku», OTBEYAIOIINE YKa3aHHBIM PACUETHBIM CXeMaM, IS 1IeH-
TPaJIbHOIN TOYKHU IUTUTHI IPUBEICHBI HA pUC. 9.
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Puc. 9. PaBHOBECHBIE KPUBbIE «IIEPEMELIEHUE — MApaMETP HArpy3Ku»:
a — C UCIIOJIb30BAHUEM TSI MOACIIMPOBAHNA KOJIOHH CYIIEPIJICMEHTOB, 6 — TO K€ JJ1s1 OJIEMCHTOB 0aJI09YHOIO TUIIA
W ¢ 1o4H u k: BeimosiHeHo B.I1. AranoseiM, A.C. MapkoBruiem

Figure 9. “Displacement — load parameter” equilibrium curves:
a — using superelements for modeling columns; 6 — the same for beam-type elements
S ource: made by V.P. Agapov, A.S. Markovich
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4. 3axkjirouenue

Kak BunHO 13 puc. 4-9, pe3ynbrarsl pacyera 110 IBYM CX€MaM Pas3IngaroTcsl.

1. OcHOBHOE pa3nu4He 3aKJII0YaeTCsl B CYIIECTBEHHOM PACX0XKJICHHH B BEJIMYHHE MPEIEIbHOTO apa-
MeTpa Harpy3ku (ko3¢ duiumenra 3amaca npoynoctn). Tak, s pamsl (cM. puc. 3, @), B KOTOPOil KOJIOHHBI
MOJICIIUPOBAIIUCH C MCIIOJIB30BAHUEM CYIEPAJIEMEHTOB, OH paBeH 13,5, a i pambl ¢ KOJIOHHAMH CTaH-
JIapTHOTO OaoyHOoTO (cM. prc. 3, 6) — 34. Takoe pacxokaeHHEe 0OBSICHIETCS TEM, UTO B dJIeMeHTe 46 ydu-
TBIBAETCS KaK F€OMETpHUYECKasi, TaK U (pu3nuecKas HeTMHEHHOCTH, a B 3JIeMEeHTe 32 — TOJIbKO T€OMEeTpHU-
yeckas. [103ToMy MOXKHO OBLTO 0KHMIATh, YTO B paMe C dJIeMEHTaMu 32 mpeieibHas Harpy3ka OyieT orpe-
JIENAThCS HECYyIIel ClIOCOOHOCTBIO TUIUT, a HE KOJIOHH, YTO M MOATBEPAMIIOCH pacieTaMu. B To BpeMs Kak B
CXeMe C dIIeMeHTaMu 46 TpeieTIbHas Harpy3ka B OOJbIIEH CTETIEHH, ONPEIEIIETCS MPOYHOCTHIO KOJIOHH.

2. OTMeTUM TaKXke, 4TO B dJIeMeHTe 46, B OTJIMYHE OT JIEMEHTa 32, €CTECTBEHHBIM 00pa30M yUUTHI-
BalOTCS MCKPUBJIIEHUE OCH, NehOopMaIlii MOTIEPEYHOTO CABUTA, NETUIaHAIUS U U3MEHEHHEe (POpPMBI U pazMe-
pOB TomepevHbIXx cedyeHnid. Kpome Toro, B cymepaneMeHTax Tuna 46 MMeeTcsi BO3MOXKHOCTh aHAIIN3a
HaIpsDKEHUH Kak B OeTOHE KOJIOHH (CM. pHC. 5, a), Tak U B apmaTtype (cM. puc. 5, 6). Takum obpazom, pac-
YeTHasg CXeMa C IPUMEHEHUEM TPEJIOKEHHBIX CYIIEpPJIEMEHTOB SIBIIsieTCsl 0oJiee aJieKBaTHOM paccMaTpu-
BAEMOUN KOHCTPYKIIUH.

Tem cambIM mpeanaraemMas METOJHMKA pacueTa IUTMTHO-0AJOYHBIX CHCTEM IO3BOJISIET CYIIECTBEHHBIM
00pa3oM yTOYHHUTH MOBEJICHUE KOHCTPYKIIUU B CTAJAHUSIX HATPYIKEHUs, MPEAIMISCTBYIONIUX Pa3pyIICHHIO,
UCCIIEIOBAaTh JEMCTBUTENBHOE HAIPSDKEHHO-1e(OPMUPOBAHHOE COCTOSIHUE M 0Ojee TOYHO OIpeNelisiTh
3Ha4YeHUe KOA(PPHUIMEHTA 3araca MPOYHOCTH.
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AunHoTanus. PazpaboTaHa METOANKA KOHEYHO-3IIEMEHTHOTO MOACIUPOBAHMS YCHUIICHUSI MOHOIUTHOM IUIATBI TEPEKPBITHSI TIOBTO-
pstrorerocst pparMeHTa MOHOJIHMTHOTO KapKaca MPeIBAPUTEIbHO HANPSDKEHHBIMHA TPOCAMU 0e€3 CIEIUICHHS ¢ OSTOHOM. AHaiu3
HaNPsDKEHHO-/1e(pOPMUPOBAHHOTO COCTOSIHUS (PpParMeHTa C YIETOM MMOCTHAIMPSIKCHHUSI BBIIOJIHEH B JIHHEHHO-YIIPYToii IOCTaHOBKE.
Jnst aHcaMOIMPOBaHUs UCCICAYEMOH IIACTHHYATO-CTEPKHEBON KOHCTPYKIMU HCIONB30BANINCH TPEXMEPHBIEC IUIACTHHYATHIC U
6aouHble KOHEUHBIC EMEHTHI BhIUMCIUTENFHOTO KoMiuiekca ANSYS Mechanical. Ilpeanaraemasi KOHIEIINS MOJICTUPOBAHUSI
BOCCTAHABIHMBAIOIIETO YCHJIHS OT MPEIBAPUTENFHO HANPSHKEHHOTO Tpoca OeTOHY 0a3upyeTcsl Ha CICAYIOLEeH IOCIeJOBATebHO-
CTH IIIATOB: CHayaJia C UCIOJIb30BaHUEM (DEPMEHHBIX U KOMOMHUPOBAHHBIX KOHEYHBIX 3JieMeHTOB KoMIuiekca ANSYS Mechanical
pelaeTcs IoCKast 3a/1a4a ONpeIesIeHIs] BEPTUKAIbHBIX i TOPH30HTAIBHBIX PEaKIuii, 00YCIOBICHHBIX HATSDKEHHEM TPOCa, 3aTeM
OCYILECTBIISICTCS CIUIAHHOBAST MHTEPIIOJSLES MOTYyYCHHBIX 3HAYCHUI BEPTHKAIBHBIX PEAKLHN Ul 3aJaHUS COOTBETCTBYIOIIHX
Y3JIOBBIX YCHJIMH Ha 3JIEMEHTBI NEPEKPBITHS. UHMCICHHOE MOJACIMPOBAHKE PE3yJBTHPYIOIIETO BOCCTaHABIHBaOMEero 3¢ dexra
OT MOCTHAMPSIKEHHUS, CO3ABAEMOT0 B IUIUTE MEPEKPBITHS, PEATH30BAHO C TIPUMEHEHHEM JBYMEPHOW MHTEPIONSAIMU Moeil mepe-
MEIIEHHH OT MPEABAPUTENBHOTO HANPSDKEHHS MO JBYM 3aJaHHBIM CXeMaM Ha BCIIOMOTATENbHYIO PETYISIPHYI0 KOHEYHO-
3JIEMEHTHYIO CETKY C MOCIEAYIOIel cymneprno3ulueil. BrIoIHEHO cpaBHEHUE pe3ylbTaTOB pacyeTa ¢ HCIOJIb30BaHHEM IIpel-
JIaraeMoro Imoaxona ¥ Metoauku HaydHO-HCClIe10BaTEeNBCKOTO, IPOEKTHO-KOHCTPYKTOPCKOTO U TEXHOIOTHYECKOTO HHCTUTY-
ta 6etona (HUMNXKB) um. A.A. I'Bo3nesa.

KitoueBble c10Ba: METO/ KOHCYHBIX 3IEMEHTOB, MOHOJIUTHBIHN JKeI€300€TOHHBIN KapKac, peBapUTEIbHOE HAIPSDKEHHE, TPOCO-
Bas apMarypa
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Numerical Simulation of the Restoring Effect from Post-Stress
in the Slab of a Cast-in-Situ Reinforced Concrete Frame
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Abstract. A technique has been developed for finite element modeling of reinforcement of a cast-in-situ floor slab of a repeating
fragment of a cast-in-situ frame with pre-stressed cables without adhesion to concrete. The analysis of the stress-strain state of the
fragment, taking into account post-stress, is performed in linearly elastic setting. Three-dimensional plate and beam finite elements
of the ANSYS Mechanical computational software were used to assemble the studied frame structure. The proposed concept of
modeling the restoring force from a prestressed cable to concrete is based on the following sequence of steps: first, using truss and
combined finite elements of the ANSYS Mechanical software, the plane problem of determining vertical and horizontal reactions
caused by cable tension is solved, then spline interpolation of the obtained values of vertical reactions for setting the appropriate
nodal forces on the slab elements is performed. The numerical simulation of the resulting restoring effect from the post-stress
created in the floor slab is implemented using two-dimensional interpolation of the displacement distributions from the pre-stress
according to two specified schemes onto an auxiliary regular finite element grid with subsequent superposition. The calculation
results were compared using the proposed approach and methodology of the A.A. Gvozdev Scientific Research, Design and
Technological Institute of Concrete (NIIZHB).
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1. Beeaenue

Coznanmne NMOCTHANPSKEHUSI B MOHOJHUTHBIX K€J1€300€TOHHBIX KOHCTPYKLHUSAX C MOMOIIBIO TPOCOBOMH
apMmaTypsl 06e3 cremieHus ¢ 6eToHoM mupoko npumensercs B CLIA u crpanax Espocoroza' [1-3]. Ilpe-
UMYIIECTBOM JaHHOW TEXHOJIOTUH 10 CPABHEHUIO C MPEAHANPHKECHUEM, CO3/1aBaeMbIM B apMatype 10 Oe-
TOHUPOBAHUS, SIBISETCS BO3MOXKHOCTh €€ pealM3allui HEMOCPEICTBEHHO Ha CTPOUTENbHOU IJIOIIAJIKE,
a TakXe B MMOCTIOCTPOEYHBIX YCIOBUAX Ul YCHJICHHs HECYIUX KOHCTpYKUMH. B nanpheiimem Oyzaer pac-

' ACI Committee 318, Building code requirements for reinforced concrete (ACI 318-08), in: American Engineering and
Industrial Standards, American Standards Association, New York, NY, United States, 2008. https://etabsmate.ir/File/ACI%20318-
19%20(www.ETABSMATE.ir).pdf; BS EN, Eurocode 2: Design of Concrete Structures: Part 1-1: General Rules and Rules for
Buildings, British Standards Institution, 2004. https://regbar.com/wp-content/uploads/2019/09/bsen1992-1-1-2004Eurocode 2.pdf
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CMOTpPEH CHoco0 aKTUBHOTO MPEAHANPSIKEHUS Ha OETOH IMOCPEACTBOM TPOCOBOM apMaTypbl €3 CLeIUIeHHUs
¢ 6eTOHOM.

To4HOCTH KOHEYHO-3JIEMEHTHOTO MOJEINPOBaHUs 3((deKTa OT aKTUBHOTO MPETHANPSKEHHSI B MOHO-
JIMTHBIX OCTOHHBIX M JKEIe300€TOHHBIX KOHCTPYKLHUAX 3aBUCHT OT METOJHMKH OIPEIeIeHHUs] BEPTUKAIbHBIX
cul1, 00yCJIOBJICHHBIX HATSHKEHHUEM apMaTypbl. s onpeneneHnss COOTBETCTBYIOIIUX BEPTUKAJIBHBIX YCH-
i, GOopMHUPYIOIKX BOCCTAaHABIMBAIOIIUN (pa3rpyxaromuii) 3QpQeKT, Kak MpaBuiio, UCIOJIBb3YETCs YIpOo-
IIEHHBIH TOX0/I, OCHOBAHHBIN Ha COCTAaBIEHUN ypaBHeHuii paBHoBecus” [4—6]. [Ipu 5ToM ycuiue o6xKaTus
OT TpeTHATIPSIKEHUS (Ppr) B 3aBUCUMOCTH OT TPACKTOPHH apMUPOBAHUS YPABHOBEUINBAECTCS JIMOO cocpe-

JOTOYCHHBIMH cHiIaMu (P), 6o pactpeneneHHoit (q1,q ) Harpyskoi (puc. 1).

pr o -

~a —» \m qz quff/ ]
B AP Pt e, w w| b

Puc. 1. BepTukanbHbie CHITBI TIPU PA3IUIHBIX TPACKTOPHSIX aKTUBHOTO apMUPOBAHUS
W cTouHuk: Bemonneno J1.B. [TopraesbiM [6]

Figure 1. Vertical forces at different trajectories of active reinforcement
S ource: made by D.V. Portaev [6]

B HacTosmee Bpems B MIPakTHKE OTEYECTBEHHOTO MPOSKTUPOBAHUS JKUJIBIX U COIMAIBHBIX 3JJaHUH U3
MOHOJIMTHOTO JKeJ1e300€TOHa MTPUMEHSETCS TJIaBHBIM 00pa30M MHOTOATaKHAsh U MHOTOIIPOJICTHAS KapKac-
Has CXeMa, BKIIFOYAOIIas MOBTOPSIONINECST (PparMEeHThl U3 TTUT MEKITAKHBIX MEPEKPHITHH, KOJOHH U TTH-
noHOB. OTYacTH 3TO OOBSICHAETCS TEM, YTO JaHHAs pacueTHas cXxeMa B M3BECTHOM CTENeHW 00ecreunBaeT
(OKUBYYECTB» 3JIaHUS MPH TIOTEPE HECYIIeH CIOCOOHOCTH OJHOM WIJIM HECKOJIBKHX MOTIEPEYHBIX U MPOI0ITh-
HBIX CBSI3EH.

OnpeneneHHblid TPaKTUYECKUH HHTEPEC MPEACTABISET KOHIEIIIHS COUYETaHUsI OOBIYHOTO «(POHOBOTOY»
apMHUPOBAHMS U AKTUBHOTO MPEAHANPSHKCHUS B IDTUTAaX 0€30a7109HBIX MMEPEKPHITHH MOHOJIUTHOTO KapKaca B
HaIpaBJICHUSAX BJOJbL JIMHUA OPUCHTAIIMN KOJIOHH. B JaHHOM ciiydae TpaeKTOpHsl TPOCOBOW HaIpsiraeMou
apMaTypbl BJOJb KaXKJOTO HAMPABJICHUS B 30HaX MPUMBIKAHHs KOJIOHH K IJTUTE MMEET OruOaroluii Xxapak-
Tep (puc. 2).

Puc. 2. TpaekTopusi akTUBHOTO apMUPOBAHHUs BAOJIb JINHUM OPUEHTALIMU KOJOHH
W ctouuuk: semonneno 3.5.T. bpuc Pooun

Figure 2. The trajectory of the active reinforcement along the orientation line of the columns
S ource: made by Z.B.T. Bris Robin

@dparMeHT cXeMbI IPUBEICHUS YCUITHS IPEIHANIPSDKEHHS K SKBUBAJICHTHON paclpe/ielICHHON Harpy3Ke
JUTSI TUTUTHI TIEPEKPBITHS MOHOJIUTHOTO Kapkaca mokasaH Ha puc. 3 [9]. Kak Bunno u3 rpaduka (puc. 3), Ha
OTIOPHBIX Yy4YacTKaxX M MPOJICTHOM YacTH MEPEKPHITUS BO3HUKAIOT BEPTUKAIBHBIC YCUIIUS C Pa3HBIMU 3HAKa-
MU. QOpMyYIIBI TS OTIPE/ICTICHUSI MHTEHCUBHOCTH PAcCIIpe/IeIeHHBIX Harpy30K Ha Pa3JIMYHbIX Y4acTKaXx Iie-
PEKpBITUS Kapkaca UMeOT BUJ [9; 10]

2 KOHCTPYKIHUH XeNe300eTOHHbIE MOHOIUTHBIE ¢ HANPATaeMOH apMarypoil 6e3 cuemeHus ¢ 6etoHom. IpaBuia MpoeKTH-
poBanus. Meronnueckue ykazanus. Mocksa 2017. https:/files.stroyinf.ru/Data2/1/4293739/4293739403.pdf 10. CIT 52-102-2004.
IpenBapuTebHO HANPSKCHHBIE JKEIe300€TOHHBIC KOHCTPYKIIHH.
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P, f P, f P, f
_glpr/l, _olpr/2, _qlpr/3
| I I3

B atu popmynst ycunue P pr BXOIHT C Y4ETOM HOTEPE.

Touku neperunba Tpoca /
Cable bending points

Ocwu kononH / Column axes
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Puc. 3. Cxema npuI10xKEeHUs] BOCCTaHABIMBAIOIIEH HArPY3KU B IUIUTE IEPEKPHITUS

W cTo9HuK: BENOIHEHO N0: KOHCTpyKIMH jkenie300eTOHHBIe MOHOJIUTHBIE ¢ HAIIPATaeMOoil apMaTypoi
6e3 creruieHus ¢ 6ETOHOM : PaBUiIa IPOSKTHPOBAHMUSI | METOANYECKHE yKa3aHus. Mocksa, 2017.

Figure 3. Diagram of the application of the restoring load in the floor slab

S o ur c e: made by Cast-in-situ reinforced concrete structures with post-tensioned reinforcement.
Design rules. Methodological guidelines. Moscow, 2017.

B pa6otax [7-14] npuBeneHsl pe3yabTaThl KOHEYHO-3JIEMEHTHOTO MOJICIIMPOBAHUS HANPS)KEHHO-
ne(OPMUPOBAHHOTO COCTOSHUS HPEIBAPUTEIHHO HANPSHKEHHBIX KEJIe300€TOHHBIX KOHCTPYKIMN Oanod-
HOTO THIIA C YYETOM CIICTUICHUSI apMaTypsl U OeToHa. beToHHBI MacCHB OaIKU MOJETUPOBAIICS 00BEMHBI-
MU, a Hampsiraemasi apMarypa — CTep>KHEeBbIMH KoHeuHbIMH dnieMeHTamu (KD). B [12] ycuiue npeasapu-
TEJIBHOI'0 HANPSHKEHHUS NPHUKIAABIBATIOCH MYTEM 3aJaHUs HAadalbHOW SKBUBAJIEHTHOW TEMIIEpaTypHOM
nedopmanuu. AHaJOTHYHBIN MMOIX0/ peann3oBaH B [15], rie B kauecTBe 00BbEKTa MCCIIEOBAaHUS paccMar-
puBanach pedprcTas MOHOJMTHAS IUIMTA MEepeKphIThsi. B MoHorpaduu [6] ¢ MOMOIIBIO METO/1a KOHEUHBIX
AJIEMEHTOB pellieHa 3a/iada O mepepacnpeieieHul BHYTPEHHUX CHII B IJTUTE TEPEKPHITUS U MPHIIETarOIINX
KOJIOHHAX 32 CYEeT 00KaTHs M0 JIMHUAM aKTUBHOTO apMupoBaHus. Ciexyer OTMeTHTh, 4To B [6] u [17] pac-
YeThl BBINOJIHUIMCH B porpaMMHOM komruiekce SCAD ¢ ucnosib30BaHHEM JUIsl TUTUTHI MEPEKPHITHS I1J1a-
CTUHYATBHIX KOHEYHBIX 3JIeMEHTOB. Cpenu MpOrpaMMHBIX KOMIUIEKCOB, PEaTH3YyIOIINX METOJ] KOHEYHBIX
nepemMeInieHun, cienyer BbiennuTh komruiekc DIANA [16], KOTOpsIl MO3BOJIIET MOJEIUPOBATH JIITUTENb-
HO€ 1e(hOPMUPOBAHUE JKETE300€TOHHBIX KOHCTPYKIIHA.

AKTHBHOE apMHUPOBaHUE, KaK TEXHOJOTHUECKHIA MTPHEM, pealn3yeTcsl IyTeM IPUMEHEHHS TaK Ha3bIBa-
€MBIX MOHOCTPEHIIOB [ 1; 2; 6], T. €. CTATLHBIX TPOCOB, 3aKITFOUYEHHBIX B IITACTUKOBYIO 000JI0YKY. Mexmy Tpo-
COM M 00O0JIOUKOH MMEETCS TOHKUH CIIOH aHTHKOPPO3UOHHOW M aHTH(MPHUKIIMOHHON cMa3ku. MOHOCTpPEH/IBI,
Kak U (oHOBasi apMmarTypa, yKJIaJbIBalOTCS B ONMATyOKy Iepes 3aluBKON OeToHa 0 3apaHee pa3MedyeHHBIM
TPACKTOPHAM C YUETOM CaMoro HeOJarompusTHOTO clieHapus HarpyxeHwus. [locne Habopa 6eToHOM HE00-
XOJMMOM MPOYHOCTH C MOMOIIBI0 THAPABINYECKUX TOMKPATOB OCYIIECTBISIOT JBYXCTOpPOHHEE 0oOxaTue
KOHCTpYKUUH. [Ipu 3TOM B OaJlOUHBIX U IUIUTHBIX CUCTEMAaX Mociie o0xaTus nmosisisercs Boiruod [6]. B Ceo-
e mpaBuil, AeiicTByromeM Ha Tepputopuu PO, CHull 2.01.07-85*% (1. 10.19), npuBeseHbl HOPMAaTHBBI,
periIaMeHTHPYIOIIHe BEITHObI (Ta0. ).

3 CHull 2.01.07-85*. Harpysku u Bo3aeiicTsus. AKTyanusupoBaHHas pefakuus. Mocksa : OAO «1IIIII», 2011. 80 c.
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3Hauenus Boiruoos / Bend values

Jnuna snementa, M / Element length, m | 3 6 9 12

Briru6, mm / Bend, mm 15 25 35 40

W cTouHuk: BemonHeno no: CHull 2.01.07-85*/ CHulII 2.01.07-85*. Harpy3ku 1 BO3JeUCTBUSI.
AxrtyanusupoBaHHas pegakius. Mocksa : OAO «UIIIT», 2011. 80 c.
S ource: made by SNiP 2.01.07-85* Loads and actions. Updated version. Moscow : JSC “TSPP”, 2011.

Bwmecre ¢ Tem, kak otmedaercs B [19], BcaencTBue nedopMaiiii moj3y4ecTd O€TOHA BEITMIMHA BBITH-
0a co BpeMeHeM MOXET CYIIECTBEHHO MPEB30MTH MEPBOHAYATBHYIO BETHUNHY.

B kauectBe 0ob6vexma nacmoswezo uccre0oganus paCCMOTPEH MOBTOPSAIOLINICS (HParMeHT MOHOJIMT-
HOTO XeNe300€TOHHOT0 KapKaca ¢ IpeAHANPSHKCHUEM TUTUTH IEPEKPHITHS, CO3IaHHBIM C TIOMOIIIBIO TPOCO-
BOI apmarypsl 0e3 crerieHus ¢ 6eToHOM. [[ens uccredosanus — pa3paboTKa B paMKax JIMHEHHON Teopuu
YOPYTOCTH METOJIMKU KOHEYHO-3JIEMEHTHOTO MOJIETIMPOBAHUS BOCCTAHABIMBAOILEro 3(pdekra B ruiuTe nepe-
KPBITHS C YIETOM CXEMBI M KPUBOJMHEHHON TPAeKTOPHH PACKIAIKH TPOCOBOM apMaTypsl. B 3adauu uccre-
006aHUs BXOJUJIO: HA KOHKPETHOM YHMCIOBOM MPUMEPE ONPENEIUTh IS 3aJaHHBIX HAIllPaBJICHUI U CXeM
AKTUBHOTO apMHUPOBAaHUS yCWIIMS OT HATSHKEHHUS Tpoca B y3Jax JBYX HEperyJSIPHBIX KOHEUHO-3JIEMEHTHBIX
CETOK; OCYIIIECTBUTh KOHBEPTAIUIO U YIOPSI0YMBAHNUE PE3YJIHTATOB PACUETOB TOJIEH MepeMeIIeHni, oy-
YEHHBIX Ha HEPAaBHOMEPHBIX CETKaX; BBIIOJIHUTE CYNEPHO3UIMIO NOJIEH epEMEIIEHUH ¢ IIOMOILBIO MPOolLie-
Jlypbl IBOMHON MHTEPHOJSALNN HA PABHOMEPHOH CETKE.

2. MeToa ucciaexoBaHus

@®parMeHT MOHOJUTHOIO MHOTOMPOJIETHOTO KapKaca, MPUHATHIM B KayecTBe 00ObEKTa HCCIEA0BaHUS,
nokasaH Ha puc. 4. PaccmoTpena 3aga4ya 00 orpenesieHuH Harpy3KH, IepeiaBaeMoil Ha TUIUTY MEePEKPBITUS
OT THOKOTO MPEIBAPUTEIHLHO PACTIHYTOTO TPoca, 3aUKCUPOBAHHOTO B COOTBETCTBUH C 33JJaHHOM TpaeK-
Topuel apmuposanus [18; 19].

Py .
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Puc. 4. Cxema pparmeHra Kkapkaca ¢ NepeKpbITHEM U [IPUIETAONMMU KOJIOHHAMHU
W ¢ To9HHK: BENOIHEHO 10: KOHCTpYKIMH skene300eTOHHbIE MOHOIUTHEIE ¢ HAIIPATaeMOil apMaTypoi
6e3 creruieHus ¢ 6ETOHOM : PaBUiIa IPOSKTHPOBAHMUSI | METOANYECKHE yKa3aHus. Mocksa, 2017.

Figure 4. Diagram of a fragment of a frame with a slab adjacent columns
S o ur ¢ e: made by Cast-in-situ reinforced concrete structures with post-tensioned reinforcement.
Design rules. Methodological guidelines. Moscow, 2017.
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[ToBTOpstonuecs: GpparMeHTHl CXeM pacKiIaJlkh aKTUBHOH (IIpemHanpspKeHHOM) TPOCOBOM apMaTyphl
BJI0J1h IU(POBBIX U OYKBEHHBIX OCeil MpuBeeHbI Ha puc. 5. Ha puc. 6 n300paxeHa TpaeKTOPHsI paCKIAIKH
aKTUBHOM apMatypsl BJ0JIb LU(POBOH ocu (B IMpaBoi 4acTu puc. 6 pa3Mepsl yKa3aHbl B MeTpax). Tak ke
KaK U B MeTOAMYECKUX YKa3aHMsX', MOJAraioch, 4To I NPEJHANPSKEHUS MPUMEHSETCS TPOC C HOMH-
HaIbLHBIM AuaMeTpoM 12,9 MM M miomiajgsio momepeunoro cedenus 0,1307x10°m?. Moayns ympyroctu

tpoca Ey = 1,95x10° MITa. Y cuiue IpeaBapuTeIbHOr0 HATSKEHUS TPoca Pp, =105,6 xH.
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Puc. 5. ®parMeHTHI CXeM pacK/IaJKi aKTUBHOW apMaTypsl
B HalpaBJIeHHH IIU(PPOBBIX 1 OYKBEHHBIX OCeH

W ¢ To9HuK: BENOIHEHO 10: KOHCTpYKIMH jkenie300eTOHHBIE MOHOJIUTHBIE ¢ HAIIPATaeMoil apMaTypoi
6e3 creruieHus ¢ 6ETOHOM : PaBUiIa POSKTHPOBAHMUSI | METOANYECKHE yKa3aHus. Mocksa, 2017.
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Figure 5. Fragments of the layout schemes of active fittings
in the direction of the numeric and letter axes

S our c e: made by Cast-in-situ reinforced concrete structures with post-tensioned reinforcement.
Design rules. Methodological guidelines. Moscow, 2017.
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Puc. 6. Tpaekropus akTUBHOI apMaTypsl B HallpaBieHuu ocelt 1, 2, 3, 4
W ¢ To04HHK: BEIIOJIHEHO TIO: KOHCprKIII/II/I JK€J1€300€TOHHBIE MOHOJIUTHBIE C HaHpSH‘aCMOf/'I apMaTypoi?I
0e3 clerieHUs ¢ OETOHOM : IpaBHJIa POSKTUPOBAHUS | METOIMUECKUE yKa3aHus. Mocksa, 2017.

