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Pegepar

B pabore oOocHOBaHAa HEOOXOAMMOCTH B Pa3pabOTKE MOIXOAOB W METOJOB
NPOEKTUPOBAHUS JTUCCHUITATUBHBIX CTPOUTENBHBIX COOPYKEHUH H3 3(PPEKTUBHBIX
BUJIOB  Jkenme3o0eroHa.  [IpeAcTaBieHBl  OCHOBHBIE  DJIEMEHTHI  CTPATETHH
MIPOCKTUPOBAHMS JTUCCUTIATUBHBIX KOHCTPYKTHUBHBIX CHUCTEM B OCOOBIX PACUETHBIX
cutyanusx. [[puBeneHbl SKCIEpUMEHTAIBHBIC U TEOPETUIECKUE UCCIICTOBAHMS.

Ki1ioueBble ¢JIOBa: MHOTOYPOBHEBOE MTPOSKTUPOBAHKE, JUCCUITATHBHAS CUCTEMA,
Hanpsrawuii GuopoOETOH, KUBYUECTh, SHEPreTUUECKUN TTOAXOI.

MULTI-LEVEL DESIGN OF DISSIPATIVE BUILDING STRUCTURES
FROM EFFICIENT TYPES OF REINFORCED CONCRETE
IN ACCIDENTAL DESIGN SITUATIONS

A. A. Lizahub, 1. V. Belkina, A. P. Vorobej, T. V. Kalenyuk

Abstract

The article substantiates the need to develop approaches and methods for designing
dissipative building structures made from effective types of reinforced concrete. The
main elements of the design strategy for dissipative structural systems in accidental
design situations are presented. Experimental and theoretical studies are presented.

Keywords: multi-level design, dissipative system, self-stressing fiber-reinforced
concrete, robustness, energy approach.

Beenenne

[IpruMmeHenne mnepenoBbIX KOHCTPYKTMBHBIX PEIICHUH, HCIIOIb30BAHUE HOBBIX
3¢ (HEeKTUBHBIX MAaTEPHAIOB B CTPOHUTEIBCTBE, a TAK)KE Pa3BUTHUE OTEYECTBEHHON U
MHUPOBOM CTPOUTEIBHOM OTpaciid B LIEJIOM HNPUBOJUT K HEOOXOIMMOCTH B yCOBEp-
IIIEHCTBOBAHNUHU CYUIECTBYIOLIUX U Pa3pabOTKE HOBBIX METOJOB NPOECKTUPOBAHUS U
OLICHKU 31aHUUN U COOPYKECHUU.

B cooTtBercTBUM € AEHCTBYIOIIMMH HOPMAaTHBHBIMH JOKyMEHTaMu PecmyOmuku
benapych u apyrux ctpan B 00JaCTH CTPOUTENHCTBA BCE 3AAHUS U COOPY>KEHUS TOJIK-
HBl YJIOBJIETBOPATH TPEOOBAHUSM HAJIEKHOCTH, HKCILUTYaTAallHOHHOW IPHUTOIHOCTH,
JIOJITOBEYHOCTU U KMBYy4eCTH. OJHAKO BIUIOTH 10 HACTOSILErO0 BPEMEHH MOIAXOABI K
HA3HA4YEHUIO TpeOyeMOro YpOBHS HaIEXKHOCTH B OCOOBIX PACUETHBIX CUTYALUsIX U Me-
TOJIbI OLICHKH JKUBYUYECTH 3/1aHUI U COOPYKEHUN 0a3UpyrOTCs Ha HAIIMOHAIBHOM OIIbI-
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T€ TIPOEKTUPOBAHMUSI, 4 HE HA TMOCJICOBATEILHBIX, HAYYHO 00OCHOBAHHBIX METOJIUKAX
aHajM3a PUCKOB, YTO MPUBOAUT K HEIDPEKTUBHOMY HCIIOIH30BAHUIO MAaTEpUATBHBIX
pecypcoB it o0ecriedeHus: 6€30acCHOCTH JIFOJICH.

[[Iupokoe pacnpocTpaHEHUE B CTPOUTENILCTBE MOJYyYarOT HOBBIE d(P(HEKTHUBHBIC
BU/IBI JKeJI€300€TOHA (BBHICOKOIIPOYHBIE, CAMOHAIPSIKEHHBIE, TUCTIEPCHO-apMUPOBaH-
Hble). Tem He MeHee, UCCIIeJOBaHUE BIMSHUS HOBBIX MAaTEpPHAJIOB HA MJIACTUYECKYIO
neOopMaTUBHOCTh M JIUCCUNATUBHOCTH JKEJI€300€TOHHBIX KOHCTPYKIIMM B OCOOBIX
PACUYETHBIX CUTYalUSIX U3YyYEHO HEIOCTATOUHO.

Takum 00pa3om, BOZHUKAET HEOOXOAMMOCTh B pa3pabOTKE HOBBIX IMOIXOJOB H
METOJIMK, OPUEHTUPOBAHHBIX HA MPAKTHUUYECKOE MPUMEHEHUE MPU TPOBEPKE KUBYUE-
CTH 3J]aHUH U COOpYX eHUM U3 3(PPEKTUBHBIX BUAOB KEIE300€TOHA.

Peanuzarus oco6oro coObITHS (HampuMep, B3pbIBa UIIK y1apa) Yallle BCEr0 UMEET
nuHaMuYeckuil xapakrtep. [Ipu 3ToM B cucTeme, MOABEPKEHHON 0COOOMY BO3[EH-
CTBUIO, BO3HUKAIOT KOJieOaHust (PUCYHOK 1).
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Pucynok 1 — Jluccunayus snepeuu xoiebamenbHou cucmembl

[Ipu konebGaHMSIX AUCCUMATUBHBIX CHUCTEM MPOMCXOJIUT PACCEMBAHUE SHEPTUH B
OKpY’KalolleH cpefie, B MaTepraliaX KOHCTPYKIIMH, B y3J1aX CONPSHKEHUS KOHCTPYKTUB-
HBIX 3JIEMEHTOB, a TAKXKE B JIOKATbHBIX YUYACTKaX Pa3BUTHS MIACTHUECKUX JlehopMaIuii
(MIacTUYeCKUX MIAPHUPAX). DTH MOTEPU BBI3BIBAIOTCS CUJIAMU HEYIPYIOr'O COIPOTHUB-
JICHUS — JMCCUTIATUBHBIMU CUJIAMU, Ha TIPEOJIONICHHE KOTOPHIX HEMPEPHIBHO M HEOOpa-
THUMO PACXOJyeTCs SHEPTHs KOJIeOaTeIbHON CHCTEMBI MM UCTOYHHUKA KOJICOAHHIA.

[lens uccnenoBanuii 3akitoyaercs B pa3pabOTKe MOIXOJ0B U METOAOB MHOTO-
YPOBHEBOT'O MPOCKTUPOBAHUS 3IAHUIN U COOpyKeHUMN U3 YHPEKTUBHBIX BUIOB JKeJie-
300€TOHA, CIMIOCOOHBIX K PAaCCEMBAHUIO (IUCCUTIAIIMN) MEXaHUUECKON SHEpPruu, 00y-
CJIOBJICHHOM peaiu3amnueil 0coObIX BO3JEHCTBUH, TaKUX KaK, B3phIB OBITOBOIO Ta3a,
yAap TPaHCHOPTHOIO CPEJICTBA, MPOCaJKa OCHOBaHUs, TEPPOPUCTUYUECKAS aTaKa, de-
JIOBEYECKHE OMIMOKH U T. [I.), HA yPOBHE padOTHl MaTePUAJIOB, OTJACIHHBIX KOHCTPYK-
TUBHBIX JIEMEHTOB U 11€JIOM KOHCTPYKTUBHOU CUCTEMBI (PUCYHOK 2).
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lici CtpouTelbHOE COOpYKEHHE, CIIOCOOHOE K IMCCUIIALINN SHEPTUH
B 0CO00# pacyeTHOM cuTyanuu
S KoncrpykTrBHast
YpoBHH Marepuaisi —> KOHCTPYKTHBHOM —>
cucTeMa
CHCTEMBbI
Hcnonb3oBanue marepua- PesepBupoBanue

AJIbTEePHATUBHBIX
MEXaHHU3MOB Iepepacrpe-
JIeJICHHs] YCUIIU B

JIOB C MOBBIMICHHBIMU
JIMCCUTIATHBHBIMH
Crparerun cBoiictBamu ((hudpo-

CHuxeHue ysi3BUMOCTH
1 (4yBCTBUTEIIBHOCTH) +
KITFOYCBBIX 3JIEMEHTOB

OeTOHBI, apMarTypa ¢ 5 o KOHCTPYKTHUBHOMU
= - K bIM B HCTBHS
BBICOKOM TJIACTHYECKOMN 0co DICHOTBAM CHCTEME B cllydae 0TKaza
ne(hOpMaTUBHOCTHIO) KJIFOYEBOTO DIIEMEHTA

Pucynok 2 — OcrogHule s1emenmol cmpameuy NPoeKmuposanusi OUCCUNAMUBHBIX CIPOUMENbHBIX
coopyceHull U3 dhhexmusHbIX 8U008 dcene300emoHa

JI51s HOCTHKEHUSI TOCTABICHHOM LM JOKHBI OBITH PEIICHBI CIEAYIONINE 3a/1a4H:

— MOJY4YEHHE HOBBIX SKCIIEPUMEHTAIBHBIX U TEOPETHYECKHX IAHHBIX, MMO3BOJIS-
IOLIUX BBIBUTH BJIMSHUE MHOTOYPOBHEBOTO JHUCIIEPCHOTO apMHUPOBAaHUS HA MpPOY-
HOCTHBIE, 1e(POPMALIMOHHBIE XapaKTEPUCTUKH HAIPATAIOLIET0 OETOHA;

— IPOBEJICHUE SKCIEPUMEHTAIbHBIX U TEOPETHUYECKUX HCCIEAOBaHUN MacmTad-
HBIX Mojesield (PparMEeHTOB KOHCTPYKTHUBHBIX CHCTEM JJIsl OMNpENETICHUsl XapakTepa
paspyuieHusl ¥ IPOBEPKU TEOPETUUECKUX 3aBUCHUMOCTEH OLICHKH KMBYYECTH B CIIy-
4yae 0TKa3a KJIF0UYEBOI0 JIEMEHTA.

Hcxonnbie MaTepuaabl 1 METOAbI HCCI€I0BAHUS

BbimonHeH psa SKCHEPUMEHTABHBIX MCCIIENOBAHUN IMCIIEPCHO-aPMUPOBAHHOTO
Hanpsraroniero 6etona [1]. Ilpu BbINOIHEHUH HUCCIIEOBAHUN OMBITHBIE 00pa3Ibl U3TO-
TaBJIMBAJIM U3 HANPSATAIONIET0 OETOHA, pa3IMYHbIX HOMUHAIBHBIX COCTAaBOB. JlucniepcHoe
apMHPOBAHKE HANPSTaIOIIEro 6€TOHA BHIOIHSIOCH CISTYIOIIMMHU TUITAMH BOJIOKOH:

— ¢ubpa cranpHas ankepHas guametpom 0,40 mm u uHON 30 MM;

— ¢ubpa xomno3utHasa 6azanbToBas quameTpom 0,80 MM u uHON 50 MM;

— ¢ubpa 6azanproBas nuamerpom 0,016 MM u anmHOM 12 MM;

— ¢ubpa nomunponuiaeHosas guamerpoM 0,05 Mmm 1 auHOM 12 MMm.

[IpoBeneHbl IKCIIEPUMEHTATIbHBIE HCCIEAOBAHUS JABYX MACHITAOHBIX MOJENeH
¢dparMeHTa MIOCKOr0 MOHOJIMTHOTO 7KeJIe300€TOHHOTO MEePEKPHITUS B CIyyae yaje-
HUS IIEHTPATBLHOM OMOpHI TIpH cTaTudeckoM (obOpasen FS-1) u qunamudeckom (oOpa-
3er] FS-2) nHarpyxenusix [2].

Pe3yabTarhl 3KCIIEPUMEHTOB U UX 00CYKIeHHe

[To uToram MpoBEAEHHBIX IKCHEPUMEHTAIBHBIX HCCIEIOBAHUIN TUCIIEPCHO-APMU-
POBAHHOIO HampsAraroniero 6eToHa ObUIM MOJYYEHbI JAHHBIE, KOTOPbIE MPEICTAaBICHbI
B BHUJIC 3aBUCUMOCTEH COOCTBEHHBIX aedopmalnii OT BPEMEHHU JIJIsl HANPSTAoMX Oe-
TOHOB C Pa3JIMYHOMN SHEProakTUBHOCTHIO [1]. IIpoaHanu3npoBaB moly4eHHbIE 3aBUCH-
MOCTH, YCTAaHOBWJIM, YTO CIEpKUBaHHE IedopMaliii HANpsMyIO0 3aBHUCHT OT KeECT-
KOCTHBIX NapaMeTpoB orpaHuyeHus. Tak, cTagbHble BOJOKHA, OTHOCSIIMECS K BBICO-
KOMOJIYJIbHBIM, CIIOCOOHBI CIE€pP>KUBATh 3HAUMTENbHbIE AePOpMaIMi PaCHIMPEHUSI.
[Ipu sToM monumnponuieHoBas (udpa, oOiagasi HEBHICOKUMHU 3HAYEHHUSIMH MOJYJIS
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ynpyroctd u koagduuuenta [lyaccona, oxunaemMo orpaHndmuBaeT JnedopMaiiu Jo-
cTaToyHo cjiabo. TeM He MeHee He pa3 ObL1 oTMeueH A(PdekT, npu Kotopom ¢Guob-
pOOETOHBI C MOJIMMEPHBIM aPMUPOBAHUEM JOCTUTAJIM, @ MHOM pa3 U MpeBbIIaIH (ce-
pus III-1,6 u 11I-2) 3HaueHust cBoOOAHBIX Aedopmaluii HeapMUPOBAaHHOTO oOpasiia
(pucynok 3). Ha namm B3risa, mansbiil 3QQGeKT mpoucxoauT B MOMEHT, KOT/ia MOCTO-
SIHHOE yBEJIMYeHNE 00heMa BhI3BIBAECT 00pazoBaHue AeEKTOB CTPYKTYPhI, HO OHA TIPU
ATOM HE YCIIEBAET BOCCTAHOBUTHCSA, MOCIIE YEro MPOUCXOIUT 3aJepikKa pocta nedop-
Mallluii WM U BOBCE CIajJl — ycaaka. Hanuune HU3KOMO Iy IbHOM MUKPOGUOPHI HEMHO-
ro TOPMO3UT HapacTaHue aedopMaluid, Ipu 3TOM COKPAILIAET KOJIMYECTBO J1e(HEKTOB B
CTPYKTYypeE, NO3BOJISAS B JaJIbHEUIIEM AaTh BO3MOKHOCTh PEATM30BaTh PHEPrUIO pac-
mUpsroIIelics 100aBku B OoJbIeil Mepe, Hexenu B aeexTHoMm marepuane. [lanHas
TUIOTE3a JIerJIa B OCHOBY MPEMJIOKEHHOTO CIIOCO0a HEepapXUYHOTO apMHUPOBAHUS
KaXXI0r0 YpOBHsI Hampsramoliero 0eroHa (Makpo-, Me30-, MUKpPO-, CYOMHKpPO-) COOT-
BETCTBYIOIIMMHU MO pazmepam (pudpoBosiokHamMu. [IpoBeeHHbIE AKCIIEPUMEHTHI TO/I-
TBEPAWIN TAHHYIO TUIIOTE3Y, U3 YEro CIEAYET BBIBOJ, UTO MHOTOYPOBHEBOE JIUCIIEPC-
HOE apMHpOBaHUE siBJsieTcsl Hanbosee 3(h(HEKTUBHBIM CIOCOOOM apMUPOBaHUS, MO3-
BOJISIFOIIIMM JOCTHYb BBICOKMX IOKA3aTeNed TOJITOBEYHOCTH M HKCIUTyaTallMOHHON
HAJEKHOCTH. B aHHOM cilydae HU3KOMOAYJIbHBIE BOJIOKHA HE CJIEIYET paccMarpu-
BaTh B KaYECTBE OIPAHMYMBAIOILEIO 3JIEMEHTA, [MOCKOJIbKY OCHOBHas HMX palboTa 3a-
KIIIOYAETCSl B YCUJIEHUU LIEMEHTHOW MaTpHilbl OeToHa. Orpannuurenem aedpopManuit
OyZeT BBICTYNATh BBICOKOMOJYJbHAsI MakpopuOpa. [IpuHuMas Bo BHUMaHUE JaHHBIE
YCIJIOBUSI, TPOTHO3UPOBAHUE CBA3AHHBIX JAe(opMalnii ¢ moMoubio aehopMaluOHHON
Mojienu OyAeT HelenecooOpa3Ho, Tak Kak B MOJIETM HE 3aJI0KEHbI OMHMCAaHHbIE MeXa-
HU3MBI, U Pe3yJIbTaThl OYAYyT 3aBEIOMO JIOKHBIMHU. B Takom ciydae ocTaHOBUMCS Ha
COCTaBax, B KOTOPBIX MPUCYTCTBYIOT BBICOKOMOJIYJIBHBIE BOJIOKHA. A B Ciy4asX, Ie
M3-32 YCWIEHUSI CTPYKTYpbI CBSI3aHHBIE Je(OpMallMd 3HAYUTEIBHO MPEBBICUIIA CBO-
00JIHbIE, B KAYECTBE MCXOIHBIX JAHHBIX TPUMEM HaUOOJIbIIHE.

€105, €105,
350 \ii/vint 800 \vi/wm
300 700 - —o—1[1-2-O-1
600 — O—-[II-2-T1-3
250 oo | 0207
200
40 - 0
150
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0 0 T, CyT
0 10 20 30 0 10 20 30

Pucynok 3 — Cobcmeennwie Oeghopmayuu pacuupernus 0is onbimuvlx 0opaszyos (cepus I1-1,6 u I111-2)

B xoze ucnbiTanuii MaciiTabHbIX MOZIENEN ()parMeHTa IUIOCKOTO IEPEKPHITUS ObLIN
M3MEPEHBI TAKUE MApaMETPhl, KAK PEAKLUU B ONOpaX, MEPEMELIEHHs, OTHOCUTEIbHbBIE
nedopmarin 6eToHa U apMaTyphl B XapakTepHbIX Mectax. Mcnbitanust oopasma FS-1,
BBIIIOJTHEHHBIE METO/I0M CTaTUYECKOH pa3rpy3KH, MO3BOJIMIM BBISIBUTH U JAETAILHO U3Y-
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YUTh XapaKTEPHbBIC JTAlbl MOBEACHUS KOHCTPYKTUBHOM CHCTEMBI C IUIOCKOM IIJIMTOM
IIEPEKPBITUSA IIPU YAAIECHUU BEPTUKAIBHOIO HECYLIETO JIeMeHTa. B pe3ynbrare ucmsl-
TaHUM TIOJydeHa TOJiHAs HEJIMHeWHas KBa3ucTaThueckas peakius oopasma FS-1 mms
ClieHapus yJaJICHUs IIEHTpaIbHOU KOJIOHHBI. J[nHaMudeckue uctbiTanus odpasia FS-2
ITO3BOJIMJIM YCTAHOBUTB, YTO NPU BHE3AIIHOM IWHAMUYECKOM IPUIOKEHUU Harpys3Ku
Pa3IMYHBIE MEXAaHU3MbI COIPOTUBIICHHS HE BKJIIOYAKOTCS OJHOBPEMEHHO, YTO BIIASET
HA MTHOBEHHBIM JTUHAMUYECKUIN OTKIMK CUCTEMBI. [Ipy ypoBHE HArpyXeHHs, COOTBET-
CTBYIOIIIEM CTaJHM{ TUIACTUYECKOTO M3ruba, MPOU30ILUIO0 MepepacipeesieHie BHYTPEH-
HUX CWJ U BKIIFOUECHHUE 3apE3EPBUPOBAHHBIX CBS3EBBIX 3JIEMEHTOB IOCIIE peaTUu3alun
MaKCUMAaJIbHBIX MPOTMOOB Ha MEPBOM MOIyNEepuojie KoJeOaHWN MOBPEKICHHON Cu-
creMbl. JlnarpaMmma M3MEHEHHs BEPTHKAIbHBIX MPOTHOOB B LIEHTPE TUTUTHI BO BPEMEHH
npu yJaaJleHu onopsl oopasia FS-2 npejcrapinena Ha pucyHke 4.

[Togbem MIKTHI TIEpel BHIKIIOYEHHEM U3 pa0dOThl OMOPHI OOBSCHAETCS MEXaHU3-
MOM yJaJIeHus onopsl. B naHHOM cilydae moabeM IIUTHl KOMIIEHCUPYET MPOTUOBI OT
MPEBAPUTEIILHOTO HArpy>KEHUsl, U MOXKET OBITh MPUHAT KaK TOYKA HYJIEBOTO OT-
CYeTa BEPTUKAIBHBIX MPOrUOOB MOCIE YAAICHHS OMOPHI.
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Pucynok 4 — H3menenue epmuKkaivbHbiX Npocud08 6 yeHmpe naumsl 60 8peMeHuU
npu yoanenuu onopwvl oopasya FS-2

3akjoueHune

Hcxons vz pe3ynbTaToOB MPEICTaBICHHBIX TEOPETUUECKUX U IKCIIEPUMEHTAIbHBIX
MCCIIEIOBAHUI MOXKHO CJIENIaTh CIETYIOUINE BHIBOIBIL:

1. Ha ypoBHe paboThl MaTepuagoB NPUMEHEHHE MHOTOYPOBHEBOTO JAUCIIEPCHOTO
apMUPOBAHUS TTO3BOJIAET PACIIMPUTH BO3MOKHOCTH HCIIOJIB30BaHUS HAIPATAIOIIETO
O0eToHa TpHU TPOCKTHPOBAHWU JIUCCHMATHBHBIX CHCTEM 3a CYET IOBBLIIMICHUS €Tro
MPOYHOCTHBIX U I€POPMAIMOHHBIX XapaKTEPHUCTHK.

2. Ha ypoBHe pab0oThl KOHCTPYKTHBHBIX 3JIEMEHTOB U 1[€JI0M KOHCTPYKTUBHOM CH-
CTEMBI B 0COOOW pacueTHON CUTYallud BO3HHKAIOT PA3IUYHBIC MEXAaHU3MBI COIPO-
TUBJICHUS TIpOTpeccupymomeMy oopymienuto. [IpaBunpbHOE MOHWMaHWE WX TIPOMC-
XOXKJICHHUSI U Pa3BUTHS MO3BOJISIET OoJiee pallMOHAIbHO U 0€30MacHO MPOCKTUPOBATH
JIMCCUTIATUBHBIE CTPOUTEIBHBIE COOPYKEHHUS, OTBEUAIOIIUE TPEOOBAHUSIM KUBYUECTH
B 0COOBIX PACUETHBIX CUTYAIIUSIX.
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HOPMbI ITIPOEKTUPOBAHHUA B OBJIACTH KOMIIBIOTEPHOT'O
MOJAEJIUPOBAHUA CTAJIBHBIX KOHCTPYKIIUU

B. B. Haooabckui

K. m. n., ooyenm, ooyenm xageopvi mexnonocuu cmpoumenvHoco npouzeoocmesa bpl'TY,
bpecm, benapycw, Nadolski@mail by

Pedepar

3a nocnenHue IEeCATUIETUS CYILIECTBEHHO BO3POCIO NPUMEHEHUE KOMITBIOTEPHOTO
KOHEYHO-3JIEMEHTHOTO MOJEIMPOBaHUA B O0JACTH NPOEKTUPOBAHUS CTAJIBHBIX
KOHCTpYKLIMHA. MHorue (opMyibHble, PYTHHHBIE NPOBEPKHU 3aMEHSIOTCS OoJee
«MPOJIBUHYTBIMU» YHCIEHHBIMH MOAEIAMUA. OJHAKO NPUMEHEHUE YHCIEHHOIO
MOJIETUPOBAaHUSI HE OTPAXKEHO JOJKHBIM O0pa3oM B HOPMATHUBHBIX JIOKYMEHTAX.
JlaHHast cuTyauusi B IEPBYIO OYEPEIb OCJIOXKHSIETCSI MHTEHCUBHBIM Pa3BUTHEM 3TOrO
HalpaBJICHUs, IMO3TOMY HAay4HbIE HCCIEOBAaHUS HE YCIEBAIOT BHEAPATH B
HOpPMaTUBHbIE JOKYMEHTHI. IlepenoBeie nccimenoBanus nocinenux 10-20 ser He
HAllUIM OTPAKEHHsI B OTEYECTBEHHBIX HOPMAX, a CYLIECTBYIOIME YKa3aHUs YCTAPEIH
a100 pa300IIeHbl O Pa3HbIM YacTIM HOPMATUBHBIX JIOKYMEHTOB. B cTpouTenbHBIX
IpaBUjax II0 MPOEKTUPOBaHUIO CTalbHbIX KOHCcTpykumid CII  5.04.01-2021
coaepxarcia TOJbKO oOmme ¢pa3sl MO TNPUMEHEHHIO YHCICHHBIX MOJIEIEH.
TKIT EN 1993 conepxxut 6osee noapoOHyr0 WHGOPMALUIO O THUIAX YHCIEHHOTO
aHaJIM3a U yKa3aHUsSX [0 UX MNPUMEHEHUIO, OJTHAKO, YUUTHIBASL TO, UTO 3TOT CTAHAAPT
pazpabarsiBasica 10 2004 r. 1 1ociie 3TOro He NpeTepresl CylEeCTBEHHbIX OOHOBIICHUH,
ClleyeT KOHCTaTUpOBaTh, YTO OH Takxke ycrapei. /laHHoe 0030pHOE HcclenoBaHHue
HaIIPAaBJICHO HA CHUCTEMATU3aLMI0 TUIIOB YMCIIEHHOTIO aHAJIM3a C YKa3aHWsSIMHU IO HUX
MPUMEHEHHIO NPU MPOEKTUPOBAHNUN CTAIBHBIX CTPOUTENBHBIX KOHCTPYKILIHM.

KiroueBble ci10Ba: CTPYKTYpHBIM aHajiu3, KOMIIBIOTEPHOE MOJEIUPOBAHUE,
YHUCJIEHHbIE MOJIEJM CONPOTHUBIIEHUS, O0CO00€ BO3JEHCTBUE, CYILECTBYIOIIHNE
KOHCTPYKLUHU.



STANDARDS IN THE FIELD OF COMPUTER MODELING OF STEEL
STRUCTURES

V. Nadolski

Abstract

Over the past decade, the use of computer finite element modeling in the field of
steel design has increased significantly. Many classical checks are being replaced by
more "advanced" numerical models. However, the application of numerical models is
not properly reflected in regulatory documents. This situation is primarily
complicated by the intensive development of this area, so scientific research does not
have time to implement in regulatory documents. The advanced research of the last
10-20 years has not been reflected in domestic norms, and the existing guidelines are
outdated or divided into different parts of regulatory documents. The building
regulations for the design of steel structures SP 5.04.01-2021 contain only general
phrases for the use of numerical models. TCP EN 1993 contains more detailed
information about the types of numerical analysis and instructions for their
application, however, given that this standard was developed before 2004 and has not
undergone significant updates since then, it should be noted that it is also outdated.
This review study is aimed at systematizing the types of numerical analysis with
instructions for their use in the design of steel building structures.

Keywords: structural analysis, numerical models of resistance, accidental action,
existing structures.

Beenenne

C y4eToM COBPEMEHHOro pa3BUTHUSL O0OPYJOBaHUS U METOJOB pealu3allM Bbl-
YUCJIMTEJBHBIX OIEpalui, BO3POCIO MPUMEHEHHWE KOMIIBIOTEPHBIX TEXHOJIOTHHA U
pa3Hoo0Opa3ue TUIOB YUCICHHOTO MOJEIMPOBAHUS (YMCICHHOIO aHalin3a, KOMIIbIO-
TEPHOr0 MOJEIMPOBAHUS, KOHEYHO-3JIEMEHTHOTO MOJEIUPOBAHNUSA), IPUMEHSIEMBIX B
00JIaCTH MPOEKTUPOBAHMS CTANBHBIX KOHCTPYKUUH [1-7]. MHOrHe opMynbHbBIE, PY-
TUHHBIE NPOBEPKH 3aMEHSIOTCSA 00Jiee «IPOJBUHYTHIMU» YMCICHHBIMU MOJEIISMHU.
OnHako NpUMEHEHUE YUCIEHHOTO MOJICIMPOBAHMS HE OTPAXKEHO JTOJDKHBIM 00pa3oM
B HOPMAaTUBHBIX JOKYMEHTax. /[aHHas cuTyauus, B IIEPBYIO OYEPENb, OCIOKHIECTCS
MHTEHCUBHBIM Pa3BUTHEM 3TOT0 HAIPaBJIEHUS, IO3TOMY HAay4YHbIE UCCIEAOBAHUS HE
YCIEBAIOT BHEAPATH B HOPMATHBHBIE JOKYMEHTHI. IlepenoBble ucCienoBaHUs IO-
cnenaux 10-20 neT He HAIUIM OTPaKEHHsI B OTEYECTBEHHBIX HOMAx, a T€ YKa3aHuS,
KOTOpBIE€ CYLIECTBYIOT, ycTapeiu JUO0 pa3oOLIeHbl MO pa3HbIM YacTsAIM HOPMaTHB-
HBIX JOKyMEHTOB.

ba3oBeIii  TOKYMEHT 110 MPOEKTUPOBAHUIO CTPOMUTENIBHBIX  KOHCTPYKIIMM
CH 2.01.01 ¢ 2019 rona momyckaeT MPUMEHEHUE YUCICHHBIX MOJENEH JIsl OLEHKH
Hecyllel CIOCOOHOCTH W MpOBEpKU TmpeaenbHbIX coctosiHuit. C 2020 roga B
CII 5.03.01-2020 «beroHHBIE U kKeJ1€300€TOHHBIE KOHCTPYKIMUY» BHECEHBI YKa3aHUS
U TpeOOBaHUS 10 MPHUMEHEHUIO YMCIIEHHBIX MOJIEJEH CONPOTUBIICHUS U OLICHKE Ma-
paMeTpoB HAAECKHOCTU ISl IPOBEPOK IPENEIBHBIX COCTOSHUNA. ClenyeT OTMETHUTD,
YTO 3TO OJHO U3 IBOJIIOLIMOHHBIX BHEIPEHUN B OTEUECTBEHHBIE HOPMBI, KOTOPHIE CY-
IIECTBEHHO MEHSIOT BO3MOKHOCTH IMPOEKTUPOBAHUS U OTKPBIBAIOT OOJIbIIME MEp-
crektuBbl. Ykazanus CII5.03.01-2020 He sSBAAIOTCA MCUEPIBIBAOIIMMU, U3-3a YETO
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MOTYT OBITh TMOJBEPKEHBI KPUTUKE O HEBO3MOXKHOCTU TIOJHOIICHHOTO MPUMEHCHUS
u T. 1. O1HaKo HEOOXOAMMO YYMTHIBATH TOT (DAKT, YTO HAIpPaBJICHHUE SABISIETCS HO-
BBIM BO BCEM MHUpeE. B CTpOUTENBHBIX MpaBuiIax Mo NPOCKTUPOBAHUIO CTAJIbHBIX KOH-
crpykiuii CIT 5.04.01-2021 coxepkaTrcsi TOJbKO oOmue (ppasbl MO0 MPUMEHEHUIO
gucienablx Mozenei. TKIT EN 1993 conmepxkut 6omee moapoOHy0 MHPOpMAIIUIO O
TUIMAaX YUCICHHOTO aHAJIN3a U YKa3aHUsX M0 UX MPUMEHEHUIO [8, 9], 0AHAKO, YUUTHI-
Bas TO, YTO ATOT CTaHAApT pazpadarbiBaics A0 2004 r. u mocie 3TOro He MpeTepren
CYIIIECTBEHHBIX OOHOBJICHUH, CJIeyeT KOHCTaTUPOBATh, YTO OH TAKXKE yCTapell.

JlanHOEe 0030pHOE MCCIEIOBAHME HAMPABICHO HA CUCTEMAaTH3allMI0 THIIOB YHC-
JIEHHOTO aHaJIM3a ¢ YKa3aHUSIMU 110 UX MPUMEHESHUIO TTPU TPOCKTUPOBAHUM CTATBHBIX
CTPOUTENBHBIX KOHCTPYKITUH.

Meton

Cratbs siBIIsIeTCS 0030PHOM, TTO3TOMY OCHOBHBIM METOJIOM HCCIIEAOBAHUS SIBJISI-
€TCs aHAJUTUYECKUN 0030p M aHAIMU3 JIMTEPATYPHBIX UCTOYHUKOB C IMOCJICAYIOIICH
cUCTEeMaTU3aleil HHPOpMALIUH.

Pe3yabTarthl n 00Cy:KI1eHHe

Tunel yncjeHHOro anajan3a. [lepBbIM NPUHIIMNIUATIEHBIM Pa3AeICHUEM YHCIICH-
HBIX aHAJIM30B ABJISETCA pa3/ejeHrE Ha JIMHEWHbIE U HEeJIMHEHbIe. Ecu cBs3b MeX-
7y Harpy3kod Ha KOHCTPYKIIMIO U €€ peakiuel (HampspKeHUsMH, neopManusaMu u
MePEMEILICHUSIMU ) SIBJIACTCS JIMHEMHOM, TO MOBEJACHNE KOHCTPYKIIMM HA3bIBACTCS JIU-
HEWHBIM TMOBEJCHUEM, a COOTBETCTBYIOIIUNA aHAIN3 — JMHEHHBIM aHAIM30M. B mpo-
TUBOTOJIOKHOM CJIydyae CTPYKTYpHOE TOBEJCHHUE HA3bIBACTCS HEJIMHEHHBIM TIO-
BEJICHUEM, a aHAJIU3 — HEJIMHEUHBIM aHAIH30M.

CTpyKTypHBIE HETMHEWHOCTH BO3HUKAIOT U3 CIEAYIOIIUX UCTOUHUKOB:

a) OombIKe mepeMenieHus (KOTOpble U3MEHSIOT T€OMETPUI0 KOHCTPYKITUH, BITHU-
SIOT Ha YpaBHEHUS paBHOBecHs) U OoJibine AcehopMalvi (BhI3bIBAIOIINE HEJTUHEH-
HYIO 3aBUCHUMOCTh MEXYy MEepeMElICHUsIMU U JedopMalusiMd B T€OMETPUYECKUX
YpaBHEHUSX), TaK Ha3bIBaeMasi, reOMeTpruyecKasi HEJTMHEUHOCTb;

0) HenMHEHAsT 3aBUCUMOCTh ‘‘HampspkeHue-aedopmals’, Tak HazbiBaemasi, Qpu-
3UYecKasi HEJIMHEWHOCTh (MaTepuaa);

B) MU3MEHEHHUE CTaAuu PabOThl COCTUHEHHUS, COCTOSIHUSI KOHTAaKTa BO BpeMs pac-
yeTa (TOMOJIOTHYECKasi/KOHTAaKTHAsT HEJIMHEUHOCTh), OOBIYHO ATO CBSI3aHO C T'€OMET-
PHUYECKON HEIMHEWHOCTHIO, BOSHUKAIOIIEH MTPY 3HAYNUTEIIbHBIX EPEMEIICHUSX.

HenuHeHOCTh Takke MOXET ObITh BbI3BaHA YINPYTMMHU KOHCTPYKTHUBHBIMH 3Jie-
MEHTaMU B COOpKeE, /i€ MPOUCXOTUT PE3KOE M3MEHEHUE KECTKOCTH, HApUMep, Ie-
PEXO0JI TOHKOTO 3JIEMEHTA U3 PACTAHYTOTO COCTOSIHUS B CxkaToe (v HaoOopoT). He-
JINHEWHOE TOBEJICHUE COCIMHEHUH SIBJISIETCS €II€ OJHUM HCTOYHHKOM CTPYKTYPHOU
HEJIMHEWHOCTH.

JIuHeWHbBIN aHAJIN3 MOYXHO UCIIOJIb30BaTh, €CJIM HU OJIHA U3 BBILICIIEPEUNCICHHBIX
HEJIMHEWHOCTEN HE CYIIECTBEHHAsI WM €CITM HETMHEUWHOCTh YUYUTHIBACTCS (POPMYJIb-
HbIMU TpoBepkamu. Eciu kakoh-m00 MCTOYHUK HEIMHEHHOCTH SBIISETCS HEOOXO-
JTUMOM 4acThIO OLIEHKH HECYIEeH CIOCOOHOCTH MOCPEICTBOM YHCICHHOW MOJIEIH, TO
CleAyeT NPUMEHATh HEIMHEMHBIN aHaIu3 JJIsl JAHHOTO UCTOYHUKA.

[Ipu ucnonp30BaHUM JIMHEHHOTO aHAM3a MPUMEHUM MPUHIIUI CYNIEPIIO3UIUHU, U
pElIEHNE HE 3aBHCUT OT MCTOPHUM HarpykeHus. Ecim MCnosb3yeTcs HETWHEWHBIN
aHajiu3, HEOOXOJMMO BBIMOJHUTH OTACIBHBIN aHAIU3 KaXJOTO HArpyKEHUS WU
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KOMOMHAIMK HarpyXeHuil. B HenmuHeltHOM aHann3e MpUMEHEHHE YaCTHUYHBIX KO-
(UIIMEHTOB MOKET OBITh HETPUBHAIBHBIM. Hambosee pacrnpocTpaHEHHBIN cllydai,
KOI/Ia HAarpy3Kd WM KOMOMHAIIMIO Harpy30K YMHOXAlOT Ha COOTBETCTBYIOIIUE Ya-
CTUYHBIE KO3(P(UIIMEHTHI TI0 HAarpy3ke BMecTe ¢ KodPuimeHTaMu KOMOUHAIIUM, U
BCE MPUJIOKEHHBIE HArpy3Kd CTYNEHYATO YBEIMYMBAIOTCS B HEJIIMHEHHOM aHaJM3e.
OnHako BO3MOXEH Cllydaid, KOrja pe3yJbTUPYIOUINil 3PPEeKT yMHOXKAETCsl HAa 4acT-
HBIA KO3 (HULIUEHT.

CxemMaTHYHO BCE THUIBI YHCIEHHOTO aHaln3a MOXXHO CBECTH B Tabmuiy (mpen-
cTaBjeHo B Tabiuie 1).

Tabamua 1 — Tumnbl YUCIEHHOTO aHadu3a B 3aBUCUMOCTH OT y4Y€Ta F€OMETpHUYe-
CKOM, pr3nuecKoil HEMMHEHHOCTH U HECOBEPIIICHCTB

T'eom. dus.
Tun anaaunza Hecos.
HeJMH. | HeJIHH.

Jlunelinbiit aHanu3 (TUHEHHBIN YIPYruil aHAIHU3, YIPYTUNA aHATN3

MEPBOro MOPsI/IKa, aHAJIU3 C YYETOM TOJIKO YIPYTUX AeQopMaiiu | HeT HET HET
ctanu no HexedopmupoBanHoii cxeme) (LA)
®dusnuecku HenuHeHbI ananu3 (MNA, M—NA) HET Ja HET

I'eomerpuuecku HenuHeiHbl aHann3 (GNA, G-NA) (ananu3 1o
J1eOopMHUPOBAHHON CXEME)

VYrpoleHHblld TeOMETpHUYEeCKH HenuHelHbli ananu3 (P-A, P-9),
aHaJIM3 BTOPOTO TMOPSAKA WM aHAIHU3 C y4eToM I(PQEKTOB BTO- | Aa HET HET
poro mopsiika

I'eomerpuuecku u ¢usnueckun HenuHelHbIM aHamm3 (GMNA,

na HET HET

GM-NA) na na HET
I'eomerpruecky HEIUMHEHHBIM AaHAJIW3 C HECOBEPIICHCTBAMU

(GNIA, GI-NA) a Her fa
I'eomerpruecku U (U3NYECKH HETUHEHHBIM aHAU3 C HECOBEp-

wencreamu (GMNIA, GMI-NA) e a e

Janee 601ee moapoOHO paCCMOTPUM KaX/IbIil TUIT YUCIEHHOTO aHaIN3a.

Jlunetinviii ananuz (MexayHapoaHas abOpeBuatypa LA) olieHUBaeT MOBEJCHUE
KOHCTPYKLIMM Ha OCHOBE MAaJbIX NEPEMEUIEHUM U MaiblX AepopManuil U JIMHEWHO-
yIpyroro Marepuana Uil UACAIbHON T€OMETPUU MOJEIUPYEMON KOHCTPYKIUH. JIu-
HEWUHOCTh CJIEAYeT W3 MPEIANOJNOKECHUN O JIMHEApU3alUU BCEX YPABHEHHUU CTPOU-
TETbHOM MEXaHMKH: (U3NYECKUX YpaBHEHUH (JIMHEHas yrpyras CBs3b MEXIY
HaNpsDKEHUEM U aedopmaliueii), reoMeTpUUecKUX yYpaBHEHHM (Malible JedopMaiiim)
U ypaBHEHHMI paBHOBecHs (Majible MepeMelieHus1). JTOT TUIl aHaju3a B OCHOBHOM
IpUMEHsieTcs Uil onpeneneHns 3((EeKToB BO3ACHCTBUI € MOCIEAYIOIUMU IPOBEP-
KaMM Ha OCHOBaHHUM (HOPMYJIbHBIX MOJAENIEH CONPOTUBIECHUS. B OTHENBHBIX ciyyasx
MO>KET MPUMEHSTHCS IJIs1 IPSIMON OIICHKU HECyIIel CHOCOOHOCTH, €CITU TeoMeTpUuye-
CKasi HEJIMHEWHOCTh HE CYIIECTBEHHA, MPOOJIEMbl YCTOWYMBOCTA HE aKTyallbHbI, U B
KayecTBE KPUTEPHS MPEACIIbHOTO COCTOSIHMS HUCIOJIb3YIOTCS yNpyrue aepopMmaliiu
WM HanpsbkeHus. Eciii nmpuMeHsieTcsl JTMHEWHBbIA aHaliu3, TO BBIYMCIICHHbIE BHYT-
pPEHHUE CUJIbI, TIEPEMEILECHUS] WM HAMpPsHKEHUS HE YUYUTHIBAIOT 3PQEKThl BTOPOro
nopsijka, 0ompiue naegopmaliuu UM HEJIMHEHHOCTh MaTepuana. Bee st apdexts
CJIETyeT YUYUTHIBATh MPH MOCIEYIOMNX «(POPMYIbHBIX» MPOBEPKAX KOHCTPYKIIHH.
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bugyprayuonnviti ananuz (MMHEWHBIA OMBYPKAITMOHHBIA aHAINU3, YIPYTUN aHATN3
MOTepH YCTOMYMBOCTH) (MEXIyHapoaHas ad00peuarypa BA, LBA) oneHuBaeT 3Haye-
HUSI KPUTUYECKUX CUJT M COOCTBEHHBIE (POPMBI TOTEPH ycTounBoCcTH. HecoBepiieHcTBa
000r0 pojia UTHOPUPYIOTCs. brudypKalMoOHHBIN aHAMU3 MPUMEHSIOT JJISl CIEAYIOIIIX
3amad: (1) onpeneneHrne KPUTHUECKUX CHJI (IJTMH TOTEpU YCTOWYMBOCTH) U COOCTBEH-
HBIX (POPM MOTEPU YCTOMYMBOCTH KOHCTPYKIIUH, KOTOPbIE OyyT UCIOJIL30BATHCS B TIO-
crenyromux (HopMyJIbHBIX MpOBEpKax, (i) ompeneneHre COOCTBEHHBIX (HOpM MOTepU
YCTOMYMBOCTU ISl TPUMEHEHUS] B KAUYeCTBE I'€OMETPUYECKOT0 WM 3KBUBAJIEHTHOI'O
re€OMETPUYECKOT0 HECOBEPILICHCTBA AJI1 HETMHEWHOr0 aHalin3a, Wi (1ii) ISl IPOBEPKU
CTPYKTYPHOTO MOBE/ICHUS aHATTM3UPYEMON KOHCTPYKIIUH.

Quzuuecku HenuHelinvll ananu3 (MeXIyHaponHas a0OpeBuatypa MNA) BbImos-
HSIOT JJIS1 MJI€AIbHOM KOHCTPYKIMM MO HEAe(POPMHPOBAHHON CXEME C HCIIOJIb30Ba-
HUEM TPEINON0KEHUH 0 MaJbIX MEPEMEIICHUAX, MANIbIX Ae(popMalusix, HO C y4eTOM
Heynpyrux nedopmauuii Matepuana. PesynbraT (Qu3myeckd HETMHEHHOro aHaau3a
MO>KHO MCHOJIb30BaTh AJISl pacyeTa IJIaCTHYECKOr0 COMPOTHUBIIEHUS CEUEHUS WM IS
OLICHKM MEXaHW3Ma IUIaCTHYECKOro paspyueHus. [IlpoekTHoe conmpoTuBIEHHE MOXKET
OBITh OIPEJICJIEHO C MCIIOJIb30BAaHUEM 3TOT0 THUIIA aHAJIM3a TOJILKO B TOM Clly4ae, eCiu
KOHCTPYKIIMSI HE YYBCTBUTENbHA K 3((eKkTaM BTOPOro Mnopsaka (K reoMeTpruuecKoi
HEJIMHEWHOCTH) U BHJI pa3pyLICHUsI HE YyBCTBUTEJIEH K HecoBeplueHCTBaM. [IpuHsB B
aHaNu3€ WICaNbHBIM JIMHEWHBINA 3aKOH YIPYrO-HJIEaJbHO IUIACTUYECKOTO Marepuaia
0e3 neopMalOHHOTO YIIPOUYHEHHUS, MOKHO YTBEPKAaTh, UYTO 3TOT THIl aHAJIU3a JIaeT
ATAJIOHHOE 3HAYEHHUE IJIACTHYECKOI0 CONPOTUBIICHHSI KOHCTPYKIMHU MPHU JAHHOM CO-
YETaHUH Harpy30K. DTAJIOHHOE IJIACTHYECKOE COIPOTHUBIIEHUE MOKET UCIOIb30BATHCS
IIPU NOCTETYIOIUX TPOBEPKaX KOHCTPYKIMHU JJISl pacieTa OTHOCUTEIbHON THOKOCTH.

