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Metoa pacdyeTHBIX Mo/eJIeil CONPOTHBJICHHS JIf JKejIe300eTOHA

Ba.A. KoquyHos

Hayuonanwnowtii uccredosamenvckuii Mockosckuii 2ocyoapcmeenuvlii cmpoumenvhviil yHueepcumem, Mocksa, Poccutickas @edepayus
Hayuno-uccneoosamenvckuti uncmumym cmpoumensHou ¢usuxu Poccutickoil akademuu apxumekmypbl U CIMpoUmenbHblx HaAyK,
Mocksa, Poccuiickasa ®edepayus

vlik52@mail.ru
HcTopus cratbu AnHoTanusa. Ha ocHOBe BCeCTOPOHHETro aHamM3a dKCIHEPUMEHTANIBHBIX HCCIIe-
IMocrynuna B penaxuuto: 17 suaps 2023 r. JOoBaHUH ¢ mo3unMi UX CONMKEHUSI C TEOPETUUECKUMH PEIICHUSIMU NIPEIIoxKe-
Jopaborana: 20 mapta 2023 T. Hbl pacueTHble Mozenu conpotuBieHuss (PMC) kene300eToHa, BKIIHOYAIOIINE
IMpunsra k nmyonukanuu: 28 mapra 2023 r. PMC1 - wMonenupoBaHue HOpMalbHbIX TpemmH, PMC2 MonenupoBaHue

HaKJIOHHBIX TpemuH, PMC3 — MmogenupoBanue AnaroHaidbHBIX TpemuH, PMC4 —
MOJICJIMPOBaHKE TEepPEeCceKalONMXCsl TperH B creHe, PMC4* — monenupoBanue
TpemuH B Twiockoi mre 1 PMCS — MozenupoBaHue MpOCTPaHCTBEHHBIX Tpe-
LIMH OpU KpydeHuH ¢ u3ruoom, PMCS5* — mozenupoBaHue MpoOCTPaHCTBEHHBIX
TPEIINH NPU M3rHde ¢ momnepedHol cuiioi. IIpu 3ToM mpeacTaBieHa HepapXus
pacueTHBIX MOJENe BTOPOro M TPEThero ypoBHeH. PacnpeneneHue MHTEHCHB-
HOCTH paboyell apMaTypHhl 110 CEYSHUIO PACUETHOTO JJIEMEHTA IOJNy4YeHO B aHa-
JUTHYECKOH (popMe MoCTpoeHHeM 3aMKHYTBIX ypaBHEHHH OJIOKOB, COOTBETCTBYIO-
X OIIoKaM Kese300€TOHHOTO JIeMEHTa MPH YCIOBUH PAaBEHCTBA HYJIIO YaCTHBIX
MPOU3BOIHBIX (QyHKIMH Jlarpanxa ajs onpenesieHHs MaKCHUMaJIbHOW LIMPUHBI
PACKpPBITUS TPEUIMH. Y4HuThIBaeTcs 3)(GEKT, MPeII0KESHHBIA aBTOPOM, O JIOTON-
HUTEJIBHOM Je()OpMAIlMOHHOM BO3ACHCTBHM PEaKiUu «OETOH — apMmarypa» OT
HECIUIOUTHOCTH OeToHa Npu 00pa30BaHUM TPEIIUHBI ITyTEeM CHEeNUaIbHONW Moje-
JI1 JABYXKOHCOJIBHOI'O J3JIEMEHTA MEXaHUKHU paspylmICHUs. 21.]'[5{ CJIO’KHOHAIIpA-
JKEHHOT'O 3JIEMEHTA, HCIIBITHIBAIOLIETO KPYUYECHHUS C U3THOOM, CHOPMYITHPOBAHbBI
TUIOTE3bI O PACIpPeNeIeHUH JTUHEHHBIX U YTIOBBIX ﬂe(popMaum‘/'l IpU JeIIaHa-

LU CEYECHHUS C Y4YEeTOM IpaJiueHTOB JedopMaluii, BbI3BAaHHBIX 00pa30BaHUEM
TpeuMH. PacKpbITHE TPEUIMH ONpENeseTcs KaKk B3aMMHBIC CMEICHHS apMaTy-
pBI 1 O6eToHa ¢ yueToM aedopmanuu. O0beIHHEHNE TOJKOHCTPYKIUI B CHCTEME
3/IaHHS BBIMOJIHAETCS METOJIOM HavaJIbHBIX MTApPaMETPOB.

Jast uuTUpoBaHust

Konuynoe Ba.1. Meton pacueTHBIX Mojeiei
COTIPOTHBIICHHMS TS Kerne300eToHa // Ctpou-
TeNbHAs MEXaHWKa WHKEHEPHBIX KOHCTPYK-

miid U coopyxenmid. 2023. T. 19. Ne 3. KnaioueBble cioBa: nedhopMalOHHBIH 3(QQEKT, MHUpUHA PACKPBITHSI TPEIIHH,
C. 261-275. http://doi.org/10.22363/1815- Kraccu(uKays TPEIIHH, KOHLCHTPAIHS, IBYXKOHCOJBHBIN JIEMEHT, )KECTKOCTh,
5235-2023-19-3-261-275 OCHOBHOE apMHUPOBaHHE
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Abstract. Based on a comprehensive analysis of the experimental studies from
the standpoint of their convergence with the theoretical solutions, the computa-
tional models of resistance (CMR) of reinforced concrete are proposed. These
models include CMR1 — modeling of normal cracks, CMR2 — modeling of in-
clined cracks, CMR3 — modeling of diagonal cracks, CMR4 — modeling of
intersecting cracks in the wall, CMR4* — modeling of cracks in a flat slab,
and CMR5 — modeling of spatial cracks in torsion with bending, CMR5* —
modeling of spatial cracks in bending with transverse force. Also, a hierarchy
of computational models of the second and third levels is proposed. The distri-
bution of intensity of working reinforcement along the cross-section of the cal-
culated element was obtained in an analytical form by creating closed equations
of blocks, corresponding to the blocks of the reinforced concrete element under
the condition of equality to zero of partial derivatives of the Lagrange function to
determine the maximum crack opening width. It is considered the effect proposed
by the author on the additional deformation impact of the reaction “concrete —
reinforcement” from the discontinuity of concrete during the formation of the crack
by means of a special model of the two-cantilever element of fracture mechanics.
Hypotheses about the distribution of linear and angular deformations during
cross-section with account of gradients of deformations caused by formation of
cracks were formulated for a complex-stressed element subjected to torsion with
bending. Crack opening is defined as mutual displacements of reinforcement
and concrete, taking into account deformation. The consolidation of substruc-
tures in the building system is performed by the method of initial parameters.

Keywords: resistance models, deformation effect, crack width, crack classifica-
tion, concentration, double-console element, stiffness, main reinforcement

1. BBeaenue

CoBpeMeHHasI MEXaHHKa JKelle300€TOHA SIBIISICTCS OCHOBOW IMOBBIIICHHS HAJCKHOCTH U OE30MaCHOCTU
KOHCTPYKTHBHBIX CUCTEM 3JIaHHH U COOPY>KEHHI B YCIOBHUSIX HOBBIX BBI30BOB. Ee cozaHue cTano BO3ZMOKHBIM
Onaromaps HOBBIM TEXHOJIOTHSAM SKCIEPUMEHTAIBHBIX HCCIICJOBAHNH KeJIe300€TOHHBIX KOHCTPYKIIUH.

HccnenoBanust oOpa3oBaHMsl W Pa3BHTHS TPEUIMH B MEXaHMKE kele300eToHa B Poccum m 3a pybexom
MPOBOJSTCS yKe Ha mpoTsbkennn 6onee 80 set [1-9]. 3a 310 BpeMst pa3paboTaHO MHOXKECTBO MOJIENICH, CBI3aH-
HBI ¢ OOJIBIIMM YUCIOM TEOPETUUYECKUX M SKCIIEPUMEHTABHBIX MCCIECAOBAHUN, B UUCIE KOTOPHIX MOXHO OTME-
TUTH paboThl poccuiickux [1; 3; 10-12] u 3apyOexHbix [2; 4-9; 13—-19] yuensix. OnHaKo AanbpHEIIee pa3BUTHE
TEOPHH KEIe300eTOHA U MEXaHHKH Pa3pyLICHHUS CBS3aHO C TOJyYEeHHEM YHHUBEPCAIbHBIX MOTyaHAJTUTUYECKUX
MoOJIeNIel, YUUTHIBAIOIINX OOJBIIMHCTBO 3KCIEPUMEHTANIBHO YCTAaHOBJICHHBIX 1e()OPMALMOHHBIX U CHIIOBBIX
BO3JICHCTBHH, TAaKUX KaK «HAreJbHBIA dPdekT», apdexT HapymeHus CIUIONIHOCTH kene300eToHa u ap. OmHo
W3 HAIPABIICHUH TAKOTO MOJX0/1a TPEJICTABIICHO B HACTOSIIEM HUCCIICIOBAHUY.

2. Merox

1. Conmxenne NefCTBUTENBHBIX MPOLECCOB U (PH3MYECKUX SBJICHUH, HOIyYSHHBIX B 9KCIIEPHMEHTAIBHBIX
HCCIIEIOBAHUSX, C TCOPUEH jKesle300eTOHa CTPOUTCS Ha OCHOBE MEXaHWKHU pa3pyIICHHs M PAacUeTHBIX Mopeieit
conporuBieHus xene3oderona [20-23]: PMCI1 — monenupoBaHue HopMainbHbIX TpetunH, PMC2 — moaenupoBa-
HHUE HAKJIOHHBIX TpeumH, PMC3 — mMonenupoBanue IuaroHanbHBIX TpemmH, PMC4 — MongenupoBaHue mepece-
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Research Institute of Construction Physics, Russian Academy of Architecture and Construction Sciences, Moscow, Russian Federation; ORCID: 0000-
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KaroImxcs TpenuH B cTteHe, PMC4* — MomenupoBanue TpeluH B Iutockoi mute, PMCS — momenupoBaHue
MIPOCTPAaHCTBEHHBIX TPEIIHMH NMPH KpyueHHH ¢ u3rudom, PMC5* — mogenupoBaHie MpOCTPAHCTBEHHBIX TPEIINH
MIpH U3THOE C TOTIEPEYHON CHIION.

2. Ilpu mocTpoeHNN MoAelel yIUThIBaeTCs BBeACHHBIM Hamu [20-22] deghopmayuonnusiii 2¢pghexm, Xa-
paKTepU3yIOUIHiicad BO3IEHCTBUEM B TPEIIMHE OT peakluuu «OeToH — apMaTypa» (pHc. 3) U ONHMChIBaeMbIi B Me-
XaHUKE pa3pyLIeHUs CIeUUaIbHBIM 08YXKOHCONbHbIM demernmom (H{KD).

3. [lpunsra cneayromas kiaaccuUKays TpeIH Ha HIDKHEH 1 OOKOBBIX TPaHsIX CTEPKHEBOH Kene300eTOHHOI
KOHCTPYKIUH: TIPH M > Mere, Mt < Miere 1 O > Qcre — TrepBBIi THT; TIpH M < Mere, Mt > Miere 1 Q > Qgre ¥ TpEIIIUHEL,
MIPUJICTAIOIINE CBOSH BEPIIUHOM K COCPEIOTOUCHHOM criie, — BTopoit TvIT; IpH M < M, Mt < Migre, Q > Qcrc — Tpe-
THI THIL. TpelMHbI MOApa3IeNstoTes Ha 6a30BbIe, MEXKEBBIC M TPEIMHBI I-X YPOBHEH (pHc. 5).

4. PackpeITHe TPEIIMH pacCMaTPUBAETCS VIl HAKOIUIEHHUSI OTHOCUTEIBHBIX YCJIOBHBIX COCPEAOTOUYEHHBIX
B3aMMHBIX CMEIICHHI £y(X) apMaTypbl 1 OeTOHA ¢ 0COOBIMH ydacTKaMH Ha Oeperax TPEIIHHBI, T1€ YYUTHIBACTCS
s dexT nepopMUpOBaHHOTO BO3IECHCTBHUS B TPELIMHE OT PEakuu «OETOH — apMaTypay.

Jlisl TOBEpXHOCTH MPOCTPAHCTBEHHBIX TPELIMH B KEI€300€TOHE NPEAJIOKEH YHUBEPCAIBHBIA O8YXKOH-
convHblll dicenezobemonnvlil d1emenm (puc. 6) M TOIYyUEHO DHEPreTHIECKOe 000CHOBAHWE PA3BUTHS YICIbHON
JUTMHBI TPELMHEL.

5. O0benuHEeHNnEe TOAKOHCTPYKLUMI B BHIE PAaCUETHBIX MOJENECH CONMPOTHUBICHHS C IBYXKOHCOJIBHBIMU
3JIEMEHTaMH MEXaHUKHU Pa3pyLICHUs BBIIOIHAETCS METOJIOM CHJI, IEPEMEILEHUH 1 CMELIaHHBIM METOAOM C HC-
MOJIb30BaHUEM METOJIa HadaIbHBIX MapameTpoB U (yakumii KpsiioBa — Briacosa (puc. 6). Ilpu sTom pemenne
i depeHInanb-HOro ypaBHeHUS MOAY4eHO IS TMHEHHBIX KOMOMHAIMN 3THX (YHKIMHA MK B BUE CIIaliHa.

B cooTrBeTcTBUM C NPUHATHIMU TMIIOTE€3aMH AJSL CO3JaHMs HambOoJsiee YHUBEPCAJbHON aHAJIMTUYECKOU
TEOpUH pacyeTa MpeasioxKeHa o0Imas MOIeNb s aHAJIN3a CTEPKHEBBIX CHCTEM — PacwIEHEHHEM MX Ha MOJKOH-
CTPYKLMH, B BUAE TaK HA3bIBAEMBIX (U3MUECKHX W PACUETHBIX MOJEIEH COMPOTHBICHHS Pa3HBIX YPOBHEH:
PMC1, PMC2, PMC3, PMC4*, PMCS5, PMC5*. Tloctpoerne PMC1 BBINOIHEHO AN Pa3UYHBIX yYaCTKOB
HaAIPSKEHHOTO COCTOSHUS KOHCTPYKTHUBHOW CHCTEMBI 3/1aHui U coopykeHuil. B wactHoctn, PMC1 — st 30HBI
M > Mere, Q < Qere; PMC2 — mist 30HB1 M > Mere; Q > Qcere; PMC3 — nnist y3noBoit 3oub1; PMC4 — i cTeHBI;
PMC4* — nns mimter; PMCS u PMCS5* — nst yyacTka npoCTpaHCTBEHHBIX TPEIIUH HPU KPYYEHUH C U3THOOM.
IIpu 3TOM HCHONB30BaHBI PE3yJbTAThl MHOTOJIETHUX SKCIEPUMEHTAIBHBIX HCCIEIOBAHUN AJIsl OLIGHKU Maru-
CTPaJIbHBIX TPEUIMH MPHU ONPEICIICHUH IUPUHBI UX PACKPBITHS U HEPABEHCTBA i-TO YPOBHS — JJISl ONPEICIICHHUS
PACCTOSIHUI MEKTy TPEIMHAMH lerc,i, YKECTKOCTH, IPOYHOCTH U yCTOWYMBOCTH KOHCTpYKIMH (puc. 1) [20-22].