Figure 6. Trajectory of the active reinforcement in the direction of axes 1, 2, 3, 4
S our c e: made by Cast-in-situ reinforced concrete structures with post-tensioned reinforcement.
Design rules. Methodological guidelines. Moscow, 2017.

PacuerHast KOHEUHO-3JIEMEHTHAsI MOJIeNb (pparMeHTa MpeTHANPsHKEHHOTO0 MOHOCTPEH/I, TOKa3aHHas
Ha puc. 7, oopazoBana u3 pepmennnix (LINK188) u komObunuposannsix (COMBIN14) K3 nporpammuoro
xomiiekca ANSYS Mechanical’. Ha ocHoBaHHH ()eHOMEHOJIOIHYECKOTO MOAX0/a MPHHUMAJIUCH CIIETyIO-

1IHMe 3HAYEHHS JKECTKOCTEl KoMOuuupoBannbix KD: k . = 1x10° H/m; k y =3x10 10 H/m [18]. 3nech Benmu-

yuHa k y rnojarajiach SKBUBAJICHTHOU MOAYJIIO YIIPpYTroCTU Oecrtona. 3HauyeHue kx aripuopu COOTBETCTBOBA-

4 KoHCTpyKIMM %Kee300€ TOHHBIE MOHOIMTHBIE C HANPATaeMOil apMaTypoii 6€3 CLEMIeH s ¢ GETOHOM : IpaBUIa NPOEKTH-
poBaHwUsI : MEeTOIMYECKHe ykazanus. Mocksa, 2017.

> ANSYS Inc. Theory Reference for the Mechanical APDL. URL: https://www.mm.bme.hu/~gyebro/files/ans_help v182/
ans_thry/ans_thry.html (accessed: 20.04.2025).
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JIO CUJIC TPCHUA, O6y0J’IOBJ’ICHHOI71 HaTsHKCHUEM MOHOCTPEHA. HOJ’I&F&J’IOCB, YTO 3HAYCHHA BOCCTaHABJIIMBa-
IOIHUX CUJI YHUCJICHHO paBHbI COOTBCTCTBYIOUIIUM PCAKIUAM KOM6I/IHI/Ip0BaHHBIX KD ¢ 06paTHBIM 3HAKOM,

T.e. I} =—ry(xl~). Pesynbrartel MOAenupoBaHUs Al aKTUBHOTO apMUPOBaHUS BIOJb HH(PPOBOW OCH

(cM. puc. 4) B BUJE 3IIOP peakiuil »

YeT peakuuil r

y M ¥y TIPENCTaBJICHBI HA PUC. 8 1 9. AHaIOrMYHO BBINIOJIHSICS Pac-

% u r, g TpoCa, YI0XKECHHOI'O BAOJIb 6yKBeHHOI/I OCH.

S 4

Puc. 7. Mozgens MoHOCTpEHIA
W ¢ 1t ouHnuk: BemonHero [LI1. NaiixkypoBbiM u nip. [18]

Figure 7. Monostrand model
S o urce: made by P.P. Gayzhurov et al. [18]

r,,H/N
y 9
-3555.75
| Y
B o033
7 X [ R
4 2 313,085
— BN 250.29
L 2247.5
L 321471
1 s181.92
B 5.3
Puc. 8. Dmropa peakuuii 7y
W ctouH uk: BeimonaHeno H.A. CaBenbeBoii
Figure 8. Diagram of reaction ry
S ource: made by N.A. Savelyeva
ry,H/N
~47.9585
Bl 55 3011
7 B 566436
[ 3 O _15.9862
B0 _5.32873
Bl 5 32873
1 15,0862
L1 26.6436
1 37.3011
B 7 o535
Puc. 9. Dmropa peakuuii 7«
W c o 4w u k: Bemoareno H.A. CaBenbeBoit
Figure 9. Diagram of reaction r»
S ource: made by N.A. Savelyeva
I'paduky CruIaiiH-MHTEPIOIALMY 3HAUYSHUH BOCCTaHaBIMBaronmx cuin £, 5, ..., F;, nepenaBaemoit

Ha MJIUTY MEePEeKPHITUS ISl pacCMAaTPUBAEMbIX CXeM aKTHBHOT'O apMUPOBAHUS, MIPEACTaBICHBI Ha puc. 10.
C moMoIIbI0 MOJTyYeHHBIX CIUTAHOB 3a/laBaiach BHEIIHSS Harpy3ka Ha mepekpbiTHe. Ha stux rpadukax
oCH X ¥ Y COOTBETCTBYIOT HAIIPABJICHHUSIM apMHUPOBaHUS BlI0Jb ocet 1-2-3-4 u A-b-B-T'-]1.
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Puc. 10. I'paduk crimaliH-MHTEPHOISIIIMK BOCCTAHABIMBAIOIICH CHJIBI:

a — apMHUpOBaHUE BIOJb NU(POBON OCH; 6 — apMUPOBAHUE BJIOJIHL OYKBEHHOM OCH
M ¢ 1 o4 nuk: BemonHeno [1I1. NaitaxypoBbiM

Figure 10. Graph of the spline interpolation of the restoring force:
a — reinforcement along the numeric axis; 6 — reinforcement along the letter axis
S our ce: made by P.P. Gaydzhurov

B ,[[aJ'IBHefIU.IeM C IIOMOIIBIO BBHITIOJIHEHHON CIIaMHOBOM HUHTCPIOJAIHNU ONPCACIIAINC, 3HAYCHUA E

B y3JIaX KOHCYHO-3JICMCHTHBIX CCTOK IUIUTBI MCPECKPBITUA, IIOCTPOCHHBLIX AJIA paCCMAaTpUBACMBIX CXCM aK-
TUBHOI'O apMHUPOBAHUL.

3. Pe3yabTaThl M 06CyKIeHHE

HeperynspHble KOHEUHO-3JIEMEHTHBIE CETKH, NpeIHa3HauYCHHbIE I MOJEIUPOBAHMS BBHITMOA IJIUTHI
MIEPEKPHITHI, 00YCIOBICHHOTO MPEIBAPUTEIHLHBIM HaNPsHKEHUEM BIONb ocelt 1-2-3-4 u A-B-B-I'-/1, moka-
3aHbl Ha puc. 11. 3nech qucKpeTH3anys BBINOJIHEHA C yYE€TOM CTYyILEHHs] aKTUBHOTO apMUPOBaHUsSI BJIOJIb
JIMHUM COTPSKEHUS IUTUTHI IEPEKPBITHS M KOJIOHH. OTMETHM, YTO 00€ CETKH IOCTPOEHBI B «O0IIeH» cucreme
KOOpJMHAT.

KapTtunsl pacnpeneneHus BOCCTaHABIMBAIOIIEH CHIIBI BIOJIb OCH Y B y3JaX HEPEryJSPHBIX CETOK
(puc. 11) npuBenens! Ha puc. 12. OT™MeTuM, 4TO JAaHHAs Harpy3Ka MPUKIAJbIBaeTCs K IUIUTE MEePEKPhITHS
BJI0JIb KaK10T'0 MOHOCTPEHIA.

Puc. 11. KoHeuHO-271€MEHTHBIE CETKH:
a — apMUpPOBaHUE BJIOJb HU(PPOBON OCH; 6 — apMUPOBAHUE BJIOJIb OYKBEHHOH OCH
M ¢ 1 ounuk: BeimonHeno [1I1. NaitaxypoBbiM

Figure 11. Finite element grids:
a — reinforcement along the numeric axis; 6 — reinforcement along the letter axis
S our ce: made by P.P. Gaydzhurov
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Puc. 12. Dmropsl BOCCTaHABIMBAIOLIEH CHUIIBL:
a — apMUpOBaHHUE BIOJb HU(POBON OCH; 6 — apMUPOBAHUE BJIOJIb OYKBEHHOH OCH
U ctounuk: BemonHeno H.A. CasenbeBoii, 3.5.T. bpuc Pooun

Figure 12. Diagrams of restoring force:
a — reinforcement along the numeric axis; 6 — reinforcement along the letter axis
S ource: made by N.A. Savelyeva, Z.B.T. Bris Robin

anyanmaunﬂ KapTHUH pacrpCaciICHus moJiei nepeMeneHusa U ,, aCCOUUPYEMBIX C BBITHOOM nepe-

KPBITHSI, OT JICUCTBHUSI BOCCTAHABIIMBAIONICH CHIIBI B HamnpaBiieHnu oced 1-2-3-4 u A-b-B-I'-]] o npennara-
emoit metonuke u metoguke HUMKD npuBenensr coorBeTcTBEHHO HA puc. 13 u 14.

Uy ,M/m U, ,M/m
-.812E-03 -.809E-03
Bl _ 55503 Bl 7503
B 5ee-03 B 5ig-04
0 790E-03 0 3678-03
B2 oo132¢ B3 7s8£-03
EE 01858 00115
CI 002392 C oo1s42
L .002926 C 1 001934
0 00346 0 go2325
a B 03004 6 B 02717
Puc. 13. Pacnpesnenenue mosus u; ot NpeAHANPSHKEHUS BJIOJIb LU(PPOBOH OCH:
a — 1o TpeaIaraeMoi meroauke; 6 — o metoauke HUMXKb
U ctouuuk: Bemonnero H.A. Casenbeoit, 3.5.T. Bpuc Pooun
Figure 13. Distribution of u; from the pre-stress along the numeric axis:
a — according to the proposed methodology, 6 — according to the NIIZHB methodology
S ource: made by N.A. Savelyeva, Z.B.T. Bris Robin
U,,M/m U, ,M/m
~.428E-03 -.001682
o 03 Bl _ 013906
Bl 55004 B _ 01111
0 274803 B0 _ 5265-03
0 50803 B8 _ 540E-03
EE 7428 03 B _ 555503
C  .a7eE-03 0 . 308E-04
L1 0121 L1 316E-03
C o044 B2 602r-03
a Bl 01678 6 Bl 5575-03

Puc. 14. PacnipenesneHue nosus u; OT NpeAHANPSHKCHUS BIOJb OYKBEHHOM OCH:
a — 10 npeaigaraeMoi Mmeroauke; 6 — o meroauke HUMXKb
M cTouHuk: Bemonneno H.A. CagenbeBoit, 3.5.T. bpuc Pooun

Figure 14. Distribution of u; from the pre-stress along the letter axis:
a — according to the proposed methodology; 6 — according to the NIIZHB methodology
S ource: made by N.A. Savelyeva, Z.B.T. Bris Robin

Busyanuzanusi MoAenMpoBaHUsl BOCCTaHABIMBAIOIIETO 3(dekra B miauTe NEpeKphITUS MO METOAMKE
HWWXDba npusenena Ha puc. 15. OtmeTnM, 4To B OT/IM4ME OT npeanaraeMoil cxemsl B noaxoae HUMKba
yCHINE NPEAHANPSKEHNS IIPUKIIAABIBAETCS K OTJENbHBIM Y4aCTKaM IEPEKPBITHS B BHJIE PABHOMEPHO pac-
IPECICHHON HAIPY3KH.
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g, H/M* N/m?

54070
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Puc. 15. Buzyanuzanus Harpy>keHus IiuTsl nepekprrtus no meronuke HUMXbB
W c 1o 4Huk: Bemonneno 3.5.T. Bpuc Pooun

Figure 15. Visualization of the loading of the floor slab using the NIIZHB method
Source: made by Z.B.T. Brice Robin

)4 & MOJY4YCHHBIX JAaHHBIX YCTaHABJIMBAE€M, YTO MaKCUMAaJIbHBIE 3HAYCHUA U , IJIA CXEM «aKTUBHOTO»

apMupoBaHus BIOJb ocei 1-2-3-4 u A-b-B-I'-J[, BeiuucieHHBIe MO MpejiaraeMoil METOJHMKE, COOTBET-
cTtBeHHO B 1,5 u 1,9 pasza Gonbinie, ueM 3HadeHus BoirnOa mo meroauke HUMKba. Tlpu sTom moms nepe-

MeIleHnH U , Ha puc. 13 u 14 kadecTBEHHO COBIAAOT.

Jlis cyneprno3suuuy nepeMeieHuii U ,, IpeAcTaBleHHbIX Ha puc. 13, a, u puc. 14, a, BBoguiach pery-

JIIpHasi KOHEYHO-3JIEMEHTHAs CETKa MEPEKPBITUS ¢ maroM BAoJib oceil X u Y, paBHbM 0,35 M. J[BymepHas
UHTEPIOJIALUSA MOJIEN U , HA PABHOMEPHON CETKE BBINOJIHAIACH B CIEYIOLIEH OCIEI0BATEIBHOCTH.

® Bpiensinch y3ibl Ha ceTke (cM. puc. 11, 6), mpuHaaniexaniie nepekpoIThHio, ¢ KoopauHaTamu x = ()
u y = 0. BRINOIHATIOCH YIOPSII0YMBAHKE BBIJICTICHHBIX Y3JI0B B IOPSAKE BO3pACTaHUS KOOPJIUHAT X U ).

u CDOpMPIpOBaJ'ICH MacCCHB HepeMCH_ICHI/Iﬁ u,, COOTBGTCTBYIOH_[I/Iﬁ ynOpHHO‘ICHHOﬁ IoCJacaA0BaTCIbHO-

CTH y3JI0B HEPABHOMEPHOH CETKHU.
® BplIeasnuch U yIOpsSA0YMBAIKNCh y3IIbl PABHOMEPHON ceTkU. Ha OCHOBaHMHU MOIy4YEHHBIX JaH-
HBIX BBINOJHAJIACH JABYMEpPHAs MHTEPHOJALUS JUIsl CXEM aKTHUBHOIO apMUpPOBAHMS BAOJIb oced 1-2-3-4

u A-Bb-B-T'-/I. Buzyanun3zanus nosyuyeHHbIX TAKMM 00pa3oM KapTHH U , MpejcTaBlieHa Ha puc. 16.

g peanuzanuu mporecca MHTEPHOJSINKA MPUMEHsUIach GYyHKIUS interp2 U3 MaTeMaTU4ecKor Omo-
JUOTEKH CHUCTEMbI KOMIIbIOTEpHOTO MOoenupoBanuss MATLAB [20]. JlanHas GpyHKIHS TO3BOJIWIIA BBITIOJI-

HUTb KBaAPATHUYHYIO HHTCPIOJIAIWIO AAHHBIX, 3aJaHHBIX TaONMYHBEIM CIIOCOOOM | X i,yi,{u Z} .. JJIA
by

i=lL..,n,uj=1...,n y- IIpu ucnons3oBaHu interp2 KBaJpaTUUYHBIN CIUIAMH ¢ CTPOMJICS IO LIECTH
toukaMm. [lepas — 910 Gmmkaiimias K (X;,);) TOYKa, OCTAIbHBIE IATH — 3TO TOYKH (X, ) j) , (X1, j) ,

(x;,y jil)~ OyHKuus inferp2 TO3BOJMIA ONpPEIENUTh 3HAYCHHUs KBaAPATUYHOTO ciulaiiHa ¢ (X;,);) Ha

YIOPSAOOYEHHON MPSIMOYTOIBHOM CETKE.

Hannsie Ha puc. 13, a, u puc. 14, a, npakTUYECKHU COBMAAAIOT C COOTBETCTBYIOUIMMH JaHHBIMH Ha
puc. 15, a, 6.

Jlis cynepno3uuuu mnojaeu U ,, NpUBEAEHHBIX Ha puc. 16, a, u puc. 16, 6, BBINOIHIOCH IPUBEICHUE

MOJIyYEHHBIX Pe3yJbTaToB K o0ImuM ocsiM. Cxema 0a30BOi OpueHTAIMK oceil nepekpbIThs X U Y mokaszaHa
Ha puc. 17. ®opMyIsl Jyisl TPUBEACHUS PE3YIBTATOB K 0CSIM X U ¥ UMEIOT BUJT

x=y-A; y=xX+A,, tie A, =11,6 m; A} =11,35m.
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BO00EEOEN

U,, M/ m

-.812E-03

-.278E-03
.256E-03
.790E-03
.001323
.001857
.002391
.002925
.003458
.003992

U,, M/ m

-.419E-03
-.189E-03
.412E-04
.271E-03
.501E-03
.731E-03
.961E-03
.001191
.001421
.00165

| [RMNANN] |

Puc. 16. Busyanuzanus KapTuH paclpeeleHnus U;, IOTYICHHbBIX 0CTe IBYyMEPHON NHTEPIIOSIINN:
a — apMHUpOBaHUE BJIOJb HU(PPOBOH OCH; 6 — apMUPOBAHUE BJI0JIb OYKBEHHOH OcH
M ¢ 1 o4 nuk: BeimonHeno [1I1. NaitaxypoBbiM

Figure 16. Visualization of u; distribution patterns obtained after two-dimensional interpolation:
a — reinforcement along the numeric axis; 6 — reinforcement along the letter axis

i_ﬁf!

A | x

Puc. 17. Cxema 6a30Boit OpueHTAIIH

oceil X u Y miuTel nepeKphITUs

W c1ounuk: semonseno ILIL. T'aitxypoBeiM

Figure 17. Diagram of the basic orientation

of the X and Y axes of the floor slab
S o urce: made by P.P. Gaydzhurov

Puc. 18. PesynpTupyromas kapTHHA U; OT IPETHATPSIKEHISI

M c o4 uk: BemoiHeno H.A. CaBenbeBoit

Figure 18. The resulting u; pattern from prestress
S ource: made by N.A. Savelyeva
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S our c e: made by P.P. Gaydzhurov

Buzyanuzaius kapTHH pachupeeieHus] pe3yJibTH-
pYIOLIETo BbIrMOa IUINTHI MEPEKPBITUS HA PAaBHOMEPHOM
CETKE OT MPETHANPSDKEHHSI TI0 IBYM HAIIPABIICHUSM TIPH-
BeJieHa Ha puc. 18.

Ha puc. 19 npencrasieno none U, OT mpegHanps-

KEHHsI U COOCTBEHHOro Beca (hparmMeHTta Kapkaca. Ilpum
9TOM MOJIarajoch, YTO TPABUTAIIOHHAS COCTABIISIOIIAS
J00aBIISETCS TTOCIIE PACTIATYOKH TUTUTHI TIEPEKPBITHSL.

AHanu3upysl pacrpeneneHue nois U, Ha puc. 18,

yCTaHABJIMBAEM, YTO NpPU 33JaHHOM BEIMYMHE YCHIIUS
NpEIBapPUTEILHOTO HATS)KEHUs KaHAaTa MaKCHUMallbHBIN
BBITMO B IUIMTE NEpeKkpbiTusi cocrasisger 4,7 mm. U3
puc. 19 crenyer, 4To ydeT cOOCTBEHHOTO Beca MPHUBO-
JUT K CYIIECTBEHHOMY IepepacnpeieIeHHI0 HauaIbHO-

ro 1mons U ,.

U,,m/m U,, M/ m
—.496E-03 —.427E-03
Bl 55504 5o (3
Bl 53503 B 154503
EH  oo1228 B 4s0z-03
EE 501802 7958503
B 002377 EE .o01101
CJ 002952 T .o01406
L1 003526 L .po1712
1 oos101 T poz01s
B 04675 B 05503

Puc. 19. Kaptuna u; ot npegHanpsokeHus
1 coOCTBEHHOTO Beca hparMeHTa Kapkaca
W c1ouHuk: BeinonHeno H.A. CaBenbeBoii
Figure 19. u; pattern from the prestress
and dead weight of the frame fragment
S ource: made by N.A. Savelyeva
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4. 3axkjirouenue

1. PazpaGorana MeToaMKa YMCICHHOTO MOJEIMPOBaHUS BOCCTaHABIMBAloIIero 3pdekra B mmre me-
PEKPBITHSI MHOTOIPOJIETHOTO KapKaca B ClIydae, KOIja BBITMO IUTMTBHI 00YCIIOBJIEH NPEABAapUTENIbHBIM HaTs-
KEHHEM TPOCOBOM apMaTyphl B IByX B3aUMHO HNEPIEHAUKYJISAPHBIX HANPaBICHUSIX BOJIb JMHUN OpUEHTa-
LIUH KOJIOHH.

2. BBINOTHEHHOE KOHEYHO-JIEMEHTHOE MOJAEIMPOBAHUE [10KA3aJ10, YTO MAaKCUMAJIbHOE 3HAUCHUE BbI-
ruba IUTUTHI MEPEKPBITUS, ONPEAETIEHHOE ¢ MCIIONb30BaHUEM IpeIaraéMoil METOUKH, MPEBbIIIAET BEIH-
YUHY BBITMOA, BBIYUCIIEHHYIO [0 YIPOLIEHHON METOJMKE HayYHO-UCCIIEI0BATENbCKOTO, IPOEKTHO-KOHCTPYK-
TOPCKOTO U TexHojorunueckoro nHcrutryta 6erona (HUMXKDB) um. A.A. I'Bo3aeBa, 6a3upyromieiics Ha KOH-
LENIUKY NPUBEJCHUS YCUINN NpeJHANpsKeHUS OT OTJEIbHBIX TPOCOB K AKBHBAJICHTHOM pacnpeesleHHON
Harpyske.

3. Ilpenanaraemass METOMKa MO3BOJISIET HA CTaJUU NPOEKTHPOBAHUS KAYECTBEHHO M KOJIMYECTBEHHO
OLICHUTb, HACKOJIBKO MPEIHANPSIKEHUE, CO31aBaeMOe B OECKANUTENbHBIX U O3pUTeNIbHBIX TUIUTAX MePeKphl-
TUI MHOTO3Ta’KHOTO U MHOTOIIPOJIETHOTO KapKaca 3/1aHHsl, KOMIIEHCUPYET 3KCIUTyaTallHOHHYIO Harpys3Ky.
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AHHOTanus. BBUy MMPOKOro NpUMEHEHUs B MH)KEHEPHOH MPAKTUKE KOHCTPYKIMH U3 KOMIIO3UTHBIX MaTEpUANIOB aKTyaJabHOU
3ajiaueit ABIsIETCA HCCleoBaHIe X HANPSHKEHHO-1e(QOPMUPOBAHHOTO COCTOSTHUS NP JSHCTBUM Pa3UYHBIX Harpy3ok. Paccmar-
puBamach CBOOOJHO omepras IO YeTHIPEM CTOPOHAM OPTOTPOIHAS IPSAMOYTONbHAS IUIACTHHKA. llcciemoBanoch HAaNpsKEHHO-
J1ehOpMHPOBAHHOE COCTOSHHE TIIACTHHKU MOJ AeHCTBHEM HOPMAIbHO HMPHIOKEHHONW HAarpy3ku. s MOTydeHHs pa3pelIaromero
¢ GepeHIHaTEHOTO YPaBHEHUS UCIIONB30BaJIOCh ONEpallnOHHOE MCUHCIICHUE, CBA3aHHOE ¢ mpeobpasoBanueM Jlamraca. Ilomy-
YeHbl B OOIEM BHUJE aHAIUTHUYECKHE BBIPAXKCHHUS, KOTOPBIE MO3BOJSLIOT ONPENENATh HAMPIXKEHHO-Ie()OPMUPOBAHHOE COCTOS-
HHUE B OPTOTPOIIHOM IUIACTUHKE IIPH PAa3HBIX T€OMETPUYECKUX NapaMeTpax IJIACTHHKH, IPU PasHBIX YIPYIHX XapaKTEPHCTHKAX
MaTepuasna IIaCTUHKU U TPH PasHBIX pa3Mepax IUIOMIaAKU Harpy:keHus. Vcrons3ys BeIBeJCHHbIE 0OIIHE aHAIUTHYECKHE BHIPa-
JKEHHSI, MOXKHO HOJTYyYUTh Pa3IMYHBIE YACTHBIE PELICHUA: IPU A€HCTBUU HArpy3KH, HOPMAJIbHO IPUIIOKEHHOM 110 BCEH MOBEPXHO-
CTH IUIACTHHKH, IIPH JEHCTBHH JIOKAJIBHBIX U COCPEAOTOYEHHBIX HATPY30K. B KauecTBe TECTOBOM 3aJau MPECTAaBIEHBI PE3YJlb-
TaThl PACUYETOB OPTOTPOIHOM IUIACTMHKYU M3 YIIIEMIACTHKA IPH AEHCTBUU HArpy3KH, PaBHOMEPHO PACIpPEIEIECHHON 0 BCEH
MOBEPXHOCTHU IIACTUHKHU.
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Abstract. Abstract. In view of the wide application of composite structures in engineering practice, an important task is to study
their stress-strain state under the action of various loads. An orthotropic rectangular plate simply supported on four sides was
considered. The stress-strain state of the plate under the action of a normally applied load was investigated. General analytical
expressions are obtained that allow determining the stress-strain state in an orthotropic plate for different geometric parameters of
the plate, for different elastic characteristics of the plate material and for different dimensions of the loading area. Using the
derived general analytical expressions, various particular solutions can be obtained: under the action of a normal load applied over
the entire surface of the plate, under the action of local and concentrated loads. The results of calculations of an orthotropic carbon
fiber plate under the action of a uniformly distributed load applied over the entire surface of the plate are presented as a test
problem. To obtain the resolving differential equation, operational calculus associated with the Laplace transform was used.
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1. Beeaenue

[IpsimoyrosbHbIE MAHENH MUPOKO MPUMEHSIOTCS B KOHCTPYKLUSAX PA3JIMYHOrO Ha3HadyeHus. B rpax-
JAHCKOM M IIPOMBIIIJIEHHOM CTPOUTENIBCTBE, B aBHa-, Cyl0-, aBTOMOOUJIECTPOEHUH YacTO HCIIOJIb3YIOT
HaHEeI, U3TOTOBJICHHBIE U3 KOMIIO3UIIMOHHBIX MAaTepuaoB. JJaHHbIE MaTepuallbl IPUIAOT IIEMEHTAM KOH-
CTPYKUUHU OOJIBIIYIO MPOYHOCTh IPHU MEHBIIEM BECE€ 10 CPAaBHEHHUIO C TPAJUIMOHHBIMH MaTepHajlaMu.
[Tanenu U3 KOMIIO3UILMOHHBIX MarepualioB B OOILEM CIIydae sBJISIOTCS aHM30TPOIHbIMU. OIHAKO Ha MpaK-
TUKE 4aCTO UX M3TOTaBJIMBAIOT U3 OPTOTPOIHOIO MaTepHaa, JIisl KOTOpPOro XapaKTepHO pa3indyKe yIpyrux
CBOMCTB MaTepuaia BAOJIb TPEX B3aMMHO IEPIEHANKYIIIPHBIX HAIIPABICHUAX.

B ocHOBy pacuera JaHHBIX KOHCTPYKUWU MOJOKEHBI OCHOBHBIE MOJIOXKEHUSI TEOPUU TOHKOM YIIPYTou
IUIACTUHKH. MaTeMaTHueCcKoi MOJeNbI0 IMIIACTHHOK U3 OPTOTPOIHOIO Marepuala sBiseTcs OurapMoHnde-
CKO€ YpaBHEHHE Ul UX Iporuda. 3aiaB oNpeesIeHHbIN BUJ 3aKPEIUICHUsS] KpaeB IUIaCTUHBI U BUJ| Harpy-
JKEHUs1, ONpeIeNIAIoT 3HaueHue nporuda. Vcnomnb3ys HailleHHOe 3HaueHHe Iporuda, MOXHO JIETKO OIpese-
JUTh BCE KOMIIOHEHTHI HAPSKEHHOTO COCTOSIHUS: N3THOA0Ie MOMEHTHI U NI€PEPEe3bIBAOIINE CUIIBL.