I'eomempuuecku nenurnetinvii ananuz (MexayHapoaHas adopeBuarypa GNA) BbI-
MOJTHSIOT IS UJICAJIbHOM KOHCTPYKIUH C MCTOJIb30BAHMUEM JIMHEWHOTO 3aKOHA YIPYTo-
CTH Marepuana U T€OMETPUYECKOW HEIMHEWMHOCTU. [ eOMEeTpUYeCKr HEIMHENHBIN aHa-
T3 MOXKHO MCIIONIb30BaTh JUIsl OMpEAETCHUs] BHYTPEHHUX CHJI, HANPSHKEHUH WM pe-
3YJBTUPYIOIIMX HANPSKEHUN B UACATBHOW KOHCTPYKLMH. T€OpeTUUECKH TeOMeTpruye-
CKHM HEJIMHEWHBIM aHAJIU3 MO>XHO HCIIOJIb30BaTh JUIsl KOHCTPYKIIMH, KOTOPBhIE HE YYB-
CTBUTEJIbHBl K HECOBEPILEHCTBAM, HO YYBCTBUTENIbHBI K OOJBIINM JIe(OpMALIUSIM.
VYIIpOLIEHHBI TE€OMETPUYECKH HENMHEWHBIN aHAJIN3, OCHOBAHHBIA HA YPABHEHUM pPaB-
HOBecHs ISl A€POPMHUPOBAHHON KOHCTPYKILIMU, HO C MPEINOCHUIKON 0 “Maiibix aedop-
Malusx’”’ Kak B JIMHEWHOM aHalIu3e, Ha3bIBACTCS AHAIUZOM 8MOPO20 NOPAOKA UIU AHA-
JIUZOM C yuemom 3¢hghexmos mopozo nopsaoka. I'eoMeTpudecKrii HeTMHEHbBIN aHaAIIN3
CIIEAYET NMPUMEHSTD JJI1 TAKUX KOHCTPYKLMM, TJI€ U3MEHEHUE T€OMETPUH MOXKET MpH-
BECTH K 3HAYUTEJILbHOMY BIIMSIHUIO Ha PACIIPEIECIICHUE BHYTPEHHUX CHJI M HAIIPSHKECHUH.
Crnemyer OTMETUTh, YTO T€OMETPUUYECKUI HEIMHEHHBIA pacueT JOJDKEH BBITOIHATHCS
OTIEJILHO JJIS1 KQXKJIOr0 COUETaHHs HArpy30K, CYNEepIIO3ULIMs HE IPUMEHSIETCS.

l'eomempuuecku u gusuuecku HenuHelinwvlil anaiuz (MeXayHapoHas aO0peBua-
Typa GMNA) BBITIOJHSIOT JUIsl UACATbHOW KOHCTPYKIIMUA. DTOT THUI aHATIN3a OOBIYHO
IIPUMEHSETCS IS NPSMON MPOBEPKH CONPOTUBIIECHUS Il KOHCTPYKLNN HE YyBCTBU-
TEJIbHBIX K HECOBEPLIECHCTBAM, HallpUMeEp, KOHCTPYKLIHW, UMEIOIMX IJIaCTUYECKUE
BU/JIbI pa3pylieHus (TUIACTUYECKOE pa3pylIeHUE MONEPEYHOIO CEUEHHMSI, COIIPOTUBIIE-
HUE CBAPHBIX WM OONTOBBIX COEIUHEHUN U T. 1I.).
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T'eomempuuecku nenuHelinwlll ananus ¢ HecogepuieHcmseamu (MeXIyHapoIHas a0-
opeuatypa GNIA) BBITIONHSIOT JJIsl HECOBEPIICHHON CTPYKTYPHI C MCIOJIb30BAaHUEM
JIMHEWHOTO YIPYroro 3aKoHa JUIl MaTepuala U ¢ YYeTOM IeOMETPUYECKUX HEIMHEW-
HocTell. HecoBepieHCTBA yUUTHIBAIOTCA B IBHOM BUIE U MOTYT BKJIKOYaTh F€OMETPH-
YECKUE OTKJIOHEHHMS, OTKJIOHEHUS B TPAHUYHBIX YCJIOBHUSIX U BIUSHUE OCTAaTOYHBIX
HaINpsOKEHUHU. ['eOMEeTprYecKr HEMMHENHBINM aHaJu3 ¢ HECOBEPIICHCTBAMUA MOYKHO HC-
MOJIB30BATh ISl ONPEEICHUSI BHYTPEHHUX CHUJI, HAMPSHKEHUA WK PE3YIbTUPYIOIINUX
HaIpsHKEHUH B HECOBEPIIEHHON KOHCTpYKIMU. OOpaTtuTe BHUMAHUE, €CIM B T€OMET-
PHUYECKON HETMHEWHOCTH PACCMATPUBAOTCA JOMYIIEHUS] BTOPOTO MOPSAAKA, OHH Ha3bI-
BAIOTCS BHYTPEHHUMHM CUJIAMU, HAMPSHKEHUSIMU BTOPOTO MOPsiAKA. DTOT THUI aHAIU3a
OOBIYHO TIPUMEHSIIOT JJII YHCICHHBIX MPOEKTHBIX PACUYETOB, TPEOYIOMIMX IMMOCIETYO-
X (GOpMyIbHBIX MPOBEpOK. COOTBETCTBYIONIME MPOBEPKH YCTOWYHMBOCTH MOTYT
OBITH TTPEOOPA30BAHBI B MMPOBEPKH TOMEPEUYHOTO CEYCHUS WIIM MTPOBEPKH HAMPSKEHHUS,
MIOATOMY ATOT THII aHAJIM3a IIHUPOKO UCIOJIb3YETCS B €KEIHEBHOM MPAKTUKE MPOCKTH-
poBanust. Cynepno3uisi HE MOXKET ObITh NMPUMEHEHA, U JJIsl KaXI0H KOMOWHAIUU
HArpy30K CJIeAyeT IPOBECTH OTAECIbHBIA HETUHENHBIN aHAIN3.

I'eomempuuecku u Qusuuecku HeruHeunvlli AHAIU3 C HecosepuieHcmeamu (Mex-
nyHapoanas abopesuarypa GMNIA) BBIOTHSIOT JIsl HECOBEPIICHHONW CTPYKTYPHI C
WCMOJIb30BaHUEM JONMYIIEHUN BCEX HEIMHEMHOCTEN. HecoBepleHCTBa BKIIOUEHBI
SABHO M MOTYT BKJIIOYaThb F'€OMETPUYECKUE OTKIOHEHUS, OTKIOHECHHS B T'PAHUYHBIX
YCIIOBUSIX U BJIMSIHUE OCTAaTOYHBIX HampsbkeHuil. ['eomerpuyecku um Quanyecku He-
JMHEWHBI aHAJIN3 C HECOBEPIICHCTBAMU MOYKHO IMPUMEHSTH JJISI YHCICHHBIX IPO-
€KTHBIX PACUYETOB C UCIIOJb30BAHUEM MPSIMOU MPOBEPKUA CONMPOTUBIIEHUS U JJISI YHC-
JICHHOTO DJKCIIEpUMEHTa. Pa3nenbHOoe MOAEIMPOBAHUE T€OMETPUYECKUX HECOBEP-
IIICHCTB ¥ OCTAaTOYHBIX HAIPsKEHUN oOecrieunBaeT HanboJiee TOYHOE MPEACTABICHHE
(hakTHyecKo peakiuu KOHCTPYKIUU. OTHAKO SKBUBAJICHTHBIC T€OMETPHUUYECKUE He-
COBEPIIICHCTBA, YYUTHIBAIOIINE KOMOMHUPOBAHHOE BJIUSHHUE N€OMETPUUYECKUX HECO-
BEPILICHCTB U OCTAaTOUHBIX HAIPSDKEHUM, 00ECIeUnBalOT Xopoliee MPUOIMKEHUe 1
IITUPOKO UCIIONIB3YIOTCS JUTsl Y00CTBa U MPOCTOTHI MoaenupoBanwms [10] [11] [12].

CxeMaTU4HO BBIIIETICPEUHCIICHHbIC TUTIBI aHAIM3a MPEICTaBICHbI HA PUCYHKE 1.

F

1 — IMHeHHBIN; 2 — reoMeTPHYeCKH HeJIMHEHHbIN; 3 — reoMeTpH4eCKH HeJIMHeHbIT
¢ HAYaJIbHBIM HECOBEPIIEHCTBOM €¢; 4 — GU3MYecKr HeJIMHEHHBbIN; 5 — reoMeTpuYecKu u ¢u-
3MYeCKH HeJMHEHHbIN ¢ HA4aIbHbIM HECOBEPILICHCTBOM €
Pucynox 1 — 3asucumocms «Hacpysxka-nepemewjeruey 015 pasHblx Munos YUCIeHH020 aHanu3a
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HopmaTnBHOE NpuMeHeHHe Pa3HbIX THIIOB YMCJIEHHOI0 AaHAJIU3A NPH MPOeK-
THPOBAHUHU CTAJBHBIX KOHCTPYKIUIA

Onpedenenue eubkocmu s1emenma. B 3ToM ciyyae NpUMEHEHHE YUCICHHBIX Me-
TOJOB HANpaBJICHO HA CHUKEHUE HEONPEJIETICHHOCTH OIpPEACIICHUsS pacyeTHOU -
HBl 3JeMeHTa. JIuHeiHbll ynpyruil OuypKalMOHHBIM aHANU3 U (PU3UYECKH He-
JMHEWHBIA aHaN3 MOTYT NPHUMEHSATHCA JI ONpeAeNeHUs TMOKOCTH KOHCTPYKLHUU.
B aTrom citydae oTHOcHTeNbHAs THOKOCTh JTOJKHA OBITh pacCUMTaHa B COOTBETCTBHUU
C BBIpaKEHUEM

A= (Fe/Fo), (1)
rae F., — HauMeHblee 3HaueHne KPUTHUECKOU Harpy3ku; F. — 3HaueHue HarpysKu,
BBIYHMCIIEHHOE UCXOSl U3 CONPOTUBIICHUS MTONEPEUHOTO CEYEHUSI.

ConpoTHBIEHHE TONEPEYHOTO CEUEHUS MOXKET OBITh OMPEIEIICEHO MOCPEICTBOM
bu3nueckn HETMHEMHOTro aHanmm3a uiau (opMynbHBIX Mojenei. KoHncepBaTuBHOE
3HAUYEHHE MOKET OBITh MOJIYYEHO C MCIOJIb30BAaHUEM JIMHEHHOro aHanu3a. CooTBeT-
cTBytomue 3HaueHus: Fer u Fc MoryT onpeaensitbes 151 KaXI0M OTIAENbHOM COCTaB-
JSIOUIe HarpyXeHus (OCeBOM CHIIbI, M3TMOAIOIIETO MOMEHTA) WM JUIS TOJIHOTO
HarpyxeHusi. [IpumMeHeHne OTHOCUTEIbHOM TMOKOCTH CIeAyeT MHTEPHPETUPOBAThH B
COOTBETCTBHUH C pAaCCMaTPUBAEMbIM BUJIOM HaTrpaxJaCHUSI.

Onpeodenenue 3¢hgpexmos emopozo nopsaoxka. IlpuHnur, nexanuii B OCHOBE 3TOTO
MOJIX0/1a, 3aKJIIOYAeTCs B MPEANOJIOKEHUH, YTO TMPOBEPKA YCTOWYMBOCTU MOXKET
OBITh 3aMEHEHA T'€OMETPUYECKU HETMHEHHBIM aHAJIM30M C HECOBEPILIECHCTBAMH, HA
OCHOBAHHUH KOTOPOTO OMPENESIOT BHYTPEHHUE CUJIBI WJIM HAMPSHKEHUS BTOPOTO TO-
psiiKa, C MOCIEAYIONIMMHU MPOBEPKAMH COMPOTUBIEHUS MO (OPMYIBHBIM MOJEISM.
[Tpu 3TOM BO3MOKHBI JIBa Cllydyasl peajiu3aluy JaHHoro noaxoxa. [lepssiii, koraa ot-
JeJIbHBIN MPOBEPSEMBbI BUJ MOTEPU YCTOMUMBOCTH MOKHO 3aMEHHMTh I'€OMETpUYe-
CKM HEIMHEHHBIM aHAIM30M C DKBHUBAJCHTHHIMH HECOBEPIICHCTBOM U MPOBEPKOMN
YCTOWYMBOCTH Ha OCHOBE KOHCTPYKTHUBHOM JUIMHBI 3JI€MEHTa. DTOT MOIXOJ IIUPOKO
UCIIONIb3YETCsl Jisi 00IIel MPOBEPKH YCTOMYMBOCTH BCEH KOHCTPYKIIMH C HUCIIOIb30-
BaHUEM TJI0OAJBHBIX HKBUBAJIEHTHBIX I'€OMETPUUYECKUX HECOBEpIIEHCTB. BTopoi
MOJIX0J] OCHOBAaH HA MPUMEHEHUH T'€OMETPUYECKH HEJIMHEHMHOTO aHajiun3a C SKBHUBA-
JICHTHBIMH HECOBEpPILIEHCTBaMHU. B pamkax 3TOro mojaxoja MOJEIHPYIOT BCE BO3-
MO>KHbI€ HECOBEpUIEHCTBA, CBSI3aHHBIE C Pa3IMUYHBIMU (POpMaMu MOTEPU YCTOMUUBO-
CTH, B TOM 4Hciie ¢ popMaMu KpydeHHs, a MPOBEpKa MOTEPH YCTOWYUBOCTH MOYKET
OBITH 3aMEHEHa MPOBEPKON IPOYHOCTH.

ITapamMeTpbl YHCJEHHOT0 AHAJIN3A

Pe3ynbrar HeMHENWHBIX pacyeTOB YacTO 3aBUCAT OT IMapaMeTpoB (HACTPOEK), 3a-
JaHHBIX MPOTPAMMHOMY OOECIICUEHHIO JJIsl YIPaBJICHHUS XOJIOM HEITMHEWHOTO aHa-
nu3a (Janee MCMOJb3yeTcsl TEPMUH napamempul peuienus). Huxe mpencraBiieHbl
HauOoJsee 3HaYMMble MMapaMeTpbl pellleHus s HeIuHeHoro ananuza. [lapameTpsl
pElIeHrs MOTYT CYIIECTBEHHO IMOBJIHITh HA TOYHOCTh U d()PEKTUBHOCTH HEIWHEH-
HOTO aHaJIM3a.

Axmueayus ceomempuieckou Heauneunocmu. 1'eoOMeTpUYeCcKy HEJIMHEWHbBIN aHa-
JU3 JTOJDKEH OBbITh aKTUBHPOBAH, KOTJAa 3TOTO TPeOyeT KpUTEpHil MpeaenbHOro Co-
CTOSIHUS, HAIPUMEDP, MPHU MPOBEPKaX YCTONYMBOCTH CHKATHIX 3JIeMEHTOB. [Ipu BbI-
MOJIHEHUH T€OMETPUYECKH HETMHEWHOTO aHaln3a UCIOJIb30BaHUE TOJIBKO 3P (HEKTOB
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BTOPOTO MOPsiIKAa OOBIYHO JOIMYCKAETCS IJIsl PaMHBIX KOHCTPYKIMH, HO HE JUIsl KOH-
CTPYKIUH, BKIIIOUYAIOIIUX TPOCHl U O0OJIOUKH, JJIsl KOTOPBHIX TpeOyeTcsl peanu3anus
MOJIHOCTHIO HEJIMHEWHOTO aHajn3a, BKJIIOYAIOIIEro OOJbIINE NepeMelleHust 1 00b-
e aehopMaliui.

Axmusayus gusuueckoi Heruneunocmuy. PU3NUECKU HEIMHEHHBIN aHaIN3 TpeOyeT
3a7jaHsI HETUHEWHOM 3aBUCHUMOCTH ‘‘HampspkeHue-aedopmaiys’ B Ka4eCTBE MOJEITH
Matepuana. CrneayeT yaensiTh BHUMaHHE BbIOOPY HEJIMHEHMHOW MOJENU mMaTepuania C
YYETOM IUIOMIAKU TEKYUYECTH U 30HbI 1Ie(OPMAIIMIOHHOTO YIPOYHEHHS CTaJIH.

3aoanue napamempos ynpasieHus Hazpy3Kou, pa3MepoM Iliara Harpy3ku (B J1aH-
HOM KOHTEKCTE TOJI «HArpy3KON» MHTEPIPETHPYETCS B OOIIEM CMbICIE, Kak CuJja,
TaK U nepemMenieHue). Bo Bcex HeMMHEMHBIX aHaTU3aX HACTPOUKU pElICHUs T0KHbI
BKJIFOYATh OINPEACIIEHHOE KOJIMYECTBO IArOoB HArpy3KH (BPEMEHHBIX IIAroB) BMECTE
C BbIOpaHHBIMU THUINIAMU U KPUTEPUSAMH CXOJUMOCTH. MEHbIINE IIard Harpys3ku
(BpeMeHHBIE 1Iaru) U KOPPEKTUPOBKA pa3Mepa I1ara BO BpeMs aHajIu3a MOTYT yIIy4-
IUTh CXOAUMOCTbh U TOYHOCTh PEIICHMUS.

Bo Bcex HENMMHEWHBIX aHaM3aX KaKIblil 1Iar HarpykeHusi TpeOyeT HECKOJIbKUX
umepayuii, 9ToObI MPOTPaMMHOE 00ECIIEYCHUE JOCTHUTIIO cXxooumocmu peutetusi (KOH-
BepreHTHoro pemienus ). Kaxxaas urepamus BKIto4aeT B ce0s pelieHne noa3aaadu, mno-
CTETIEHHO MPHUOIIKASACH K Pe3yNIbTaTy, KOTOPBIN yIOBIETBOPSET TPEOOBAHUSIM PAaBHO-
BECHs, COBMECTUMOCTH W MaTepUaIbHOr0 3aKOHAa. TOYHOCTh pEUIEHUs] 3aBUCUT OT
NPEIONPEIEIICHHBIX KPUTEPUEB CXOAMMOCTH. Y CIEHIHOE PELIEHUE JOCTUTaeTCs, KO-
r7ia BIOpaHHasi HOpMa HEYPAaBHOBEIIEHHBIX HAarpy30K WM MEPEMELICHUI MEHbLIE 3a-
JAHHOTO KpuTepusi cxoauMocTH. Kak mpaBuiio, uist CTadbHBIX KOHCTPYKUMH NPH HC-
MOJIb30BaHUM TOJHOrO nojaxoja Heiorona-Padcona 1uisi HEMMHEHMHOrO pelieHust Ko-
spunment cxonumoctu paBHbli 0,1 % eBKIMAOBOI HOpMBI, OCHOBaHHOW Ha OCTa-
TOYHOHN cujie, 00eCreYMBaeT COOTBETCTBYIOUIYIO TOYHOCTh JIJIsl HECYIIEW CIOCOOHO-
ctu. BeiOpannast nporpamma KO 1711 HeMHENHHBIX 3a/1a4 JOJIKHA OBITh B COCTOSIHUU
MIPOBEPUTH, MO0 KpailHEW Mepe, HECKOJIbKO U3 CIEAYIOUINX Kpumepues cxooumoCcmiu:
CWJI, NIEPEMEILEHUM, TOBOPOTOB, MOMEHTOB. [IpOBEpPKH CXOAMMOCTH MOMEHTOB WM
MOBOPOTOB TPEOYIOTCSI B MOJIENISIX, B KOTOPBIX CTEPIKHEBBIE DJIEMEHTHI WIIM 000JI0UKH
MPUMEHSIIOT B pacyeTax KOHCTPYKIMHU KapKaca.

[Tpu BBIOOpE pa3MepoB 11ara Harpy3KH CJIeAyeT YUUThIBATh YEThIPE aCIeKTa:

— MaJlblil pazMep HA4YaJIbHOTO IIara Harpy3Ku MOKET 00eCHeUYUTh JYUYIIYH0 CXO-
JUMOCTh B Hayayleé pacyeToB, OCOOCHHO €CJIM B MOJENIU HCIOIb3YIOTCS KOHTAKTHBIE
AJIEMEHTBL;

— 3a/1aHie HeOOJBIIOrO CPEHEro pa3Mepa Iara Harpy3ku OObIYHO YBEIMUYMBAET
BpeMs BBIYUCIICHU;

— MpUMEHEHHEe OOJBILIOro IIara MUHUMAJIbHOM Harpy3Kd 4acTO IMPHUBOJUT K He-
CTaOMIIBHOCTH PEIICHUS, 0OCOOCHHO B 30HE MIPEIEIbHON HATrpy3KH;

— HA JJMHEWHOW 4YaCTU TPAECKTOPUMU HATPY3KHU-IIEPEMEIIEHUS MOKHO HCIIOJIb30-
BaTh OOJIbIIME IIard HArpy3Kd IS JOCTHXKEHHUs OoJiee OBICTPOro pacuera, HO
pa3Mmep miara Harpy3ku cleyeT YMEHbIIUTb, KaK TOJIbKO HEJIWHEHHbIE 3((PEeKThI
CTaHYT 3HAYUTEIbHBIMHU.

Koraa nmpoGiemMbl o cX0AMMOCTBIO BO3HUKAIOT U3-32 T€OMETPUUECKON HEeTMHEH-
HOCTH, YaCTO IMOJIE3HO YMEHBIIIUTh pa3Mep Il1ara Harpy3ku. Tam, riae npoOiaemMsbl cXo-
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JUMOCTH BO3HUKAIOT M3-32 TOMOJIOTMYECKOW HEJIMHEMHOCTH, MOTYT IMOMOYb YMEHbB-
IICHHE pa3Mepa Iara Harpy3ku, Mepexo/i Ha 3JIeMEHThI 0ojiee HU3KOTO MOpsIKa, 13-
MEHEHHE KOHTAKTHON KECTKOCTH.

B 6onpmmnHcTBe nporpamm K3 rimeeTcsi BO3MOKHOCTh aBTOMAaTUYECKON ONTUMU-
3alliM pa3MepoB IIara Harpy3ku. ABTOMaTHUYECKas MOIIaroBas mpoleaypa Harpyxe-
HUSL CTPEMHUTCS COKPATUTh BpPEMS DEILICHUS, PEryjaupys pasMep KaKIOoro Iiara
HarpyxeHusi. Eciu mpucyTCTBYIOT HEJMHEMHOCTH, aBTOMATHUYECKOE CTYIEHYATOe
M3MEHEHHE HArpy3KH JaeT JOIMOJHUTEIbHOE MPEUMYIIECTBO B BUJE COOTBETCTBYIO-
IETO YBEIUYCHUSI HATPY3KH U TMO3BOJIAET BEPHYTHCA K MPEIbIIyIIeMy KOHBEPIEHT-
HOMY PEIICHHIO, €CJIU CXOIUMOCTh HE JOCTUTAETCSI.

Axmusayus 3¢hghexma npeosapumenvbHo20 HANPsdICeHUs, €CIIA 3TO HEOOXOIUMO.
OO6b19HO 3(PPEeKTHI MPETBAPUTENHFHOTO HANIPSDKEHUS PEaTn3ylOTCs B Mpeaenax mep-
BOTO Imara Harpy3kd. DQPQEeKThl MpeaBapUTEIHLHOTO HAIMPSHKEHUS MOTYT Ompese-
JSATHCA TEMIEPATYPHBIMU HArpy3KaMH UM MPSIMBIMH CHIEHU(DUUECKUMU dJIeMEHTaMU
MIPEABAPUTEIILHOTO HATIPSIKEHUS, BKIIFOUEHHBIMU B HEKOTOpbIE TTporpammbl KO.

3aoanue eapuanmos uucienHou cmadbunuzayuu mooenu (BBIYUCIUTEIBHON
yCTOMYMBOCTH). PelieHus, nojiyueHHble METOAMH YMCIIEHHON cTaOWiIn3anuu, npu-
BOJIST K MPUOIMKEHHBIM pe3yibTaTtaM. CTabuinu3anys MOXET MOMOYb PEUIUTh Tpo-
OJeMBbI CXOAMMOCTH, HO TaKXX€ MOXKET MOBIHUATH Ha TOYHOCTH. [locie 3aBepiieHus
aHalM3a CJeIyeT IPOBEPUTHh SHEPTHUIO M CHIIBI CTA0MIIM3AINH, YTOOBI POBEPUTH, HE
SBJISIIOTCS JIU OHU Ype3MepHbIMU. Takke peKOMEHIYeTCsl MPUMEHSATh CTa0MIN3aLUIO
K aQHAJOTUYHBIM CTPYKTYPHBIM 3ajiauam, JJisi KOTOPBIX U3BECTEH PE3ybTaT, YTOOBI
MO3KHO OBLIIO OTPENEIUTh JOCTUTHYTYIO CTETICHb MTPUOIMKESHUS.

[Tocne 3aBepiieHHs] HEIMHEHHOTO aHANU3a CIeAyeT YOeauThCs, YyTo ObLI peau-
30BaH HamOoJjee ONacHbI MyTh Harpy3ku-nepemenienus. [losiBaeHue orpulatesb-
HBIX COOCTBEHHBIX 3HAYCHHUI HA TPACKTOPUU HArpy3KH JAaeT YeTKOe yKa3aHHe Ha To,
yT0 Ou(ypKanus Moria ObITh MPOMYLIEHA.

BriBoabI

B crathe cuctemMaTu3npoBaHbl THIBI YUCICHHBIX aHAJIM30B CTPYKTYPHOTO TIOBEIE-
HUSl CTIBHBIX KOHCTPYKIMA. OTpaskeHbl 0COOCHHOCTH KaXKAOTO THUIA YHCICHHOTO
aHalM3a M TPEACTaBICHbl PEKOMEHIAIMY M0 HA3HAYCHHUIO MapaMeTPOB YMCIEHHOTO
HeJlMHeHoro aHanuza. [IpoaHamu3upoBaHbl O0MACTH MPUMEHEHUS Pa3HBIX THUIIOB
YUCJIIEHHOTO aHaju3a B OTEYECTBEHHBIX HOpPMax MpoekTHpoBaHus. (CoriacHo
TKIT EN 1993 unciieHHbIe METOBI aHAJIM3a MOTYT MIPUMEHSATHCS IS CICIYIOINX 11e-
jeii: ompenenenue 3¢(EeKToB BO3ACHCTBUN; OmpeesieHne THOKOCTH JIEMEHTa C TOo-
CIICAYIOUIMMHA (OPMYJIBHBIMH TMPOBEPKAMHU YCTOMYMBOCTH JIIEMEHTA; OMNpEACNICHHE
3¢ (}eKToB BTOPOro Mopsiaka ¢ MOCIAeAYIOUMMH (GOPMYJILHBIMU MPOBEPKAMH COIPO-
TUBJICHUS AJIEMEHTA M0 YCTOMYMBOCTH HA OCHOBE KOHCTPYKTUBHOM JIIMHBI; ONpE/IeIie-
HUE YPPEKTOB BTOPOTO MOPsAKA C MOCIECAYIOMIUMHU (HOPMYIbHBIMU MIPOBEPKAMH CO-
MIPOTUBJICHUS CEYCHHMSI TIO MTPOYHOCTH; OIpeIeTICHHEe HEMOCPEACTBEHHO HECYIEH CIo-
cobnoctu. Xots crpourtenbabie HopMbl CH 2.01.01 u cTpouTenbHbIe MpaBuiIa JOMyC-
KAalOT IPUMEHEHUE YUCIICHHBIX MOJICTICH IJIs MPSMOM OLICHKW HECYIEeW CIOCOOHOCTU
Y TIPOBEPKM MPEIEIBbHBIX COCTOSIHUM, oqHaKo cTpoutenbHble npasuna CII 5.04.01 we
COJIEpIKaT yKa3zaHUH 1Mo pa3pabOTKe MOJIENIEH U OLIEHKE PEe3yIbTaTOB.
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Vol. 26. — P. 670-685.
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OCOBEHHOCTH OCAJOK INIMTHBIX ®YHAAMEHTOB KWJIbIX
3JAHUHU B UTH) KEHEPHO-I'EOJIOI'MYECKHUX YCJIOBUAX I'. BPECTA

I1. C. oiimd', C. H. Kanowioo’, /. H. Knebanior, IT. B. Illeedosckuii’

"I m. n., npogpeccop, npoeccop kaghedpui 2eomexmuKLL 1 MPAHCHOPMHBIX KOMMYHUKAYUTE
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kommyrnuxayuti bpI'TY, bpecm, benapycy, klebanyuk.dmitri@yandex.ru
Y K. m. n., npogheccop, npoeccop kagpedpui 2eomexnuku u mpancnopmubix KOMMYHUKAYU
bpI'TY, bpecm, benapycs, ofig@bstu.by

Pegepar

Jlan aHanu3 pa3BUTH OCATOK IUIMTHBIX (PYHJAMEHTOB KUJIBIX MHOTO3TaXHBIX
3MaHH, BO3BOJAMMBIX B HWH)XCHEPHO-TEOJIOTHUECKUX YCIOBUSX T. bpecra,
MOJYYECHHBIX IO pe3yJibTaTaM reojie3ndyeckux HabmopeHuil. IlpoBeneno cpaBHeHHE
pacUeTHBIX BETMYHH OCA/IOK C pe3yibTaTaMiu (pakTHuecKux HaOmoaeHui. BoisBieHbI
HEKOTOpbhIe OCOOCHHOCTH AePOPMHUPOBaHUSA (PYHIAMEHTHBIX IUIMT U MPHUYUHBI
HPOSIBJIEHUS] OTHOCUTENFHON HEPAaBHOMEPHOCTH OCAJIOK.

KioueBble ci10Ba: MIMTHBINA (QyHAaMEHT, reoJe3ndeckue HaOIIOACHUs, MapKH,
OCaJIK{, OTHOCUTENIbHAs HEpPaBHOMEPHOCTh OCaJ0K, MpaBas M JieBas CEKIHs,
MOKa3aTesb TMOKOCTH.

FEATURES OF SETTLEMENT OF SLAB FOUNDATIONS OF
RESIDENTIAL BUILDINGS IN ENGINEERING AND GEOLOGICAL
CONDITIONS OF BREST

P. S. Poyta, S. N. Kandybo, D. N. Klebanyuk, P. V. Shvedovsky

Abstract

An analysis of the development of sediments of slab foundations of residential
multi-storey buildings erected in the engineering and geological conditions of Brest,
obtained from the results of geodetic observations, was given. The calculated values
of sediments were compared with the results of actual observations. Some features of
deformation of foundation slabs and causes of occurrence of relative non-uniformity
of sediments were revealed.

Keywords: slab foundation, geodetic observations, grades, sediments, relative
unevenness of sediments, right and left sections, flexibility index.

BBenenue

[[Iupokoe npuMeHeHue GyHIAMEHTOB B BHUJI€ CIUIOIIHBIX TUTUT OOJBIIOTO pa3Me-
pa B HaAcToOsAIIEee BpeMsi 0OOCHOBAHO PSJIOM JIOCTOMHCTB: IMPOCTOTONW M TEXHOJIOTHY-
HOCTBIO HM3TrOTOBJICHUS, HAIEKHOCTBIO U JOJTOBEYHOCTHIO, OOJBIION IIJIOMIAALIO
KOHTAaKTa ¢ OCHOBaHUEM U JIp.
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Bwmecte ¢ Tem, kak ytBepxkaaetr M. . I'opOyHoB-Ilocanos [1], mpu npuiiokeHun
Harpy3Ky K IUTHTE ee IIEHTP JaeT ocanky ao 60 % Oonbine, yem ee kpas. McciaenoBa-
HUS, BBITIOJIHEHHBIE B HATYPHBIX YCJOBUSX, MOJATBEPXKIAIOIIME TAKOW XapakTep Je-
(dbopMUpOBaHUS TUIUT, NPAKTUYECKU OTCYTCTBYIOT. I[losTOMy HaOmrofeHus 3a oca-
KaMH TUTMTHBIX (DYHIAMEHTOB KakK B MPOIECCE CTPOUTEIHCTBA 3aHUI, TaK U B MEPH-
Ol IKCIUTyaTalyyd, UMEIOT OOJIbIIOe 3Ha4YeHHWe. Pe3ynbTaThl TaKWX HCCIEIOBAHUM,
BBITIOJIHEHHBIX IPY BO3BEJIECHUN MHOTO3TAXKHBIX KPYITHONIAHEIBHBIX JKUJIBIX JTOMOB MO
yi. I'puboenosa B FOro-3anmannom mukpopaiione Ne 1 (FO3MP-1) B ropone bpecre,
MIPUBE/ICHBI HIKE.

[To mepuMeTpy 3/1aHUS OBLJIO YCTAHOBJIEHO 18 reoie3ndyeckux Mapok (pucyHok 1).
['eone3nyeckue HAOMIOACHHS 3a OCaJKaMH OBUTM OPraHW30BaHBI TaKUM 00paszoM,
9TOOBI W3MEPEHHSI TPOBOJWIUCHL B HECKOJBKO IHKIOB. IlepBBId IMKI — mOCHe
3aBEPIICHHS] MOHTa)Ka I[OKOJIBHBIX ITAHEJICH; BTOPOM — IOCJE 3aBEPILICHUS MOHTAXKa
MAHEJIEW YEThIPEX ATAXKEU; TPETUM — MOCIIE 3aBEPLICHUS] MOHTAXKa BCEX KOHCTPYKLIHM
3/1aHUSI; YETBEPTHIN — MOCJIE 3aBEPIICHUS BCEX OTIETIOUHBIX padoT.

3naHue pasJieieHO0 Ha JIB€ CEKIMM OCaJO0YHBIM IIIBOM, JieBas U3 KOTOPBIX —
JEBSITUATAKHAS, a TIpaBasi — ceMUdTakHas. Bricota GpyHaamenTHON mthl — 500 MM.

NHXeHEepHO-TE0JI0rMYECKUE YCIOBHS CTPOUTENBHOM TUIOIIAKY IPUBEIEHBI B [2].
b 5 | 7
:_‘ I 1 bab [ 1 q
flebasa cekuus [Mpabasa cekuus
7 10
[ | L f L I
16 5 lba 14 13 12

Pucynox 1 — Cxema ycmanogxu mapox (0om Ne 94)

[To pesynbraram HaOMIOEHUIN BBISIBICHO, UYTO CPEAHssl ocajka (PyHIaMEHTHOM
IJTMTHI JIEBOM ceKluM coctaBisieT 3,19 cm, a npasoit — 1,95 cm, T. e. cpeansisi ocanka
neBol cekuuu B 1,64 pasza Oosiblile, yeM B MpaBoid. Paznuumne B Harpy3Kax Ha TUIMTHI
coctasisieT 1,29 pasza. bosblias ocagka j1eBoil ceKIuu OOBICHIETCS HE TOJIBKO pas-
JUYMEM B Harpy3Ke, HO U 0COOCHHOCTSIMU WHKEHEPHO-TEOJIOTHIeCKuX ycinoBuid. [Tog
JeBOM cekuuei Ha riyouHe 6,0 M OT MoAOUIBE (PyHAAMEHTa PACTIONOKEHBI CYTJIMHKH
TEKy4YHue pa3InyHON MOIIHOCTH, OT 1,6 10 0,9 M 1 oT 0,9 10 0,2 M B TIpeaeax npaBoi
CEeKIIMM. MOITHOCTh CXKMMAeMOM TOMIM cocTaBiisieT oT 16,0 m 1o 21,0 M.

B nenmom, xapakTep pa3BUTHS 0CaJOK 00eHX CEKIMi 3MaHus cxoxuil. iMeet me-
CTO HaKJIOH TUIMTHI B CTOPOHY Mapok 3...9, mpuyem ocajaka yria IiauThl (Mapka 3)
MakcuMaibHas. MakcuMalibHas OcajiKa XapakTepHa M ISl yria TUIMThI IPaBOM CeK-
nuu (Mapka 6). Paznuuue B ocajike 3TUX YTiOBbIX Touek miauT — 2,05 pa3a. Ocanka
yraa wmTel (Mapka 3) B 1,75 pa3 Gosbliie 0caaku yriia 1o Tou e CToOpoHe (Mapka 6).
Ocanka yrioBoii Touku (Mapka 3) B 1,44 paza Gomblie yriioBoil Touku (Mmapka 1).
Ocanka mapku 6a B 1,79 pasza Oonbliie ocanku mapku 14a. Paznudne B ocajke yriio-
BBIX MapOK M0 JJIMHE IIuThl (Mapku 1 u 14a) cocraBnser 2,19 pas.
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Taxum 06pa3zom, OUEBUAHO, YTO B MPOLIECCE MPHUIIOKEHUS HArpy3Kd UMEET MECTO
CIIOKHBIA XapakTep NeHOpMHUPOBAHUS IUIUTHI, MOXO0XKHUN Ha KpydeHHUE, IPOUCXOJs-
miee Mo ee Toplam, C pa3IudyHON CKOPOCTHIO M PA3JIMYHBIM MO BEJIMYUHE YIJIOM 3a-
Kpy4YMBaHMs. AHaJOrMuYHas KapTHHA Je(OpMUPOBAHUS IUIMTHI XapakTepHa W JUIs
IIPaBOM CEKLIMH, IPU MEHBLIEM MPOSBICHUH [TAPAMETPOB 3aKPyUYHUBAHMSL.

O mpeBanupyronmx 0cajkax Mapok 3...9, yCTaHOBJIEHHBIX MO JJIMHHOW CTOPOHE
IUIMTHOTO (yHIaMEHTa CBUAETENbCTBYIOT rpaduKy, OKa3aHHbIE HA PUCYHKax 2 U 3.
OueBUIHO, YTO, HAaYMHAsI C MOMEHTA CTPOUTENBCTBA, OCAJKa IUIUTHI MO CTOPOHE
(mapku 3 ... 9) 3HAUUTENHHO OOJIBIIIE, YEM Y TPOTUBOIOIOKHON CTOPOHBI.

Ha pucynke 2 noka3aHbl Mpeaebl U3MEHEHHUS 0CaI0K MapoOK, YCTaHOBJIEHHBIX 110
JUIMHHBIM CTOpOHaM (pyHaameHTa JieBoi cekuuu. C MOMEHTa Hayana CTPOUTENbCTBA U
JI0 €ro 3aBepuIeHHs] ocaaka (yHIAMEHTHOW IJIUTHI BJOJb JJIMHHBIX CTOPOH 3HAYU-
TenbHO oTnuaercs. Cpegnue ocanku npu P = 80 klla mo cropoHe, rie ycTaHOBIIEHBI
Mapku (3 ... 6) Oosee yemM B 2 pasza OOJBINE CPETHUX OCATOK MAPOK C MPOTHBOIIO-
JIO’KHOM CTOpOHBI. 1 3TO paznuune ocTaeTcsl NpakTUYeCKH 0€3 U3MEHEHUsI K MOMEHTY
3aBepUICHUs] cTpouTenbeTBa. [ QyHaameHTa mpaBod CEKIMM, TIe Harpy3ka 3Ha-
YUTEJbHO MEHbIIIE, OTHOIIIEHUE CPETHUX OCaJI0K TOKe MeHbIe B 1,6 ... 1,7 paza.

100 200 P, klla
0 \ —

/*"'HM;\ 1,16, 15, Tha

o~

!
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Pucynok 2 — Ocaoku mapok 6 3asucumocmu om P (nesas cexyus)
100 200 P kMNa

: —
RN

/
/

=—Mapku 1114

Mapku 6.9

CpedHUS 3HOYEHUS
Pucynok 3 — Ocaoxu mapok 6 3asucumocmu om P (npasas cexyus)
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Tenaenuio 601€€e UHTEHCUBHOIO OJHOCTOPOHHEr0 Pa3BUTHSL OCaI0K MOATBEP-
KIAIOT U 3IIOPbI, IOKa3aHHbIE HAa pUCYHKaX 4 (a...r). [IpakTuuecku no BceM TopLam
(yHIaMEHTHBIX IUIUT HMMEET MecTo Oousblllas ocajJka B YIVIOBBIX TOYKaXx,
pacCION0KEHHBIX HA CTOPOHE YCTAaHOBKH Mapok 3...9.

Jlnst yrnoBo TOoukd (Mapka 3) JIEBOM CEKLMHU OCaJKa MaKCUMalbHas KakK MOCHe
BBINIOJTHEHUSI TIEPBOIO LIMKJIA W3MEPEHUM, TaK W IOCJIE 3aBEPLIEHUS] CTPOUTENIHCTBA
3nanus. bosjee paBHOMepHbIE BEIMUMHBI OCAAKHU MOIy4YeHbI Uit Topia (Mapku 9...11)

IIPaBOM CEKIINH.
o) 3 ? 1 Vg o Blg 71 2l 14 ~=—Homepa

0 1 | ol 0 0 MOpOK
|
I —
£ 04 £ 104 £ 0 . £ 04
= = / = / 2 I
S 204 'S 204 'S 20 S 0=
g = i = = i
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Pucynok 4 — Ocaoxu mapok 8 3asucumocmu om P (npasas cexyus)

Kak oTmeueHo Bblllie, B COOTBETCTBUU C [ 1], pH NPUIIOKEHUH HArPY3KHU K IUIH-
T€, €€ LEHTP JO0JDKEH J1aBaTh OCAJIKY 3HAUMTENIbHO 0OJIbIIYI0, 4eM ee Kpasi. Pe3ymbTa-
Thl PACUYETOB, C UCIOJIb30BaHUEM TporpaMMmHoro komriekca «LIRA — SAPRy, non-
TBEpk1atoT 3TOT (akt (kpussie 1V, pucynok 4). OqHako Takoi 3aKOHOMEPHOCTH 10
pe3yibTaTaM HaTypHbBIX HaOMIoAeHU He oOHapyxeHo. ClieqyeT OTMETHTh, YTO CO-
IJ1acHO [3] Takue MIUThI OTHOCSTCS. K TOHKUM (% = 106_54 =0.03<0.1) u THOKHM, TaK KaK

II0Ka3aTeJIb THOKOCTH q)YHI[aMCHTa
3. lPom b-E™ (1 i 2
_ e . cp (2 /’65)>50(£J
2Euh (l_lucp)

b
©3-3,14-28,0*-1-16.4-1000- (1-0,2%)
' 2-3450000-0.5" -(1-0,3%)

Ecnau npuHATH, 4TO OCaaKa B CPEAHEN YACTU LIUPUHBI TUIMTHI JEKUT HA MPSIMOU,
COCIMHSIONICH 3HAYCHUSI OCAJO0K B YIJIOBBIX TOYKAX, TO MOXKHO OINpPEIAETUTh OTKJIO-
HEHUE TOOIIBBI TUIMTHI OT TOPU3OHTAIU U, COOTBETCTBEHHO, TIEPEKOCHBIC Jehopma-
uuu [4]. dns Topua MiaWTHl JeBOM cekuuu (Mapku 1...3) 3TOT yron paBeH
a, = 0,047°, a y nepopmarmornHoro mBa — o, = 0,039°. [[ns mpaBoil CEKIIUU 3TH YTIIbI
cOOTBETCTBEHHO paBHbI o = 0,0074° u a, = 0,022°.

OTtcroa, COOTBETCTBEHHO, MEPEKOCHBIE e(PopMaliii OTHOCUTEIBLHO OOJBIINX
cTOpoH paBHbL: s jeBod cekuuu 0,00066 u 0,00058, uro cocrtaBnser 0,038° u
0,033°, nns npaBoit cekuuu, coorBeTrcTBeHHO, 0,000114 1 0,00026, yTo cocraBisieT
0,0065° 1 0,00026°.

Y4uThiBas, 4TO HET POCTA OCATKH B CEPEIUHE IMUPUHBI U ITTUHBI TUTUTHOTO (QyH-
JAMEHTa, MOYXHO TOBOPUTH O HAJIMYMU KpeHa. Pa3nuyne B OTHOCUTENIbHOW HEPABHO-
MEPHOCTH OCaJIOK IO IUPUHE COCTAaBJISAET Il MpaBoi cekmuu — 3,0 pasa, IS Jie-
Boi — 1,2 pa3za, a mo nnmune — 2,28 u 1,14 paza cOOTBETCTBEHHO.
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OueBuIHO, UTO ISl (DYHIAMEHTHOM IUIMTHI IPAaBOM CEKLIMU, HECMOTPSI HA 3HAYU-
TEJIbHO MEHbBIINE BEIMYUHBI 0CAJIOK, UX HEPABHOMEPHOCTH MPOSBISAETCS B OOJBIICH
CTEIEHHU, YEM B JIEBO.

OObsicCHEHUE TMPOSIBICHUS OTHOCUTEIBHOW HEPaBHOMEPHOCTH OCAaJ0K MOYKHO
HalTU B IBYX B3aMMOCBSA3aHHBIX TPUYHHAX:

® HEKAYECTBEHHOE YIUIOTHEHUE 3HAYUTEIBbHOM Mo MoIIHOCTH (3,4 M) mecyaHo-
IpaBUHOI cMecH, a UMEHHO, B 0OJIbLIEH CTENEeHH y TopLa KoTiaoBaHa (MapkH 1...3)
U 110 ero jaiuHe (Mapku 3...9);

® HAYyaJOM BO3BEACHMS 3/1aHUs (MPUJIOKEHUS HArpy3kH) UMEHHO OT €ro yria
(Mapka 3) U B HajpHEHIIEM MOHTaX Ka)I0r0 MOCIEIYIOIIEro 3Ta)ka HaunHajCs, KakK
IIPABUJIO, C ITOU K€ TOUYKH.

VYceTpaHsaTh NpUYMHBI BOSHUKHOBEHUS M Pa3BUTHSI HEPABHOMEPHBIX OCAJOK IJIUT-
HBIX (PYHIAMEHTOB BO3MOXHO, OOECIIeurBasi KAU€CTBEHHYIO YKJIAJKy U YIUIOTHEHHE
MCKYCCTBEHHOTO CJIOSl U3 ME€CYAaHO-TPABUMHON CMECH UM ONTHUMHU3UPYSI KOHCTPYKTHUB-
HYI0 ¥ TEXHOJIOTMYECKYIO CXEMBbl HarpyKeHUs IJIUTHOTO (pyHIAaMeHTa, HAUMHAS C
LIOKOJIBHOTO 3TaXa.

3akioueHue

1. Ilo pe3ynapTaTaM reoAe3nyecKux HaOJIIOJIEHUM YCTaHOBJIEHO MPOSBICHUE He-
paBHOMEpHBIX JehopMaluil MIUTHBIX (yHIaMEHTOB, HAUWHAS C MOMEHTa BO3BeJle-
HUS HOKOJIBHOM YacCTH 3[1aHUS U 110 3aBEPILICHMS €T0 CTPOUTEIBCTBA.