N
N
M. PMCS5
Q
= PMC5*%
= PMC=

Puc. 1. Cxembl pacueTHBIX MOJIENICH CONPOTUBIICHUS 30aHUI U COOPYKEHHUH ¢ 0A30BBIMU M CMEKHBIMH,
OCHOBHBIMH TPEIHHAMHU M TPEUINHAMH i-T0 YPOBHSL:

PMC1 — mopenupoBaHie HOPMaJIbHBIX TpeliuHbl; PMC2 — MoJenupoBaHie HAKIOHHBIX TpeluH; PMC3 — MOJeIMpOBaHUE AUArOHAIbHBIX TPELIHH;
PMC4 — MonenupoBaHHe IepeceKaromuXcs TPEIHH B cTeHe; PMC4* — MonenupoBaHue TPEIHH B II0cKoi mute; PMCS5 — MoenupoBaHue
MPOCTPAHCTBEHHBIX TPELIUH NPU KPyUeHHH ¢ u3rubom; PMCS* — MopenupoBaHue IPOCTPAHCTBEHHBIX TPELIMH ITPU U3THOE C IONePeIHOI CHToN
Figure 1. Schemes of calculation models of the resistance of buildings and structures with basic and adjacent,
main cracks and cracks of the i-th level:

PMC1I —modeling of normal cracks; PMC2 — modeling of oblique cracks; PMC3 — modeling of diagonal cracks;

PMC4 — modeling of intersecting cracks in the wall; PMC4* — modeling of cracks in a flat slab; PMC5 — modeling of spatial cracks
in torsion with bending; PMC5 * — modeling of spatial cracks in bending with a transverse force
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Puc. 2. PacyeTHble MOZIEIN CONMPOTHBICHHUS:

a — PMCI (HopMaibHbIe TPELIHHbL); 6 — THarpaMMa 3aBUCHMOCTH «1eOopMalii — HanpspkeHus» OetoHa (g, — Ry);

6 — rpa(MiK 3aBHCUMOCTH [IapaMeTpa CONPOTHUBIICHHS PAaCTSHYTOr0 OETOHA s uepe3 1ehOpMUPOBAHHS apMaTyphbI;
2 —PMC?2 (HaxJIOHHBIE TPEIIVHBI); 0 — TONONTHUTENbHbIe BHyTpeHHUe yerminst AM, AN 1 AQ OTHOCHTEIBHO OCH CTEePIXKHS,;

e — PMC3 (auaroHasibHbIE TPELIMHBI); o — CXeMa KOHCOJel B Bujie «kpectay u3 PMC3
Figure 2. Computational models of resistance:
a—PMCI (normal cracks); 6 — diagram of the “strain — stress” dependence for concrete (g, — Ry);
6 — diagram of the dependence of the resistance parameter of tensile concrete v through deformations of the reinforcement;
2—PMC2 (inclined cracks); o — additional internal forces AM, AN and AQ relatively to the axis of the bar;
e —PMC3 (diagonal cracks); o« — scheme of consoles in the form of a “cross” from PMC3
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IIpuBeneM kpaTkoe cofepikaHHe NPEUIOKEHHBIX PacYeTHBIX MOAEIECH CONpoTHBICHUA. [lepsas mooens
conporusnenus: (PMC1) onuceiBaeT HanpsukeHHO-AS)OPMUPOBAHHOE COCTOSHHE TPH 00pa30BaHUU B KOHCTPYK-
LMY HOPMaJbHBIX TpeunH. OHa MmojlydyeHa Ha OCHOBE TEOpHH TpernHooOpa3zosanus B.1. MypaiueBa, KoTopbIit
COEIMHWI TPEUIMHOCTOMKOCTh U JKECTKOCTh 3JIEMEHTa 4Yepe3 BaKHBIM MapaMeTp COIPOTHUBIICHUS PACTSIHYTOI'O
0eToHa s U mepeaa 3TOT mapaMmeTp Ha nedopMupoBaHue B paboueit apmarype. COBpEeMEHHBIN UHTETPaIbHBIN
napameTp 1e(pOpMHUPOBAHHS KeJle300eTOHa BKIIIOYAIOT B ce0s (yHKIIMOHAT MEXaHUKH pa3pyLIeHus Ha rpaduke
JUISL Pa3NIMYHbIX 00acTeil HanmpsHKEeHHOTO COCTOSIHUS: M3THM0, BHELIEHTPEHHOE CKaThe — pacTsHKEHUE U LEHTPalb-
HOE pacTspkeHue (puc. 2, 6).

Bmopas pacuemmnas mooenv comportusnenus (PMC2) mocssieHa UCCIeTOBAHUIO HAKIOHHBIX TPEIIUH
JUIS YCTaHOBIICHHS CBSI3M Je(pOpPMHUPOBAHUS apMaTypbl H KOHTYPOB-TIOTOKOB OETOHA 4epe3 3aMKHYThIE ypaBHeE-
HUs (puc. 2, 2). DT aHANIWTHYECKHE 3aBUCHMOCTH BKIIIOYEHBI B (pyHKIMIO JlarpaHyka HECKONBKHX IMEPEMEH-
HbIX Fj IpH yCII0BHU paBeHCTBA HYJIFO YaCTHBIX MPOU3BOIHBIX [0 HCKOMBIM TIepeMeHHbIM [20-22].

Ou3nuecKuid CMBICI MOMYYaeMbIX TAaKUM 00pa3oM ypaBHEHHH 3aKJIIOUACTCsl B OTNpPEIeSIeHUH OMACHOW Mpo-
CTPAHCTBEHHOM TPELIMHBI U3 Beepa HECKOJIBKUX BO3MOXHBIX TPEIIUH. 31€Ch TAKXKe IT0JyUYEeHbI TOMOJTHUTEIbHbIE
BHyTpenHue ycuiust AM, AN u AQ, BBIYMCIIEHHBIE OTHOCHTEIBHO TPOJIOIBHOW OCH CTepKHSI (pHc. 2, e). DyHK-

s F = f(qSW,XB,GS,X,GC,GSJ ’Gc,l’cz’7*1,%2’7“3,7%:7‘5’7‘6’7‘7) IUISL OTIpeie/IeHss MCKOMOM IIMPHHBI pac-

KPBITHS TPEIIMH WIH MUHUMAIBFHOW HArpy3Kd TPEIIMHOOOpPa30BaHUS, COOTBETCTBYIOIIEH MHHUMAaIbHON MpPOU-
HOCTH HWJIH )KECTKOCTH KOHCTPYKITUH, IMEET BH]T

i+k1%+kzae—2+...+xmae—m=0

8X1 6)(1 8X1 aXl

14-}\.1%4-)\289—2 ..."r‘}\,mae—mzo

8X2 6x2 aXZ 6X2 . (1)
a4 x1%+x269—2+...+kmae—m=0

OXn OXn OXp OXp

Tpemvs pacuemnas mooenw conporupieHuss PMC3 umeeT auaroHanbHbIE U IPYTHe MOA00HBIC TPEIUHBI
W OTIpEJIEeTISIeT mapamMeTp . U1l KOHIICHTpaun JedopMaliyii uepe3 MoAaTINBOCTh y3JIOB B OTIIMYHE OT )KECTKUX
Y3JIOB, MPUHATHIX B CTpOHTCJIBHOfI MECXaHUKE. HpI/I 9TOM OIIPECACIICHUEC preILHeHHOﬁ KECTKOCTHU BBbIIIOJIHACTCS
JUTSL TFOOBIX Y3JIOBBIX KOHCOJIBHBIX CTEPIKHEW C YYETOM KOHIIEHTPAIUH JIe(hOpMAIIHiA.

[Ipu onpeneeHny )KeCTKOCTHBIX MTapaMeTPOB KEJIe300eTOHA ¢ TPEIINHAMY YYHTHIBACTCS MTPEII0KEHHBIN
B [21] medopmanmioHHETH 3P dEKT jkene300eToHa, ONpeAeIIeMbIN Kak BO3IEHCTBHE PEaKIINN «OCTOH — apMaTy-
pa» B TpemmHe (puc. 3) U KOJUYECTBEHHO BBIUYMCIISIEMBIA C HCIIOJNB30BAHUEM MOJIEIH JBYXKOHCOJIBHOTO 3Je-
MEHTa B MEXaHHKE pa3pylIeHHUs, CBI3aHHON C HapYIIICHHEM CILIOITHOCTH jKeJie300eToHa.

[Mapamerpsr IKD onpenengrorcs Ha OCHOBE ClIeIyIOmero GyHKIFOHAIA:

gbu = lim

3A—0

(SW—SVJ dw dV_l”(Pgac 6le @)

oA dA  dA 3.3 oA cP oA
riae OV — yMeHbIlIeHHe TIOTeHIMAIBHON SHEPTUH Tella MPH NPOBIKEHAN TPEIIMHBI HA MaJloe NpHUpalleHne da;
OW — nmomonHUTENBHAS paboTa, coBepiiacMas Haj TEJIOM IMPU MPOJBUKCHUN TPEIIMHBI Ha MaJIOe MPHUpAIICHUE
da ot psana yeunmi, AT, P1, P2, , Mcon, IPHITOKEHHBIX K IBYXKOHCOJILHOMY 3JIEeMEHTY (pHC. 0).

IMepemernienns B moObIX nHTEpecyromux cedeHusx JIKD (A1 ... Ai, A, @1, (¢2) OTIPEAEIAIOTCS METOIAMH
cTpouTensHON Mexanuku. s onpenenenuns nogarauBoctu KD ot HemsBectHoro X1 = AT, ... Xy HCIIOB3YeT-
cs QyHKIHOHAN (2), ONMpeeIsIoNIi BEICBOOOKACHNE YACTFHOW 3HEPTUH TP MPOABIKEHUHU TPEIUHBI BIIyOh
Tena. Bemonmaus muddepenimpopanme, mociae He0OXOIUMBIX aareOpandeckix npeoOpa3oBaHUi MOYIHM 3aBH-
cHUMOCTh ((DYHKIIHIO), CBS3BIBAIOIIYIO KacaTenbHbie yeuaus BOMu3u Tpeutabl AT (Nere, Cr, €qter, B, T, Mi) ¢ AnmmuHOM
ee pa3BUTUsA here uepe3 HOBYIO KOHCTAHTY GeTOHA (py.

Omnpenenenne >KECTKOCTH AJIEMEHTOB € TIepeCeKAIONIIMHUCS TpenuHaMu (puc. 4) IpON3BOANTCS Ha OCHOBE
MOJICJIM C HCIIOJBb30BAHUEM TEOPUU COCTABHOTO CTEepPXHs. [1IIOCKOHAIPSKEHHBIA JKEIe300CTOHHBINA 3JIEMEHT
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C TpeInHAMH alllPOKCUMHUPYETCS YeThIPhMS-IIIECTHI0 TIOMIEPEYHBIMH MTONIOCKaMU mUpruHOH Ax. [lanHas cucrte-
Ma OTIIMJaeTCs OT TpaaumuoHHON Monenmu B.M. MyparmeBa teM, 4To yauThiBaeT 3(HEKTH HApyIIICHUS CILTOII-
HOCTH U J1e()OpMallMOHHOE BO3JCHCTBUE B TPEIINHE.
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Puc. 3. Cxemsl nedopmarionHoro addexra jxene300eToHa OT BO3ACHCTBHS peakun «OeTOH — apMaTypay
IIPU HapyIIEHUHU CIJIOIIHOCTH OeTOHa:
a — cxeMa ycunuii B apmatypHoM crepikae 1 HJIC 6etona B ceuenusix 1-3; 6 — smiopa HanmpspKEHUH apMaTypsl Gs, Gsj, Osm;
6, 2 — IPOGUITb PACKPHITUSI TPEIIUH B ()OpMe TPEyroNbHUKA HIH IUIUICONIA COOTBETCTBEHHO
Figure 3. Schemes of the deformation effect in reinforced concrete from the impact of the “concrete — reinforcement” reaction
in case of violation of concrete continuity:
a — diagram of the forces in the reinforcing bar and the stress-strain conditions of concrete in sections 1-3;
6 — diagram of stresses o, 6sj, 0s,m in the reinforcing bars; 6, 2 — cracks opening profile in the form of a triangle or an ellipsoid respectively

Taxoii BBIOOp MOJIENIN ’KeNe300€TOHHOTO COCTaBHOTO CTEPIKHS IO3BOJISICT CHU3UTH MOPSIOK AuddepeH-
[UAITBHBIX YPAaBHEHHSI COCTaBHBIX KOHCTPYKIUN A.P. PxaHMIIbIHA U CYIIECTBEHHO YTOUHUTH 3HAUEHUS TMOCTO-
SHHBIX WHTETPUPOBAHUS MPH PEIICHUH 3aJa4d CONPOTUBJICHHUS pacTSIHYTOro OeTOHA C TpelMHamMH. Monenb
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MI03BOJIAET YUUTHIBATh CPEIHHUE JIMHEHHbBIE U yIIIOBbIE Ae(OpMaLy OT CIIBUTA IIPU B3aUMHBIX CMELICHUIX Oepe-
roB TpemuH. [Ipu 3TOM HcTonk3yercss MogudUIMpoBaHHas cuctema auddepeHnanbHbIX ypaBHEHUH cOCTaB-
HBIX CTEP>KHEHU:

I
—L AT = ATy — = Aj Ty = Ao
m,1
T .
ém,Z
T,
__AniTi _AnZTZ _---_AnnTn = AnO’
Emn
e
o Nog . MNop f(Xcrc); 4)
(Eo1ApDev  (Ep2Pp2dew Ty
2
Ry R P ———-_ Y )
(Ep1Pbe  (Eo2Ppo)ey  Mxry

Ti, T1, To, Tn — cABUTAIOIINE YCHIIHs, HAKAIUTHBAEMbIC MO JUTMHE JJIEMEHTa 10 PacCMaTPHBAEMOTO CEUYCHWUS,
A — TIepeMelIeHUsI 110 33JaHHOMY HAaIlPaBJICHHIO; Eqm, Ybm — PA3HOCTh CPEHUX OTHOCHTEIILHBIX JIMHEHHBIX U yT-
J0BBIX JedopManuii B Touke mBa; (Ep1Ab1)ekv, (Eb2Ab2)ekv — SKBUBaANICHTHBIC KeCTKOCTH; f(Xerc) — dyHKIMS, 3a-
BHUCSIIIAsi OT BBICOTBI CYKATOW 30HBI OCTOHA, YCPEAHCHHAS Ha YYaCTKe MEXIY TPEIIMHAMM; Iy — KPUBU3HA JKeJle-
300€TOHHOTO COCTaBHOI'O CTEPXKHS.
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Puc. 4. Monenb mIoCKOHANPSHKEHHOT0 XKeJIe3006TOHHOTO AIEMEHTA C HAKIIOHHBIMH (TTePEKPECTHBIMH) TPEIHMHAMHE [UIs OIPeICNICHHUST KECTKOCTH
Figure 4. A model of a plane-stressed reinforced concrete element with inclined (cross) cracks for determination of stiffness

[Ipu ompeneneHnn mapaMeTpoB HANPsSHKEHHO-IE(HOPMHUPOBAHHOTO COCTOSHHSI JKeIe300eTOHa KOHCTPYK-
nuu Ha ocHoBe PMC wmcmonp3yeTcs: mpemioskeHHas Kiaccudukarusa TpemuH misi miockux (PMC4) u mpo-
ctpanctBeHHbIX (PMC5) TpemmH. Beero BblneneHo TpU THNA XapaKTEPHBIX TPEIIMH: HA HW)KHEH W OOKOBOM
TpaHW IS CTep)KHEBOTO AneMeHTa, e M > Mee, Mt < Micere 1 Q > Qere — epBhIit THI; M < Mere, Mt = Myere
u Q > Qe ¥ IpUIICTaIoIIMe CBOCH BEPIIMHON K cOCpenoToueHHON cuiie — BTopoi tuir; M < M, Mt < Mycre,
Q > Qcrc — TpeTuit THIL
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Puc. 5. Knaccudukarys Tperint:
a, 6 — 6a30Bble, CMEXHBIC M TPELIMHBI ISl FEOMETPHYECKHIX, CHIIOBBIX, MEXCPEIOBBIX U i-X YPOBHEH COOTBETCTBEHHO;

MpoaonbHble TPELLUHbI
Longitudinal cracks

MonepeyHble TpeLuHbI
Transverse cracks

Au
L

05/ 2t

0502t

0.5/ cre

0,5/

PapunanbHble TpelwuHbl / Radial cracks

6 — TPEIIHA Ha HIDKHEH U BepXHeH IIOBEPXHOCTH IUIUT B KOHBEPT MLt Mojen PMC4*; 2 — nedopmarioHHast MOJIeTb BTOPOTO YPOBHS;
0 — MOJIENIb TPETHETO YPOBHS OKOJIO apMaTypHOI obnacTn

Figure 5. Classification of cracks:

a, 6 — basic, adjacent and cracks for geometric, force, inter-environment and i-th levels respectively;
6 — crack on the lower and upper surface of the plates for the PMC4* model; 2 — deformation model of the second level,
0 —model of the third level near the reinforcement area
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Pa3BuTHe MCTOKOB KOHIEHTPAIMH AMCKPETHBIX MaruCTPabHBIX TPEIINH CBA3aHO C aOCOIFOTHO HOBBIM
KpUTEpHEM IS JKelle300eToHa (YIeIbHOU MOBEPXHOCTHIO (hy 0OOpa3oBaHUs TPEUIUH, a TAKKe HHTCHCUBHOCTHIO
nedopmaliyii), B OTIIMYHE OT PETYISPHBIX TPEIIWH, TAe KPUTEepHeM HX 00pa3oBaHUS SIBISETCS IOCTHKCHHE
TJTaBHBIMH JehopManusaMu (HampsHKeHUSIMHY ) TIPEIeNbHBIX 3HaYeHH. MHOTOypOBHEBast MOETh Pa3BUTHS 0a30-
BBIX U CMEXKHBIX TPEIIMH C YCTAHOBJIEHHWEM PACCTOSHUN MEXIy HUMH IOCTPOCHA C MOMOINBIO CIEIUATBHBIX
Mojeseil — MOJKOHCTPYKIHMIA BTOPOTo WK I-r0 ypoBHs. [Ipu 3TOM nosyudeH HOBbIH 3 (EKT A1 TPEUMHOCTOM-
KOCTH U )KE€CTKOCTH B BHJIE JIe(hOPMAIIIOHHOTO BO3ICHCTBUS PEAKIIMH apMaTyphl U O€TOHA, B (hopMe ILTUTICOUA
JUTSL aITbTEPHATUBHON KMHEMAaTHYEeCKON TPEUIMHBI N3 YHUBEPCATHHOTO JBYXKOHCOIBHOTO DJIEMEHTa B XKele300e-
TOHE (cM. puc. 3).

Pacuernas mopnens comportuBienus PMC4 (crena) pazpaboTaHa Ha OCHOBE Pa3BHTHs KOHIICTIIIUU JIUC-
KPETHBIX MaruCTPajJbHBIX TPEIIUH (T€OMETPHYECKOM, CHIOBOH, MexcpemoBoi). IlomyderHas TakuM obpazom
MOJEIH TI0 PU3NIECKOMY CMBICITY SIBIISIETCS MHOTOYPOBHEBOH (CM. puC. 5).