B Hacrosiee BpeMsi TEOPETUYECKOMY UCCIIEAOBAaHUIO0 OPTOTPOIHBIX IUIACTUH MOCBSILEHbI MHOTHE Pa-
6otel [1-19]. Jlns pemienus 3aaad u3ruba OpTOTPOMHBIX MPSMOYTOJIBHBIX IUIACTHH ABTOPBI HCHONB3YIOT
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pas3INYHbIe METOABI: METO/bl MHTETPAIBHBIX TPeoOpa30BaHMii, BapHUaIlMOHHBIE METObI, MeTo] KanTopoBu-
4a, METOJ] COOCTBEHHBIX (DYHKIIHHA U T.1.

B pabote [1] 3amaua m3ruba OpTOTPOMHON 3alIEMIIEHHOW MO BCEM CTOPOHAM IUIACTHHKHU PEIIaeTcs
pacupeHHbIM MeToioM KantopoBuua, a B pabote [2] UCONb3YyeTCsl CUMILIEKTUYECKUI METO/.

Merto/ HauanbHBIX (PYHKIMIA HCTIONB3YeTCs B CTaThe [3] AJs MCClIeI0BaHUS TIOBEICHUS OPTOTPOITHOM
IUTACTUHBI, HAXOJAIIEHCs MO/ AEHCTBUEM HOPMAJIbHOM paBHOMEPHO paclpeelieHHOM MO €€ MOBEPXHOCTH
Harpys3kKHu.

B pabore [4] pemienne n3rnba opTOTPONHON TUIACTUHBI IPEACTABICHO B BHJIE Psijia 0 COOCTBEHHBIM
¢byHnkimsam oneparopa ['amunbrona. CHavyana ypaBHEHHs OPTOTPOITHON MPSAMOYTOJILHOW TOHKOM IIaCTHHBI
npeoOpasyloT B raMHJIBTOHOBY CHUCTEMY, @ COOTBETCTBYIOIIMN raMHJIBTOHOB OIEparop OECKOHEYHOM pa3-
MEpPHOCTH IOJIy4aroT C MOMOIIbI0 METO/Ia pa3eIeHUs IEPEMEHHBIX. 3aT€M BBIUUCIIAIOT COOCTBEHHBIE 3Ha-
YEeHHUSI ¥ COOTBETCTBYIOLINE COOCTBEHHBIE (DYHKIIMH raMHUIBTOHOBA oreparopa. HakoHel, ¢ mOMOIIbI0 Me-
TOAA CUMILICKTHYECKOH CYNEepro3UIMK TOMYyYaloT aHAIUTHYECKHUE pPEeIIeHUs] M3ruda MONHOCTHIO 3alieM-
JICHHBIX OPTOTPOIHBIX TOHKHUX IUIACTHH.

B crarbe [5] ¢ ucnonp3zoBanneM mMetona ["amepkuHa pemaeTcs 3amada u3ruoa paBHOMEPHO HATrpyKeH-
HOM 3all€eMJICHHOM NPSAMOYTOIbHOMN TUIACTUHBI.

B paGote [6] mist onpeaeneHuss u3rub6a TOHKOM OPTOTPOMHOM MPSIMOYTOJIbHOM MIACTUHBI AaBTOPHI HC-
MOJIB3YIOT MOJMIMHOMBI JIexxanipa u YeoOblieBa nepBoro posa.

Merton uHTEpHIONALIUH N0 K03()HUIIEHTY (OPMBI IPUMEHSIOT B pabote [7] i pacyeTa mpsiMoOyToiib-
HBIX OPTOTPOMHBIX IJIACTUH C OAHOPOAHBIMHU IPAHUYHBIMU YCIOBHUSIMH.

YacTo 11 moTy4eHus perIeHni 3a1a4 n3ruda OpTOTPOITHBIX MPSMOYTOIBHBIX IJIACTUH C Pa3TMIHBIMU
IpaHUYHBIMH YCJIOBUSMH MPUMEHSIOT PAa3JIMUHbIe TUITBI METOJIa HHTETpaIbHOro npeodpazoBanus. B pabo-
tax [8; 9] mis pemeHus U3rnda MIACTUH C PA3IUYHBIMU CIOKHBIMU IPAHUYHBIMHU YCJIOBUSMH UCIIONIB3YIOT
JIBOMHOE MHTErpajlbHOE KOHEYHOE CHHYyc-NpeoOpa3oBaHue Pypwe. ABTOpbl pabotsl [10] 3aneicTByrOT
MeToj] 00001IeHHOrO UHTEerpanbHoro npeoodpaszoBanust (GITT) ans momydeHus: TOYHOTO pelIeHUs U3ruda
MOJTHOCTBIO 3allleMJIEHHBIX IU1acTuH. B uccnenoBanmsx [11-15] Takke NpUMEHSAIOT METOJ KOHEYHBIX MHTE-
rpajJbHBIX MPEoOpa3OBaHMM I PEUICHHs 3a/1ad U3ruda MpsSMOYTOJIbHBIX OPTOTPOITHBIX TOHKUX TUIACTUH
C Pa3JINYHBIMU YCIOBHUSAMH 3aKPEIJIEHHS IIPH PA3IMYHBIX YCIOBHSIX HarpyKEeHHUS.

Hecmotps Ha m3BecTHBIE JOCTHKEHHSI B TEOPUU M METOJAX pacueTa KOHCTPYKIMH W3 KOMITO3UTHBIX
MaTepHalioB, COBEPIICHCTBOBAHUE METOJIOB pacyeTa TaKMX KOHCTPYKIMI OCTaeTCsl akTyallbHOM 3ajgaueil.
B yacTHOCTH, MONy4YeHHE MPOCTHIX MareMaTHYecKUX (opmyll (peuieHHii), ¢ MOMOUIbI0 KOTOPBIX MOXXHO
OILICHUTH MPOTHObI B MPSIMOYTOJIBHBIX IMJIACTHHAX U3 KOMIIO3ULIMOHHOTO MarepHasa, IapHUPHO OMEPThIX MO
BCEMY KOHTYpY M HaXOJSIIMXCS MOJ Harpy3Kod, HE MPOBOAS JJIMTEIbHBIX BBIYUCIEHUHN C HCIIOIb30BAaHUEM
KOMITBIOTEPA, MPEICTABISAET IIEHHOCTh IS MPOEKTUPOBIIMKOB KOHCTPYKLHUH, paOOTAIOMMX BO MHOTHX
00J1aCTIX TPOMBIIUIEHHOCTH.

L]env uccneoosanuss — ¢ UCMOIB30BAHUEM METOJIa MHTETPAIILHOIO ITpeoOpa3oBaHus (peoOpa3oBaHUs
Jlarnaca) momy4uTh peuieHust U3ruda OpTOTPOITHBIX MPSIMOYTOJIBHBIX TOHKUX TUIACTHH, IIAPHUPHO OMEPTHIX
M0 BCEMY KOHTYPY M HaXOAAILIUXCS MO JeHCTBHEM HOPMaJIbHO MPUIOKEHHON HArpy3KH.

3aoauu uccnedosanusi:

— BBIBECTH PEIICHUS U3ru0a OPTOTPOMHBIX MPSMOYTOJIBHBIX TOHKUX IJIACTUH, IIAPHUPHO OMEPTHIX I10
BCEMY KOHTYPY M HaXOIALIUXCS MO JEHCTBHEM HOPMAJIBHO MPUIIOKEHHOW HArpy3Ku;

— MCCIIEZI0BATh HANPSKEHHO-1e()OpMUPOBAHHOE COCTOSIHHUE TUTACTHHBI MPU JACUCTBUM HArpy3KH, paB-
HOMEPHO PAacCIpeeICHHOM 110 BCel MOBEPXHOCTH IUIACTHHBI,

— NIPOBEPUTH JOCTOBEPHOCTh U TOUHOCTH MOTYYAEMBIX 110 3TOMY METOAY PE3yJIbTaTOB Ha OCHOBE CpaB-
HEHUS UX C JaHHBIMHU, OITyOJIMKOBAaHHBIMU B HAYYHOM JIMUTEpaType.

2. ITocTaHOBKA 32/1a4H M METO/1 PeLlleHUsl

PaccmoTpena mapHHpHO omepras MO BCEMY KOHTYpPY HPSMOYTOJIbHAs OPTOTPOIHAS IUIACTHHKA
(puc. 1), KoTopas u3rubaeTcss HOpMaIbLHO TIPUIOKEHHOM Harpy3Kkoil ¢(x,y), pacipeieeHHOM MO 3aKOHY
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0, mpu 0<x<c;
g(x,y)= qosinnn—y, npu c<x<c+r1; (1)
0, npu c+1<x<a,
rnen=1,3,5...
v C T
L qosin—=
" Y b
0 X
A é
gle %
=] K= =]
&
Sﬁ g

Puc. 1. Cxema II1aCTUHKY IpY JEHCTBUU OJIOCOBOH Harpy3ku
W cTouHuk: BeimonHeno J[.A. CypHUHbIM

Figure 1. Diagram of the plate under the action of a strip load
S ource: made by D.A. Surnin

['maBHBIE HampaBiieHUs YIIPYTOCTU COBIAJANIN C HANIPABIEHUSIMHU CTOPOH (puc. 1).
I'pannynbIe yciioBUs 171 CBOOOAHO ONEPTHIX KPAaeB:

2
W:O,a—;‘}=0 mpu x=0 u x=a;
ox )
9w
w:0,—2=0 mpu y=0 u y=>b.
dy
HuddepenunanbHoe ypaBHEHHE U30THYTOM MOBEPXHOCTH IIACTUHKY uMeeT BuA [20; 21]
0, mpu 0<x<c;
otw o*w o*w . Nmy
Dy +2D; +D, =4 gpsin—=, mOpu c<x<c+T; (3)
ax* 9x%9 y2 8y4 b
0, npu c+1<x<a,
rae
E Ey i n
Dl:—; Dzz—; Dk:G—; D3:D1”2+2Dk‘
12 (1-pypp) 12 (1-pypyp) 12

E|, E, — MOJynu ynpyrocrty; p;, u, — ko3ddunuentsi Ilyaccona; G — Moxyib caBura; h — TOJIIKMHA
IUTACTUHKH.
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Pemenwne ypaBHenus (3) mpuHSUA B BUIE
. nmy
w(x,y)zf(x)smT. “4)
. Nnm
Ioncrasnss (4) B (3), mociie COKpalieHus BCeX WICHOB Ha SmTy , TIOJTy4MJId OOBIKHOBEHHOE T de-

PEHINATIBHOC YPaBHCHHUEC

0, mpu 0<x<c;
4 2
%—2r2%+s4f: (]_o’ npu c<x<c+rT; %)
dx dx D,
0, npu c+t<x<a,

Dy E b

Jns pemenus nuddepeHnransHOro ypaBHeHUs 4 Mopsiaka MPUMEHWIN ONEPallMOHHOE HCYHCIICHUE,
cBsI3aHHOE ¢ npeoOpasoBanueM Jlamnaca [22]. [IpeoOpa3oBanue Jlaruiaca MO3BOJIMIO YMEHBIIUTH KOIHYE-
CTBO HAaXOXKACHUS MPOU3BOJILHBIX MOCTOSHHBIX B JIBAa pa3a M CHU3UTh MareMaTHYECKyI0 CIOKHOCTbH pelie-
HUS 33/1a49M TIyTeM MpeoOpa3oBaHus UCXOMHOTO Mu(GepeHIINaTbHOTO YPaBHEHUS 4-T0 MOpsIKa B anredpa-
MYECKOE YpaBHEHHE B MPOCTPAHCTBE M300pakeHWi. PemmB momyueHHOe anreOpandeckoe ypaBHEHHE B
IPOCTPAHCTBE M300pAKEHUH, MOMYUYMIN BBIpAKEHHE JJIS MEepeMEelIeHui B BHJIE (QYHKIMH KOMIUIEKCHOMN
NepeMeHHON (M300paskeHuil). 3aTeM MoMyuyeHHOE BhIpaKEHUE ISl M300paKeHH ipeodpa3zoBain 0OpaTHO
B HCXOJHYIO IIPOCTPAHCTBEHHYIO 00JIacTh ¢ MOMOIIBI0 0OpaTHOro mpeobpa3zoBanus Jlammaca, Bo3Bparas
pelieHue B GU3UIECKYIO IIOCKOCTb.

Honarast f(x) < W (p) U yduTbiBas IpaHHYHbIC YCIOBHUA IpH x =0, 10 TeopeMe aubdepeHInpoBa-

D E nm
rae r2:—3k2; s4:—2k4; A=—o

HH OpHUTI'MHaJia IOJTYYHJIN

f'x)ye pW(p);

/7@ e p’ W (p)-w(0);
” 3 , (6)
I"®) e p"W(p)-pw(0);
s @ e ptw(p)-p2w(0)-w(0)
e p — KOMILIeKCHbI mapamerp; w'(0) u w”(0) — HpOU3BOIbHBIC MOCTOSHHBIE.
N3o0paxenue mpaBoii yacTu ypaBHeHUs (5) nmeeT BU [22]
q—ol(l—e_pf) e P, (7)

Dy p

[Tepexons B ypaBHeHUH (5) OT OPUTHHAIIOB K BhIpakeHHsM (6), (7), IONy4HIIA OTIEpaTOPHOE ypaBHE-
HUE

P (p)=p 2w (0)=w"(0)=272| W (p)=w/(0) | +5* W (p) :"D—Ol(l_e-pf) oPe ®)
| P
N3 (8) nanumm
2_,D3,2
l—e PT) o P¢ p-—-2—)
w(p)=20 ( ) D -w/(0)+ : w7 (0). 9)

_D(4 2 2 4)+4_222
1 plp —2r p°+s p rep+s
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[Tepexons B Beipaxenun (9) or n300pakeHnit kK opuruHagam [22; 23], MoIyduIin HCKOMOE peIleHue.
IIpousBonbHbie nocrosHubie W (0) u w”(0) HAlUIM U3 TPAHMYHBIX yCIOBHi (2) IpH x =a .

Tak Kak NpH pelIeHUH ypaBHEHUS p* =272 p? +5* MoxeM nMeTh HeHCTBHTEIBHBIE, KpaTHbIE U MHH-

MBbI€ KOPHH, TO COOTBETCTBEHHO MOJIYYWIH U TPU PA3INYHBIX HCKOMBIX PELICHUH ypaBHEHUS.
BBuay rpoMo31K0CTH Bce IPOMEKYTOUHBIE ONEPAIMH HE IPUBOASTCS.
OKOHYATEIbHO UMEEM:
npu r>s:

w(x,y) :q—o{ [ 2v+ P chR(x—c)—BchPy(x—c) ]n(x—c)—

[27+P2 chB(x—c—1)- Plzcth(x—c—r)Jn(x—c—t)—PzzklshPlx+Pl2k2shP2x}sinky,
rue y—\/r —s r? +y; B= rz—y;
I = chPB(a—c)—chR(a—c—1) o — chPy(a—c)—chPy(a—c—1)
b shHa C T shpPa ’
n(x—c) — enunnynas GyHKIMS, KOTOpasi IPH x = ¢ paBHa | umpu x <c pasHa 0;
n(x—c—1) — eauuuynas GyHKIMS, KOTOpasi IPH x > ¢+ 1 paBHa | n1pu x <c+ 1 pasHa 0.
IIpu r=s:
w(x,y)zj—o{{l—chr(x—c)+lr(x—c)shr(x—c)}n(x—c)—
r Dl 2 (11)
—[1—chr(x—c—I)+%r(x—c—r)shr(x—c—r)}n(x—c—r)+k3shrx+k4rxchrx }sin?»y,
rae
1
by =—— {(2shra+rachra)[chr(a—c)—chr(a—c—r):l—
2shra
—rshra[(a—c)shr(a—c)—(a—c—r)shr(a—c—r):l};
k4:—2Sh1ra[chr(a—c)—chr(a—c—r)}.
IIpn r<s:
_ 90 _ 2 —o)— _ Y + %Y, —c—
w(x,y)=———" (27172 217, +r Y4)n(x c) (27172 2172 Y +r Y4)n(x c—1)
2s 71720y (12)
+(—r2ﬂ1 +2“/1“/21’|2)X2 +(F2112 +2Y1Y2ﬂ1)X3 JSinKy,
rie

Y= %(s +r2); Yo = %(S —rz);
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X| =cosyyxchyx; Y =cosy, (x—c)chy (x—c);
X, =siny,yxchyx; Y, =siny, (x—c)chy (x—¢);
X3 =cosy,xshyx; Y3 =cosy, (x—c)shy(x—c);
X, =siny,xshyx; Yy =siny, (x—c)shy; (x—c);

Y =cosy, (x—c—1)chy (x—c—1);

Y, =siny, (x—c—1)chy (

Y3 =cosy, (x—c—1)shy, (x—c—1
( )

Y_4:sinyz x—c—1)shy

-1
m :[Az(B4—C4)+A3(Bl—Cl)](A22+A32) ;

Mo =[ 4 (B —C1)— 4 (By C4)]( +A32) ;

Ay =cosy,achya; By =cosy, (a—c)chy(a—c);
Ay =siny,achya; B, =siny, (a—c)chy (a—c);
Ay =cosy,ashya; By =cosy,(a—c)shy(a—c);
Ay =siny,ashya; By =siny, (a—c)shy;(a—c);

Cy=cosy,(a—c—1)chy
)

Cy =cosy, (a—c—1)s

>
=

(

Cy =sinyy (a—c—1
(
(

—
Q
Q
H

~

Cy =siny, (a—c—1)shy

O6pamaeM BHUMaHHE Ha TO, 9TO eAUHHUYHBIC QYHKIMH 77(x—c) U 77(x—c—7) NPUHSITHI TOIBKO IS

COKpAILEHUS 3aMucH BblpakeHHiH. OHU yKa3bIBAIOT, C KAKOI'0 3HAYEHUSI KOOPAMHATHI X TMOSBISETCS B BbIpa-
’KEHHUH JAHHOE CIIaraeMoe.
Nmest w(x,y) , MOXKHO HOJTYYHUTb BBIPAKEHHS 111 M M, ,N,,N,H,, [20; 21].

Bripaxenus (10), (11), (12) mo3BoSIIOT paccUUTaTh OPTOTPONHYIO MIACTHHKY MPHU JTIOOOM TOJIOXKE-
HUU TIOJIOCOBOM HArpy3KH U MPHU Pa3IMYHBIX pa3Mepax ydacTka HarpykeHus T. W3 Beipaxenuii (10), (11),
(12) MOKHO MOYYHTh Pa3TMUHBIC YACTHBIC PEIICHUSI.

[Tonoxxus B BeIpakenusx (10), (11), (12) ¢=0 u T=a, TONYyYWIH pEUICHHWE IS CIydas, Korua
Harpyska JeMCTBYeT 10 BCel MOBEPXHOCTH IUIACTUHKH (puC. 2).

Ilpu r>s:
w(x,y):Z]—O(Zy+PzzchPlx—I:izchpzx—PzzksshPlx+Plzk6shP2x) sinAy, (13)
2s7yDy
e
s = chPla—I’ i = ctha—I.

shFAa 6 shPya
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Ilpu r=s:

90
r D,

w(x,y)= (1—chrx+%rxshrx+k7shrx+k8rxchrx) sinAy,

rae

1

k7 =————| (2shra+rachra)(chra—1)—rash“ra |, kg = chra—1).
7 h? 8 L (ch

2sh2ra _2shra

Ilpu r<s:

90

2 2
2 [2Y1Y2—27172X1+V X4 +(—V "3 +2Y1Y2774)X2+
251720y

w(x,y)=

2 .
+( r Ny +27172h3)X3 }smky,
rue

shy,a _ siny,a

3~ Ny = .
cosy,a+chya’ cosy,a+chy,a

nt

qo sin

T

Wy o

nny
b

gosin

7

b

Puc. 2. Cxema IIIaCTUHKY NPH JEHCTBUH HEPABHOMEPHO
pacnpeaeeHHON Harpy3KH M0 BCeH MOBEPXHOCTH IIACTHHKHI
W cTouHuk: BemonHeno [[.A. CypHUHBIM

Figure 2. Diagram of the plate under the action of an unevenly distributed load over the entire plate surface

Source: made by D.A. Surnin

(14)

(15)

Boipaxxenusimu (10), (11), (12) MOKHO BOCIOJIB30BAaThCS MPH MOIYYEHUHM PEIICHUN Ui CBOOOIHO
OIEpTOH OPTOTPOIHON MPSMOYTOJbHOW IUIACTUHKHU IIPU JEHCTBUM HArpy3Kd, paBHOMEPHO pacCIpelesIeH-

HOI1 BIOJIb OCU X U PACIPECICHHOM BIOJIb OCH ) 110 M06oMy 3akoHy. C Toif Lebio Harpy3ky ¢(x,y) Hamo

npeACTaBUThL B BUIC TPUTOHOMCTPHYICCKOI'O psAaa.
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Tak, B ciydae NeWCTBHS HArpy3KH, paBHOMEPHO PaclpeIeICHHON MO BCEH MOBEPXHOCTH TIACTHHKU,
uMeeM

451 .
q(x.y)=qp— 2 —sinky, (16)
n=1"
rnen=1,3,5.

Ilpu r>s:

wixy) =202y

X (27+P22chPlx—Plzcthx—P22k5shPlx+Plzk6shP2x) sin y. (17)
Dy Tp=15"yn

Ilpu r=s:

w(x,y):%i > %(1—chrx+%rxshrx+k7shrx+k8rxchrxjsinky. (18)
1 Wp=13.. 71

Ilpn r<s:

9 2 + 1 2 2
w(xy)==2= % ) X[ 27172 = 27172 X+ Xy +(—r n3 +2Y1¥2774)X2+
Dy 3. 5™y van

(19)
+( }"21]4 +2’YI’Y21']3)X3 :|S11’17\.y .

3. PesyabTaThl H 00CyKACHHE

B kagectBe nmpuMepa A HccaeI0BaHUS HAIPSHKEHHO-Ae(OPMUPOBAHHOTO COCTOSIHUSL PACCMOTPEHA
b

OpPTOTpOIHAs MPSIMOYTOJIbHAS IUIACTHHKA C OTHOLIEHHEeM cTOpoH —=1,5. Marepuan IuiacTUHKH —
a

yriemiacTuk [24]:

E =1,4x10% kH/em? ;  E, =0,097x10* kH/em? ; G =0,55%10° xH/em? ; 20)
u =0,29; p,=0,02.
B 1a6us. 1 u 2 npuBeneHsl pe3ynbTaThl pacuyeTa OPTOTPONHON NMPSIMOYTOJIbHOM IUIACTUHKU INPH JeH-

CTBUH PAaBHOMEPHO paCHpeHeHeHHOﬁ Harpys3KH.
a4 2
3Ha'~IeHI/I$[, IMPUBCICHHBIC B Tabn. 1 u 2, HCO6XOI[I/IMO YMHOXWTDB: IJI1 W Ha qOD—; JUIIsL Mx Ha qgpa ;
2

ana M, Ha qoaz; ot N, Ha gga.

Pesynbrarer pacdera (Tabmn. 2) mokaszaiu, 9YTO MPH BBIYUCICHUHU MPOTHOa TOCTATOYHO B3ATh TPH UWICHA
psizia; IPH BBIMUCICHNN M, — 5 1ICHOB Psia; IPH BBIYUCICHUH M, 1 N, — 7 4ICHOB psija.

HOJ’Iy‘ICHHLIe BBIPAKCHUS IMO3BOJIAIOT PEIIATh MHOTOYHCIICHHLIC 3aJa4U ONTUMAJIbHOIO MPOCKTUPOBA-
HUS IIJIACTUHOK. B pa60Te [20] YKa3aHO, KaK MOXHO PCIIWTD 3a1ady, €CJIN IJIACTUHKA U3TOTOBJICHA U3 OPTO-
TPOMHOI'0 MaTrepuajia TakK, YTO ITIaBHbIC HAIIPABJICHUA YIIPYIOCTU Marcpuajid HE COBIIAJar0T C HAIIpPaBJICHU-
AMHU KOOPAWHATHBIX JUHUM X U y.
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Tabnuya 1/ Table 1

Pe3yabTaThl pacyeTa OPTOTPOIHOI IVIACTHHKYU NPH AeiiCTBUM PABHOMEPHO paclpe/e/IeHHOI HATpy3KH /
Calculation results of the orthotropic plate under the action of a uniformly distributed load

x w[x,gj M, (x,gj My (x,gj N, (x,gj Ny (x,gj Nx’y (x,gj

0 0 0 0 0,517665 0 0
0,1a 0,000292 0,046344 0,001232 0,414555 0 0
0,2a 0,000553 0,082382 0,002209 0,312134 0 0
0,3a 0,000757 0,108186 0,002921 0,208866 0 0
0,4a 0,000886 0,123707 0,003355 0,104684 0 0
0,5a 0,0009305 0,1288888 0,0035014 0 0 0
0,6a 0,000886 0,123707 0,003355 —0,104684 0 0
0,7a 0,000757 0,108186 0,002921 —0,208866 0 0
0,8a 0,000553 0,082382 0,002209 -0,312134 0 0
0,9a 0,000292 0,046344 0,001232 —0,414555 0 0

a 0 0 0 —-0,517665 0 0

W ctounuk: Bemonneno J.A. CypuunsiM / S o ur ¢ e: made by D.A. Surnin
Tabnuya 2 / Table 2

MaxkcuMa/ibHble 3HAYeHHs] lepeMeLeHHsl, MOMEHTOB U Nepepe3biBaloLleii CHIIbI
B OPTOTPOIIHO IVIACTHHKe IIPH PA3HOM 4YHCJIe YAeP:KHBAIOIINX YWICHOB psija /

Maximum values of displacement, moments and shear force
in the orthotropic plate for different numbers of retained series terms

Yuci0 wienos psja / b b
Number of terms Ii)n Zs[eries Winax (M, )max (My )max (N, )max Ny (X’E Ny (X’Ej
1 0,00104302 0,1454828 0,0074583 0,60942727 0 0
3 0,0009305 0,1292586 0,0040447 0,52788353 0 0
5 0,0009277 0,1288888 0,00359 0,51996853 0 0
7 0,0009274 0,128863 0,0035014 0,51766495 0 0
9 0,0009274 0,1288558 0,0034744 0,5166987 0 0

W cTouHuk: BemonaeHo [I.A. CypuunbiM / S o ur ¢ e: made by D.A. Surnin

ITonoxuB BO BCEX NPHUBEIEHHBIX BBIDAKEHHMAX E|=FE,=F W [ =, =W, MOIYyYUM PEIICHUS UL

M30TPOMHOMN TIACTUHKU.

Jly1g mpoBepKH TOCTOBEPHOCTH M TOUHOCTH TOTYYaeMbIX 10 JAHHOMY METOMIY PE3yJIbTaToB OBLIO Mpo-
BEJICHO CPaBHEHHE UX C JIAHHBIMU, OYOJIMKOBAaHHBIMH B Hay4YHOU JuTeparype [20; 25].

Bbu1 BBINOTHEH pacyeT OpTOTPOIHON MPSIMOYTOIbHOM TUIACTUHKH C UCXOAHBIMH MapameTpamu 1o ¢op-

MyJe (C MpUMEHEHHEM JBOWHOTO TPUTOHOMETPUYECKOTO psia), mpuBeraeHHoi B [20]. [Ipu Beraucnennn 6b110

a4

B34TO 16 uneHOB psiga. B pesynsrare pacyeToB MOMy4MmJIM MakCUMajbHBIN mporud w,,. =0,00096 7q0D—.
2

PacxoxneHne 3Ha9eHUH, MTOIYYeHHBIX 110 popmynam u3 padotsl [20], 1 3HAYCHNUH, BEIYUCICHHBIX C HCIIOJb-
3oBaHueM Gopmyisl (19), cocraBuio 3,8 %.

Taxoke ObLT BBINOJHEH MO MOJYyYEHHBIM B JAHHON padoTe BBHIPAKEHHUSAM PacdyeT M30TPOIHOM MpsSMO-
YTOJIbHOM IJIACTUHKH ¢ UCXOAHBIMU I€OMETPUUECKUMHU ITapaMeTpamMu U p = 0,3.