2. HecmoTtps Ha TO, 4TO 110 Kiaccuukauu [3] pyHIaMEeHTHbBIE TUTUTHI OTHOCATCS
K TOHKMM WM TMOKMM, IIPHU JIEWCTBYIOIIMX HAarpy3kax OcCaJoK, OOJIBIIMX B MX cepe-
IUHE, YEM IO KpasiM, HE BBISBIICHO, YTO IIPOTHUBOPEUYUT PE3yJbTaTaM pacyeTa C UcC-
M0JIb30BaHuEM MporpamMmHoro komruiekca "LIRA-SAPR"

3. IIpu mpou3BoACTBE pabOT MO YCTPONUCTBY UCKYCCTBEHHOM MOAYLIKH U3 Iecya-
HO-TPaBUMHON CMECH U MOHTaXy HaJA(QyHIaMEHTHBIX KOHCTPYKLHMI BaXKHBIM SIBJISET-
cs1 oOecreyeHre KauecTBa YIUIOTHEHHUS] TPYHTa U OOOCHOBAHHOM IMOCJEI0BATENIbHO-
CTHM MOHTa)ka MaHeJlel, TUIUT NEePEeKphITHUs, 00ECIeUNBAIOIINE PABHOMEPHOE Harpy-
*KeHue QyHIaMEHTHOW IJIUThl U OCHOBAHUSI.
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unnosayuti 8 cmpoumenvcmee» bpl'TY, bpecm, bBenapycs, nikifarych@yandex.by

Pedepar

B crarbe xnmaccuduipoBaHbl OCHOBHBIC JA€(DEKTHI M MOBPEKIACHUS KOHCTPYKIIAH
MOCTOBBIX COOPY>KCHHMU. BBIIENeHbl NPUUMHBI MX TOSBICHUS M IOCJIEAYIOIIETO
BIMSHUS Ha JOJTOBEYHOCTh, TPY30MOABEMHOCTh COOPYXKEHHS M 0e30IacHOCTb
IBUKEHUS. PaccMOTpeHbl COBPEMEHHBIE METO/bl JUAarHOCTUKA JCPEKTOB U
o0cie10BaHusI MOCTOBBIX COOpyKeHuH. [IpoaHamm3npoBaHbl CYIIECTBYIOIINE TTOAXO/IbI
MIPOTHO3UPOBAHUS JIOJITOBEYHOCTH COOPYKEHUH TPAHCIIOPTHOU HHPPACTPYKTYPHI.

KiioueBble cJIOBa: MOCTOBOE IIOJIOTHO, IPOJIETHOE CTPOCHHE, KapOOHH3aIus,
KOPPO3usi, IPOTrHO3UPOBAHKE.

DEFECTS OF BRIDGE STRUCTURES AND METHODS OF THEIR DIAGNOSIS
P. V. Krivitskiy, N. V. Matweenko

Abstract

The article classifies the main defects and damages of bridge structures. The reasons
for their appearance and the subsequent impact on the durability, load capacity of the
structure and traffic safety are highlighted. Modern methods of defect diagnostics and
inspection of bridge structures were considered. The existing approaches to forecasting
the durability of transport infrastructure structures were studied.

Keywords: bridge canvas, bridge beams, carbonation, corrosion, forecasting.

Bsenenne

[ToctanoBnenuem CoBeta MunuctpoB PecnyOnuku bemapyce Ne 212 ot
09.04.2021 yrtBepxknuena Il'ocynmapcTtBeHHas mnporpamma «Jloporu benapycu»
Ha 2021-2025 ronsl [1]. OCHOBHOU 1€NIbI0 MPOTPAMMBbI SIBISIETCS YJIYUIlIEHUE
AKCIUIyaTallHOHHO-TEXHUYECKOTO COCTOSIHHSI aBTOMOOMJIBHBIX JOpPOT OOWHIEro
nojis3oBanus. [Ipu 3TOM cieayeT OTMETUTh, YTO OJHHUM U3 Hauboliee mpobiiem-
HBIX HAaNpaBJICHUU SABJIAETCS COJEPKAHME U PEMOHT MOCTOBBIX COOPYKEHUH Ha
pecnyO0IMKaHCKUX U MECTHBIX aBTOMOOWIBHBIX Joporax. [Io JaHHBIM JTOPOXKHOM
nuarHoctukun 2019 roga u3 ABYX ThICAY JBYXCOT CEMHIECATH TPEX MOCTOBBIX
COOpPYXEHHM Ha pecnyOJUKAaHCKUX aBTOMOOWIBHBIX JAOPOrax HE COOTBETCTBYIOT
HOPMATUBHBIM TpPeOOBAaHUSIM TPY30MOIbEMHOCTH M (WJIH) radapuTy MOSATHCOT
MATBIECAT OJTHO coopyxeHue (24,2 %), u3 Tpex ThICSY ABAJUATH IISITU MOCTOB Ha
MECTHBIX aBTOMOOWJIBHBIX JOPOTaX HE COOTBETCTBYIOT HOPMATUBHBIM TpeOOBa-
HUSIM Thicsiua cTo ABa (36,4 %). KpoMe 3TOr0, 110 JAaHHBIM PE3yJIHTATOB TEXHUYE-
CKUX 00CIEe0BaHUI MOCTOBBIX COOPY>KEHHUM, BBINOJHEHHBIX OTpaciieBoi J1ado-
paropuen «HayyHO-HCCIeN0BATEIbLCKUN LEHTP MHHOBAIMM B CTPOUTEILCTBE» B
Pa3IMYHBIX PETHOHAX PECHYOJIMKH YCTAHOBIEHO, YTO OOJIBIIMHCTBO COOPYXKEHUM
HYXJaeTCsl B TEKYIIEM PEMOHTE.
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Kak mnpaBuio, A0pOXKHO-IKCILTYyaTAllMOHHBIE CITY>KObl TMpPU  ONpEACTICHUM  Iie-
PUOAMYHOCTHA PEMOHTHO-BOCCTAHOBHUTEIBHBIX PA0OT M PabOT MO COAEPKAHUIO COOPYKE-
HU PYKOBOJCTBYIOTCS TPEOOBAHUSIMH COOTBETCTBYIOLIMX HOPMATHBHBIX JOKYMEH-
TOB [2, 3]. OcHOBHBIE TPEOOBaHUSI 10 CPOKAM BOCCTAHOBJICHHUSI WJIM 3aMEHBI OTJIEbHBIX
KOHCTPYKTHBHBIX 3JIEMEHTOB B COOTBETCTBHH C [2, 3] mpeacTaBieHs! B Tabiuie 1.

Ta6auma 1 — [IpoexTHBIN CpOK CITy>KObI KOHCTPYKTUBHBIX 3JIEMEHTOB U MEPHO-
JUYHOCTh UX PEMOHTA

DJIeMeHThI IIpoexTHBIH Buasbl pador IlepuoanyHocTh
MOCTOB CPOK CJIY:KObI, BbINOJIHEHHSI padoT
JIeT, He MeHee
1 2 3 4

Koncrpykuun 100 — BOCCTAHOBJIEHUE CIIMBOB; pU HEOOXOIMMOCTH;
OTIOp MOCTOB — PEMOHT CKOJIOB M TIOBPEXZe- | 0 Mepe BOSHUKHOBEHHUS;

HHI O€TOHa;

— ruzapododuzanus yBiaxHse- | 1 pa3 B 5 ner;

MBIX IIOBEPXHOCTEM;

— 00paboTka moBepxHOCTeH *xke- | 1 pas B 20 yer

71€300€TOHHBIX KOHCTPYKLUH

MHTUOMTOpaMU KOPPO3UH, MOA-

IIeJaYuBaHNE ITOBEPXHOCTHOIO

(3amuTHOTO) CI10st OEeTOHA
Koncrpykuunn 100/75 — 3aJieJIKa CKOJIOB, PAaKOBUH U | II0 MEPE BOSHUKHOBCHUS;
IPOJIETHBIX MEJIKHX TOBPEXKACHUI OeTOoHa;
CTpOEHUI C —ruapodobuzanust  yBiaxHse- | 1 pa3 B 5 jeT;
nposietamMu  60- MBIX TOBEpXHOCTEH Kkene3o00e-
aee 33 M / 1o TOHHBIX KOHCTPYKIIHH;
33 M BKIIOUH- — 00paboTka moBepxHocTeit xe- | 1 pa3 B 20 yet;
TEJIBHO 7e300€TOHHBIX ~ KOHCTPYKIMN

UHTHOUTOpaMU KOppo3uu  (pe-

Opa Gankn);

— PEMOHT M BOCCTaHOBJICHHE JIa-

KOKPACOYHBIX MMOKPBITHI:

* ma (acagHbIXx TOBepXHOCTsAX | 1 pa3 B 2 rona;

JKeIe300€TOHHBIX 0aI0K;

* CTAIbHBIX 0aJIOK pU HEOOXOTUMOCTH
[oxperTue mpo- | 7/10 — ouucTKa npoe3xkedl yactu u | 1 paz3 B 10 nHelt, npu
e3xei 4acTu TPOTYapoB OT MYCOpa; HEOO0XOAMMOCTH — Yalle;
MOCTOB Ha pec- — TepMeTH3alusl TPEUMH B IO- | 2 pa3a B TOJ, BECHOW H
MyOJIMKaHCKUX KPBITHH; OCEHBIO;
aBTOMOOMJIBHBIX — PEMOHT CKOJIOB M IOBpEXZE- | 10 Mepe BOSHUKHOBEHMUS;
JI0porax U B To- HUIl O€TOHa 3JEMEHTOB MOCTO-
poaax/ Ha MecCT- BOTO IIOJIOTHA;
HBIX aBTOMO- — ruapodobuzammst OETOHHBIX | pa3 B 2 TOJa — HA MOCTax
OMIIBHBIX JIOpO- MIOBEPXHOCTEH 3JEMEHTOB MO- | HA AaBTOMOOWJIBHBIX J10-
rax, B CEIbCKUX CTOBOI'O I10JIOTHA porax I-III xareropui,
HaceJICHHBIX I pa3 B 3 roma — Ha
NYHKTaxX OCTJIbHBIX MOCTaxX
I'upponsonsus | 15 - -

MPOE3KEeN YacTu
MOCTOB
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[Tponomxenue Tadauibl 1

Cucrema 20
BOJIOOTBOJA U
JTpeHaxa

— OYHMCTKAa BOJOOTBOJHBIX TPYOOK
U JIpYyruX OTBEPCTUH ISl OTBOJA
BOIBI C MOCTOBOIO TMOJOTHA;
OYMCTKAa JIOTKOB M3 TEPMOILIACT-
KOMIIO3HTA JJII OTBOJIa BOJEI

1 pa3 B mecs1

Hedbopmarmonnsie | 7/10

IIBbI

— TPOAYBKAa CXKATbIM BO3IyXOM,
OUMCTKA H TepMETH3aIusi Ma-
CTUKOW TpEeUVH [0 IPaHHULE 3a-
NOJHEHUsI  IeOeHOYHO-MaCcTH4-
HBIX IIIBOB U TTOKPBITHS;

— TepMeTH3allus TPEIUH B IIO-
KpPBITUU Haj JehopMaliOHHBIMU
[IBaMH 3aKPBITOTO TUIIA;

— TMpOMBIBKA BOAOW TOJ JaBJje-
HUEM BCEX 3JIEMEHTOB MOCTOBOTO
MOJIOTHA W HACcaJ0K OIOop MOJ Jie-
(dbopMaIMOHHBIMU IIIBAMH;

— oYHMCTKa JAe(opMarmOHHBIX
IIBOB OTKPBITOTO THIIA;

— BOCCTAQHOBJICHHE€ MAaCTUYHOTO
3arMmoaHeHHusT Tpadbl BHOIHL Je-
(dhopMaImOHHBIX IIIBOB c
PE3UHOMETAITMYECKUMHU KOM-
MEeHCAaTOpaMHu M IITpaldbl Ha TPO-
Tyapax ¢ yJaJ€HUEM CTapoil Ma-
CTHKU;

— MOATSKKA MIMUWICK OOJTOB H
OpyXkuH B  JAe(GopMaroHHBIX
IIBaX MEPEKPHITOrO TUTIA

2 paza B TOJl, BECHOU U
OCEHBIO;

2 pa3za B roji, BECHOU U
OCEHBIO;

1 pa3 B roj, BECHOM;

3—4 paza B roj;

o Mepe pa3pylIeHUs
MaCTUYHOTI'O 3all0JIHC-
HUS, TPETyCMOTPEHHOTO
MPOEKTHOM JOKYMEHTa-
IUEH;

1 pa3 B rox BecHOIl npu
IIPOMBIBKE  DJIEMEHTOB
MOCTOBOT'O MOJIOTHA

Merannnueckue —
ONOPHBIE YACTH

Ounctka METAUIMYECKUX dJie-
MEHTOB OT MPOJIYKTOB KOPPO3UHU
U UX OKpacka arMoc(hepocToitkoi
KpacKoil, HaHeCeHHE TpadUTOBOH
cMa3ku (dIMyJIbCHHM) Ha paboume
MOBEPXHOCTU CTAJIbHBIX IMOABHK-
HBIX OIIOPHBIX YacTen

1 paz B2 rona

Pe3nHOBEIE 25

OTIOpPHBIE YaCTU

I'epmernsanus TpemuH Ha 060-
KOBBIX TIOBEPXHOCTSIX PE3UHO-
METAJUIMYECKUX OMOPHBIX YacTei

o MCpC€ BOBHUKHOBCHU

[TonuypeTtanoBbie 100

OIMIOPHEBIC YaCTH

B psige cnydaeB gaxke mpu cTporom coO0AeHUU TpeOOBaHUIT HOPMATUBHBIX J0-
KYMEHTOB B YaCTH TEPUOJUIHOCTH PEMOHTHBIX Pa0OT MOTYT BO3HHUKATh JAC(PEKTHI U
NOBPEXKIAECHUS OTACIBbHBIX KOHCTPYKTUBHBIX AJIEMEHTOB, IPUBOISALIME K CHUKECHUIO
Hecylel crnocoOHOCTH M HKCIUTYyaTallMOHHOM MPUTOJHOCTU KaK OTAEIbHBIX KOH-
CTPYKTUBHBIX 3JIEMEHTOB, TaK U BCEr0 COOPY>KeHUs B 11esioM. [IprunHamu nosiBlieHus
YKa3aHHBIX JAe(PEKTOB MOTYT BBICTYaTh HAPYIICHUS TPEOOBAaHUN TEXHUYECKUX HOP-
MAaTHBHBIX MPABOBBIX aKTOB MPU MPOCKTUPOBAHUU U (UJIM) CTPOUTEIBCTBE COOPYIKE-
HUW, PA3JINYHOTO pOJa MEXaHWYECKUE MOBPEKACHUS B MPOLIECCE IKCIUTyaTalluy KaK
pe3yabTaT JOPOKHO-TPAHCIIOPTHBIX MPOUCIIECTBHIM.
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JedeKThI MOCTOBBIX COOPYKeHUM

CornacHo [4], B 3aBUCUMOCTH OT CTENEHH BIUSHUS ACHEKTbl MOIPA3IACISIOTCA:
Ha JAeQEKThI COAEPKAHMSI, SABJISIFOIIUECS PEe3yJbTaTOM HapylIEHUS! CPOKOB BBIMOIHE-
HUSl PErVIAMEHTHBIX Pa0OT MO TEXHUYECKOMY OOCITY>KUBAHUIO COOPYKEHUS; 1e(PEKThI
0€30IacCHOCTH, TMPEMATCTBYIONIME CBOOOAHOMY M OE€30MAaCHOMY JIBHIKCHHUIO TpaHC-
MOPTHBIX CPEJCTB U TELIEX0/0B 10 COOPYKEHUIO M MOl HUM (IIPpHU HEOOXOIUMOCTH)
U e(heKThl TPY30MOILEMHOCTH, MMPUBOAAIINE K CHHKCHHUIO HECYIIEH CIIOCOOHOCTH
MpOJIETHBIX CTpoeHuit 1 onop. Hanbonee yacto BeTpeuarouecs 1eeKThl, yCTaHOB-
JICHHBIE TI0 pe3yJbTaTaM 00CII€0BAHNUS MOCTOBBIX COOPY>KEHUM JIJIsl KaX/I0H KaTero-
pUH, IPUBEICHBI B TaOIHIIE 2.

Takxe B OTJIEIBHYIO KATETOPUIO MOXHO BBIJCIUTH AEPEKTHI TOJTOBEYHOCTH, KO-
TOpPbIE HE OKa3bIBAIOT HEMOCPEJCTBEHHOIO BIUSHUS HAa DKCIUTyaTalIMOHHBIC TMOKa3a-
TEJIM COOPYKEHHUSI, HO MIPU HECBOEBPEMEHHOM YCTPAaHEHHH MOTYT IIPUBECTU K CHIKE-
HUIO TPY30MO0IEMHOCTH U YXYALICHHUIO MTOKa3aTese 0€30macHOCTU B OyAyIIeM.

[Tpu amarHoCTHKE M 0OCIEOBAHUN TEXHHUYECKOTO COCTOSHHSI MOCTOBBIX COOpPY-
’KCHHU BBISIBJICHHE Je(PEKTOB MPOM3BOAUTCS HA OCHOBAaHMM BH3YAJIBHOTO OCMOTpa, a
OTHECEHHE €r0 K TOW WM WHOW KaTeropMu BO MHOTOM 3aBHCHUT OT KBaIM(UKAIWH,
OMbITa U CYOBEKTUBHOIO MHEHHUS CIEIUaIncTa, mpoBojdiero odcnenoBanus. [Ipu
3TOM psf 1eEKTOB U TOBPEXKICHUI MOXKET OBITh YCTAHOBJICH BU3YaJIbHO — HAJMUHUE
KOPPO3HOHHBIX WM CHUJIOBBIX TPEIUH, pa3MOpaXHBaHUe O€TOHA, HECOOTBETCTBHE OT-
JIENIbHBIX KOHCTPYKTHBHBIX 3JIEMEHTOB HOPMAaTUBHBIM TpeOoBaHusM. HbIe nedekTb
HE MOTYT ObITh OOHapyXeHbI 0€3 MCMHOIb30BAaHUSI COBPEMEHHBIX Y3KOCIEIHUATU3UPO-
BaHHBIX TPUOOPOB WIIH MPOBEACHUS TAOOPATOPHBIX UCCIEIOBAHNN — TAKHUE, KaK CKPbI-
Tasi KOPPO3Hsl apMaTypbl, KapOOHU3AIMS U HACHIIICHUE XJIOpUIAaMHU OETOHA, HO MOTYT
MIPUBECTU K CTPEMUTEIBHOMY YXY/IIEHUIO TEXHUYECKOTO COCTOSHUS KOHCTPYKIHI.

CoBpeMeHHBbIE MeTObI IMATHOCTUKH [1e()eKTOB MOCTOBBIX COOPY KeHHIl

Haunboinee pacnpocTpaHeHHBIM METOJOM BBISBICHHSI KOpPpO3uM pabodeil apma-
TYpbl HECYIIUX KOHCTPYKIIMI MOCTOBOTO COOPYXECHHS SIBISIETCS BCKPBITHE 3alllUT-
HOTO cJI0s1 O€TOHA W BU3yallbHAs OIEHKA CTETIEHH KOPPO3MOHHOTO M3HOCA apMaTyp-
HBIX cTepxkHel. [ onpenenenus creneHn KapOOHU3AIMHN U HACKHIIIEHUS XJIOPUIaMH
06eToHa, Kak MPaBUJIO, BBIMOIHIIOT OTOOp Mpo0 OETOHA HA PA3TMYHBIX y4aCTKaxX KOH-
CTPYKILUH JUIS MX MOCJIEIYIOIIEro JabopaTOpHOro aHaiau3a. Takxke BechbMa pacmpo-
CTpaHEHHBIM SIBIISIETCS METOJ OLEHKU KapOOHM3alMKu OETOHA B TMOJEBBIX YCIOBUSX,
KOTOPBIN 3aKJIF0OYAETCS B YBIAXKHEHUU CBEXKEIro CyXOro OETOHHOTO CKOJIa MOBEPXHO-
CTH MHIUKATOPHOU KUIAKOCTHIO (1 %-HbIM CHIUPTOBBIM pacTBOpoM GeHondTaienHa
WM TUMOJI(TaTIEenHA).

OCHOBHBIM HEJOCTATKOM OMHMCAHHBIX BBILIE METOJOB JUATHOCTUKH SIBJISIETCS BbI-
siBlieHHEe Je(eKTOB (MJIM UX OTCYTCTBHUS) TOJBKO Ha JIOKAJBHBIX ydacTKax (B MecTax
BCKPBITHS 3aIIUTHOTO CJ10s1 OeToHa Wi oTOopa npood). [IpoBeaeHue CrIONIHOTO KOH-
TPOJSl B TAKUX YCJIOBHSIX CIOKHO OCYIIECTBUTH HM3-3a MOBBIIICHHOW TPYAOEMKOCTH
paboT, a TaKkxke ocinabiieHus KOHCTPYKIIUU B PE3yJbTaTe MEXaHUYECKUX MOBPEXKIe-
HUH, COMPOBOXKIAIOIIUX JaHHbIE PAOOTHI.
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OnauM U3 HAMPaBJICHUM, TTO3BOJISIONINX BBITIONHATH O0JIee MOJIHYIO OIIEHKY TEXHU-
YECKOT0 COCTOSIHUS KOHCTPYKIMN MPU COXPAHEHUU UX LEIOCTHOCTH, SBIISECTCS PHUME-
HEHHE METOJ/IOB HEpa3pyIIAIOIero KOHTPoIs. B yacTHOCTH, HCTONIb30BaHUE TTOTEHIIHO-
METPUYECKOI0 METO/Ia TIO3BOJISIET MPOU3BOIUTH OLEHKY KOPPO3UOHHOTO COCTOSIHUS ap-
MaTypbl KOHCTPYKIMNA MO U3MEHEHUIO MOTEHIIUAIa IPOBEPSIEMOrO CTAIbHOTO CTEPKHS.
B 3aBucuMOCTH OT BEJIMYMHBI U3MEPEHHOTO MOTEeHIIMaNa (PUCYHOK 1) MOKET ObITh clie-
JIaH BBIBOJ] O COCTOSIHMM apMaTypbl KOHCTPYKIIMH, COTJIacHO Tabnuiie 3 [5].

Tabauna 2 — JleekTsl MOCTOBBIX COOPYKEHHI

JledeKThl MOCTOBBIX COOPYKEHUM

Bausiromue Ha Bausiromue Ha Bausiromue Ha

JA0JITOBEYHOCTH COOPYKeHHUsI | 0€30MACHOCTDH JABUKEHUS IPy30N0ALEMHOCTD
COOpPYKEeHUA

—paspylieHue KOHCTPYKLHUU THJ- | —TpPEIIUHbl B NOKPBITUM MO- | — KOppo3us pabouecii apma-
POU30JIALMHN MOCTOBOI'O TIOJIOTHA; | CTOBOIO IOJOTHA U TMOAXO- | TYPHI;
—3aMOKaHHe, 3aMILIEeNOCTh, BBI- | JIOB; — pa3MopakuBaHue (MOpO3-
COJIBI IO OETOHY; —sIMOYHOCTb B TIOKPBITUH | Has JECTpyKuusi) OeToHa B
—pa3sMopakuBaHue  (MOpO3Has | IOAXOJOB; TOM YHCJIE C OTOJICHUEM ap-
JecTpyKIus) 6eTOHAa B TOM YMCJIE | —3arps3HEHHs]  MOCTOBOIO | MaTyphbl;
C OTOJICHHEM apMaTyphl; MOJIOTHA U TPOTYapoB; — TIOBBIIICHHAS TOJIIAHA
—HEJ0CTAaTOYHBIN 3aLIUTHBIM | —3JIEMEHTEI O6apbepHOro | €310BOIO MOJIOTHA,
cioii OeToHa, KOPpO3USI KOH- | OTPaKICHUS WU UX KpeIule- | — KOppo3us aHKEpHBIX 1I1aii0;
CTPYKTHUBHOM apMaTyphl; HHME Ha MOCTY U IIOXOJaX HE | — pa3pyIleHHe OIIOPHBIX Yac-
—KOPPO3UOHHBIE TPELIMHBI (KOp- | COOTBETCTBYIOT HOPMAaTHB- | Teil
po3us pabodeit apMaTyphl); HbIM TpeOOBaHUSIM (OTCYT-

—Qunprpasi BOABl MO CTHIKY, | CTBYIOT CBETOOTPAKAIOLIME
BBIIICIIAYUBAHUE,  3aMIIEIOCTh, | BCTABKH, KOPPO3HA MCTAJIIM-

BBILIBETHI, CTATAKTUTHI; YECKUX DJIEMEHTOB);

—pa3pyiieHue 6eTOHA CTHIKA; —ICpHJIa IaTar0TCsA;

—CKOJIbI OeToHa Oe3 orojieHus ap- | —HpocaaKka  KOHyca  IOJX

MaTypsl U C OrOJI€HHEM apMary- | HacaJkamMu KpalHuWX Oop M

PEL; IIEPEXOAHBIMU IIJIUTAMU;

—nedopMaMoOHHbIC MBLI | —Pa3MBIB KOHYCOB U OTKOCOB

HETEPMETHUYHBI, pa3pyIICHDI, HACBIIIN;

—pa3MopakMBaHHE TOPIOB Oay- | —PaspylIeHO OpraHW30BaH-

KH, KOPPO3Hs aHKEPHBIX 111ai10; HOC COMPSDKCHHE TPOTyapoB

—KOppo3us M paspylieHue omop- | € HOAXOdaMH,

HBIX 4acTeu; —CKBO3HOE€ pa3pylieHue

—BOJIOOTBOJHBIC TPYOKH KOPOTKH | TPOTYapOB,

WJINA pa3pyLIEHBL; —OTCYTCTBYET MOKPBITHE

—Ipocajika KOHyca Ioj Hacajaka- | TPOTYapoB,

MH KpaHMX OIOp U MEPEXOJHbI- | —BOJTOOTBOJIHBIC TpyOKH HE

MH IUIUTaMU; MMEIOT PELIETOK;

—pa3MBIB KOHYCOB M OTKOCOB | —JICCTHMIBI Ha MNOAXOAAX

HACBIIHU paspylIeHbl WIM  OTCYT-
CTBYIOT
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Ta6auma 3 — Kpurepun KOppO3MOHHOTO COCTOSIHHS CTaJbHOW apMarypsl (Co-
riacHo [5])

JluanazoH NOTEeHUUAJIOB

HA MOBEPXHOCTH .

. XapakTepucTHKA KOPPO3MOHHOI0 COCTOSIHUSI AapMaTyPHOM
JKeJ1e300eTOHHOM
N cTaJIn
IKCILTyaATHPYeMOii
KOHCTPYKIUH, Byvcen

P>-0,200 BeposiTHOCTE 0TCYTCTBHSI KOPPO3HOHHOTO Tporiecca 6omee 90 %
—-0,200 > P >-0,350 Koppo3noHHsIil mpoliecc apMaTypHOU CTall MajJoOBEPOSITEH
P <-0,350 BepostHocTs Koppo3uoHHOro npoiecca 6oiee 90 %
P <-0,50 TpeuruHbl B 6eTOHE

B cBoto ouepenp, TaHHBIE O BEJTMUMHE MOTEHIIMATIOB HA TIOBEPXHOCTH 7KeIe300€TOH-
HOM KOHCTPYKITUM KOCBEHHO MOTYT OBITh UCIOJIL30BAHBI JJISi OIICHKH CTENCHU KapOo-
HU3aI[UM ¥ HACKHIIICHUS XJIopuaaMu OeToHa (Tadbmuia 4). Ciaeayer OTMETUTh, Y4TO TOKa-
3aHUsI TPUOOPOB HEPa3pPYILIAIOIIEr0 KOHTPOJIS HE MOTYT CUMTaTbCS TOYHBIMH, IO-
CKOJIKY BO MHOTOM 3aBUCSIT OT BJIQXKHOCTHA O€TOHHOW MOBEPXHOCTH, MOJIOKEHUS apMa-
Typbl, HATNYKUS B OeTOHE J00aBOK U T. 1. [103TOMY BBINMOIHEHKE JIAOOPATOPHBIX UCCIIC-
JIOBaHUM TOUYEYHO OTOOpPAHHBIX MPOO OETOHA MO3BOJISIET MPOU3BECTH KATMOPOBKY IPH-
0opa 1151 KaxK10 KOHKPETHON KOHCTPYKIHH.

Taoauna 4 — 3HaueHns TOTEHIIMAIIOB METAJUIOB B OETOHE

JIEKTPOA IHHorenunana, Bmcd
KucnoponHelit 351eKTpo B MIETOYHOU cpeie 0eTOHA ITPH OTCYTCTBUHU <4017
XJIOP-UOHOB ’
CrepxeHb CTaTBbHOM apMaTyphbl B OETOHE HAXOAUTCS:
B HachiieHHOM pactBope Ca(OH), >—1,1
B BOJIOHACBIIIIEHHOM OCTOHE MPU OTCYTCTBHH KHUCIOPOaA >—1,1
B HOPMAJIBHO YBJIQXXHEHHOM O€TOHE, COZIepKaIlleM XJIOp-UOHBI >-0,6
B HOPMAJIPHO YBJIQXXKHEHHOM O€TOHE, HE COJIEPIKAIIEeM XJIOP-HOHBI ot +0,1 mo —0,1 BKiIOU.
B KapOOHM3MPOBAHHOM OETOHE C HOPMAJIBHBIM cozepkanueM Biarn | ot +0,1 1o —0,3 BKiIrOU.
B CYXOM KapOOHH3UPOBAHHOM OETOHE ot +0,2 1o 0 BJIIOU.
B CyXOM OeToHe ot +0,2 no 0 BKJIOY.

Hepxageromas cranb B 0eToHe ¢ HOpMaJIbHBIM cojiepskanueM Biaaru | ot +0,1 1o —0,2 BKiIrOU.

Menp B 6€TOHE C HOPMAIBHBIM COJICP>)KaHUEM BJIaru ot +0,1 g0 —0,2 BxIIOY.

["anpBaHM3MpPOBAHHAS CTAIb B CyXOM OETOHE >—1,1

HemanoBaxHbIM 3TarioM 0OCIIEIOBaHUS TEXHUYECKOTO COCTOSIHUSI COOPY>KEHHUSI 5IB-
JISIeTCSl MPOTHO3UPOBAHKE JOJITOBeYHOCTH MocTa. CornacHo [6], NpOrHO3UpPOBAHKE pe-
KOMEH/YETCSl BBIMOJIHATh Ha OCHOBE JAHHBIX PE3yJbTAaTOB MPEIBIAYIIMX 00Cien0Ba-
HU, SKCTPAONMpPysl CHM)KEHUE KJlacca IPy30HOJbEMHOCTH IO 3JUIMITUYECKOM 3aBU-
cumoctu. ITpu HeOMaronpusTHEIX yCIOBUSX 3KCIUTyaTallK (CUCTEMaTHYECKHE 3aMOKa-
HUsI, BO3JICHCTBUSI XUMUUECKH aKTUBHBIX aHTUOOJIEACHUTENIEN) HEOOXOAUMO YUUTHIBATh
CHIDKEHHE MTPOYHOCTHBIX U J1e()OPMATUBHBIX CBOICTB OETOHA B pe3yJbTaTe JAerpajali-
OHHBIX IPOLECCOB B cOoOTBETCTBUM C lIpunoxennem B [6]. Ha cHmxeHnn rpysonons-
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€MHOCTH TIPOJIETHOTO CTPOCHMs TAKKE CKA3bIBACTCsSI KOPPO3Hs apMarypsl, IIOITOMY B
MeToJiuKe, pazpaboranHoi B Poccuiickoit deneparuu [7], IpeaycMOTPEHO HE TOJIBKO
MIPOrHO3MPOBAHUE KAPOOHU3AIMHN OETOHA, HO U KOPPO3UHU apMaTyphbl.

JInst BBIMOJTHEHUS! OOOCHOBAHHBIX PACUETOB MPOTHO3UPYEMOW JOJTOBEUYHOCTH
AJIEMEHTOB MOCTOBBIX COOPY>KEHUH HEOOXOIUMO UMETh TOYHYIO M MOJIPOOHYIO MH-
dbopmario 0 MPOTEKAIIMX B KOHCTPYKIIMM TIpolieccax KapOoHU3amuu OETOHA H
KOppO3UHU apMaTyphl Ha 3Tarne o0cienoBaHusl. Takylo BO3MOKHOCTb MPEIOCTABIISIOT
METO/IbI CIUIOIIHOIO HEPA3PYIIAFOIIETO0 KOHTPOJIS.

[IpuBeneHHBIE B HOPMATUBHBIX JAOKYMEHTax [6, 7] METONMKH HE BCeraa Io3BO-
JSFOT JOCTOBEPHO MOJYYUTh JAaHHBIE O MPOTHO3HOM CPOKE CIIYX Obl KOHCTPYKIUH,
MOCKOJIBKY CKOPOCTh Pa3BUTHsI IPOLECCOB KapOOHU3alMu O€TOHA U KOPPO3UU apMa-
Typbl BO MHOTOM 33aBUCUT OT HAa4aJbHOTO KayeCcTBa MATEPHUAJIOB, a TAKKE YCIOBUU
JKCIUTyaTalluM KOHCTPYKLWH, KOTOPbIE MOTYT CHJIBHO OTJIMYATCA AaXe B Ipenesax
OJIHOTO COOPY>KEHHUA: KpallHHE U cpeaHue OalKHU MPOJIETHBIX CTPOEHHUS, KOHCTPYK-
L[MU, PACTIOJIOKEHHbIE Y Ne(h)OPMAIIMOHHOIO 1B U T. [I.

JIns MOJTHOLEHHOM OLEHKU TEXHHYECKOTO COCTOSHUS U MPOTHO3MPOBAHUS OCTa-
TOYHOTO pecypca KOHCTPYKLUMH CHELMATUCTY, BBIIOJHAIOIIEMY 00CIe10BaHuE,
HEO0OXOMMO UMETH JJAHHBIE O COCTOSTHHUHM KOHCTPYKITUH, CTETIEHU KapOoHu3auu Oe-
TOHA, IPOTEKAIOIIUX MPOLECCaX KOPPO3UU B apMaType Ha NPOTSKEHUU BCErO IEPHU-
0J1a DKCIUTyaTalliy, YTO HE BCEr/a SIBISAETCS BO3ZMOKHBIM.

BbIBOABI

1. Jns oOecrieueHnss HEOOXOAUMBIX T'PY30MOABEMHOCTH M TEXHUKO-IKCILTyaTa-
IIMOHHBIX MOKa3aTesIell MOCTOBBIX COOPYKEHUN HEOOXOUMO MPOU3BOAUTH PEMOHT U
3aME€HY KOHCTPYKUHH TOYHO B CPOKH, YCTAaHOBJIEHHBIE HOPMAaTUBHO-IIPABOBBIMH aK-
TaMH, a TAK)KE PEryJIIPHO BBINOJHATH JUAarHOCTHKY TEXHHUYECKOIO COCTOSIHUS CO-
OpPYXEHHUI.

2. Inarnoctuka 1e(peKTOB MOCTOBBIX COOPYKEHUN MOMKET OCYLIECTBISITHCS MO pe-
3yJabTaTaM BH3YaJbHOTO OCMOTpPa M COOTBETCTBYIOIIMX HM3MepeHuid. Haumbonee mep-
CIIEKTUBHBIMU SIBJISIFOTCS METOJbI CILIOIIHOIO HEPA3PYLIAIOLIEro KOHTPOJIs, KOTOPbIE
MO3BOJISIFOT MOJYYUTh MAaKCUMAaJIbHO OOIIMPHYIO HWH(OPMAIMIO O COCTOSHUM KOH-
CTPYKLIMH, BBIIBUTH CKPBIThIE 1€(DEKThI O€3 MOBPEKICHHS HIEMEHTOB MOCTA.

3. IIporHo3upoBaHue JONTOBEYHOCTH MOCTA IO JAHHBIM O €Tr0 I'Py30IOJAbEMHO-
CTH, ONPENEIEHHON MO pe3yibTaTaM MPEeablIyIuX 00CIeA0BaHUH, MO3BOJSET YUH-
THIBAaTh Pa3BUTHE JAETPAAAIIMOHHBIX IPOLECCOB B OETOHE U KOPPO3UU apMaTypsl. [l
BBITIOJTHEHUSI COOTBETCTBYIOIIMX PAacyeTOB HEOOXoAMMa HH(POpMALMU O CTEHEHH
KapOoHu3auu OEeTOHa M KOPPO3HMOHHOTO MOBPEKIACHHS apMaTypbl, a TAaKXKe CKO-
POCTB UX IIPOTrPECCUPOBAHUS.
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BAJIOK ITPHU COITPOTUBJIEHUU CPE3Y

A. A. Hesoax', IT. B. Kpusuyxuii’

" M. m. n., mn. nayu. comp. ompacnesoii nabopamopuu «Hayuno-uccnedosamenscxuii yenmp
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K. m. 1., doyenm, 3a6. ompaciesoti rabopamopueti «Hayuno-uccnedosamensexuti yeHmp
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Pedepar

B crarbe aHanm3upyeTcst BIUSHUE CKaTOM 30HbI O€TOHA HA COMPOTUBIIEHUE CPE3Y
&KeJe300€TOHHBIX OAIOUHBIX 371eMEHTOB. [Ipon3BeIeH0 YUCIEHHOE MOJAETUPOBaHUE
xKesne300eTonHbix Oanmok. CocTaBieHa 0a3za 0o0paslloB, OTMEUEHBl BapbHpyeMbIe
MapaMeTphl U BHIMOJIHEH aHAIH3.

KiroueBble cj10Ba: MolepevyHOe yCHIIME, CxaTas 30Ha, MPOYHOCTh OeTOoHa Ha
ckatue, KO3 PUIIMEHT apMUPOBaHUS, OTHOILLIEHHUE MPOJIETa Cpe3a.

FEATURES OF THE STRESS-STRAIN STATE OF THE COMPRESSED
CONCRETE ZONE OF REINFORCED CONCRETE BEAMS WITH SHEAR
RESISTANCE

A. A. Nevdakh, P. V. Krivitskiy

Abstract

The article analyzes the effect of the compressed concrete zone on the shear
resistance of reinforced concrete beam elements. A numerical study of the shear
resistance of reinforced concrete beams under various variation factors has been
performed. A sample database has been compiled, variable parameters have been
noted and an analysis has been performed.
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Keywords: shear force, compressed zone, concrete compressive strength,
reinforcement factor, shear span ratio.

BBenenue

B mpaktuke pacuera M KOHCTpYHPOBAHHSI CONMPOTHBICHUE CPE3y Kene300eTOH-
HBIX 0aJOK MPOJOJDKAET OCTaBaThCA OAHOW M3 Hambosiee 00CYX)AaeMBIX MPOOIIEM.
JlauHbIil Bompoc TpeOyeT yTOUHEHHs], MOCKOJIbKY obOecreueHrne HeoOX0oauMOi Hecy-
el CnoCOOHOCTH KeJie300€TOHHBIX 0a’loK MMEET MEPBOCTENEHHOE 3HAYEHUE IS
oOecreueHus 6e30macHOCTH U 3PPEKTUBHOCTU HHPPACTPYKTYPHBIX OOBEKTOB.

Ch0XHOCTh TPOOJEMBI 3aKII0YACTCI B MHOTOUMCICHHOCTH B3aMMOCBS3aHHBIX
(dakTOpOB, OKa3BIBAIOIINX BIUSHUE HA (OPMUPOBAHUE M PA3BUTHE IIOCKOTO HAMpsi-
KEHHO-TIe(DOPMUPOBAHHOTO COCTOSTHUS, TPEUMHOOOpa3oBaHue U HOpMy pa3pylIeHUS
U3rubaeMoro 3JeMeHTa B 30He cpe3a. M3-3a coBMecTHOro AeiCTBUS M3rHOArOIIUX
MOMEHTOB M TOIEPEYHBIX CHJI B JKEIC300€TOHHBIX 0aT0YHBIX KOHCTPYKITUSX BO3HU-
KaeT CHUCTeMa HAKJIOHHBIX TPEIIWH, Pa3JeNSIIONIMNX JJIEMEHT Ha OTIENbHBIE OJIOKH,
COCIMHEHHBIC TIPOJOILHBIM apMHUPOBAHUEM B PACTSIHYTOW 30HE M HE IEIbHOW YaCTH
O0eToHa Ha/l BEPIIMHONW HAKJIOHHOU TpeuuHbl. [Ipy 3TOM B HAaKJIIOHHOM CEYEHUH BO3-
HUKAET psiJl BHYTPEHHUX YCHUIINNA, BOCIPUHUMAIOIIUX TEPEPE3bIBAIOIINE CUITBI.

Ha compotuBieHue cpe3y m3rndaeMbIxX >KEIe300€TOHHBIX OaJIOYHBIX 3JIEMEHTOB
OKa3bIBAaCT BIMSHUE MHOXECTBO (PaKTOPOB, TAKMX KaK BHUJl OCTOHA W €ro MPOYHOCT-
HBIC XapaKTEPUCTHKH, TEOMETPHUECKHE IMapaMeTphbl MOMEPEYHOTO CEUCHHUs OallKH,
MIPOIICHT MPOJI0IHHOTO M TIOTIEPEYHOTO apMHUPOBAHUS, HATUIHE TPOJOIBLHOTO YCHITHS
B DJIEMEHTE U T. JI. 3HAYUTEIHHOE YUCIO PAOOT MOCBAIIECHO MCCIIEIOBAHUIO BKJa/a
COCTABJISIFOIIMX Ha COMPOTHUBJICHUE CPE3y, OJIHAKO B HUX HE OMPEEsIeTCs] U3MEHe-
HUE BKJaJla CXKaTOW 30HBI B COINPOTHBIICHHE CpPE3y MPHU PA3IUYHBIX MapaMmeTpax
(postet cpesa, k03 OUITUEHT apMUPOBAHUS U T. 11.).

B nmanHO# cTarbe MpencTaBlIeH aHaIM3 PE3yIbTaTOB UYUCICHHBIX HCCIEIOBAHMIA,
HaMpaBlICHHBIX Ha W3yuYeHHE HampsuKEHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUS JKene300e-
TOHHBIX OAJIOK MPU COMPOTUBIICHUH cpe3y. Llenb ero 3akimtodaercss He TOJNBKO B HCCIIe-
JIOBaHWU YHCJICHHBIX MOJIENIEH B aHAJIM3€ COMPOTHUBIICHUS CPE3y JKeIe300eTOHHBIX Oa-
JIOK, HO U B BBIJBIDKEHUU HOBBIX TEPCIIEKTUB ISl OYAYIIMX HMCCIEIOBAHUMN, HAIPaB-
JICHHBIX Ha MOBBIIICHHE Y3PPEKTUBHOCTH U OE30MMACHOCTH CTPOUTEIILHBIX KOHCTPYKITHI.

YucieHHOe MOAe/IMPOBAaHUeE KeJ1e300eTOHHBIX 0aJ10K

YucneHHOe MOJAEIMPOBAHHWE C TMPUMEHEHHEM KOHEYHO-3JIEMEHTHONW MOIENH
IpecTaBisgeT cOO0M METOJl aHAIN3a TOBEACHHUS 00BEKTa I CUCTEMBI C HUCIIONB30-
BaHUEM MATEMaTUYECKOTO MHCTPYMEHTA, Ha3bIBAEMOT0 METOJ0M KOHEYHBIX 3JIEMEH-
TOB. UHCIIEHHOE MOJICIMPOBAHUE MOAPA3yMEBAET 3aMEHY (DU3UUECKUX DKCIEPUMEH-
TOB BUPTYaJIbHBIMU, TTPOBEACHHBIMA Ha KOMIIbIOTEpe. BMeCcTO (hakTHUECKHUX TECTOB
WCITONIB3YIOTCSI YMCIICHHBIE METOJBI JUISl UMHUTAIIMK PA3TUYHBIX YCIOBHH U BO3JCH-
CTBUI Ha OOBEKT WJIM CUCTEMY.

MonenupoBanre TO3BOJISIET BU3YAIM3UPOBATh U AHAJM3UPOBATh PAa3BUTHE TPEILIUH
B MaTepuasie. IT0 0COOEHHO BaYKHO ISl MPEAOTBPAIICHUS Pa3pyIICHUs KOHCTPYKIIHH
u3-3a cpesa. [lomydeHHble CXeMbl TPEUUH TTOMOTYT MOHSTh, KaK TPEUMHbI (hOpMUpPY-
IOTCSl M PACTIPOCTPAHSIOTCS BHYTPH Ok, AHAIM3 HANPSHKCHUH B MPOOIBLHON apMa-
Type JTaeT MpPEJCTABIEHUE O TOM, Kak 00eCIeurBaeTCsl paBHOMEPHOE pacrpesieiieHue
Harpy30kK, 1 Kakue y4acTKH OalKu MOJIBEPTrat0TCs HauOOJBIIINM HAMPSKEHUSIM.
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B pab6ote [1] moapoOHO paccMaTpuBaeTcs BO3ACWCTBHE MPOYHOCTH OETOHA Ha
cxatue, Kodppuimenta apMUPOBAHUS U TEOMETPUICCKUX Pa3MEPOB Ha TOMEPEUHOE
BO3JICHCTBUE B CXKaTOM 30HE O€TOHA HA OCHOBE AKCIIEPUMEHTAJIBHBIX MCCIIEIOBAHUM.
Jlist monydeHus: 0ObEKTUBHOM KapTUHBI HANPSLKEHHO-AE()OPMHUPOBAHHOTO COCTOSI-
HUS W JeTaIM3alliy XapakTepa TPEIIMHOOOpa30BaHUS MPOBEACHBI YHUCICHHBIE HC-
CJIeIOBaHUsI C pa3pabOTKON KOHEUHO-3JIEMEHTHON MOJeNu kene300€TOHHBIX 0ajokK,
B paMKax KOTOPBIX BapbUPOBAJIUCH MMAapaMETphl, TAaKHe, KaK MPOYHOCTh OETOHA HA
CKaTHE U MPOJIET Cpe3a.

JI71st mpoBeieHUsT YUCICHHBIX MCCIEIOBAHUNA C TPUMEHEHUEM KOHEUHO-3JIEMEHT-
HOTO MOJeNupoBaHus chopMupoBaHa 0aza 0Opas3lOB, OCHOBaHHAsI HA HKCIEPUMEH-
TanbHBIX uccnenoBanusx A. G. Mphonde [2], B KOTOpOM BapbhbHUpOBaJIaCh MPOYHOCTH
O0etoHa Ha cxarue. [lomydyeHHass 6a3a OoCHOBaHa Ha TpPeX HATYpPHBIX 00paslax, oc-
HOBHBIE KOHCTPYKTHBHbBIC XapaKTEPUCTUKU KOTOPBIX MPEACTaBICHbI B Ta0uIIE 1.