JITMHA OTTACHOM TPEIMHBI Nere BRIYUCIIAETCS U3 CIIEIHATBHOTO (QYHKIIMOHATA MEXaHUKH Pa3pyIIICHUS:

dCbu =0. (6)
dhgre

Pacyernas mogens PMC4* (muta) MopenupyeT pacnpeneseHie TPEIlUH B IUIUTE TI0 THUITy «KOHBEPT» (CM.
pHc. 5, 6) U ucmonb3yeTcs Ui ompeaeneHus Hecyuiei cnocoonoctd B |l cranum HanpspkeHHO-nedopMupo-
BAaHHOTO COCTOSIHUSI.

Pacuernsie Mogenu conpotusienust PMCS, PMCS* ncrons3yrorest st onpeeneHns IMHEHHBIX U yTIIOBBIX
neopMaliii B MPOCTPAHCTBEHHOM CEUYCHHUM CIIOKHOHAMPSHKEHHOTO JKelle300eToHHOro teMenTa [10; 24]. B Hux
WCIIOJIb30BaHbl CIIELUAIbHbIE TUIIOTE3bl: MOAU(UIIMpOBaHHAas runoTe3a bepHymy 11t TMHEHHBIX nedopMaruii,
a TaKKe MpeJUIoKeHHAass HAaMU TUTIOTe3a JUIs ONpeesIeHrs YTIIOBhIX AedopMannii B IPOCTPAHCTBEHHOM CEUEHHH.

MozenupoBaHue MPOCTPAHCTBEHHOH TPEIMHbI IBYXKOHCOJIBHBIM 3JIEMEHTOM JJISl pacueTa Kelne300eToHa
C TpEILIMHAMU IO CYILECTBY SIBIACTCS TpaHC(HOPMALMOHHBIM HHCTPYMEHTAPUEM, CBSI3YIOLUIMM MEPEXOAHBIM 3BE-
HOM MEX/y 3aBUCHUMOCTSMH MEXaHUKH TBEPIAOIrO Ae(OPMHUPYEMOro Tela M ypaBHEHUSIMH MEXaHUKH pa3pylie-
Hust. Takas Mozesb obecreunBacT pelieHrne Ipo0IeMBbl, CBI3aHHOM HE TOJBKO € 3aJadyaMy ONpeIeICHHsI HaIlpsi-
JKEHHO-Ie()OPMUPOBAHHOTO COCTOSIHUSI MONEPEYHOr0 CEUYCHHUS KeJIe300€TOHHOTO 3JIeMEHTa, HO U C 3ajadye
OTIpEEIICHHS CLEIJICHUSI MKy apMaTypoi U OETOHOM, TaK KaK MOSBJICHHE TPEILMHBI B CIUIOIIHOM TeJle MOXKHO
paccMaTpuBaTh Kak HEKOTOpoe Ae(opMalmoHHOE BO3ACHCTBHE, OTpakaroleecss Ha OCOOCHHOCTAX CIEIUICHUS
apMaTypbl 1 6€TOHA B 30HaX, MPUIETAIONINX K TPEIIHHE.

s peanu3anny 3aBUCUMOCTEH MEXaHUKH Pa3pyLICHUs B jKeJIe300€TOHE ¢ MPOCTPAaHCTBEHHBIMH TpEIIU-
HaMu depe3 i-e ocu XiYiZi MOIeIUPYIOIIeil MOTyYeH YHUBEPCAIbHBINA IBYXKOHCOIbHBIN 351eMeHT (pHc. 6, a, 6),
MOJIETIMPYIOIIUI OTPHIB, NOTIEPEUHBIA CIBUT, MPOJOIBHBIN CIBUT C MCIONB30BAHUEM MOJIENH MAaJbIX MOJIOCOK
Y TIO3BOJISIFOLIMI MOJICIIMPOBATh Pa3IMyHbIC BHIbI EpeMeIleHni mupuHoi Ab; u mmHoit i+ Tlpu aTom xene-
300€TOHHBIE KOHCTPYKLMH C HPOCTPAHCTBEHHBIMH TPELIMHAMH OO IHOJOBHHBI LIMPUHBI CEYEHUS, TO €CTh 10
HEHTpaNbHOIN OCH, UMEIOT JIEBbIE, IPaBhIe, HUKHUE W BEPXHHE HIEMEHTHI COOTBETCTBEHHO.

3amieMIIeHUEe apMaTypHOTO CTPEXHS ¢ 00€MX CTOPOH ABYXKOHCOJIBHOTO 3ieMeHTa (puc. 6, 6, 2, 0) m03BO-
JSIET YYUTHIBATh PACKPBITHE TPELMH B 30HE HAKOIUICHHUS] OTHOCUTENIBHBIX YCIOBHBIX COCPEAOTOUCHHBIX B3aUMHBIX
CMeleHnH &g(X) apMaTypsl U OeToHa (Ha Geperax TPEIIUHBI), TO €CTh YIUTHIBATh 3P deKT peakiuun «OeToH — ap-
MaTypa, TocJie HapyIIEHHsI CIUIOITHOCTH OETOHA M 00pa30BaHUs JUIMITUYECKOMN TPEIIHHBL.

[Ipu pacueTe W30rHYTONH OCH KOHCOJIEH MPH JCHCTBUM BHEIIHUX HAarpy30K HPOrHOOB Ui MepeMeIleHUH
OT PacKpBITHS U c1BUra OeperoB TperuH 0(acrc) U 8(Acrc) (pHC. 6, 6) OCHOBHBIC APAMETPHI BHYTPCHHHX YCHIIHI
OTIPEETSAIOTCS METOI0M HayaJIbHBIX apaMeTPOB, UCTIONIb3YS TPAJUIMOHHBIE METOABI CTPOUTEIHHON MEXaHHUKH:
METO/] IEpEMEILIEHHUH, CHII, CMEILIAHHBIN METOA.

OcHOBHbIE pelIeHHs] B TPAaHWYHBIX MapaMeTpax Uil CTEPKHEH NMpU3MaTHIecKOH (OPMBI (3JEMEHTHI U JKECT-
KHU€ y37bl paM) HaXOIWINCh 110 Pa3IMYHBIM 3aBHCUMOCTSIM, IIPU 3TOM B Ka4e€CTBE aKTUBHBIX M ITACCUBHBIX Iapa-
METPOB MOT'YT HCIIOJIb30BATHCS Pa3UYHbIe METOJIBI CTPOUTEIFHON MEXaHUKH [25]:

1) Meron HayalbHBIX NApPaMETPOB, B KOTOPOM B KadyeCTBE AKTHBHBIX MapaMeTPOB MPUHUMAIHCH o,

[ Mg M —aM; Qol
2

Mo, Qo. 3meck ¢p =— v =1/L=y NI /B ; B = EJ; B xauecTBe MacCHBHBIX Iapa-

Bl vatgvx  vasinvx

METPOB MPUHUMAIHUCEH MPOTHOBI (Vy), YIIIBI TOBOPOTA ((x), n3rubaromue MoMeHTsI (My);
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2) MeTon  cWi, THE

AKTHUBHBIMU
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QO :TI:_MO +(M| —AM| ):|_ V|2

mapaMmeTpaMu  BeIcTymamu Mo,

M,  Qo. 3mech
(v—Ay). TIlaccMBHBIMM MapaMeTpaMu SBIAINCH HayaldbHbIE H IpPO-

V] -V
MEKyTOYHBIE 3HAUECHUS BEIHYUH Qq, @), Y = 1 0.

I b

3) Meron nedopmanui, Te aKTUBHBIMU MAPAMETPAMH TPUHUMAIUCL Qq, P, Y =
HeIMH — Mo, M, Qo.
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Puc. 6. YHuBepcanbHbIi ABYXKOHCOJIBHBII 2JIEMEHT M MOJIETIb KOHCOJIH [UIS peali3allii 3aBUCUMOCTEH MEXaHUKH Pa3pyLICHUS]
MIOBEPXHOCTH C MIPOCTPAHCTBEHHBIMH TPEIIMHAMH B XKeJIe300eToHe:
a, 6 — y37bl TPEIMHBI JJIs1 OT/ACJIBHOM JIOMaHOM MOJIOCKU U MOJIEITb IBYXKOHCOJIBHOTO 3JIEMEHTA COOTBETCTBEHHO; 8, 2, 0 — CXeMa Harpy>KeHHUs! KOHCOJIN
TIPH JIEHCTBAN BHENITHAX HATPY30K U U3rHOa OCH, a TAKKE CXEMA IPOrHOOB TSI OMPEIENIEHIS IEPEMEIIIEHHI OT PACKPBITHS TPEIUHBI &(8crc) U 8(Acrc) COOTBETCTBEHHO
Figure 6. A universal double-console element and a model of a console for implementing the dependencies of the destruction mechanics
for the surface with spatial cracks in reinforced concrete:
a, 6 — crack nodes for a separate polyline strip and a model of a double-console element respectively; s, 2, 0 —a scheme of loading the console under the action
of external loads and bending of the axis, as well as a scheme of deflections for determining displacements from crack opening d(acc) and 5(Acr) respectively
270
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K npumepy, npu pacyere H3rubaronero MOMEHTa MOYKHO MPUMEHUTH CIICIYFOIIYI0 3aBUCHMOCTD (CM. pHC. 6, 6):

ay .
M, :Mocosl+Q0Lsinl—Ljqsin—udu:o. )
L L2 L

1

B merone pacueTHbIX MOAENE CONPOTUBIECHUS U CTATUYECKH HEONPEAETUMBIX CHCTEM 3JIaHUil U COo-
OpY’KEHHUH B COYETAaHNH C METOZOM HadalbHBIX apaMeTpoB Hcmonb3ytores ¢pyHkuu Kpeutosa — Bacosa:

oo ®)

Oo6wiee penieHne ypaBHeHus (8) BeIpaxkaeTcsl Kak JTMHEHHass KOMOMHALUS YeThIpeX (QyHKINH:
y(x) =C1K1 (Bx) + Co Ko (Bx) + C3K3 (BX) + C4K 4 (BX) + &j, ©)

e P= Ya; Vi (X) = D4 (X) = chxcos X; @, (X) =shxsin x; d3(X) =shxcos x; ®4(X) =chxsinX;
Vo (X) =0,5(@4(x) + D3(x));  V3(X)=0,5P5(x);  Vyg(x)=0,25(Dy(x) - P3(x)).
Oco0y10 3P HEKTUBHOCTh IPUMEHEHUE METO/IA PACYETHBIX MOJIENIEH CONPOTUBIICHUS HMEET IPH POEKTHU-

POBaHUU 3IaHUK W COOPYKEHHUI B CIIOKHBIX HHKCHEPHO-TEOJIOTHIECKUX YCIoBUAX [24]. s nedopMupyemMoro
OCHOBaHUs MEPEMEIICHUC B |-I71 CBSI3M OCHOBAHHUS ONIUCHIBAETCS CIIAHOM.

6n2B; NLZ[ 1 il i—1 12(3i-4 1 idi_j
Yi =2—'2 V|14 —| —+ Z—J tol—-My—| —+_——+ Z—J -
6n“B; + NL n (6B 5 Bj n n“( 6By 6B 5 B

RN 2 ) i=l M (i — i 201;
_QlL_3| j+z(l D(i-1) _L_2m+z j(i—1J) _NIE i—j
n°| 6B & B n“| 68 =2 B n° j=2 Bj

yi +5i, (10)

rae Ri, Ki 1 Yi — ycunne v TOrOHHBIE )KECTKOCTH COOTBETCTBEHHO B i-if CBA3M OCHOBAHMS.

3. PesyabTaThl

B kadectBe nmpumepa pacCMOTPUM pe3yJIbTaThl MPUMEHEHUS SBOJIIOIIMOHHOTO METO/1a PaCUeTHOW MOCIH
COTIPOTHUBIICHHS IS CTATHYECKH HEOIPEIETMMbIX KOHCTPYKTHBHBIX CUCTEM 3/IaHUH M COOPYKEHHI TP pacdere
nepexo0auuUx Mmunos mpeuwut, ux packpoimust — sakpvimus (puc. 7 u 8, tabwura).

[Tpu npoBeeHNH HCCIIEIOBAHMIA TAKUX OAJIOUHBIX CUCTEM IMOJYUYEHbI rpa)uKy 3aBUCUMOCTH U3THOAIOIIEro
MOMEHTa OT KpPUBH3HBI M—y M BETHMYUHBI MOJYJISl CHIOBOTO BO3JEHCTBHSI OT IPOTUOOB MPOAOIBHON apMaTypbl
grfs (prc. 7). Touku, HaHECEHHBIE Ha TpaduKax, 0003HAYEHbI (PO ¢ MHAEKCOM, TJIe Idpa — 3TO HOMEDP CEUEHHS,
a WHJIEKC — HOMEp 3aBUCUMOCTH M—y B cedeHnu 2 coriiacHO puc. /, a, Xapakrepusyromield MakcumyM (). B Tabmmre
MPEJICTABIICHBI YUCIIOBBIC 3HAYCHHS JI XapPaKTEPHBIX TOUEK TPapuKOB pUC. 7. 3/1eCh BAPUPYIOTCS KaK HOMEP
CeYeHNs1, MPUHIMAEMOTO B KauecTBe 0a30BOT0, TaK M HOMEP 3aBUCUMOCTH M—y, UCTIOIBp3yeMoil B cedeHnn 2.

C ucnonp3oBanneM Metoaa PMC mocTpoeHbl pacueTHBIC MOJICITH CTEHBI 3[aHUS IS ONPEICIICHUS YCUITAN
B CBAI3SX PACTSDKCHUS (CKATHS) TOPU3OHTAIBHBIX U BEPTHKAIBHBIX CTHIKOB, IPUMEHUMBIC JUTS 3[JAHUH, BO3BOJAUMBIX
B CJIO’KHBIX WH)KEHEPHO-TEOJIOTHUECKHUX YcIoBusX [24]. Crucrema 31aHus pa30UBaeTCs Ha OTACIBHBIE OTCEKH, MOJIe-
JIpyEeMBIe OTJETBHBIMHU 3JIEMEHTAMH MAaTPHIIBI KECTKOCTH ISl (PU3NIECKIX, CTATHUECKUX W TEOMETPHUECKAX YPaB-
HeHwuif (puc. 9), rae N — obIee KOIMIECTBO OTCEKOB; K — CBEpHYThIC YPOBHHU PACTIHYTOM apMaTyphl, CKATON apMary-
PbI, XOMYTOB C HOPMAJIBHBIMH TPEIIUHAMU U XOMYTOB C HAKJIOHHBIMHU TPEIHHAMHY; | = 1—6 TIOMEPeUHbIX CCUCHHH.
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Puc. 7. I'paduku 3aBucumocteit M—y (a) u q—fs (6):
1, II, 1] — 3aBucumoctd M—y Juist 30HBI YHCTOTO U 30HBI ONEPEYHOr0 U3riba MPH OTCYTCTBHU HAKIIOHHBIX TPELIMH U 30HBI IIONEPEYHOT0 U3ruda
[IPH HAJIMYMH HAKJIOHHBIX TPEIMH COOTBETCTBEHHO; 1, 2, 3, 4, 5, 6 — 3aBucumoctu q—fs st S = 3 n 3aBucumocty I B ceuennn 2,

s S = 2 1 3aBUCHMOCTH | B ceuennu 2, i S = 3 u 3aBucumoctu 11 B ceuennu 2, s S = 2 u 3aBucumoctu 1l B ceyennn 2,
st S = 3 m 3aBucumocti 111 B ceyennu 2, mpu S = 2 u 3aBucumocti 111 B cewenun 2 11 S = 3 COOTBETCTBEHHO
Figure 7. Graphs of dependences M—y («) and qi—fs (6):
I, 11, I1I — dependences M—y for the zone of pure and transverse bending in the absence of oblique cracks and the zone of transverse bending
in the presence of oblique cracks respectively; 1, 2, 3, 4, 5, 6 — dependencies g,—f; for s = 3 and dependency | in section 2,
for s = 2 and dependency | in section 2, for s = 3 and dependency Il in section 2, for s = 2 and dependence |1 in section 2,
for s= 3 and dependence Il in section 2, at s = 2 and dependence Il in section 2 for s = 3 respectively

YucnaoBble 3HAYEHUS XapaKTEePHBIX TOYeK rpadukos 3asucumocteit M—y u qi—fs

AJISl 30HbI YUCTOI'0 U MOMEPEYHOro u3ruda /
Numerical values of characteristic points of M—y and qi—fs curves
for pure and transverse bending zones