Pesynbrarhl pacuera npeacTaBieHsl B Ta0Ol. 3.

316 ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS



Ulaeusanees K.®., CypHur [].A., CypHuHa E.K. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMiA 1 coopykeHuit. 2025. T. 21. Ne 4. C. 307-320

Tabnuya 3 / Table 3

Pe3yabTaThl pacuera H30TPONMHON MJIACTHHKY MPHU JAeiiCTBUM PABHOMEPHO pacnpeaeeHHOi HATPY3KH /
Results of calculation of the isotropic plate under the action of a uniformly distributed load

b b
o et | W | e | 00) | 0 | W (53] | 2[5
1 0,007919 0,084566 0,056979 0,474617 0 0
3 0,007727 0,081338 0,050424 0,431638 0 0
5 0,007724 0,081201 0,04998 0,426736 0 0
7 0,007724 0,081201 0,049894 0,425309 0 0
9 0,007724 0,081201 0,049894 0,424711 0 0
M cTouHuk: BemonneHo J[.A. CypaunbiM/ S o ur ¢ e: made by D.A. Surnin
4
3HaueHus, IIPUBCIOCHHEBIC B TabmI. 3, HEe0OX0IMMO YMHOXWTB: IJIT W Ha ¢ la)— S AL Mx Ha q0a2 5 It
2

M, na qoaz; I N, Ha gpa.

Pesynbrarel pacuera Tabi. 3 MOJHOCTHIO COBIAIAIOT C JaHHBIMU, IPUBEJCHHBIMU B padote [25].

AHanu3 pe3yinbTraToB BBITOJHEHHBIX PACYETOB MOKa3all, YTO MPH pacyeTax OPTOTPOIHOMN MPsIMOYTOJIb-
HOW TIJIACTHHKH T10 TIOJYYCHHBIM (OpMyJIaM TIPH JEHCTBHH MTOJI0OCOBON HOPMAITLHO MPHIIOKEHHON HATrPy3KU
noiyyaeTcsi 0onee ObICTpasi CXOAUMOCTh PEIICHUH M 3HAYUTEIHHO YMEHBIIAeTCS BBHIYUCIUTENbHAS paboTa
10 CPaBHEHUIO C paHee IPUMEHIEMBIMU METOAAMM.

[Iponenas aHalOrMYHBIE ONEPALMHI, MOKHO MOITYYUTh PELUIEHUS U NIPU APYIHUX BapHaHTaX TPaHUYHBIX
YCJIOBHIA.

4. 3akjirouenue

B xoze npoBeeHHOro UCCIE0BAHUS CIIELYET OTMETUTD CIIEIYIOIIEe:

1. Ha ocHOBe onepaliMOHHOTO MCUMCIIEHUS, CBSI3aHHOTO ¢ NpeoOpa3oBanueM Jlamaca, BriepBbie Moiry-
YeHbl B O0LIEM BUJE TOYHBIC AHATUTHUECKHUE PEUICHHs Uil OPTOTPOMHON MPSMOYTOIbHON MIIACTUHKHU MPH
JeMCTBUY N1OJI0OCOBOM HOPMAJIbHO NPUIIOKEHHON HArpy3KH.

2. [IpakTHuecKkuil pacyeT IIaCTUH C UCMOJIb30BAHUEM MOITYUYEHHBIX PELICHUI HE BBI3BIBAET 3aTpyJHE-
HUI, TaK KaK pacyeT CBOAMUTCS K BEIYUCICHHIO TUIIEPOOIO-TPUTOHOMETPHUUECKUX (PYHKIIMIA IPU MaJIbIX 3Ha-
YEHUSAX apryMEHTa, Ipu OONBIINX 3HAUYEHHSIX apryMeHTa (OPMYIIbI YIIPOIIAIOTCS U PACUET CBOIUTCS K BBI-
YHCJICHUIO TI0KA3aTeIbHBIX U TPUTOHOMETPUYECKHUX (PYHKIMH.

3. IlpencraBiieHHbIE pe3ynbTaThl MOKa3bIBAIOT, YTO IPU pacuyeTax OPTOTPOIHON MPSIMOYTOJIbHOM Iia-
CTUHKU 10 MOJY4YE€HHBIM (popMysiaM MpH JEHCTBUU MOJIOCOBONH HOPMAJIBLHO MPHUIIOKEHHON HArpy3KH MOJY-
qaercs: Oosnee OBICTpast CXOAMMOCTb PELICHUI U 3HAUUTEIbHO YMEHBIIAETCsl BBIUUCIUTEIbHAA paboTa 1o
CPAaBHEHHMIO C pPaHEee NPUMEHSIEMbIMH METOJaMH.

4. IloydyeHHble aHAIUTUYECKUE BBIPAKEHUS MO3BOJIIFOT PACCYUTATh OPTOTPOIHYIO MPSIMOYTOJBHYIO
IUTACTHHKY TIPH JIFOOOM TIOJIOKEHHUHU TOJIOCOBOM Harpy3KH M MPU Pa3JIMYHBIX pa3Mepax ydacTKa Harpyxe-
HUSL, A TAKOKE NTPH JIEMCTBUM JIOKAJIBHBIX M COCPEI0TOYEHHBIX HAarpy30K.

5. IlpenyioskeHHbIM MOAX0A MOXET OBITh HCIHOJIB30BaH IPU pacdyeTe OPTOTPOINHBIX IMPSIMOYTOJIbHBIX
TUTACTUHOK U MPH JIPYTHX BapUaHTaX MPaHUYHBIX YCIOBHA.

6. Pesynbrarel paboThl MOTYT OBITH UCIOIB30BaHbl MHKEHEPAMHU, aCIIMPAHTAMU U CTYJCHTAMHU.
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300€TOHHBIX MHOTOITAXHBIX KapKacax 3JaHUI B 3aBUCHMOCTH OT CLEHApUs HA4aJbHOIO JIOKalbHOro paspyuieHus. Ha ocHoe
9TOTO ChOPMYITHPOBAHBI CHIOBEIE U e(hOpPMAIIMOHHbIE KPHTEPHHU CTaINil HAPsKEHHO-1e(OPMUPOBAHHOTO COCTOSHHS JKeae300e-
TOHHBIX PAMHBIX KOHCTPYKLMH KapKacoB 3[aHMH B 30HE BO3MOKHOIO JIOKAJIBHOIO pazpyueHus. C MCIo/Ib30BaHUEM NOJIOKEHUI
HHEPreTHYECKOro OanaHca MOCTPOEHB! YIPOIICHHbIE 3aBUCUMOCTH ISl OLCHKHU IIPEeNIbHOM CTaTUUeCKOM Harpy3KH A apouyHOi
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1. Introduction

Buildings and structures are exposed to physical impact of various nature and intensity during their
service life, including accidental situations, i.e., situations not covered by the normal operating conditions
of construction objects. Accidental impact occurs much less frequently than climatic or functional loads.
However, the failure of one or more load-bearing elements as a result of an accidental impact can cause
damage that is disproportionate to the initial impact, such as the collapse of part of the frame or the entire
structure.

One special aspect of designing reinforced concrete building frames taking into account the risk of an
accidental situation (failure of a load-bearing element or connection) is the consideration of the arch and
catenary action stages of slab structure deformation as allowable states [1-3]. The consideration of such
stages of resistance allows to reduce the costs of ensuring mechanical safety, which can be generally limited
to the installation of a system of additional restraints and local frame strengthening. In [4], experimental
data on the deformation of fragments of reinforced concrete building structures in the form of plane and
spatial frames are presented, demonstrating significant excess bearing capacity when resisting according to
the catenary or membrane mechanisms. At the same time, [5—7] show that when transitioning to the
catenary mechanism of resistance, the corner columns and columns around the perimeter of the building
become vulnerable to failure.

Studies [1; 5] have provided experimental data on the boundaries of the deformation stages in damaged
frames of building structures. Based on experimentally proven assumptions, [8—11] provide analytical
dependencies for evaluating the resistance of structures according to the arch and catenary mechanisms.
However, it should be noted that such studies have a number of limitations. For example, experimental
studies [9; 12] consider two-span beam structures over local collapse, restrained from horizontal displace-
ments, which does not allow to take into account the influence of the bearing capacity and deformability of
vertical elements (columns, pylons) on the mechanisms of secondary failure propagation in a structural
system damaged as a result of an accidental impact. In order to overcome this limitation, studies [1; 5]
consider single-storey fragments of reinforced concrete building frames. However, these results cannot be
directly extrapolated to multi-storey frame structures, in which, in most cases, it is impossible to consider
the behavior of isolated elements, since their load-bearing capacity and deformability depend on the
topology of the structural system and kinematically possible failure mechanisms. Another limitation is the
simplified application of concentrated loads and the approximation of the curvature diagram along the
length of the two-span girder above a distant vertical element.

Thus, despite the presence of a significant number of publications with the results of experimental and
numerical studies on the issues of arch and catenary actions of reinforced concrete frame structures, there
are no formalized force and deformation criteria for transitioning into these stages, taking into account the
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interaction of elements in the frames of multi-storey buildings, as well as the bearing capacity and
deformability of vertical elements, the presence of a system of additional restraints, various scenarios of
initial local collapse. In this regard, the purpose of this study was to formulate and substantiate the strength
and deformation criteria for the stages of resistance of reinforced concrete multi-storey building frames in
an accidental situation in case of failure of one of the elements of the structural system.

2. Models and Methods

2.1. Initial Assumptions

To analyze the stages of resistance of reinforced concrete multi-storey building frames in an accidental
situation, a zone of possible local collapse is identified [13] — an area bounded by one span in each
direction from the element being removed, taking into account the superimposed restraints simplistically
modeling the interaction with the rest of the structural system. Limiting the analyzed area allows to obtain
an analytical solution to the problem, while it is consistent with the results of experimental and numerical
studies, as well as the requirements of design standards for limiting secondary failure.

Depending on the scenario (location) of the initial local failure, various mechanisms of secondary
failure are possible in the structural system of a building damaged by accidental impact. Based on the
analysis of the cases of collapse of buildings, structures and their parts as a result of failure of a bearing
element, as well as data from experimental and numerical studies, the classification of secondary failure
mechanisms was performed (Table 1).

Table 1

Characteristic mechanisms of secondary failure in damaged reinforced concrete multi-storey building frames

Scenarios of initial local failure
Structural
elements of Removal of the column of the edge | Removal of an edge or middle row
the building Characteristics Removal of a corner or middle row, in which the zone column, in which the area of
frame of the failure mechanism column of possible local failure includes possible local failure does not
the contour of the building include the contour of the building
Fracture in normal Fedorova N.V.,
cross-sections during Korenkov P.A. [14],
the bending stage Iliushchenko T.A. et No data No data
g of operation al. [15], Adam J. et al. [4]
=]
Eo 2 Fracture along normal Fedorova N.V.,
@ é cross-sections at the stage No data Korenkov P.A. [14], Pham A.T. etal. [1; 5]
é § of compressive arch action Tliushchenko T.A. et al. [15]
o
[
o) Fracture from rebar .
= % breakage at the stage No data Pham A.T. et al. [1; SJ’ Pham A.T. etal. [1; 5]
58 N . Fedorova N.V. etal. [16; 17]
£< of catenary action
g Fracture along inclined
and spatial sections during Kolchunov V.1, Kolchunov V.1, No data
combined resistance Moskovtseva V.S. [18] Moskovtseva V.S. [18]
of elements
Fracture along normal Savin S.Yu. et al. [19] Pham A.T. etal. [1; 5] Pham A.T. et al. [1; 5]
cross-sections
% E Fracture along
E, 2 the supporting inclined Kolchunov V.1 et al. [6] Kolchunov V.1 et al. [6] No data
24 sections
£ E F 1 inclined
£5 | o tong el chat Kiny. o,
~ g No data Kolchunov V.1, No data
zone of floor slab
. . . Moskovtseva V.S. [18]
reinforcement in tension

Source: made by S.Yu. Savin
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Three characteristic scenarios of initial local failure are identified here, depending on the degree of
influence on the possibility of achieving specific stages of resistance of damaged building frames (arch,
catenary). Thus, when a corner column (pylon) is removed in case of accident, there is no thrust in the slab
structure above the local failure due to the absence of horizontal restraints, which makes it impossible to
develop compressive arch action and subsequently transition to resistance according to the catenary
mechanism. When removing the column of the edge or middle row, in which the zone of possible local
failure includes the contour of the building, the deformability of the vertical elements of the edge rows
has a significant impact on the possibility and parameters of the arch and catenary resistance mechanisms.
In addition, in this scenario of initial failure, vertical elements along the contour of the building are
vulnerable to fracture along normal or inclined sections. The third scenario for removing the column of the
edge or middle row, in which the zone of possible local failure does not include the contour of the building,
almost always allows for the compressive arch action of the slabs, and with appropriate reinforcement
and anchoring parameters, the transition to the catenary action after the fracture of concrete in the support
zone and in the middle of the span. At the same time, there is a decrease in the risk of failure of the vertical
elements, which in this case have excess bearing capacity according to the criteria of the accidental limit state.

2.2. Force and Deformation Criteria for Multi-Level Resistance

A reinforced concrete frame structure in the area of possible local failure is considered (Figure 1).
At this step, the cases of collapse associated with failure of elements under combined resistance, such as
combined action of bending moment and torque, shear forces, which require independent detailed analysis,
are not considered.

£ £
S b 5 0,pd - b 0,rd
L q /\?.' g AF LY/ q ;T q /\oi‘ hq AF A P
= pLY vy vy I AARRRALRRRRR YYyyvy, = =vvv+++++¢¢‘H+¢HrHr

: BE .. EJ, | A N Bl o EJ. ]
= & Q = & |

l L L ] i | &
a b

Figure 1. Reinforced concrete frame structure in the zone of potential local collapse:
a — fully braced; b — partially braced

S ource: made by S.Yu. Savin

Taking into account possible mechanisms of secondary failure discussed in Table 1, multi-level
resistance of the structural system of a building can be represented as a piecewise linear diagram of the
relationship between the generalized load P and the displacement of the structural node above the local
failure, as shown in Figure 2. The characteristic points of this diagram represent the force and deformation
criteria for changing the stages of resistance and exhaustion of the bearing capacity of the analyzed area of
possible local failure.

Then, from the energy balance condition [21-23], the maximum static load that can be resisted by the
load-bearing system in the arch and catenary action stages of resistance can be determined from the
following expressions:

® for the compressive arch action stage:

1
P =5 Ra+(B+P) (2 -5)+ (R +B)(5 2] 0
3
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® for the catenary action stage:
1
P, ca :ZI:IJIZI +(P1 +P2)(Zz _Zl)+(1)2 +P3)(Z3 _Zz)"'(P3 +Bt)(z4 _23)]' )
4
Upon removal of a corner column P> = P3 = P4=0.

The characteristic points of the diagram in Figure 2 are discussed further using assumptions based on
the results of experimental studies and kinematic analysis.

Flexural Compressive Catenary

action arch action action
=z
x\ P’: =2
| e e A P4 =
C I e e 3:
£ ‘ I
3 : P] P3 s
g i A . ©
© . : CA.max H =
) ; : : el —
B : : : T ]
7] - : : ” e c
> : . . y 9‘
g : i Wi 5
= at Zy Zy Z T

: ! -~ =
Ty ”.’ st i et i - S s e e S
B e
H,

Vertical displacement z m

Figure 2. Schematic deformation diagram of the reinforced
concrete frame in the zone of potential local collapse

S ource: made by S.Yu. Savin

2.3. Flexural Stage of Resistance of Slabs

The ultimate load and deflection during the flexural stage of resistance are determined from the
conditions:

R=P(M,),

3 3
zlzj-[lj(l—l—x}z’x. ®
AN

Here, according to the design code approach!, in the margin of stiffness, the curvature can be
determined from a conditional elastic calculation:

(lj — gsm B 8bm —_ (M - O'SMcm) + 09M
hO E's ASZShO Eb,red Asz hO ’

4)

r

where zs, A» is the moment arm of the inner couple of forces and the area of compressed concrete,
determined from the calculation of the ultimate forces for the flexural stage of resistance of the element.

'SP 63.13330.2018 Concrete and reinforced concrete structures. General provisions. https://docs.cntd.ru/document/554403082
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The ultimate bending moment in the normal section of the element during the transition to the
compressive arch action stage of resistance in terms of the generalized load P is expressed as:

Mult = min (‘Msup,ult s Mspn,ult ) b (5)
where
2
I+
— F;ltl iqultl2 — Pl_l 3B
sup,ult ! -1 ’
g8 12 41 1+B ©)
1+—
— ultl qultlz — P l_l 3 B .
spn,ult 8 24 1 4 I+B

The following notation is adopted in (6):

F is the concentrated force applied to the node of a two-span girder over local failure in the structural
system of a building;

q is the uniformly distributed load on the two-span girder.

The relationship between loads F, ¢ and the generalized load P:

P:(F+ql):F(1+B):ql%, B:%, =21, 7

In quasi-static analysis, simultaneous consideration of loads F' and ¢, which is inherent in the pull-
down and push-down approaches, respectively, allows to partially eliminate the disadvantages of these
approaches, discussed in more detail in [24].

2.4. Compressive Arch Action Stage of Resistance of Slabs

The maximum load carried at the compressive arch action stage in a two-span girder with equal spans
and the corresponding deflection are determined taking into account the physical constraints from the
following conditions:

M
_8 =0 = z,=z,;
oz ®)
4M
P =B, =",
1

where [ is the length of one span (according to the initial model) in the two-span girder; My, = M.i(z) is the
ultimate bending moment resisted by the support section of the girder at the compressive arch action stage,
calculated as for an eccentrically loaded element, taking into account the acting thrust:

cC 1 ccC
N=AL—2 =|(1*+2(h —d')z—=2* )2 -1 |——2.
C1+C2 {(1 (ho ) ) 1}6,14_(:,2 9)

Here, C1, ( are the reactions due to unit horizontal displacement of the left and right support sections
of the arbitrary arch.

At the same time, the following conditions must be satisfied to ensure the bearing capacity of vertical
elements at the flexural and compressive arch action stages of the slab structures:
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Mc =4Wb92 SMc,ult (N );

c

6,0
an = M S an,ult; (10)

h,

ch = Nb S ch,ult'

The following notation is adopted in (10):

Nb is the thrust force as a result of girder deformation, determined by formula (9); M. is the bending
moment in the upper support section of the lower storey column; Qcx is the shear force in the upper support
section of the lower storey column; Q. is the shear force in the lower support section of the upper storey
column.

The angle of deflection of the corresponding node of the girder to column connection 0; is determined
by the following formula for a fully braced frame (see Figure 1, a):

B ngl’ (6A—B+10BA)

1287, (5+3u+4nu)’
(1D
A A
For a partially braced frame (see Figure 1, b):
0 = ngl’ (18nk—3Bu—2Bn+18ku+3OBnk—4Bnu+3OBML+24n%u+403nku) _
: 12Bi, (16071 +3207+1107 +24mu’ +9u° ) ’
0 - gl (42nk—PBn+18k+ 70BnA + 30BAw + 24k + 40BN ) 12)

2

12Bi, (16 +32n0°p+11n" +24mp” +9y° )

At the moment of transition to the catenary action stage, by assuming the first-order approximation
z3 = (ho — a’), the following is obtained:

n m
Z Gsi Asi Z GS] Asj
=1 j=1

lz _sz

P=(h—d’) (13)

I —A

x1

Here, 651, 652 can be determined according to*:

Tb,maxEs 14
Gsi,max :239 d—ALCAA SRS (14)

Where thmar is the maximum bond stress, corresponding to elastic resistance of the reinforcement;
ds 1s the diameter of longitudinal rebar; ALcss is the maximum elongation of the girder edge upon
transitioning from the compressive arch action to the catenary action, determined by the formula:

AL.,, =12 +(h,—d’) —1,. (15)

2 FIB Model Code 2010. CEB and FIP, 2011.
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For longitudinal rebars located at distance zs; from the center of gravity of the compressed longitudinal
reinforcement in the section, ALy is obtained as:
AL
=—d 7 | (16)

Si ho _ al si
By substituting ALs: instead of ALca4 into formula (14), stress o5 can be determined in all longitudinal
rebars in the section.

If 65 > R as a result of evaluating formula (14), the stress in the reinforcement in tension is determined
by formula

_R'
Gsi,max = Rs + WSW - ( s,max \2)’
8'[ e d R2 0.714 R 0.5
€y =1l | AL, —0.288] ——=—|  —2d —|+&l, (17)
B ds (Rsu - Rv) Tb,max K A Es A

where Tompr = 0.27Ts,max 1 the average bond stress in the plastic region of the rebar; & is the ultimate strain
of the longitudinal rebar.

The adjusted value of deflection upon the transition from the compressive arch action stage to the
catenary action is determined from expression

_ 0 +6,

z, =2z, +0[, 0 5

(18)

2.5. Catenary Action Stage of Resistance of Slabs

If the condition of s < Rs is satisfied for the deformed structure in the transition state (Ps, z3), the
maximum deflection z4 at the moment of rupture of the most stretched reinforcing bars in one of the support
sections at the catenary action stage of resistance can be found by assuming 65 = Rsu:

2=+ ALY —(L,—-A,),

AL, = M%& %2013 +0.288

Tbm,pl s Tb,maxEs

IR 0.714 (19)

The utlimate load P is calculated by formulas (13), substituting z4 instead of (ko — a’). At the same
time, for the normal sections of the edge columns at the point of connection with the girder in partially
braced frame structures, the following condition must be satisfied:

1
- &r
z})crit

Here, by following the approach considered in ACI 318, the coefficient of buckling upon relative
horizontal displacement of the slabs of one floor is determined taking into account the action of all the

Mcncrit S Mc,ult (N) 4 ncrit = (20)

3 ACI 318-19. Building Code Requirements for Structural Concrete. An ACI Standard. Reported by ACI Committee 318.
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columns of the floor in question on one side of the local failure in the structural system, where > P, > Perit
are the sums of the effective longitudinal forces and critical forces in these columns. In the case when
the analyzed zone of possible local failure includes the columns of the edge row or the corner column,
the signs of the sum in (20) disappear, and the formula is modified to the known form for the analysis
of individual elements.

3. Results and Discussion

3.1. Comparison with Results of Studies by A.T. Pham and K.H. Tan

To verify the proposed strength and deformation criteria for the stages of resistance of reinforced
concrete frame structures of buildings, a comparison was made with the results of experimental studies by
A.T. Pham and K.H. Tan [1], who tested several substructures of reinforced concrete frames at different
levels of gravitational load applied to the node at the midspan and the rate of its application. The general
view of the frame structure, its dimensions and loading scheme are shown in Figure 3, a. Mechanical
characteristics of the structural materials: yield strength of longitudinal reinforcement is at least 535 MPa,
temporary rupture strength is at least 615 MPa; the average cylinder strength of concrete under uniaxial
compression is 35 MPa. The calculation results in the form of a P — z diagram are shown in Figure 3, b.
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Figure 3. Comparison with experiments by Pham and Tan [1]:
a — dimensions and reinforcement layout of the RC frames;
b — calculated and experimental Load (vertical reaction) vs. Midspan Joint Displacement curves
Source: a— made by A.T. Pham, K.H. Tan [1]; » — made by S.Yu. Savin

As seen from the graphs, the curves constructed according to the relationships proposed in this study
quite well reproduce the experimental diagrams at the characteristic points of transition of the resistance
stages. However, due to the absence of intermediate points in the diagram at the catenary action stage, there
is a more significant gap between the experimental curves and the analytical line passing through
characteristic points (P3, z3), (Pa, z4). The result of such a discrepancy may be an overestimation of the
ultimate static load according to the energy balance method, which is resisted at the catenary action stage of
the slabs above local failure. In this regard, an approximation by a tangent function can be used to refine the
region of the diagram corresponding to the catenary mechanism of deformation.
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3.2. Comparison with Results of Experimental Studies of Multi-Storey Frames

To verify the initial assumptions about the strength parameters of the elements of a reinforced concrete
structural system in the zone of possible local collapse as a result of an accident at different stages, taking
into account the design features, initial stress-strain state due to static operational load and specific
resistance mechanisms, the results of experimental studies of reinforced concrete frame structures subjected
to two-step static-dynamic loading from an accident event are analyzed.

A semi-precast reinforced concrete frame is considered, the test results of which are given in [6]. The
frame structure is shown in Figure 4, a.

The height of the precast section made of grade B35 concrete is 42 = 70 (mm); the height of the cast-in-
situ section made of grade B50 concrete is 41 = 30 (mm); the distance between the longitudinal axes of the
two components is ® = 50 mm. The longitudinal reinforcement of compound girders is made of grade B500
reinforcement with a diameter of 4 (mm). The transverse reinforcement of the girders is made of wire
reinforcement with a diameter of 2 mm and characteristics similar to grade A240 reinforcement.

The experimental frames were loaded with a static load transmitted through a system of arms. The load
was applied in the form of concentrated forces in the thirds of the girder spans. The values of the
concentrated loads applied to the frame girders were: P1=3.2 kN, P>=2.64 kN, P3=2.04 kN. Here, the
highest load value corresponded to the upper floor, and the lowest to the lower floor of the frame.
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Figure 4. Comparison with experiments by [6]:
a — dimensions and reinforcement layout of the RC frames;
b — calculated and experimental Load (vertical reaction) vs. Midspan Joint Displacement curves
S ource: made by S.Yu. Savin

According to the methodology, the physical model of the reinforced concrete frame is tested in two
steps. At the first step, gravitational load is applied incrementally (in 10 increments) to the nodes of the
experimental model of the structure using a system of arms.

At the second step, the intermediate support, imitating the column of the middle row, is instantly
removed. When modeling the accidental impact on the physical model, the column turns into an
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instantaneously variable system, which is equivalent to the instantaneous removal of connection in the
structural system. To simplify the procedure of physical modeling, the boundary conditions of the node of
the frame connection to the intermediate support represent a pin support.

Figure 4, b shows the calculated load-displacement diagrams of an equivalent model of a two-span
girder of the experimental reinforced concrete frame, obtained using the relationships proposed in the study.
Horizontal lines Pes, Ps.u,c44, Psu.ca represent the equivalent static load on the frame, the ultimate static load
in the arch and catenary action stages of the structure, respectively. It should be noted that when
constructing the diagrams, the stiffness of the supports to horizontal displacement and rotation was taken
into account, however, the load-bearing capacity of the columns was not checked. Therefore, the point
corresponding to the fracture of the frame columns along inclined and normal sections occupies an
intermediate position between the extreme points of the flexural and compressive arch action stages of
resistance in the theoretical P — z diagrams. This confirms the need to check the load-bearing capacity
according to the criteria of the accidental limit state not only of the slab structures above local failure, but
also of the vertical elements (columns, pylons) in the area of possible local collapse, primarily for corner
columns and columns of the extreme rows.

The general view of the deformed state of the frame as a result of an accidental impact is shown in
Figure 5.
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Figure 5. Frame of the second type after accident impact tests: « — general view;
b — the crack and fracture pattern
S ource: made by V.I. Kolchunov et al. [6]

As a result of an accident related to the failure of the middle row column (simulated by a removable
support), the load was redistributed along alternative paths. The formation of normal cracks in the support
and span sections of the two-span girders above the local failure on all floors of the frame structure was
noted. Longitudinal cracks formed along the contact of the cast-in-situ and precast parts of the girders. The
columns of the edge rows on almost all floors fractured along inclined sections. The column of the first
floor along axis C fractured along the normal section with the formation of a plastic hinge in the upper
support section.

4. Conclusion

1. The force and deformation criteria of the stages of resistance of reinforced concrete frame structures
of buildings in the zone of possible local collapse due to sudden failure of a vertical element (column,
pylon) are formulated.
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2. Using the obtained criteria and the energy balance conditions, simplified relationships were
constructed to estimate the ultimate static load for the arch and catenary action stages of resistance of the
slab structures.