Tab6anua 1 — OcHOBHBIE KOHCTPYKTHUBHBIE XapaKTEPUCTUKH 0Opa3loB U3 HKCIIe-

uMeHTabHOTro uccaeaoranus A. G. Mphonde [2]
OoOpa3ubl b,,, MM d, MM a/d ps % Cc, MM fo MIla
1 2 3 4 5 6 7
AO0-7-3b 152 298 3,6 3,36 127 45,24
A0-11-3b 152 298 3,6 3,36 102 81,13
A0-15-3b 152 298 3,6 3,36 92,9 101,83

J171s1 BBITIOJIHEHHS] YMCIIEHHOTO MOJIEJIMPOBAHUS B KAUECTBE 00pa3lioB MPUMEHSI-
JIUCh KeJIe300€TOHHbIE OAJIOYHBIE AIEMEHTHI MPSMOYTOJIBHOIO MONEPEYHOrO ceye-
HUs ¢ pasmepamu b X h = 160 x 340 mMm nmunHoM 2440 MM (pacdeTHBIH MPOJET
2140 mm), BBITIOJTHEHHBIE U3 O€TOHA C MPOYHOCTHIO HA C)KaTHE, BApbUPYIOIIECHCS B
npenenax 45,24 + 101,83 MIla. ApMupoBaauch Oajgku B PacTIHYTOH 30HE TpeMsI
CTepIKHAMH AHaMeTpoM 25 (A, = 14,73 cM?), pacronoKeHHBIMU B OIHOIN TOPU30H-
TanbHOU MockocTu. KoadduureHnt apmupoBaHus cedyeHus coctaisier 3,36 %.
B Oankax mpuMeHs1ach CTEp)KHEBas apMarypa cO 3HAYEHUEM NIpeAesia TEKy4ecTH
Jye = 415 MlIa. B craTtbe [3] mogpoOHO ONMCHIBAIOTCS KOHCTPYKTUBHBIE XapaKTEpH-
cTuku Oanok copmupoBaHHOU 0a3bl 00Pa3IOB, a TAKXKE PE3yJbTAaThl YUCICHHOTO
MOJICJIMPOBAHMS.

[Ipn co3manum KOHEUHO-3JEMEHTHON MOJeNu JUisi 00pa3lioB 3aJaHbl CBOMCTBA,
XapaKTEpU3YIOIINe 3aKOH CIETUICHHUSI apMaTypbl ¢ 0ETOHOM, MOJEIUPYIOIUN U3Me-
HEHHE HaIpPSKEHUS MO JJIMHE 30HbI aHKEPOBKU. [Ipu 3TOM 3amaeTcsi MUHUMAIbHOE
IpOCKaJIb3bIBaHUE apMaTyphl B 6eToHe. st pa3duenus: oOpasiia co3/1aeTcs KOHEUHO-
AJIEMEHTHAs CETKa, COCTOAIIAS U3 MMapauICIEIUIIE0B C COOTHOLIEHUEM CTOPOH 3:4.

AHaJIu3 pe3yJbTATOB YHCJIEHHOT0 MO/1eJIUPOBAHUS

HcnpiThiBanuch 00pasifsl MO cxeMe: 0anka Ha ABYX OMOpax, 3arpy>KeHHAsk OJIHOM
WIH IByMsI COCPEIOTOYEHHBIMH CHUJIaMU B 3aBUCHUMOCTH OT IpoJieTa cpesa. Harpyska
MPUKJIAAbIBAIACH TOCTENEHHO.
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B xone mpoBefieHHsT YUCIIEHHOTO MOJICITMPOBAHUS OBLITH CO3/IaHBI IETALHBIE MO-
JeNN JKEIe300€TOHHBIX OaJOK. DTH MOJENU MO3BOIMIN BU3YaJIN3UPOBATh U aHAJH-
3UpOBaTh pacmlpeiesieHue TPEIIMH T0J] BO3ACWCTBUEM ToINepeuHbIX cuil. [lomyden-
HBIC CXEMbI Pa3BUTHS TPEIIVH JCTATLHO MOKA3BIBAIOT MOBEIEHUE 0AOK B YCIOBHSIX
cpesa. st nanpHeiero ananmsza oTroopaHo Tpu 00pasiia, KOTOPhIE 0 CBOMM Xapak-
TepucThKaM (IPoJIET cpe3a U MPOYHOCTh OETOHA Ha CXKATHE) CXOXKH C 00Opas3lamu,
MIPEJICTABJICHHBIMH B SKCIIEPUMEHTAILHBIX UCCIICIOBAHUSIX.

OTto6panHbIe 00pa3lbl UMEIOT CIEAYIONIUE XapaKTePUCTUKHU:

® TIpOJIEeT cpe3a (OTHOIIEHUE a/d) y BCEX 00pa3IloB COCTABISET 3,6;

e MpouyHOCTh OeToHa Ha cxkatue y obOpasua b-Cl-IIpl (pucynok 1) cocraBiser
101,83 MIIa;

e st oopasna b-C2-IIp1 (pucynok 2) f. cocrapmsiet 45,24 Mlla;

e st oopasna b-C3-Ilp1 (pucynok 3) f. cocrapmsier 81,13 MI]a.

Pucynok 3 — Cxema pazeumus mpewun oopazya b-C3-Ilpl

Jlst Bepudukanuu YuCICHHBIX PE3YIbTaTOB OBLIN UCIIOIH30BaHbBI PEAThHBIC DKC-
MepUMEHTAIbHBIC JTaHHBIE, TPE/ICTABIICHHBIE HA THUIIOBOW CXEME paclpeiciICHUs
TPEUTUH KeIe300€TOHHBIX 0aJIOK (PUCYHOK 4).

¥

LRI

Pucynok 4 — Tunogas cxema pazeumusi mpewur 8 SIKCHePUMEHMATbHbIX UCCLEO0B8AHUSX
A. G. Mphonde [2]
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B xone ananu3a ObLIM BBIJCJICHBI 00IIUE XapaKTEPUCTUKH TPEIUH, TAKHE KaK UX
HarnpayieHUE U JyuHa. CpaBHEHHUE YKMCICHHOTO MOJAECIUPOBAHUS C PEAIbHBIMHU IKC-
IIEPUMEHTAIBHBIMU JTAHHBIMU TIO3BOJISIET BBIABUTH CXOJICTBA WU PA3JIMUUS MEXKIY
MpEACKa3aHHbIM U (PaKTUYECKUM ToBeAeHueM Oanok. B cimydae cooTBeTcTBUS pac-
MpeJEeICHUs TPEIIUH B YUCICHHOM MOJICIIMPOBAHUY PEATbHBIM JJAHHBIM, MOYKHO CJIE-
JaTh BBIBOJ, O TOYHOCTH MOJIETU U €€ CIIOCOOHOCTH BOCIIPOU3BOAUTH PeaIbHOE MOBE-
JI€HUE KOHCTPYKUHUU Mpu cpe3e. O HaKOo, HEOOXOIUMO yUeCTb, UTO peabHbIE dKCIIe-
PUMEHTHI MOTYT TOJIBEPTaThCsl BO3ACHCTBUIO PA3IUYHBIX (DAKTOPOB, BIMSIONUX Ha
pe3yabpTarhl. Takke Ha pUCYHKE MOKa3aHa YKPYIHEHHAas CXe€Ma pa3BUTHS TPEILIHH,
OTPAKAKOIIAsl COBOKYITHOCTh MOJIYYEHHBIX PA3IMYHBIX SKCIEPUMEHTAIBHBIX TaHHBIX.

Jlnst aHanmM3a COBMECTHOTO BIIMSIHUS MPOYHOCTH OETOHA Ha CKaTHE M TPOJIeTa
cpe3a yka3zaHHas paHee 0aza 00pa3loB Oblila paccuMTaHa MO Pa3IUYHBIM MOJEISM
conpoTuBieHuss cpeza: Mmoaenu K. H. Reineck [4], IUCKO-CBS3€BOM MOJEIU
A. C. 3anecoBa [5], METOLy NpeAeNbHbIX YCHJIMU B PAaCUETHOM HAKJIOHHOM cCeue-
Huu [6], monenu H. Park, K. Choi u J. K. Wight [7]. IlogpoGHee 00 3TUX MOAEIIX
onucaHo B cratke [1]. B Tabnuiie 2 nmpencraBieHbl XapaKTepUCTUKH 00pa3IoB, IKC-
MepUMEHTAIbHbIE 3HAYEHUS BOCIPUHHUMAEMON MOMEPEYHON CUJIBI JJIsi 00pa3lioB C
UJICHTUYHBIMUA XapAKTEPUCTUKAMU M PACUYETHBIC 3HAUEHUS MOMEPEUHBIX YCUIIUU B
ckaTol 30He OeToHa. Ha pucyHke 5 mpeicTaBlieHbl TIOJHBIE U paCYETHbIE 3HAUYCHUS
ITONIEPEYHBIX YCUIIUU.

Tadamua 2 — Pa3Mepbl 1 XapaKTepUCTUKH 00pa3I0B, pacUeTHBIC 3HAYCHHUS TIOTIe-
CUHBIX YCUJIUI B C)KaTOM 30HE OeTOHa

Cepun| (P8 | oo | | [ 9% | & | e S| Ve Ve Ve | Vo
1 2 3 4 5 6 7 8 9 10 11 12 13
b-Cl-IIpl | 160|300 3,6| 3,36 | 95 | 101,83 | 100,10 23,70 | 34,80 | 87,92 | 97,63
E-Cl b-Cl1-IIp2 |160|300|3,0| 3,36 | 102| 101,83 | — 25,67 | 37,37 | 87,92 | 98,89
b-CI1-IIp3 | 160 | 300|2,5(3,36 | 82 | 101,83 | — 20,13 | 30,04 | 87,92 | 96,69
b-Cl1-IIp4 | 160 | 300|2,0(3,36 | 75 | 101,83 | — 18,26 | 27,48 | 87,92 | 113,81
b-C2-IIpl | 160 | 300| 3,6 | 3,36 | 108 | 45,24 | 82,89 | 16,56 | 23,04 | 51,19 | 61,84
B.C2 b-C2-IIp2 | 160|300| 3,0| 3,36 | 125|45,24 | — 19,59 | 26,66 | 51,19 | 72,25
b-C2-IIp3 | 160 | 300|2,5|3,36 | 95 | 4524 | — 14,33 | 20,26 | 51,19 | 67,87
b-C2-IIp4 | 160 | 300|2,0| 3,36 | 80 | 45,24 | — 11,85 | 17,06 | 51,19 | 76,39
b-C3-IIpl | 160 | 300| 3,6 | 3,36 | 95 | 81,23 | 89,23 | 20,57 | 29,91 | 75,56 | 78,23
5.C3 b-C3-IIp2 | 160 | 300| 3,0 | 3,36 | 105| 81,23 | — 23,02 | 33,06 | 75,56 | 88,93
b-C3-IIp3 | 160 | 300|2,5(3,36 | 85 | 81,23 | — 18,18 | 26,79 | 75,56 | 87,21
b-C3-IIp4 | 160|300|2,0|3,36 | 75 | 81,23 | — 15,85 | 23,61 | 75,56 | 101,23

[Ipumeuanue — B TaGauiie MCHonb30BaHbI CAEAYIONIHE 0003HAYCHUS: Vqp.| — TIOTIEPEUHOE YCH-
nue, BocripuHUMaemoe cxaThiM OeToHoM 1o K. H Reineck [4], Va2 — TO e mo A. C. 3aine-
coBy [5], Veq23 — TIOTIEpEUHOE YCHUITUE JUISI DJIEMEHTOB 0€3 TMOIMEepPeuHOro apMHpPOBAHUS MO MO-
nenu [6], Vear.a — 10 ke o H. Park [7].
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K. H. Reineck [1] auMeHoBaHHe 00pa3uoB

A. C. 3anecos [2]
Monenb npenenbHbIX YCUIIUKN 110 HAKJIOHHBIM CEUCHUSIM |3 ]
PllcyHOK 5 — 3KCI’l€pMM€Hma]Zbel€ SHAYCHUA I’lO]lHOZ:Z nonepelmou" CUJIbl CeHYEeHUA U
pacuemHbsble 3HaA4YeHU NONEPEUHDbIX ycwzuii 8 CoHCcamolt 301e 6€m0HCl

[To pe3ynapTaTaM HpPOBEIECHHOIO aHAIM3a MOJYYECHHBIX JAHHBIX MOXHO CIENaTh
CJIEIYIOLIME BBIBOJBIL:

1. B Mmogenu K. H. Reineck [4] B 0011eM ciydae 3Hau€HHUE TTONIEPEYHOTO YCUIIUS,
BOCIIPUHUMAEMOI0 CoKaTou 30HOM, cocTaBisieT ot 21,8 % 1o 26,1 % ot nmosaHoro 3Ha-
YeHUs. ABTOpP MOAYEPKUBAET, YTO MAKCUMAJIbHBIN BKJIA]] OMEPEYHOTO YCUIIUS CiKa-
TOM 30HBI OeTOHA MOXKET ObITh He OoJiee 30 %. [laHHOE MOJI0KEHUE TTOATBEPKIAACTCS
pe3ynbTaTaMH pacdeTa COMPOTUBIICHUS cpe3y 00pa3ioB chopmMupoBaHHOU 6a3bl. OT-
KJIOHEHUE B PACUETHBIX 3HaueHHsX coctaBiseT 4,3 %. [Ipu coBMECTHOM BIIMSHHH
IPOYHOCTH OETOHA Ha CXKaTHE M MpOJIeTa cpe3a MOJENb UyBCTBUTENIbHA K M3MEHE-
HUIO KQXI0T0 U3 (aKTOPOB.

2. Mopnens, pa3paboTanHasi aBTopamu [5], OlleHUBaeT BKJIAJ C)KAaTOM 30HBI OETOHA
oT 30,5 % 1o 34,2 % OT MOJIHOTO 3HAYEHUS CONMPOTUBIICHUS cpe3y. OTKIOHECHHE B
pacyeTHbIX 3HaueHUsIX coctaBisieT 3,7 %. IIpu olleHKE COBMECTHOIO BIIMSIHUS HE-
CKOJIbKUX (haKTOPOB, MOTYUYECHHBIN PE3yJbTAT 3aBUCUT OT KaXJO0T0 U3 HUX.

3. Mogens [6] umeeT Goubiioi pa3Opoc 3Hauenuit: ot 46,9 % no 83,7 %. Ilpu
ATOM IPOUEHTHI OTKJIIOHEHUSI COCTaBISAIOT: 36,8 %. Moaenp pacCUYMTHIBAET MOJHYIO
MOTIEPEYHYI0 CUIIY, BOCOIPUHHMAeMyl0 CkKaToi 30HoM Oerona. Ho m3-3a HemocTta-
TOYHOTO y4eTa BJIUSHUS Ha COMPOTUBIICHUE CPE3y APYTUX COCTABISIIOIUX (HAresb-
HbIH 2 deKT, 3alerieHde Mno OeperaM HAKJIOHHOW TPEIIWHBI), 3HAYEHHUS HUMEIOT
3HAYUTEJIBHOE PACXOXKJICHUE C AKCIEPUMEHTAIbHBIMU JaHHbIMU. [Ipu onieHKe Biu-
SHUSI MHOTO(DAKTOPHOCTH Ha MOJIENIb HE BIIUSIET U3MEHEHUE MpoJieTa cpe3a, YTo He
COOTBETCTBYET OOIIMM MPEACTABICHUSIM O paboTe M3rHOAEMBIX KeIe300€TOHHBIX
3JIEMEHTOB.
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4. PacueTHble 3Ha4YE€HUS, TOyYeHHbIE 110 MoAenu H. Park [7] naxoastcs B mpe-
nenax 87,8 % — 98,6 % oT 3KCIepUMEHTAIbHBIX 3HAaUeHUN. Mojienb TakKe paccuu-
TBIBACT TMOJHYIO MOMEPEUYHYIO CHITY, BOCHIPUHHUMAEMYIO C)KaToi 30HOM OeToHa. OT-
KJIOHCHHE PACUETHBIX 3HAYEHUW B IMIpejaesiax OJHOTO SKCIEPUMEHTAa COCTaBJISET
10,8 %. IIpu coBMeCTHOM BIIMSIHUM MPOYHOCTH OETOHA HA CXKaTHE W IpoJieTa cpe3a
MOJIEIb 3aBUCUT OT KaXKJI0T0 U3 (haKTOPOB.

Pe3ynbTaThl conocTaBiaeHUs] TEOPETUUECKUX U HATYPHBIX JAHHBIX 1O TPEM U3 YEThI-
pexX MPUMEHEHHBIX METOJMK pacueTa COMPOTUBICHHUS CPe3y KEIe300€TOHHBIX OalloK
MOKa3aJIu 3HAYCHMsI, OJIM3KHE K KCIIEPUMEHTAIBHBIM. ITO CBUIECTEILCTBYET O TOM, YTO
JTaHHBIC METOJIMKKU O0JIaar0T OIpPEIeICHHOW TOYHOCTHIO M XOPOIIIO OINMUCHIBAIOT TOBE-
neHre 6aJI0K MIPH CPe3e, YUUTHIBAS PEaTbHBIC YCIOBUS IKCIUTyaTaIUH.

Onnako, B ciydae Mojienu [6], oOHapyKeHbl CYIIECTBEHHBIC Pa3IuuUsl MEKIY
TEOPETUUYECKUMHU TPEJCKA3aHUIMU U DKCIEPUMEHTAIbHBIMH JTaHHBIMU. DTO 00Yy-
CJIOBJICHO T€M, YTO JIaHHAs METOAUKA HE YUUTHIBAET BCE BAXKHBIC BAPbUPYIOIIUECS
XapaKTePUCTUKHU, OKA3BIBAIOIINE BIUSHNAE HA COMPOTUBIICHHUE KEIE€300€TOHHBIX Oa-
JIOK Cpe3y.

Takum oOpa3om, aHATHM3 Pa3TUYNi B pe3yibTaTaxX MOTICPKUBACT BAXKHOCTD J1ajTh-
HEUIINX HCCIIeN0BaHNM, YTOOBI 00eceunTs 00Jiee TOYHBIC U HaJIeKHBIE MOJIEIN CO-
MIPOTUBJICHUS CPE3Y JKEJIe300CTOHHBIX OAJIOK.
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Pegepar

[IpoBeAEHO YMCIEHHO-PKCIEPUMEHTATILHOE UCCIEIOBAaHUE PAOOTHI OHOIIPOIETHBIX
KeJIe300€TOHHBIX OAJIOK C Pa3IMYHBIM TMPOICHTOM apPMHUPOBAHMS, TMOJABEPKEHHBIX
MECTHOMY JI€MCTBUIO pacTAruparomiux ycuiaui. I[lo pe3yinbrataM YHCIEHHOTO
MOJICIIUPOBAHUS W WCIBITAHHUS OMBITHBIX OOpa3lloB OBUIM TOJIYYCHBI JaHHBIE 00
0COOEHHOCTSIX 00pa30BaHMS W PA3BUTHs TPEIIVMH B 30HE OTPHIBA, a TAKKE BBHISBICHA
3aBUCHMOCTbD YTIJIa HAKJIOHA TPEIIMH OTPbIBA U pa3Mepa 30HbI OTPhIBA OT MOJOKEHUS
TOYKH MPUJIOKEHUS OTPHIBAIOIIETO YCUIIHS.

KiroueBble cjioBa: mojjepxuBaronas 0anka, mojaepxuBaemasi 0anka, OTpHIB,
KOHEYHO-3JIEMEHTHBIN aHAJIN3, SKCIIEPUMEHT, 30Ha OTPBIBA, TPEIINHBI OTPHIBA.

NUMERICAL AND EXPERIMENTAL STUDY OF THE STRESS-STRAIN
STATE OF A REINFORCED CONCRETE ELEMENT ZONE LOADED
WITH A RADIAL TEARING FORCE

N. N. Shalobyta, E. S. Matveenko, E. A. Derkach

Abstract

A numerical and experimental study of the operation of single-span reinforced
concrete beams with different percentages of reinforcement exposed to local tensile
forces has been carried out. Based on the results of numerical modeling and testing of
prototypes, data were obtained on the features of the formation and development of
cracks in the separation zone, and the dependence of the angle of inclination of the
separation cracks and the size of the separation zone on the position of the point of
application of the tearing force was revealed.

Keywords: supporting beam, supported beam, separation, finite element analysis,
experiment, separation zone, separation cracks.

BBenenne

[IpakTrka sKCILTyaTaIK >KeIe300€TOHHBIX KOHCTPYKIUH, 3JIEMEHThI KOTOPBIX TO/I-
BEP>KEHbl MECTHOMY JICHCTBHUIO PACTITMBAIOIIMX YCUIUM (OTPBIBY), MOKA3bIBAET, YTO
COJIEpIKAIIMEeCcs] B OTEUECTBEHHBIX [ 1] 1 3apyOeXHBIX HOPMATHBHO-TIPABOBBIX aKTaX IO
MIPOEKTUPOBAHUIO OCTOHHBIX M KEJIE300€TOHHBIX KOHCTPYKIHH [2—5] TpeboBaHMs 110
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o0ecrneueHnIo Hecyllel CocOOHOCTH M AKCIUTYaTallMOHHOM MPUTOJHOCTU paccMaTpu-
BAaE€MbIX KOHCTPYKIIMI HE BCETJa TapaHTHPYIOT HEOOXOIMMBIN YPOBEHb HAJCKHOCTH,
PE3yIBTATOM YETro SBJISIOTCS CEPhE3HbIE TTOBPEKICHHSI KOHCTPYKIIHA [6].

Pexomenpanuu 1o KOHCTPYUPOBAHUIO 30H, MOJABEPKEHHBIX MECTHOMY JIEUCTBUIO
PACTATUBAIOIINX YCWIMH, KaK TPABHUIIO, CBOJATCA K YCTAaHOBKE OTIOJHUTEIHLHOTO
KOHCTPYKTHUBHOTO TTOMEPEYHOTO0 ApMHUPOBAHUS WIIM YBEIWYEHHUIO JJIMHBI AaHKEPOBKH
BBIpbIBAEMbIX dJieMeHTOB [7]. CielyeT OTMETUTh, YTO BIMSHHUE TIOMNEPEYHOIO
apMHUPOBAaHUS TAaKMX KOHCTPYKIUH, YCTAaHOBJIEHHOTO, MCXOJld W3 OOIlero pacdera
MPOYHOCTH, IO HAKIOHHBIM CEUEHHWsSM, a TakKe BIUsSHHE paboThl OeToHa Ha
pacTsikeHue (OTpbIB) HE YUUTHIBACTCS.

Crnenyer OTMETUTb, YTO BBHITIOJIHEHUE TpeOoBaHUM [1—5] HEe HCKIIOYAeT BEPOST-
HOCTh 00pa30BaHUS TPEIIMH B 30HE OTPBIBA, YTO U OINPEAETSET aKTyallbHOCTh HCCIIe-
JOBaHUS OCOOEHHOCTEH pabOTHI JKeIe300€TOHHBIX 3JIEMEHTOB Ha OTPHIB.

JKCIepUMEHTAIbHOE HCC/Ie0BAHNE HANPSKEeHHO-1e()OPMUPOBAHHOIO CO-
CTOSIHMSI 30HbI OTPbIBA MIPH MECTHOM e CTBUHU PACTATUBAKIIMX YCUIHIH

B kauectBe sKcmepuMEHTANBHBIX O0pa3oB Ul MCCIEeIOBaHUs PabOThI kee300e-
TOHHBIX 3JIEMEHTOB MPU MECTHOM JCHCTBUU PACTATUBAIOIIMX YCHIHKA (OTPBIBE) MC-
MOJIb30BaHbI JKEJI€300€TOHHBIE OHOMPOJIETHBIC OaIKH (TOAeP KUBAOIIME (TJIABHBIE)) C
MIPUMBIKAHUEM TTOITICPKUBAEMBIX (BTOPOCTETICHHBIX ).

[MonnepxuBaromas kene300eToHHass Oanka 3aImpOeKTHPOBaHA W3 YCJIOBUS OOecIie-
YEeHUs CONPOTHUBIIEHUS M3rHOy M cpe3y B cooTBeTcTBUM C [1]. JlnmHa Oanku nmpuHsaTa
3000 MM, pazmepsl cedeHust — bxh =220 x 500 mm.

HcnbIThIBaNCh IBE CEPUU OMBITHBIX OOpA3IOB, OTIWYAIOMIUXCS Pa3MEpPOM
MPOJOIBLHOTO paboyero apMUpPOBAHUS U MTOJOKEHUEM TOUKU MPUIIOKEHUS, OTPHI-
BAIOILIETO YyCUIus d.

KenezobeToHHble OaNKu 3amMPOCKTUPOBAHBI UM HU3TOTOBJICHBI C TMPOIOIBHOU
paboueii apmaTypoit B pacTsHyTol 30He 20014 mMm kiacca S500 (Ganku cepuu
b-I) u 2016 mm kinacca S500 (Oanku cepuu b-I1I). B cxaroit 30He ycTaHOBIEHBI
208 MM kiacca S500. [omepeunoe apMupoBaHUe TPUOTOPHOM 30HBI OATOK MpEACTaB-
JIEHO XOMYTaMH U3 MPOBOJIOKU AuameTpamMu S5 MM kiiacca $500, yCTaHOBJIEHHBIMH C I11a-
roM 100 mm (pucyHok 1).

[Tonepeunoe apmupoBaHue B MecTe NepecedeHus: 0alok (B MeCTe Mepelaud OTPhI-
BAIOIIETO YCHIINS) HE TIPETYCMOTPEHO, C LIEJbI0 aHAJIN3a Pa3MEPOB 30HBI OTPHIBA B MO/I-
JeprKuBaroiie 6anke (OTphIBarOIIas HArpy3Ka BOCIPUHUMAETCS TOJILKO OETOHOM).

Nudopmaiiust 0 KOHCTPYKTUBHBIX OCOOEHHOCTSIX OIBITHBIX OOpa3IOB IMPECTaBICHA
Ha pucyHke 1 u B Tabmurie 1.

Tadauua 1 — OCHOBHbIE KOHCTPYKTUBHBIE XaPAKTEPUCTHUKH OTBITHBIX OAJIOK

Pa3mepsl, cm IIpoxoabHas apmarypa |[lonepeunas £ f d
0 ctmy cms S9
Cepus b h 1 | nmxuss (1) | Bepxuss (2) apr(l;)y pa | ps % MIlaMIla| Mmm
b-1 22 50 | 300 | 2014 S500 | 208 S500 | ©®5S5008 | 1,48 210
IPUOIIOPHBIX 3,05(324
b-1I 22 50 | 300 | 2016 S500 | 208 S500 30HaX 1,83 270
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Pucynox 1 — Koncmpykyusi onblmusix 0aiox

OnbITHBIE 00pa3libl ObUIM YCTAHOBJIEHBI HA JBE HE3aBUCUMBIE OIOPBI: IIAPHUPHO-
HETOJBIKHYIO, 00€CTIEUNBAIOIIYIO OJIHY CTENEHb CBOOObI (TIOBOPOT M OrpaHUUCHUE
MEPEMEILEHUSI TI0 BEPTUKAIM W TOPU3OHTAIM), M IIAPHUPHO-TIOABMKHYIO, KOTOpas
OrpaHNYMBaJIa TOJIKO BEPTUKAIbHBIE IEPEMEIICHNUS (PUCYHOK 2).

Pucynok 2 — Obwuii 810 ucnvlmamenbHoul

3arpyxeHne 0ajoK MPOU3BOIUIOCH OJTHOW COCPEIOTOYECHHOW CHUIION, TTPUIIOKEH-

HOI Ha pacctosHuu 1,4 M OT omnopsl (B cepeauHe nposiera). [Ipu momolu TpaBepchl

COCpEIOTOYCHHAsI HAarpy3Ka pacrpeiersuiach Ha KOHCOJBHBIC YUACTKHU MOJIEPIKUBA-
eMoi1 O0anku 1Mo 00e CTOPOHBI OT MO IIEPKUBAIOIICH.
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[lepBrie auaroHasibHble TpemMHBI B Oankax cepuu b-1, craproBaBmme oT yria
HIKHEW TPaHu MOJAJIECPKUBAEMOIO AJIEMEHTA 10 HANIPABJICHUIO K HUKHEW TPAHU JKe-
1€300€TOHHON Oanku, o0pa3oBaluCh NpU Harpyske Fe, = 15 kH. OnHOBpeMeHHO
npu Harpyske Fey, = 20-25 xH npoucxonnno o6pazoBaHne eIMHAYHBIX HOPMAaIbHBIX
TPEIMH B NOJACPKUBAIONINX OaiKkaxX B 30HE JEHCTBUS MaKCUMaJbHOTO M3rudaroie-
0O MOMEHTA Ha KPalHUX PACTAHYTHIX BOJOKHAX. /lanpHelliee yBeauueHue Harpy3Ku
MIPUBOJMIIO K PAa3BUTHUIO U PACKPBITUIO HAKJIIOHHBIX TpellnH. Ha cienyronmx stanax
3arpy>KeHusl MPOUCXOIUIO 00pa3oBaHHe HOPMAJIbHBIX TPEIIMH B PACTSAHYTOM 30HE
o6etona ¢ maroM 8 + 10 cMm, a Takke YBEJIIMUCHHE HMIUPUHBI PACKPBITUS YK€ UMEIO-
IIMXCSI HOPMAJIBHBIX U IMArOHAJIbHBIX TPEIIMH. YUUTHIBasA, YTO OAJIKU 3aIIPOECKTHPO-
BaHbl C yYETOM OOECIEeUeHHUs] CONMPOTHUBICHUS HU3THUOY, CYIIECTBEHHOE pPa3BUTHE U
PACKpBITHE HOPMAJIbHBIX TPELIUH IIPH YBEJIMYEHUU HATPY3KH HE MPOUCXOIUIIO.

Onnako npy 1OCTHKEHUH HArpys3ku Fe, 3Hagenns 35 kH ot Bepxnero yria noa-
JEP>)KUBAEMOT0 AJIEMEHTa HAOJIOAANICA CTAPT HAKJIOHHBIX TPEUIMH B HAIpaBICHUU
BEpXHEU rpaHu Keae300€TOHHON OaKHy.

ITpu Harpyske Feg, = 52.5 xH (6anka b-I-1) u F., = 60 kH (6anka b-1-2) mpo-
HCXOWIO pa3pylIeHHE OMBITHBIX 00pa3l0B M0 HAKJIOHHBIM TPEIIMHAM B pPe3yJbTaTe
BBIJICJICHHS] YCEUYEHHON NMUpaMuabl OTPbIBA MOJ HUKHEN T'PAaHBIO MOIIEPKUBAEMOTO
aneMeHTa (pucyHok 3). [Ipu 3ToM, npu TOCTHKEHUU HAKIOHHBIMU TPEIIMHAMU MPO-
J0JIbHOM padoyeil apMaTypbl UX pa3BUTHE MPOAOIKAIOCH BJIOJIb apMaTYpPHhI.

a)

6) . 7 115 L

511
1418

a) — 0aaka b-1-1; 6) — 6aaka b-1-2
Pucynok 3 — Tpewunoobpazosanue u paspyuwenue o6anox cepuu b-1

ITo pe3ynpTaTaM 3KCIEPUMEHTA YroJl HAKJIOHA JTUAarOHAJbHBIX TPELIMH OTPbIBA K
BepTukanu s 60anku b-1-1 cocraBun 48 © + 52 °, pa3Mepsl mupaMuibl OTPHIBA CO-
craBmw: 190 MM BbicoTa u 577 MM jyuHa (pucyHok 3, a). Jnsa 6anku b-1-2 yron
HAKJIOHA AMAroHaJbHBIX TPEIIUH OTpbiBa cocTaBui — 41 ° + 43 °) pa3Mepsl 30HBI OT-
peiBa coctaBmwin: 190 MM BeicoTa u 511 MM guHa (pucyHok 3, 6). JlnmnHa 30HBI OT-
pbIBa C YYETOM TOPU3OHTAJIBHBIX YYAaCTKOB JUArOHAJIBHBIX TPEUIMH COCTaBWJIA ISt
6anku b-1-1 1510 mm, st 6anku b-1-2 — 1577 mum (pucyHok 3).

Taxoke, kak u 111 6anok cepun b-1, npu 3arpykenun 6anok cepun b-11 mepBeimu
00pa3oBaMCh HOPMAJIBHBIC TPEIIMHBI, KOTOPHIE TMOSBUIUCH B TMOJICPKUBAIOITIX
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Oajikax B 30HE JEHCTBUS MaKCHUMAJIbHOTO M3rHOalOIIero MOMEHTa Ha KpaHUX pac-
TAHYTBIX BOJIOKHAX Ipu Harpyske Fe, = 20-25 xH. Y Tonbko npu Harpyske B Fey, =
25 xH B Oanke b-1I-1 mosiBuiack meppasi aAuaroHajibHas TPEIIMHA, CTApTYIOIIAs C
HIDKHETO yIJIa MOJAePKUBAEMOTO 3JIEMEHTa B HANPABJICHUH PACTAHYTON 30HBI OETO-
Ha (C OJTHOW CTOPOHBI).

Hus 6anku b-1I-1 mpu narpyske Fe, = 55 kH auaronansHas TpemuHa gocTUrIIa
paboueil MpoAOoJbHOM apMaTyphbl OajdKkd, W JaJIbHEHIIEE pa3BUTHE STOH TPEIIUHBI
IIPOMCXOAMIIO BAOJb LEHTPA TSHKECTH apMaTyphl M0 HAIIPABIIEHUIO K OIOPE.

A npu Harpyske Fe, = 75 kH B 6anxu B-II-1 momydnna pasBuTHe HakJIOHHas
TpElIMHa, Pa3BUBAIOLIASACA MO JUATOHAIM OT BEPXHEro yriia MoAJIep>KUBAaeMOTo dJie-
MEHTa K BEpXHEU IrpaHu Kejae300€TOHHOM OaJIKu (PUCYHOK 4, a).

B 6anke b-11-2 npu Harpyske Fey, = 55 kH mo 06e cTopoHsI 0T nojiepKUBaroIIe-
ro 3JIEMEHTa CHMMETPUYHO CTapTOBAJIM JIBE€ HOPMaJbHbIE TPEUIUHBI (PUCYHOK 4, 0).
JlanbHeiiliee Harpy>xeHue OalKu XapaKTepUu30BaJOCh MOOYEPEAHBIM 00pa30BaHUEM
HOPMAJIBHBIX TPEIIUH C KaXJIOH M3 CTOPOH OT MOJICPKUBAIOIIETO AJIEMEHTa, CTap-
TYIOUIUX OT HWXKHEW T'paHu MOJAEP>KUBAIOIIETO 3JIEMEHTA M JOCTUTAIOIIUX HA HTamne
oOpaszoBanus AnuHbl B 130-300 MmM. Bce HopManbHbIE TPEIIMHBI IPU MOCIETYIOIIEM
Harpy>kK€HUM MOCTENEHHO Pa3BUBAIKCH 10 BEPTUKAIN IO MEPE YMEHBIICHUS CKATOM
30HBI Kelle300eToHHOU Oanku. Paspymenue Oanku b-1I-2 umeno Tot ke BUA, 4TO U
6anku b-II-1 — B3auMHBIM CABUTOM YacTel Oallku B 30HE JEUCTBUS PACTITUBAIOIIETO
ycunus (pUcyHoK 4, 0).

688

a) 198

706 ‘

a) — 6aaka b-1II-1; 0) — 6anka b-11-2
Pucynok 4 — Tpewunoobpazosanue u paspyuwenue o6anox cepuu b-I1

Paspymienne ombiTHbix Oamok b-1I-1 u b-II-2 mpoucxomuno mpu Harpyske
Fexp = 97,7 xH 1 Fy, = 105 kH cooTBETCTBEHHO.

VYroy HaKJIOHA K BEPTUKAIM JUArOHAIBHBIX TPEIIrH OTphiBa 11 Oanku b-11-1 mo
pe3yJibTaTaM SKCIEPUMEHTA COCTaBUII 38 ° ISl HUKHEW TpemuHbl U 52° miid BepX-
HEW, IJIMHA TPOEKIMHA HAKJIIOHHBIX TPEIINH, IO KOTOPHIM MIPOUCXOIUIIO Pa3pyIIEHUE,
coctaBuiia 1544 MM (pucyHoK 4, a).

Jns 6anku b-I1-2 yron HakiIOHa HWKHEHW TPEIIMHBI OTPhIBA COCTaBUI 37 ©, BepX-
Hel — 53 °, AMHa MPOEeKIMU HAKIOHHBIX TpeuuH paBHa 1883 mm (pucyHok 4, 6).
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YuciieHHOe Hcc/IeJ0BaHUE HANPSKeHHO-1e()OPMUPOBAHHOIO COCTOSIHUSI 30-
HbI OTPbIBA NP MECTHOM /ICCTBUH PACTATHBAIOIIUX YCHIIHIA

Jia monmyueHust Oosiee MOAPOOHBIX JaHHBIX 00 OCOOCHHOCTSIX HAIPSDKEHHO-
ne(opMUPOBAHHOTO COCTOSIHUS B 30HE OTPHIBA JKEJI€300€TOHHBIX AJIEMEHTOB, K KOTOPBIM
MIPUIOKEHO JIOKAJIbHOE PACTATHUBAIOLIEE YCHIIUE, a TAKKE YTOUHEHHS 3aBUCUMOCTH yIJia
HAKJIOHA TPEUIMH OTPbIBA M pa3Mepa 30HbI OTPHIBA OT IMOJIOKEHUSI TOUKU MPUIIOKEHUS,
OTPBIBAIOLLIETO YCUJIMS, MPOBEIACH YMCIICHHBIM 3KCIIEPUMEHT B CpElE IMPOrpaMMHOIO
koMmIutekca «Abaqus/CAEy, peanu3yIomero MeTo1 KOHEYHbIX 3J1eMEeHTOB [8].

KoHeuHo-371eMeHTHBIN aHanu3 MpOBOAMIICS JJISl ONMBITHBIX >KEeJIe300€TOHHBIX Oa-
nok cepuu b-I u b-II, 0coOOeHHOCTH KOHCTPYUPOBAHHUS M CXeMa 3arpy>KeHUsl Mpej-
CTaBJICHBI HA PUCYHKAX | U 2 COOTBETCTBEHHO.

[To pe3ynbraram YUCIEHHOTO SKCIEPUMEHTA JIJISl KaXKJ10M U3 0ajoK ObUIM MOJTy-
YEHbI KapTUHBI PaclpeIeNICHNs] TPEIIMH OTPbIBA IO BBICOTE CEUEHUS MOICPKUBAIO-
IIEro JIEMEHTA, a TAKXKE pa3Mepbl 30HbI OTPbIBA (PUCYHOK 5).

a)

6)

EREEERIEEE

1258
a) — 0aaka b-I; 0) — 0anka B-11
Pucynok 5 — Pacnpeoenenue mpewutr 6 30ne 0mpuléa MOOeaupyembvlx 6aiKax

PaboTta Ganok mpu NMpHUIIOKEHUH OTPHIBAIOIICH HATPY3KU XapaKTEPU3YETCS TOSIB-
JIEHUEM IEePBbIX TPELIUH MpU Harpy3ke, paBHoi 15 kH u 25 kH s 6anok b-1 u b-11
COOTBETCTBEHHO. 30HOM JIOKAIN3alluy NEPBBIX AUATOHAIBHBIX TPEUIUH SBISIETCS 00-
JACTh COMPSHKEHUs MOJJICPAKUBAIOIIEH W ToAjaep:kuBaeMor Oanok. IlepBeie HOp-
MaJbHBbIC TPEITUHBI CTAPTYIOT B PACTSHYTOW 30HE OETOHA TMOACPKUBAIOIICH OaKu
HETMOCPEACTBEHHO MOJI 30HOW MPUIIOKEHUS OTPBIBAIOLIETO ycuius. PazButue sTmx
TPEUIUH 110 BEPTUKAIM MPEKPAILAETCS MOCIE UX JTOCTUKEHHS HUKHEN MPOAOJIbHOU
apMaThl TJaBHOW OalIky, 4YTO SBIAETCS CIEACTBUEM IEpPEeAaud pPacTATUBAIOLINX
HaMNpsHDKEHU oT 6eToHa apMmaType.

[Tpu yBenmuuyennu Harpy3ku a0 45 kH u 120 xH mst 6amox b-I u b-I1 cootBeTcTBEH-
HO BO3HHMKAIOT HOPMAJIbHBIC TPEIIWHBI OJIMKE K OMOpaM, KOTOPhIC BIOCIEICTBHH OT-
KJIOHSIFOTCSI B HAITPABJICHUH LIEHTPA TSHXKECTH BTOPOCTENICHHOMN OaJIKH.

VYBenuueHue MpuKIIaIbIBAEMOr0 OTPHIBAIOIIETO YCUIIUS TaK YK€ MPUBOJUT K pa3-
BUTHIO JTMAarOHABHBIX TPEIIMH, 00pa30BaBIIMXCS B YIJIaX BEPXHEHW T'paHH MOAICP-
’KUBAEMOI'0 3JIEMEHTA, B HANPABJICHUH CXKaToi 30HBI OeToHa. [ns O6anku b-1 xapak-
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TEPHO MOCTENEHHOE CUMMETPUYHOE PA3BUTHE JMATOHAJIBHBIX TPEIIMH B HAIpPaBIIC-
HUUW CKAaTOM 30HBI 0€TOHA C POCTOM MPHKIAABIBAEMOT0 OTPBIBAIOIEro ycumus. /(ua-
TOHAJIbHBIE TPEIIMHBI, PACIIPOCTPAHSIONIMECS B HAIIPABJICHUH CKATOM 30HBI OE€TOHA,
pY YBEIMYEHUU OTphIBatoliero ycunus ansa 6anku b-11 pazsBuBaroTcs ToNbko ¢ 0f-
HOUW CTOPOHBI, TOCTENIEHHO MPUHUMAS! TOPU30HTAIBHOE HANPABJICHHUE.

Pa3zpymenne onpITHBIX 00Pa3IioB MPOUCXOAWIO TIPH CICAYIONINX 3HAYCHHSIX OT-
PBIBAIOIIETO YCUIIHSL:

— 52 xH s 6anku b-1;

— 134 xH nis 6anku b-11.

Kak BuIHO MO pe3ynbTaTam YHUCIEHHOTO 3KCIEPUMEHTA, Hecyllas CIoCOOHOCTh
COMPSDKEHUS TOJIEPKUBAIOIIETO U MOAIEPKUBAEMOTO 3JIEMEHTOB MPU JIEHCTBUU pac-
TATUBAIOLIETO (OTPHIBAIOIIETO) YCUITUS 3aBUCHUT KaK OT JUaMeTpa pabodero mpo10JibHO-
r0 apMHUPOBAHHUS, TAK U OT MOJOKECHHUSI TOYKH MPUIOKEHUS, OTPHIBAOIIETO YCUIIMS.
Kenezoberonnast momnepxkuBatomias Oanka b-II paspymmnace npu oTpbIBaromien
Harpy3ke, Oojiee yeM B JiBa pa3a IMPEBBIIIAIONICH 3HAYCHHUE HATrpPy3KH, MPU KOTOPOM
MIPOU3OIILIO pa3pyIICHUE KeJIe300€TOHHOM Mo iepkuBatoriei 6anku b-1.

BriBoabI

1. ITo pe3ynbraTtam YMCIEHHO-3KCIIEPUMEHTAIBHOTO MCCIEIOBAHMS CONPOTUBIIE-
HUA B y3j€ (hparMeHTa nepecevyeHus 0anok — nojaiep:kuBaronieil (riaBHOM) U MOJ-
Jep>KMBaeMOU (BTOPOCTEIIEHHOM) — BBISIBJICHO, YTO Ha HECYIYI0 CHOCOOHOCTH CO-
€AMHEHUS CYIIECTBEHHOE BIUSHUE OKA3bIBAET pa3Mep pabodero mpo0JIbHOTO apMHU-
pPOBaHUS MOJJECPKUBAIOLIECTO AJIEMEHTA, A TaKXKE€ IIOJIOKEHHUE MOIAAEPKUBAEMOIO
anemeHTa. [Ipu yBeNIMYEHUM TUJIOMIAIA MPOJOJIBHOTO paboyero apMupoBaHUs TO/I-
JIEp>KUBAIOIIEH >KeIe300€TOHHON OalKi U CMEIICHUH TOYKH MPUJIOKEHHS OTPhIBAO-
IIEro YCWINS M0 BBICOTE CEYEHHUs B HAIIPaBJICHUH BEpXHEW rpanu Ha 22 %, Hecyas
CITIOCOOHOCTH COMPSIKEHUS TIOJIEPIKUBAIOIIETO U MO KMBAEMOT0 AJIEMEHTOB YBe-
JU4YuBaeTcs 0oJiee yeM B JiBa pasa.

2. XapakTep pa3pylieHHus] pacCMaTpUBAEMOr0 COCIMHEHHS B OOJBINEH CTEeeHH
3aBUCHUT OT IIOJIOKEHHS TOUKHU MPUIIOKEHHS OTPHIBAIOIIETO YCUJIHS MO BBICOTE CeYe-
HUsl nojaepxuBaronieit 6anku. Tak, mis cepur 0anok, MOAACPKUBAEMBINA AJIEMEHT
KOTOPBIX pacroJiaraercs OrMKe K HIKHEW IpaHu, pa3pylieHue MPOUCXOIUIIO BCIIE -
CTBUE BBIJCJIECHUS YCEUCHHON MUPaMHUJIbl OTPHIBA OJI HUKHEN IPaHbIO MOAIEPKUBA-
eMoro 3JieMeHTa. Paspyiienue 0ajok, MOJ0KEHUE TOUYKH MPUIIOKEHHS OTpbIBatOIIe-
ro YCWIHS JUIsi KOTOPBIX CMENIEHO B HANpPaBJICHUHW BEPXHEN I'PaHU OTHOCUTEIBHO
MepBOM cepuu 0aNOK, XapaKTePU30BAIOCh B3aUMHBIM CIBUTOM YacTei OalKu B 30HE
JNEUCTBUS PACTATUBAIOIIETO YCHUIIHSL.

3. Tak kak npyU HU3MEHEHUHM IOJIOKEHHUSI TOUKM IPHUIOKEHHS, OTPBIBAKOLIETO
YCUJIME  XapakTep pa3pyLICHUs pacCMaTPUBAEMBIX COECAUHEHUWA  MEHSETCH,
CJIENOBATENBHO, METOJIWKM pacyeTra TAKWX COCAWHEHUW IOJDKHBI YUYHUTBIBATH STH
pasnuyus, B TOM YKCIe MpU MoAOOPE U pacCTaHOBKE JIOMOJHUTEIBLHOTO TOTEPEYHOro
apMUPOBAHUS B 30HE OTPHIBA.
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OCOBEHHOCTHU PACUYETA BOJITOBbIX COEJUHEHUHA HA CPE3
ITO EN 1993-1-8, CII 5.04.01 1 ANSI/AISC 360-05

A. B. Hlypun’, JT. A. Koanoé’, A. H. Jlpo6viur’

"K. m. n., odoyenm, 3a8. kagedpotl cmpoumenvuwvix koncmpyxkyuti bpl'TY, bpecm, benapyco
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K. m. 1., ooyenm xaghedpor cmpoumenvrvix koncmpyxyuti bpl TY, bBpecm, benapyco
3 .
Maeucmpanm, nabopanm kaghedpvl cmpoumenvhuix koncmpykyuii bpl ' TY, bpecm, Benapycs

Pegepar

Pacyer GONTOBBIX COEIMHEHUM SIBIISIETCS] BAKHOM COCTABIISIOLIEH [TPOEKTUPOBAHMS B
ctpoutenbetBe. EN 1993-1-8 [1], CIT 5.04.01 [2] u ANSI/AISC 360-05 [3] — »TO
HOPMAaTHBHBIE JOKYMEHTBI, KOTOPBIE PEIVIAMEHTHPYIOT PAcUYe€T U KOHCTPYUPOBAHHE
OOJTOBBIX COEAMHEHMA B COOTBETCTBUU C EBPONCHCKUMHU, OCIOPYCCKUMHU U
aMEpPUKaHCKUMU HOPMAaMH.