CaMoe HeBBITOIHOE
X)JR'].OS, MbRy Xbu'los, MbR, ceuenme S/ Xs‘qlmax'los, l\/ls,ql,maxY ﬁqlmax'los, Mi‘qlmax, Qimax, fs,qlmax,
M-y, emt kH'm em? kHm The most em? kH™m em™? kHm qr-Ffs kH MM
cm™ kN'm cm™ kN'-m | disadvantageous cm™ kN-m cm™ kN-m kN mm
cross-section S
3 14,85 11 400 5,62 6100 1 585 7,4
| 14,85 | 11400 | 20,30 | 11010
2 14,85 11 400 78,00 6150 2 1270 43,2
3 20,30 11 010 7,80 7500 3 645 12,7
I 10,83 | 8450 | 11,75 | 8360
2 10,83 8450 23,03 10 800 4 835 13,3
3 14,85 11 400 13,58 5700 5 635 13,8
11 10,83 | 5910 | 11,75 | 5850
2 10,83 5910 10,75 10 200 6 588 10,1
Ag; N 9u
~
~ N \
Ju S Ju
Puc. 8. O0Omuii BUI 3aBUCUIMMOCTH MOJYJIsl CHIIOBOTO (1e(hOpMAllMOHHOTO0) BO3ACHCTBUS OT poruda
Figure 8. General form of dependence of the modulus of force (deformation) effect on deflection
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CeepHyTh (pa3BepHyTh) / Collapse (expand)
e Craruueckue ypaBHeHHs (paBHOBecHs) / Static equations (of balance)
® ['comerpuueckue ypaBHeHHs (nedopmarmn) / Geometric equations (of deformation)
® dusnueckue ypaBHeHus / Physical equations

n j k

D= ZZZ Dp,c]’

i=l j=l k=1

—l

Puc. 9. O0mas cxema pac4eTHON MOJIENN CONIPOTUBIICHUS CTEHBI 31aHUS
Figure 9. General scheme of the computational model of the resistance of the building wall

4. 3akaouyenue

1. Onwupasich Ha MHOTOJIETHHE IKCIIEPUMEHTAIBLHBIC UCCIIEIOBAHNS KelIe300€TOHHBIX KOHCTPYKITUHA ¢ Ma-
THCTPaJbHBIMUA HOPMaJIbHBIMHU, HAKIIOHHBIMH, TIEPECEKAIOIMMUCS U IPOCTPAHCTBEHHBIMH TPELIMHAMH, TIOTyYECHBI
AQHATMTUYECKUE PEIISHNS JUTS IIUPHHBI PACKPBITHSI TPEIIHH, TTAPaMETPOB )KECTKOCTH, MPOYHOCTH U OTIOPHOW YCTOWYIH-
BOCTH Ha MPUHITUIAX TEOPHH IIACTHYHOCTH OETOHA U Kelle300€TOHA, B TOM YHCIIE€ 3aBHCHMOCTH MEXaHHUKH pa3-
pyuenusi. Commkenne QU3NYecKuX SBICHUH M JICHCTBUTEIBHBIX MPOIECCOB 1e(OPMHUPOBAHHS Kesie300eToHa
JIOCTUTHYTO TTOCPEICTBOM MOJIENel conpoTHBIeHus jxene3o0erona: PMCI1 — st HopManbHbIX TpenmH, PMC2 —
JUIsL HAaKJIOHHBIX TpemuH, PMC3 — s quaroHansHbIX TpeminH, PMC4 — 1m1st miI0CKOHANPSXKEHHBIX 3JIE€MEHTOB,
PMC4* — myist m3rubaemeix T 1 PMCS — 1715t mpocTpaHCTBEHHBIX TPEIIMH PH Kpy4yeHun ¢ u3rubom, PMCS5* —
JUTSL IPOCTPAaHCTBEHHBIX TPEILIMH MPH U3rHOE ¢ TIONEepedHON CHIION.

2. IlpennoxxeHa kinaccu(ukamys TPEIIUH JKEIe300€TOHHBIX KOHCTPYKIUK, KOTOpas BKIIOYaeT 0a3oBhIE,
MEKEBBIE M YPOBHEBBIE TPEIIMHBI M NCTOKH WX KOHIIEHTpaIMy. B Teopun compoTHBIEHUS Kene300eToHa MOCTPOeHa
YpOBHEBasi HEpPapXUsl PacyETHBIX MOJIENICii BTOPOro M TpeTbero yposHel. [Ipu 3ToM BTOpas Mojenb A Ha-
KIIOHHBIX TPEIIWH II0JyYeHa ¢ MCII0NIb30BaHueM (yHKIH JlarpaHka HECKOJIBKHAX MEPEMEHHBIX U3 YCIOBHUS pa-
BEHCTBA HYJIO €€ YaCTHBIX MPOMU3BOAHBIX. PU3NUECKUH CMBICT ypaBHEHHUS 3TOM MOJEIH 3aKJIIOYaeTCs B OMpe-
JIEJICHUN OTIAaCHOM MPOCTPAHCTBEHHOW TPEIIMHBI U3 Beepa HECKOJILKUX HAKIIOHHBIX TPELIHH.

3. B Mozensax conpoTuBieHus kesie300eToHa YUuThIBaeTes AeGopMaMoHHbIH 3G GEKT B MOMEHT 00pazo-
BaHUSl TPEIIWHBI B BUJE JTOMOIHUTEIHLHOTO Ne(hOpMAIMOHHOTO BO3JIEHCTBUS peakiuu «OeTOH — apMarypay,
MOJICTIMPYEMOTO JIBYXKOHCOJIbHBIM 3JICMEHTOM. Y HUBEPCATbHBIN JIBYXKOHCOJBHBIN jKeIe300€TOHHBIN 3JIEMEHT
MOJTYY€eH Ui TIOBEPXHOCTH MIPOCTPAHCTBEHHBIX TPELIMH B JKeJI€300€TOHE NP KPUTEPUH yIACIBbHON UIMHBI Tpe-
mwHEL. [locTpoeHsl Mojenn AegopMHpPOBaHUS IOTIEPEYHBIX CEYCHUH IS PAa3IMYHBIX MOJENe CONpOTHBIE-
aus (PMC1-5). Ilpu atom s moaeneit PMCS u PMCS5* npuHSATE HOBBIC THIIOTE3BI IS TUHEHHBIX U YTIIOBBIX
neopMaIyid, yIUTHIBAIOIINE ICTUIAHANINIO CCUCHUH, a TaAK)Ke TPaAUEHTHI IeOopMaIiii B TpeInHaXx.
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of deformation energy to solve this problem. As a result, the ultimate state condi-
tions of a design are formulated on the basis of extreme values of generalized
parameters of designing over the whole area of their admissible values, including
the boundary. The task is solved as a problem of eigenvalues for the stiffness
matrix of the system. The extreme values of design parameters that correspond
to critical energy levels are found, which are used to find the maximum possible
value of the energy of deformation for the considered structure. The residual
bearing capacity is calculated by the value of residual potential energy, which,
in turn, is equal to the difference between the maximum possible value of

the deformation energy of the structure and the work of external forces. A gradu-
al methodology for investigating the progressive ultimate limit state is proposed,
which is based on the sequential exclusion of those elements where the onset of
the ultimate limit state is expected firstly. An example of the practical use of
the proposed methods is given on the example of calculating a simple but visual
design — a statically indeterminate truss.
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MeToauka onpeneaeHusi NPOrPecCUPYIOLIMX NpeaeJbHbIX COCTOSTHUMI
HA OCHOBE METO/JA NepeMeleHu

1

JLIO. Crynummun ™, K.E. Hukutuu'®" ' MLJI. MomkeBuy?

Hayuonanvuwiii uccnedosamenvckuti Mockoeckutl 20cyoapcmeenuulii cmpoumensvuslii yuueepcumem, Mockea, Poccutickas ®edepayust
2J020-3anadnwiii 20cydapcmeennviii yuueepcumem, Kypex, Poccutickas Dedepayus
nikshox@yandex.ru

Hcropus ctatbu AnHoTauus. Pelenue 3amad pacyera CTPOUTENBHBIX KOHCTPYKIMII B HAcTOsIEe
IMoctynuna B pegakiuio: 30 mapra 2023 1. BpeMsI OCHOBBIBAE€TCsSl Ha MPUHIIMIIE MUHMMYyMa IOJHOH »3Hepruu aehopManuu
Jopaborana: 12 mas 2023 r. KOHCTpYKUuil. OIHAKO OINpeNeNuTh OCTATOYHYIO HECYIIYI0 CIIOCOOHOCTH KOH-
IMpunsra k myonukanuu: 21 mas 2023 r. CTPYKIMHU, UCIOJb3YSl ITOT IPHUHIMI, HE IPEACTaBIAETCS BO3MOXHBIM. B mc-

CJICIOBAaHMU IIPEUIaraeTcsl UCIOIb30BaTh AN PELICHHs 3TOW 3alaud KpUTepuil
KPUTHYECKUX YPOBHEH 3Hepruu nedopManuu. ¥YCiaoBUs MPENeIbHOIO COCTOSHHUS
KOHCTPYKIUU B pe3yJbTaTe GOPMYIUPYIOTCS HA OCHOBE SKCTPEMAJbHBIX 3HaUe-
HU 0000IIEHHBIX [TAPaMeTPOB NPOESKTUPOBAHUS Ha Beel 001acTU UX JIOITYCTUMBIX
3HA4YEHUI, BKIIFOYas FPaHHUIly. 3a1aua petaeTcs Kak Ipoonema coOCTBEHHBIX 3Haue-
HUH 1711 MaTPUIIbI JKECTKOCTH CUCTEMBbL. OTBICKUBAIOTCS 3KCTPEMAsbHbIE 3HAUCHMS
IapaMeTpoB MPOEKTUPOBAHUS, COOTBETCTBYIOIINE KPUTUUECKUM YPOBHIM SHEPIUH,
10 KOTOPbIM HAXOJUTCSI MAKCUMAJILHO BO3MOXKHAS BEJIMUMHA SHEpruu JehopManuu
paccMaTpuBaeMoil KOHCTpyKiuu. OcTaTouHasl Hecyllasi ClloCOOHOCTh BBIYHCIISA-
eTcs [0 3Ha4E€HHUIO OCTATOUHOH HMOTEHIMAIbHOM 3HEpruy, KoTopas B CBOIO Oue-
pelb paBHA pa3HUIE MAKCHUMallbHO BO3MOXHOM BEIMYMHBI SHEpruu aedopma-

ﬂ.]'lﬂ LHTHPOBAHHUSI MU KOHCTPYKIINU U pa6OTI>I BHCIIHUX CHIIL. Hpezmoxceﬂa noiaroBas METOAMUKaA
StUpiShin L.YU., Nikitin KE, Moshkevich M.L. HCCICA0BaHUA TIPOrPECCUPYIOLICTO TIPEACIIBHOIO COCTOSIHUSA, OCHOBAaHHAsI Ha IOCIIC-
JO0BAaTCJIbHOM HUCKIIFOUCHUU TEX 3JIEMCHTOB, B KOTOPLIX B IEPBYIO OUCPCAb OXKH-
JAa€TCs HACTYIUICHUE NPEACIIBHOIO COCTOSTHUS. HpI/IBOZ[I/ITCSI npuMep npaKkTuic-
CKOT'0 HCITIOJIb30BaHHs IIpeuraracMblX METOAUK Ha IMPUMEPE pacyeTa HpOCTOﬁ,
HO HaFJ'ISIZ[HOﬁ KOHCTPYKIHUHN — CTATUYCCKU HeOHpe}leJ’IHMOﬁ Q)epMI)I.

Methodology for determining progressing ulti-
mate states based on the displacement method //
CrpounTenpHas MEXaHUKa HH)KEHEPHBIX KOH-
cTpyKumit 1 coopyxenuit. 2023. T. 19. Ne 3.
C. 276-284. http://doi.org/10.22363/1815- KnoueBble CJI0OBa: CTEPIKHEBBIC CUCTEMbI, MATPUYHBIC METOJIBI PacyueTa, caMo-
5235-2023-19-3-276-284 HarpshKEHUE, SHEprus AehopMaIii, KPUTHIECKHE YPOBHH, TIPEICILHOE COCTOSIHHE

1. Introduction

Nowadays, almost all calculations associated with the estimation of ultimate states reached by a structure
during designing of structures are performed in the Lagrangian form [1-6]. This formulation of the problem allows us
to obtain the design of load-bearing structures of a construction only for specified values of loads. Considering
that the geometrical parameters of the unsafe section are used to design similar structures of the load-bearing
structural system, the building practically always has a significant safety reserve. This is due both to the unifica-
tion of elements carried out by the designer, and to the imperfection of the calculation methods used, which do
not allow taking into account all the features of the behavior of a real structure under the influence of loads.

When choosing a methodology for calculating a structure, the designer is faced with problems beyond
his scope of competency. For example, when determining the rational cross-section of a bending beam, under
the assumption of elastic deformation of the material, it should choose the shape of the cross-section in the form
of an I-beam, where the material is mainly concentrated in the fibers that are the most distant from the beam
axis. At the same time, a similar calculation in the elastic—plastic stage of deformation, leads it to the shape of
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a cross-section in the form of a rhombus. In this case, the material is mainly concentrated near the neutral axis of
the element. The desire to obtain a rational distribution of material in the structure comes into conflict with
the understanding of efficiency from an economic point of view and the construction technology.

Attempts to use the theory of optimal structural design to obtain more efficient projects [7-10], as it was
shown in studies [11], do not provide significant results.

This problem is aggravated by the fact that it is currently impossible to accurately determine the available
reserve of the designed structures using generally accepted calculation methods. No methods are known to us
that allow to determine the full (maximum) load-bearing capacity of designed or already built structures, and this
is the primary task during inspection of their technical condition [12-21]. If trying to find the remaining load-
bearing capacity of a structure after application of the project load, on the basis of the classical Lagrange ap-
proach, then consideration of all possible variants of loading leads to the necessity to solve an endless chain of
tasks, which is impossible to fulfill even with the use of the most modern computational techniques.

To resolve the mentioned difficulties, it is proposed to use the criterion of critical levels of internal energy
of deformation [22]. It can be used to find the maximum possible deformation energy of a structure and based on
it evaluate the remaining load-bearing capacity of the structure [23].

Using the criterion of critical levels of internal deformation energy, it becomes to develop an algorithm
and solve the problem of the progressive limit state of the building's load-bearing structures. The formulation of
the problem proposed in the article allows us, step by step, to find the most loaded element of the structure
(“weak link”), where the limit state will occur first of all, and to exclude it from operation in the calculation
scheme. This process can be continued until a geometrically changeable system of elements is obtained.

This paper studies simple rod systems using the criterion of critical levels of internal deformation energy
based on the equations of the displacement method. The results of determining the residual energy of deformation
of the structure are given. A particular example of the progressive failure process of a structure is considered.

2. Methods

The criterion of critical energy levels is based on the separation of the energy of external influences and the energy
of internal deformations [22]. This criterion can be formulated in the form of equations describing the requirement of
a minimum variation of the deformation energy of a structure, including the condition of orthonormality of the design
parameters of the structure, and boundary conditions for the range of permissible design parameters:

82U (x)=0;, T(x)=0, L

where U(y) — the potential energy of deformation of the structure; y — extremal internal design parameters (ge-
neralized displacements and forces).

The structure may have several levels of critical energy. During the transition from one level to another,
the state of self-stress of the structure changes.

The potential energy of deformation at each loading level of the structure can be decomposed into the sum
of the potential energy balancing the work of external forces Uex and the remaining part of the potential energy
of deformation U (which is in a self-balanced state):

U(x)=U, () +U, (). )

The limit state of the structure is considered to be maintained as long as the work of external forces does
not exceed the potential energy of deformation U(y), and it is balanced by a part of the potential energy of de-
formation Uex. The remaining part of the self-balanced energy U, can be used for further increasing the load.

Further we will investigate the critical deformation energy of the structure Ue. For this purpose, we will
create a small perturbation of the internal field of forces or deformations. At the same time, we consider that ex-
ternal forces (or displacements) do not perform any actual work, since they are compensated by the internal forces.

From the variational principle (1), we obtain the condition of the crucial state of the structure in the form
of the displacement method [23-25]:

[K]{sz}=[2" J{52}, ®3)
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where [K] — is the stiffness matrix of the structure; {3Z} — the vector of generalized displacements in the nodes

of the structure for the state of self-stress, which is represented by a set of orthonormal functions; [XR] -

the matrix of eigenvalues, which has the meaning of single nodal reacting forces.
The vector of maximum nodal reacting forces in the nodes of the structure [C] is calculated as:

(@0} =[ Min {82, }- @)

The algorithm for determination of the potential energy of deformation is formulated through the well-
known matrix procedures of structural mechanics.

For example, the stiffness matrix can be obtained from the internal stiffness matrix of the structure
and the static matrix of the task:

[K]=[A]'[C][A]. (5)

Having constructed the matrix, we solve the eigenvalue problem (3) and find the vector of nodal reacting
forces (4). This vector is used to determine the forces N in each of the rods.

The potential energy of deformation of the structural elements is found from the vector of forces {N}
in the rods as:

U={N}[L]{N}/2. (6)

The work of external forces (for which the design of the structure was carried out) is calculated using clas-
sical methods of structural mechanics.

3. Results and discussion

The proposed methodology is applied to the calculation of a statically indeterminate truss. The rod design
scheme helps to describe the possible limit states in the simplest way and to demonstrate the self-stressing states
of the structure.

The inequalities describing the limit state of the structure are as follows:

U(q)ia)guult; {q)max}g{q)ult}; {amax}g{éult}’ (7)

where {CD} is a vector of generalized forces; {&} is a vector of generalized displacements.
The indexes correspond to the maximum and ultimate values.
The extremal values of energy of deformation U (®, &), generalized forces {CD} and displacements {&} :

including their values at the boundary of the range of admissible parameters, are determined from the task on
the eigenvalues (3). They depend only on the geometric and mechanical characteristics of the structure, as well
as on the conditions of supporting.