3. The comparison of the calculation results based on the relationships obtained in the study for the
force and deformation criteria of the resistance stages with the data of experimental studies confirmed their
reliability, and also demonstrated the need to take into account the joint deformation of slab structures and
vertical load-bearing elements for correct evaluation of the deformed state of building frames in case of an
accident.
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AHHoTanus. PaccMoTpeHO BlusSHUE HAIPaBIEHUs BETPOBOI HArpy3KU Ha HANPSLKEHHO-I€(OPMUPOBAHHOE COCTOSIHUE TPEXIPaH-
HBIX PEIIETYAThIX aHTEHHO-Ma4YTOBBIX COOpPYKEHHI BbICOTOH OT 40 10 72 M. OOBbEKTaMH MCCIICAOBAHKS BBICTYMAIOT MATh PEATLHO
9KCILTyaTUPYEMbIX METAUIMYECKUX OallleH pa3IMYHOM reoMeTpuM, YCTAaHOBIEHHBIX B pa3iuuHbIX obnactsax Poccuiickoit dexnepa-
muu. PacyeTsl BBIMOJHEHBI METOJOM KOHEYHO-IJIEMEHTHOTO MOJAECIUPOBAHMS C HCIOJB30BAaHHEM IPOTPAMMHOTO KOMILIEKCa
SCAD Office. B pamkax uccienoBaHusi IpOBEJEHO CPaBHEHUE YCHJIMH B 3JIEMEHTaX KOHCTPYKLMH (Iosicax, packocax, pacrop-
Kax) IpH AEHCTBUM BeTpa B ABYX HANpPABICHHAX: HOPMATHBHOM (IEPIIECHINKYJIIPHO HABETPEHHOW IrpaHM OallHU) W BAOJNb OXHOM
U3 rpaseil, He IPeAyCMOTPEHHOM HAllMOHAJILHBIMU HOPMATUBAaMU. YCTaHOBIEHO, YTO IIPU BO3JEUCTBUU BETpa BJOJIb IPaHU B
psize crydaeB BO3HUKAIOT YCHIIHSL, TIPEBBIIIAIONINE 3HAYSHHS IIPH HaNpaBiIeHUH NEePIEeHIUKYIIPHO HABETPEHHON TpaHH OalIHU Ha
20-60 % u 6onee. 3ahUKCUPOBAHBI XapaKTEPHbIE U3MEHEHHS B PACIPENEICHUN YCUIUI 10 BBICOTE U HAJIUYKE IIPOCTPAHCTBEHHO-
T0 3aKPY4MBAaHUS KOHCTPYKUUH. [loydeHHbIe JaHHBIE MOATBEPKIAIOT HEOOXOAUMOCTh PACIIMPEHHs] PAaCUETHBIX CLEHAPUEB AJIS
GallleHHbIX COOPYKEHUH M YUUTHIBATh HAIIPABJIEHUS BETPOBOTO BO3JCUCTBUS, PaHEE HE PacCMaTPHBAaEMble B MHXKCHEPHOH IIpak-
tuke. [IpencraBneHHbIe pe3ynbTaThl BOCIIONHIIOT POOET B HAYYHOH JIUTEPAaType M MOTYT OBITH MCIONB30BAaHBI IS COBEPILICH-
CTBOBAHUSI HOPMAaTUBHOI 6a3bl U METOIOB IIPOEKTUPOBAHUS PELIETUATHIX AaHTEHHO-MAYTOBBIX COOPYKEHUM.
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Abstract. The influence of wind direction on the stress—strain state of triangular lattice antenna-mast structures with heights
ranging from 40 to 72 meters is examined. The study focuses on five real-world steel towers of varying geometries, located in the
Kaluga, Tula, and Ryazan Regions of the Russian Federation. Structural analysis was performed using the finite element method in
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the SCAD Office software environment. The investigation involved pairwise comparisons of internal forces in key structural
elements (chords, diagonals, and horizontal braces) under two wind directions: the standard (perpendicular to the windward face of
the tower) and along one of the faces, which is not considered in national design codes. It was found that wind acting along a
tower face can, in several cases, induce internal forces that exceed those under the standard direction by 20-60%. Distinct patterns
of force redistribution along the tower height and spatial torsional effects were also observed. The results demonstrate the
necessity of expanding design scenarios for tower structures to include non-standard wind directions, which are currently
overlooked in engineering practice. This study fills a research gap and contributes to the development of improved design methods
and regulatory frameworks for lattice antenna-mast structures.

Keywords: antenna-mast structures, FEM, stress-strain state, calculation of bearing capacity, wind load, cellular communication
support, steel tower, triangular lattice structure, design standards
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1. BBenenue

Hayuno-Texauueckuii mporpecc GopMHUpyeT HalpaBiICHUs Pa3BUTUSA BceX cep NesTeNTbHOCTH 4Yeso-
Beueckoro obmectsa. [losiBineHue TeneBUaeHUS U COTOBOM CBSI3U IOTPEOOBAIO MACCOBOTO CTPOMTENHCTBA
BBICOTHBIX OallieH JJIs pa3MelIeHus], IepelaloIIero U peTpaHcaupyonero obopynosanus. Heodxonumocts
o0ecrieueHus1 HOKPBITUS yCIIyraMH Ha OOLIUPHBIX TEPPUTOPUSIX MOCTaBUIIA NIE€PEl HAyKOW U MPAKTUKOM 3aja-
49y pa3pabOTKH YHUBEPCAIBHBIX KOHCTPYKINN, KOTOpbIe 3((HEeKTHBHO (DyHKITMOHUPOBATN ObI B Pa3IMIHBIX
HNPUPOJHO-KIMMATUYECKUX YCIOBHsIX. bolbIliast BBICOTa aHTEHHO-MAUYTOBBIX COOPYKEHUH J1eJIaeT UX B 3HAYM-
TEJIBHOW CTENEHH YyBCTBUTEIILHBIMHU K BO3JECHCTBUIO BETPOBOM HArpy3KU. A3pOAMHAMHUKE U BETPOBOMY BO3-
JICMCTBUIO Ha peleTyarbie OalleHHbIe KOHCTPYKIMH MOCBSAIIEHO MHOKECTBO HcciaeqoBaHmi [ 1-6], B KOTOpBIX
paccMaTpUBAIOTCS KAaK SKCIEPUMEHTAIbHbIE METO/b! (B a3poJMHAMHYECKol TpyOe), TaK U YUCICHHOE MOJe-
JMPOBaHUE HA UICATM3UPOBAHHBIX TeoMeTpusix. OIHAKO B MOAABISAIONIEM OONBIIMHCTBE TAaKUX pabOT aHa-
JIU3 TPOBOAMTCS IPU HOPMATUBHOM HANpaBICHUU BETpa — IMEPHEHAUKYIIPHO HABETPEHHON I'PaHU KOH-
CTPYKIIMH, YTO COOTBETCTBYyeT TpeOoBaHusAM CBozaa npasui Poccuiickoii @enepanun CIT 20.13330.2016
«Harpysku u Bo3zieiicteus. Axryanusuposannas penaxius CHull 2.01.07-85%»!.

Haubonbiee pacnpocrpanenue cpenu AMC HUMEIOT TpexXrpaHHbIE W YEThIPEXTPaHHbIE KOHCTPYKIHH
[7-9], Npu 5TOM TpeXrpaHHbIE KOHCTPYKIUM SBISIOTCA Golee SKOHOMHYHBIMHU. 110 psiy MCTOYHMKOB?
[10; 11], macca yeThIpexrpaHHOM OalIHu MpeBbIIaeT Maccy TpexrpanHoi Ha 10—-15 %, a mecturpanHoi —
Ha 20 %, uyto nenaet Tpexrpanubie AMC HauOoliee NpUBIEKATEIbHBIMU IIPU MACCOBOM CTPOUTENBCTBE.
B coorerctBum ¢ TpeboBanmsmu CIT 20.13330.2016 3HaueHre BETPOBOM HATPY3KH ISl pacdeTa HeCymei
crnocoOHocTU 31eMeHTOB AMC HeoOX0nuMO OINpeAessaTh IIPU HallpaBI€HUH BETpOBOro noroka W1, moka-
3aHHOTO Ha puc. 1. Ilpu 3agaHHOM HampaBJIEHUM aTaky BETPa BETPOBas Harpyska JEHCTBYET MEPIEHIUKY-
JSIPHO HaBETPEHHOM IpaHu OalllHU, BBI3bIBAs MAKCUMAJIbHBIE CKUMAIOIINE YCUITUS B €€ MOABETPEHHOM M0~
ce. B omnmume ot pacTsikeHus, cxarve mosica MOXKET MPHUBECTH K IOTepe YCTOMYMBOCTH, YTO OCOOEHHO
OMACHO, MOCKOJIbKY MOTEps YCTOMYMBOCTH MPOUCXOAMT BHE3AIHO M INPHU HArpy3Kax, CyIIECTBEHHO HHXKE
HpeAeIbHBIX IPOYHOCTHBIX 3HaueHU. TakuMm o0pa3om, HanpaBieHue BeTpa W1 MOXET SBIATHCS KpUTHYE-
CKUM TIpH TIpoBepke Hecymiel cnocoonoctu noscoB AMC. IIpu 3ToM MakCHMajbHbBIE CKUMAIOIIHE YCHITUS
B 2JIEMEHTAaX PEUIETKH KOHCTPYKLUU JOJKHBI BO3HUKATh IIPU ACUCTBUU BETpa BAOJIb ONHOM U3 rpaHeit W2,

' CIT1 20.13330.2016. Harpysku u Bo3zeiicTBus. AkTyanusuposannas peaakuus CHull 2.01.07-85*. 154 c.

2ENV 1993-1-3 EuroCode 3: Design of steel structures. Part 1-3: General rules. Supplementary rules for cold formed thin
gaugemembers and sheeting. European Committee for Standardisation CEN. Brussels, 1996; Wind Actions on Structures: ISO
4354:2009. [2009-06-04]. Geneva, Switzerland: International Organization for Standardization, 2009. 68 p.
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YTO HE YYMTBIBAETCS B HOPMATUBHOH M yueOHOI muTeparype’. B naHHOI cTaThe MpUBEIEHBI PE3yIbTaThl
olpeJeNieHHs] YCHINM B 3eMeHTax IATH TpeXrpaHHblXx AMC, pacnojoXeHHBIX B pa3IMYHbIX O0JIACTAX
Poccuu, npu HanpaBiaeHUsIX BeTpa neprneHauKkyisipao rpanu (W1) u Bnonbs rpanu (W2).

CoBpeMeHHbIE UCCIEI0BAaHUS B OOJIACTH a’3pOJUHAMMKH pe-
HIeTYATHIX OAlIEHHBIX COOPY)KEHUU COCPEIOTOYEHBI MpeuMyIIie-
CTBEHHO Ha BO3JCHCTBHUU BETPA, HANPABICHHOIO MEPIEHANUKYJIIAP-
HO HABETPEHHOMW TpaHu KoHCTpykiuu [12—14]. B [15-17] oTrmeua-
€TCsl, YTO NMPH OTKJIIOHEHUH HAIpAaBIECHUS BETpa OT HOPMATHUBHOIO
Wl —= MOT'YT BO3HHUKATh JTOIOJHUTEIIbHBIE YCUIIMS, OTHAKO TaKHUe CLIEHApUH
paccMaTpHuBaroTCs MO0 Ha YNPOLIEHHBIX MOJEIAX, MO0 Oe3 yue-
Ta peanbHOW reoMeTpuu OOBEKTOB. B oTedyecTBEHHON HOpMAaTHB-
HOM 0a3e pacyeT Ha HECTaHJapTHbIE HAIPABIECHUS BETPOBOIO BO3-

7 JIEHCTBUS, B TOM YHMCIIE BIOJIb OJHOM W3 TpaHeil (HampasieHne W2),

W2 HE peniaMeHTupyercs. TakuM o0pa3oM, BBISBISICTCS HEJTOCTATOY-
HOCTh KOMIUJICKCHBIX YUCJIICHHBIX HCCHCHOBaHHﬁ, OXBaThIBAKOIIINX

Puc. 1. PaccMatpuBaeMble HanpapyieHus peasibHbIe aHTCHHO-MAYTOBBIC COOPYXKEHHS, C IICIIbI0 OIICHKH BIIU-

BETpA 10 OTHOMICHUIO K KOHCTPYKIINH:
W1 — nepneHaukyIsspHO HaBETPEHHOU
rpanm; W2 — BIOIb TpaHH

SIHUsI HaIllpaBJICHUS BCTpa Ha HaprI)KCHHO-,Ile(bOpMI/IpOBaHHOe CO-
cTosiHMe. YKa3zaHHOe 00CTOSITEILCTBO MO3BOJISIET C(bOpMyanOBaTL

Vet ounnk: Bomoneno 10.J1. Mapuroii HCCIIE/IOBATENBCKYIO JIaKyHY, Ha BOCIIOJHEHHE KOTOPOM Halpasiie-
Figure 1. The wind directions considered Ha HacTosAmas padora.
in relation to the structure are: OObeKTaMH UCCIIEIOBAHNS SIBISIIOTCS TUTIOBBIE TPEXIPAHHBIE

W1 — perpendicular to the windward face;
W2 — along the face
S ource: made by Yu.D. Markina

AQHTEHHO-MA4TOBbIE COOpYKEHHUs BbIcOTOM OT 40 mo 72 M, mpen-
cTapisifolIue co0oi penieTyarbie NPOCTPAHCTBEHHBIE KOHCTPYK-
LMH, SKCILUIyaTUPyEMbIE B pa3MyHbIX peruoHax Poccuiickoil Pe-
depayuu.

L]env uccneoosanus — KOIMYECTBEHHAsI OLEHKA BIIMSHUS HAlpPaBICHUS BETPOBOTO BO3JEHUCTBUS HA
MPO/IOJIbHBIE YCUJIUS B OCHOBHBIX AJIEMEHTAaX pelIieTyarbiX OalleH, ¢ akeHTOM Ha aHaJIM3 HECTaHAapTHOTO
HafpasJeHus B0k rpanu (W2), He yIUTHIBAEMOTO JCHCTBYIOIIMMU HOPMAaTUBAMH.

JU1 NOCTHXKEHMSI TOCTABICHHOM L€ PEIIAIOTCA CIEAYIOIINE 3a0a4du:

1) bopMupoBanue pacueTHBIX MoOJENIel MATH peajbHO SKCILTyaTUPYEeMbIX OalleHHBIX KOHCTPYKLUUN
Pa3IMYHOI BBICOTHI H KOH(UTYpaIHH;

2) NpOBEJCHUE YHUCICHHOTO MOJCIMPOBAHUS BETPOBOTO BO3JEHCTBHUS B JIByX HAlpaBJICHUSX: HOpMa-
tuBHOM (W 1) 11 Bnonb rpanu (W2);

3) aHanM3 MOMYyYEHHBIX YCWIINH B [0CaX, PACKOCAX U PACHOPKaxX KOHCTPYKLUH;

4) cpaBHEHHE PE3YJIBTATOB C paHee OMyOIMKOBAHHBIMH TAHHBIMU;

5) popmynupoBaHrEe UHKEHEPHBIX BBIBOJIOB, HAIIPABJICHHBIX HA COBEPLICHCTBOBAHUE PACUETHBIX MOJ-
XOJI0B Mpu npoekTupoBanu AMC.

2. MeTonnl

OOBEKTHI UCCIIETOBAHUS:

AMCI1 (puc. 2, a) BicoToil 72 M — pacmnonoxena B Ps3zanckoii o6mactu Poccuiickoit ®@enepanuu.
Buemnsas gopma Gamnu 10 oM. +48,000 — TpexrpanHasi yceueHHas nupamuaa; ¢ oM. +48,000 1o oM.
+72,000 — tpexrpanHas npuszMa. B ocHoBanuu OamHs umeeT 6a3y 9,50 m; Ha oM. +12,000 — 6 M 1 Ha
ot™m. 148,000 — 2,75 m. bamHsa cocTout m3 6 cekmuid BeicoTor 12,0 M. CeKIMM COCTOSAT M3 OTAEIBHBIX
AIIEMEHTOB C KperieHrneM Ha 6onrtax. [Tosica m3roToBiIeHb! N3 OECIIOBHBIX ropsuenehopMUpOBaHHBIX TPYO,

% Actions on Structures. Part 1-4. General actions. Wind Actions: Eurocode 1. Brussels, Belgium: CEN, 2004. 155 p.;
Design of Steel Structures. Part 3—1. Towers, masts and Chimneys. Towers and Masts: Eurocode 3. Brussels, Belgium: CEN.
2006. 79 p.; Minimum Design Loads for Buildings and Other Structures: ASCE 7-05. [2006-01-01]. Virginia, USA: American
Society of Civil Engineers. 419 p.
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a pemeTka — U3 OeCIIOBHBIX ropsiueie(hOpMHUPOBAHHBIX TPYO W PaBHOMOJIOYHBIX THYTHIX mIBesiepoB. Co-
€/IMHEHUs TosicoB — OontoBoe Ha (umannax. Kpemienue packocoB U pacropok K mosicaM — OOJITOBOE 4e-
pe3 hacoHKH.

AMC?2 (puc. 2, 6) BeicoToii 70 M — pacnonoxena B Tynbckoit obnactu Poccuiickoit ®enepanuu.
bamns npezacrasnsieT co00l MPOCTPAHCTBEHHYIO CTEPKHEBYIO KOHCTPYKIIMIO, HUMEIOLIYI0 BHELIHIOKW (hop-
My B BHJI€ TPEXTPAaHHOM YCEYEHHOH mupamuabl 10 oTM. 49,726 M 1 B Bue TPEXIPaHHOU MPU3MBI MEXY
ormeTkamu 49,726 m — 70,000 M. bamnst coctout u3 11 cekumii pa3nuyHoil BEICOTBL. DJIeMEHThI KOHCTPYK-
UK OalTHH 3aIPOEKTUPOBAHBI M3 OECIIOBHBIX ropsiueneyOpMHUPOBAHHBIX TPYO, CTAIBHBIX TOpsYEKaTaHbIX
PaBHOIOJIOUHBIX YTOJIKOB, CTAJIBHOTO TOPsIYEKAaTaHOTO KPyIJIOTO IpoKara.

AMCS3 (puc. 2, 8) BricoTO# 67,5 M — pacnonoxena B Kamyxckoit obmactu Poccuiickoit denepa-
uuu. Bun pemeryatoil koHCTpyKunH ¢ otMeTkd 0,000 — TpexrpaHHas yceueHHas Nupamuia, ¢ OTMET-
ku +52,500 — Tpexrpannas npusma. [losica, packocsl u TpyObl BBIIIOJHEHBI U3 ropsueaehopMUpOBaHHBIX
6ecmoBHbIX TPy 1o Tocynapcteennomy crangapry TOCT 8732-78%, neiicTByromemy Ha Tepputopuu Pd.
Bamras Bxmrowaet 9 cexumii BeicoTon 7,5 M. CeKIIMU COCTOST U3 OTJENBHBIX AJIEMEHTOB C KpPEIJIEHHEM Ha
6onrtax. CoenrHEHNE OTIEIBHBIX CEKIUH MEXIy COO0I OCYIIECTBISAETCS MOCPENCTBOM (pI1aHIEeB HA BBICO-
KOIIPOUHBIX OONITaX.

AMCH4 (puc. 2, 2) BoicoTor 72,5 M — HaxoauTcs B Kamyxckoii obnactu Poccuiickoit @enepanumu.
Buemnss ¢opma 6amnu 10 otM. +60,000 M — TpexrpaHHas ycedeHHas nmupamuaa; ¢ oM. +60,000 m
U BbIIlIE — TpexrpaHHas npusMa. B ocHoBanuu OamHs umeeT 0azy 8,5 M u Ha otMm. +60,000 M — 3,0 m.
bamas cocrout u3 9 ceknuii Beicotoi 7,5 M u omHOM — 5,0 M. Iosica, packocel U TpyObl BBHITIOJTHEHBI U3
ropsiaeziepOpMUPOBAHHBIX OSCIIOBHBIX TPYO.

AMCS (puc. 2, 0) Beicotoii 40 M — pacnonokena B Kamyxkckoit oomactu Poccmiickoit denepammn.
bamns Beicotoit 40,0 M COCTOUT U3 YeThIpeX YHUPHUIMPOBAHHBIX cekuuit amuHoi 10,0 M. BepxHss cek-
nus SC-1 — TpeyrosipHast B IUIaHE CO CTOPOHOM PaBHOCTOPOHHETO TPEYrojbHUKA, paBHOro 1,5 M. Ocraib-
HbIE CEKIIMM — YyCEUYEHHas MUpaMHaa TPEyTroJbHOTO CEYEHHUs], C YKIOHOM mosicoB 2,1° u HuxHsaa SC-4
¢ ykioHoM mosicoB 13°. Tlosica ceKIuii M3roTOBIEHBI U3 KPYIJIBIX TPYO, pemieTka OaliHu U3 KBaIpaTHBIX
Tpy0. Coenunenus nosicoB — (anneBsie Ha Oontax. Kpemnenue packocoB U3 KBaJIpaTHBIX TPYO K MOS-
cam — OonToBoe.

Bce pacuersl BBINIOIIHEHBI B COOTBETCTBUHU C TPEOOBAHMIMH JEHCTBYIOIIMX HOPMATHBHBIX JIOKY-
MEHTOB.

B kauecTBe pacueTHOI CXeMbl KaKJIOW U3 OINOp MPUHSATA MPOCTPAHCTBEHHAsI CTEPKHEBAsI CTAaTHUECKU
Heomnpenenumas cuctema. Pacuers! BoinosiHeHsl B [IK SCAD Office. Pacuetnsie cxemsl (PC) — cuctembl
oOmrero Buja (MpU3HaK 5), KOHEYHBIE JIEMEHTHI — MPOCTPAHCTBEHHbIE cTepkHU (TH 5). KpaTtkue xapak-
tepuctuku PC AMC cBenensl B Ta0u. 1.

Tabauya 1/ Table 1
Xapakrepuctuku PC AMC / Characteristics of AMS models

Ne AMC / No. AMC 1 2 3 4 5
Oommee konmyecTBO 31eMeHTOB / Total number of elements 327 366 315 327 306
Oommee kommyecTBo y310B / Total number of nodes 117 138 111 114 117
KonmuectBo Tunos xxectkoctr / Number of types of stiffness 8 8 12 9 7

W c o4 uk: Bemonrero F0.J1. Mapkusoii / S o u r ¢ e: made by Yu.D. Markina

VY4reHsl cnenyronye NoCTOSHHbIE HAarpy3Ku:
* cOOCTBEHHBIN BeC KOHCTPYKLHUML;
* Bec 000pyI0BaHUs;

*TOCT 8732-78. Tpy6bl cranbHble GeciioBHble TopsuenedopmupoBannbie. Munuctepctso epHoii metamtyprun CCCP.
1988.29 c.
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Puc. 2. O6mwuii Bug 00bEKTOB UCCIIEIOBAHNS
a— AMC1; 6 — AMC2; 6 — AMC3; 2 — AMC4; 0 — AMC5

1 c1o4HuK: BemonHeHO A.A. MapKuHBIM

Figure 2. General view of the research objects:
a— AMSI1; 6 — AMS2; 6 — AMS3; 2 — AMS4; 0 — AMS5
S ource: made by A.A. Markin
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VY4reHsl BpeMEHHbIE HAaTPy3KH:
* TOJIOJIEAHAs HArpy3Ka;
* CTaTHYEeCKas COCTABIIAIONIAs BETPa;
* IMHAMHUYECKasl COCTABIISAIONIAS BETPA.
PacueTsl BHIOTHEHBI AJ1S CIIEAYIOIUX OCHOBHBIX COYETAHUI HArpy30K:
* 100 % BerpoBast Harpy3Ka + Harpy3ka OT COOCTBEHHOTO Beca KOHCTPYKILHUH OMOPBI U 000PYy/I0BaHUS;
* 25 % BeTpoBas Harpy3Ka Ha TOKPBITBIE TOJOJIEAOM JIEMEHTHI OalllHu 1 KabenbHOH Tpacchl + 60 %
BETPOBasi Harpy3ka Ha MOKPHITHIE TOJIOJIEIOM OCTAJIbHBIE JIEMEHTHI + Harpy3ka OT COOCTBEHHOTO
Beca KOHCTPYKLUH ONOpsI U 000py10BaHuUs + royosieiHas Harpys3kKa.
PacueTHbIM coueTaHueM MpU ONPEACTICHUN YCHIIUN B 3JIEMEHTaX Ka)KJI0W OTIOPHI SABJISETCS COYeTaHNE —
100 % BeTpoBast Harpy3Ka + Harpy3ka oT COOCTBEHHOTO Beca KOHCTPYKLUI OMOpbI, 000pyIOBaHUS U KaOeei.

3. Pe3yabTarhl U 00CyXKIeHUE

PesynbraTel onpeneneHus MakCUMaIbHBIX BETUYMH CHKUMAIOUINX YCUIUN Nmax OT PACUETHBIX KOM-
OMHAaUMH 3arpyXeHuil MpHu HalpaBlIeHHUSIX BeTpa NepHeHAUKyIsipHo rpaHu W1 u Baoias rpanu W2
(cMm. puc. 1) B anemenrax pemetkn AMCI1 u AMC2 i K101 TaHeI! PUBECHBI B Ta0M. 2. Pe3ynbrars
OIpe/esIeHHs] BEJTMUMH IIPOJIOIbHBIX YCHIINI BO BCEX IEMEHTAaX KOHCTPYKLUI IPUBEAEHBI Ha pucC. 3.