Hcnonp30BaHue TaKUX CTaHAAPTOB O0ECIEUMBAET HAJEKHOCTb U OE30MACHOCTD
IIPOEKTUPOBAHMSI OOJTOBBIX COEIMHEHUM, UX KOHCTPYKLMH, a TaKK€ COOTBETCTBHE
COBPEMEHHBIM TEXHUYECKHM TpPEOOBAHUSAM, YTO, B CBOIO O4YEpEAb, CIIOCOOCTBYET
YIYYIIEHUIO  KauecTBa W HaJAeKHOCTH  mpoekroB. OHM  oOecreunBaroT
YHUBEPCAIBHOCTh U NPUMEHUMOCTh METOJOB M IMPABUJ K PA3NHMYHBIM YCIOBUSM U
00J1acTSIM MPOMBIIIJICHHOCTH M CTPOUTENBLCTBA [4].

KitoueBble ¢ji0Ba: METAIUIMYECKHE KOHCTPYKLUHU, OOJITOBOE COeTMHEHUE, OOT,
cpe3, CMSITUE, OJATIUBOCTb.
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FEATURES OF CALCULATION BOLTED CONNECTIONS FOR SHEAR
BY EN 1993-1-8, SP 5.04.01 AND U ANSI/AISC 360-05

A. B. Shuryn, D. A. Jdanov, A. 1. Drobysh

Abstract

The calculation of bolted joints is an important component of design in
construction. EN 1993-1-8 [1], SP 5.04.01 [2] and u ANSI/AISC 360-05 [3] are
normative documents that regulate the design and calculation of bolted joints in
accordance with European, Belarusian and American National Standards Institute
(ANSI) standards.

The use of such standards ensures the reliability and safety of the design of bolted
joints, their structures, as well as compliance with modern technical requirements,
which, in turn, contributes to improving the quality and reliability of projects. They
ensure the universality and applicability of methods and rules to various conditions
and areas of industry and construction [4].

Keywords: metal structures, bolted connection, bolt, cut, crumple, pliability.

BBenenue

[TonsiTue «MeTamunueckue KOHCTPYKLMUY BKIIFOYAET B CE0sI UX KOHCTPYKTUBHYIO
(GopMy, TEXHOJIOTHIO U3TOTOBJICHUS U CIIOCOOBI MOHTaXa. Y pOBEHb Pa3BUTHUS METaJ-
JMYECKUX KOHCTPYKLHH ONpenensercs, ¢ OAHONW CTOPOHBI, NOTPEOHOCTSIMU B HUX
SKOHOMHUKH, @ C JPYrol — BO3ZMOXKHOCTSIMM TEXHMUYECKON 0asbl: pa3BUTHEM METall-
JypPruu, METaIJI000pabO0TKH, CTPOUTEIBHON HAYKH U TEXHUKH.

Merammueckre KOHCTPYKLUU NIPUMEHSIOTCS CETOJIHS BO BCEX BUIAX 3[aHUN U
COOPYKEHHMM, OCOOEHHO, €C/IM HEOOXOAMMBI 3HAYUTENbHBIE MPOJETHI, BBICOTA U
Harpy3ku. [IoTpeOHOCTh B METATUIMUECKUX KOHCTPYKITUSX YPE3BhIYAITHO BEJIHKA.

OpgHuM U3 JTOCTOMHCTB METAJUIMYECKUX KOHCTPYKLUHH SBIISIETCS BO3MOXHOCTb
yCTPOMCTBA HAJIE)KHBIX COETMHEHUI: OOJITOBBIX, 3aKJICIIOYHBIX WJIM CBAPHBIX.

BonToBoe coenuHeHne — 3T0 yI0OHbIM, OBICTPBIA U HAACKHBIA CIOCOO CKPEIUICHUS
COIIPAraeMBbIX IMOBEPXHOCTEN. Ero skcruryaTanys MOXeT IPOU3BOAUTECS JECATUICTHAMHU.
Hcnonb3ys 9TOT BUJ Kpernexka, MOXKHO PEUINTh JI00YI0 TEXHOJOIMYECKYHO, MTPOU3BOI-
CTBEHHYIO, XO3SIICTBEHHYIO U IaXKe AU3ANHEPCKYIO 3a1auy.

JloctonHCTBaMH OOJITOBBIX COCAMHEHUN SIBIISICTCSI:

PazbemHoOCTB. B oTiIMuMe oT cBapku, OOATOBOE COEIUHEHHE MMEET pa3beMHBbII
Xapakrep. OTO yIOOHO AJii KOHCTPYKLHMH, KOTOpbIE NEPUOAMYECKH IOJABEPraroTCs
pa3z0opke, Hampumep, UII OCMOTpa W BHEIPEHHS HOBBIX Y37I0B. bmaromaps takoi
y100HOUM 0COOEHHOCTH, OOJATOBOE COEIUHEHUE NPHUOOPETIO OIPOMHYIO MOMYJISIPHOCTD,
YTO CHPOBOLMPOBAJIO ONTOBYIO MPOAAKY KPETEkKa pa3InuHON CI0KHOCTH.

IIpakTuyHocTh. CyIIECTBYIOT TaKHME€ METU3bl, KOTOPbIE B XOJ€ H3TOTOBJICHHUS
IpUOOPETAIOT CTOJIb BBICOKHE IMPOYHOCTHBIE M HKCIUTyaTallMOHHbIE XapaKTEPUCTUKH,
YTO MOTYT CHIOKOMHO 3aMEHUTh CBAapKy M IO CPOKY MCIOJIb30BaHUS, U 1O HAJAEKHO-
ctu. Ha Takue OOJTHI IeHa HE CTOJIb BEJIMKA, 32 CYET YETr0 UX MCIOJb30BAHUE MOJIHO-
CTBIO OKYIIaeTcs. A BO3MOXHOCTh IEPUOJUYECKOIO JIEMOHTa)Xa MO3BOJSET CHAENATh
COEIMHEHNE 0COOEHHO MPaKTUYHBIM.
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IIpocToTa MOHTAaKA, CIIOCOOCTBYIOIIAS ITUPOKOMY PACIIPOCTPAHEHUIO TIPH MOH-
TaXX€ METAUIMYECKUX KOHCTPYKITUH.

HenocraTku 00/1TOBBIX CO€TMHEHHUM:

— MOBBIIIEHHAS METAJUIOEMKOCTh M3-3a HAJIMUMS CTHIKOBBIX HAKIIA/IOK;

— OCIIa0JICHHE TTOMIEPEYHOTO CEUEHUS AIIEMEHTOB OTBEPCTUSMH JIJIs1 OOITOB.

Eme oauH HegocTatok OONTOBBIX COEIUHEHUN KiaccoB To4HOCTH B u C — 3T10
noAaTauBOCTh. [Ipy MpUNIOKEHUH K TaKUM COEIMHEHUSIM BHEIIHUX YCUJIMH HMEIOT
MECTO 3HAYUTEIbHBIC TIEPEMEIICHHS, 00yCIOBICHHBIC PA3HOCTHIO B THaMeTpax 00aTa
U OTBEPCTHS, a TAKXKE HEOJJHOBPEMEHHOCTBIO BCTYIUIEHUS B pabOTy BceX OOJITOB CO-
enuHeHus [4].

Pacuer GonroBbix coenuuenuii Ha cpe3 mo EN 1993-1-8 [1] BemonHsAETCS KaK 10
motaau OpyTTo (1), Tak U 1o TIomaau HeTTo (2):

_ayfupA

Fv,Rd_ 7}M2 . > (1)
_ @y JubAAs

Fv,Rd_ vy;z ’ (2)

rae A — miomanb ceueHus 6onra OpyTTo; Ag — TUIOIAAhL CeUeHUs 00JITa HETTO; [, —
npenesa NPOYHOCTH OO0NTa; Yy, — YacTHBIM KO3(G(UIMEHT; &, — MOHKAIOUINI KO-
adduiueHT (ecnu pe3bda MPOXOIUT Yepe3 MIIOCKOCTh cpesa 1o a,, = 0,5, unaue 0,5
wiu 0,6, B 3aBUCHMOCTH OT KJIacca MPOYHOCTH 00JTA).

B 10 xe Bpems pacuet 6ontoBbIx coeauHeHuid Ha cpe3 o CIT 5.04.01-2021 unm
CII 16.13330 BBIMOTHSAETCS TOJBKO IO TUIOMAAN OpyTTO (3)

Nps = fos " Ap " Vb " Ve (3)
rne fps — pacyeTHOE 3HaUE€HUE MPOYHOCTH OJHOOOJITOBBIX COCIMHEHUN Ha cpe3; A —
IJIOIIA/Ib CEYEHUsI CTePIKHS 00JITa; Yp — KO PUIIMEeHT yCIoBUI pabOThl 0OJITOBOTO
COeMHEHUS; ¥, — KOdDPUIIUEHT YCIOBUM pabOTHI.

Pacuer 6OATOBBIX COEAMHEHUN MO aMEPUKAHCKUM HOPMaM MOKET OBbITh BBIMOJI-
HeH o Hopmam ANSI/AISC 360-05 [3] B KOTOPBIX M3JI0KEHBI IBA METO/A pacyera:
METOJ JOIyCKaeMbIX HamnpsikeHud (ASD) — TpaauUuMOHHBIA METOJ pacyeTa MeTal-
muyeckux KoHcTpykuuid B CIJA u Meron 4acTHBIX KO3(PUIIMEHTOB 0€30MacHOCTH
(LRFD). lns ueneid maHHOM CTaThbM MBI BOCHOJIb3yeMCs MOJIOXKEHUsIMU [3] uis
OIIPEJIEJIEHUS] PACYETHOIO COIIPOTUBIICHUS CPE3Y OAHOTO OouITa R, (MK ero pe3noo-

BOM 4acTH) Ha OCHOBE METOJIa YaCTHBIX KOI(PPUIIUEHTOB OE30MTaCHOCTH
$R,=0.75" Fy, - Ap, (4)

rae F,, — HanpsbkeHue cpesa, onpenensemoe mo tadmauie J3.2 [3]; A, — HOMUHAIb-
Hasl TJIOLIAb TOTIEPEYHOr0 CEUeHHUS TI1aKON yacTu 0oTa.

Hanpspxkenue cpesa 6osira (3a uckimoueHue 6oatoB A307, A325 u A490, npous-
BEJICHHBIX 110 aMEPUKAHCKUM CTaHJIapTaM) OMPEAEIISIETCS 110 BBIPAKEHUSM:

— IUTOCKOCTh Cpe3a MPOXOAUT Yepes TaJIKyto yacTb 6onta F,,, = 0.5 F;

— IJIOCKOCTh Ccpe3a MPOXOJAUT uepe3 pe3b0oByro yacth 0onta K, = 0.4 F,
rae F, — MUHUMaJIbHBIN Tpeie] NPOYHOCTH MaTepuaia 00JiTa Ha pacTsHKEHHE.

CpaBHeHue Hecylie crnocoOHocTH — OOJNTOB Ha cpe3 c OodramMu  Kiacca
npouyHoctd 5.8 m 8.8, pacuuranHas no EN 1993-1-8 [1], CIT 5.04.01-2021 [2] u
ANSI/AISC 360-05 [3] mpuBeaena Ha pucyHkax 1 u 2.
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—_ 1 1 1 1 1 1 1 1 1 1 1 )

g8 10 12 14 16 18 20 22 24 27 30 36 42 48

a) EN 1993-1-8 no riiaakoii yactu 60Jra (1o niomaau Opyrro)
0) EN 1993-1-8 o pe3b00Boii yacTu 60J1Ta (10 NJIOUIAIH HETTO)
B) CII 5.04.01 mo riaaakoi yacTu 60,Ta
r) ANSI no rnaakoii yactu; 1) ANSI no pe3b60Boii yacTu
Pucynok 1 — Hecywasn cnocobnocms 6oama kiacca npouHocmu 5.8 u3 ycinosus cpesa

N, kH Kuaace nmpouynocrm 8.8

&8 10 12 14 16 18 20 22 24 27 30 36 42 48

a) EN 1993-1-8 no rinaakoii yactu 6oJra (1Mo njiomaim 6pyrro)
0) EN 1993-1-8 no pe3b60Boii yacTu 00,112 (10 IJIOIIAAH HETTO)
B) CII 5.04.01 mo riaakou yactu 6oJra
r) ANSI no raaakoii yactu; 1) ANSI no pe3b00Boii yacTu

Pucynok 2 — Hecywasa cnocobnocms 6onma xknacca npounocmu 8.8 uz ycnosus cpesa

Anamm3 Gopmyi 1, 2 1 4 MO3BOJIIET YCTAHOBUTD, UTO PacyeT OOJITOBBIX COETUHE-
HUI Ha Cpe3 MO €BPOMNEHCKUM M aMEPUKAHCKUM HOMAaM MOKET BBITIOJTHSATHCS KaK IO
TJIaIKOW 9acTu 00iTa, Tak M mo pe3b0oBoit. Pacuer Ha cpes mo CII 5.04.01 (wnm
CIT1 16.13330) MOXeT BBIMOJHITLCA TOJIBKO IO TJagkoW yactu Oonrta. OpHako, B
cootBercBun ¢ Tabmumeir 2 ['OCT 7798 [6] ycTaHOBIEHO, YTO OOJTHI ITUHOU
710 40 MM BBIMYCKAIOTCSI TOJBKO C Hape3KOW pe3bObl MO BCEH AMUHE CTEPXKHS.
IToatomy pacuet Takux coeaunenuii mo CIT 5.04.01-2021 HeBo3MOkeEH.
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W3 pucynka 1 u 2 cnenyer, uro pacuet no EN 1993-1-8 (¢popmynst 1 u 2) naer
OoJblliee 3HAYEHHE Hecylled crocoOHocTH OonTa U3 ycioBusa cpe3a Ha 10 % s
00nTOB KJ1acca mpoyHocTH 4.6 u g 60aToB 8.8 — 12 %, M0 CpaBHEHHUIO C pacYETOM
o CII 5.04.01 (¢popmyna 3). Pacuer Ha cpe3 mo ANSI/AISC 360-05 [3] naeT MeHb-
mee Ha 10% 3HaueHue HecyIie crmocooHocTr Ha cpe3 1o cpaBHenwto ¢ CIT 5.04.01.

BbiBoabI o padorte

1. BBINIOJIHEHO CpaBHEHHE IO pacdery OOJTOBBIX COEAMHEHHH Ha cpe3
€BPOIEHCKUM, aMEPUKAHCKUM M OEJIOPYCCKMM HOpMaM MPOEKTUpPOBaHUsA. Pazmmuaus
MEXAY CTaHJIapTaMU 3aKJII0Yal0TCs MPEkK/IE BCEro B MOJX0/1aX K pacuery u TpedoBa-
HUSIX K MOHTaxy [4, 7].

2. Pacuer GonToBeIX coeauHeHui Ha cpe3 1o eBporeickum (EN 1993-1-8 [1])
amepukanckuM HopMaM (ANSI/AISC 360-05 [3]) BeIOJIHSETCS KaK IO TIagKOM, TaK
U 10 pe3b00Boit yactu 60aTa. B TO e BpeMs pacueT OOJTOBBIX COSUHEHUN Ha Cpe3
o CII5.04.01-2021 [2] MoOeT BBINOJHATLCS TOJBKO IO TJIaJKON 4yactu Oonra. B
cootrBercBu ¢ 'OCT 7798 [6] Gourbl guHOM 10 40 MM BBIMYCKAIOTCS TOJBKO C
Hape3Kou pe3bObl Mo Bcel muHe cTepkHA. [loaToMy pacder Takux coeAMHEHHUH 1o
CIT15.04.01-2021 HEBO3MOXKEH.

3. T. K. pacueTHOE 3HAUCHHE HECYIIEH CIOCOOHOCTHU HA CpPe3, PACCUMTAHHOE MO
riaakoi yactu 6osrta B coorBeTcTBUU ¢ CII 5.04.01 MmeHee HecyIel crmocoOHOCTH Ha
cpe3, paccuntanHoit mo EN 1993-1-8, mpennaraercss BHECTH U3MEHEHUS B (DOPMYITY
197 CIT 5.04.01 [3] c mocnenyromiei KoppeKTUPOBKOH KodhpurmeHTa yy,:

— TIpH pacyeTe mo riagkon yactu 6onra Nyg = fps - Ap " Vb * Ves

— IIpU pacyere 1o pe3p0oBoi yacth 60ita Ny = fos* Apn " Vb * Ve-
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COEJIUHEHMUS DJJEMEHTOB JEPEBSHHBIX KOHCTPYKIIUIA
C UCITIOJIb3OBAHUEM BUHTOB, BOCIIPUHUMAIOLIUX
OCEBBIE YCUJIUA

E. B. Mapkeuko

M. m. n., cmapwuii npenodagamenv kageopvi cmpoumenvholx Koncmpykyuii bpl'TY,
bpecm, benapycw, bk-2112@mail.ru

Pedepar

B crarbe npencraBieHsl pe3yabTaTbl HCCIIEA0BAHUS paOOThl COSTMHEHNH 3JIEMEHTOB
JICPEBIHHBIX KOHCTPYKLUN C HCIOJIB30BAHWMEM BHMHTOB, BOCIIPUHUMAIOIIUX OCEBBIC
ycwind. IlokazaHbl OCTOMHCTBA M HENOCTAaTKU CYLIECTBYIOIIEH METOAMK pacyera
TakuX coefrHeHud. Pa3paboTaHbl peKOMEHJallu 110 YCOBEPUIEHCTBOBAHUIO METOIUKU
pacyera COCIMHEHUN NIEMEHTOB JIEPEBSHHBIX KOHCTPYKLMI C HCIIOJIb30BAHUEM BUHTOB,
BOCIIPUHUMAIOIINX OCEBBIE YCUIINS.

KiroueBble cj10Ba: [peBECHMHA, BHUHT, BOCIPUHHUMAIOIIMKA OCEBBIE YCHIINS,
METOJMKA pacyeTa, KOHEYHO-3JIEMEHTHAs: MOJEb y3JIOBOIO COEIMHEHMS JJIEMEHTOB
NEPEBIHHBIX KOHCTPYKLUNA, YCTOMYMBOCTH BUHTA.

SCREWED CONNECTIONS OF TIMBER ELEMENTS WITH AXIALLY
LOADED SCREWS

E. V. Markechko

Abstract

The results of the study of the operation of timber joints with axially loaded
screws are presented in the article. The advantages and disadvantages of the
existing methods of calculation of such connections are shown. Recommendations
on improvement of the methodology of calculation of timber joints with axially
loaded screws are developed.

Keywords: timber, axially loaded screw, methodology of calculation of timber
joints, FE-model of timber joints, screw stability.

OnHOM W3 aKTyaJdbHBIX MPOOJIEM MPU MPOCKTUPOBAHUU JIEPEBSIHHBIX KOHCTPYK-
U SIBIISIETCSI KOHCTPYUPOBAHUE Y3JI0BBIX coeanHeHuid. [Ilnpokoe pacnpocTpaHeHue
B MIPAKTUKE CTPOUTEIHCTBA MOMYUYHJIM COCAUHEHUS HA MEXaHUYECKUX CBA3sX. K co-
€IMHEHUSIM TAaKOTO THUMA WU OTHOCATCS COCAMHEHUs HAa BUHTax. Mcnosib30BaHUE BUH-
TOB B COEIMHEHUSX AJIEMEHTOB JEPEBSHHBIX KOHCTPYKUIHW MO3BOJSET YMEHBIIUTH
BIIMSIHUE TTIOPOKOB JIPEBECUHBI (CYYKOB, CBUJIEBATOCTU M KOCOCJOS) HA UX HECYILYIO
CIIOCOOHOCTbD, a TI0 CPABHEHUIO C BKJIIEEHHBIMU CTEPXKHIMU — COKPATUTh CPOKH MX U3~
TOTOBJICHUSI U MOHTa)xa. BMecTte ¢ TEM HAKOIUJICHHBIM OIBIT CTPOUTEILCTBA 3AaHUN
W3 JICPEBSHHBIX KOHCTPYKIHMI C COEAUHEHUSIMHU TAKOTO THUIA, TOKA3bIBAET, UTO B MPO-
1ecce HKCIUTyaTallid OHU HE BCETa YAOBIETBOPSIOT TpeOOBaHMS HAIEKHOCTH U JIOJI-
TOBEYHOCTH. DTO CBHUJIETEIIBCTBYET O HECOBEPUIEHCTBE CYIIECTBYIOIIUX METOJIUK
pacyuera Takux COCAUHECHUM.
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AHanu3 CyHIeCTBYIOIIMX METOJUK pacueTra COCAUHEHUN 3JIEMEHTOB JEPEBSHHBIX
KOHCTPYKIIMM C MCIIOJIB30BAHUEM BUHTOB, BOCIPHHUMAIOIIMX OCEBBIC PACTATHBAIO-
mye ycwnus, BeiosiHEH B [1]. Ciemyer OoTMETHUTh, YTO CYIIECTBYIOIIAs METOAUKA
OTIpeIeJICHUs] HECYIIeH ClTOCOOHOCTH BUHTOBBIX COCIWHEHUH, MpUBeAcHHAs B [2—4],
CIIpaBe/JINBa, BO-MIEPBBIX, IIPU YyIJI€ HAKJIOHA OCHM BUHTA K HAIpPaBICHUIO BOJIOKOH
napeBecrHbl OT 30 ° 10 90 °, BO-BTOPBIX, JISI BHHTOB, MAaKCUMaJIbHBIA JUAMETP KOTO-
pbIX He mpeBblmaeT 12 mMM. Mcnonb30BaHNE BUHTOB B Y3JI0BBIX COEAMHEHUSIX 3Jie-
MEHTOB JIEPEBSHHBIX KOHCTPYKIIUM, TJ€ UMEET MECTO JEWCTBUE 3HAUUTENIBHBIX IO
BEJIMYMHE BHYTPEHHUX YCUJIMH, HE BCEIJIa MOXKET ObITh BOCHIPHUHSTO BUHTAMU MaJIbIX
nuaMeTpoB. B HacTosiiiee BpeMsi €CTh HEOOXOIUMOCTh B UCITOJIb30BaHUU BUHTOB, OT-
JIMYAIOLIUXCS MO0 CBOMM F'€OMETPUYECKHUM TapaMeTpaM, TaKUM, KaK JHUaMeTp BUHTA,
mar pe3bObl, YroJl HaKJIOHA pe3b0bl K OCH BUHTA, OT BUHTOB, IPUBEACHHBIX B [5—7].
JIns MCToNib30BaHUs TaKUX BUHTOB B COCAMHEHHUAX DSJIEMEHTOB JCPEBSHHBIX KOH-
CTPYKIIMHA JTOJDKHA OBITh pa3pa0oTaHa METOAMKA pacueTa TaKUuX COCIUHEHHM, y4u-
THIBAOIasi 0COOEHHOCTH X PaOOTHI.

C y4eToM 5TOro OBLIM BBITOIHEHBI SKCIIEPUMEHTAIBHO-TEOPETUUECKUE UCCIIE0-
BaHHMS pPAOOTHI JAaHHBIX COCAWHCHHMM. Pe3ynbTaThl MaHHBIX HCCICIOBAHUM IPH-
BeJleHbI B [9-13].

B [11] mpencraBiieHa KOHEYHO-3JIEMEHTHAs MOJENb Y3JIOBOITO COEIUHEHHUS Jie-
MEHTOB JIEPEBSIHHBIX KOHCTPYKIIUMA, BBITIOJIHEHHOTO C MCIOJIb30BAHHUEM BUHTOB, pa-
0O0TarOIIMX Ha OCEBOE PACTSIKEHHUE. Y CTAHOBJIEHO, YTO B PE3YyJIbTaTE COMOCTABIICHUS
HaIMpsOKEHHOTO COCTOSIHUSI DJIEMEHTOB COCAWHEHUSI JCPEBSHHBIX KOHCTPYKIIUH C
BUHTAMH, BOCHPUHUMAIOIIMMU OCEBbIC YCUJIUS, AKCIEPHMEHTAa M YMCICHHOW MO-
neau, OblTa ToTydeHa Xopolas cxoauMocTh. CiaeoBaTebHO, TaHHAs MOJICNIb OTpa-
’KaeT JACHCTBUTEIIbHYIO pabOTy COSIMHEHUS 3JIEMEHTOB JICPECBSIHHBIX KOHCTPYKIIUH C
BUHTaMH, BOCIPUHUMAIOIIUMH OceBble ycuiaus. C HUCMOIb30BaHUEM ATOM MOJeNu
OBLT BBITIOJHEH YMCIICHHBIA aHAIU3 HANPSHXKEHHOTO COCTOSHUS JIEMEHTOB COEINHE-
HUSI JIEPEBSHHBIX KOHCTPYKIMUA C BUHTaMH, BOCHPUHUMAIOIIMMH OCEBBIC YCHJIUSI.
B pe3ynbraTe aHanu3a ObUTH BBISABICHBI 3aKOHOMEPHOCTH U3MEHEHHS HAMPSHKEHHOTO
COCTOSIHMSI B 3aBUCMMOCTH OT JIMaMeTpa BUHTA, JIJIMHBI AaHKEPOBKH, & TAKXKE OT yrJjia
HAKJIOHA OCH BHHTA MO OTHOIICHHUIO K BOJIOKHAM [9, 12]. IT0O m0O3BOIMIIO CIIaHUPO-
BaTh JAJIbHEHIITUN KOMIUIEKC SKCIIEPUMEHTAJIbHBIX UCCIIEOBAHUM.

Cnemyer OTMETUTh, B 30HE OOpbIBA aHKEPOBKHM BUHTA B JPEBECHUHE BO3HUKAET
PaCTSDKEHHUE TOIMEPEeK BOJIOKOH, KOTOPOE€ NOKHO YUYUTBHIBATHCS TMPHU OMNpeeIeHUN
HeCyIlel CIIOCOOHOCTH COCIMHEHHS B KayeCTBE JIOMOJIHUTEIbHOro ycioBus [11].
JIns yMEHbBIIICHUST BEIWYMHBI PACTATHUBAIOIINX YCHUJIWHA IONEPEK BOJIOKOH HEOOXO-
JIMMO YCTaHABJIMBATH JIOMOJIHUTEIbHBIC BUHTHI, BOCIPUHUMAIOIIUE 3TO YCUJIIHE.

3Hasi HaNPSHKEHHOE COCTOSIHUE DJIEMEHTOB COCIMHEHUS JIEPEBSIHHBIX KOHCTPYK-
WA C BUHTAMU, BOCIIPUHUMAIOIIMMH OCEBBIE YCUJIIHS, MOKHO OMPEACIIUTh HECYILYIO
CITIOCOOHOCTH WJIM COMPOTHUBIICHUE BBIICPTUBAHUIO.

B pesynbrare uccinenoBanuii [13] npuBeaeHsl MOIECIM CONPOTUBIICHUS 11 BUH-
ToB d = 3,5-5 MM u d = 16 mm; 20 MM. YCTaHOBJICHBI 3aBUCHMOCTH COIIPOTHUBIICHUS
BBIJICPTMBAaHUIO BUHTA U3 MaCCHUBA JIPEBECHUHBI OT MPOYHOCTHU APEBECUHBI IIPU BBIIEP-
TUBAaHUM BUHTA MOJI YIJIOM 0 K HAMpaBJICHUIO BOJOKOH HA €IUHUILY MOBEPXHOCTHU
KOHTaKTa Hape3HOM 4acTW BUHTA C APEBECUHON, 0Opa30BAaHHOMN MO HAPYKHOMY JHa-
METpY pe3bObl, a TAKXKE OT JJIMHBI AHKEPOBKH U IMaMEeTpa BUHTA.
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[TockoJibKy TPOYHOCTH APEBECHUHBI MPU CHKATUU TMOIMEPEK BOJOKOH 3HAYUTEIHLHO
HIKE, YEM BJI0JIb, a ONOPHBIC IUIOMIAJKKA HUKEJEkKAIUX HECYIINX KOHCTPYKIUN
MMEIOT OrpaHUYEHHBIE pa3Mephl, OUYEHb YaCTO BO3HHMKAET HEOOXOIUMOCTh B YBEJIH-
YEHUU COTPOTHUBIICHUS OMOPHBIX IUIOMIAA0K CTPONUIIBLHBIX OaNoK Uiu (pepM u3 Kiee-
HOHM JipeBecuHbl. OJIHUM W3 TaKUX METOJIOB YCHIICHMS SIBISIETCS YCTAaHOBKA BUHTOB
MEePIICHIUKYJISIPHO BOJIOKHAM JPEBECHUHBI.

AHanmM3 CYIIECTBYIOIIMX METOAUK pacueTa COCIUHEHUN 3JIEMEHTOB JEPEBSHHBIX
KOHCTPYKIIMM C UCMOJIh30BAHUEM BUHTOB, BOCIIPUHUMAIOIINX OCEBBIE CKMMAIOIIINE YCH-
Tvsl, BbINOJIHEH B [14—15]. Metonuku pacuera COEAUHEHNIN JEPEBIHHBIX KOHCTPYKIIHUI C
WCIOJb30BAHUEM BUHTOB, BOCIIPHHHUMAIOIIMX OCEBBIE CKUMAIOLIUE YCHIIUS, MPEICTaB-
nenbl B [2—4]. CoryiacHO HOpMaM, Hecylasi CoCOOHOCTh BHHTA, BOCHPHUHUMAIOIIECTO
JICWCTBHE OCEBOTO CKMMAIOIIETO YCUJIHSA, TOJDKHA OTIPEIENISAThCS U3 TPEX YCIOBUM: 00ec-
NIEUYEHUE MPOYHOCTU MaTepralia BUHTA MPH C3KATHH, COIPOTUBJICHUE JPEBECUHBI IIPOAAB-
JIMBaHUIO BUHTA M OOECreUeHNe YCTOMYMBOCTH BMHTA B MaccHBE ApeBecuHbl. Cremyer
OTMETHUTH, UTO B [2—4] /U1l IEPBBIX ABYX YCIOBUI MMEIOTCS COOTBETCTBYIOIIME PacyueT-
HbIE MOJEIH, YTO K€ KacaeTcs TPEThErO YCJIOBUS — IPOBEPKH YCTOMYMBOCTH, TO 3/1E€ChH
OTCYTCTBYIOT Kakue-TmOo pacyerHble mozaenu. B pabore [16] mpemiokeHa pacderHas
MO/1€/1b BUHTA, BOCIPUHUMAIOIIETO JEUCTBUE OCEBOTO CKUMAIOIIETO YCUJIHSI, KOTOpasi He
Haluia JOJDKHOTO OTPAKEHUSI B HOPMATUBHBIX TOKyMeHTax [2—4]. OnHako naHHas pac-
YEeTHAsi MOJICJIb HAIIlJIa CBOE OTPaKEHUE B [8].

B [14—15] pa3paboTaHo 0JJHO M3 BO3MOKHBIX PEIICHUN 3a]]a4i OTEPH yCTOUYH-
BOCTH BHHTA B MacCHBE JAPEBECUHBI C YIETOM TaKUX (DAKTOPOB, KaK Pa3TMIHBIE CIIO-
coOBbI 3aKperyIeHUs] TOJIOBKM BUHTA, HEPABHOMEPHOE CKATUE BUHTA IO JJIMHE B Mac-
CUBE JPEBECUHBI, a TAK)K€ U3MEHEHUE M3TMOHON KECTKOCTU 1O JIJIMHE BUHTA. B pe-
3yJbTaTe JAHHBIX MCCIIEIOBAHUN OblIa MPEmIoKeHa METOAMKA OMpeaesieHus Kodd-
¢duIenTa pacueTHOM JJIMHBI L BHHTOB B MACCHBE JIPCBECUHBI.

Ha ocHOBaHMM pe€3yJbTaToOB, IMOJYYEHHBIX NPH HCCIECIOBAHUU COMPOTUBIICHUS
BUHTOB BBIJICPIMBAHUIO U3 MacCHUBa JPEBECUHBI, ObLIN pa3paOOTaHbl MPEASIOKEHUS
JUIsl BHECEHUS U3MEHEHUH B [2], Kacaromuecs MeTOJIMKU ONPEACIICHUS] HeCYIIEH CIo-
COOHOCTH y3J0BbIX coeauHeHui ¢ BuHTaMu d = 3,5-5 Mm u d = 16 mm u 20 mm.
CyIIHOCTh JaHHBIX M3MEHEHUH 3aKJII0YaeTCsl B CiIeAyroleM: eciau npaswia 9.4.3.1
HE BBINOJHAIOTCS, TO XapaKTEPUCTUUYECKOE 3HAYEHUE HECyIIeH CIOCOOHOCTH MpH
BbIIEprUBaHUM BUHTA F1, , rx, ONpeAesstoT no BeipaxkeHuto (9.45) mid coequHeHUi
c BuHtamu d = 3,5-5 mm u d = 1620 mm. Ecniu nuamerpsl BUHTOB OTJIMYATCS OT
BBIIIICYKA3aHHBIX, TO XapPaKTEPUCTUUYECKOE 3HAYCHHE HECYIIeW CIOCOOHOCTH TPH
BBIIEPTUBAHUU BUHTA F 1, o rk, OMPEEISIOT MO BbIpaxkeHUIo (9.45x).

BHeceHHble M3MEHEHHS] B Kau€CTBE YTOYHEHHUsI METOJIMKM pacueTa COCIUHEHUHN
AJIEMEHTOB JIEPEBSIHHBIX KOHCTPYKIIMH C HMCIOJIb30BAHHMEM BHHTOB, BOCIIPMHHUMAIO-
IIUX OCEBBIE YCUJIMS, TO3BOJISIT TOBBICUTH HAJI)KHOCTh TAKMX COCIMHEHUH U, KaK pe-
3yJbTaT, 0€30MACHOCTD AKCILTyaTAlMHU IEPEBIHHBIX KOHCTPYKIIHA.
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Pegepar

B craTtbee paccMmaTpuBaeTcs ONBIT TPOEKTUPOBAHUS U CTPOUTENBCTBA IPAKIAHCKUX,
MPOMBINIICHHBIX OOBEKTOB M OOBEKTOB TPAHCIIOPTHON HHQPPACTPYKTYPHI  C
NPUMEHEHHEM KOHCTPYKLIMOHHOTO Kepam3utoOeroHa B PecnyOnmke benapych u B
MHPOBOU NpakTuke. [IpeacraBiensl pe3ysbTaThl SKCIIEPUMEHTAIBHBIX UCCIECAOBAHUN
BIIUSIHUSL ~ TNPEBAPUTENIBHOTO  3aMayMBaHUs  3alOJIHUTENS HAa  MEXAHUYECKHE
(MpOYHOCTHBIE) CBOMCTBA M XapaKTEPUCTUKU KePaM3UTOOETOHA.

KuaroueBbie cjioBa: KepamM3UTOOETOH, MPOYHOCTh Ha CKATHE, 3aIlOJIHUTENb,
BOJIOTIOTJIOICHHE, JTETKUI OCTOH.

ON THE ISSUE OF RESEARCHING THE TECHNOLOGY STRUCTURAL
EXPANDED CLAY CONCRETE OF PREPARATION

E. V. Shelest

Abstract

The article discusses the experience of designing and building civil, industrial and
transport infrastructure facilities using structural expanded clay concrete in the
Republic of Belarus and in world practice. The results of experimental studies of the
effect of preliminary soaking of aggregate on mechanical (strength) properties and
characteristics of expanded clay concrete are presented.

Keywords: compressive strength, aggregate, water absorption, lightweight concrete.

Beenenne

CoBpeMeHHBI YpPOBEHb PA3BUTHSl CTPOUTENBHOM OTpAciu TUKTYET HEOOXOu-
MOCTb COBEPIICHCTBOBAHUS U pa3padOTKH HOBBIX, 3(PPEKTUBHBIX, JOJITOBEYHBIX CTPO-
UTEJIbHBIX MaTepUaJIOB, KOHCTPYKIIMIA M TEXHOJIOTUNA U3TOTOBIIEHUS, KOTOPBIE CIIOCO0-
CTBYIOT PEIICHUIO MPOOJIEeM 3HEProcOepexeHHsI, CHIKEHHUS CeOECTOMMOCTH CTPOU-
TEJIbHO-MOHTXHBIX pabOT, COKpAILIEHUIO CPOKOB CTpoutTenbcTBa. OIHUM U3 TaKUX
MaTepUaJIOB B MPAKTUKE COBPEMEHHOTO CTPOUTENILCTBA SIBIIIETCS Kepam3uTtodeToH. Ha
CErOAHSIIHUN JIEHb KEPaM3UT SIBJISIETCS OJJHUM U3 BOCTPEOOBAHHBIX MCKYCCTBEHHBIX
3aroJyIHUTENEH 1 Jierkoro 0etona. Obaaast OTHOCUTEIBHO OOJIBIION MPOYHOCTHIO Ha
cKaTtue Mpu HeOOJIbIIONW CpeHel HACBHIMHON TUIOTHOCTH, OOJIBIIUM KOJIMYECTBOM 3a-
MKHYTBIX [IOpP, OH CIIy>KHT XOPOLIUM KOHCTPYKIIMOHHBIM MartepuayioMm [1, 2].

OnbIT NpUMeHEeHNs] KOHCTPYKIMOHHOIO0 Kepam3uTo0eToHa. bonbsmoe pacrpo-
CTpaHEHUE KOHCTPYKIIMOHHBIM BBICOKONIPOUHBIM KepaM3utodeTtoH momyumi B CLIA,
Kanane, BenukoOputanuu, ['epmanuu. Cerogus B EBpone nmpou3BOAUTCS IMIMpPOKast
HOMEHKJIaTypa MCKYCCTBEHHBIX SUEHCTBIX 3alOJIHUTENEH B BUAE PA3IAECIECHHOTO IO
dbpakiusaM kepamMmuueckoro rpaBus. B ['epmanuu 310 BcnydeHHbIe ciaHIbl Liapor 3 —
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Liapor 8 ¢ ¢paxmusimu 4—8 n 8—16 MM U HACBHITHOW MJIOTHOCTHIO, COOTBETCTBEHHO,
ot 325 mo 800 KF/M3, a taxxe Liapor-sand ¢ kpynHocTthio 10 4 MM [3]. B IlIBenuu u
HopBernn mnpou3BOAUTCS KepaM3UT pa3HOM IUIOTHOCTH IMOJA TOPrOBOM MapKoii
Leca™ (lightweight expanded clay) [4, 5], B BenukoOputanuu npou3BOAsIT 30JbHBIN
rpaBuil noxa mapkoi Lytag® [6].

Becbma 3dhexkTrBHO TpUMEHEHHE JIETKOTO OETOHA B COOPHBIX OOJIBIICTIPOICTHBIX
HECYIIMX KOHCTPYKIMAX 3AAHUNA Pa3IMYHOIO HAa3HAYEHMs], [J€ CYLIECTBEHHYIO TOJIIO
OT pacyeTHOM Harpy3Ku MMeeT UX coOCTBeHHass macca. B martepuanax fib (mexmyHa-
poaHas deneparus 6eToHa U keye300eToHa) uMeercs uHdopmarus 00 3OPeKTUBHOM
MCIIOJI30BAHUU JIETKUX OETOHOB B JIOCTATOYHO OOJILIIMX 00BEMax B COOPHBIX KOH-
CTPYKLMSX CIIEIYIONIUX BUAOB: HEHANPSHKEHHBIE KPOBEJIBHBIC IUIUThI, KOHCTPYKIIUU
pam, MpenHanpsKeHHbIE CTPOIMUIbHbBIE (epMbl, KOHCOJIbHbIE 3JIEMEHThI KPOBIHU IMPO-
aerom 10 30 M, O6anKu, NepeKPhITUS, TUIUTHI TOKPBITUI, KPYITHOpa3MepHbIe 000JI0UYKH
MOKPBITUHN PA3IMYHON KOH(PUTYpallMU, TPOJIETHBIE CTPOeHUsI MOCTOB. [IpuBonsaTcs Ta-
K€ YHUKaJIbHbIC TPUMEPHI MPUMEHEHUS KepaM3uToOeTOHAa B COOPHBIX KOHCTPYKIIMSIX,
KaK 3a0MBHbIE CBau, BRICOKOHANIOPHBIE TPYObI OOIBIIKUX AuaMeTpoB B Poccun, 1unuH-
Apudeckre TpyObl MajbIX JUAMETPOB B TpaHCHOPTHOM cTpoutenbeTBe B CLLIA, c6op-
HbI€ D3JIEMEHTBl MOPCKUX THAPOTEXHUYECKUX COOPYKEHHH, B YAacCTHOCTH, CBau-
000JIOUKH TIPUYATBHBIX COOPYKCHHI W TUIATGOPMBI i T0Obau HEPTH B CEBEPHBIX
MPWIMBHBIX MOPSAX. B TpaHCIIOPTHOM CTPOUTENHCTBE U3 MOHOJIUTHOTO JIETKOTO OETo-
HAa BBIMOJIHIIOT KOHCTPYKIIMH MOCTOB, MTOKPBITUS AOPOT U a3POJPOMOB.

B mnocnennue necstuneTvss HaMETHSach TEHAEHIMA K YBEIMYEHUIO JOJM KOH-
CTPYKIIMOHHOTO JIETKOTO OeToHa Mpo4yHOCThI0 45-70 MIla B BepTHKAIBHBIX HECYIIUX
AIIEMEHTaX BBICOTHBIX 3aHUM, IPEABAPUTEIHHO HANIPSHKECHHBIX COOPHBIX TTUTaX TOKPHI-
TUI U IEPEKPBITHIA, KOHCTPYKIIUAX MOCTOB U MOPCKUX coopyskeHuit (Hopserust, ['omian-
musi, CHIA, I'epmanust, BemukoOputanus, Snonus u ap.). Ha moctcoBeTckom nmpocTpaH-
CTBE, B YaCTHOCTHU, B PoccuM, MaTeHTHBIN MOMCK MOKA3ajl, YTO 3allaTEHTOBAHHBIX COCTa-
BOB BBICOKOIPOUYHOTO Jierkoro 0etoHa (Rex >40 Mlla) npaktuyecku HeT. EauHCTBEH-
HbIA mateHT ObuT TomydeH B 2007 r. poccuiickumu yuenbiMu A. H. TloHomapeBbiM u
M. E. FOnoBuueMm. B ero coctaB BxoasaT HaHOMOAUGUKATOp U MOAUUIIMPOBaHHOE Oa-
3a71bTOBOE BOJIOKHO. [IpounocTs OeTona npu cxxatuu gocrturaet 47 MIla npu ruiotHoCTH
1,63 kr/nm’ [7]. B Pecniy6imke Bemapych Take Ha JAHHBIA MOMEHT CJIOXKHO TOJTYHHTH
JIeTKuil 0ETOH Ha OCHOBE KEPaM3UTOBBIX 3allOJTHUTENEH C BBICOKOM MPOYHOCTHIO HA CXKa-
THE B BUJIy HEBBICOKHX (DU3UKO-MEXaHUUECKUX TIOKa3aTelNei J0ObIBAEMOTO ChIPbSL.

B nacrosimuii Mmoment B Pecniy6nnke benapyck kepaM3UTOBBIE 3aIIOJIHUTENH MIPO-
U3BOJAT TOJbKO ABa npennpustus: OAO «3aBox kepaM3uTOBOro rpasus r. Hoeouy-
koMiib» U 3A0 «JIuackuit KepaM3UTOBBIN 3aBO. /[ mpUrOTOBIEHUS JIETKUX OETO-
HOB MCIOJIB3YIOT U MECOK, U rpaBuii (edens). M moka qaHHbIe 3aBOJII-U3TOTOBUTEH
BBIITYCKAIOT KEPAM3UTOBBIN IpaBUil KPYIMHBIX (PPAKIHI ¢ JOBOJIBHO HU3KUMHU MOKa3a-
TeasIMU Mapok 1o apodumoctu. B 2013 roay kepamzurtosbiit rpaBuit OAO «3aBoj ke-
paM3uTOBOrO rpaBus I. HoBoykomib» uMen MapKy 1o apoOumoctd He Bbime [175,
kepaM3uToBbIi rpaBuil 3AO «JIuackuil KepaM3UTOBBIN 3aBo» — Mapky 11200 (mpen-
noututenbHee, He Bbime 11150). Ha cerogusmnmii 7eHb caMasi BbICOKas MapKa Bbl-
myckaemoro kepamsuta (paxiuu 10-20 MM 1Mo ApOOMMOCTH COOTBETCTBYET MapKe
[175 npu mapke mno HacekimHOM T1wioTHOcTH M600. OH Kiaccuuuupyercs Mo
I'OCT 32496-2013 xak kepaM3UTOBBIN 11€0EHb U UMEET MPOYHOCTh HA C/IaBJIMBAHUE B
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munHape 1,615 MITa. Takas npoYyHOCTh KpYITHOTO 3alOJHUTENS MTO3BOJISIET U3rOTO-
BUTh KEPAM3UTOOETOH C MApKOH MO MPOYHOCTH HA CXKATHH, COOTBETCTBYIOLIEH IO
CTb 1187-2020, knaccy 6erona He Boiie LC20/22. BBuy 3T0ro MeToauka nojaoopa
COCTaBa KEPaM3UTOOETOHA MPEJICTABISIETCS TOJIBKO B OJTHOM BapUaHTE, @ UMEHHO, MIPU
M3BECTHBIX XapaKTEPUCTUKAX MPOU3BOJUMBIX MAaTEPHAIOB TPEeOyeTcs YCTaHOBHTH
BO3MOKHOCTb JIOCTHKEHUSI C TPUMEHEHUEM 3TUX MATEPUATIOB 3aaHHOM MJIOTHOCTHU U
MIPOYHOCTH Ha CKATHE C YUETOM MOJBUKHOCTH OETOHHON CMECH.