We consider that structural elements can no longer resist external influences at the occurrence of the ulti-
mate state (violation of one of the conditions (7)) in one or more rods. This may be, for example, due to the oc-
currence of yielding state of the rod’s material. In such cases, we will speak hereinafter about “rod deletion.”

We will consider the simplest case, when the dimensions of the rods are selected in such a way that they
do not lose their stability under compression. We assume that the constraints on displacements at all points of
the structure are not violated. Then we deal only with limitations on strength. Moreover, these conditions are
formulated uniformly for tensile and compressed rods.

Consider the truss shown in Figure 1. We assume that all rods have the same stiffness EA = 1. The length
and width of all panels of the truss are the same. Figure 1 also shows the numbering of elements and nodes of
the farm, in straight and oblique font respectively.
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Figure 1. Design scheme of a statically indeterminate truss

Using the proposed methodology, we will find the first self-stress state of the structure. The calculations
will be carried out in the software complex for the analysis of structures by the method of critical levels of
energy “CLE,” which implements this methodology [26].

The forces in the truss rods will be obtained from the unit vectors of displacements applied in the direction
of the degrees of freedom indicated in Figure 1 by arrows. The results of determining the forces in the rods
are shown in Figure 2. Figure 3 contains the extreme values of forces calculated from the maximum nodal dis-
placements.

Comparing the forces in the rods of the truss shown in Figures 2 and 3, we note that the forces arising
from the maximum values of node displacements are much greater than the forces from the action of single
nodal displacements. The unit nodal displacements in this case are one of the possible cases of external actions
on the truss. The main values of forces in the rods are always larger than from possible external impacts, as de-
monstrated by the obtained results.

The value of the maximum possible potential energy of deformation for this truss is equal to:

U™ =30.07EA/I. This value is calculated from the main (maximum) forces in the truss rods. The ratio of
work of external unit forces to the maximum possible energy of deformation for the truss is:W_ /U™ =0.055.
The relative residual value of the deformation energy of the truss is equal to:
UL iyt = —w_ )/Ur™" =0.94. It means that the residual resource of the truss load-bearing capa-

city is a significant part of its maximum value.

0.0000 0.0000

1.0000 0.0000 0.0000 0.0000 1.0000
0.0000 0.5000

1.0000 0.0000

Figure 2. Self-stressing forces in the rods of a statically indeterminate truss from unit variations of displacements in the nodes
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0.0023 0.0183
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Figure 3. Main values of self-stress forces in the rods of a statically indeterminate truss from maximal nodal displacements

0.0166

The maximum values of the main forces in the rods indicate which rod (or rods) is the “weak link” and will

be removed due to violation of one of the ultimate limit state conditions. At this stage, this is rod 4 (Figure 3).

To find out which of the rods will be out of action at the next stage of loading of the truss, we remove this
rod from the calculation scheme, and perform the calculation again. The results of the calculation are shown
in Figures 4 and 5. Comparing the values of forces in Figures 4 and 5, we can see that the main (maximum) no-
dal forces also have larger values than from the single forces in the nodes that model the possible external load.

In a similar way, we continue the calculations until the structure becomes geometrically changeable.
As a result, we investigate the process of progressive destruction of the structure step by step.
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1.0000 0.0000
0.0000

0.0000

0.0000
0.5000

0.0000

1.0000

Figure 4. Self-stress forces in the rods of a statically indeterminate truss from unit variations of displacements
in the nodes at the second stage of self-stressing
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Figure 5. The main values of self-stressing forces in the rods of a statically indeterminate truss
from the maximum nodal displacements at the second stage of self-stressing
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At the second stage of self-stressing, the potential energy of deformation of the truss is equal to:
U =26.94EA/1. The ratio of the work of nodal displacements at the second stage of self-

stressing to the maximum potential energy of deformation: W, /UM™" =0.043. The relative residual

potential energy of deformation, which characterizes the residual resource at this stage, is equal to:
uluret =gt —w ) /ur®! =0.96.
In the second stage, the maximum values of the main forces appear in the rod 8. This rod is excluded

from the load operation, and then the design scheme of the truss becomes geometrically changeable. The calcula-
tion is completed at this stage.

4. Conclusion

The authors propose a methodology based on the variational principle of critical energy levels of a de-
formable structure, which allows to solve a number of problems that cannot be solved on the basis of the mini-
mum total energy principle for a structure.

A single criterion describing the limit state of a structure, based on the principle of change in the self-
stress of the structure when passing through the critical level of the deformation energy of the structure, is used
to solve the tasks of calculation for structures.

The example of the solution of the truss calculation problem is used to demonstrate the possibility of cal-
culating the value of the structure's maximum possible potential deformation energy and, on its basis, the residu-
al potential deformation energy of the structure after the application of external loads. A significant reserve of
residual bearing capacity of the structure is revealed.

The method of detection the “weak link” of the structure in the form of displacement method is given,
that allows to investigate the process of progressive ultimate limit state of the structure.
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Hcropus ctaTbu AHHoOTanus. PaccMOTpPEeHO YIIOTHEHHE CHEKHOTO OCHOBAHUS CTPOSLIETOCS
IMocrynmna B penakmuro: 18 anpens 2023 T. 3MMOBOYHOTO KOMIUIeKca Poccuiickoil aHTapKTHUECKOH cTaHIuH «BocTok»,
Jopaborana: 9 utons 2023 r. noTpeGoBaBIIeecs 0 NPUUMHE HEIPUTOJHOCTH €CTECTBEHHOTO CHEXHOTO OCHO-
[punsta k mybnukaruu: 12 urons 2023 T. BaHUS JJIsl BOCIIPUATHS HArpy30K OT orop GyHIaMeHTa 3MMOBOYHOTO KOMILICKCA.

Pa3pa6OTaHbI TEXHUYCCKHUEC PCHICHUS 10 YIUIOTHEHHWIO CHCEXKXHOI'0 OCHOBAHUSA
Ha OCHOBE MMPOIPeBa CONHEYHOH pajanyeil ¢ IpUMEHEeHHeM TepMOMaTa M Ha OCHOBE
BaKyyMHPOBaHUs CHera. BbInoyiHeHO pacyeTHOe 00OCHOBaHME pa3pabOTaHHBIX
TEXHHYECKUX PEIICHHH, IPOBEICHHOE Ha OCHOBE IPOCTPAHCTBCHHBIX KOHEYHO-
9JIEMEHTHBIX MOZENEil B paMKaxX BBIYMCINTEIBHOIO IPOrPAMMHOIO KOMILIEK-
ca ANSYS. Jlns o6ocHOBaHMS CHOC00a YNIOTHEHUS CHEXXHOTO OCHOBAHUS
HarpeBOM COJIHEYHOM pajualiiell ¢ IpUMEHeHHEM TepMOMaTa IPOAHATM3UPOBAH
pacueTHbIH 00beM, BKIFOYAIOIINH 30HY CHE)KHOT'O OCHOBAHUS, TEPMOMAT M HPO-
CTPaHCTBO, 3aIlOJIHEHHOE BO3LyXoM. IIpu 06ocHOBaHMM crOc00a YIUIOTHEHHS
CHEXKHOTO OCHOBAHUS ITyTeM BaKyyMHPOBAHHS CHera M3ydajiach pacueTHas o0-

JAacTh Ul MOJIEIMPOBAHUS CIIOCO0a BaKyyMHPOBAHHUS T€PMETHYHOTO 0OBEeMa
KOTJIOBAaHA C IOTPY>KEHHBIMHU KOJIOHHAMH 0] ONOpaMu (GyHAaMeHTa 3UMOBOY-
HOTO KOMILIeKca. Pe3ynbTaTsl MPOBEICHHBIX PACUETHBIX MCCIIEIOBAHUI MTOTHO-
CTBIO MOATBEPIWIIN TNPEINOCHUIKH, 3AJI0)KCHHbIE B TEXHHYECKUX PEIICHHUAX MO
YIUIOTHEHHIO CHEKHOT'O OCHOBAHUS 3MMOBOYHOI'O KOMIIJIEKCA Ha OCHOBE IPHMe-
HEHHs TepMOMaTa U Ha OCHOBE IIPUMEHEHHS BaKyyMHPOBaHUS CHeETa.
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Compaction of the snow base of Vostok station wintering complex
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Article history Abstract. The compaction of the snow base of the wintering complex under
Received: April 18, 2023 construction of the Russian Antarctic station “Vostok” is considered, which was
Revised: June 9, 2023 required due to the unsuitability of the natural snow base for the perception of
Accepted: 12, 2023 loads from the supports of the foundation of the wintering complex. Technical

solutions were developed for snow base compaction on the basis of heating by
solar radiation with the use of thermal mat and on the basis of snow vacuuming.
The computational justification of the developed technical solutions was per-
formed, which was carried out based on spatial finite element models using
the computational software complex ANSYS. In this case, to substantiate
the method of snow base compaction by solar radiation heating with the use
of thermal mat, the calculated volume was analyzed, including the snow base
zone, thermal mat and the space filled with air. When substantiating the method

of snow base compaction by snow vacuuming, there was explored the calcula-
tion area for modeling the method of vacuuming for the hermetic volume of
the excavation pit with immersed columns under the wintering complex founda-
tion supports. The results of the of the calculated research have fully confirmed
the assumptions laid down in the technical solutions for compaction of the win-
tering complex snow base by using of thermal mat and snow vacuuming.
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1. Beeaenue

B AHTapkTHIE CTapTOBaIH CTPOUTENHbHO-MOHTaKHBIE paOOTHI Ha IUIOLIAJKE HOBOTO 3UMOBOYHOTO KOM-
nnekca Poccuiickoii anTapkTHdeckoii ctanmuu «Boctox»® [1-3]. Tlociie okoHYaHHS MOATOTOBHTEILHBIX PaboT,
HagaBmmxcs emie B ce3oHe 2019-2020 rr., crpoutenu ycranoBuiau 36 omop Oymyriei cranmuu (puc. 1).

[Ipu 3TOM BakHeHIIas 3a/1a4a 3aKII04aIach B OPraHU3alMy Ha/IeKHOTO OCHOBAHUS OMOp 3TOTO KOMITIEK-
ca, yUUTHIBas, YTO €CTECTBEHHOE CHEXXHO-(DMPHOBOE OCHOBAHME OBLIO COBEPILEHHO HE MPUTOAHO K BOCIIPUSTHIO
Harpy3ok oT omop (yHIZaMeHTa CTPOSIIETOCS KOMILIEKCa BCJIEICTBHE HEBHICOKOH TUIOTHOCTH W MPOYHOCTH
CHEKHO-(UPHOBOM Macchl ocHoBanus [4—11].

BepxHuii ci10¥ eCTeCTBEHHOTO CHEXHO-(PMPHOBOTO OCHOBAHHMS COCTOHMT M3 MEJIKO3EPHUCTOTO CHEra ¢ pa3Mepamu
3epeH 0,2—0,5 MM, HIKE PacTIONOKEH CPEIHE3EPHUCTHIN CHET ¢ pa3mepoM 3epHa 0,5—1,5 MM 1 cpeHe3epHUCTHIH (GUpH
¢ pazmepom 3epHa 1,5-3 mm. OTMedaeTcst CyIecTBeHHas! HEOTHOPOIHOCTb CTPOSHHS CHEKHO-(DMPHOBOTO TIOKPOBA.

HauGonpInryro onacHOCTb ¢ TOUKH 3pEHHS CHIDKEHHUS HECYIIEH CIIOCOOHOCTH CHEKHOTO TIOKPOBA MPEICTABIA-
€T KPYITHO3EPHUCTHII PBIXJIBIA (PUPH PEKPUCTAILIM3AIIOHHOTO IPOUCXOXKICHUS (pa3Mep 3epHa 2—3 MM), TIyOUHHAsS
W3MOPO3b M CHET-IUTBIBYH IIPH pa3Mepe 3epHa 1-3 MM ¢ SIpKO BBIpaXKEHHOHW BEPTHUKAJIBHON CTOJIOYATON CTPYKTYPOH.
Takue pa3HOBUIHOCTH (HPHA PACIOIOKEHBI, KaK MMPABHIIO, HA TPAHUIAX CJIOCB I'OJI0OBOTO CHErOHAKOILICHHS MO
MPOCJIONKAaMU JIbJIa, paIMallMOHHBIMUA KOPKaMH U IUIOTHBIM cHeroM (1o nanasiM BCH 37/76 MI'A?).
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2 BCH 37/76. UHCcTpyKIHs O MPOEKTUPOBAHUIO, CTPOUTENHCTBY M OLEHKE SKCILTYaTAIMOHHON MPUTOIHOCTH CHEXHBIX U CHEX-
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Puc. 1. PacrionoxeHue miuT onop q)yHZ[aMeHTa 3UMOBOYHOI'O KOMIIJICKCa
(ucrounuk: https://vegchel.ru/index.php?newsid=48008 (nara obpamenus: 12.02.2023))
Figure 1. Location of the wintering complex foundation slabs
(source https://vegchel.ru/index.php?newsid=48008 (accessed: 12.02.2023))

Paiion cTponTenbcTBa HOBOTO 3MIMOBOYHOTO KOMILIEKCA PACIIONOKEH BO BHYTPHUKOHTHHEHTAIHFHOW 30HE
AHTapKTHIBL. Y IaleHHOCTh palioHa oT Oepera co3jiaBaia 3HAYUTENbHbBIC TPYAHOCTH MPU JOCTABKE TPAJIUIOH-
HBIX CTPOUTENBHBIX MaTepHaIOB, HEOOXOAMMBIX Ul yCTPONHCTBA HAJEKHOTO OCHOBAHMS TI0J] OIIOPHI CTPOSIIIe-
rocs KOMIUIEKca, M3-3a KpaliHe BBICOKOW CTOMMOCTH TPYy30IIepEBO30K B AHTapKTHIIE.

BosHukiia HEOOXOMMOCTh Pa3pabOTKH COBPEMEHHBIX TEXHUYECKUX PEIICHHH ISl YIUIOTHEHHs Cylile-
CTBYIOIIIET0 OCHOBAHMS, UCTIOIB3Ys €CTECTBEHHBIE MaTepHaIbl OCHOBAHUSI.

B aroit cBsizu B AO «IIpoeKTHO-U3BICKATEIECKUI M HAYIHO-HCCIIEA0BATEIECKUI HHCTHTYT BO3IYITHOTO
Tpaucnopra ,Jlenasporpoekty (I[IMuHUU BT «JIeHa’porpoekT») pa3paboTaHbl TEXHHUYECKHE PEIICHHS IO
YIUTOTHEHHUIO CHEKHOTO (CHEXHO-(HUPHOBOTO) OCHOBAHUS ISl CTPOUTEIHCTBA HOBOTO 3MMOBOYHOTO KOMILIEKCa
Poccuiickoii antapkTuyeckon craniuu «BocToky.

[Ipy 3TOM yUHTHIBATIMCH YHUKAIBGHBIE TPUPOIHO-KIIMMATHYECKHE YCIOBHS paifoHa CTPOUTENBCTBA M B TIEPBYIO
ouepens camasi BHICOKas Ha IJIaHETe WHTEHCHBHOCTH CONIHEYHON pagualiy B pailoHe pacIoyioKEHUs! CTaHIIUU
«BocTok».

TakuM 00pa3oM, B OCHOBY TIpe/IjlaracMbIX METOIOB BO3BEICHUS CHEXHO-JIEJOBOU IIaT(GOPMBI B OCHOBA-
HUU HOBOT'O 3UMOBOYHOT0 KOMIUIEKCAa POCCHIMCKOM aHTapKTUYECKOM CTaHIMU «BOCTOK» JIEryIo MCIOJIb30BaHUE
MPUPOIHBIX PAKTOPOB U 3aKOHOB (DU3HKH.

B pamkax mposenennoii B [IMuHUU BT «JIeHasponpoekT» HaydyHO-HUCCIIEA0BATEIBCKONH PabOThl OBLIH
pa3paboTaHbl 1 00OCHOBAHBI CIIEAYIOIIUE TEXHHUECKHE PEHICHUsS JUIsi CTPOUTENBCTBA TUIOIIAJKH OCHOBaHUS U3
(UPHU3UPOBAHHOTO CHETa B YCIOBUSAX HHU3KHX TEMIIEpaTyp aHTapKTU4YecKoW craHmu «BocTok»: a) Harpes
CHE)XHOTO OCHOBAHWSI COJTHEYHOW paauanueil ¢ MprUMEHEHHeM TepMoMara; 0) BaKyyMHPOBaHHE T€PMETHYHBIX
00BEMOB, HAIIOJTHEHHBIX HETJIOTHBIM CHETOM.

2. MaTtepuaJjbl U METOABI

J_IJ'ISI IPpOBEACHUA PACYETHOI'O 000CHOBAHUS HOBBIX TEXHUYECKUX peI.HCHI/Iﬁ pa3pa6aTI>IBaJ'II/ICL IO aAX0Abl
(I)CHOMCHOJ'IOFI/I‘ICCKOI‘O MOJCIINPOBAHUS MMPOLIECCOB YIUNIOTHCHUA CHEXKXHOT'O OCHOBAHUS. B 3aBucumocTu ot cro-
coboB YIUIOTHEHUA BapHaHTa IIpujiaracMoro BOSZ[CfICTBI/ISI OpUMCHAIACHh COOTBCTCTBYIOIAA MOJCIb OIIUMCAaHUA
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MEXaHWYEeCKOT0 TIOBEJICHHUSI CHera OCHOBaHMUS. [Ipu 3TOM OBUT yUTEeH 3apyOeKHBIN OIBIT MOJICIMPOBAHUS CHETa
ocuoBanus [12; 13].