Tabauya 2 / Table 2
MaxkcuMa/IbHble 3HA4YEeHHUS] CKUMAIOIIMX YCHIIMIA OT pacuyeTHbIX KOMOUHALMIT
3arpy:keHuii B 3jieMenTax pemerku AMC1 u AMC2 /
The maximum values of compressive forces from the design combinations
of loads in the lattice elements of AMS1 and AMS2
AMSI1 AMS2
Packocsl / Braces Pacnopku / Spacers Packocsl / Braces Pacnopku / Spacers
O}}'M HHU3a /| mpu ]:;;}SleeTpa “R,:E:‘O/CT npu ]l:[::lxp(.?erpa HR,?“Z‘O/CT OTN!. HHU3a /| npu ]l:[::lxp(.?erpa "R,:E(O/CT npu ]}Y::l})fTB)eTpa “R,:EXO/CT
eight of (em. puc. 1)/ Increase (cm. puc. 1)/ Increase Height of (cm. puc. 1)/ Increase (cm. puc. 1)/ Increase
the l?wer IYmax (t} in t}le in Nos, IYmax (t) in t!le in Mo, the l?wer IYmax (t? in t!le in Nonas, ]Ymax (t? in t!le in Noas,
point wind d‘lrectlon % wind (!1rectlon % point wind d‘lrectlon % wind (!1rect10n %
(see Figure 1) (see Figure 1) (see Figure 1) (see Figure 1)
W1 W2 W1 W2 W1 W2 W1 W2
0,000 8,22 | 10,30 25 0,00 | 0,00 0 0,000 2,45 2,79 14 0,00 | 0,00 0
3,000 8,65 10,58 22 0,01 0,04 300 3,911 2,21 2,58 17 1,01 1,17 15
6,000 9,43 | 10,28 9 0,01 0,04 300 7,821 2,25 2,47 10 1,01 1,17 15
9,000 9,83 | 10,59 8 4,44 | 4,74 7 10,814 1,93 2,26 17 0,97 | 1,17 21
12,000 9,73 | 10,96 13 444 | 4,74 7 13,807 1,36 1,56 14 1,07 | 1,21 14
15,000 9,14 | 10,47 15 0,26 | 0,40 51 16,801 1,44 1,63 14 1,07 | 1,21 14
18,000 8,73 | 10,02 15 0,26 | 0,40 51 19,794 1,32 1,53 17 0,92 | 1,08 18
21,000 7,717 9,56 23 3,50 5,58 59 22,787 1,38 1,60 16 0,88 | 1,03 18
24,000 9,70 | 10,07 4 3,50 5,58 59 25,780 1,36 1,55 14 0,88 | 1,03 18
27,000 8,76 9,44 8 0,54 | 0,48 —11 28,774 1,44 1,63 14 0,89 | 0,95 6
30,000 8,39 9,08 8 0,54 | 048 —11 31,767 1,30 1,54 18 0,80 | 0,95 19
33,000 7,43 8,54 15 2,69 1,76 —34 34,760 1,28 1,47 14 0,76 | 0,92 22
36,000 3,63 4,26 17 2,69 3,03 13 37,753 1,24 1,49 20 0,69 | 0,82 19
39,000 3,05 3,52 15 2,62 3,03 15 40,746 1,25 1,42 14 0,65 | 0,80 23
42,000 3,12 3,59 15 2,21 2,60 18 43,740 1,18 1,37 16 0,54 | 0,65 22
45,000 3,12 3,59 15 3,21 2,30 -28 46,733 1,28 1,50 17 1,84 | 1,68 -9
48,000 6,02 6,87 14 3,21 2,30 -28 49,726 3,19 3,66 15 1,95 | 2,26 16
52,000 5,43 6,23 15 3,24 3,70 14 52,726 | 2,97 3,43 15 1,95 | 2,26 16
56,000 | 4,79 5,50 15 2,52 | 2,82 12 55,726 | 2,31 2,64 14 1,71 1,96 15
60,000 3,97 4,56 15 2,52 | 2,82 12 58,726 1,86 2,12 14 1,34 | 1,53 14
64,000 | 2,72 3,14 16 1,98 | 2,17 10 61,726 1,89 2,16 14 1,10 | 1,21 10
68,000 1,29 1,50 16 0,24 1,31 448 65,900 | 0,67 0,78 15 0,84 | 0,78 -7

W c o4 uk: Bemonnero F0.Jl. Mapkusoii / S o u r ¢ e: made by Yu.D. Markina
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Puc. 3. [IpomonbHbIC yCHITHSI OT pacYeTHBIX KOMOMHALINH 3arpy>KEHH B DJICMEHTAX:
a — AMCI npwu nefictun Betpa o Hanpasienuo W1; 6 — AMC2 npu nelicTBum BeTpa 1o HampasieHuo W1;
6 — AMCI npu gelicTBuu BeTpa 1o HanpasieHno W2; e — AMC2 npu neiicTBUM BeTpa 1o HanpasieHHI0 W2

M ¢ 1o 4H uk: Bemmoaneno 10.[]. Mapkunoit

Figure 3. The longitudinal forces from the design combinations of loads in the elements:
a— AMS]1 when the wind is acting in the direction W1; 6 — AMS2 when the wind is acting in the direction W1;
6 — AMSI when the wind is acting in the direction W2; 2 — AMS2 when the wind is acting in the direction W2
S ource: made by Y.D. Markina
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BennuuHel ycunuil B 37eMEHTax BCEX paccMaTpUBAaeMbIX OallleH CpaBHUBAJIUCH B aOCONIOTHBIX U OT-
HOCHUTEJbHBIX 3Ha4eHUAX. [Ipy BBIYMCICHUH NPUPOCTA CKMMAIOLINX YCUIMHM B IPOIEHTHOM OTHOIIEHUU
3a ocHOBY (100 %) npunumanuce ycunus B snemMeHTax AMC, nosiydeHHbIE NpPU HANpaBIE€HUHU aTaKU
BeTpa neprneHaAuKyisipHo W1 (cm. puc. 1), 4To COOTBETCTBYET METOIMKE OIPEIEIECHHs BETPOBOM Harpys3Ku
CIT 20.13330.2016. MakcumanbHbie yeunus B nosicax Bcex AMC mnonydeHsl ipy HanpaBieHUn ataku W1.
MaxkcumainbHble ycuians B packocax Bcex AMC nosyyeHbl Ipy HapaBJICHUH aTakd BAOJb rpaHu W2, oHU
MPEBBIIIAIOT YCUIIHS, BOZHUKAIOIINE OT BO3JECHCTBUS BETPOBOI HArpy3KH, ONIPENEIAEMOI B COOTBETCTBUU
¢ CIIT 20.13330.2016, B cpennem Ha 20 %. HaumensbI1yio npencka3yeMocTh MOKa3bIBAIOT 3HAUCHUS yCHITUI
B pacnopkax AMC, npupocT CKUMAIOUIMX YCWIMKA IpU HarpaBlIeHUU BeTpa W2 OTHOCHUTEIBHO Halpasiie-
Hust BeTpa W1 Bapbupyercst B cpenneM oT —50 1o +60 %. YpoBeHb MpHpOCTa CKUMAIOLIUX YCHIIMN MPH
M3MEHEHUH HAIlpaBJICHUs aTaKu BeTpa pasziIMueH JJs KaXJI0ro U3 OObEKTOB HCCIEJOBAaHHUS M MEHSETCS B
3aBHCHMOCTH OT BBICOTBHI M THIIA PACCMAaTPUBAEMOIO 3JEMEHTa peIeTKH. MOXHO MPeanoIokKUTh, YTO OH
OyzeT 3aBHUCETh OT I'€OMETPUUYECKUX MapaMeTPOB HCCIIEAYEMOro OOBEKTa: THUIA PEIIeTKH, pa3MepoB CeK-
Ui, ceueHuid AeMeHToB U 1mp. [y Gosiee TOYHBIX BHIBOIOB JIAHHBIN aCHEKT HYXAAETCSl B JOIIOJHHUTENb-
HBIX 0oJiee TIIATEIbHBIX UCCIIEOBAHMIX.

PesynbraThl BEIOOPKH MaKCUMAaJIbHBIX BEJIMYMH CKUMAIOIINX YCHIMN B pacnopkax u packocax AMC3-
ACMS no cexkuusiM IpuBezieHbl B Tabi. 3. Pe3ynbTaThl omnpeneneHuss BeIUUUH MPOJOJIBHBIX YCHIUI BO
BCEX 2JIEMEHTaX KOHCTPYKIMH IPUBEIEHBI U Ha puc. 4.

[Ipu 3TOM 111 KaXkA0ro 00BEKTa UCCIEIOBAHUS TEeHICHIIUS U3MEHEHHUS CKUMAIOLINX YCUIIMHA TIpU TIe-
pexozae oT HampasieHHs Berpa W1 k HanpaBieHnto W2 ocTtaeTcs 0OJUHAKOBOM: CHUKEHHE MaKCUMAJIBHBIX
IPOJOIBbHBIX CHJI OT PACUETHON KOMOMHAIUM 3arpy:K€HUH B 3JIEMEHTaX Iosca, pOCT B pacKocax U HecTa-
OupHOE TIOBEICHUE B pacropkax. Pe3yibTaTsl McciaeoBaHuUs JOKa3bIBAlIOT HEOOXOJUMOCTh yUeTa B pacue-
Te Hecyulel cnocooHoct AMC 0060uX HampaBIeHH BETPOBOTO MOTOKA.

Tabnuya 3 / Table 3
MaxkcumMasbHbIe BeIMYHHbBI CKUMAIOLIMX YCHUJIUIH OT pacyeTHbIX KOMOUHALMIA
3arpyskeHmii B jiemenTax pemerku AMC3 — AMCS /
The maximum values of compressive forces from the design combinations
of loads in the lattice elements of AMS3 — AMSS
AMS3 AMS4 AMSS
Packocsi (cm. puc. 1) / [Paciopku (cm. puc. 1) / Packocsbr / Pacnopku (cm. puc. 1) /|Packocbl (eMm. puc. 1) /| Paciopku (cm. puc. 1) /
i | Braces (see Figure 1) | Spacers (see Figure 1) Braces Spacers (see Figure 1)| Braces (see Figure 1) | Spacers (see Figure 1)
=2
== N
= ‘max (T) Nmax (T) Nmax (T) Nmax (T) Nmax (T) Nmax (T)
g 2 [pH HAmp. Hg“po/ﬂ [pH HAmp. HK,"I’O/CT npH Hamp. H]I:,“po/ﬂ [pH HATp. H]l:,"po/ﬂ [pH HATp. H]l:,"po/ﬂ npH Hamp. H]I:,“po/ﬂ
(5} : max max max max max max
>4 BeTpa/ BeTpa/ BeTpa / BeTpa/ BeTpa/ BeTpa /
2Z | Num® WO N @ | T N | DT Nowe@ | N Nawe @ | M| N | T
& | inthewind 0/'"“’ in the wind o /"'“’ in the wind 0/'"“’ in the wind 0/"'“’ in the wind 0/"'“’ in the wind 0/'"“’
direction ° direction ° direction ° direction ° direction ° direction °
W1 | W2 W1 | W2 W1 | W2 W1 [ W2 W1 | W2 W1 | W2
1 1,90 | 1,94 2 0,130,17 31 4,05 | 4,22 4 1,33(1,71 29 3,391 3,46 2 L5 | 1,25 -17
2 1,63 | 2,05 26 0,19 0,23 21 2,45 | 2,56 4 0,23(0,26 13 1,49 1,63 9 0,52 | 0,57 10
3 2,23 12,29 3 0,12 0,18 50 3,16 | 3,48 10 0,20(0,24 20 1,05| 1,24 18 0,46 | 0,44 —4
4 1,75 | 2,16 23 0,11 (0,16 45 2,48 | 2,61 5 0,6910,18 -74 1,14 1,28 12 0,1 | 0,08 =20
5 2,0512,15 5 0,16 { 0,19 19 2,36 | 2,45 4 0,07(0,13 86 - - - - - -
6 1,85 2,12 15 0,17 0,10 —41 3,41 | 3,44 1 0,18]0,14 =22 - - - - - -
7 12,53]2,71 7 0,24 (0,22 -8 2,76 | 2,78 1 0,090,13 44 - - - - - -
8 1,81 2,38 31 0,99 10,48 | -52 1,751 2,07 18 0,91(0,13 -86 - - - - - -
9 1,82 2,57 41 0,70 0,76 9 0,86 | 1,92 123 10,480,57 19 - - - - - -
10 0,43 | 0,92 114 10,23/0,32 39 - - - - - -

U ¢ T o 9 = u k: BeimonaeHo 10.J]. MapkuHoit / S o u r ¢ e: made by Y.D. Markina

PACYET ¥ MPOEKTVPOBAHVE CTPOWUTENbHbIX KOHCTPYKLIA 341



Markina Yu.D. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(4):334-345

S o
= ers 2
= -
[ | 5o a0 =
16 - =
16 -
N /60 :4
el & > . Ta
o [ 5447 -438 4 " # [ -60.28 -55.15 o [-29 26413 _| =
% [ -498 -45122 | % [ -55.15 -50.03 ¥ [ -26.41 -23.83 0 (\‘
# [O-4512 -40.45 2 | V525 # [ -50,03 -44.9 o [ -23.83 -21.25 1 | >
% [O-4045 3578 2 "] 4 [-443 -39.77 % [-21.25 1867 6 "1 4
* [O-3s78-31.110 " 4 []-39.77 -3465 % [-18.67 16091 "] '
#3111 2644 2 ] E #4 []-3485 -29,52 # []-1609 1351 1 7] Y4
# []-2644 2177 2 7| % []-2952 244 # []-1351 110930 e
% [d-2774721 0 ® # []-244 -1927 # [1-1093-834 1 7| N
71 12422 7| % []-19.27 1414 #1834 576 2 "] '
o 242275 1 7| \/37.5 # [0-1414 -9.02 ¥ [C]-578 O ) [
o [@-7275 308 2 " 4 [ -9.02 -3.89 % @318 -0 = P
o [ -3.08 159 249" N % [ -3.83 1.24 % [-06 198 204 N v
¥ M5 626 23" 124 636 198 456 7 "N ' f
% M6 1093 4 "] o » Il636 1149 % Mass 714 8 "l '
 Hl 1093 1561 8 "I 5 Il 11.49 16,61 ’
Ml 156 2028 14710 + Il 1661 21,74 » 4
Lz E— D 4
4
Wkana Wkana Wkana | ’
O e T ey & ‘ v ‘ O $pparMeHTa 2] (] pparmenTa E‘ v
SaKpeiTh i | is SakpeiTe SakphITe i ‘
L . L L
X X X
o
a 9] 6
X | gers 8 Yonma S Yeunus
L, L
HO Ho | Ho
B 16 v 16 v
360
T 7 | [ . T T
& [ -47.85 -4246 5] | o Il -50.91 -45.26 4 "] o 2504221 3 "
¥ [O-42.46 3207 2 Us2s o [ -45.26 -3961 2 " % [-221 19160 %
.
¥ [O-37.07 3168 2 "] * o [ -39.61 3396 2 " # 1916 16227 [
o [ -31.68 2629 2 " % [-33.96 -28.31 2 " % M -16.22 13271 |
¥ 2629 208 2 7] % [ -2831 2285 2 "] 0327 10331
¥ []-209 15510 /45 % 226517 2 7] # [J-1033 239 1 "
¥ 1551 10122 7] % [O-7 11350 % ¥ [739 -445 3 7]
% [J-1012-473 4 " #1357 3 "] ¥ [J-445 451 257
¥ []-473 065 228 % [-s7 -004 138 w5 144 afC {
% [Joss 604 54 _\:l \/37.5 o [-004 561 156 ¥ []1.44 438 19 _|:|
* 604 1143 3 _II o [@se1 1126 2 T ¥ [@M43s 732 3 _||
% [ .43 1682 1 ] ¥ @z 163 2 "] “ @22 0217 ) {
» 1682 2221 4 _| Tso0 o Wl 1691 2256 2 " o 1026 132 1 .| )
i Il2221 276 3 _I o Wl 2256 2822 2 "] % 132 1615 6 _| ‘
i 2re (3299 2 | % Mlzez2 387 2 "I < Ml 615 1308 1 7| N
& Els299 3838 5 Bl 3387 3952 6 " o Wl 1909 2203 3 "] ‘
va2s == ——
L | L L .
Wkana Wkana
Wkana
O PpartenTa ) v O bparMeHTa m‘ V‘ O PparteHTa & v f
Sexputs | M E 3aKpbITh iy SakpeiTe ‘ }N
£
s A
- > N 2 '
% X X
AV
2 0 e

Puc. 4. IIpoosbHBIC YCHIIHS OT PaCYETHBIX KOMOHHAIHI 3arPyKEHUH B SJIEMEHTaX:

a — AMC3 npu peiicTBuu Betpa no HanpasieHno W1; 6 — AMC4 nipu neiicTBuu BeTpa 1o HanpasieHno W1;

6 — AMCS nipu peficTBuu BeTpa no HanpasieHuo W1; e — AMC3 npu neiicTBun BeTpa 1o HanpasieHHI0 W2;

0 — AMCA4 nipu neiictBuu BeTpa 1o HanpasieHno W2; e — AMCS npu gelicTBuu BeTpa 1o HampaBieHUuo W2
W c1o4Hnuk: BemonseHo 0./, Mapkunoii

Figure 4. The longitudinal forces from the design combinations of loads in the elements:
a — AMS3 when the wind is acting in the direction W1; 6 — AMS4 when the wind is acting in the direction W1;
6 — AMCS when the wind is acting in the direction W1; 2 — AMS3 when the wind is acting in the direction W2;
0 — AMC4 when the wind is acting in the direction W2; e — AMSS5 when the wind is acting in the direction W2
S ource: made by Y.D. Markina
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3HaYMTENbHBIE YCUIIUS B leMeHTax pemeTkn AMC, a Takxke nepemMeleHuss KOHCTPYKIMHA CBHJIETEINb-
CTBYIOT O BOSHUKHOBEHUH 3PPekTa 3aKkpydrBaHus OalleH BCIEICTBUE ACUMMETPUYHOCTH 110 OTHOLICHHUIO
K TpaHsM OallHu HarpasjieHus ataku Betpa W2. IlomyueHHble pe3ysbTaThl OATBEPKAAIOTCS COMOCTABUMO-
CTBIO C pe3yJIbTaTaMU aHAJIM3a HAIPsSH KEHHO-I1e()OPMUPOBAHHOTO COCTOSIHUSL TPEXTPAHHOM CTabHON BBITSIK-
HOM GalllHu, BHYTPH KOTOPOH pacnojioKeH MakeT U3 TpexX TpyO, IpH pa3IMyHbIX yriax araku Berpa [18; 19].

[TomyuenHble 3HaYeHUS MPOJOIBHBIX YCHJIMHA U UX Bapualdd B 3aBHCHUMOCTH OT HalpaBJeHMs BETpa
COIOCTaBUMBI C pe3ysIbTaTaMH, MPEICTAaBICHHBIME B padoTax Ipyrux aBTopoB. Tak, B [12; 13] moka3aHo,
YTO IPH JACWCTBUH BETPa MO KOCHIM YIJIOM K (haCeTHOW IMOBEPXHOCTH PEIIeTdaToi OalrHu BO3MOXKHO yBe-
JIMYEHUE YCUIIMM B OTAENbHBIX 5ieMeHTax a0 15-25 %. B [14; 16] Takxe oTMe4eHO, YTO BO3CICTBIE BAOJb
OJTHOM M3 IrpaHel NPUBOJUT K NepepacipeieIeHNUI0 Harpy30K 1 JIOKAJIbHBIM KOHIIEHTPALUAM YCHITUH.

OnHako B HACTOAIIEM MCCIICIOBAaHUU BIIEPBbIE IIPOBEIEH CUCTEMHBINH aHAIN3 MATH PEaIbHO CyIECTBY-
toux AMC, BBINOJHEHHBIA IO €IMHONW METOIUKE, C YYETOM JABYX HallpaBJICHUN BETPOBOIO BO3IECUCTBUS
(W1 — sopmaruBHoro 1 W2 — Brosb rpanu). B ommuue ot [12; 14] B naHHO# paboTe BHUMaHUE aKICH-
THUPOBAHO HE TOJIBKO HA a0COJIOTHBIX 3HAYEHUSX YCWINH, HO U HAa CPAaBHUTEIHHON OIMACHOCTH HANPABJICHUS
W2, KoTopoe B HOpMAaTUBHOM 0a3e HE YUUTHIBACTCS.

JIONIOJTHUTENIBHO TTOATBEPIKJIEH M KOJIMYECTBEHHO 3a(hpUKCUPOBAH 3((PEKT TOPCHOHHOTO CKPYUHBAHUS
OalleH Ipu BETPOBOM BO3AECHCTBUM BAOJIb I'PaHM, YTO PaHee YIOMHHAJIOCH TOJIBKO KauecTBeHHO [16], 6e3
HPUBSA3KM K KOHKPETHBIM KOHCTPYKUMSAM. Takum oOpa3oM, IMPEAIOKEHHBIN MOAXO0J MO3BOJISET BBIABIATH
KPUTUYECKHE HAIIPABJICHUS BETPA, UTHOPUPYEMbIE CTaHAAPTHBIMU pacyeTaMu, 1 00OCHOBBIBAET HEOOXOAU-
MOCTb HX Y4Y€Ta B UHKEHEPHOU MPAKTHKE.

Crnenyer OTMETHTB, UTO B paMKaxX HACTOSAIIETO MUCCIIEAOBAaHUSA HE YUUTHIBAIOCH BOSMOKHOE CHI)KEHUE
ko3¢ unueHTa J1000BOro CONPOTUBIIEHUS IPU BETPOBOM BO3JEHCTBUU BAOJIb OJHOM U3 rpaHel OaliHu
(nanpasinenue W2). CoracHO JJaHHBIM psijia aBTOPOB, U3MEHEHHUE yIJIa aTaKd BO3/YIIHOIO IOTOKA MOXKET
CYIIECTBEHHO BIIUATH HA a3POIMHAMHUYECKYIO 3(p(heKTUBHOCTh pemIeTyaTsiX KOHCTPYKIMH, GopMHUpys yciio-
BUS JUI YaCTUYHOTO PACCEMBAaHUS MOTOKA U CHHKEHUS a3POAMHAMUYECKON Harpy3KH.

Tak, B [20] Ha OcHOBE a3pOAMHAMHUYECKOTO SKCIEPUMEHTA MOKa3aHo, YTO JUIsl TPyOUaThIX M YIJIOBBIX
AIIEMEHTOB, UCIIOIB3YEMBIX B MONEPEYHHAX OAIIEHHBIX COOPYXEHUH, MPOIOIbHOE OOTEKAaHNE MOXKET IMPH-
BOJIUTh K CHMKEHUIO a3pOJUHAMHUYECKOro conpotusieHus 10 30 % mo cpaBHEHHIO C NMEPHEHIUKYISIPHBIM
Bo3zelicTBueM. B [21] mpeaioxkeHa MeToIMKa y4ueTa IPOHUIIAEMON CTPYKTYphl OAlllHU HA OCHOBE JIEMEHT-
HOTO TOAXO0/1a, MO3BOJIAIONIAast O0Jiee TOUHO OIIEHMBATh Iepepacipe/iesieHle TOTOKa IpU MPOI0IBLHOM 00Te-
KaHUU. ABTOpBI NMOMYEPKHUBAIOT, YTO TPAJUIMOHHBIE MOJEIM CONPOTUBICHUS BO3AyXa IMEPEOLEHUBAIOT
Harpy3Ky IpH HalpaBJIEHUH BIOJIb PEIIETKU.

B [22] paccmoTpeHO BiIMsSHUE yparaHHBIX BETPOB Ha CBOOOJHOCTOAIIME OAIllHU, U YCTAHOBJIEHO, YTO
o0TeKaHKe BIOJb PEHIETYATHIX SIEMEHTOB COPOBOKIACTCS YMEHBIIIEHHEM PE3YJIbTUPYIOIIETO IaBICHUS 32
CUeT a’poJrMHaMHuecKoi cradbunuzanuu. Kpome Toro, B 0OT€4€CTBEHHOM HCCIIE0BaHUU [23] MOATBEPKAEHO,
YTO MOHMWXKAUMH K03 hULIKeHT aaBieHus, GopMupyeMblii IpU BETPOBOM BO3/JCHCTBUU BAOJIb IPaHH,
CYIIECTBEHHO OTIIMYAETCS OT HOPMATUBHBIX 3HAUCHHUI U TpeOyeT YTOUHEHHUS B PACUETHBIX MPOLIEAYpPaX.

B cBs13u ¢ U30KE€HHBIM 1I€7I€CO00pa3HO MPOBEICHUE JONOIHUTEIbHBIX UCCIEI0OBAaHUM, HAIIPABIEHHbBIX
Ha KOJIMYECTBEHHOE OIpE/ETIeHNe CHIKEHUS Kod(duimenTa 1060BOro CONPOTUBIEHUS JUIsI TPEXTPAHHBIX
AQHTEHHO-Ma4YTOBBIX COOPY)KEHHUI MpHU ACUCTBUH BETpa BAOJb IPaHH. Y4eT JaHHOTO 3((dexTa MO3BOIUT IO-
BBICUTh TOYHOCTh MOJIEJIMPOBAHUS BETPOBOM HAarpy3KH U CTaHET OCHOBOH ISl KOPPEKTUPOBKHU CYILIECTBYIO-
IIUX PacYETHBIX MOIXOOB.

4. 3akiloueHue

1. B x0z1€ 4YMCIIEHHOrO0 MOAEIMPOBAHUS U aHAJIN3a IATH Pa3IMUHBIX TpeXrpaHHbIX pemerdarbix AMC
YCTAHOBJICHO, YTO OIPEIEIAIOINM (aKTOPOM B IPOBEPKE HECYLIEH CIIOCOOHOCTH KOHCTPYKIMH SIBISETCS
HE TOJIbKO BETPOBasi Harpy3Ka, HalpasjieHHas NepIEeHAUKYIIPHO HAaBETPEHHOU TpaHy (TPaJAUIIMIOHHO UCIIOJIb-
3yeMasi B CTPOUTENIbHBIX HOpPMax), HO U Harpy3ka BIOJIb OHOM M3 rpaHeil OaliHu, KoTopasi BeI3bIBaeT Oonee
BBICOKHE YCHJIUS B PsJI€ DJIEMEHTOB.
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2. [lokazaHo, 4TO pU JAEUCTBUHU BETpa BAOJIb I'PAHU B DJIEMEHTAaX PACKOCOB BO3HHUKAIOT MAKCHMAab-
HBIE CXKMMAIOIINE YCHIIHS, TPEBBIIIAIONINE 3HAYCHNUS, TOTyYaeMble TP HOPMAaTUBHOM HAIpaBICHUH BETpa
(B cpemnem Ha 20 %). DTO MOXKET MPUBECTH K CHIDKEHHIO YCTOMUMBOCTH U JIOJDKHO YUHTHIBATHCA MPH TIPO-
BEpKe KOHCTPYKIUI HA peeIbHbIE COCTOSHUSI.

3. BeIsiBIIeHa BBICOKasi YyBCTBUTEIFHOCTh PACIOPOK K HANPABICHUIO BETPOBOW HArpy3KU: NPU U3Me-
HEHUH yTJIa aTakKy BeTpa MPUPOCT YCHINN MOXKET Kojiebarscst B cpeqHeM ot —50 1o +60 %. Takas nenpen-
CKa3yeMoCTh TpeOyeT WHAMBUIYAJIBHOTO IMOAXOAAa K MOJAEIMPOBAHHIO ITHX SJIEMEHTOB MPU HHKCHEPHOM
JKCTIEPTHU3E.

4. O6HapyxeH 3¢dekTt 3akpyunBaHus (TOpCHOHHOM Aedopmalin) GaleH mpyu BETpe BAOIb IPaHU. ITOT
s¢dexT 00ycIoBIeH aCUMMETPUEH HATPY3KH U MOXKET 3HAYUTEIHHO BIUATH HA IPOCTPAHCTBEHHYIO PaboTy
KOHCTPYKIIMH, OCOOCHHO Y BBICOKHX OallleH CO 3HaYUTEbHON THOKOCTBIO.

5. B omiMuue OT OTeYeCTBEHHBIX HOPM, B KOTOPBIX HAllpaBIIEHUWE BETpa MPEAIojaraeTcsi TOJIbKO mep-
MEHIMKYISPHBIM K TPaHH, Pe3yIbTaThl HACTOSIIETO MCCIEOBAaHMUS MOAUYEPKUBAIOT HEOOXOAMMOCTh PacCMOT-
PEHHUST HECKOJIBKUX KPUTHUECKUX HANPABICHUI BETPOBOM HArpy3KH, UCXOAS U3 MPOCTPAHCTBEHHOM reoMeT-
PUHM COOPY)KEHHUSI U €€ adpOAMHAMUYECKUX ocoOeHHOcTel. CrenyeT onmuparbCcsi Ha pacyeTHBIE CLEHApUU,
orpeiensieMble HH)XEHEPHBIM aHAJTU30M.

6. YcTaHOBIIEHO, YTO KOHCTPYKIUS IIPY HAIpaBICHUH BETpa BIOJIb TPaHU CTAaHOBUTCS Oonee oOTekae-
MOM, YTO MOXET CHMKATh adPOJMHAMUYECKOE CONPOTHBIeHUE U ycuust. OnHako JaHHbIA 3 dekT He ObLT
YYTEH B pacderax M TpeOyeT JOMOTHUTEIbHBIX IKCIIEPUMEHTAIBHBIX U YUCICHHBIX UCCIIEOBAHUN C IIETBIO
yTOuHEHHUs Kod(hdunmenTa 1000BOTO COMPOTHUBIICHHUS.