[Ipy nmpoekTUpoBaHMU cOCTaBa KEPAM3UTOOETOHHOM CMeCH HEOOXOAUMO NPUHUMATh
BO BHHMaHHE HAJIMUKE OLTYTUMOTO MIPOIEHTA MBIICBUIHBIX YaCTHI, KOTOPhIE XUMUYECKU
HEAKTHBHBI 110 OTHOIIEHUIO K IEMEHTY B BONPOCE MOBBIILIEHHS IPOYHOCTH, HO SIBIISIFOTCS
MIPUYIMHON HEYYTEHHOTO (PAaKTOpa CHIDKEHHS BOJBI 3aTBOPEHUS. B CBsI3UM ¢ 3TUM HEOOXO0-
JIMMO TIPETyCMaTpyBaTh MPOCEHBAHMS KepaM3UTa KaK KPYIHOU (DpaKiuu, Tak ¥ MEJIKOU.
HaOmonaercs Takke W HapyIllIeHUE LEIOCTHOCTH CTPYKTYPBI 3€pEH KPYIHOTO 3aIOHHU-
TeJIs, CIIOCOOCTBYIOIIEE YBEIMUEHUIO BOJOIOMIOIEHUSI TOPUCTOTO 3allOJHUTENS, KOTO-
pO€ HE MPUHUMAIIOCH B pacyeT NPY Ha3HAYEHUH BOJIOLIEMEHTHOIO COOTHOLICHUSI.

Tak kak moka JeHCTBYIOUIMMHU CTaHapTaMu TPEOOBAHMS IO OJTHOPOJHOCTH K Ke-
PaM3UTOBBIM 3aIIOJIHUTENSIM HE MPEIBSABISIOTCS, HECMOTPS. HA COBEPUICHCTBOBAHUE
TEXHOJIOTUM MOJy4eHUsI KEPAM3UTOBOTO IPaBUs, €CTh 3a/I1a4H IO BBIMYCKY K€paM3UTa
C TIOCTOSIHHBIMU CBOMCTBAaMHM, KOTOPbIE TPEOYIOT JOPAOOTKH.

3amaBasich BOIIPOCOM IMOBBIIICHHS] IPOYHOCTH JIETKUX OETOHOB MPU UMEIOIIEHCS
HEBBICOKON MPOYHOCTH MOPHUCTOrO 3AMOJHUTENS, U3YUHIH PUEMbI COBEPILIEHCTBO-
BaHUS CTPYKTYPHL.

B wactHOCTH, OBUIM MPOBEEHBI AKCIIEPUMEHTHI Ha MPEMET YCTAHOBJICHUSI, B Ka-
KOM COCTOSIHUU, B CYXOM WJIM BOJIOHACBHIIIEHHOM, MTOPHUCTHIC 3aMIOJIHUTENU Hanbosee
MIOJIHO TPOSIBSIT CBOW MOTEHIIMAJILHBIE BO3MOKHOCTH B (JOPMUPOBAHUU CTPYKTYPHI U
MPOYHOCTH OETOHA.

B Hacrosimiee Bpemsi €CTh AMAMETPAIBbHO MPOTUBOMOJIOKHBIE MHEHHSI O TOM, B
KaKOM COCTOSIHMH, B CyXOM WJIM BJIAXKHOM, CJIEyEeT BBOAUTH NOPUCTHIN 3aMOJTHUTEND
B OeTOHHYI0 cMmech. HekoTopele HcciaenoBaTeNd CUYUTAIOT, YTO MpPEIBAPUTENILHOE
HACBIIICHUE MMOPHUCTHIX 3alOJHUTENEH BOJIOM (T. €. IMIPU MCKIFOYEHUH OTCOCA BOJBI
3aMOJHUTESIMU) O0ECIeYMBaeT HapacTaHUE MPOYHOCTH JlaXke OOJIbIIE, YeM IMpHU ca-
MoBakyymupoBaHuu. [10100HO 3TOMY HEKOTOpbIE aMEPUKAHCKHE YUYEHbIE TOJIarator,
YTO MOPHUCTHIE 3aMIOJHUTEIN MEePE]] CMEIIMBAHUEM HY>KHO YBIQXHSITh, HO HE JI0 TOJI-
HOTO HACBIIIEHUS, U BBIIECPKUBATh 3all0JHUTENb MTOCIIE YBIAXXHEHUA HE MeHee 12-Tu
4acoB JJIsi paBHOMEPHOTO pacnpeneneHus Biaru. Tak, k npumepy, Min-Hong Zhang,
WHXeHep 1o uccneaoBanuio marepuanos (Kanana) comectno ¢ Odd E.Gjorv, npo-
(deccopom Kadeapsl TpaxkIaHCKOro cTpouTesibeTBa HOpBEXKCKOro TEXHOIOTHYECKOTO
MHCTUTYTA, MpeUiaraid BO H30€XKaHHE MPEXKICBPEMEHHOM OCaIKU KpPYIMHO3EpPHU-
CTBII 3aIIOJIHUTEIb MPEIBAPUTEIBHO CMEIIMBATH IPUMEPHO C TOJIOBUHOM OT OOILEr0o
KOJIMYECTBAa BOJABI B T€UEHHE, MpuMepHO, 10-t munyT [8]. 1 3aTeM n00aBisATH 1ie-
MEHT, JUOKCUJIT KPEMHHSI U MEJKHE 3allOJIHUTEIN BMECTE C OCTAIBHOW BOJOM, JUC-
[IepraTopoM, 3aMEJIMTEIEM U MEepPEMEIINBaTh €ule 5 MUHYT. [IpoTHMBOIONIOKHbBIE
¢dakTbl oOHapyxunuchk B padotax M. H. Makcumonoii, H. 1. Makpuauna [9]. lomy-
YEHHBICE UMHU SKCIEPUMEHTAIBHO-OMBITHBIM TyTEM IPOYHOCTHBIC XapaKTePUCTUKHU
KepaM3UTOOETOHHBIX OOpa3loB IMOKa3bIBAIOT HAMOOJBUIYIO NMPOYHOCTH HA CHKATHE
(35 MIla) B Bo3pacTe 28-Mu CyTOK y 00pa31ioB, B KOTOPBIX KEPaAM3UT UCIOIb30BaJICs
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B BO3/YIITHO-CYXOM cocTosiHUH. [Ipogomxas paboTy Hajl BOITPOCOM M3yUEHHUS TEXHO-
JIOTUYECKUX OCOOEHHOCTEW (OPMHUPOBAHUS CTPYKTYPbl M CBOMCTB KOHCTPYKIIMOH-
HBIX JIETKUX O€TOHOB, OHU MPEIJIOKUIIN CIASAYIOIINE PEKOMEHIAIUU:

1) B 0o0mieM ciryyae, Korja BOAOCOJepKaHne OSTOHHOM CMeCH MO3BOJISET MPOU3-
BECTH HOPMaJIbHOE YIUIOTHEHUE €€ MPHU YKIAIKE, 3alI0JIHUTENb CIEAYET NPUMEHATH B
BO3IYIIIHO-CYXOM COCTOSIHUU;

2) B cilydae HEIOCTAaTOYHOM yT000YKIaAhIBAEMOCTH PAIMOHAIBHO TMOBBIIIATH €€
3a CUeT BBEJICHMS IUIACTU(UIUPYIOMIUX J00aBOK, a HE MPOBOJUTH MPEABAPUTEILHOE
Hacelenue [10].

B. H. SpmaxoBckuii, uccnenys (pU3MKO-XUMUYECKHE U CTPYKTYpPO-TEXHOJIOTHYE-
CKH€ OCHOBBI IMOJYYE€HHSI BHICOKOIPOYHBIX M BBICOKOJOJTOBEYHBIX KOHCTPYKIIMOHHBIX
JIETKUX OETOHOB, OTMEYAET, UTO JIETKOOETOHHAsI CMECh BEJIET ce0s1 KaK CaMOperyHnpye-
Masi CUCTeMa, JI0 TeX MOp, MOKa B HEMl HE YCTAHABIIMBAETCS PABHOBIIAYKHOCTHOE U PaB-
HOBECHOE C OKPYXKAIOIIEH Cpelor cocTosiHue. U AenaeT mpakTH4eCKuil BbIBOJ O BBEIC-
HUU 3aII0JIHATEIS B CyXOM COCTOSIHUM MPHU U3TOTOBJIEHUH JIETKOOETOHHOM CMECH, BBULY
TOT0, YTO MPOIIECC YCTAHOBJICHUS PABHOBECHOM BJIAXKHOCTH B paccMaTpUBAEMOU CH-
CTeMe MOIUMHSETCS, 110 CYIIECTBY, 3aKOHY MasTHUKA [11].

Heob6xonuMo npuHUMaTh BO BHUMaHUE U TO, YTO 0OpaTHAsi MUTPAIIHsI BJIard U3 3€-
PEH 3aMOJIHUTENS B LIEMEHTHOE TECTO MPOUCXOAMT, B 3aBUCUMOCTH OT BOJOLIEMEHT-
HOTO coOoTHOWEHUS, B peaenax ot 30 o 120 muH [9]. To ecTh, nepHO aKKyMyJISILAN
ee ¢ 00paTHOM OTJa4Yei B IIEMEHTHOE TECTO KOPOTKHM, HO 3HAYUTEJIHHO MPEBBIIIACT
BpeMs, JIOMyCTUMOE Ha TMPUTOTOBJIEHHWE OOpa3lioB, pPErIaAMEHTHPYEMOE IEHCTBYIO-
My THITA. TlosTtomy, mipu mpeaBapUTEIbHOM HAMauMBAHUM KPYIMHOTO 3aIOJIHU-
Tesl U 3aMEIIMBAaHUM OETOHHON CMecH ¢ TpeOyeMbIM BOJIOIIEMEHTHBIM COOTHOIIIE-
HUEM, €CTh BEPOSITHOCTh CHIDKEHUS MPOYHOCTH BBHU]IY M30BITKA BOJIbI, KOTOpasi OyJaeT
00pa3oBbIBATHCS B 3a(DOPMOBAHHBIX U3MICIHUAX 32 CUET OOPATHON MUTPALIUH.

WNHol moaxo/ K BIaXXHOCTHOMY COCTOSIHUIO 3aIlOJIHATEISI, BBOJUMOTO B OETOHHYIO
cMmech, npuBoaut A. @. Kocau B cBoelt auccepranuu Ha TeMy «CTpyKTypooOpa3oBa-
HUE B KEPaM3UTOOETOHE IMPH COBEPIICHCTBOBAHUM TEXHOJOTHH TMEPEMEIIMBAHUS U
ymiotHeHus» [12]. Tlpu uccnenoBanum BOnmpoca TEXHOJOTHH WM3TOTOBJICHUS JIETKUX
OETOHOB Ha Kepam3UTE Ha MPEIMET BIUSHUSA CBOCH MOPUCTOCTU M MOBBIIICHHON Biia-
TOEMKOCTH, Pa3JIMYHBIX TEPMUYECKUX PACIIMPEHUN KOMIIOHEHTOB CMECH, 3HAUUTEIIb-
HOTO KOJIMYECTBA BOBJICUEHHOT'O BO3/yXa U T. 1., OTMEUAJIOCh, UTO BJIAro0OMEH MEXIy
MOPUCTHIM 3AIOJIHUTENIEM U PACTBOPHOM (Da3oil O€TOHA MPUBOIUT K HEPABHOMEPHOMY
pachpe/IeNIeHUIO BJIard 10 PACTBOPHOM YacTH M BIAKHOCTHBIM JiehOpMalivisM TpaHysl
KepaM3UTa, B PE3yJIbTaTe Yero BO3HUKAIOT IPAJIMEHTHI KOHIIEHTPAllUM HOBOOOpa30Ba-
HUW ¥ HampsDKEHUW MO CEYECHHIO PacTBOPHOM (hasbl, UMEIOIINE NECTPYKTUBHBINA Xa-
paktep. B pa3pelienue 3agaun 1o CHUKEHUIO 00beMa MUTPUPYEMON BOJIbI MEXITY Ke-
pamM3UTOM U PacTBOPHOM (ha30i MCClIe0BATENb MPEIarall CleyoIlee:

— aKTUBU3AIMIO [IEMEHTa IPU MPUMEHEHUU CKOPOCTHBIX CMECHUTENEH TypOyJIeHT-
HOTO THIIA, YTO MO3BOJIUT CHU3UThH TPAJUECHTHI B PACTBOPHOU (ha3e 1Mo KOHIEHTPAIUH
HOBOOOpPa30BaHUM, TEIJIOTE CMAaYUBAHUSI U IOPUCTOCTH;

— IPEABAPUTEIbHYIO TPOMUTKY KEpaM3uTa BOJHBIMU PACTBOPAMH, YCKOPSIO-
IIIUMU ¥ TIACTUGUIAPYIOMIMME J00aBKaMU B TIEPHO]] TPUTOTOBJICHHS CMECH 3a CUET
M3MEHEHUS TOpSJIKa 3arpy3K KOMIIOHEHTOB CMECHU B CMECHUTEJNb, MPU 3TOM OJHO-
POJHOCTH PACTBOPHOM (pa3bl JOJKHA MOBBICUTHCS;
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— MIOBTOPHOE BUOPOYIJIOTHEHUE CMECH B ONTHUMAJIBHOE BPEMsl, YTO UMEET CBOEH
LEJIbI0 YBEIUYUTh OJHOPOJAHOCTh PACTBOPHOM (has3bl.

3akioueHue

AHanu3 BBINOJIHEHHBIX paHee [8—12] u COOCTBEHHBIX AKCIEPUMEHTATIBHBIX HC-
CJICTOBaHUI O YCTAHOBJICHUIO BIMSIHUS MPEABAPUTEIBHOIO 3aMayMBaHUSI KEepam3uTa
Ha MPOYHOCTHBIE MMOKa3aTeNd KepaM3UTOOETOHA, IPOBECHHbBIE B OTpacieBOl J1abopa-
Topun «Hay4qHO-HCCIIEN0BATENBCKAN IEHTP UHHOBALMM B CTPOUTENILCTBE» bpecTckoro
rOCyJJapCTBEHHOT'O TEXHUYECKOT0 YHUBEPCUTETA, IOJTBEPINI TEOPHUIO 00 MCMOJIb30Ba-
HUU 3aMOJIHUTENSE B CyXOM COCTOSIHMM TPY M3TOTOBJIEHUU JIerkoOeToHHOU cMmecu. [Ipu
paboTe ¢ IByMsSI OJIMHAKOBBIMU 3€PHOBBIMU COCTaBaMHU B BOJOLIEMEHTHOM COOTHOIIIE-
HUM HabOmroaancs AeUUIUT BOJAbI 3aTBOPEHUS YK€ HA CTAJUM MEPEMEIINBAHUS CMECH,
MPOSIBUBLIUNCS MAJION MOJABHYKHOCTBIO CMECH. B pe3ylibrare moirydaeTcsi CBEPXKECT-
Kasi, HEOJIHOPOJHAs CMECh C HEPABHOMEPHBIMH (PU3UKO-MEXaHUYECKUMHU XapaKTepu-
ctukaMmu. [Ipy TeXHONIOrUM U3rOTOBJIECHUS KEPAM3UTOOETOHA CO CMEIIMBAHUEM KOMIIO-
HEHTOB C MPEABAPUTEIBHBIM YBIIAKHEHUEM KPYITHOTO 3aIlOJIHATENS IPOYHOCTh Ha CXKa-
THE€ MEHBIIIE, YEM NPU CMEMIMBAHUM CYXMX KOMIIOHEHTOB, U3-3a CJIOXKHOCTU JOCTHXKE-
HUSI OTHOPOJHOCTU CMECH U CTPYKTYpPbI OETOHA B MOCIIEIYIOIIEM.
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YK 624.04
PACYHET ®YHAAMEHTHBIX CETYUATBIX IIVIUT HA YIIPYT'OM CJIOE
C. B. bocakoé', O. B. Kosynosa’

"I m. u, npogheccop, an. nayd. comp. PVIl « Uncmumym benHUUCy», npogheccop
kagheopvl « Mamemamuueckue memoowvt 6 cmpoumenvcmee» bBHTY, Munck, benapycs
?K. m. n., doyenm, ooxmopanm BHTY, Munck, Benapyce

Pegepar

B paccmarpuBaemoii pabore aBTOpamMu pa3paboTaHa METOAMKAa pacyera
(yHIaMEHTHBIX CETYaTHIX IUIMT Ha yMPYrOM OCHOBAHHWH, MOJCIUPYEMOM YIPYTHM
OJTHOPOJIHBIM HM30TPONHBIM CJIOEM, NOJ JACWCTBUEM BHEUIHEN Harpy3ku. M3 ncropum
pa3BUTHSL pacyeTa KOHCTPYKIMH Ha YIOPYroM OCHOBaHMHM BHJIHO, YTO METOJbI HMX
pacuera COBEPLICHCTBOBAIMCH M YTOUHSUIUCh IO MEpPE pPa3BUTUA HAY4YHO-
TEXHUYECKOI0 Mporpecca. IT0 MOKHO MPOCIEAUTh Ha PA3IMUYHBIX MOJENSIX YIPYTrOro
OCHOBaHMS, KOTOPbIMM MOJEIUPOBAINCH pEalbHbIE TPYHTBI B ECTECTBEHHOM
3aJIETaHUU WM B UICKYCCTBEHHOM OCHOBAHHWH IPH IMOCTAHOBKE MPUHLIUIHAIIBHO HOBBIX
3a/1a4 pacyera KOHCTPYKIUH.

Pa3zHooOpa3ue nmpakTHUecKuX 3a7ay MPUBOAUT K HEOAHO3HAYHOMY MOJICIMPOBAHUIO
yIIPYroro OCHOBaHWS. ABTOpbl cchUlatoTcsi Ha pabotel A. H. TapaceBuua,
O.B.KosynoBo#i u  C./I. CemeHtoka, B  KOTOPbIX TpPHUBEIACH  OOLIMPHBIIA
CUCTEMaTH3UpPOBaHHBIA  0030p MojJENel yHpyroro OCHOBaHUSI JJIsl  pacyera
(GyHIAMEHTHBIX OaJloK, OaJOYHbIX U (PYHIAMEHTHBIX IUTMT, a TaKKe JIs pacdera
MEPEKPECTHBIX JICHT ()YHIAMEHTOB MEJIKOTO 3aJI0’KEHHUS.

AKTyaJlbHOCTh W CBOEBPEMEHHOCTH IpeyiaraéMoil paboThl B TOM, YTO BOIPOCHI
pacuera ceryarbiX IUIMT M CHCTEMBbI INEPEKPECTHBIX JICHT HA YIPYrOM OCHOBAHWU 0
HACTOAIIETO BPEMEHM HE HCCIICMOBAHbI B TOJIHOW Mepe. ABTOpaM HM3BECTHBI PaOOTHI
M. U. T'opbynosa-Ilocagosa, . A. CumBymumu, I'. S. Ilonoma, C. JI. CemeHroka,
C. H. KnennkoBa, B KOTOPBIX pPa3IMYHBIMUA MOAXOAAMH ITPOBEJICHBI MCCIICAOBAHUS IIO
pacyeTy CeT4aThIX IUTUT U MPOCTPAHCTBEHHBIX MOHOJIMTHBIX (DYH/IAMEHTOB KaK CUCTEMbI
IIEPEKPECTHBIX JIEHT Ha YIIPYTOM OCHOBAHMH.

[Ipennaraemast MeToiMKka OCHOBaHA Ha BapHALIMOHHOM MeETo/e PuTia u cMemaHHOM
METOJ/Ie CTPOUTENILHON MEXaHWKU C HMCIIOJL30BAHUEM (PYHKIMM BIUsiHUS JKeMOdKHHa.
Jlis onpenenenrss KO3(PQPUIIMEHTOB KAaHOHWYECKHUX YpaBHEHHH M CBOOOJHBIX UJICHOB
CMEIIIAHHOTO METO/Ia CTPOUTENIBHOM MEXaHUKH uepe3 crocod JKemouknHa B pacyere
HCMOJIB3YIOTCS COOTHOIICHUS TIPOTMOOB C 3aIlIEMJICHHOM B LIEHTPE ITUTHI HOPMAJIBIO.

HucnieHHas peanu3anusi HOBOI'O YHUBEPCAJIBHOIO IMOAXOAA BBIIOJHEHA HA IPUMEPE
CUMMETPHUYHO Harpy>K€HHOM PaBHOMEPHO-PACHPEACIICHHON HArpy3KOHM IMPsIMOYIOJIbHOM
(yHIIAMEHTHOM IUTMTHl C OTBEPCTHSIMM Ha YIPYTOM OJIHOPOJIHOM H30TPOIHOM CJIOE.
[TpuBonsTcst rpadmveckue pe3yabTaThl pacyera Jisi OCalok (PYHIAMEHTHOM ceTdaToi
IUTUTHI U pacOpeesICHUs] KOHTAKTHBIX HAPSYKEHUI MO]1 TUIUTOM.

KioueBble ciioBa: GyHaaMeHTHAs ceTyaTas IMTa, yIpyroe OCHOBaHHE, YIIPYroe
MOJIYITPOCTPAHCTBO, YIIPYTUM OJHOPOHBIN U30TPOITHBIM CJIOM, BAPUALIMOHHBIA METOJ
Putiia, cnoco6 XKemoukuHa, CMEIIaHHBIA METOJ CTPOUTEITHHON MEXaHHWKH, (PYHKITHH
BIIUSIHUSL, OCAJKW, KOHTAKTHBIC HAITPSHKCHMUSI.
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CALCULATION OF FOUNDATION MESH SLABS ON AN ELASTIC
LAYER

S. Bosakov, O. Kozunova

Abstract

In this work, the authors developed a methodology for calculating mesh plates on
an elastic base modeled by an elastic half-space under the action of an external load.
From the history of the development of calculation of structures on an elastic basis, it
can be seen that the methods of their calculation have been improved and refined as
scientific and technological progress develops. This can be traced on various models
of the elastic foundation, which were used to simulate real soils in a natural
occurrence or in an artificial foundation when setting up fundamentally new problems
of structural analysis.

Load of a rectangular foundation slab with holes in the elastic half-space.
Graphical calculation results are given A variety of practical problems leads to
ambiguous modeling of the elastic base. The authors cite the works of Tarasevich,
Kozunova and Semenyuk, which provides an extensive systematic review of elastic
foundation models for calculating foundation beams, beam and foundation plates, as
well as for calculating cross tapes of shallow foundations.

The relevance and timeliness of the proposed work is that the issues of calculating
mesh plates and a system of cross tapes on an elastic base have not yet been fully
investigated. The authors know the work of M. 1. Gorbunova-Posadova, I. A. Simvulidi,
G. Ya. Popova, S. D. Semenyuk, S. N. Klepikova, in which various approaches
conducted research on the calculation of mesh plates of spatial monolithic foundations,
as a system of cross tapes on an elastic base.

The proposed methodology is based on the Ritz variational method and the mixed
method of structural mechanics using the influence functions of Zhemochkin. To
determine the coefficients of the canonical equations and the free terms of the mixed
method of structural mechanics through the Zhemochkin method, the calculation uses
the ratio of deflections with the normal pinched in the center of the plate.

The numerical implementation of the new approach is carried out on the example
of a symmetrically loaded uniformly distributed for the precipitation of the mesh
plate and the distribution of contact stresses under the plate.

Keywords: mesh plate, elastic base, elastic half-space, Ritz variational method,
Zhemochkin method, mixed method of structural mechanics, influence functions,
precipitation, contact stresses under the plate.

Benenue. O030p JuTeparypbl

OmHUM U3 pa3/iesioB CTPOUTEILHON MEXaHUKH SIBJSETCS pacueT KOHCTPYKIMM Ha
YIOPYroM OCHOBaHUU. 3ajjaya pacyeTa TaKUX KOHCTPYKIIMU COCTOUT B ONpPEAECICHUU
PEAKTUBHBIX JABJICHUM (KOHTAKTHBIX HAMPSKEHUN), BO3HUKAIOMIMX MOJ IMOAOIIBON
(GyHIaMEHTHBIX KOHCTPYKLHUN, B ONPENEICHUU OCaZoK coopyxkeHus. OnHON U3 oc-
HOBHBIX 33J1a4 SIBJSICTCS] TaK)Ke OMPEIeTICHUE HAMPSIKEHHO-Ie(POPMUPOBAHHOTO CO-
CTOSIHUS CaMO# KOHCTPYKIIHMH, JIEJKaIlEd Ha yIpyroM OcHOBaHuH [1, 2].
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W3 ucropun pa3BuTHs pacyera KOHCTPYKUUN HA YIIPYTOM OCHOBAaHWU BUIHO, UTO
B PE3YJIbTATE HAYYHO-TEXHUUYECKOTO MPOrPECCa COBEPIICHCTBOBAINCH U YTOUHSIINCH
METO/Ibl pacueTa yKa3aHHbBIX BBIIIE KOHCTPYKIUM [1—6]. ITO MOXHO MpociaeanuTh Ha
Pa3IMYHBIX MOJEJSAX YINPYroro OCHOBAHMS, KOTOPBIMH MOJEIMPOBAIUCH PEAIbHBIE
IPYHTBl B €CTECTBEHHOM 3aJIeTaHUM WJIM B MCKYCCTBEHHOM OCHOBAaHHUU MPH IMOCTa-
HOBKE MPUHIUINHNAIBHO HOBBIX 33/1a4 pacueTa KOHCTPYKIIUH.

PaznooOpa3ue nmpakTHuecKUX 3ajad MPUBOAUT K HEOAHO3HAYHOMY MOJETUpPOBa-
HUIO YIIpyroro ocHoBanusi. OcoOyo TPyAHOCTh MPEACTABISIET CO00M BBIOOP pacuet-
HOM MOJENu YIpPYroro OCHOBAaHMS JUIsl pa3HbIX BUIOB rpyHTOB. O030p Mojeneit
yIOPYroro OCHOBaHMsI AJisl pacyeTa (pyHJaMEHTHBIX OaJIoK, OalOUHbIX TUIMT U QyHJa-
MEHTHBIX IUIMT CIUIOLIHOTO CEYeHHUs NpuBoauTcs B padotax [7, 8]. B moHorpaduu
Cementoka C. JI. B X0JIe¢ CTaTUYECKOTO pacyeTa MePeKPeCTHBIX JICHT (yHIaMEHTOB
MEJIKOTO 3aJI0’KEHUSI CUCTEMAaTU3UPYIOTCA U KIACCU(UIUPYIOTCS MOJEIU YIPYroro
OCHOBaHUs [9] ¢ JAIbHENIIMMU MPAKTUYECKUMH TPUIIOKEHHUSIMU.

Ecny Ha HavalmbHOM 3Tane JOBOJIBCTBOBAIUCH TMIIOTE30M JIMHEMHOIO pacupeaesie-
HUSI PEaKTUBHBIX HampspkeHui [1, 2, 5], To mpu OypHOM CTPOUTEIHCTBE JKEIE3HOI0-
POKHBIX MyTEH, a TAK)KE€ TOHTOHHBIX COOPYKEHUH, MOJIyunsia pa3BuTue mojenb dyc-
ca — Bunknepa — lHlummepmana [10, 11]. OgHako u nociaeaHsis HE yIOBJIETBOpsIA pe-
aJIbHOM paboTe CBSI3HBIX TPYHTOB. Tak MOSBUIIACH MOJIENb YIPYTOro MOJIYINpPOCTpaH-
cTBa (MpU MPOCTPAHCTBEHHOM MOCTAHOBKE 3aJjauM) U BCEM M3BECTHOE pelieHue byc-
CUHECKa JJI 3TOW MoJend [2, 12], a mpH IIIOCKOM MOCTAHOBKE — MOJEIb YIIPYTO# MO-
JTYIUIOCKOCTU ¢ pemieHneM Pnamana [2, 8] cOOTBETCTBEHHO. B nanbpHEHIEM MOSBU-
JUCh pa3inyHble MOAU(PHUKAIMU M KOMOWHAIMK yKa3aHHbIX Mojeneil. KomOunanus
MOJIENI YIIPYTOro MOJYNMPOCTPAHCTBA U MOoJenu BuHKIiepa BecbMa yCIEIHO MOIXO-
IUT JUIsl pacdeTa KOHCTPYKIMIM Ha HEOJHOPOIHBIX OCHOBAHUAX, UMEIOLIUX CIOUCTYIO
CTpyKTypy. Takue ocHOBaHMsI BCTpEUAIOTCS MPHU YCTPOUCTBE (PyHIaMEHTOB Ha Tecya-
HOM MOAYIIKE U MOJEIUPYIOTCS KOMOMHUPOBAHHBIMU Mozeisamu [ 13, 14].

C MexaHW4YecKOW TOYKM 3PEHUsl pacdeT KOHCTPYKLHMI Ha YNPYroM OCHOBAaHUH
€CTh pelIeHWe KOHTAKTHOM 3ajauu comnpukacaromuxcs ten [15]. Jlanuwsie 3amaum
CBOJSATCS K PELICHUIO0 UHTErPabHbIX YPaBHEHUM, pEHIEHUE KOTOPBIX 3aBUCHUT OT SiJ-
pa MHTETpaIbHOrO ypaBHEeHHUs U GHopMbl conpukacaroruxcs ten [16]. [Ipu npocTsix
dopMax KOHTAKTHPYIOMIMX TEJI OCHOBHAS TPYAHOCTb COCTOUT B OINpPEACICHHUH SApa
MHTETPAIBHOTO ypaBHEHUS, KOTOPOE €Ille Ha3bIBAlOT (QPyHKIHEH [ puHa KOHTaKTHPY-
fomux ten [6, 15, 16]. @dynkuus ['puHa npeacTasiser co0oit GyHKIMIO mepemelie-
HUW TOYEK MOBEPXHOCTH YIPYroro OCHOBAHUS OT JEWUCTBHS €IMHUYHON COCPENOTO-
YEHHOM CHUJIBI [6].

B umxeHepHOU mpakTHKe HElenecooopa3sHo penaTh Kaxayto KOHTAKTHYIO 3aja-
4y 4epe3 WHTETPAIbHbIE YPABHEHHUS B CBA3U C TPYJOEMKUMH MaTEMaTUYECKUMH BbI-
yucieHussMu. [103TOMy Ha MpakTHKe yCHEenHO UCHob3yoT MeTo Kemoukuna [17],
KOTOPBIM CBOAUT KOHTAKTHYIO 33/1a4y K 3a7a4€ CTPOUTEIIbHON MEXAHUKH.

Bonpocel pacuera (¢pyHIaMEHTHBIX CETYATHIX IUIUT U CHUCTEMBbI MEPEKPECTHBIX
JIEHT Ha YNPYroM OCHOBAaHWHU JI0 HACTOSALIErO BPEMEHU HE MCCIIEIOBAHbI B MOJHOMN
Mepe. ABTopam u3BecTHBI paboTel M. U. I'opOyHoBa-Ilocanona [2], U. A. CumBynu-
mu [18], I'. 4. ITonosa[19], C. [. Cementoka [9], C. H. Knenukosa [4], B KOTOPBIX
Pa3IMYHBIMM MOAXOJAMHU IPOBEIEHBI MCCIECIOBAHUS IO PACUYETy CETYATBIX IUIAT U
IPOCTPAHCTBEHHBIX MOHOJUTHBIX ()YHIAMEHTOB, KaK CUCTEMbI MEPEKPECTHBIX JICHT
Ha yIIPYroM OCHOBaHUH.
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Hwuxe ucnonb3yercss oOmuMi MoAXoN AJsl pacyeTa CeTyaThlX IUIMT HAa JIMHEWHO-
naepopMupyeMOM OCHOBaHHMH, KOTOPBIN ObLT MPEIIOKeH paHee aBTOPAMHU M YUCICHHO
anpoOUpOBaH JIJIsl YIPYroro IMOJIyIpPOCTPaHCTBA B cTaThe [23]. DTOT yHHUBEpCaATbHBIN
MOJIX0/1 OCHOBaH Ha criocobe XKemoukuHa [17], TO3BOJISIONIEM C €IUHBIX TO3ULIMN pac-
CUMTBHIBATh CETYATHIC TUIUTHI WM CUCTEMY MEPEKPECTHBIX JICHT J000M (OPMBI U KECT-
KOCTH Ha Pa3JIMYHBIX MOJAEISAX YIPYTOro OCHOBAaHMS HAa MTPOU3BOJIBHYIO BEPTUKAIBHYIO
Harpy3Ky. UuclieHHas pean3anusi NpeiaraéMoro rnoaxoia BBIIOJIHEHA Ha IMPUMEpE
CUMMETPUYHO HATPYKEHHOW PAaBHOMEPHO PACIPEICTICHHON HArPy3KOM NpSAMOYTOJIbHON
(GbyHIAMEHTHOM TUIMTHI C OTBEPCTUSIMU HA YIIPYTOM OJHOPOTHOM U30TPOITHOM CIIOE.

ITocraHoBKa 3a1a4M U AJTOPUTM JHUHEHHOr0 pacyera. PaccmarpuBaercs mps-
MOYTOJIbHAsI (PyHJaMEHTHAs IJIMTA KaK ceTyaras MjIuTa Ha YIPYyroM OCHOBAaHUU pas-
mepamu L x B moctostHHON TOMIHBL h ¢ MpsSMOYTOIBHBIMU OTBEPCTUSAMU (pa3me-
pamu a u b) mox AecTBHEM BEpTHUKAIBHON HArpy3Ku (pUCYHOK 1).

L

Pucynok 1 — IIpamoyeonbHas pyHoamenmuas niuma ¢ Omeepcmuamu Uil cemiamas nauma

[IpuHUMaIOTCS ClIEIYIOIINE TUIIOTE3bI U IOMYIICHUS:

— JIIS CETYATOM IUTMTHI WM (PyHIaMEHTa M3 MEPEKPECTHBIX JICHT CIPABEIJTUBHI
TUIIOTE3bI U3TH0a TOHKOM IIUTHI [15];

— CBSI3M MEXKIY IUIMTOM W YNPYTMM OCHOBaHHUEM MOTYT paboTaTh Ha CXKATHE U
PaCTSKECHHUE;

— B 30HE KOHTAKTa IJIMTHl U OCHOBAHMS HE YUUTHIBAIOTCS KacaTe/IbHbIC HATIPSHKEHMS,

— JUTMHA a, IMpUHA b OTBEPCTUI B TJIMTE COOTBETCTBYIOT COOTHOIIEHUIO

” e (Min(L,B)’(Min(L,B)D 6

a b

Takue cooTHOIIEHUSI OOBIYHO BCTPEUAIOTCS B MPAKTUKE BO3BEACHHS (yHIaMEH-
TOB MEJIKOTO 3aJI0’KCHHSI B BUJI€ MOHOJIUTHOM >KE€JI€300€TOHHOM IUIUTHI C OTBEPCTHUS-
MH, TO €CTh CETUYATOM IIUTHI.

B npemyaraemoil pabote cTaBUTCA 3ajlaya ONpPEACIICHUS KOHTAKTHBIX HAINpsKe-
HHUM TIOJ MOAOIIBOM CETYATOM IUIUTHI, €€ OCAJ0K U BHYTPEHHUX YCHWJIHU B IUIUTE OT
BEPTUKAIHLHOM HAarpy3KH.
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Penienue 3agaun

[loctaBnennyio 3amauy Oyaem pemath mMeTogoMm KemoukuHa [17]. PasoGrem
IUIMTY Ha OJMHAKOBBIC MPSIMOYTOJbHBIE YYACTKH M B LEHTPE Ka)XJIOTo y4acTKa Io-
CTaBHM CBS3b, Ue€PE3 KOTOPYIO OCYIIECTBIISAECTCS KOHTAKT IUTUTHI C YIPYTUM OCHOBA-
HueM. Hajio oTMeTUTh, 9TO JICHTY 0 MIMPUHE HEOOXOJUMO pa30uBaTh HE MEHEE YeM
Ha JIBa y4acTKa, YTOObI y4ecTh BIMSIHHE KPYTSIIIUX MOMEHTOB. bynem cuurtaTh, 4TO
yCUJIME B CBSI3M BBI3bIBACT PABHOMEPHYIO SITIOPY KOHTAKTHBIX HAINPSLKEHUI B mpenie-
Jax KaXJI0ro yJacTKa.

CocraBnsieM cucteMy JIMHEHHBIX anreopandeckux ypaBHeHuil (CJIAY) cmeman-
HOT'O METO/Ia CTPOUTEIHHON MEXaHUKH

51,1X1+'”+51,an+u0_¢xyl_¢yxl+Al,F =0
c’)‘n,le +...+5n’an +u,+9.y, +¢yxn +AH,F =0
-> X, +R=0
i=1 ’ (1)
inyi+MxR =0
i=1
> Xx,+M =0,
i=1

rae J;; — B3aMMHOE IIEPEMEILEHHE PA3PE3aHHON CBA3H C HOMEPOM i OT ACHCTBHSA €IHU-
HUYHBIX CHJI, TPUJIOKEHHBIX B j- TOU CBA3U JKeMOUKHHA, 4epe3 KOTOPYIO OCYIIECTB-
JIAE€TCSA KOHTAKT IUIUTHI C YNIPYruM ocHOBaHUeM. COCTOUT U3 ABYX ciaraeMbix [17];
X; — HEM3BECTHOE yCUIIME B CBA3U 1 JKeMoukuHa; uy, @y, ¢, — HEU3BECTHBIE BEPTU-
KaJbHOE U YIJIOBBIE MEPEMENICHHS BO BBEJICHHOM B LICHTPE IUIATHI 3ALEMIICHUU; X;,
V; — KOOPJAMHATHI LIEHTPa MPSMOYTOJIbHOr0 yyacTka KeMOYKMHA ¢ HOMEPOM I; A, r —
MEPEMEIICHUE TOYKU [ CETYATOM IUIMTHI C 3alIEMJICHHOM HOPMAalbi0 OT ACHUCTBUSA
BHEIIHEN HArpy3ku F; R, Mz, M, —paBHOAEUCTBYIOIAsA BHENIHEW HAarpy3Kd U MO-
MEHTBI PABHOACUCTBYIOIIEH OTHOCUTEIIBHO OCE X U ¥ COOTBETCTBEHHO; #— KOJIWYE-
CTBO y4acTKOB JKeMOUKHHA.

KosddunuenTs! npu HensBecTHHIX O;; B ypaBHeHUsAX CJIAY juid ynpyroro nomy-
IPOCTPAHCTBA C MOJyJieM yripyroctu Ey u kodddunuentom Ilyaccona v, onpenens-
10Tcs o popmyse [17]

_ 1w F +L—2W.

5, ko )

g i,k
" mEA ™ D
rne W, — BepTuKanbHOE MepeMelIeHre CepeMHBI yqacTKa ¢ HOMEPOM i CeTYaTol

IUTMTHI C 3alEMJIEHHON HOPMaJibl0 OT JACHCTBUS €IMHUYHOM CHIIbI, NPUIIOKEHHON B
TOYKe A cerTdyaroil IMTh, L — pa3Mep IUTUTHI B HAapaBlIeHUU ocu OX ; Ax — pas-

mep yuactka YKemoukuna no ocu OX ; F; ; — Ge3pasmepnas (pyHKIMs 1151 onpe/ie-
JICHUS BEPTUKAIBHOTO MEPEMEIICHHUS TOUYKH [ MOBEPXHOCTH YIPYrOr0 OCHOBAHHS OT
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JeUCTBHSI CANHUYHOMN CHJIBI, PACHIPE/ICICHHOI [0 Y4acTKy ¢ HomepoM A ; Vi, £y —
koadurment Ilyaccona u Moaynb yrpyrocTa ynpyroro OCHOBaHHUSI.

bespasmepnas pynkuusa F,, B Gopmyie (2) onpenenseTcss 4epe3 COOTHOLIEHHS U3
MoHorpaduu [14], a uMEHHO

2 2
Fl.l.=2£ Ené+é€n £+‘/c—2+1 +fn 1+1/c—2+1 ;
’ b c c b b b

_ b
\xi—xk\'

oy (3)

I[J_Iﬂ YOPYroro OJHOPOJHOIO M30TPOIMHOIO CJIOA, HIAPHUPHO COCANMHCHHOI'O C HC-
neOpPMHUPYEMBIM OCHOBAHUEM, BEPTUKAIBHBIE MIEPEMEIEHHS IOBEPXHOCTH YIIPYTO-
O CIIOSl OT COCPENOTOYEHHON CHIIBI P omnpenensiorcs depes cooTHourenue (2.13) us

MoHOTpaduu [6]

J— 2 ©
W(R):P(l v 1 1 . F(leﬂl’n[ 2h ] "
nk, R hiz R\ 2 VR +41°
[+%)

rie R=+/x"+)’ — paamyc-BeKTOp TepeMemaromumxcs TOUeK ¢ KOOpANHATAMH (X, ))
HCCIIETYyEMOM TOBEPXHOCTH YIIPYTOT'O CIOS;

h — MOILTHOCTD (TOJIIKHA) YIPYTOro CJI0A, M;

I'(n+1) - ramma-pynaxuus [17];

2h
W — nosmHOM Jlexxanapa [17];

d,, — neonpeneneHuble KOOGPUIMEHTHI PA3IOKEHHS B P

B monorpaduu [6] Obui ompeneneHbl B CIEAYIOIIMX 3HAYEHUSIX a9 = —1;
Cl1:—3/2; a2=—1; Cl3:—1/3; as= 1/18,

ITocne unTerpupoBanus (4) Mo MIOLIAAN IPSIMOYTOJIBHOIO y4acTKa pa3Mepamu
Ax-Ay momydaem BBIP@XEHHs Uil ONPEACIICHUS IEPEMEIICHUM LIEHTpAa Yy4YacTKa
b. H. XXemMouknHa ¢ HOMEpPOM i OT JEHCTBUSA COCPEIOTOYEHHOMN CHIIbI, paBHOH 1,
IPUJIOKEHHOM K LIEHTPY y4acTKa C HOMEPOM k.

[TepBoe crmaraemoe B opMmyie (4) onpenenser PyHKIHUIO BEPTUKAIBHBIX Tepe-
MELIEHUHN ISl YIPYTroro OJHOPOJHOTO M30TPOIHOIO IMOJYINPOCTPAHCTBA (PEIICHHE
Byccunecka), THTErpupyeTcst TOYHO (OHO CUHIYJIIPHOE), OCTAJIbHBIE — HE CUHTYJISAP-
Hble U HE MHTErpupyrorcs. [[ns mpaktudyeckux pacuetoB B (opmyne (4) MOKHO
OTPAaHUYUTHCS MATHIO WiICHaMU psifa [6].

B monorpaduu [6] monydeHo Takke M ClEIyrollee COOTHOLIEHHUE Ul IepeMe-
meHust Touku M (x;, ;)
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yi—dlnx b+\/(x —-b) +(y, d)
b x—aty(x-ay + 0, e

yme mmatls—a) + (-

+
~v; Ay x,—b+(x.—b) +
(3, 3,) =~ Jo oo .
nE Ax X, bl V= d+\/(x ~b)’ +(y, d)
Ay .—c-l—\/(x —b) +(y, —c) 5
ma, e 0,
Y ymde a5 -d)
1_V2 S F(I’Z‘FI) 2h
+T[Eh0h—0a” 5 5 "”RI(\/(X_X)z_l_( )+ 4K
T (4+(xi_xk) +( =) ]2 ik Yi=™Vk
h2
3anuuiem cootHowernue (5) uepes 6espasmepHyro GyHKUMIO F; ;| a uMeHHO
1-v;
w X,V )= 0 F ,
(6.) nEAx " (6)
rae
ydlthubww,@
b x—at -0 + (3 -d)
e, sl a0
+ In +
F & b =) + (o)
it = n
by ymd @ b)Y+ —d)
N o
+n—a1yrf+ﬂx—m-w%—@
LY yde(-a) ()
Ax < F(l’l+1) 2h
+7 an n+l ~n \/ 4h2
- (4+(xi_xk)2+(yi_yk)] (x; = xk) +(, yk) +
h2

HauOonbiiryto TpyAHOCTh BBI3BIBAET ONpPEIECICHHE MPOTHOOB CETYATOM IIIUTHI C
3aMeMJICHHON B IIEHTPE TUTMTHI HOpMaibio. Eciam Obl TimTa OBLIA CIUIONIHOM, TO
MO>KHO ObLIO ObI BOCIIOJIB30BAaThCA PEIlICHNEM, PUBECHHBIM B MOHOTpaduu [9].

[Toatomy B paccmaTpuBaeMoil pa®oTe AJisi OmMpeneseHHus MpOrudoB CeT4aToi
IUTUTHI C 3aIIEMJICHHON B IIEHTPE IUIMTHI HOPMaJIbio ObLI MPUHAT MeTo PuTia, rae 3a
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0asucHble (PYHKIMH MPUHUMAIUCH MEpBbIE MATh YacTHhIX pemeHuit Knebma [6],
YAOBJIETBOPSIONIME TPAaHUYHBIM YCIOBUSIM IO TIEPEMEIICHUSIM B 3allEMJICHUU.
[TosTomMy ¢yHKIIMS TPOTHOOB MPHU ONPEEICHUN dHEPrUuu AedhopMaliiii MpUHUMAJIACh
B CJIEAYIOIIEM BUJIE [6]
2 2 2 2 2 2 2 2
X X X X[ x X
W(x,y)=4, —2+y—2 + 4 _2_y_2 +A2—y+A3— —2+y—2 +4,2 —2+y—2 . (8)
a b a b ab a\a~ b bla b
Al- — HeM3BeCTHhIE KOA(PGUIMEHTHI, onpeenseMble o Metony Putma [21] u3

YCJIOBUSI MUHUMYMa NOTEHUUAIBHOW 3HEPTUM IUIUTHI C 3alIEMJIEHHON HOPMAJIbIO U
JIEUCTBYIOIIEH HA HEE COCPEIOTOUYECHHOW CHUJIBI.

Hanee cocraBnsiiacek U pemaiachk cucrema (1), mo HaiICHHBIM YCUJIUSIM B CBA3SX
XKeMoukrHa OnpenesuiuCh OCaJAKU CETYATOM IUIUTHI, 10 HUM — MOMEHTBI U IOIe-
pPEUYHbIE CHJIBI B €€ CEUEHUSIX MO0 U3BECTHBIM (hopmynam [15], 1 B 30HE KOHTAKTa IJIU-
TBI C YIIPYTUM OCHOBAaHHEM — KOHTAKTHBIC HANPSKCHUSI.

PesyabTaTsl pacuera

PaccunTaem KBagpaTHYIO *KeJI€300€TOHHYIO CETYATYIO IUTUTY pa3MepaMu B IUIaHE
13 M x 13 M ¢ 4eTbIpbMsl KBaJpaTHBIMH OTBepcTUAMU a = b = 5 M. Hununapuueckas
#ecTKoCcTh KMThI — D = 5000 kH-M. [InuTa pacnonoxeHa Ha ynpyroM moiayrnpocTpaH-
CTBE U YIPYTroM OJAHOPOJHOM M30TPOITHOM CJIO€, IAPHUPHO-COSAMHEHHOM ¢ Henedop-

MHPYEMOM OCHOBaHMEM, C IOCTOSHHBIMH YNpyrumu mapamerpamu Vo =0.35 wu

Ey= 20 MIla nox nelictBueM paBHOMEpHO pacnpezesieHHoi Harpy3ku 10 kl1a.