[Ipu TermmoBOM MOBEPXHOCTHOM BO3CHCTBUU Ha CHET MOCPEACTBOM TEpPMOMAaTa UCIOIh30BaIACh MOCIb
TpexdazHoit (pa3oBoit cMecH ¢ MeXaHU3MOM Mexk(da3zHoro MaccomepeHoca. [lepsas daza — Bo3IyX, 3aHUMAFOIIIHIA
MPOCTPAHCTBO B MOpax cHera. Bropoil ¢asoil siBisuics HEMJIOTHBIA cHer. Majas IUIOTHOCTh M CIIOCOOHOCTH
HE OCaXKIaThCs O] JIeHicTBUEM COOCTBEHHOTO Beca U Beca MPUMEHSEMBIX TEXHHYECKHX CPEJCTB MOJEIHNpPOBa-
JMCh MajbIM 3HaYCHHEM IpenesbHOW OObEeMHOHM NOJM 3alojHeHus 3Tod ¢as3oi mpoctpaHcTBa. Tperhs dasa
aHaJOTUYHA IO CBOMCTBaM BTOpPOH. OTINYHE 3aKII0YAIOCh B OOJNBIICH BEIMUHHE MPEACITbHON 00heMHON JOTH
3aIl0JTHEHUS IPOCTPAHCTBA CHETOM.

[Tpn MexaHndeckoM croco0e YIUIOTHEHHS BaKyyMHPOBAaHHUEM CHETOHAINIOJHEHHOTO 00beMa MCIOJIb30Ba-
nach nByx(ha3Has MOJIeNbh CHETa OCHOBAHWS, COCTOSINAs U3 BO3AyXa W TPAHYJIMPOBAHHOTO CHEra C OIpeleNeH-
HBIMU (P (EKTUBHBIMU CBOMCTBAMH.

PacueTHble nccienoBanus Mo 0OOCHOBaHWIO Pa3pabOTaHHBIX TEXHHUUECKHX PELICHHI MPOBOIWIMCH Ha
OCHOBE KOHEUHORJIEMEHTHOTO MOJICTUPOBAHUS B paMKax BEIYUCIUTEIBHOTO ITporpaMMHoro komruiekca ANSYS.

[pu 3TOM JUTs1 MO/IENMPOBAHUSI MPOLIECCA TTOBBIICHUS TEMITEPATYPhI CHE)KHOT'O OCHOBAHUSI UCTIONIH30BANIACH
MOJIEJIb COJIHEYHOT'O TEIJIOBOTO M3JTy4eHHs1, KOTOpasi MO3BOJISIA BOCIPOM3BOANTD MOIIHOCTD TEIIOBOTO U3ITY4YCHUS
Y HalpaBJIeHUe MafeHUs COIHEYHBIX JIyuel Ha MOBEPXHOCTh UCCIIEAyeMoro o0sekTa. B 1aHHOM cityuae HampaBlieHUE
MaIeHNs JTy4el 3a1aBaJIoCh BPYYHYIO, IEPIEHIUKYIISIPHO TIOBEPXHOCTH TEPMOMATa.

Pacuersl HANPSHKEHHOTO COCTOSTHHSL CHEXKHOTO OCHOBAHHS 3MIMOBOYHOTO KOMILIIEKCA TIOCIIE €r0 YIUIOTHEHHS
Pa3IMYHBIMUA METOAaMH IPOBOIMIMCH B PaMKaX MPOrPaMMHOTO BeIYUCIUTENbHOTO Komiutekca PLAXIS 3D.

3. PesyabTaThl M 00Cy:KI€HHE

B memsix pacueTHOro o0ocHOBaHHS pa3pabOTAHHOTO TEXHHYECKOTO PEIICHHS MPOBOAMIIOCH YHCICHHOE
MOJIETUPOBAHUE CIIOCO0A YINIOTHEHHSI CHE)KHOTO OCHOBAHHUS 3MMOBOYHOT'O KOMIUIEKCA IIYTEM ITOBBILICHUS TEM-
TepaTypbl CHEKHOTO OCHOBAHMS COJTHEUHBIM M3TyYeHHEM C HCIOIb30BAHAEM TEPMOMATa® B paMKax BBIYHCIIH-
TEILHOTO TPOrpaMMHOTro Komiutekca Ansys Fluent.

Jlyist MozienupoBaHusl pacCMaTpUBAEMOTO TIpoliecca MPUHATA pacdeTHast 00J1acTb POPMBI IPSAMOYTOIBHOM
NIPU3MBI, COCTOSIIAs U3 TPEX YacTel, MpeAcTaBIeHHbIX Ha puc. 2. HuxkHAA 9acTh pacueTHOH 00JacTH mpencTaB-
JsieT co00il 30HY, 3aII0JHEHHYIO CHEroM (IIOKa3aHa CUHHMM LBETOM). BepXHss yacTp sIBIISI€TCS IPOCTPAHCTBOM,
3allOJIHEHHBIM BO3IyXOM. TpeThst 4acTh, PacIlOiO’KEHHAs BHYTPH pacdeTHOM 00JacTH, MpencTaBiseT coOoit
TEpMOMAT B BH/JIE MPSAMOYTOJIBHOI MIIUTHI.

Puc. 2. Pacuernas 06J‘IaCTL JJIA pacyeTa MOBLILICHUA TEMIIEPATYPBI CHEXKHOI'O OCHOBAHUS OT BO3I[€ﬁCTBI/IH COJIHEYHOI'O U3JIYyHYECHUS
C IPMMCHCHUEM TepMoMaTa
Figure 2. The calculation area for calculating the temperature increase of the snow base from solar radiation with the use of a thermal mat

3 MMatent P® Ne 2721851. Crocol yIIoTHEHHs! CHEXKHO-Iea0Boro mnokposa / Tap6ysos B.B., Xapekos H.C., IMamenko @.A.;
3asBir. 08.10.2019; omy6m. 25.05.2020.
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Ha puc. 3 npencrasiied (parMeHT KOHEIHORIIEMEHTHON MOJICTIH pacueTHOMH 001acTH, BKITFOUAFOIITHI TEPMOMAT.

Ha BHemHMX rpaHuIiax BepxHel 4acTH pacueTHON 00JIaCTH, COOTBETCTBYIOLIEH 30HE PaCOI0OKEHHs BO3-
IyXa, MOJIEJIMPOBAJIOCH CBOOOJHOEC BTCKAHUE/BBITEKAHHE MOTOKA CO 3HAUYCHHEM CTaTUYECKOTO JIaBJICHHS, PaB-
HBIM aTMOC(hEepHOMY.

Puc. 3. q)paFMCHT KOHEYHODJIEMEHTHOM MOICIHN pacquHoifI 06J‘IaCTI/I JUIA pacyeTa MOBBIMICHUS TEMIIEPATYPhI CHEXKHOI'O OCHOBAaHUA
OT BO3/JICHCTBHSI COJTHEUHOM pajivaliiy, BKIIIOYAIOIIUNA TepMOMaT
Figure 3. A fragment of the finite element model for the calculation area to compute the temperature increase in the snow base
from the influence of solar radiation, including thermal mat

PaccmarpuBancs moaxoJl K MOAETHUPOBAHHUIO TPOIlecca YIUIOTHEHUS! CHEKHOTO OCHOBAHUS B PE3yJbTaTe
BO3/ICHCTBHSI TIOBEPXHOCTHO MOJBOJUMOTO Teruia. Kpucraminmyeckue CTpyKTypbl MajlbIX MacITa0OB SIBISIOTCS
KapKacHOW MaTpHLeH, KOTopas 00eclieunBaeT ONpelesIeHHbIH ypPOBEHb MOPUCTOCTH CHEra, TO €CTh COOTHOLIE-
HUsl 00BEMHOM JIOJIM JIbJIa U BO3/IyXa, 3aIlONTHSIONIETO MOPEI CHera. [Ipu TeMIiepaTtypHOM BO3IEHCTBUH MPOUCXO-
JIUT TIEPECTPOCHHUE STOW MATPHIIBI 3a cyeT (a30BBIX MEPEXOA0B U CHHKCHHE 00BEMHOM 10JiM BO3ayxa. B pe-
3yJIbTaTe MOBBIIIAETCS IUIOTHOCT M HECYIIAsi CIIOCOOHOCTh CHE)KHOTO OCHOBAHHUSL.

3agaua TeMIepaTypHOTro BO3JCHCTBHs TepMOMaTa Ha MPUIIETAIOLINHA CIIOW CHEra CTaBUIIACh CIICAYIOLUIMM
obpazom. HadanbHoe pacnpezesneHue (aspl MIIOTHOTO CHEra COOTBETCTBOBAIO 3HaueHHI0 oObemHou gomu 0,1.
s dassl HemIOTHOTO CHEra 3aaaBaiioch 3HaueHue 0,2. CymmapHoe 3HadeHue o0oux (a3 pasHsuioch 0,3. Coot-
BETCTBYIOIUE IpadMKH [IPEICTABICHBI Ha pHC. 4.

B pesynbTare TemmoBoro BO3EHCTBHS MPOUCXOIUT MexK(pa3zHBI MaccolepeHoc, u (a3a HEeIIOTHOTO CHera
nepexoauT B (pazy IIOTHOTO CHEra, JUisi KOTOPOH yCTaHOBJIGHO OOIbIliee 3HAUCHHE Tpejiea 00bEMHOTO 3aI0I-
HEHHS. DTO JTaeT BO3MOKHOCTH (pa3e IIIOTHOTO CHEra yBEJIMYHUTh CBOIO OOBEMHYIO JIOJIO B Pe3YJbTaTe OCaKIe-
HUS B T10JI€ CHIIBI TSDKECTH. Pe3ynbTaT TOKaIbHOTO MaccorepeHoca MeXAy AByMs (a3zaMu CHeTa MPeICTaBICH Ha
rpadukax pacnpenesieHuss 00bEMHBIX J0JIel B HAIPaBICHWH, MEPIEHANKYISIPHOM K IIOCKOCTH IMOJIOIIBEI TEp-
MoMmarta (puc. 4). PaccTosiHue OTCUNTHIBACTCS MIEPIICHANKYIISIPHO BHU3 OT TUIOCKOCTH TIO/IOIIBEI TEPMOMATA.

BOnm3u TepMomara peanusyercs MONHBIHA Mepexoll a3kl HETIOTHOTO CHera B (pa3y MIIOTHOTO CHeTa, KOTopast
obecrnieunBaeT 00beMHyI0 107110 Bhime 0,4. Cioil, B KOTOpOM MPOUCXOAUT 3(deKTUBHOE 3aMelleHne OJHON (a3bl
Ha JIpyryto, umeer ToimuHy npumepHo 0,1 M. Ha Gonbliem paccTosiHUM OT TepMOMaTa BO3ICHCTBUE TEMITEPATYPhI
ocnabeBaeT 1 IMeeT MecTo OydepHas 30Ha, Te OTMeUaeTcsl IPUMEPHO paBHOE 3HaueHHEe 00bEMHBIX 0N (as.

Ha paccrosuauu 0,25 M u manee oT TepMoMaTa MeK(pa3HBI MAaCCONEPEHOC MOTHOCTBIO OCTAHABIMBACTCS
BBH/Ty HU3KOH TeMIIepaTypbl, a pacipeeneHne ¢a3 COOTBETCTBYET N3HAYAIFHO 3aJaHHOMY.
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[Tepepacnpenenenne Ga3 B IpOCTPAHCTBE BOIM3H TepMOMATa JacT MOBBIIEHUE 3G (HEKTHBHOM TIIOTHOCTH
CHera, KOTopast CKJIQIbIBAETCs M3 TUIOTHOCTH (ha3bl HETUIOTHOTO CHera W (asbl IIIOTHOTO cHera. Pacmpenenenne
3¢ (eKTUBHOM TUIOTHOCTH MPEACTABICHO Ha PHC. 5.
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= CyMMapHo / in total
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Puc. 4. Pacnipenenenue o0beMHO#t 1ou (a3bl, MOASTHPYIOIIEH IIOTHBIN CHET, HEMJIOTHBIN CHET U UX CyMMapHOe 3Ha4YeHHe
B HAIIPaBJICHUU NEPTICHAUKYJIIAPHOM K IIIOCKOCTH MOJAOIIBEI TEPMOMATa
Figure 4. Distribution of the volume fraction of the phase modeling the dense snow, loose snow and their total value
in the direction which is orthogonal to the thermal mat bottom plane
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Psnow, kg/m®
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Puc. 5. Pacnpez{eneHI/Ie IUIOTHOCTH CHET'a B HAIIPaBJICHUU NEPINEHAUKYIIAPHOM K IUIOCKOCTHU IMMOAOLIBBI TEPMOMATa
Figure 5. The distribution of snow density in the direction orthogonal to the thermal mat bottom plane

Taxkum O6p2130M, Aaxe 1pu OTpI/IL[aTCJ'ILHOI\/'I TEMIICPAType B YCIOBUAX €€ IMMOBLIMICHUA ITPOUCXOIUT YILIIOT-
HEHHUE CHETra OCHOBAHUA 110 TEPMOMATOM.
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Pacnpenenenne temmneparypsl B LEHTPAJIbHOM IIOIEPEUYHOM CEUCHHMU PAacdeTHOH 00sacTd (IPOXOAsIieM
0 IIEHTPY TepMOoMaTa) IpeAcTaBieHo Ha puc. 6. [lodydeHHbIe pe3yabTaThl CBUAETENBCTBYIOT O HAIMYUH Kpae-
BBIX 3()(eKTOB M HEOAHOPOIHOCTH TEMIIEPAaTypHOro Mo Ais nepudepuiiHol obnactu Tepmomata. B men-
TPajJbHOM €ro 4acTH 3HAYEHUS TEMIIEPATYPhl OCTAIOTCS IOCTOSHHBIMH, YTO O0ECIIEYUT PAaBHOMEPHBIM XapakTep
YIUIOTHEHHUS CHera B IPUJIETAIOIIEM K TEPMOMATY CII0€ CHE)KHOTO OCHOBAHUSI.

s 6omee moapoOHOTO aHaM3a KapTHHBL paclpeaelieHHs TeMIIepaTyphl B pacdeTHOM 00beMe HaMEUYeHBI
TPU pacyeTHBIX cedeHus: | — Mo HeHTpy TepMoMara; 2 — o TOpILy TepMoMara; 3 — Ha yJaJeHUH, paBHOM IOJIO-
BUHE JUIMHBI TepMOMaTa. PacrososkeHre KOHTPOJIBHBIX CEUEHUH B paCU€THOM 00beMe MPENCTaBICHO Ha puc. 7.
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-2.88e+01
-3.02e+01

Puc. 6. Pactipenenenune temmnepaTtypsl B OMIEPEYHOM CEUEHUH PacYeTHON 00IacTH, MPOXOIIEM IO IIEHTPy TepMoMara
Figure 6. Distribution of temperature in the cross section of the calculation area, passing through the center of the thermal mat

Puc. 7. Pactionoxenue KOHTpONbHBIX ceueHni (1, 2, 3) B pacueTHOM 00beMe
Figure 7. Location of control sections (1, 2, 3) in the calculated volume
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I'paduxm pacnipeneneHns TeMiepaTypbl B KOHTPOJIBHBIX CEUYSHHUSIX PacueTHOTr0 00heMa IpeCTaBIeHbI Ha prc. 8.

[ [ h, m
—— CeuyeHne 1/ Section 1
CeyeHue 2 / Section 2 15
Ceuenue 3/ Section 3
1

Y

] }

-1,5

T,°C -30 -25 -20 -15 -10 -5 0

Puc. 8. PactipenencHue TemrepaTypbl B KOHTPOJIBHBIX CEUCHUAX PAcUeTHOTO 00BheMa
(33 HYJICBYIO OTMETKY NPUHATA OTMETKA MMOJOIIBLL TepMOMaTa)
Figure 8. Temperature distribution in the control sections of the calculated volume
(the bottom of the thermal mat is taken as the zero level)

[Tony4yeHnnsle pe3ynbTaThl HMOATBEPKAAIOT MPEANOCHUIKH, 3aJ0KEHHBbIE B TEXHHYECKOM PELICHHH IO
YIUIOTHEHUIO CHEXHOTO OCHOBAHUS C IPUMEHEHHUEM TEpMOMATa.

Take BBITTOTHSIIOCH pacYeTHOE 0OOCHOBAaHWE APYTOTO CIIoco0a YIUIOTHEHHS CHEra OCHOBaHHS MOCPEN-
CTBOM MEXaHHUYECKOT'O BO3JCHUCTBHS IMyTeM BaKyyMHPOBAaHHS T€PMETHYHBIX O0BEMOB, HAIIOJIHEHHBIX HEIUIOT-
HBIM cHeroM®. BakyyM, co3/aBaeMblif MyTeM OTKAauKd BO3/yXa U3 9THX 0OBEMOB, CO3/IaeT Tepenas JaBjieHus
Ha BHYTPCHHEH 1 BHENTHEW TOBEPXHOCTSAX CTCHOK FepMETHYHOTO 00BeMa.