7. Pe3ynbrarsl MOTYT OBITH UCIIONIB30BAHBI IS IEPECMOTPA MOAXO/I0B K MPOSKTUPOBAHUIO U IKCIIEPTH-
3€ BBICOTHBIX OAIIEHHBIX COOPYXEHHU B MEXKIyHAPOJHOW MpakTHKe. MeToauKa NpUMEHHMa HE TOJBKO K
POCCHICKUM KOHCTPYKIIMSIM, HO U K QHAJIOTMYHBIM aHTEHHO-MAYTOBBIM CHCTEMaM, IIUPOKO PACIIPOCTPAHEH-
HBIM B CTpaHax ¢ pa3BUTON TENIEKOMMYHHKAIIMOHHOW HHPPACTPYKTYPOil, 0COOEHHO B PETHOHAX C TIEPEMEH-
HBIMHU HaIPaBJICHUSMH BETPA.
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Abstract. Estimating the load-bearing capacity and predicting the residual strength of existing structures is one of the most
difficult tasks. Such prediction is usually performed on the basis of experimental destructive testing of samples. A methodology
for predicting the residual strength of wooden structures is proposed, based on the results of experimental studies to determine the
short-term resistance of pure wood. Wooden rafter systems of residential buildings built in the 1950s and early 1960s in Vladimir
were chosen as objects of research. Interpolation and extrapolation methods were used to build a predictive model of the residual
life of a structure. Detailed calculations are given, which clearly show the possibility of using these methods. It is determined that
the autoregression method (Burg method) shows good predictive results, correlating with experimental data from other studies and
theoretical assumptions. Forecasting the remaining life of a structure is a key factor in ensuring the reliability and safety of
buildings, as well as reducing future operating costs.
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AnHoTanus. OueHKa Hecylei ciocOOHOCTH U MPOTrHO3UPOBAHKUE OCTATOYHON IMPOYHOCTH CYLIECTBYIOIIUX KOHCTPYKIUN SBIISET-
Cs1 OHOM M3 CaMBbIX CIOXKHBIX 3a/1ad. Takoe MPOrHO3MPOBAaHUE OOBIYHO BBIMONHACTCS HA OCHOBE HKCIEPHUMEHTAIBHBIX pa3pyla-
IOIIMX HCHBITaHUH 00pa3noB. [IpemiokeHa METOIOIOT U MPOTHOZUPOBAHMS OCTATOYHOM MPOYHOCTH JEPEBSIHHBIX KOHCTPYKIIHH,
OCHOBAHHAs Ha Pe3yJbTaTax 3KCIIEPUMEHTAIBHBIX MCCIEJOBAaHUH 10 ONpEAEICHUI0 KPAaTKOBPEMEHHOTO CONPOTHBIICHHUS YUCTOU
JpeBeCHHBI. B KayecTBe OOBEKTOB HCCIICIOBaHUs ObUIM BBIOPAHBI IEPEBSHHBIC CTPOIHMIBHBIC CUCTEMBI XKHIBIX TOMOB 1950-x u
Hauvana 1960-x rr. nocrpoiiku B r. Baagumupe. [y moctpoeHus npeackasaTeabHON MOAEIH OCTATOYHOTO pecypca KOHCTPYKIMH
6])1]11/1 MPUMEHCEHbI METOJAbI MHTEPIOJIALINN U SKCTPAIOJIAINH. ledBeZ[eHbl HOI[pO6HbIe pacueThl, HAIVISIAHO ITOKa3bIBAKOIIUE BO3-
MOYKHOCTH ITPUMEHEHHUS 3TUX MeTonoB. OnpeneneHo, 4To MeTo1 aBroperpeccun (Meros bepra) mokassiBaet Xoporue npeackasa-
TCJIbHBIC PE3YJIbTAThI, KOppCJ]I/lpyl-O]_ul/lf/’ICﬂ C OKCIIEPUMCHTAJIbHBIMU JaHHBIMHU JAPYTUX I/ICCHC,ILOBaHI/lﬁ 1 TCOPETUYCCKUMHU NPEAIIO-
cpUIKaMH. IIporHO3upoOBaHNE OCTATOYHOTIO PECYpca KOHCTPYKIIUH SBISAETCS KIIOUEBBIM (PaKTOPOM B 00ECIICUCHUN HAIEKHOCTH
1 0€30MaCHOCTH 3/IaHUH, a TAK)KE YMEHBLICHUH SKCIUTyaTallMOHHBIX PAcX0JI0B B OyayIieM.

KaroueBble ciioBa: 34aHusd, JCPEBAHHBIC KOHCTPYKIWHU, IPOrHO3UPOBAHUEC, IPOYHOCTDH, AOJTOBCUYHOCTH, HHTCPIIOJIALUA, IKC-
TpanoJianus

3asiBiieHHEe 0 KOH(JIUKTE HHTEPECOB. ABTOPHI 3aSBISIOT 00 OTCYTCTBHH KOH(IIUKTa HHTEPECOB.

Bkaan aBropoB: A6paxun C.[. — pacder U IOCTPOSHUE MPOTHO3HBIX Mojelneld; JIykuna A.B. — pa3paboTka mporpaMMbl HCCIe-
Z[OBaHI/lﬁ JUISL TIOJTYYUCHUS DKCTICPUMCEHTAJIbHBIX JaHHBIX, ITIOCTAHOBKA LCJIN 1 3ala4i UCCIICAOBaHUs, HAIIMCAHUEC TCKCTA, (bopMme—
POBKa BBIBOJIOB; Jlucsamuukoe M.C. — aHaIu3 COBPEMEHHOTO COCTOSHUSI IPHMCHEHUSI ICPEBSIHHBIX KOHCTPYKIHIA, IUTEPaTyPHBIN
0030p; Yubpuxun J].A.— odopmienue rpaduyeckoro marepuaia, nepeBo] Ha aHTIMHCKUN s3bIK. Bce aBTOpBI 03HAKOMIICHBI C
OKOHYATEJILHOW BEPCHEil CTaThH M 0J00pHIIH ee.

®uHaHcupoBaHue. PaboTa BbINOIHEHA NpU (HUHAHCOBOH Hoajepikke MUHMCTEpPCTBA HAYKU U BbICIIEro oOpazoBaHus Poccuii-
ckoii denepanuy B paMKax rOCyJapCTBEHHOIO 3aiaHMs B o0jacTH Hay4yHOW nesrenbHocTH (Tema FZUN-2024-0004, rocynap-
cTBeHHOe 3amanue Biul'Y).

Jns uurupoBanus: Abpaxun C.H., Jlykuna A.B., Jlucamnuxoe M.C., Yubpukun [{.A. MeToabl peacKa3aTeIbHOI0 MOJECIUPO-
BaHHUS AJIsI OLIGHKH OCTATOYHOM NMPOYHOCTH JCPEBSHHBIX KOHCTPYKLMH Ha OCHOBE 3KCIEPUMEHTANBHBIX AaHHBIX // CTpouTens-
Hasi MEXaHUKa WH)XCHEPHBIX KOHCTPYKIHUi u coopyxenuit. 2025. T. 21. Ne 4. C. 346-357. http://doi.org/10.22363/1815-5235-
2025-21-4-346-357

1. Introduction

It is well known that the construction industry is the main wood consumer [1; 2]. Any building can be
considered as a system, each element of which has its own operational lifespan. According to the Russian
building code SP 64.13330", the operational life of wooden elements and structures of buildings of large-
scale construction under normal operating conditions (residential and industrial buildings) is at least
50 years. Scientific literature review shows that wooden structures are often operated outside the service
standards [3; 4]. The available operational life of wood allows it to be used in the elements of wooden
structures of unique buildings [4; 5].

From the analysis of the studies on the strength of operating wooden structures, it can be noted that
there are practically no data and recommendations for estimating and predicting their strength capacity, in
particular beyond the limits of the service life standards [7].

'SP 64.13330. SNiP II-25-80 Timber structures. Moscow, 2017.
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To ensure the safety and durability of the structure, it is necessary to consider the factors affecting the
reliability of wooden structures: internal stresses in structures that do not correspond to their design values;
external effects; maintenance system (preventive and systematic); technical qualifications of maintenance
and repair personnel [7; 8].

During operation, the physical and mechanical properties of wood change, which leads to the
emergence of imperfections [10]. Many imperfections are gradual in character: the system parameters
gradually deteriorate during operation and at some point in time they reach values, at which further
operation becomes impossible or impractical [9].

The study and development of recommendations to substantiate the remaining life for wooden
structures will allow to correctly predict the necessary material resources for repairs, as well as to justify the
feasibility of constructing a new building or structure to replace an existing one, if necessary. Thus, the
creation of a reliable model for predicting the residual strength of wooden structures is a key task.

The purpose of this methodology is to perform predictive modeling to estimate the residual strength of
wooden structures using the example of a rafter system (spar) based solely on the results of experimental
studies of samples, which is the main novelty of this study.

2. Methods

For establishing the experimental study program, it is necessary to identify the factors that affect the
reliability of the obtained results and the number of performed experiments [12]. An insufficient number of
the affecting factors will lead to mediocre results that cannot be accepted as reliable without additional
investigation [13]. An increased number of influencing factors will increase the accuracy of the work
results, however, this will simultaneously lead to an increase in the number of experiments and a decrease
in the economic effect of the study.

The following factors are considered optimal for estimating the residual strength of load-bearing
wooden structures beyond the limits of the service life:

— service class;

— operating conditions;

— service life of construction objects;

— availability of information on current/total repairs;

— physical deterioration of structural elements;

— load-bearing structure type based on strength;

— cross-section design features;

— loading mode of structural elements.

Taking into account the above factors made it possible to prepare the necessary experimental research
program and ensure the reliability of the obtained results [14].

Residential buildings built in Vladimir, Russia, in the 50s and early 60s were selected as the sites
where standard wood samples were taken for the study of the physical and mechanical properties (Table 1).

Table 1
Results of experimental studies of wood samples under compression along the fibers
Type of structure Rafter spar
Purpose of the building Residential building
Age of the structure (¢) New 49 60 64 65
Year of construction — 1974 | 1963 | 1959 | 1958
Test year 2023 | 2023 | 2023 | 2023 | 2023
Short-term resistance of pure wood R", MPA 30 29.6 | 27.87 | 25.38 | 24.13
Physical deterioration, % - 37 43 46 46

Source: made by A.V. Lukina
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The samples were selected from structural elements in the same stress-strain state — rafter spars.
Blanks for the manufacture of standard samples were selected from the structural elements that had no
visible defects or damage. Then, small reference samples were made from blanks cut from structures in
laboratory conditions to determine the ultimate strength of the wood under compression along the fibers
according to the interstate standard GOST 16483.10-73%. Statistical data processing was carried out using
the test results.

The physical deterioration of wooden structures of residential buildings was determined by the Delphi
method [15]. The obtained experimental results of short-term resistance of pure wood (Table 1) served as
the initial data for predictive modeling to estimate the residual strength of wooden structures (Table 2).

Table 2

Experimental results of short-term resistance
of pure wood for interpolation and extrapolation

¥ | 1 [ 2] 3 | 4 | s
t | o | 4 | 60 | 64 | 65
R | 30 | 206 | 2787 | 2538 | 24.13

Source: made by A.V. Lukina

For more accurate predictive modeling of the residual strength of wooden structures, the design

resistance values (Rdes) for the service life of 75 and 100 years according to SP 64.13330 are determined as:

R® =R"m,TIm; .

Then, the design resistance for the grade II wood R%* (bending, compression and crushing along the
fibers) for the service life of 75 years is: R* =19.5x0.66x0.9=11.5MPa , for 100 years and more:

R™ =19.5%0.66x0.8 =10.3MPa.

Thus, the minimum value of the design resistance cannot be less than 10.3 MPa. This value takes into
account the decrease in the strength characteristics of wood over time due to prolonged exposure to loads
and environmental factors.

The experimental results of short-term resistance of pure wood are recorded in tabular form in Table 2
for interpolation and extrapolation.

The experimental values of the short-term resistance of wood are presented in the form of nodal points
on the graph (Figure 1).

To represent patterns, as well as in the process of scientific and engineering calculations, relationships
in the form y(x) are often used, and the number of specified points (hereinafter nodal) of these relationships
is limited. The task of approximate computation of the function values in the intervals between the nodal
points (interpolation) and beyond (extrapolation) inevitably arises. This task is solved by replacing it with
some fairly simple function. Thus, it is necessary to use the methods of interpolation and extrapolation to
estimate the value of short-term resistance of pure wood of wooden structures over the observed, historical,
time period (0—65 years) and predict their future behavior (forecast period 66—200 years).

A decrease in the strength of wooden structures can occur as a result of bioerosion or physical
deterioration [16]. It should be noted that the task of predictive modeling was not to identify the causes of
the decrease in strength. The authors perform the simulation, assuming that the wooden structures were in
normal operating conditions.

2 GOST 16483.10-73. Wood. Methods for determining the compressive strength along fibers. Moscow: IPK Publishing
House of Standards. 1999.
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Figure 1. Nodal points of experimental data
Source: made by A.V. Lukina

2.1. Interpolation of Experimental Data

Interpolation allows to estimate resistance values for conditions, for which there are no direct
measurements, but the interpolated values will accurately match the available experimental data. The results
of interpolation beyond the limits of the range of available experimental data are not considered.

The most widely used interpolation methods are:

— piecewise-linear interpolation;

— polynomial interpolation;

— spline interpolation.

® Pjecewise-linear Interpolation. Piecewise-linear interpolation is a simple method that assumes that
the parameter value changes linearly between two known points in the experimental data.

Piecewise-linear interpolation involves representing a tabulated function on each interval between the
horizontal coordinates of the nodal points by a linear relationship: R(¢) = a1+ azt. Coefficients a1 and a2 are

R(tiy)=R.;
R(#;)=R..

1

determined for each interval [# -1, #] separately according to conditions: {

As a result, the piecewise-linear approximating function on the interval of [# -1, #] has the form:

R — R

R(i—l).‘.i (t)=R_, +ﬁ(l—ti_1), and is continuous.

For the experimental data presented in Table 2, the piecewise-linear function will take the form:

30-0.00816¢, whente [0;49];
) 37.30636—-0.15727¢, when te [49;60]; .
t)=

65.22 —-0.6225¢, when te [60;64]; M

105.38—1.25¢, when t€ [64;65].

The graph of the piecewise-linear interpolation is shown in Figure 2. The interpolated values of short-
term resistance of pure wood obtained over a historical time interval with piecewise-linear interpolation will
be used to predict their future behavior during extrapolation.
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Figure 2. Piecewise linear interpolation of short-term resistance of pure wood
S our ce: made by S.I. Abrakhin

® Polynomial Interpolation Short-term resistance of pure wood (R"), MPa. Polynomial interpolation
uses power polynomials to interpolate the relationships between points. A more accurate method than linear
interpolation, especially when the relationship is nonlinear. Such polynomials are the Newton and Lagrange
polynomials. They are the same polynomial, but its coefficients are calculated in different ways [17]. The
interpretation of experimental data by the Lagrange polynomial is considered below.

The Lagrange interpolation polynomial is a method of constructing a power polynomial that passes
exactly through the given set of points (interpolation nodes) (¢4, R1), ..., (ts, R5). The Lagrange interpolation
polynomial P(7) is such that P(#;))=R; for alli =1, ..., 5.

This method belongs to a class of interpolation methods that allow to reconstruct (approximate)
function values at points that are not explicitly specified, based on a known set of function values at other

points.
The Lagrange interpolation polynomial has the following form:
P(t)=2 Ri-L(1), 2)

where P(¢) is the interpolation polynomial of degree no higher than the number of interpolation nodes; R;

is the function value at the interpolation node #. L;(¢) is the fundamental Lagrange polynomial, which has

the form of:

s (=)

L (t)=IT= ’
it —t;)

where ¢ is the variable, for which the polynomial is evaluated; # is the horizontal coordinate of the i-th

interpolation node; # is the horizontal coordinate of the j-th interpolation node.

As a result of substituting the experimental data and performing calculations in the Mathcad software,
the Lagrange polynomial will take the form:

3)

P(T)= —0.000083992644260501403349¢* + 0.014084946303696303695¢° —
—0.7867660724691974691¢* +14.607068815113457969¢ + 30.0.

The graph of the Lagrange polynomial is presented in Figure 3.

The interpolated data of short-term resistance values of pure wood obtained over a historical time
interval when interpolated by the Lagrange polynomial cannot be used to predict their future behavior by
extrapolation methods because the interpolated values over a time interval from 0 to 49 years reach more
than 100 MPa, which they do not correspond to the physical conduct of the material.
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Figure 3. Lagrange polynomial interpolation of short-term resistance of pure wood

0 10 20 30 40 50 60 70
Age of the structure, years

® Experimental data

S ource: made by S.I. Abrakhin

80 90

— Interpolation data

100

® Spline Interpolation. Spline interpolation is a method of constructing a smooth function passing

through specified nodal points of experimental data. The function is constructed from segments, each of
which is a separate cubic function, selected so that at the nodal points not only the function itself, but also
its first and second derivatives are continuous. At the boundaries of the experimental data, where it is
impossible to achieve a complete convergence of the derivatives, additional conditions are applied: linear
boundary conditions that define zero second derivatives at the boundaries; parabolic conditions ensure that
the extreme segments of the spline are parabolas, the coefficient for the cubic term is zero; and cubic
conditions ensure that the spline behaves like a cubic polynomial at the boundaries [18].

In the Figure 4 shows the results of spline interpolation of experimental data performed in MathCad,

where Rl, Rp, and Rc are spline interpolation under linear, parabolic, and cubic boundary conditions,

respectively.
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Short-term resistance
of pure wood (R"), MPa

Age of the structure, years

® Experimental data ———RI Rp

Rc

Figure 4. Spline interpolation of short-term resistance of pure wood

S ource: made by S.I. Abrakhin
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The results of spline interpolation using cubic conditions at the boundaries of experimental data (Rc)
are not suitable for predicting their further behavior using the extrapolation method. The reason is that the
interpolated values show a significant drop in strength to ~25 MPa over a time interval from 0 to 49 years,
and then an unexpected increase, which contradicts the nature of the degradation of wood properties.

On the contrary, the interpolated data obtained using linear (R/) and parabolic (Rp) boundary
conditions at the boundaries of the experimental data for coupling the first and second derivatives show
a moderate increase in the values of short-term resistance of pure wood over a time interval from 0 to
49 years to ~30.5 MPa. The data obtained can be used to predict future behavior by extrapolation, as they
correspond to the physical behavior of wood.

2.2. Extrapolation of Experimental Data

Extrapolation is a method of estimating the values of short-term resistance of wood outside the range
of available experimental data. It is used to predict the resistance values of pure wood in the future or under
other unexplored conditions. Extrapolation is riskier than interpolation, as it assumes that the relationship
identified within the experimental data will persist beyond its boundaries.

Experimental data extrapolation is the process of selecting a mathematical function or model that best
describes a set of experimental nodal points. The goal is to find a relationship between variables that
minimizes the error between the predicted model values and the actual experimental data.

Extrapolation by a power polynomial of power n: Rn(t)=a, +Z?:1 a,t" and a linear function, which

is its particular case when n =1, is not considered, since these results will correspond to polynomial
interpolation.

The following extrapolation options for the available experimental data are considered:

— exponential extrapolation: R, (¢)=ae’" +¢;

exp
— a .
Cl4be’
— sinusoidal extrapolation: Ry, (¢)=asin(t+b)+c;

— logistic extrapolation: Ry (7)

— power extrapolation: R, (1)= at’ +¢;
— logarithmic extrapolation: Ry, (¢)=aln(b+¢)+c.

Based on the results of minimizing the error between the model values and the real experimental data,
coefficients a, b, and ¢ are calculated, which, when substituted, will allow to estimate the resistance value
outside the range of the experimental data.

The results of extrapolation of the experimental data performed in the Mathcad software are shown in
Figure 5.

It can be concluded from the obtained results that sinusoidal R, extrapolation gives the resistance

values varying from = 25 to = 31 MPa with a period of around 7 years. Sigmoidal R, and logarithmic R,

extrapolation give a constant value (30 and 0 respectively). Exponential R.,, and power R,

extrapolation
show good results in the historical range of experimental data with a coefficient of determination of 0.999
and 0.998, respectively, but outside the historical period, the resistance values become negative by the age
of 75, which is not consistent with reality. Therefore, these extrapolation methods cannot be used to predict
the residual strength of wooden structures.

There remains the option of extrapolating experimental data using the autoregression method. The
autoregression (AR) method is a statistical time series analysis method that is used to predict future values
of a series based on its previous observations.

The underlying concept of the autoregression method is that the current value of a time series can be
represented as a linear combination of several previous values of the same series and a random error. The
formula of the autoregression model is as follows:
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R=a_R_+a_,R ,+..+a_,R_,+¢, 4)

where R: is the current value of the time series; ar1, ar2, ..., arp are the regression coefficients; Rr-1, Ri2, ...,
R:p are the time series values from the previous periods; p is the order of the model (the amount of previous
values of the time series considered); €(p) is the prediction error.
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® Experimental data — Ry Rigs Ry —— Rpue —— Ry,

Figure 5. Approximation of short-term resistance values of pure wood
S ource: made by S.I. Abrakhin

One of the autoregression methods of is the Burg method. Its main task is to find the coefficients a1,
ara, ..., arp that minimize the prediction error €(p). The main difference between Burg method and other
algorithms is that it minimizes the prediction error, both in the forward and backward directions. This leads
to more stable and reliable estimates of the coefficients, especially when working with short time series.

The results of the extrapolation carried out in the MathCad software using the Burg method of
interpolation of the experimental data obtained as a result of piecewise-linear interpolation are shown in
Figure 6.
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Figure 6. Results of extrapolation of piecewise linear interpolation of experimental data
S ource: made by S.I. Abrakhin and A.V. Lukina
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3. Results and Discussion

The developed model (Figure 6) should be verified by comparison with theoretical and experimental
studies [19; 20]. As seen from the graph in Fig. 6, the system proposed as a predictive model for estimating
the residual strength of wooden structures is consistent with the curve of long-term resistance of wood
developed by F.P. Belyankin and U.V. Ivanov and the Weibull exponential law [21; 22]. The asymptotic
nature of the curve of long-term resistance of wood shows that, although the ultimate strength decreases
with increasing duration of the applied load, it is not unlimited — it tends to a certain constant value o,
equal to the vertical coordinate of the asymptote of the curve [23; 24].

In the context of the reliability of wooden structures, the use of the Weibull exponential law allows to
take into account the variability of the mechanical properties of wood and estimate the likelihood of failure
under prolonged loading. In applied calculations, the reliability of a system is expressed by an exponential
law [25]. A model based on the Weibull distribution is also often used. The probability of fail-safe operation
1s defined as:

B
P(t)=exp —(%} , (5)

c

where z. and B are positive parameters.

For B> 1, formula (5) describes the behavior of “aging” objects, in which the failure rate increases over
time. The failure rate is usually relatively high at the beginning. Then it decreases and remains approximately
constant over a long period of operation, increasing towards the end due to aging or deterioration.

The developed predictive modeling graph for estimating the residual strength of wooden structures
(rafter spars) based on experimental data (Figure 6) has a nonlinear relationship, where the initial strength
of wood decreases with increasing time of being subjected to the load. An important aspect of this curve is
that it allows to take into account the time factor when assessing the strength of wood, which is critical for
long-term structural design.

In [26], the values of the ultimate strength of rafter spars in residential buildings built in the 1930s
were determined: 15.25 and 15.36 MPa. At the time of the experimental studies, the age of the structures
was just over 90 years. Analyzing the predictive modeling for estimating the residual strength of wooden
structures based on the Burg method, it can be found that the experimental data of the author of [27]
correlate very well with the graph in Figure 6.

The predictive modeling curve can be interpreted as a reflection of the change in the strength
parameter over time. As the load exposure time increases, the strength parameter decreases, which leads to
an increased probability of failure (destruction). Thus, the developed predictive modeling graph can be used
to quantify the residual strength of wood over time.

4. Conclusion

Interpolation and extrapolation of experimental data on the short-term resistance of pure wood are
important tools for estimating the residual life of wooden structures. They allow using limited data to
predict changes in the strength characteristics of wood over time, which is essential for the safe and efficient
operation of wooden structures.

Extrapolation, being a riskier process, requires the use of mathematical models of wood aging and
confirmation of the results by additional experimental studies.

1. An interpretation of the processes of deformation and degradation of the strength of wooden
structures is proposed based on modeling the values of the residual strength of wooden structures obtained
experimentally.

2. A predictive modeling algorithm has been developed and implemented to estimate the residual
strength of wooden structures based on experimental data.
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3. The developed predictive modeling graph for estimating the residual strength of wooden structures
has good convergence with the theoretical assumptions and experimental results of other studies.

4. The use of the described approaches will help engineers to manage the operational life of wooden
structures more effectively, ensuring their reliability and durability.

The use of the results of the work in updating the regulatory framework and the practice of construction
(repair) will ensure the adaptability of wooden load-bearing structures to prevent and eliminate failures
through maintenance and timely repairs.
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environment. Additionally, these structures can significantly decrease the weight of buildings, leading to potential savings in
foundation and other structural components.
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AHHoTanus. Pa3paboTka CIOUCTBIX KOHCTPYKLUH — MEPCHEKTUBHOE HalpaBieHHe B 00JIAaCTH CTPOHUTENLCTBA. Vcmonb3oBaHue
JTAHHOT'0 THUIa KOHCTPYKLMH MMEEeT MOTEHLMAN AJIs 3HAUYUTEJIBHOTO MOBBIIIEHUS IPOYHOCTHBIX XapaKTepPUCTUK, YCTOMUNBOCTH
K BHEIIHUM CHJIOBBIM BO3JICHCTBUSM, a TAK)Ke YJyUIIEHHs TEIUIO- U 3BYKOU3OJIALIMOHHBIX CBOMCTB 37aHUI U coopyskeHui. Llenp
paboTBl — HCCIeIOBaHHEe Pa3HOOOPa3Wsl U MPEUMYIIECTB MPUMEHEHUS! MHOTOCIOMHBIX CTPOHMTENBHBIX JJIEMEHTOB B KauecTBE
aJIbTEPHATUBBI TPAJAULMOHHBIM KOHCTPYKIMSAM, a TAKKE aHaIUu3 0coOeHHOCTel X GyHKuHoHUpoBaHUs. Ha ocHOBaHMU IOJTyYeH-
HBIX PE€3yJbTaTOB UCCIEJOBAaHUS MOXKHO CIEIaTh BHIBOJ, YTO MHOTOCIONHBIE KOHCTPYKIMU 00Ja[aloT YJIyUYIICHHBIMU TEIUIO- U
3BYKOM3OJILOHHBIME XapaKTEePHCTHKAMH, YTO CIIOCOOCTBYET CO3JaHHUIO Oosee KoM(OPTHOH cpenpl uis dKcIutyaTanuu. Kpome
TOT0, 3T KOHCTPYKIMH MOTYT 3HAYUTEIBHO CHU3UThH BEC 3[aHHUH, YTO MPUBOANT K ITOTEHIMATIBHONH SKOHOMHHU Ha (GyHIaMEHTE U
JIPYTUX KOHCTPYKTHUBHBIX KOMIIOHEHTAX.

KuroueBble cjioBa: MHOTOCIIOMHBIE KOHCTPYKIHWH, 0OETOH Ha OCHOBE Kay4yKa, KayTOHbI, aJIUTUBHLIC TEXHOJIOT'UH, FO(l)pPIpOBaH-
HBIC KOHCTPYKIHH, CTCHOBBIC CHUCTCMbL

3asBiieHHE 0 KOH(JIUKTE HHTEPECOB. ABTOPHI 3aSBISIOT 00 OTCYTCTBHH KOH(IIUKTa HHTEPECOB.

Bxnan aBTopoB: Oxonbrukosa [.0. — HaydHOE PyKOBOJCTBO, KOHIIETIINS HCCIEAOBAHNS, PelieH3upoBanue; [Ipumvikun A.M. —
Hay4HOE€ PyKOBOJCTBO, PELIEH3UPOBAHUE U PelaKkTHpoBaHue; Moposoea FO.A. — 0630p mureparypsl, 00paboTKa pe3ylbTaToB,
BBIBOIBI; Moposos A.A. u 3viee C.b. — 0030p IUTEpaTyphl, HANMCAaHUE TEKCTAa. Bce aBTOPHI 03HAKOMIIEHBI ¢ OKOHYATENILHOM
Bepcueit cTaTbu ¥ 0100pHIIH ee.
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1. Introduction

Today, the development of new load-bearing structural systems and calculation methods is a relevant
issue, allowing for more accurate estimations in order to decrease the specific weight of the structure, costs
and complexity of construction, enhance the load-bearing capacity, crack resistance, and durability of
buildings and structures.