[Tnurta pa3OuBanack Ha 156 OAMHAKOBBIX MPSIMOYTOJBHBIX y4acTKOB KeMOouKkuHa
Y Ha JIB€ 110 LIUPUHE JICHTHI.

Ha pucynkax 2, 3 mpuBOAsATCS JUHUM PABHBIX MEpEeMEIICHUI (0Ca0K) ceTyaToi
IUINTBl U HA PUCYHKaX 4, 5 — JIMHUU PaBHBIX KOHTAKTHBIX HAIPSOHKEHUH CETOYHOU
IUTUTBI ISl Pa3HBIX MOJEJIEH yIPYroro OCHOBaHHMS (CM. pUCYHKH 2, 4 — J1JI1 yIpyroro
MOJIyIIPOCTPAHCTBA; PUCYHKH 3, 5 — JJIs YIIPYTOTO CIOS).

y
N

)
S

Pucynok 2 — Jlunuu pagnuix nepemeujerult (M) cemuamoui naumvl Ha YRpy2om NOTYNPOCHPAaHcmee
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Pucynok 3 — Jlunuu pasnulx nepemeuyeHuti (M) cemuamou niumul Ha ynpyeom
U3OMPONHOM CTl0€e

Pucynok 4 — Jlunuu pasnvix konmaxkmuwvix Hanpaxcenuti (klla) cemuamoii naumol Ha ynpyeom
noJYynpocmpancmee
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Pucynok 5 — Jlunuu pasnvix konmaxmuwix Hanpsaxcenutl (klla) cemuamoti naiumol Ha YNpyeom
U30MPONHOM CllO€

BbIBOABI M 3aKJII0UEHUA

1. B pabGote npuBeaeH HECIOXKHbBIN, HO YHUBEPCAIbHBIHN MOIX0/, OCHOBAHHBIN Ha
crnocobe YKemoukuHa, Il pacueTa CETYaTOM IUIUTHl HAa YIPYrOM OCHOBAHUU O]
JNIEUCTBUEM BEPTUKAIBLHOU HArpy3kud. PacCMOTpEeHHBIA NpUMEp JAET PEUIEHHUE KaK
IUISL yIIPYTOro NOJyHIPOCTPAHCTBA, TaK U JUIsl yIPYrOoro U30TPOIHOIO CJIOSA. DTO MOJ-

TBEpPXKIAET TOT (DaKT, 4YTO B ypaBHEHUU (2) Oe3pazmepHast QyHKITUSA F},k XapakTepu-
3y€eT MOJIEJIb YIIPYTOr0 OCHOBAHUA U €€ U3MEHEHHE B COOTBETCTBUMU ¢ [17] mo3Bonser
PacCUUTHIBATH CETYATHIC IUTUTHI HA PA3HBIX MOJEIISIX YIPYTrOro OCHOBAHMSI.

2.Ilpm pacuere ceTyaTol IUIMTHI HA OCHOBAaHUM BuWHKIIepa BBIpaKE€HUE IS
1,

=—, I'ae
K AxAy

byHKkIMKA BAUsSHUA (2) TPUHUMACTCS B BHUJIC E‘,K =0,i#k u F;;
K — xoaddurment nocrenu ocHoBanus Bunkiepa.

3. Ucnonb3ys pe3yibTarhl paboThl aBTOPOB [22] NPUBEIEHHBIN I0AX01 00001IaeTcs
Ha pacyeT CeTYATOM IUTUTHI C y4eTOM (PU3MUECKON HEJIMHEHHOCTH €€ MaTepuaia.
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V]IK 624.072

MMAPAMETPUYECKHUN AHAJIN3 BJIMSIHUA ) KECTKOCTH BAJIKU 1
I''ITYBUHbI C’ KUMAEMOMU TOJIIIHN HA HAITPAKEHHO-
JAE®OPMHUPOBAHHOE COCTOSAHHME CUCTEMBI IIEPEKPECTHBIX
BAJIOK

O. B. Kosynosed', K. A. Cupowr’

'K m. H., Ooyeum, ookmopanm BHTY, Munck, benapyco
M. m. H., acnupaum benl VT, I'omens, benapyco

Pedepar

B paGorte aBTOpamMu uccieayercs U3MEHEHUE HaIpsKEHHO-1e(pOpMUPOBAHHOTO
coctossHua (HJC) dparmenTa peryiaspHONH CHCTEMBI TEPEKPECTHBIX Oallok Ha
yOPYroM OCHOBAaHMM NPU H3MEHEHHHM ECTKOCTH WU TIYyOMHBI COKMUMAaeMON 30HBI
OCHOBaHMS (pacyeTHOU 00J1acTH).

[IpyHuMaeTcs, 4YTO OCHOBAHME SBJSETCS YOPYrUM cioeMm. PacueTtHas cxema
MpeICTaBIsIeT CcOOOM TMepeceKaromuecs MO NPSIMBIM YIJIOM CTEPXKHHU, KOTOpBIE
AKECTKO COEJAMHEHBI MEXIy co00il u nexar B miockoctd XOY moj aeicTBueM
BHEIIIHEH COCPEAOTOUYCHHOW CHIIbI, MPUJIOKEHHON B TOUKE MEPECEUEHHS CTEPIKHEM.
Cuna nepnenaukyssipHa mwiockoctu XOY.

Cratnyeckuii pacyeT OCYIIECTBIAETCS C HWCIOJb30BAHUEM BAapUALMOHHO-
pPa3HOCTHOTO MeETO/Aa C 3aMeHOW audQepeHunanbHbIX YpaBHEHUH KOHEYHO-
PA3HOCTHBIMU aNNpPOKCUMAIUSIMHU.

Yucnennass ampoOarusi pe3yabTaTOB yYIOPYroro M HEIWHEHHOTO pacuyeToB
CHUCTEMBbl TEPEKPECTHhIX OaJlOK Ha yOPYroM OCHOBAHHMU OCYIIECTBJICHA C
ucnosibzoBanueM mporpammuoro nakera MATHEMATICA. Tloctpoensl rpaduku
3aBUCUMOCTEM.

KuroueBble cioBa: peryisipHas cUCTEMa NEPEKPECTHBIX OalloOK, BapHALIMOHHO-
Pa3HOCTHBIN METOJI, YIPYroe OCHOBaHHE, KOHTAKTHAsA 30HA, MPOTUOBI OATKH, OCaJKH
OCHOBaHMSI, KOHTAKTHbIC HAMPSXKEHUS, BHYTPEHHUE YCUITHUS.

Beenenne

KoHTtakTHbIE 3a/1a41 U3ru0aeMbIX KOHCTPYKIIUM, JISKAIIUX Ha YIIPYrOM OCHOBaHMHU,
METOAAMHU TEOPHUH YIPYTOCTH [ 1] M CTpOUTENBHON MEXAHUKH [2] MOIyYHUIN COBPEMEHHOE
pa3BuTHE B paborax Oemopycckux ydeHbIX [3—10], B KOTOPBIX YUMTHIBAIUCH TAKHE
YCIIOXKHSIOIIME MapaMeTpbl, KaK HEOAHOPOJHOCTh YIPYToro OCHOBaHUS, (pr3ndeckas
HEJIMHEHMHOCTh, KOHCTPYKTUBHAsT HEJIMHEHMHOCTbH >KEJIE300€TOHHBIX AJIEMEHTOB M p.
[IpruMeHeHre BapruallMOHHBIX METOJIOB B HAYUHOM JIMTEpAType Ui PELICHUS] KOHTAKTHBIX
3a71a4 TEOPUM YIPYTOCTH HEIOCTATOYHO OCBEIIEHO, BBUAY CIOKHOCTH PELICHUS! TaKHX
3aj1a4, B OCOOCHHOCTH ISl U3rM0aeMbIX KOHCTPYKIIUH.

Metoaoorus

BaprannoHHO-pa3HOCTHBIA METOJ OCHOBaH Ha MmeTtoje Purna-TumornieHko ¢ wuc-
MOJIb30BaHKWEM BapHallMoOHHOro mpuHiuna Jlarpanxa — J{upuxiie u 3amenoi nudde-
PEHIMAIBHBIX YPAaBHEHUN KOHEYHO-PA3HOCTHBIMU anmpoKkcuManusiMu. CylHOCTh Me-
TOJIa 3aKJII0YAeTCAd B CBEJICHUU 3a/1a4yll MUHUMHU3ALUU (PYHKIIMOHATA TIOJHOW MOTEH-
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[IUAIbHOM SHEPruM (parMeHTa UCCIEyeMON CUCTEMBI C MMapaMeTpaMy pacyeTHOM 00-
JacT, K 3a/lad€ MUHAMHU3aUUN (QYHKIIMM MHOTUX TepeMeHHbIX. CorfmacHo BapHalu-
oHHOMY TipuHLMITYy Jlarpanxka — Jlupuxiie npu HarpyxeHuu (parmMeHnrta uccieayeMoit
OECKOHEYHOU CUCTEMbl Ha YIPYroM OCHOBAHUU CTATUYECKOW HArpy3KoH, ee IMoJHas
ITOTEHIMAIbHAS JHEPTUS B COCTOSIHUM PABHOBECHUS UMEET MUHUMAJIbHOE 3HAYCHHE.

PaccMoTpuM perynsipHyto cHUCTEMY MEPEKPECTHBIX OanoK, CBOOOJHO OMUparo-
IIYIOCS Ha yIPYroe OCHOBAaHME MOJ JECHCTBUEM COCPENOTOYEHHOM Harpy3ku. Takas
CUCTEMA MpEeJICTaBIsAEeT COOON COBOKYIMHOCTh ECTKO COECIMHEHHBIX OPTOrOHAJIBHBIX
CTEpPXKHEH, OCH KOTOPBIX COBIMAJIAIOT C OJHON M3 INIaBHBIX ocel uHepuuu O6anok. Cu-
cTtemMa 0ajok pa30MBaeTCs Ha pPacUETHBIE AJIEMEHTBI — KpecTooOpa3Hble (PparMeHThI
(Mecra nepecedyeHus: 0aJI0K), COETMHEHHBIE MEX Ty c000i. M3rubHbIe xKecTKoCcTH Oa-
JIOK PEeryJIIpHOU cucTeMBI EJ,, EJ, paBHBI U IIOCTOSHHBI. BHEMIHSAS cCOCpeNOTOUEHHAs
Harpy3ka P mepneHamkyisipHa IJIOCKOCTH OCHOBaHUs. OCHOBaHME MOJAEIUPYETCS
KaK YNPYrud OJHOPOIHBIN CJIOM, OTPAHUYECHHBIM MO TOJIIMHE CKUMAECMOM TOJIIIH,
COEIMHEHHBIN C HEC)KUMAEMbIM OCHOBAHUEM.

Kunemamuueckue epanuunvie ycnosus. I’ panuiia pacdeTHON 00JaCTH OCHOBAHUS:
TOpU30HTaIbHbIE TepeMelleHuss B ocax X u Y paBustores Hymo u = 0, v = 0.
KoHTtakTHas 30Ha 3a71a4¥ — 0CaJIKU OCHOBAaHUSI U MMPOTUOBI 0AJIOK PABHBI.

Cmewannbie epanuyHble YCclosuss BBEACHBI A KpailHUX TOUYeK Oallok: momeped-
HbIE CHNIBI ), M YTJIBI IOBOPOTA ¢, (), PABHBI HYIIIO.

OcHOBaHUE 3aMEHSIETCSl paCUeTHON 00JIACThIO0 U3 COBOKYITHOCTHU SUEEK U Y3JIOBBIX
TOYEK, YTO MOJYYEHO MyTEM amnmpoKCUMAIMU OCHOBAHHS CUMMETPHYHON 0OBEMHOM
pa30MBOYHOM CETKOM, IIar CETKHU B ocsxX: Ax, Ay, Az. JIns naHHOW 3aayd MOJYYEHO
96 siueex u 175 y3710BbIX TOUEK (PUCYHOK 1).

7"

171 172 P 173,/"'//174
166 168~ 175
161 162 163 164 B, 70
15 158 60 1507
151 52 153 154 155
126
0 50
S EE— Z
N \//F\E:?
% 0 o 2
15
10
1 2 3 4 5 )
Ix

Pucynok 1 — Pacuemnas obracmu 075 peuieHuss npoOCmpancmeeH ol 3a0aiu

AJNTOpUTM pacdera PerysipHON CHCTEMBI MEPEKPECTHBIX 0aIoK MeTonoM Putma —
Tumomenko [8, 11] maer mocienoBarensHOCTh BCeX dTanoB pacdera. [loapoOHbIi a-
TOPUTM peIIeHMsI TPUBECH B paboTe aBTopa [12].

OyHKIMOHAN MOJHOW SHEPTUM €CTh CyMMa MOJHOW 3Hepruu nedopmanuu u30-
TPOITHOTO OCHOBAHUS, SHEPTUU U3TM0a JIBYX MEPEKPECTHBIX KeJIe300€TOHHBIX 0aoK
Y MOTEHIMAJIa BHEIIHEH Harpy3ku [12].
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[TonHast aHeprus aegopMali BCEro yrnpyroro OCHOBaHHs

U= [[[U,dxdydz=[U v, )
zyx v
Ur — dyHK1MOHAN 2Hepruy AedopMaluii OCHOBaHUS IS OTJEIbHO B3ATOH 00b-
eMHOU siuerku [12]; dv — anmemMeHT o0beMa pacueTHOU 001acTH.
DHeprusi u3ruda KpecTooOpa3HoOTo (PparMeHTa OAIOK €CTh COBOKYITHOCThH JHEp-
ruif n3rubda Kaxmoi oanku (3Heprus aeopmanmii OTOXKISCTBICHA C YHEPTHEH U3TH-
0a KOHCTPYKIIUH )

Elx §(d*w) EJy 't (d*w ’
Q=Qx+Qy=" j(dxzjdm 2 j dy, (2)

rae EJ,, EJ, — n3ruOHbIe )KECTKOCTH OAJIOK.
[ToTeHunan BHEIIHEH HATPY3KHU OMPEACIIACTCS U3 ClIeAYIomIeH (hopMYyIIbI

Ix ly
1T =~( [ q()wx)dx+ [ g()w(y)dy). ©
—Ix -ly
Pemienune 3amaumn PCAInU3yCTCAd MAaTCMATUYCCKHU 4YCPC3 MPUHATHC 3a HCU3BCCTHBIC
KOMIIOHEHTOB BEKTOpa Y3JIOBBIX IepeMenieHuii. HensBecTHbie nepeMenieHuss 0yayT
BBIYHMCJICHBI U3 YCJIIOBUS TOXIACCTBA ITPOU3BOAHBIX OT MOJIHOM 9HCPIrUU 110 KAXKAOMY
U3 TIEPEMEIICHUI HYJII0 BBUAY MUHUMYMa (DYHKIIMOHAJIA TIOJIHOW YHEPTUH B COCTOS-
HHH CTaTUYCCKOT'O paBHOBCCHAI.
P 7745w Ty

J

168
17172 173 174
1 @Mﬁﬂs{m

_Ix

175

=], =4m
71’21?TMWM*— 16 M /W mT’IQ7745MM — lz:6yM
1564709 & o265 1687150y ER=2000xHM?
: 60 " _ >
A5y~ 158 L EJ,=2000xHw
1510 1%2] 1% 4] 155 e E.=3,06-10""MIIa
s O P n=1/6
z‘_

Pucynox 2 — I'pagpux ocadox noo sunewnell nacpysxou P npu 6azoevix napamempax

BeprukanbHble nepeMeleHus Y3JI0BbIX TOUEK W; (z) OaJIOK BBIUMCISUIUCH B IIPO-
npueTapHoi cucrteMe koMibroTepHoi anreopst MATHEMATICA.

BuyTpenHnue ycumnus, BO3HMKAIOIIME B Oalkax, U KOHTAKTHbIE HANpPSKEHUS B
KOHTAKTHOW 30HE OaJlOK C OCHOBAaHUEM ONPEIENSIOTCS 10 BBIYMCIECHHBIM BEPTH-
KQJIbHBIM [EPEMEUIEHUSIM W; (zZ) ¢ YUETOM IPAaHUYHBIX YCIOBUWA B KOHTAKTHOW 30HE
gyepe3 (Gopmyibl anmpokcuManuu Tpou3BoAHBIX [13]. C yueToM KMHEMaTHYECKUX
IPaHUYHBIX YCJIOBUM (PAaBEHCTBO HYJIIO FOPU3OHTAJIBHBIX NEPEMELICHUN Ha TpaHUILIE
pacdeTHOM 00J1aCTH), IEPEMEILIEHUS] KOHTYPHBIX TOUYE€K OOHYIISIFOTCSI.
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BBuay Toro, 4to BHEIIHAS HAarpy3Ka Ps; NEHCTBYET HA CUCTEMY 0aJloK, €€ MOKHO
IIPEICTaBUTh B BUJE CYMMBI ABYX COCTaBJISIOIIUX:

Piss- PV P tne PV _ PV = Pys3/2=2000/2=1000xH.

Kamz:aﬂ M3 COCTABJIAIOIIUX IIPEACTABIIACT coOoi COBOKYIIHOCTb TPE€X CHII, IIPH-
JIOJKCHHBIX B y3JIaX OaKu:

Px(163) :Px(z) +])x(3) +Px(4)5 Py(163) =Py(2') +Py(3') +Py(4'). @)
Brruncnum 3HaueHue Kaxaou cuibl (cM. puc.3):
(163) , , P 1000
P§2)=12§4)=P"4 =00 os0e; PP = P == 2 =050k
(163) , P(163)
x3):Px :1000=5001<H; por _ Ly :IOOO:SOOKH.
2 . 4 2

1 2
(161) (162

Pucynok 3 — K pacuemy KoHmakmuulX HAnpa*CeHUl U 6HYMPEHHUX YCUTULL

JIiist BBIYUCIICHHSI KOHTAKTHBIX HAMPSKEHUH COCPEIOTOUYCHHBIE CHIIBI 3aMEHSFOT-
Csl HA pacIpeie/ICHHbIE:

(2) 4
q,(x)=q,(x)= A _A 20 =250kH / m,
? ) Ax Ax
P® 500
q (x)=——=—-=500xH / m,
’ Ax 1
pe p@)
4,0 =4,(0) === 25011 / n,
p3)
qg (y)=-= =ﬂ=SOOKH/M.
’ Ay 1
KoHTakTHBIE HANIPSKEHUS! B KOHEYHO-PA3HOCTHOM MpeJicTaBieHuu [14]:
) W, —4w,, +ow, —4w,, +w,,
P =q(x)— EJy i=11+1 4 >
Ax
, W, —4w,  +6w, —4w.  +w,.,
pik) =4, (V) —EJ i - l Ay4 1 =, (6)

EJ, i=t1+1, EJ, =p141 — N3THOHAs )KECTKOCTH OAJIOK;
I, I’y — HOMep y371a Hauaja OajokK.
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MOMEHTBI, BO3HUKAIOIIUE B KEJIE300€TOHHBIX OalKax peryJspHON CHUCTEMBI, B
KOHEYHO-Pa3HOCTHOM Buje [14]:

W = 2w+ w,

(k) _
M™ =-EJ, =141 A ) .
(k) Wy = 2W, 4+ Wy,
M =-EJ, i'=1)+1 2
Ay

3agaua 1. Mccnenyercst u3aMeHeHHe HaNPsHKEHHO-Ie(POPMUPOBAHHOTO COCTOSIHHS
(HAC) perymsipHO# cucTeMbl MEPEKPECTHHIX OAJIOK MPU M3MEHEHUU TIyOWHBI CHKU-
MaeMO# 30HBI OCHOBaHHUS. Pe3ynbTaThl pelIeHus MPEICTaBICHBI B TAOJMYHOM U Tpa-
¢buyeckom BHIE.

Tadoauna 1 — Pe3ynbraThl penienus 3agaun |

Y3g0BbIe TOUYKH

I'nyOouna
ckumaemoii | 1 (161) 2(162) 3(163) 4 (164) 5(165)
o 1'(153) 21(158) 3'(163) 4'(168) 5'(173)

OCHOBaHus [, m
Ilepememenus wy, w, M

]

3 0,00760870 | —0,00772803 0,00818525 —0,00772803 0,00760870
4 0,00752035 | —0,00770343 0,00832279 —0,00770343 0,00752035
5 0,00765494 | —0,00773850 0,00811805 —-0,00773850 0,00765494
6 0,00770510 | —0,00774517 0,00805456 —0,00774517 0,00770510
a) 1 2 3 4 5 0) 1 2 3 4 5
(161,153) (162.158)  (163)  (164,168) (165,173)|-03 (161,153) (16158)  (163)  (164/68) (165,173)]°00

\ /

/\ AN

0
/ 60 1z=3m lz=4

W L [
)V o U

lZ:3M lz:4M /
64

PPy, klla
5
a

250

My,Mx, kHm

245

Nr1-245

65 -250

Pucynok 4 — sniopvt momenmog M, (uzeuo6 XOZ) u M, (useu6 YOZ), a);
2pagux KOHMAKMHBIX HANPAHNCEHUIL D, (60016 OCU X), Dz, (60016 OcU V), 0)

3agaua 2. Hccnenyercs namenenne HJIC perynsipHO CHCTEMBI MEPEKPECTHBIX

0aNoK MpU U3MEHEHUU M3THOHOM KeCTKOCTH. Pe3ynbrarhl npeacTaBieHbl B TaOINY-
HOM U TpauuecKoM BHUJIE.
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Tabauna 2 — Pe3ynbraThl penieHus 3a1aun 2

Y3i10Bble TOYKH
HN3rnonas
KECTKOCTD 1(161) 2(162) 3(163) 4 (164) 5(165)
EJ;I EJ, 1'(153) 2'(158) 3'(163) 4'(168) 5'(173)
kHm
Ilepememenus wy, w, M
1500 0,00777083 -0,00773658 | 0,00800601 —0,00773658 0,00777083
2000 0,00770510 -0,00774517 | 0,00805456 —0,00774517 0,00770510
2500 0,00614272 -0,00618267 | 0,00649194 -0,00618267 0,00614272
3000 0,00510116 -0,00514101 | 0,00545015 —-0,00514101 0,00510116
a) 1 2 3 4 5 0) 1 2 3 4 5
(161,153) (162,158)  (163) (164,168) (165,173)|-63 (161,153) (162,158)  (143) (164,168) (165,173)]600
-62
3 / \ 4T EJx=1300 xHn2 500
- EJx=1300 kHm2 EJy=1300 kHm2
s EJ;=I,‘00 <2 46 g Y ke 2l 400
3 /N /AN \
0 300
EJx=2000 kHn2
\\\ 46 /EJy:2000 KHMm2, EJx=3000 kHm2 200
/ =500 xHap2 T =300 N2 \\
4 (Jv=2500 xHm2 0
EJx=2000 kHm2 1 \
EJy=2000 kHm2
62 -200
EJx=2500 kHm2
EJy=2500 kHu2| , 300
EJx=3000 xkHm2
EJy=3000 xHm2 64 400

Pucynox 5 — sniopvt momenmos M, (uzeu6 XOZ) u M (uzeu6 YOZ), a);
2papux KOHMAKMHBIX HANPAHCEHUIL P, (60016 OCU X), Dz, (60016 ocu ), 6)

BriBoabI

[Tpu yBenuyeHUH TIIyOMHBI C)KUMAEMOTO CJIOS OCHOBaHUS HaOromaercs oOrast
TEHJICHIIMS K YBEJIMYECHHIO 0caioK (mepemenenuid) 1o 1,8 %, a B Touke mpuiioKeHUs
COCPEOTOYEHHON Harpy3ku P OTMEUEHO YMEHbIIIEHHE 0CaJoK 10 2,5 %. 3HaueHus
MOMEHTOB PacTyT Ha KOHIAX Oajok ¢ pasuuuen 10 1,1 %, HO yMEHbIIAIOTCS B IIEH-
Tpe Oanok (B MecTe MPWIOKEHUS BHEIIHEW CHiIbl) Ha Kaxaom mmare n0 1 %. Kon-
TaKTHbIE HanpspkeHus pactyt 10 0,6 % c yBEIUYEHUEM riyOuHbl Ha 1 M.

VBeIMUeHHE KECTKOCTH Ha Kaxuele 500 kHM® NPUBOAUT K 3HAYHTEIHHOMY
YMCHBIHCHI/IIO 0CaJIoK, U MO)KCT noxoauth 10 20 %. s skecTKocTel B IMalia3oHe OT
2000 kHMm 1o 3000 kHm° Ha0II0/1aeTCsl HE3HAYUTEILHOE YBEJIIMUCHUE MOMEHTOB (110
0,3 %) u yMeHbllIeHHE KOHTAaKTHBIX HanpspkeHuit (1o 0,1 %). Ctoutr oTMETHUTb, MPU
KECTKOCTH paBHOH 1500 kKHM® MOMEHTBI MeHbIe Ha 25 %, a KOHTAKTHbIE HaIpsiike-
HUS MEHSIOT XapaKTep PAcTpeseNieHHst — POCT B MECTe MPHUITOKEHHS CHITHI Ha 20 % un
YMEHBLIEHUE HA KpasiX pacueTHON O6J'IaCTI/I Ha 25 % B CpaBHEHUHU C PELICHUEM 3a]1a-
umn 111 3HaueHus xectkoct 2000 xkHM.

XapakTtep pacrpeelieHdsi KOHTAaKTHBIX HalpsyKEHUH B paccMaTpUBaEeMbIX 3ajla-
yax UMEET CEJJIOBUIHYIO (hopMmy.
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VJIK 624.072
UCHOJIb30BAHUE BPM B HEJIMHENHBIX PACUETAX
®YHIAMEHTHBIX ILTAT C YYETOM KACATEJBHBIX

HANPSIKEHUIA B 30HE KOHTAKTA

A. I'. Ilycenkoes

M. m. n. benl'VT, enasusiii unoicenep 3aeo0a Kl OAO «I omenvckuii [[CK», ['omens,
benapycs, pusenkov_a@mail.ru

Pegepar

Pacuer ympyroro ocHoBaHuMsi M OaJOYHOW IUIUTHI C YYETOM KacaTelbHBIX
HaIpsHKEHUH B 00IIIEM BHUJIE SIBJISICTCS YPE3BbIUAMHO CIIOKHOW OMKOHTAKTHOM 3a/iaueit
(T. e. 3amauelt ¢ IByMs KOHTAKTHBIMU MOBEPXHOCTSAMH). B3aumopeiictBue 6anodHoit
IUIMTBI U YOPYroro OCHOBAHMSI C YYETOM KacaTelbHBIX HAMpSKEHUH B 30HE
KOHTAKTHOTO B3aMMOJICHCTBHS IO CYTH ABJISIETCS] PA3HOBUIHOCTHIO KOHTAKTHBIX 3a/1a4
TEOPUM YIIPYTOCTH, PEUIEHUE KOTOPOM BO3MOKHO B HEJIMHEWHON NOCTAHOBKE MpHU
paboTe ympyrux cpei B 30HE HEOONBUIMX YHPYro-IjlacTUYecKux aedopmaluid, T. €.
C yueToM (hU3HUYECKON HETMHEHHOCTH.

VYyer HenuHeHOCTH AePOpMUpPOBaHUST OATIOUHOM MIIMTHI MMO3BOJISIET YBEIHYHUTH,
KaK TpaBWIO, AOMYCTUMYIO HAarpy3ky Ha IUIMTY 3a CYET NepepacrnpeneieHus U
YMEHBIIEHUS MaKCUMaJIbHBIX 3HAYEHUN YCWIHMM, HO TpPU 3TOM OOHapyKUBaeTCs
pE3KOE BO3pacTaHWE HEPABHOMEPHOCTH OCAAOK. JlaHHBIE HENMHENMHOro pacydera
MO3BOJISTFOT BBITIOJIHUTE JIOCTOBEPHYIO OIIEHKY pa0OThl KOHCTPYKITUU 10 TPEIEITHHBIM
COCTOSIHMSIM 3KCILTYyaTallMOHHON TPUTOAHOCTH.

JIns pemieHust paccMaTpUBaEMOM 3aa4d ITPUMEHSETCA BapUALlMOHHO-PAa3HOCTHBIN
meton (BPM), koTOpBIii peanu3yercsl B MEpPEMEIICHUX Yepe3 KOHEYHO-Pa3HOCTHBIE
COOTHOINIEHUSI ~ TEOPHHM  YIOpyroctd (cioydald ITutockod — medopmarmu)  mpH
UCIIOJIb30BAaHUM B pEIICHUM (PYHKIIMOHAJIA TOJIHOM MOTEHIMATBLHOM HHEPrUH
nedopMaliu  CUCTEMBbI, COCTOAILIEH W3 IUIMTBI, YIPYroro OCHOBAHUS, 30HBI
KOHTaKTHOT'O B3aUMOJECHCTBHS U BHEIIHEN HATPY3KHU.
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BenmnunHa monHONW MOTEHIHMATBLHOW SHEpPruM OajOYHOW IUIMTHl HA YIPYTOM
OCHOBaHMHU D COCTOUT W3 3Hepruu nedopmarmu mmTthl U, sHepruu nedopmaiuu
YIPYroro OCHoOBaHMsI A U paboTHI BHElTHEH Harpy3ku [1.

[IpenyaracmMass MeETOAMKAa CTATUYECKOTO pacyera IO3BOJSIET  OMNPENEIUTh
BHYTPEHHHE YCHJIUS B OAJOYHOM ITUIMTE U OCAJIKH YIIPYTOro OCHOBAHUS MO/ IUIUTOM C
YYETOM KacaTeJbHbIX HAIPSHKEHUH B KOHTAKTHOM 30HE, JIOCTATOYHO IIOJHO
UCCIIEIOBATh 3Ty 30HY B3aUMOJCHCTBUS OAJOYHOM IUIUTHI C YIIPYTUM OCHOBAaHUEM, a
TAaK)K€ MOJYYUTh IMIOJHYIO KapTHHY BIMSHHMS KacaTelIbHbIX HANPSOKEHUM Ha
HaNPSDKEHHO-1e(DOPMUPOBAHHOE  COCTOSIHUE — YNPYroro OCHOBaHUA. YwucieHHas
peanuzanius BPM npousBoautcs MeTonoM KoHeuHbIX pasHocter (MKP) B
BapHallMOHHON MMOCTaHOBKE B IporpaMmMHoM nakete Mathematica.

KuroueBble cioBa: OanoyHas miuTa, OMKOHTaKTHas 3aj7ada, yIpyroe OCHOBaHUE,
OIIHOPOJIHOE  OCHOBAHHUE, CJIOUCTOCTh  YOPYrOoro OCHOBAaHMUS, KacaTeJIbHbIE
HaITpsDKEHWS, KOHTAKTHAs 30Ha.

BBenenue

N3-3a pazHooOpa3usi KOHCTPYKTUBHBIX PEIICHUN OaJOYHBIX TUIUT U TPYHTOBBIX
YCIIOBHI B HACTOAILIEE BPEMSI HET BO3MOXXHOCTU J1aTh CTPOIrO€ PELIEHUE MPOCTPaH-
CTBEHHOM 3ajauM. B CBsI3u C 3TUM AOIyCKAIOT UCHOJIb30BAaHUE MPUOIMKEHHOIO pe-
IIIEHUS, COIVIACHO KOTOPOMY BIIMSIHUE JKECTKOCTH OaJOYHOM IUIMTHI M PEAKTUBHBIX
KacaTeJIbHBIX HAMpPsDKEHWH Ha pacueTHbIe BEJIMYMHBI IUIMTHOTO (PyHIaMEHTa ompe-
JEJSIFOT CTPOro B IJIOCKOM IOCTAHOBKE. 3aTEM pe3yJIbTaThl TAKOIO pacyeTa MCIOJIb-
3YIOT JJIs1 NPUOIU3UTEIBbHON OLICHKHU BIIMSHUS YKa3aHHBIX ()aKTOPOB Ha pPE3yJbTaThl
pacyeToB II0 JACUCTBUTENIBHOW IPOCTPAHCTBEHHOM CXEME, BBINOJHEHHBIX IO CYIIE-
CTBYIOIIUM MeTo/1aM 6e3 y4eTa 3Tux (paktopos [1].

BzaumoneiicTBue 6aoqHON IUIUTHI M YIIPYTOr0 OCHOBAaHUSI JIEHTOYHOTO (hyHAaMEHTa
C Y4ETOM KacaTeJIbHbIX HAIPSDKEHUM B 30HE KOHTAKTHOIO B3aUMOJCHCTBHS 110 CYTH SIB-
JSIETCSl Pa3HOBHIHOCTHIO KOHTAKTHBIX 33[a4 TEOPHU YNPYIOCTH [2], pelieHue KOTopou
BO3MOKHO B HEJMHEWHOW MOCTAHOBKE MpU PaboTe YNPYrux Cpel B 30HE HEOOIBIIMX
YIIPYTo-IJIaCTUUECKUX Ae(OpPMALHid, T. €. C yUETOM (PU3NUECKON HETMHEHHOCTH.

Yder HenuHeHHOCTH AePOPMHUPOBAHUS 0aTOYHON TUIUTHI TO3BOJIAET YBEITUYHTD,
KaK MpPaBWIO, JTONYCTHMYIO HAarpy3Ky Ha IUIMTY 3a CYET IepepacnpeleleHus U
YMEHBILIEHUSI MAKCUMAJIbHBIX 3HAUEHUH YCUIIMHA, HO NIPU 3TOM OOHApYKUBAeTCsl pe3-
KO€ BO3pacTaHWE HEPAaBHOMEPHOCTH OCaJOK. JlaHHBIE HEJIMHEWHOIO pacyera IMO3BO-
JSIOT BBINOJHUTH JOCTOBEPHYIO OLEHKY paOOThl KOHCTPYKLHH MO MPEAEIbHBIM CO-
CTOSIHUSIM DKCILTYyaTallMOHHOM IPUTOAHOCTH.

ITocTanoBKka 3ag1aun

banouynast mimTa JEHTOYHBIX (PYHIAMEHTOB HETNIYOOKOTO 3aJI0KEHUSI HAXOIUTCS
Ha yIpyroM OAHOPOJHOM CJo€ riyOuHOM (TonumHoi) H ¢ mpuioxeHHOW BHEUIHEeN
Harpy3koil ¢(x). Ilapamerpsl NIMTHI CJIEAYIOLIME: BbICOTA IUIMTHI A, IIMPHUHA
IJIATHI 2/, U3ru0OHas )KeCTKOCTh E.J.

BBoauM runotessl (MpeanoiaoKeHrs) U JONYyIEeHHs 1Ji pacyeTa OaloYHbIX MJIUT
Ha ypyroM OCHOBaHUHU:

1) monmymieHrs ¥ TMIOTE3bl TEOPUM YNPYTOCTU CIPABEJIMBBI JJII pacCUUTHIBAC-
MOM 00JIaCTH YIIPYroro OCHOBaHUS,
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2) IOTYIIEHMSI ¥ TUTIOTE3bI IJIOCKOTO M3rnoa Oaiku (TUTUTHI) CIPABE/JUBHI JUIS TLTUTHI;

3) mpu MOJETMPOBAHUHM KOHTAKTHOW 30HBI MEXIy OaqoyHOW IJIUTOW M OCHOBa-
HUEM MOTYT BO3HHUKAaTh M PACTATUBAOLINE, U CKUMAIOIINE HANPSIKEHUS, CUJIBI Tpe-
HUS [IPU MOJCIIMPOBAHUU YUUTBHIBAIOTCS, TAKKE YUYHUTHIBAIOTCS KacaTeJbHbIE HaIps-
KEHUS B 30HE KOHTAKTHOT'O B3aUMOJEHCTBHUS.

AJITOPUTM peleHusl 3a1a491

JUa pemieHust paccMaTpuBaeMOW 3a1add ITPUMEHSIETCSl BAPHALMOHHO-PA3HOCTHBIN
mero; (BPM) [3], koTopelii peanusyercsi B EPEMELICHUSIX Yepe3 KOHEUHO-PA3HOCTHBIE
COOTHOIIICHHSI TEOPUH YIIPYTOCTH (CITy4aid TIOCKOM JedopMalium) Py UCIOIb30BAHUH B
petieHny (PyHKIMOHAIA MOJTHOW MOTEHIMAIbHON 3HEpruu JeopMalvii CUCTEMBI, CO-
CTOSIILIEH U3 TUIMTHI, YIIPYTOr'0 OCHOBAHMUS W 30HBI KOHTAKTHOI'O B3aUMOZCHCTBHSL.

OcHOBaHUE NpU pacyeTe 3aMEHSETCS NPSIMOYIOJbHON pacyeTHOM 001acThlO, HA
IPaHMULIAX KOTOPOW IMEpPEMEUIEHUSI PaBHbI HYJIO; B KOHTAKTHOM 30HE CIIPABEJIMBO
PaBEHCTBO OCa/I0K OCHOBaHUs IPOrudaM IUIUTHI.

OcHoBaHME aNIPOKCUMUPYETCSl pa30MBOYHOM CETKOW KOHEUHBIX Pa3MEpPOB C IO-

CTOSIHHBIM IIArOM MO OCAM (PUCYHOK 1).
2L

Txy 7 Txy

VAVAVAVAVAVAVAVAVAVAVAVAVAY S

-

T TR T TR T T T

Pucynok 1 — Pazbusounas cemka pacuemuou ooiacmu

3a HEeW3BECTHBIC MPUHUMAEM: U;(X,V), Vi(X,y) — KOMIIOHEHTBI BEKTOpa MepeMele-
HUS 1-TOM y3JI0BOMl TOYKM OCHOBAHUS, HaNpaBlIEHHbIE BAOJbL oceil X U Y COOTBET-
CTBEHHO; p!’(x,y) — peaKTHBHbIC JaBJICHUS B 30HE KOHTaKTa OaJOYHOM ILTHTHI C OC-

@) o,
HOBaHWeM, T * 7 ) _ xacaTeIbHbIC HAIPSDKEHHSI.
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Pucynok 2 — [Ipsamoyzonvhas aueiika Memooa KOHeYHbIX pazHocmel

Cootnomenue Koty B BeipaxkeHUsIX qedopMaiiuii B TOUKe k

s _ ou, :(ub+ud U, +u6). I uytu,—u,—u,

2

Y ox 2 2 ) Ax 2Ax "
8(k):a"k: Vet Ve Vo1V, ,L:VC*‘Vd_Va_Vb.
Y oy 2 2 Ay 2Ay ’

W _ Ouy +8vk:(uc+ud _ua+ubj.1+ (vb+vd _Va+vcj. 1

Yooy ox 2 2 Ay 2 2 Ax 2)
_u, +Md —Uu,—u, n v, +Vd —V,— V.

2Ay 2Ax '

DHeprus aepopMainii MpsSIMOYTOJIbHON SYEHKH
Vi K)o ()y2
—E (e +el) +
(k) Ek 1_ 2Vk ( * 7 )
e AxAy, (3)

Xy

2(I+v,) +(8(k))2+(8(k))2+l(y(k)
X y 2

Benmnunna moaHOM MOTeHIUATBEHON SHEPTUH 0ATOYHOH ITUTHI HA YIIPYTOM OCHO-

BaHUU D COCTOUT U3 3HEpruu aedopmaiuu mwinTsl U, sHepruu negopManuu ynpyro-
ro OCHOBaHUs A ¥ pabOThI BHEUTHEN HArpy3ku /1

D=U+A+II. (4)

B dopmyne (4), yuTeHbl KacaTellbHbIE HAPSHKEHUSI B KOHTAKTHOM 30HE B JOMOJI-

HUTCJIIBHOM CJIarraCMOM: SHCPI'UA MPOAOJIBHBIX z:e(bopMauHﬁ B KOHTAKTHOM 30HE ILJIM-
Thl C OCHOBAHHEM, T. €.

A:Uf+Ut, (5)

Ta€ U, — SHeprus AepopMaluy ynpyroro OCHoBaHus (miockas aedopmanus) [4];

U, — dHEprus cui clerienus (MpoaoabHON negopManur) B KOHTAKTHOM 30HE TUIUTHI
C OCHOBAHHEM.
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DHeprus AepopMalnii yopyroro OCHOBaHHUsI

U —Afl %IU(“ —lﬂfl %:‘1 B | v |1 (u, +u, —u, —u )+
- = 1-2v, \2ax " ¢ e

=3 1y,
1 ! " 2
+2Ay-(vc+vd—va—vh)j +(2Ax-(ub+ud—ua—uc)j +[2Ay-(vc+vd—va—vb) +
+l L(u +u, —u, —u )-I-L'(V +v,=v,—V ) 2 AxA ’ (6)
2(2Ay e Tla =Ha =y )T W TV T CJ y

rae NX — yucno y310B 1o ocu X; 1 MY — 4ucio y3i0B 1o ocu Y.
DHeprusl ClENICHUs B KOHTAKTHOU 30HE

Ax & u. —u Y
U =—"2 EA i+l 7 7
== ; | 5| (7)
DHeprus AepopManuu U3ruda rminuThl
2
Ax & Vo, —2v. +v,
U=—"X EJ . il T il . 8
2 l-:lel i=I1+1 ( sz j ( )
[ToreHuman BHEMIHENH HArPy3KU
Kl1-1
I =- Zqi(x)vi Ax . (9)

i=11+1

Buauvane pemaercst 3a1a4a B JIMHEHHOU MOCTaHOBKE. 110 BBIYMCICHHBIM 3HAYEHUSIM
MEPEMEILEHHUI i~-TOW Y3JI0BOM TOUKH U;(X), Vi(V), UCTIONIb3Ys] TEOMETPUUECKHE YPABHEHUS
Komm n koHeuHo-pa3zHoCTHBIE cooTHouIeHus (1, 2), onpeaesnsercss MHTEHCUBHOCTH Jie-
(dhopMaruii ¥ HanpsHKEHUH B IIEHTPax stueek (CM. (popMyIibl TeOpUH YIIPYTOCTH).

Nmes 3HaueHUsT HAPSHKEHUN U TIEPEMEILICHNAN, MIOTYYEHHBIX B PE3YJIbTATE PEIICHUS
3a7a4i B MIEPBOM NPUOIMKEHUH, ONPENEISIEM KACAMENbHbIU UTU CEeKYWULl MOOYIU Oe-
Gopmayuu U1 KOKION STYEUKHU U pelIaeM 3aJaqy BO BTOPOM U MOCIEAYIOUIMX MPHOIHU-
KEHUSIX, C y4ETOM U3rMOHOM U MPOJIOIBHBIX JKECTKOCTEN OalIOUHON TUTUTHI.

NrepanmoHHblid Nponecc 3aKaHYMBAETCS, KaK TOJIBKO Pa3HULA MEXIY MOCIeny-
IOIMM W TIPEABITYIIAM TPUOIMIKEHUEM HCCIIeTyeMo (QyHKIMH Oy/1eT COOTBETCTBO-
BaTh TPeOyeMOIl TOUHOCTH PELICHUS 3a/1a4yu.

Pemenue 3agaumn

Jlna pemieHusi 3a7adyd CocTaBlieHa pacdeTHas mporpamma Mathematica 10.0 u
IpOBE/IeHa €€ 4YucioBas ampoOaiusi JUisi OJHOCIOMHOTO OCHOBaHMS (CyIechb) —
6,=0,25Mlla;v=0,33; E =10 MIla ; xene306eTonHas mwmra ¢pynnamenra (6eToH
mapku C20/25),1=1,6 M, h=0,3 M; £, =2,75-10" /7a , pABHOMEpHAsl Harpy3Ka 3ame-
HaeTcs cocpenoroueHHbiMu cwiiamu Pl = P3 = 100 xH, P2 = 200 kH. Ycranas-
JIMBAaeM KpHUTEpUil cXo0auMocTH 3 %.

Ha pucynke 3 mpuBeleHbl pe3yibTaThl pacdeTra OcaJoK OCHOBaHUS W (pyHIa-
MEHTHOM TUIUTHI, C YYETOM KacaTeJIbHbIX HANPSHKEHU U 0€3 HUX B KOHTAKTHOW 30HE
JUISl TIEPBBIX JBYX WTEpalldil, a TaKKe JIMHEHHBIN pacyeT Jyisi cpaBHeHUs. CXOu-
MOCTh cocTaBmia 2,2 %. Ymenbmenue ocamok — 3,1 %.
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0 1 2
0,032 : :
0,033 F == eee e
HEJIMH. pacyeT 0e3 Kac.Harp
0,034
0,035
HEJIMH. pacyeT ¢ Kac.Harp
0,036
0,037 === JIMHCHHBIA pacyer
0,038
Pucynok 3 — [ pagux cpasnenus pe3ynbmamog 0caook
BbIBOABI

[IpennokeHHass METOAWKA pacueTa CHCTEMbI OAIOYHOW TUIUTHI C OJHOPOIHBIM
YOPYTUM OCHOBAaHHMEM BapUAIMOHHO-PA3HOCTHBIM METOJIOM C HCIIOJIh30BAaHUEM KO-
HEYHO-PA3HOCTHBIX ypaBHEHWH IMOJHON MOTEHIMATBHONW SHEPTHH, MO3BOJISIET OIpe-
JCNINTh BHYTPEHHUE YCWINS B OaJTOYHON TUIMTE W OCAJKW YNPYroro OCHOBAHUS IO
IJIMTOM, OOJiee TOJIHO HMCCIENOBAaTh ATy 30HY OMKOHTAKTHOTO B3aWMOJCUCTBUS C
YUETOM KacaTelbHbIX HAPSHKECHUH.

[TomyueHHBIE pe3yNbTaThl YMEHBIIEHHUS] OCaTOK (PUCYHOK 3) TOBOPST O BIMSIHUH
KacaTeJIbHBIX HAMPSHKEHUH, YTO TaKkKe oATBepkaaeTcs B padotax U. . 'ynymaypwu [6].
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Abstract

In the 1930-s, estate development did not become widespread in the mass housing
construction of Western Belarus. However, in the structure of new residential
formations in Molodechno and Postavy, separate single-family houses-villas were
erected. The article discusses their architectural and planning, spatial, compositional
and stylistic features. The combination of these features makes it possible to attribute
the described building to the architecture of rational modernity. The houses have
asymmetrical compositions consisting of rectangular volumes of different sizes, flat
roofs. The internal organization of houses combines techniques of axial symmetry
and flowing space. The described objects have retained their original appearance and
need state protection.

Keywords: estate development, rational Art Nouveau, Western Belarus,
architectural heritage.