N30bITOUHOE Hapy’>KHOE JaBJICHHE Yepe3 CTCHKH T'epPMETHYHOro o0beMa mepepacTcs Ha MpUIIeTarolui
K CTEHKaM CJIOW CHera, KOTOPBIH C)KUMAeTCs M yIJIOTHsIETCS. Y IUIOTHUBILHUICA CHET BO BHEITHEM CJIO€ HAuMHAET
BO3/ICHCTBOBaTh HA BHYTPEHHHE CJIOH. TakuMm 00pa3oM, MOCTENEHHO YNJIOTHEHHE CHEra MPOUCXOIUT IO BCEH
rnyOrHe 00beMa YIUIOTHSIEMOTO HEIJIOTHOTO CHera. BricBOOOKIaromuiics npyu YIUIOTHEHHH CHEra BO3IyX yaa-
JsieTcsl B X0Jie JallbHEHIIEero BaKyyMUPOBaHHS.

B nporuecce pa3paboTKu METOAMKH YMCIIEHHOTO MOJEIHPOBAHUS YINIOTHEHUS! CHETa MEXaHUYECKUM BO3-
JIEHCTBAEM 3a CUYET BaKyyMHPOBAHHS TEPMETHIHBIX 0OBEMOB (C TOCIEMYIONIEH peann3ariii B paMKax Ipo-
rpammuoro komiuiekca ANSYS) usydanuch Tpu BapuaHTa MOCTAHOBKH 3aja4yd. B mepBoM BapuaHTe paccMmar-
PHUBAJHMCh IABYMEPHBIEC IUIOCKHE KOH(QUIypaluu IepMETHYHBIX 00beMOB (puc. 9). Bropoll u TpeTuii BapHaHTHI
MIPEJICTABIISIIN COOOW MPOCTPAHCTBEHHBIE TOCTAHOBKY 3a/1a4M, TJe PacCMaTPUBAINCh HEOOBIIONH 00BeM (sTaei-
Ka) popMBI IPSIMOYTOIILHOM MPHU3MBI U 00BEM, COTTOCTABUMBIH M0 pa3MepaM C KOTJIOBAHOM, COOTBETCTBEHHO.

B xauectBe npumMepa, Haubosee MOIHO WILTIOCTPUPYIOLIETO MPOLecC BaKyyMUPOBAHUS, BHIITOTHEHBI pac-
4eThl KOHCTPYKLMH T'€pPMETHYHOI0 00beMa KOTJIOBaHA pa3MepoM B IUiaHe 4X6 M U TIIyOMHOH 3 M ¢ MacCUBOM
MOTPYKEHHBIX KOJI0HH (prc. 10).

Kononnsr mnunoii 2,2 M u nuamerpom 0,4 M uMenu nepPopupOBaHHBIE CTEHBI ¢ IeMII(QUPYIOLUINM ITOpH-
CTBIM CJIOEM JJISl HCKJIFOUEHHS BBIHOCA CHEXXHOM Macchl U3 KOTiIoBaHa. [lomepeyHslil pa3pe3 mo ocsiM ABYX KO-
JIOHH TIpeCTaBJICH Ha puc. 11.

BenununHa cozmaBaeMoro Bakyyma (IIOHH)KEHHOTO JaBieHus1) coctasisiia 0,5 aTM.

4 Tlarent P® Ne 2714406. Criocob BakyyMHOIO yIUIOTHEHMS OCHOBAHMS CTpOUTeNbHOI KoHcTpykuuu / Tap6ysos B.B., Xapskos H.C.,
IMamenko ®.A.; 3assi. 08.10.2019; omy6m. 14.02.2020.
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Puc. 9. Kordurypanus pacueTHo 00J1aCTH JUIsI TUTOCKO# MMOCTAHOBKY 33]a4H
Figure 9. Configuration of the computational area for the planar formulation of the problem

Puc. 10. PacuetHast 00;1aCTh Il MOJICTTMPOBAHUS Puc. 11. ITonepeyHslii pa3pes M0 0CSM IBYX IIOIPYKEHHbIX KOJIOHH

criocoba BaKyyMUPOBaHUS I’€PMETUIHOTO o0bemMa KOTJI0BaHa paC‘IeTHOﬁ obacTu JUI MOACIIUPOBAHUS
Figure 10. Calculation area for modeling croco0a BaKyyMHUPOBaHHsI TEPMETHYHOTO 00beMa KOTIIOBaHa
the way of vacuuming for hermetic excavation pit volume Figure 11. Cross section along the axes of two immersed columns

of the computational area for modeling
the method of vacuuming for hermetic volume of excavation pit

PesynpraTel pacueToB B BUIE NMEPEMEIICHUA KOHCTPYKLMH T€PMETUYHOIO KOTJIOBaHA C MACCUBOM IOTPY-
JKEHHBIX KOJIOHH, M, TIPEJICTaBJICHBI Ha puc. 12.

Kapruna pacnpenenenust aasienusi, Ila, Bo BHyTpeHHEM M HapyXHOH oObeMax B IOMEPEYHOM pazpese
10 OCSIM JIBYX IOTPY’KEHHBIX KOJIOHH IpeAcTaBlieHa Ha puc. 13.
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Puc. 12. Tlepememenus, M, B 000JI0YKe TEPMETHYHOTO 00BEMa B TIOIIEPETHOM Pa3pe3e Mo OCSIM IBYX HOTPY>KEHHBIX KOJIOHH
Figure 12. Displacements, m, in the shell of a hermetic volume in the cross section along the axes of two immersed columns
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Puc. 13. Pacnipenienenue naBnenus, [1a, Bo BHyTpeHHEM U Hapy»KHOM 00beMax B IMOTIEPEUHOM Pa3pese MO OCSIM IBYX MOTPYKEHHBIX KOJIOHH
Figure 13. Pressure distribution, Pa, in the inner and outer volumes in the cross section along the axes of two immersed columns

Pacnpenenenue IOTHOCTH CHEXHOM (pa3bl BO BHYTPEHHEM U Hapy>KHOM 00beMax MpeicTaBieHO rpadu-
YeCKH Ha puc. 14 B MOMEPEYHOM pa3pese Mo OCSAM JIBYX IMOTPYKEHHBIX KOJIOHH.

YIUIOTHEHHE CHE)KHOTO OCHOBAHHMS ITyTEM BaKyyMHUPOBaHUS 00€CTIEUNBAET MOBHIIICHUE TUIOTHOCTH CHETa
110 ypoBHs 400 Kr/M> Kak Ju1st ciydasi HeGONMBIIOro oobeMa (ueiika), Tak u JUIs GOIBIIOro oobeMa (KOTIOBaH).

[IpencraBieHHbIC PE3yIbTATHl PACUCTOB MOATBEPIKAAOT MPEIIOCHUIKH, 3AI0KCHHBIC B TEXHUYECKOM pe-
IIEHUU 110 YIJIOTHEHWIO CHEXKHOTO OCHOBAHHS C MPUMEHEHHEM BaKyyMHPOBAaHHS T€PMETHYHBIX 00BEMOB, Ha-
TTOJTHEHHBIX HEITUTOTHBIM CHETOM.

st otieHku 3G (HEKTUBHOCTH pa3pabOTaHHBIX CIIOCOOOB YIJIOTHEHHUS CHEKHOTO OCHOBAHMS BBITIOJTHEHO
OTIPEJICIICHHE HANPSDKCHHOTO COCTOSHHUS B CHEXXHOM OCHOBAHHMHM HOBOTO 3MMOBOYHOI'O KOMIUICKCA CTAHIIUU
«BocTok».
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Puc. 14. Pacnipeenenue WIOTHOCTH CHEKHOM (hasbl, Kr/M3, BO BHYTPEHHEM UM HAPYKHOM 00beMe
B IIOTIICPEYHOM pPa3pe3€ MO OCIM JABYX MOrPYKEHHBIX KOJIOHH
Figure 14. Distribution of snow phase density, kg/m?, in the inner and outer volume in the cross section along the axes of two immersed columns

Mooenuposanue Hanpa}ICEHHO20 COCHOAHUA CHENCHO20 OCHOBANHUS 3UMOBOUNHO20 KOMNIIEKCA
noo delicmeuem ROCMOAHHOI HAZPY3KU OM OROpP PYHOAMEHmMA 3UMOBOUHO20 KOMNIEKCA

PacueTsl HaPsPKEHHOT'O COCTOSIHUS CHEXKHOT'O OCHOBAHUSI 3MIMOBOYHOI'O KOMILJIEKCA Ha IEMCTBHE HArpy3KH
oT onop PpyHAaMeHTa 3MMOBOYHOI'0 KOMILJIEKCa MPOBOMIIMCH B paMKax mporpaMMmHoro komiuiekca PLAXIS 3D.
PaccmaTpuBanuce yeTsipe BapuaHTa CHEXXHOTO OCHOBaHMA. [IepBbIii BapuaHT — €CTECTBEHHOE CHEXKHOE OCHOBAHUE.
Bropoii — ycTpoiCTBO MOHOJIUTHOH JIEIOBOW IUTUTHI ¢ pa3Mepamu B TutaHe 11x11 m Ha rmyOuny 1 M. Tperuit u
YeTBEPTHIH BapHaHTHI — YCTPOMCTBO COOPHOTO OCHOBAHMS U3 YIUIOTHEHHOTO CHETa C pa3MepaMH B IUTaHe 6X6 M
o6mieit MotHOCTBIO 1 1 1,5 M cooTBeTcTBeHHO. B KavyecTBe pacyeTHOH 00nacTy paccMaTpUBaICS y4acTOK OCHOBAHUS
riyounoit 10 M, ¢ paciIMpeHHBIME TPaHUIIAMH Ha 5 M OT OIOPHOH IUIMTHI (pyHIaMEHTa 3MMOBOYHOTO KOMILIEKCA.

b

Puc. 15. Bug pacdeTHoit 00:1aCTH CHEXXHOTO OCHOBaHUS
Figure 15. View of the calculated area of the snow base
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Buner pacyetHoit 001acTH M KOHEYHOAJIEMEHTHON MOJIEH y9acTKa CHEKHOTO OCHOBAHHS IIPECTaBIICHBI
Ha puc. 15 u 16.

s pacdeToB HANPSYKEHHOTO COCTOSIHUSI CHEKHOTO OCHOBAaHUSI NPUHHUMANKCH CIIEAYIOIINE HCXOIHbIC
naHHble. MeTammdaeckast KOHCTPYKIMS OMOPHOH IUTUTHI (yHIaMEHTa 3MMOBOYHOTO KOMIUIeKca BbIicoTol 0,3 M

Mpe/CTaBsAeT CO00M CeTKy, MOKPHITYIO CTAJIbHOM MiacTUHOW cBepxy (puc. 17). MaTtepuan KOHCTPYKIIUU —
crans 03X17H14M3 ¢ mogynem ynpyroctu 210 000 MIa.
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Puc. 16. KoneunosieMeHTHas MOJCIb pacquHoﬁ 00JIaCTH CHEXXHOI'O OCHOBaHUS
Figure 16. Finite element model of the calculated area of the snow base

Puc. 17. Merannmueckas KOHCTPYKIUS ONOPHOM IUTUTHI (pyHOAMEHTa 3MMOBOYHOTO KOMILJIEKCA
Figure 17. Metal structure of the foundation supporting slab of the wintering complex
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Du3uKo-mexanuueckue ceoIUCmea CHEICHO20 OCHOBAHUS

ITpu ompenenennn PU3MKO-MEXAHUIECKUX CBOMCTB CHEKHOTO OCHOBAHUS YUHTHIBAINCH JaHHBIC, TIPE]I-
cTaBleHHbIE B [14-22].

3HaueHMsI TUIOTHOCTH CHEXHO-(HPHOBOTO OCHOBAaHHS IMEPEMEHHBI MO TTyOHHE. XapakTepHas 3aBHCH-
MOCTh TapaHTHPOBAHHOM TUIOTHOCTH IO TTyOHMHE OCHOBaHUS MpeACTaBiIeHa Ha puc. 18.

3aBHCHUMOCTD MOJYJISI YIIPYTOCTH CHEra OCHOBAHHUS OT €ro IJIOTHOCTH IpecTaBiieHa Ha puc. 19.
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Puc. 18 3aBUCUMOCTH FapaHTHpOBaHHOﬁ IUIOTHOCTH CHEra 110 FJ'[yGI/IHe CHECXXHOI'O OCHOBAHUS
Figure 18. Dependence of the guaranteed snow density on the depth of the snow base
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Puc. 19. 3aBucuMocTs MOAYIISt YOPYTOCTH cHera ocHoBaHUs, MIla, oT ero mIoTHOCTH
Figure 19. Dependence of the snow base’s modulus of elasticity, MPa, on its density

B pacuerax mpuHHMAINCH CIEAYIOMINE (HU3NKO-MEXaHHMUECKHE CBOMCTBA Jibaa [23-25]:
— miotHOCTH 900 Kr/M>;

— Moayns ynpyroctu 5000 MIla;

— k03¢ Punument [lyaccona 0,34.
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MakcuMmalibHasE pacueTHas BepTHUKaJIbHAs Harpy3ka Ha OMOPHYIO IUHTY (yHIaMEHTa 3MMOBOYHOTO KOM-
miekca coctasiseT 1280 kH.

B xoze pacdeToB HampsHKEHHOTO COCTOSTHUS CHEXKHOTO OCHOBAHWSI TIONYUYEHBI PE3yJIbTaThl, IPEICTaBICH-
HbIe B Ta0n. 1. BakaeWmuM mokazaTeineM HalpssKeHHOTO COCTOSIHHS CHEXXHOTO OCHOBAHUS CTPOSIIIETOCS 3MMO-
BOYHOI'O KOMIIJICKCA SIBJISIOTCS BepTI/IKaHBHble (a TAKXEC — FJIaBHLIe) HaHpH)KeHI/ISI B CHC)KHOM OCHOBAHUMU.

B 1abn. 1 cBeneHbl NaHHBIE O BEPTUKAIBHBIX HANPSDKEHHUAX (IABICHUH) B CHE)KHOM OCHOBaHMH IOJ OTIO-
pamu pyHIaMEHTa 3MIMOBOYHOTO KOMITJIEKCA.

Tabnuya 1
AKTHBHOe BePTHKAJIbHOE JaBJieHUE B CHE)KHOM OCHOBaHuM, KIla
[ay0uHa oT HU3a MOJOIIBHI ONOPHOH MIUTHI GyHAAMEHTA, M Bapuanr 1 Bapuanr 2 Bapuanr 3 Bapuanr 4
0,0 142 458 739 739
1,0 45 13 23,1 -
1,5 37 - - 19,8
2,0 33 - - -
Table 1
Active vertical pressure in the snow base, kPa
Depth from the bottom of the foundation supporting slab, m Option 1 Option 2 Option 3 Option 4
0.0 142 458 739 739
1.0 45 13 231 -
15 37 - - 19.8
2.0 33 - - -

AHanu3 pe3yIbTaToOB PacyeTOB HAIPSHKEHHOI'O COCTOSHUSA U1l BapuaHTa 1 CHEXXHOTO OCHOBaHMS IOKa3all,
YTO MPH COXPAaHEHWU €CTECTBEHHOI'O OCHOBAHHS 0OPa3yIOTCS KOHTAKTHBIC HANPSDKEHUS MO MEPUMETPY OMOPHI
¢ynaamenTa, kotopbie gocturaior 142 xlla. Dmropa BepTHKAIBHOTO JaBJIEHUS BHIPABHHUBACTCA IO TUIOIIAAN HA
riyoune 1 M u cocrasmuser 45 klla.

PaccmarpuBas BapuaHT 2 yIUTOTHEHHUS! CHEXXHOTO OCHOBAHMS, MOXKHO OTMETHUTH, YTO JIEAOBOE OCHOBAaHHE
BBICTYIIHJIO B POJIM JKECTKOM IJIMTHI, KOTOpas mepepacipeiennsa HallpsKeHUs! paBHOMEPHO T10 BCEH IUIOIIA U
no BenuuuHbl 13 klla. KoHTakTHBIE HampsKeHUs! MPAKTUYECKH OTCYTCTBYIOT. OJHAKO MOSIBISETCS IOMOJIHU-
TeTbHOE TpeOOBaHME MO MPOYHOCTH JIEOBOTO OCHOBAHMSA HA TMOBEPXHOCTH KOHTAKTA IO CTOHKOM OIOPHI 0
BennuuHbI He MeHee 458 kl]a.

Pacnipenenenne BepTUKaIbHBIX HAIpPSDKEHUHM U1 BapuaHTOB 3 M 4 YIUJIOTHEHHUS CHEXHOI'O OCHOBAaHUS
AQHAJIOTMYHO pe3yjbTaTaM JAjsl BapuaHTa 2. MeHbIuas MiIomaab )KeCTKOIO OCHOBAHHUS 110 CPAaBHEHHUIO C BapUaH-
TOM 2 TIpUBeNia K YBEJHMUYEHHUIO HANpPSHKEHUH Ha MoBepxHOCTH ocHOoBaHMs a0 739 xlla, a Taxke k Oomee mmm-
TEJILHOMY 3aTyXaHHIO HANpsDKeHHH MO TIIyOMHE OCHOBaHHs NMPAaKTHYECKH B 2 pas3a. YBEIMYCHUE TOJLIMHBI
cboproro ocHoBaHus ¢ 1 M (BapuanT 3) mo 1,5 M (BapuaHT 4) yMEHBIIWIO HANPSKEHHUS TI0]] MTOIOIIBOM OIIOPHI
Ha 15 %.