One area of progress in load-bearing systems is the development of composite structures and materials
with new properties that are not inherent in the original components and allow creating new architectural
solutions, improving the quality of buildings and reducing construction costs [1; 2]. Structural wear has
become a critical issue in the modern construction industry worldwide. Article [3] provides a comprehensive
view of the complex application of composite materials to improve restoration methods, including
applications in the repair, strengthening and modernization of concrete structures in the modern construction
industry. In [4-6], an in-depth analysis of modern research and applications of composite materials aimed at
developing innovative and environmentally friendly construction solutions was carried out. The article also
discusses the mechanical characteristics and possible impact of these composites in the context of sustainable
architectural practice. In [7], an analysis of the available experimental and theoretical studies on
determining the fire-hazardous properties of polymer composite materials and structures in modern
construction was carried out. Components and structures operating in the marine environment are subjected
to high loads associated with the action of wind, waves and tides [8]. In addition, they have to deal with
adverse and harsh environmental conditions throughout their service life. Composite materials, in most
cases fiber-reinforced polymers, are currently used in many applications where low weight and high specific
modulus of elasticity and strength are crucial [9]. Composite materials are popular not only in civil
engineering, they are also used in shipbuilding. In [10], the authors presented a simple and effective analytical
method for calculating the ultimate longitudinal strength and analyzing the reliability of a marine hull made
of composite materials.

The creation of composite (or layered) structures is an efficient and promising trend in the construction
industry. Composite structures have gained significant popularity due to their ability to significantly
enhance strength characteristics [11], resistance to external forces, as well as to improve thermal and
acoustic insulation properties of buildings and structures [12]. In [13], structural and morphological
characteristics are presented, which show that composite materials are of great importance and represent
new materials with special properties, where the concentration and nature of the filler affect the structure of
nanomaterials and their conductivity.

Composite materials have been actively used as a substitute for traditional and already familiar materials
due to their use in housing construction [14]. In [15], the authors considered and analyzed the problem of
maintainability of composite structures, compared the strength characteristics of composite structures before
and after damage in order to assess the effectiveness of composite materials in the construction industry.
Article [16] collected and analyzed information on the use and main types of polymer composite materials
in relation to the decorative design of facades in housing construction. In [17], aspects of the use of
corrosion-resistant composite materials in the construction of reinforced concrete structures are analyzed
with an assessment of both advantages and disadvantages, confirming the prospects of studying this area.

Composite materials are used not only in housing construction. In [18], the experience of using
polymer composite materials in shipbuilding is presented, examples of ship structures made using these
materials are given, where the main technological qualities are analyzed, according to which polymer
composite materials are tested to select their field of application.

Composite structures can be manufactured from various metals, such as steel and aluminum, and are
applicable in various industries, including manufacturing, construction, and transportation. An efficient
infrastructure in any country cannot exist without the construction of strong and durable bridges. According
to international experience, the actual service life of bridges built from materials common in bridge
construction, such as wood, metal and reinforced concrete, is noticeably reduced in modern conditions.
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In study [19], a comparative analysis of the use of traditional and synthetic materials in bridge structures
was performed.

In the context of the construction of bridge structures, article [20] discusses methods for quality control
of reinforcement of reinforced concrete structures with external reinforcement systems made of composite
materials as a load-bearing material in bridge structures. In [21], an analysis of the Russian composite
materials market was carried out in order to understand the existing problems, advantages and prospects of
market development.

Such structures enable the optimization of the manufacturing process. For instance, the utilization of
advanced 3D printing techniques can considerably simplify the creation of intricate geometric shapes and
enhance the quality of the finished product. In recent years, various countries have seen diverse experiences
in the introduction of additive manufacturing in the construction of buildings using 3D printing carried out
using robots or automated equipment [22]. In [23; 24], the advantages and disadvantages of using 3D
concrete construction printing, the features and the possibility of using this technology for industrial and
civil construction in the Russian Federation are substantiated. Article [25] discusses and classifies the
advantages, problems and risks associated with 3D printing in construction, as the use of 3D printing
technology provides a number of advantages over traditional methods. The analysis of buildings created
using 3D printing is also carried out, with an emphasis on their design, dimensions, construction time and
the need for additional structural elements. 3D printing is a new method used in the construction sector to
increase economic efficiency and reduce environmental impact. In study [26], the results showed that
houses built using additive manufacturing and 3D printing materials are more environmentally friendly.
Article [27] discusses the use of various additive construction systems with integrated algorithms for
building information modeling, as there is a huge potential for changing the way cement materials are
manufactured and environmental aspects are considered, especially in complex structures.

Technologies for creating concrete or steel structures with 3D printing are entering the market thanks
to the creation of the first printed buildings and bridges [28]. This opens up new opportunities to accelerate
construction and reduce costs by minimizing labor and waste materials. In addition, 3D printing makes it
possible to implement complex architectural forms that are inaccessible to traditional construction methods.

Polymer concrete, which uses synthetic resins such as rubber as binders (commonly known as
caoutchouc), demonstrates outstanding physical, mechanical, and chemical properties. The double-layer
structure of concrete and rubber-based concrete effectively exploits the best qualities and advantages of
each material [29]. Concrete performs well in compression, whereas rubber possesses high compressive and
tensile strength, making it a suitable material for safeguarding products and structures from corrosion in
aggressive environments. In study [30], an experimental determination of internal friction in materials such
as rubber concretes based on low molecular weight polybutadiene rubber was carried out using the pulse
action method. It was found that the addition of steel fiber reduces internal friction in the material, while
polymer fiber has the opposite effect. In article [31], rubber concrete was studied as a polymer concrete
with high performance characteristics, and a comparative analysis of the three stages of the stress-strain
state of polymer concrete structures with and without dispersed reinforcement is carried out, similar to bent
elements made of reinforced concrete and fibrocrete.

In the process of constructing small-scale man-made structures such as overpasses, tunnels, and
underground pedestrian passages, corrugated metal constructions are frequently employed. Corrugated
structures are often used in railway construction. Article [32] analyzes damage to transport structures made
of corrugated metal structures located in the body of a railway track or road that occur during
operation. A constructive method for restoring the bearing capacity of such structures is proposed, which
involves installing an annular rib inside the concave part of the corrugated metal profile. Study [33]
considers methods for increasing the load-bearing capacity of corrugated metal structures of transport
structures through the use of transverse stiffeners, including additional corrugation and stiffeners. An
approach for calculating equivalent loads occurring during rolling stock movement is also presented. It has
been established that the use of double corrugation contributes to a significant increase in the bearing
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capacity of such structures. These structures may comprise multiple layers of materials and exhibit enhanced
operational attributes [34] such as thermal conductivity and resilience to mechanical stress owing to their
layered configuration.

Among these structures are multilayered enclosing wall systems that can serve as supporting elements
in low-rise structures or as self-sustaining structures in multi-storied buildings. These systems comprise an
exterior cladding layer and an interior structural layer that are joined together through specialized
connections. A layer of insulation is positioned between these two components, significantly enhancing the
rigidity, stability, and durability of the entire structure.

Despite serious efforts to study multilayer structures, their application remains limited, and current
design methods are not always ideal. This study aims to eliminate these limitations through a comprehensive
analysis of the advantages and effectiveness of using multilayer building components, which will expand
their scope of application and contribute to the development of more innovative and efficient construction
solutions.

The study aims to investigate the key characteristics of multilayer structures used in the construction of
buildings, with an emphasis on assessing their potential as an alternative to traditional structural solutions
and analyzing operational properties. The object of research in this article is multilayer structures used in the
construction of buildings.

Research objectives:

—based on the analysis of literary sources and the results of previous research, to identify and
systematize the advantages inherent in multilayer structures;

—to carry out a comparative analysis of the operational characteristics of various types of multilayer
structures with the characteristics of traditional structural solutions;

— to evaluate the economic feasibility of using multilayer structures.

2. Methods

Multilayer structures offer a wide range of possible combinations, depending on the shape of the cross-
section, the properties of the materials and the nature of the application, as evidenced by the various
examples shown in Figures 1, 2.

bz « X \ \‘..
y \_//
-
17 Xa
a b c
-— -\f

17 X\ \p VZ X\ \2

Figure 1. Types of multilayer elements:
a, b, c — corrugated single wave, box-shaped, and double-wave; d, e, f— two-layer and three-layer
S ource: made by A.A. Morozov
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As part of the study aimed at studying the advantages of multilayer
structures and their performance characteristics compared to traditional
structural solutions, the main types of multilayer structures were analyzed,
including three-layer structures created by layer-by-layer printing,
elements made of double-layer rubber-based concrete, multilayer metal
corrugated structures and multilayer enclosing systems.

The comparison was carried out according to the parameters rep- NN
resenting the key factors that are taken into account in the design, :
construction and operation of building structures:

“Simplicity and versatility” are parameters that show how easy the
structure should be to manufacture, install and operate, and how suitable
the structure can be for a wide range of applications and conditions;

“Reliability and durability” — where “Reliability” is the probability of a structure performing its functions
flawlessly for a given period of time and under certain operating conditions, and “durability” is the ability of
a structure to maintain its performance and functionality under environmental conditions and operating loads;

“Safety” is a criterion that evaluates the degree of protection when using materials or structures, as well
as the likelihood of risks such as collapse, injury, or other accidents.;

“Endurance” — the ability of a structure to withstand repeated loads without fatigue failure (for example,
flexural and compressive strength tests);

“Material consumption” is a parameter that indicates the amount of material needed to build a structure;

“Cost and labor costs” — the costs related to design, construction, materials, equipment, and the cost
of labor required to perform construction work;

“Operating costs” — a description of the possible costs associated with maintenance, repair, heating,
cooling, lighting and other aspects of the operation of a facility during its life cycle.

Figure 2. Section of a three-layer wall
S our ce: made by A.A. Morozov

3. Results and Discussion

3.1. Additive Technologies. Three-Layer Structures Created
Using the Process of Layer-by-Layer Printing

Additive manufacturing technologies have the potential to significantly enhance the aesthetic appeal of
construction projects, reduce construction times and costs, and minimize the consumption of various
resources. However, despite these advantages and proposed solutions, the adoption of 3D printing techno-
logies in both Russia and internationally has not yet achieved a significant level. This can be attributed to
several challenges related to facility design, the absence of regulatory framework, and the lack of standardized
equipment for construction printing.

The fundamental principle of additive manufacturing is that a 3D FDM printer deposits molten
material, typically based on base polymers or combinations thereof, in the form of a solid filament, through
an extruder nozzle, and selectively applies it onto a work platform, thereby creating a part with a specific
shape and desired properties.

3D printing techniques can be classified into several categories, presented below.

® [ayer-by-layer deposition techniques (FDM and FFF), which involve sequential deposition of layers
of a thermoplastic material. While the material is in the printhead, it is subjected to high temperatures, after
which it is deposited onto the substrate in a molten state.

® Photopolymer-based printing methods (SLA, LCD, and DLP), which utilize photopolymer as the
consumable material in its liquid form. This material is ideal for subsequent bonding, painting, and other
processing techniques.

m Selective laser sintering techniques (SLS), which use a powder-based raw material that is evenly spread
over the surface of a substrate. During the laser treatment process, the material begins to fuse in specific
areas. This process allows for the production of parts with a rough surface that can subsequently be polished.
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m Selective laser melting (SLM) is a process that is similar to the two previous methods. During this
process, a laser beam melts metal powder, and then the melted layer is re-applied and further processed.
This technique allows for the production of parts with complex shapes and non-standard dimensions, which

cannot be achieved through injection molding or machining.
= Multi-jet molding (MJM) uses photopolymer, plastic, or wax as consumables, which are fed onto a
smooth surface using a special head equipped with micro-nozzles.
The ability to produce functional end products in small and medium quantities offers a significant time
advantage compared to traditional manufacturing methods. 3D printing, also known as additive manu-
facturing, provides several significant advantages over conventional production techniques such as casting,
machining, and stamping:
® 3D printing enables the creation of complex geometric shapes, including polyhedra, cylinders, and
circles, which are often difficult to achieve using traditional methods.

® When used for small batch production, the average cost of 3D printed parts can be 30-50% lower
compared to traditional techniques.
® The process time from concept to final product can be reduced by 70-90% using 3D printing
compared to conventional methods, reducing lead times from days to hours.

® | ess manual labor is required in the 3D manufacturing process compared to classical fabrication
methods.
In traditional manufacturing methods, the quantity of material used can often exceed 50%, particularly
during machining processes. In contrast, 3D printing techniques utilize only the exact amount of material
required, resulting in a close to 100% material utilization rate.
The key advantages of 3D printing lie in its economic efficiency. It reduces production costs by
minimizing waste, accelerates product launch to market, and saves on equipment and consumable costs.
Table 1 presents a comparative analysis of the characteristics of three-layer structures created using 3D
printing technology and traditional construction methods, in particular brickwork.

Each method has its own set of advantages and disadvantages. Three-dimensional (3D) printing, for
example, can reduce construction time and waste, as it creates the structure directly from a given model
without the need for significant amounts of materials or labor.

Table 1

A comparative analysis of the characteristics of three-layer structures constructed using the technique
of layer-by-layer 3D printing and conventional methods for constructing structures (brick masonry)

Ne| Parameter . Three-layer structures constructe.d . Traditional construction method (brickwork)
using the method of layer-by-layer printing
1 Simplicity The process is automated and can be utilized to generate | This method is more time-consuming and requires
and versatility | various shapes and architectural designs skilled labor
It depends on the specific materials and technologies used. | Brickwork has time-tested reliability, but it can be
L Although some 3D printed structures have shown promising | subject to defects related to the quality of the masonry
Reliability - o - . . .
2 . results in terms of reliability, durability still requires further | and the mortar used, brickwork can collapse under
and durability . . . . . X
study, as special additives or protective coatings are needed | the influence of freeze-thaw cycles and aggressive
to ensure sufficient durability environments
The materials used in 3D printing can be less fire resistant or | Dense, stable structures that have been tested over
3 | Safety . . .
subject to other hazards time ensure high safety
The durability of a product depends on the material used and | They provide traditional strength and are resistant
4 | Endurance o
the printing technology employed to loads
5 Material It can significantly reduce material waste due to its high | Less opportunity for optimizing material use and
consumption accuracy and the ability to utilize recycled materials often leads to excessive waste
The initial investment in equipment can be s1gn1ﬁcapt, bqt Although the initial cost of the traditional method
Cost and over the long term, especially for large-scale operations, it . . . . .
6 . . may be lower, it requires more time and highly skilled
labor costs may result in reduced overall costs through automation and
workers
the need for fewer workers
7 Operating Potentially more energy-efficient structures. Well-msplated structures can lead to lower heating
costs and cooling costs
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3.2. Double-Layer Rubberized Concrete Flexural Elements

Double-layered rubber-concrete flexural elements are a combination of materials containing rubber and
concrete, which provide certain advantages in terms of construction and architecture. These double-layered
elements are used in both Russia and other countries in various areas of construction.

Rubber concrete has favorable physical and mechanical properties (high strength, resistance to cracking),
high chemical resistance, and, along with various types of polymer concretes, can be used to solve the
problem of protecting various products and structures from corrosion in aggressive environments.

It is emphasized in [35] that one of the fundamental principles of creating double-layer rubber concrete
structures is an increased ratio of tensile strength (in the stretched zone — rubber concrete) to compressive
strength (in the compressed zone — regular concrete): Rkt/Rb =0.5...1, compared with single-layer
reinforced concrete structures (Rbt/Rb = 0.05...0.09) or rubber concrete structures (Rkt/Rk = 0.1...0.15).

The key difference in the composition of rubber-based concrete and rubber-fiber concrete (fibrocement)
lies in the addition of fiber from scrap metal cord. Nevertheless, among the benefits of utilizing these
materials, it is noteworthy that both types of material are insulators with good thermal insulation properties,
as well as having a porous structure that contributes to their insulation capabilities.

It has been noted in [36] that rubber-fiber concrete comprises industrial waste products, such as fly ash,
metal cord fibers, and industrial sulfur, which indicates the potential of this polymer concrete to help address
the issue of large-scale industrial waste recycling.

In order to increase the elasticity of concrete, some studies [37] have suggested adding crushed rubber
from recycled tires to the concrete mix. The results showed that such modified concrete has significantly
greater elasticity than traditional concrete and also promotes the recycling of car tires. Article [38] presents
results demonstrating the superiority of hybrid rubber-based concrete beams over traditional designs. The use
of the hybrid approach resulted in improved failure patterns, increased ultimate load and stiffness, and increased
modulus of rupture and stress. These results stimulate the development and implementation of innovative
solutions in the field of sustainable civil engineering. A comparative analysis of the characteristics of flexural

elements made of double-layer concrete based on rubber and a traditional solution is presented in Table 2.

Table 2

A comparative analysis of the characteristics of double-layered rubber-based concrete flexural

elements and a conventional solution (prestressed, reinforced concrete flexural elements)

Double-layered rubber-based concrete Traditional solution (prestressed reinforced
Ne Parameter
flexural elements concrete flexural elements)
More sophisticated technologies for invention and production
Simplicity o . . require specialized equipment and expertise, and are commonly
1 and versatility Good versatility due to a variety of shapes and sizes utilized in large-scale construction projects due to their dependability
and adherence to standards
L They .eXthlt gogd resistance to 'external influences, These technologies demonstrate a high level of reliability and
Reliability including corrosion. The durability of rubber-based . . . L .
2 0 s . . effectively resist dynamic loads, but the susceptibility of reinforced
and durability | concrete depends on the rubber’s resistance to aging . . . . -
. . concrete to reinforcement corrosion negatively affects its durability
and environmental influences
L They also provide a high degree of safety, being able to withstand
3 | Safety They demonstrate good safety indicators heavy loads and maintain functionality even in the event of cracks
A smaller crack opening width is achieved due to the | Their high flexural and compressive strengths make them well-
4 | Endurance . . . . 2
high tensile strength of the material suited for large spans and structural applications
. The use of modern composite materials can lead to
Material . . T . .
5 . lower material consumption, resulting in a reduced | However, they often necessitate the use of more materials
consumption -
overall weight of the structure
It is often more cost-effective to manufacture and install, Due to the Complexny 9f their rpanufacturlng Processes {md the
Cost and . - . requirement for specialized equipment, these techno-logies can
6 as it can reduce overall costs by reducing the weight of . T ;
labor costs be more expensive. Additionally, labor costs may be higher,
the product. . : . .
particularly during the installation phase
Operating Additionally, they may require lower maintenance costs, Despite these higher initial costs, load-resistant technologies may
7 due to their resistance to corrosion and environmental . . .
costs factors result in lower maintenance expenses in the long term
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Regarding the potential for research into the impact of fiber reinforcement on the strength properties
of polymer concrete, regulatory documents provide developed recommendations for considering fiber
reinforcement in calculations for building structures made from cement concrete:

® The National Standard of the Russian Federation, GOST R 57345-2016 / EN 206-1: “Concrete —
Part 1: Specification, performance, production and conformity, IDT”, which establishes requirements for
cement-fiber reinforced concrete.

m SP 52-104-2006. “Steel fibre reinforced concrete structures design”.

® SP 297.1325800.2017 “Fiber reinforced concrete structures and precast products with non-steel fibers.
Design rules”, which establishes the requirements for the design of structures made of fiber-reinforced
concrete with non-metallic fibers.

3.3. Laminated Metal Corrugated Structures

Concrete and reinforced concrete structures have a relatively high dead weight, making the installation
process time-consuming and requiring significant financial resources for material transportation. Recently,
laminated metal corrugated structures have been increasingly introduced into construction practices in
Russia. The types of sections of metal corrugated structures are shown in Table 3.

Table 3
Types of sections of metal corrugated structures

Type of cross-section | Specifications Type of cross-section | Specifications
| %
\
Span, m: Span, m:
1.5-7.0 1.5-6.5
circle

vertical ellipse

— h
/ \ Span, m: Span, m:
2.0-13.0 1.5-2.0

arch pipe of reduced height

. P ,,.—-\ .
Span, m: - Span, m:
1.9-8.0 \__/ 2.6-9.0

flat-bottomed pipe horizontal ellipse
Span, m: ( \ Span, m:
6.0-15.0 6.0-15.0

high profile arch low profile arch
Span, m: l ‘] Span, m:
2.6-9.0 3.6-8.0

pear-shaped Square
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Laminated metal corrugated structures are building elements consisting of several layers of metal
sheets having a corrugated (wavy) shape. These layers are interconnected in various ways, forming a strong
and rigid structure.

By using this type of structures, it is possible to span up to 30 meters, erecting structures for road and
railway crossings at different levels, underground transport tunnels for industrial enterprises, and structures
to protect roadways from rockslides and other hazards. At the same time, the cost of building structures
made from corrugated metal is considerably lower than that of structures with similar applications. Currently,
corrugated structures, in particular beams with a corrugated wall, are widely used in construction. They are
used as floor beams for multi-storey residential buildings [39], large-span roof beams for industrial buildings,
as well as in dome structures of administrative buildings. A comparative analysis of the characteristics of

metal corrugated systems and conventional solutions is given in Table 4.
The key advantages of using corrugated metal structures include:

— applicability in various soil-hydrologic and climatic conditions;

— optimal balance between load-bearing capacity and structural weight;
— use of light-weight construction equipment;

— reduction of construction and installation costs.
Laminated metal corrugated structures have versatile properties, which is why they have found
application in various fields, depending on the specific section.

Table 4

A comparative analysis of the characteristics of metal corrugated systems
and conventional solutions (reinforced concrete structures)

Ne| Parameter Metal corrugated structures Traditional solution (reinforced concrete
structures)
o . . . A more complex manufacturing and installation
Simplicity Easy installation due to the lightness and modular nature . . ..
1 - process is required. There are fewer opportunities
and versatility | of the product . .
for quick adaptation to changes
A The products are resistant to corrosion when using special | Generally, they have a high level of reliability and
Reliability . . . - o .
2 . coatings. With proper care, their durability can reach 50 years | durability, but they can crack and corrode the rein-
and durability
or more forcement
. These products are usually more fire-resistant and
3 | Safety When designed and operated correctly, the products are safe better protected against external influences
They possess high compressive strength and flexural strength, Although they typically have very hlgh COMPIESSIVE
4 | Endurance L . - strength, they may have lower tensile strength com-
with high relative strength values and low weight
pared to metal
5 Material It is possible to design products that are lighter by using less | There is high material consumption due to the need
consumption material for supporting elements, due to their high strength | for large volumes of concrete and reinforcement
6 Cost and While the materials may be more expensive, installation time | The cost of materials is lower, but there are higher
labor costs can be shorter, reducing labor costs labor costs for production and installation
7 Operating Maintenance costs are lower with good corrosion protection, | Maintenance costs are low, although periodic main-
costs as the products require less maintenance tenance may be required

S ource: made by A.A. Morozov

Metal corrugated structures offer advantages in terms of faster construction and lower installation
costs. Reinforced concrete structures, on the other hand, provide greater durability and fire resistance.

3.4. Multilayer Enclosing Wall Systems

Currently, there is a significant shift in the design and materials used in building structures with the aim
of enhancing energy efficiency and improving the appearance and durability of buildings. Enveloping
structures, which are the most critical component of any building, play a vital role in maintaining the required
sanitary, hygienic conditions, and comfortable indoor environment.
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The thermal performance of a multi-layer (at least three-layer) structural system is primarily determined
by the appropriate selection of the type, dimension, and placement of thermal connections, rather than by
increasing the thickness of insulation. In [40] the author emphasizes that multilayer composite sandwich
panels with a corrugated core represent a promising material for structural applications whose characteristics
require rigidity and strength while minimizing weight. When designing flexible connections in wall structures,
it is essential to minimize the diameter of metallic connections in order to reduce heat loss. This is not only
beneficial for metal conservation but also crucial to minimize unnecessary heat loss resulting from the
presence of these connections. In [41], the authors present numerical modeling and experimental verification
of axially loaded thin sandwich panels with soft core and different rib configurations and obtained the result
that the axial stiffness and strength also increased as the skins or ribs became thicker, or their Young’s
modulus increased, or the shear modulus of the core increased.

The main advantages of multi-layer walls include:

— high resistance to heat transfer through external walls;

— excellent thermal insulation properties;

— aesthetic appearance;

—reduced material consumption.

In buildings with enhanced thermal protection, the outer layers of the wall (known as “shells”) are made
from a durable and heat-conductive material that can carry a load. The middle layer is composed of effective
insulation material. For single-story houses, chipboard can be used, while concrete is used for multi-story
buildings and industrial structures, and metal is used for industrial buildings.

The experience of using multi-layer masonry around the world has been evaluated for decades.
However, their active introduction into the Russian market, without taking into account the specific features
of our country, climate, and lack of construction experience, leaves its mark. Multi-layer structures have
advantages that are highly appreciated in terms of energy conservation policies, as well as disadvantages
that are largely manageable.

Table 5
The parameters of the estimated performance indicators for multilayer and single-layer envelope wall systems

Ne| Parameter Single-layer enclosing wall systems Multi-layer enclosing wall systems
The installation time for a single — layer system is
1 Simplicity 20-30% less than for a multi-layer system. They are | They are versatile, as each layer can be adapted to different
and versatility | universal for most cases, but may not be suitable for | climatic and operational conditions
specific conditions
Less resistance to mechanical damage and environ- Multl.layer systems prov1de increased reliability due to
o . s . functional differentiation of layers (for example, thermal
Reliability mental influences, the durability of single-layer | . . - . .
2 - S o . insulation and hydraulic protection) and extended service
and durability | systems is limited by the durability of the material life d i . 1 ffecti .
used ife due to mutual protection of layers and effective moisture
removal
L . . Better thermal and acoustic insulation, as well as protection
ess protection from external factors and impacts . .
3 | Safety . from system damage. The fire resistance of the multilayer
(fires, break-ins) S ) T
system is 40% higher
The strength depends on the specific material, often | By combining different materials, high strength and stability
4 | Endurance . . e .
insufficient for harsh conditions can be achieved
5 Material They usually require fewer materials, since homo- | A multilayer system can exceed the material consumption
consumption geneous materials are used of a single-layer system by 30-50%
Cost and The initial cost of a single-layer system can be . . . . .
6 labor costs 20-40% lower than for a multi-layer system High cost of materials and more time for installation
7 Operating They may require more energy saving and main- | The cost of operating a multilayer system may be lower by
costs tenance costs 15-25% due to better thermal insulation
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Wall panels are used as vertical and inclined enclosure structures in the construction of industrial,
warehouse, and agricultural buildings, public and commercial structures, refrigeration facilities, and low-
rise residential buildings of rural and suburban types. These structures can have either vertical or horizontal
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joints. Table 5 shows the parameters of calculated performance indicators for multilayer and single-layer
enclosing wall systems.

A comparison of multi-layer and single-layer enclosure wall systems can be conducted based on several
key factors.

4. Conclusion

After analyzing these multilayer building components as an alternative to conventional structures,
it has been noted that each has specific values and characteristics. These materials are utilized in the
construction of smaller architectural forms, bridges, fences, buildings, and engineering structures.

As a result of the conducted research, the following should be noted.

1. According to the analysis in Tables 1, 2, 4, 5, it was found that the use of multilayer systems can
significantly reduce the weight of structures, potentially saving money on foundations and other elements.

2. Double-layer rubber-based concrete components have excellent mechanical properties and durability,
and laminated metal corrugated structures are highly durable with relatively low weight.

3. The use of 3D layer-by-layer printing technologies opens up opportunities for more flexible and
customized design in construction, which is not available with traditional methods, as well as reducing
production costs by minimizing waste, since with traditional production methods the amount of material
used can often exceed 50%, especially during machining.

4. Multilayer building components, which are an alternative to traditional structures, have unique
characteristics and are used in various construction projects.

5. Multilayer systems provide improved heat and sound insulation properties, contributing to com-
fortable living and working conditions.

The presented results confirm the advantages of multilayer structures, opening up prospects for further
research in the field of development and optimization of these materials. A comparative analysis of the
characteristics of multilayer and traditional structures, as well as an analysis of the possibilities of layered
3D printing, is of considerable scientific interest and may contribute to the development of innovative
approaches in construction.
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