Introduction

The manor architecture of Western Belarus (1921-1939) is primarily associated with
projects implemented in the early 1920-s as part of the state program to provide housing
for civil servants [1, pp. 119—123]. Their spatial, compositional and stylistic solutions
were based on the regional traditions of Art Nouveau architecture [2, p. 6]. In the 1930-s,
due to the spread of modernist ideas in Europe, the architecture of most individual
residential buildings acquires rationalistic features [3]. However, during this period,
estate residential development on the territory of the Western regions of the country did
not receive proper distribution in mass housing construction. Multi-apartment residential
buildings replaced the homestead construction of small residential formations (employee
colonies) characteristic of the early 1920-s [1, p. 124]. During this period, most of the
manor houses were built according to individual orders, they were located in the
structure of already established settlements, on vacant lots. The design and construction
were carried out by local specialists who followed the latest achievements of world
practice, relying on information from periodicals [4, p. 56]. The compositional and
stylistic features of such an individual residential development are largely described by
domestic authors E. V. Morozov and A. S. Shamruk [2; 5].

In the structure of residential units erected in the mid-1930s, there are individual
single-family houses. Their characteristic features have not been studied and described.
These are, first of all, villa houses in Molodechno and Postavy [6, pp. 60-61].
Their appearance indicates the predominance of a rationalistic approach in design.
The buildings were implemented by state order, the authors of the projects of which
were famous Polish architects.
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Methods

Manor house-villa for the commander of the regiment in Molodechno was
designed by Alexander Kafarsky in 1935 (paul. Alexander Julian Kafarsky, 1899 (?)—
1945, Frankfurt) — Polish architect, graduate of the Architectural Faculty of Warsaw
Polytechnic, Second Polish Republic (1931, engineer-architect), president of the
Union of Polish Architects (SARP), until 1939 [7] (figure 1). The modern address of
the building: Minsk region, Molodechno, Constantia Builo str., 1. Total area: 210 m’
(235 with terrace), residential — 120 m®. The house is designed for 8 people.

Plan  parteru t:400
Plan  pigtra 1:4o0

Ukonczony w 1935 1.

Kubatura budynku 1190 m*
1 mieszkanie — 8 1zb.

1) photograph, circa 1937 [8, p. 79]; 2) A. Kafarsky; [7]; 3) floor plans [8, p. 79]
Figure 1 — House-villa of the regiment commander in Molodechno

Manor house-villa for the commander of the regiment in Postavy was designed by
Czeslaw Wolff in 1935 (Paul Czestaw Wolff (Wolf), 1885 — 1953) — Polish architect
and military (colonel), graduate of the Architectural Faculty of Lviv Polytechnic,
Austria-Hungary (1912, engineer-architect) [7] (figure 2). The modern address of the
building: Vitebsk region, Postavy, Stankevich str. Total area: 195 m’® (220 with
terrace), living area — 115 m”. The house is designed for 6 people.
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Plan sytuacymy 1:2000
Plan partern 1:400
Plan pigtra 1:400

Rozpoczgty w 1935 r.

Kubatura budynku 1290 m*
Y 1 mieszkaniec — 6 izb.

1) photograph, circa 1937 [8, p. 86]; 2) C. Wolff [7]; 3) floor plans, general plan scheme [8, p. 86]
Figure 2 — The house-villa of the regiment commander in Postavy

Results and discussion

The building in Molodechno is two-storeyed with a basement, has an asymmetric
spatial composition consisting of two rectangular volumes of different sizes with a
low-sloping roof (figure 3). The building is located on a hill. The facade is formed by a
contrasting combination of planes made of different materials (cement brick, clinker
brick, rough concrete). Part of the facade plane, lined with clinker brick, distinguishes
the entrance group. In different volumes, the height of the base is different. The
basement is also lined with clinker brick. The composition is emphasized by different-
sized windows — large four-leaf windows in living rooms and small ones in utility
rooms. Above the windows are straight lintels of brick laid on an edge. The entrance
porch with a high flight of stairs, without a canopy, has an open area. On the second
floor there are exits to narrow balconies from the master bedroom and the hall.
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Figure 3 — House in Molodechno: general view, facades, section, floor plans.

The composition of the plan is L-shaped. The main volume is intended for the
residents of the house, the second — for the servants. Each volume has its own input.
A group of rooms in the collective zone is formed by a central hall with a staircase
and a dining room and a living room located around it with access to the terrace
(figure 4). At the same time, the composition of these rooms is open, separated
functionally only by barriers. Fireplaces are arranged in the living and dining areas.
In the hall there is also a guest bedroom for two, a toilet and a place to store
outerwear. The block of service rooms includes a separate entrance (black), food
pantries, a spacious working kitchen (equipped with a stove, a double sink and a
cutting table), a maid's room. A group of these rooms is united by a common narrow
corridor-vestibule, from which exits to the dining room, descent to the basement and
exit to the hall are arranged.
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Figure 4 — Diagram of the spatial organization of the premises of the house (by floors)

The second floor includes a group of individual zone rooms united by a common
hall. From the hall there are entrances to the master bedroom, two children's rooms, a
spacious bathroom located above the entrance area.

The Postavy building is two-storeyed with a basement, has an asymmetric frontal
composition consisting of rectangular volumes with a flat roof (figure 5). The building
is located so that the main entrance is located in the alignment of the central alley of
the boulevard. The main facade is formed by a contrasting combination of planes
made of different materials (light plaster, clinker brick, rough concrete). The brick part
of the facade plane with small windows highlights the internal layout — the presence of
a bath (sauna) on the second floor. The right part of the facade, including living
quarters, is symmetrical with respect to the axes of the tricuspid windows. The
entrance porch rises by 5 steps, with side walls. The flat reinforced concrete slab of the
canopy is supported by rectangular columns. The basement of the building is about a
meter high, lined with natural hewn stone. The facade ends with a simple cornice of a
vertically stacked row of bricks. The strict asymmetrical facade with windows of
different sizes and proportions, functionally emphasizing the internal organization, the
design of the entrance groups and the facades plastered in light tones with inserts of
stone materials indicate the direct influence of the Viennese Architectural School and,
in particular, the work of Adolf Loos [10, pp. 98—-113].

The composition of the plan includes two rectangles cutting into each other. The
main volume is intended for the residents of the house, the second — for the servants.
Each volume has its own input. The group of rooms of the collective zone is formed
by a central hall with a staircase, a living room with a fireplace and a dining room
with access to the terrace (figure 5). All rooms are interconnected by double doors.
The block of service rooms includes a separate entrance (black), food pantries, a
spacious working kitchen with a stove in the center, a maid's room. From this area,
through the vestibules, there is an exit to the dining room, a descent to the basement,
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a passage to the restroom and an exit to the hall. The line including the back entrance,
kitchen, dining room and exit to the terrace has a clear axial structure. The kitchen
premises are oriented to the north-east side, the living-dining room premises are
oriented to the south-west.
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J' Kilchen rooms Lo oo ! | Bedroom Bath, 1
T | | !
Second enlrance Dining room P Temace ! ! Bedroom :
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| I
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Figure 5 — Diagram of the spatial organization of the premises of the house (by floors)

The second floor includes a group of individual zone rooms united by a common
hall. From the hall there are entrances to the master bedroom, two children's rooms, a
restroom, a bathroom, a sauna (sauna) located above the entrance vestibule and part
of the stairs.

Manor houses in Molodechno and Postavy are quite well preserved, currently
used as public buildings. In order to prevent further distortion of their appearance and
subsequent loss of value, the buildings must be provided with state protection by
including them in the State List of Historical and Cultural Values of the Republic
of Belarus.

Conclusions

The considered objects make it possible to determine the characteristic features of
the residential estate development of Western Belarus in the 1930s in the context of
the development of Western European architecture of the interwar period and to
establish causal relationships between the processes of formation, development and
transfer of housing construction practices of the previous decades. Influenced by the
rationalistic trends in design laid down by the Vienna School of Architecture in the
early years of the twentieth century, the pan-European ideas of modernism of the
early 1920-s, and the popularity of Art Deco in the 1930-s. The traditional residential
architecture of the Art Nouveau era acquires a set of new qualities and characteristics
inherent in both the Polish interwar development and its implementations on the
territory of the Republic of Belarus. It is characterized by compositions consisting of
simple rectangular volumes with flat roofs; the use of a certain set of stylistic
techniques, high-quality finishing and building materials; the use of a single scheme
of internal organization of space. The main differences between the described objects
are in the variations of the facades and the inclusion of various additional rooms in
the layout of the apartments.
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Abstract
At the end of a decade-long research work at the Moravamont plant in Gnjilane, a
new completely prefabricated building system was created from reinforced concrete
and prestressed precast elements on the track, which was called Moravamont 2000.
Presented in paper final results demonstrates that the construction is well and
rationally designed, that the construction behaviour for the maximum expected
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earthquake effects with a return period of 500 years, according to the criterion of
regulation, is resistant and resistant to an earthquake without major damage. The idea
is to present through new system moravamont 2000 its flexible side along with the
possible development using 3D technology.

Keywords: prestressed precast element, seismic action, structural system, 3D.

1 Introduction

Moravamont Factory from Gnjilane (Figure 1) is one of the four factories in the
Vemont system in the former Yugoslavia. In addition to the Vemont system, the
factory Adrijamont and the IMS system of professor Branko ZeZelj also have a
factory. The factory owns its raw material base — quarry, concrete base, as well as
modern mold hydraulics (flares), reinforcement, internal transport and all necessary
contents, which can be seen from the attached documentation. In addition to adhesion
pre stressing, it also has the possibility of expanding the basic product range by
applying universal pre-precision on the track, as well as innovation within the system,
as well as possible combinations. This idea of the combination was supported in 1982
by my professor Momir Krastavcevic in postgraduate studies in Nis. The factory’s
position allows expansion of production capacities, which the author started in 1989,
at the time he was at the head of Binacka Morava, but, unfortunately, the built
structure was not put into operation, although the feasibility studies are still good for
all new products today. The complex itself enables the creation of a universal concept
of construction according to the system: concrete, metal, wood, which practically
provides a leading position in the construction industry in the Balkans.

0G0 e

MORAYAMONT

Figure 1 — Moravamont complex in Gnjilane

2 Methods

The idea to make Moravamont 2000 a flexible one came as a need to resolve
construction projects on different locations, both in constructing houses and
apartments, business halls and other public buildings.

The solution lies in merging elements, their easy transport and quick creation
of technical line for constructing elements for each construction site. The
fundamental models for the construction of apartments and halls have been
presented for this occasion (figure 2), along with the fundamental model for
the transport of all elements (figure 3), and Moravamont 2000 system technology
together with Elematic from Finland (figure 4).
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Figure 2 — Housing program and Hall program
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3 Result and discussion

The results coming out of this flexible system Moravamont 2000 do not fall
behind in terms of quality with fabricated ones, what is more, they allow better
construction organization as well as the possibility to mix with local materials. The
idea resulted from the project of building around 10 000 apartments in Africa, which
was postponed for 2021 due to the pandemic caused by corona virus. In this case, the
energy reduces the price for 15 per cent.

4 Conclusions

Besides achieving good results when it comes to the strength and resistance of
the structure as well as its duration in the areas with seismic activities, suggested
flexible variation of the system Moravamont 2000. Additionally, it brings the
rigidity of the prefabricated structure closer to the monolithic one. All of this
provides great possibilities for further research regarding the increase of the
structure’s span and its optimality.
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Figure 4 — Elements system Moravamont 2000

3D technology starts with resolving the element layers, but it is planned to be
used for the elements’ construction too. Thanks to that the whole automatization of
the process of manufacturing elements will be achieved. In addition, the whole
process of construction will be automatized as well (the whole process starting with
the idea till the realization of the project will be computerized) figure 5 and figure 6.
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Figure 5 — Modles Figure 6 — The process of constructing the
elements using 3D technology
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1 Introduction

In recent years, with the concept of green environmental protection deeply rooted
in the hearts of the people, environmental protection has been paid more and more
attention, the concept of sustainable development has been gradually proposed, with
the concept of green environmental protection gradually applied to the field of
building materials, new green environmental protection materials have become one of
the hot spots of research, and have made great progress and development. Based on
this concept, we studied the renewable aggregate, using shells as additives to replace
the traditional aggregate into the concrete soil, and evaluated the mechanical
properties and environmental performance of the renewable aggregate, and concluded
that the renewable aggregate can provide sufficient strength for the concrete and has
lower carbon emissions and higher economic value, in order to achieve higher
strength and expand the application range of renewable aggregates, so that they can
be applied to concrete structures, with reference to the research of many scientific
researchers, Amran found that adding fibers to concrete improved the performance of
the concrete, giving it greater strength [1]. It is believed that fiber has the
characteristics of light weight, low production cost, easy molding, high tensile
strength and flexural strength, and elasticity [2]. We envision that a combination of
fibers and renewable aggregates can be added to concrete to make it stronger for
better economic and social value. Therefore, we will analyze the possibility of fiber
reinforced concrete and renewable aggregate application in concrete structures by
evaluating the mechanical properties of concrete with the addition of fiber and
renewable aggregates.

2 Additive composition and properties

2.1 Shell composition and properties

The shell is mainly composed of inorganic phase and organic phase, the inorganic
phase 1s about 95~99,9 % CaCOj; (calcite, aragonite, aragonite and amorphous form),
and the organic phase is composed of about 0,1~5 % organic matter (protein,
glycoprotein, polysaccharide, chitin and lipid, etc.). Generally speaking, the basic
structure of the shell is mainly divided into three parts, the outermost layer is the
stratum corneum composed of hard protein, the middle layer is the prismatic layer
composed of calcite or aragonite crystals, which mainly provides hardness and
dissolution resistance for the shell, and the innermost layer is the nacre, which mainly
provides hardness and toughness for the shell, which is generally composed of
CaCOj; minerals (inorganic phase) and organic matter (organic phase) such as calcite
or aragonite [3].

93



The shell has sterilization and antibacterial, drying adsorption, fire retardant and
flame retardant, light weight, high strength, good durability and other properties. The
waste shells are crushed, screened, calcined and other processes to make granular
materials, and the particle size is generally between 0,15~4,75 mm. When replacing
the traditional sand and gravel aggregate, the shell has higher strength, good
mechanical properties and solidity than sand and gravel, can withstand the load and
stress in the concrete, and ensure the safety and stability of the concrete structure; has
low water absorption and adsorption, reduces the loss and evaporation of cement
slurry; ensures the workability of concrete, has a reasonable particle gradation and
shape, can reduce the porosity in the concrete, improves the compactness and
strength of the concrete; has a low alkali activity and harmful substance content, and
avoids the reaction with the alkali in the cement, resulting in the cracking of the
concrete. In addition, studies have shown that the appropriate proportion of shells can
replace fine aggregates to fill the pores of the material, improve the overall
compactness, reduce the absorption rate, improve the compressive strength, and
improve the workability, strength and durability of the mortar [4]. Therefore, when
replacing traditional aggregates, shells have full rationality and feasibility.

2.2 Composition and mechanical properties of reed fiber

The components of reed fiber are mainly cellulose, hemicellulose, lignin, ash and
wax. There may be some differences in different reed species and origins, but generally
speaking, the cellulose content is the highest, accounting for 40 %~60 % of the dry
weight of the reed, followed by the hemicellulose content, accounting for 10 %~20 %,
and the lignin content is lower, accounting for 5 %~15 %. The content of other
components such as ash and wax is less, accounting for about 1 %~5 % each[5].

Many studies have shown that the application of a large number of reed fibers on
concrete is feasible, and many scientists carbonize the reed fibers, grind them into
powdery substances and add them to structural concrete. Or the reed fiber is cut and
added to the structural concrete, natural fiber in the application of concrete, reed fiber
as a fiber material to improve cement or lime-based mortar, it can well enhance the
mechanical properties of concrete, and can be well used in green buildings [6, 7].
According to research, the flexural toughness of reed fibers is crucial for construction
applications, where it can withstand horizontal stresses such as seismic shocks or
wind. A significant advantage of reed composite fiber materials as a brittle reinforced
material is the flexural resistance after cracking. In addition, the use of natural fibers
plays a fundamental role in improving the mechanical properties of composites, and
the reinforcing materials are distributed in composites with effective sealing and
bridging crack capabilities under bending or tensile stress, so the post-crack
toughness caused by natural fibers in cement materials may allow for large-scale
construction use of such composites.

3 Experimental design

3.2 Experimental method

In order to study the mechanical and mechanical properties of reed fiber and shell
aggregate concrete in the composite shear state, with the substitution rate, normal
stress and reed fiber content as the changing parameters, under the replacement rate
of 10 %, 30 % and 50 % shell aggregate replacement rate, the reed fiber was added at
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the addition rate of 1 %—6 % of the cement mass to design a standard cube specimen
for composite shear test. The failure mode of concrete under direct shear and
compressive shear was observed, the shear stress-displacement curves of the whole
process under direct shear and compressive shear were obtained, and the influence of
substitution rate, normal stress and reed fiber content on the shear strength and peak
displacement of reed fiber reinforced concrete was analyzed in depth. The purpose of
the experiment was to determine the optimal content value of reed fiber and the shear
strength of reed fiber reinforced concrete. At the same time, a standard group without
additives was added to judge the effect of reed fiber on concrete.
3.3 Experimental Materials

P - L

Figure 1 — Physical properties of the reed fiber

R42.5 ordinary Portland cement is used, natural coarse aggregate is ordinary
gravel (0/5 particle size 5-10 mm, 1/2 particle size 10-20 mm, 1/3 particle size
16-31.5 mm), coarse aggregate particle size is 10~20mm, continuous gradation, fine
aggregate is natural river sand in the Minsk Sea, mixing water is laboratory tap water,
shell is natural clam shell after salt washing. The mix ratio of coir fiber, (diameter
100450 um, length 100-250 mm, width 2-3 mm, density 1,12 g/cm?®) reed fiber
(length 40 mm, width 3-5 mm, diameter 0,45 mm, density 1,7 g/cm?®) treated
with 4 % NAOH solution was used as the benchmark for the substitution rate of 0 %,
the target design strength was C35, and the design standard slump was 180-220 mm.
The physical properties of the reed fiber are shown in Figure 1, and the physical
properties of the material are shown in Table 1, and the mix ratio and additives of the
material are shown in Table 1.

Table 1 — Physical properties of materials

Apparent Bulk density, | Crush Moisture Water

density, kg/m?® | kg/m? Index, % content, % Absorption, %
Natural coarse | 2609 1450 18 0,07 0,43
aggregates
sand 2635 1640 0,45
Reed fibers 1,10 4,85
Coir 4,8 16,3
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4 Conclusion

The study aims at how to solve the shortage of resources in the Republic of
Belarus and the environmental protection of green building materials. How to use
existing resources to develop new energy-saving and emission-reducing building
materials to achieve sustainable development with the concept of green building. This
ensures the development of new materials that are economical, environmentally
friendly and durable.

When shells and reed fibers are incorporated into shells in a certain proportion,
the crack resistance, impact resistance and mechanical properties of the cementitious
material system can be improved, and the compressive and flexural strength of the
cementitious material system are greatly improved compared with those of ordinary
concrete test blocks. Experiments show that the performance test of the specimen is
in the test. The strength of the block did not decrease at 28d, and the shell as
aggregate did not cause the reduction of the early strength of the concrete, which not
only maintained the advantages of ordinary concrete, but also had the advantages of
waste utilization, and would not affect the basic properties of the mortar; the
microstructure test study showed that the adhesion between the shell and the cement
slurry was good, and the irregular shape of the shell significantly improved the
distribution of the latter in the cement matrix, which fully demonstrated that the shell
was used as a fine aggregate, and even significantly enhanced the workability of the
concrete compared with the traditional aggregate. Therefore, under the premise of
reducing the consumption of primary aggregates and environmental protection, the
use of shell aggregates does not affect the construction quality, and can significantly
reduce the price of building materials. In addition, the flexural capriciousness of reed
fiber can well improve the flexural strength of concrete, so the use of shell aggregate
and reed can produce considerable social and economic benefits, and well realize the
sustainable development of green building as the concept.
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Abstract

The parameters of the nanoindentation method were selected to ensure the final
consistent results were obtained. These results are presented by histograms of the
distribution of nanoindentation points by elasticity and hardness moduli and
distributions by these characteristics in the horizontal XY plane perpendicular to the
movement of the nanoindenter. It was revealed that the elastic modulus increases in
samples that contain a complex additive containing nano-sized particles. The effect is
also observed when introducing an additive containing only one type of nanoparticles
(hydrothermal SiO, nanoparticles or multiwalled carbon nanotubes MWCNTs.
Studies of cement stone samples at W/C = 0,21 and the content of SiO, in the
combined additive is 0,000006 wt. % and MWCNT 0,00004 wt. % for cement
showed that the effect of nanoparticles on the structure of the CSH gel becomes more
pronounced, because the volume fraction of the LD phase of the CSH gel with a low
packing density of nanograins becomes significantly lower than the fraction of the
HD phase with an increased hexagonal packing density of granules. The results
obtained indicate that there is a change in the nanostructure of the C—S—H gel, which
is compared with an increase in strength, Young's and shear moduli with the
introduction of SiO, nanoparticles and MWCNT nanoparticles. Using the
nanoindentation method, it becomes possible to explain the nanogranular nature of
the CSH gel, which is characteristic and determined by the contact forces of
the CSH gel particles for these phases.

Keywords: nanoparticles, nanoindentation, nanogranules, packing density.
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Introduction

In recent years, interest in the study of the properties and processes of obtaining
and using nanomaterials, the range of use of which is steadily expanding, has
increased significantly. The development of nanotechnology makes it possible to
solve a number of problems in building materials science: increasing strength,
durability, abrasion resistance, and corrosion resistance, which determines the
operational reliability of building structures. This is mainly achieved by modifying
the structure and properties of existing materials or products with nanoparticles
introduced into their volume or onto the surface layer [1-16].

Hydration of cement materials is accompanied by the formation of calcium
hydrosilicates (CSH). Accordingly, the hydration process is completed in the early,
middle and late periods, resulting in the formation of two types of CSH phases: low
density (LD) and high density (HD). Under normal conditions, LD CSH is usually
formed in the middle stage, while HD CSH formation predominates in the later stage.

To reveal the relationship between the morphology and mechanical properties of
CSH, a nanoindentation technique is used, which primarily reveals differences in
structure. During nanoindentation, most solid non-metallic materials, such as
concrete, are deformed elastically-plastically, which makes it possible to characterize
mechanical properties such as hardness (H) and elastic modulus (E). Nanoparticles of
different chemical compositions with a high specific surface area and high surface
energy are used to specifically influence the nanostructure of the CSH gel. And the
nanoindentation method makes it possible to evaluate the effect of nanoparticles
directly on the volume fraction of different forms of CSH gel in early and adulthood.

Based on the results obtained using a number of methods, new ideas have
emerged about the kinetics of formation and structure of the gel of calcium silicate
hydrates — CSH (size, shape, density, etc.). CSH gel holds concrete in a solid, solid
state and is itself a nanomaterial. At a small scale (1-5 nm), the CSH gel has a layer
structure, and the layers tend to cluster into compact domains in which the distances
between individual CSH layers are on the order of several nanometers. On a larger
scale (from 5 to 100 nm), domains form three-dimensional disk-shaped structures
with dimensions of 60 x 30 x 5 nm3 (5 nm thickness, long axis about 60 nm) — the
so-called CSH particles [3—6]. During the hydration process, the number of CSH
particles increases, the particles aggregate, forming three types of amorphous CSH
gel at the microlevel (1 um): 1) LD Low density CSH gel; 2) HD High density CSH
gel; 3) UD CSH gel with ultra-high density. The three varieties of CSH gel exhibit
different mechanical properties: high and ultra-high density CSH gel have higher
stiffness and hardness compared to low density CSH gel. The volumetric proportion
in concrete between varieties of CSH gel depends on the cement and mixing
conditions, but the mechanical properties (modulus of elasticity, hardness) of high
and low density CSH gel do not change when moving from one cement to
another. [7]. The boundaries between the phases are quite arbitrary, but nevertheless
they exist. High statistical deviations for the average values of E and H indicate that
the samples within their volume are heterogeneous in their E and H characteristics.

Using nanoindentation, atomic force microscopy, and small-angle neutron
scattering methods, the nanogranular structure of the CSH gel was established [2-3].
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The consequence of the granular structure is the dependence of the volumetric elastic
modulus K, shear modulus G, elastic modulus M and hardness H on the volumetric
packing density n of CSH gel nanoparticles, which subsequently affects the
macromechanical strengths in compression, bending, axial tension, etc., and the
porous structure of the material. In normalized coordinates, these dependences are
quite universal, and are weakly influenced by such factors as the water-cement ratio
W/C, the degree of hydration and brand of Portland cement, the age of the sample,
the aspect ratio of hydrosilicate-calcium particles, as well as the origin of calcium-
silicate particles: a) technogenic hydrosilicates-calcium — products of hydration of
Portland cement, b) calcium silicates of shales and other rocks, c¢) calcium silicates of
the mineral component of the bones of animal organisms [2].

Work [3] provides equations relating E, H to the volumetric packing density.
Mechanical properties (M, H) increase with packing density, as is the matching of
nanoindentation modulus and hardness, as well as characteristic packing densities. In
addition, to evaluate the relationship between the composite indentation modulus M
and the elastic modulus of the solid m (Eq. 1) as a function of the ratio of the shear
modulus of the composite material G = g ¢, the volumetric shear modulus of the solid
the ratio r ;=k /g ;and packing density n [2, 3]

M G 9nr +4G/ ¢ +3r)3r. +4
_:F (77”/;):_(775‘ gs v)( S )

sc

m, g, 4(4G/g +3r)Gr+D) M

In particular, the Poisson's ratio of a solid body v (= 1/5 (r ;= 4/3) gives a linear
scaling of all elastic properties with packing density (Eq. 2):

M

—=F_(n,r,=4/3)=2n-1 . )
mS
A similar approach is used for normalized hardness:

H

e 11, =11,(n) + (A —m) L (w,n) . (3)
Where

V22— -2 -1
11,y = SZELD T2 (1 a1 =)+ b =) + el =) @)
27 —1 3
L) =—5—(d+e—m+ fA=mu+gr), (5)

and where a = — 5,3678, b = 12,1933, ¢ = — 10,3071, d = 6,7374, e = — 39,5893,
f=343216 and g = — 21,2053 — all constants associated with the geometry of
the Berkovich indenter and the morphology of the polycrystal with the percolation
threshold 77, =0,5.

According to nanoindentation data of cement-water samples, the volume fraction
of CSH gel phases with different packing densities of granules LD, HD, UHD largely
depends on the W/C ratio ([2], Figure 1).
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Figure 1 — Distribution of volume fractions in the microstructure

At the age of 6 months. at W/C = 0,2, the volume fraction of non-hydrated cement
1s 30 %, the fraction of hydration products is 54 %, and the fraction of gel porosity is
16 %. For W/C = 0,2, a very low proportion of the LD phase of the CSH gel is
characteristic — 3 % in relation to phases with an increased particle packing density.
According to equations (2) and (3), the result of the effect of nanoparticles on M, H
and on the volume fractions of the gel phases at one W/C value can be recalculated to
any other W/C value, using an additional bar diagram of the volume fractions of the
phases (Figure 1).

According to atomic force microscopy and nanoindentation in layers of calcium
hydrosilicates formed from a solution of sodium silicate on the surface of calcium
carbonate in the presence of various amounts of Ca (OH), CSH nanoparticles have
dimensions of 5 x 30 x 60 nm > and are characterized by modulus M in the direction
perpendicular to the surface about 200 GPa and in the longitudinal — about
50 GPa[10]. In this case, the mechanical characteristics of continuous CSH
nanoparticles decrease with a decrease in the concentration of Ca (OH), during the
preparation of CSH particles.

The introduction of nanoparticles into the water-cement system allows you to
specifically increase the volume fraction of the HD phase CSH gel with hexagonal
packing of particles (n = 0,76) and reduce the volume fraction of the LD phase CSH
gel with cubic packing (n = 0,64), accordingly, increase the elastic modulus and
hardness of the CSH gel, which are directly proportional to the volumetric packing
density of the particles.

The purpose of this work was to use nanoindentation to determine the effect of
hydrothermal SiO, nanoparticles and MWCNT nanoparticles included in the
combined additive directly on the volume fraction of different forms of CSH gel,
thereby confirming the nanogranular nature of the CSH gel.
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Experimental program

Nanoindentation technique and materials. Method used nanoindentation, when a
solid needle of a known shape is pressed into the surface of a cement stone sample at
a constant speed. When the specified load or indentation depth is reached, the
movement stops for a certain time, after which the needle is retracted in the opposite
direction. During the loading process, the load values and the corresponding indenter
displacement are recorded. The resulting relationship is called the loading/unloading
curve (Figure 2).

P
A

loading

load

unloading

mx

a) loading curve P (1); b) measurement scheme
Figure 2 — Algorithm for measuring hardness using the nanoindentation method

From this experimental curve, the hardness and elastic modulus of the material
can be determined. Within the method proposed by Oliver and Far, the hardness H of
a sample is given by the equation

Yy = Pmax (6)
A

where 4 . 1s the projection area of the print at the maximum value of the applied load
P ax (Fig. 2, b). Effective elastic modulus value
1V §
B =5 e (7)

A . is the contact area of the Berkovich diamond tip with the sample at a given
immersion depth 74 .

The constant Bdepends on the shape of the indenter. For a Berkovich indenter
with an apex angle of 142° 3 = 1,034.

The contact stiffness S is determined by the slope of the initial part of the

unloading curve Pmax
dP
. (%) | ®

The greatest depth of penetration of the indenter into the surface % . is calculated
by the formula

= hmax — & (hmax - hz) . (9)



The constant edepends on the geometry of the indenter (¢~0,75 for the Berkovich
pyramid), 4 ; _ the distance corresponding to the intersection of the tangent to the
unloading curve in the initial part with the axis of penetration (Figure 2a).

The projection area A. is determined from a predetermined function of the
indenter shape 4 (h) when substituting the calculated value of the contact depth /¢

A = A (h)- (10)

The tip shape function represents the dependence of the cross-sectional area of the
tip 4 on the distance along the indenter axis 4. Within the framework of this method,
the function A4 (#) n is assumed to be known in advance. In this work, research was
carried out using an automated nanoindenter Hysitron TI 950 Tribolndenter. When
performing mechanical measurements, a diamond probe tip was used.

M was 1.5 GPa (m = 100 intervals within 0—150 — GPa), the step in H was
0,1 GPa (100 intervals within 0—10 — GPa). The experimental results are presented as
histograms of the distribution of nanoindentation points according to the reduced
elastic modulus M and hardness H. Deconvolution over three phases J =1, 2, 3
values x = M , H was performed according to the normal Gaussian distribution for

each J phase
2
exp (_ M} , (11)

1
pj (x) \/E 252
where p; is the average value of M , H J -th phase, S , - standard deviation of the
distribution in the J -th phase ( StdDev ). The theoretical probability density function
p ( x ) of the distribution of values M , H was determined taking into account the

volume fraction fJ of each phase

P(x) = él frps (%), (12)

where J=1, 2, 3.

The unknown values p;, S, , f; were found from the condition of the minimum
standard deviation between the experimental discrete values of nanoindentation
probability density P ; and the theoretical values P (x ;) in each i -th interval with the
additional condition of equality of the sum of the volume fractions of phases f ; unit
(m = 100 — number of intervals along the M , H axis) [3]:

2 (R P )
min 3 B2 P G (13)
i=1

m

z fr=1, (14)
J=1

where J = 1, 2, 3. To find the minimum of function (13) under additional
condition (14) and unknown values p; , S, , f; we used the MathLab program
algorithm.

When conducting research, the following materials were used as the main
components:

1) binder-Portland cement PC 500 DO according to GOST 30515-2013 with the
following mineral composition, wt , %: C 3 S — 58,31; From , S — 18,38; C; A — 8,01;
From 4 AF — 10,64 ;
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2) modifying substances:

a) gyrothermal nanosilica (Si0,) with the following characteristics: SiO , content
in ash — 120 g/dm’, density p = 1075 g/dm °, total salt content — 1720 mg/dm’,
pH = 9,2, specific surface area — 500 m >/ g and the average diameter of primary SiO,
nanoparticles is 5,5 nm according to TU 2111-001-97849280-2014;

b) multiwalled carbon nanotubes (MWCNTs): average diameter of tubes and
fibers — 10,300 nm , average length of tubes and fibers — 0,01-20 microns, bulk
density — 0,15-0,22 g/cm’ , ash content — no more than 5 %, specific adsorption
surface — from 60 m /g according to TU BY 691460594.002-2016;

3) superplasticizer (SP) in the form of an aqueous solution — polycarboxylate
copolymer with a density of 1,1-1,14 g/ml, pH = 6-8, viscosity 230-330 cP, content
of non-volatile substances - 39-41 %, water-reducing ability over 40 %;

4) water for mixing and subsequent hardening, meeting the requirements of
STB 1114-98 and GOST 23732-2011.

Prototypes. Testing using the nanoindentation method was carried out on cement
samples No. 1-4 with dimensions of 10 x 10 x 20 mm with additives, the
composition of the components of which is given in Table 1.

Table 1 — Composition of the raw material mixture

o Composition of the additive, % by weight of cement
Sample composition :
. Mass fraction of . .
number/test sample | Mass fraction . SiO; solid
. . solid MWCNT .
number of joint venture . particles
particles
1 0,4 — —
2 0,4 — 0,000 006
3 0,4 0,000 04 —
4 0,4 0,000 04 0,000 006

The additive for samples of compositions No. 1-4 was introduced in an amount of
0,8 % by weight of cement. The amount of mixing water for all samples was selected
in such a way that in all cases a dough of normal thickness was obtained. The water-
cement ratio of samples of compositions No. 1-4 was W/C = 0,21. Hydrated samples
were stored in water at room temperature until testing. Age at nanoindentation and
construction of histograms in Figure 4 — 4 months. At this age, the structure of the
phases has formed and the duration of point-by-point nanoindentation itself will not
affect the results.

Designations

f . — compressive strength of concrete, MPa; f ., - concrete bending
strength, MPa; E — Young’s modulus, GPa; G — shear modulus, GPa; H — hardness,
GPa; M — modulus of elasticity, GPa; p — density, kg/ ™. Indices: ¢ — compression;
with t — bending.
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Abstract

The parameters of the nanoindentation method were selected to ensure the final
consistent results were obtained. These results are presented by histograms of the
distribution of nanoindentation points by elasticity and hardness moduli and
distributions by these characteristics in the horizontal XY plane perpendicular to the
movement of the nanoindenter. It was revealed that the elastic modulus increases in
samples that contain a complex additive containing nano-sized particles. The effect is
also observed when introducing an additive containing only one type of nanoparticles
(hydrothermal SiO, nanoparticles or multiwalled carbon nanotubes MWCNTs.
Studies of cement stone samples at W/C = 0,21 and the content of SiO, in the
combined additive is 0,000006 wt. % and MWCNT 0,00004 wt. % for cement
showed that the effect of nanoparticles on the structure of the CSH gel becomes more
pronounced, because the volume fraction of the LD phase of the CSH gel with a low
packing density of nanograins becomes significantly lower than the fraction of the
HD phase with an increased hexagonal packing density of granules. The results
obtained indicate that there is a change in the nanostructure of the C —S —H gel,
which is compared with an increase in strength, Young's and shear moduli with the
introduction of SiO, nanoparticles and MWCNT nanoparticles. Using the
nanoindentation method, it becomes possible to explain the nanogranular nature of
the CSH gel, which is characteristic and determined by the contact forces of the CSH
gel particles for these phases.

Keywords: nanoparticles, nanoindentation, nanogranules, packing density.

Analysis of scanning electron microscope (SEM) images of sections of cement stone
(Figure 1 a—d) proves the absence of adhesion of SiO, and MWCNT nanoparticles, as
well as their complex (SP + Si0,+ MWCNT) in the hardening sample.

The results of our own studies of heavy concrete samples [9] using a complex
nanodisperse system (containing a superplasticizer additive SP + Si0, + MWCNTs)
for compressive strength fc at the age of 28 days reached 78,7 MPa, which exceeds
the strength of the control sample by more than 50 % and the strength of the sample
containing only a superplasticizer by 37 % The difference in compressive strength fc
was also established between control sample No. 1 and modified samples No. 2, 3, 4.
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a) a sample containing only SP (composition No. 1);
b) a sample containing SP+ SiO, (composition No. 2);
¢) a sample containing SP + MWCNTSs (composition No. 3);
d) sample containing SP + SiOQ, + MWCNTSs (composition No. 4)
Figure 1 — SEM images

The difference reached 13 and 12,7 % at an early age of 1, 3 days, 11,9 % at the
age of 37 days and was maximum in the case ,scombinations of nanoparticles (SiO, +
MCNT). The difference in bending strength f with t relative to the control was
maximum for the sample with the complex addition of NPs (SiO, + M CNTs) and
reached 39,6 and 21,6 % at the age of 1,3 days, and 23,4 % at the age of 37 days.

Based on the results of ultrasonic measurements, significant increases in Young's
modulus £ and shear modulus G at the age of 1 and 5 months were obtained for
samples modified with nanoparticles. The maximum increment of 10 % was achieved
in the variant of modification with a complex nanoadditive (sample No. 4). An
increase in density padditionally indicates a change in the pore structure of the
cement stone and the structure of the C S H gel (Figure 2). Nanoindentation primarily
shows differences in structure, and such significant differences between samples with
nanoparticles No. 2, 3, 4 and sample No. 1 without nanoparticles have already been
identified, and these differences must be attributed to the action of nanoparticles.

Test method. To implement the nanoindentation experiment, the manufactured
samples were ground on a single-disc grinding and polishing machine. Grinding was
carried out in order to reduce the surface roughness of the test sample and thus reduce
its influence on the final indentation results (Figure 3). The polishing surfaces were
subsequently photographed using atomic force microscopy (AFM). The roughness
turned out to be about 12-25 nm.
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Figure 2 — Results of determining the density of samples

a) before grinding; b) after grinding
Figure 3 — AFM photographs

The results of the experiments were histograms of the distribution of
nanoindentation points of the mechanical properties of the material-elastic modulus
M and hardness H. They were determined by a large number of nanoindentation
experiments at a given scale of observation of the material, taking into account the
depth of indentation. In this regard, the issue of the immersion depth of the
nanoindenter was separately studied. The size of inhomogeneities in the CHS gel
structure 1s 5, 10 and 60 nm, with the maximum size of inhomogeneity being 60 nm.
A 5-fold margin was adopted to distinguish heterogeneity, then the maximum
immersion depth of the nanoindenter was 300 nm, the maximum load was 4 mN. For
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an immersion depth of 200 nm, 1-2 mN 1s usually sufficient, however, taking into
account that the samples had a compressive strength 2 times greater than normal, a
maximum force of 4 mN was taken for an immersion depth of 300 nm. If the
nanoindenter fell into a crack, then such points were simply excluded from
mathematical processing, but the progress of the nanoindenter along the mesh did not
stop. The percentage of such points with cracks was no more than 5 %.

In accordance with the direction of the research, a targeted time schedule of the
load was specially developed: 1. immersion up to 300 nm and maximum force for
10 s; 2. constant load mode for 5 s; 3. raising the nanoindenter to the surface,
removing the load to 0 for 10 s. When choosing the immersion rate of the
nanoindenter, simple calculations were performed. We assume the maximum
immersion depth of the nanoindenter is 300 nm, the immersion time is 10 s, then the
immersion speed will be 300 nm / 10 s =30 nm/ s.

Features of the experiment:

1) type of nanoindenter used with a Berkovich tip with a cone angle of
143 degrees;

2) in a single test (immersion —reaching the surface) we obtain two standard
force — immersion depth curves for loading and unloading;

3) based on the maximum load and contact area of the nanoindenter with the
sample, hardness H is calculated,

4) Using the tangent of the tangent to the unloading curve at the top point, the
elastic modulus £ at one point is calculated.

— unloading” cycle, a P-h diagram of the dependence of the load on the indenter
penetration depth was built and saved (Figure 4).
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Figure 4 — Hysteresis curves during nanoindentation
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M were calculated at the indentation point; from the maximum load and area of
the contact zone, H was calculated.

Using the calculated values of M and H, distributions were constructed depending
on the contact depth of immersion (Figure 5), from the distributions we proceeded to
histograms of M and H by intervals.
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Figure 5 — Distributions of H and M values depending on the contact depth of immersion

Based on equations (13) and (14), Gaussian functions were found and
deconvolution was carried out over three phases (Figure 6).

Designations in the figures: circles (or dots) — experimental measured values of
M, H; 2) three dotted lines — the values of three Gaussian functions based on the
results of deconvolution; 3) solid blue line — the sum of the values of three Gaussian
functions.

Taking into account the rectangular shape of the grid of nanoindentation points in
XY coordinates (17-35 points) and the distance between grid points of
0.5 mm =500 um, x the distributions of M and H in one horizontal plane were
obtained by linear approximation of the values of M and H along the lines between
the grid nodes and for points on the area squares 0,5 x 0,5 mm with corners at grid
nodes (Figure 7).
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Figure 7 — Distributions of M and H in the horizontal XY plane perpendicular to the movement of
the nanoindenter: sample No. 1

Analysis of the results obtained. Results of deconvolution of histograms of
volume distribution according to the reduced modulus of elasticity M and stiffness in
three phases — exponential Gaussian functions. The values of hardness, Young's
modulus and phase fraction for cement samples are presented in Table 1.
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Table 1 — Values of hardness, Young's modulus and phase fraction for
cement samples

Sample Sample No. | Sample Sample
No. 1 2 No. 3 No. 4
Modulus of elasticity | Phase 1 | 13,0/3,3 27,6/4,8 21,2/4,9 22,6/5,7
M , GPa/ Standard Phase 2 | 23,2/10,6 | 41,7/11,8 30,7/9,1 36,8/13.,4
deviation StdDev Phase 3 | 50,6/8,6 90,7/14,6 62,8/10,7 | 61,7/15,4
Hardness N , GPa/ Phase 1 | 0,93/0,21 | 1,01/0,23 1,04/0,23 | 0,90/0,22
Standard deviation Phase 2 | 1,84/0,74 | 1,57/0,74 1,59/0,87 | 1,43/0,62

Index

StdDev Phase 3 | 2,95/1,45 | 2,81/1,37 4,94/1,28 | 4,18/1,29
Phase 1 | 61,9 58,0 46,9 55,6

Phase fraction, % Phase 2 | 34,0 29,2 44,1 314
Phase 3 | 4,1 12,8 9,0 13,0

The histograms highlight phases with average values of £ and H and moderate
statistical scatters within each phase. The share of each phase was estimated as a
percentage.

Procedure for approximation by Gaussian functions: start parameters and number
of phases are set n, and the Matlab program selects the averages M and H, average
deviations for each phase, and volume fractions of phases from the condition of the
minimum sum of squared deviations between experimental and theoretical points.

The results obtained show that the histograms of volume distribution according to
the reduced modulus of elasticity M and stiffness H in samples 2, 3, 4 shifted to the
region of higher average values compared to sample 1 (Table 1). At the same time,
the volume fraction of phase 1 with lower average values of M and H decreased, and
the volume fraction of phases 2 and 3 with larger average values of M and H and with
a denser volumetric packing of CSH gel particles increased.

For phases 1, 2, 3 of the distribution over M ,,, , for phase 3, which has the
maximum average value H ,,, of the distribution over H in samples 2, 3, 4, the width
of the distribution according to the corresponding Gaussian function decreased,
which is characterized by a decrease in the ratio StdDev / M ,,,, H 4, ( StdDev is an
exponent of the Gaussian function), and shows a higher structural order of the CSH
gel in samples modified with nanoparticles (Table 2). The data presented in Table 2
indicate a change in the structure of the CSH gel in samples modified with SiO,
nanoparticles and MWCNTs.

Table 2 — Relative values of the Gaussian function

: Sample Sample Sample Sample
Relative values No. 1 No. 2 No. 3 No. 4
Phase 1 | 0,226 0,174 0,231 0,252
StdDev / M avg Phase 2 | 0,457 0,283 0,296 0,364
Phase 3 | 0,170 0,161 0,170 0,250
Phase 1 | 0,226 0,228 0,221 0,244
StdDev /Hcep Phase 2 | 0,402 0,471 0,547 0,434
Phase 3 | 0,492 0,488 0,259 0,309
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The average values of the elastic modulus M and stiffness H, calculated as the
sum of the products of the average value of M, H in each phase and its volume
fraction, for samples of compositions No. 1-4 had the following values:
1-18,00 GPa, 1,32 GPa; 2-39,79 GPa, 1,40 GPa; 3-29,13 GPa, 1,14 GPa; 4-32,14,
1,49 GPa. The volume-average values of M, H in samples of compositions No. 1-4,
modified with nanoparticles, were higher than in the sample of composition No. 1.

The nanoindentation method, a significant shift in the volume fraction of the CSH
gel phases to the region of higher average values of M and H and a decrease in the
StDev / M, H ratio for the isolated phases were established, which indicates a higher
packing density of the gel particles, a higher structuring of the gel substance, and can
be correlated with the differences characteristics (E, G, p, f., f¢() [14].

The nanoindentation results suggest that the two packing limits that characterize
LD CSH and HD CSH are a consequence of the nanogranular nature of CSH.
Nanogranular nature refers to the nanoscale mechanical behavior of CSH particles,
which is dominated by particle-particle contact rather than mineral properties. As the
packing density increases, the number of contacts increases. Thus, the higher stiffness
and hardness of HD CSH compared to LD CSH is attributed to the large number of
contact points that stabilize the particle.

Conclusions

1. CSH is improved due to the high specific surface area and specific surface
energy of SiO ; panoparticles @Nd carbon nanoparticles. The surface of nanoparticles acts
as additional centers of crystallization of calcium hydrosilicate particles, helping to
increase the rate of alite hydration and formation of CSH gel, reducing the average
size and increasing the volumetric packing density of particles and mechanical
characteristics in the CSH gel phases, increasing the structural order in the CSH gel
phases and in the particles of calcium hydrosilicates. The consequence of
nanomodification is changes in the structure of the CSH gel:

2. Hysteresis curves were obtained for the points of the indentation grid
(Figure 6). For all grid points, the curves were smooth and continuous of a similar
shape, which made it possible to calculate arrays of M and H values and proceed to
the distributions of M and H depending on the contact depth of immersion

3. The shift to the region of higher average values indicates an increase in the
volume fraction of C — S — H gel phases with a higher particle packing density and,
accordingly, higher mechanical characteristics. The increase in the volume fraction of
the C — S — H phases of the gel with higher M and H values is consistent with the
results of an increase in the strength, Young and shear moduli, and density of samples
modified with Si0, nanoparticlesand MWCNTs.

4. The volume fraction of the phase with increased values of M (more than 70—
100 — GPa) and H (—5-10 GPa) according to nanoindentation data (the relative area
of the red, brown and black areas), which can be compared to non-hydrated clinker
grains, has low values in samples No. 1-4, corresponding to the degree of hydration
of Portland cement with a W/C ratio = 0,21 at the age of 3 months.

5. Based on the results of nanoindentation, we can conclude that CSH gel behaves
mechanically like a nanogranular material, the behavior of which is determined by
contact forces at the points of contact of particle with particle, and not by the mineral
properties themselves.
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