OTHOCUTENBHBIE BETHMUNHBI (B MPOLIEHTaX) BEPTUKAIBHOIO JABJIECHUS IO TTyOMHE OCHOBAaHHS B CpaBHe-
HHUH C €CTECTBEHHBIM OCHOBaHHEM (BapuaHT 1) mpuBeneHbI B Tab. 2.

Tabnuya 2
OTHOCHTEIbHOE H3MEHEeHHe BEPTUHKAJIBHBIX Hal’lpfl)l(eﬂﬂﬁ B CHE’)KHOM OCHOBaHMH
Bapuanr 1 Bapuanr 2 Bapuant 3 Bapuanr 4

100 % 29% 51 % 53 %

Table 2
Relative change of vertical stresses in the snow base
Option 1 Option 2 Option 3 Option 4
100% 29% 51% 53%
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AHaIM3 TIOTyYEeHHBIX PE3yJILTATOB PACUETOB ITOKa3all, UYT0 Hamboiee dPGEKTHBHBIM CIIOCOOOM YMEHBIIICHHS
BEPTUKAIBHBIX HANPSDKCHUN IOJT MOJIONIBON OMOPHI PyHAaMEHTa 3MMOBOYHOTO KOMIUIEKCA SIBISETCS YCTPOWA-
CTBO JISJIOBOM IUTUTHI (BapUAHT 2), YTO CHIU)KAET BEPTUKAIILHBIC HANIPSHKEHHS B 3 pa3a (110 CpaBHEHHIO C BapHaH-
ToM 1). BapuanTs! 3 u 4 CHIKAIOT BEpTUKAIBbHBIE HANPSOKEHNUS B OCHOBAaHUH TOJHKO B 2 pasa (110 cpaBHEHUIO
¢ BapuaHToM 1).

Onpedeneuue RPOYHOCHU CHEINHCHO20 OCHO6AHUA

JA71s1 OLIEHKH MOJTYYeHHBIX PE3yJIbTATOB PACUETOB HAMPSHKEHHOI'O COCTOSHMS CHE)KHOT'O OCHOBAHUS B PE3yJlb-
TaTe NMPUMEHEHHs pa3pabOTaHHBIX CHOCOOOB €ro YIUIOTHEHHs MOTPe0OBalIOCh OIpeneieHHe MPOYHOCTH CHEXXHOIO
ocHOBaHus. B cOOTBETCTBHH ¢ paspaboTkamu, npuBeaeHHbIME B [4; 23; 25], u monoxenusimu BCH37-76 MI'A «UH-
CTPYKLHS 1O NMPOEKTUPOBAHHIO, CTPOUTENBCTBY U OLEHKE SKCIUIyaTalMOHHON MPHUIOTHOCTH CHEXHBIX U CHEXHO-
JIEJIOBBIX a3POIPOMOB AHTAPKTHIBIY MPEENbHOE CONPOTHBIECHHE CHETa CHKATHIO MOKHO BHIPA3HTH TpadiuecKH
B BHJIE 3aBUCUMOCTH OT €ro TOTHOCTH (puc. 20), a TakxKe 10 aHATUTHYECKOI 3aBUCHMOCTH BHIA

Rpacq =Ro - Kt KO, (1)

rae Ro — mpounocTs cHera npu cxxatuu npu t = —100 °C, kIla; Kt — koadpumueHT, yIUTHBAIOMHNA TEMITepaTypy
cHera u cHeronpia (s t = —13,2 °C npunanmaercs 1,13); KO — kodppuuMeHT, yIUTHIBAIONINNA H3MEHYHBOCTD
Y HEOTHOPOAHOCTh CBOMCTB CHEXHO-(HUPHOBOTO MOKPOBa B AHTapKTH e (mpuHuMaeTcs 0,3).
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Puc. 20. 3aBuCHMOCTS IPOYHOCTH CHETA OCHOBAHUS Ha CXKaThe OT ero mrotHocty npu t = —100
Figure 20. Dependence of the compressive strength of the snow base on its density at t = 100

PesynpTatThl onpeaeneHuss IPOYHOCTH CHEra OCHOBAHMS 110 €ro ITyOWHe B CPaBHEHHH C JaBJICHHEM B OC-
HOBaHUM JIS1 pa3IMYHbIX BAPUAHTOB €r0 YIUIOTHEHHS NPEACTaBIeHbI B Ta0M. 3.

B cooTBeTcTBHM C MONy4YeHHBIMH pe3yibTaTaMu (Tabi. 3) MOXKHO OTMETHTH, YTO 0e3 MPOBENSHHS Mepo-
NPUATHHA MO YIUIOTHEHUIO CHEXKHOTO OCHOBAHHS HAJICKHOCTh 3MMOBOYHOTO KOMILIEKca He OyneT obecneucHa.
HawubGonee 3 PpeKTUBHBIM NPENCTABISAIOTCSA BapUaHThI 2 U 4 YIUIOTHEHHUS CHEKHOTO OCHOBAHHSI.

Tabnuya 3
ConpoTHBJIeHUE CHE;KHOTO OCHOBaHMUSI TP c:kaTuu, klla,
B CPAaBHEHMH C IaBJICHHEM B OCHOBAHHY [IJIsl Pa3JUYHBIX BADHAHTOB €r0 YIJIOTHEHUS

Tiyouna 0Tv}m$a 10 (10110:3 8 PacueTrHoe conpoTuBJ/ieHne Bapuant 1 | Bapnaut 2 | Bapuant 3 | Bapuant 4
ONOPHOI IJIUTHI, M CHera OCHOBAHMSI CKATHIO Rpacy, KI1a
0,0 4,2 142 - - _
1,0 14,1 45 13 23,1 -
15 31,2 37 - - 19,8
2,0 52,7 33 - — _
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Table 3
Resistance of the snow base under compression, kPa,
in comparison with the pressure in the base for various options of its compaction

o?fr?;r;:;%rgri?r?gbsﬁgg,mm the sr-:-or:/?/ gzlé:euzﬁtggrggili;r;%eg:’ kPa Option 1 Option 2 Option 3 Option 4
0.0 4.2 142 - - -
1.0 14.1 45 13 23.1 —
15 31.2 37 — — 19.8
2.0 52.7 33 - - -

4. Jakaouenue

1. Baxuelimas 3a1a4a pH MOATOTOBKE CTPOUTEIHCTBA HOBOI'O 3MMOBOYHOI'O KOMIUIEKCA aHTapKTHYECKON
cTaniu «BocTok» 3akioyanach B OpraHU3aliy Hale)KHOTO OCHOBaHMA onop (GyHAaMeHTa 3MMOBOYHOI'O KOM-
TUIEKCA, YUHUTHIBAs, YTO €CTECTBEHHOE CHEKHO-(DHPHOBOE OCHOBAaHHME OBUIO COBEPIIEHHO HE MPHUTOJHO K BOC-
NPUATHIO HATPY30K OT OMOp (yHAaMEHTa CTPOSIIETOCs KOMILIEKCa.

2. B pamxkax nposeaenHoit B [IMuHNU BT «JlenasponpoekT» HaydHO-MCCIEI0BATEIBCKOW PabOTHI pas-
paboTaHbl TEXHUYECKUE PEIIEHHS [0 YIJIOTHEHUIO CHEXKHOTO OCHOBAHUS U3 (UPHU3UPOBAHHOTO CHETa P IOJ-
TOTOBKE IUIOLIAKU JUIS CTPOUTENHCTBA 3MMOBOYHOTO KOMIUIEKCA aHTAPKTHUYECKOHM cTaHIMU «BoCTok» B ycIoBuHsX
HU3KOH TEMIIEpaTypbl C UCIIOIb30BAHUEM IOBBIIIEHUSA TEMIIEPATypPhl OT COJIHEYHOM pajualliy Ha OCHOBE IPH-
MEHEHUs TEPMOMATOB U C UCIIOJIb30BAHNEM BaKyyMHUPOBAHUS CHEI'a OCHOBAHMUS.

HawnbGonee > pexTuBHEIM TIpencTaBiIseTcss KOMOMHUPOBAHHEIN CIIOCOO YIIOTHEHHS CHEKHOTO OCHOBa-
HUSl, COYETAIOIUHN NCIIOIb30BaHKUE MOBBIILIEHHS TEMIIEPATypbl OT COJIHEYHON pajuallii Ha OCHOBE MPUMEHEHUS
TE€PMOMATOB M UCIIOJIb30BaHUE BAaKyyMHPOBAHHS CHETA OCHOBAHUSI.

3. BemonaeHo pacueTHoe 000CHOBaHME Pa3pabOTaHHBIX TEXHUYECKUX PEIICHHH M0 YIUIOTHEHHIO CHEX-
HOT'O OCHOBaHUS 3MMOBOYHOI'0 KOMIUIEKCAa HA OCHOBE KOHEYHORJIEMEHTHBIX MOJIENIel B paMKaX BBIUHCIUTEIBHO-
ro nporpammuoro komriekca ANSY'S.

4. YIIIOTHEHHE CHEXXHOTO OCHOBAHUS ITyTEM BaKyyMHUPOBaHUs 00eCIICUMBACT MOBBILICHUE INIOTHOCTH CHETa
710 ypoBHs 400 kr/m° Kak s ciyudast HeGoJBIIOro 0oobeMa (sueifka), Tak | JUIs 60JIBIIOro 00beMa (KOTIOBaH).

5. PacueTHble nccnenoBaHus HANPSKEHHOTO COCTOSIHUA YIUIOTHSIEMOI'O CHE)KHOTO OCHOBAHMSI, BBI3BAHHO-
ro Harpy3kamu oT omop (yHIaMeHTa 3MMOBOYHOTO KOMIUIEKCa, IOKa3alH, YTO YCTPOMCTBO onop ¢yHAaMEeHTa
3MMOBOYHOTO KOMIUTIEKCAa aHTAPKTUYECKOW CTAHIIMU Ha €CTECTBEHHOM CHEXHOM OCHOBAaHWHU 0€3 JOIIOJIHUTEINb-
HBIX Mep 10 YIUIOTHEHHIO OCHOBAHUS HE 00€CTIeUNBaET HAICKHOCTh COOPYKECHHUSI.

6. YcTpoicTBO oA onopaMu (yHAaMeHTa 3MMOBOYHOI'O KOMITIEKCa YIJIOTHEHHUS U3 JIGAOBOW TUIUTHI Pa3-
mepamu 11x11 M u Tommuuo# 1,0 M CHIKaeT BEPTUKATIBHYIO COCTABIISAIONIYIO HAMPSDKEHUI B CHE)KHOM OCHOBa-
HUM B 3 pa3a (110 CPaBHEHUIO C €CTECTBEHHBIM CHEXHBIM OCHOBAaHMEM), YTO HE MPEBBIIIAET PAacue€THOE COIMpPO-
TUBJIEHUE CHETA OCHOBAHMS.

7. YcTpoHCTBO COOPHOTO OCHOBAaHUSI U3 YIDIOTHEHHOTO CHEra pa3MepaMH B IDIaHe 6X6 M M MOIHOCTHIO 1,5 M
CHIDKAeT BepTUKAIbHBIC aKTHBHBIE HANPSDKEHUS B CHE)KHOM OCHOBAaHMH B 2 pasa (0 CpaBHEHHIO C €CTECTBEH-
HBIM CHEXHBIM OCHOBAaHHEM), YTO HE MPEBBIIIAET PACYETHOE COMPOTHUBRIICHUE CHETa OCHOBAHMUS.
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Annortauus. Jlerkue crane6eronnsie koHcTpyKiuu (JICBK) oTHOCATCS K cTane-
OETOHHBIM KOHCTPYKIHSIM, B KOTOPBIX B KadeCTBE 3aIOJNHSAIOIIETO OETOHA BBI-
CTyNaeT MOHOJMTHBIH (3ayIMBOYHBII) neHobeToH Mapku D100-D1000, B kaue-
CTBE MPOQUIILHON CTalIK — JIETKUE CTaIbHBIC TOHKOCTEeHHbIE KOHCTpyKuuH (JICTK),
a (YHKIMIO HEChEMHOW OnailyOKu BBIMOJHSIOT (UOporeMeHTHbIe naHenn. Kak
IPaBUJIO, B IAHHBIX KOHCTPYKIHUSIX MCIIOIB3YeTCs] KOHCTPYKIHMOHHO-TEIIION30TIs-
IIMOHHBIN MEHOOETOH, 00JIaaomuil XOPOIIUMHI TETIOTEXHHYECKUMH XapaKTe-
PHUCTHKaMH M AOCTaTOYHOM NMPOYHOCTHIO. McciienoBaHb! Ierkue cTaneOeTOHHbIe
TIAHEJIM TePeKPBITUS, SBISIOIKEcs: OJHUM U3 yacTHhIX ciydaeB JICBK, Bemor-
HEHHBbIC M3 MOHOJIMTHOTO NeHoOeToHa Mapku 1o miotHoctu D400. Tlpoeenen
aHanM3 M3ruOHOM kecTkocTH maHenei nepekpbiTuid 13 JICBK Ha ocHoBe coro-
CTaBJICHHS SKCIICPUMEHTAIBHBIX JAHHBIX C aHATUTHYECKHM PacueToM. Y CTaHOBIIE-
HO, yTo m3rubaemsle JICBK 13 MOHOMUTHOTrO eHOOETOHA MAapKH MO IJIOTHOCTH
D400 pabotaroT ¢pu3nuecky HEIMHEHHO; Ha JIMHEHHOM ydacTKe paboThl IOKa3aHa
JOTTyCTUMOCTb ONpEeIeHUs N3THOHOM JKeCcTKOCTH naHernel nepexpbrtuii u3 JICBK
KaK CyMMBI )K€CTKOCTeH mpodmibHOH cTamu u neHoberoHa. I[IpoxemMoncTpupo-
BaHa JOCTOBEPHOCTh NMPEIJIOKEHHOH METOIMKU B Mpeaesax JUHEHHONH paboThl.
DKCNEePUMEHTAIBHO M TEOPETUUECKU JIOKA3aHO, YTO M3TMOHAs )KECTKOCTh MaHe-
neit Ha ocHoBe JICBK Oosple M3ruOHOM XKECTKOCTH aHAJOTWYHBIX MaHeNneH u3
JICTK Ha BenuuuHy okoio 30 %.

KnioueBble ci10Ba: jerkue cTaleOeTOHHBIC KOHCTPYKIUH, TAHEIH MEPEKPBITHH,
npoduIIbHAs CTallb, U3TUOHAS )KECTKOCTh, IEHOOETOH
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Abstract. Lightweight steel-concrete structures (LSCS) are a type of steel-concrete
structures where the filling concrete is monolithic (pouring) foam concrete with
density 100-1000 kg/m®, the profile steel is lightweight steel thin-walled struc-
tures (LSTS), and fiber cement panels perform the function of non-removable
formwork. As a rule, these structures are made of structural and heat-insulating
foam concrete, which has good insulation and technical characteristics and suffi-
cient strength. The object of the study is lightweight steel-concrete slab panels,
which are one of the special cases of LSCS, made of monolithic foam concrete
with density of 400 kg/m®. An analysis of the bending stiffness of LSBC slab
panels by comparing the experimental data with analytical calculations was car-
ried out. It was found that bendable LSCS made of monolithic foam concrete
with density of 400 kg/m® operate in physical nonlinear way. It was shown that
the bending stiffness of LSCS floor panels can be determined as the sum of
stiffnesses of profiled steel and foam concrete at the linear stage of work.
The reliability of the proposed methodology within the limits of linear operation
was demonstrated. It was proved both experimentally and theoretically that
the bending stiffness of panels based on LSCS is higher than the bending stiffness
of similar panels made of lightweight thin-walled steel (LTSS) by about 30%.

Keywords: lightweight steel concrete structures, slab panels, profiled steel,
flexural stiffness, foam concrete

1. BBeaenue

[TarenbHOE TOMOCTpOEHHE MOSBUIIOCH B cepefinHe XX B. M € TEX IOp SABISETCS KpaifHe BOCTpeOoBaHHBIM [1].

Hcnonp3oBanne roTOBBIX M3JeNUH (TTaHeneil) o0aaeT paaoM MPEUMYIIECTB, TAKUX KaK HU3KUE CPOKU CTPOH-
TENbCTBA, CHUKEHHE 3aTpaT Ha BHYTPEHHIOIO OTAEIKY U, KaK CIEJCTBHE, TIOHM)KEHHAs! CTOMMOCTh HEIBUKUMO-
CTHU B MaHENbHBIX JIoMax [2].

Jlerkue craneberonnsie koHCTpYKIwH (JICBK) [3; 4] — BuI KOHCTpYKIINH, B KOTOPHIX B KaU4eCTBE 3aI0JI-
HSOIIEro 0eTOHAa BHICTYNAST MOHOJMTHBIN (3aauBOYHBIN) nenooeton mapku D100-D1000, B kauecTBe mpo-
(GUIBHOW cTanu, Kak MpaBujo, — JIETKHE cTajdbHble TOHKOCTeHHble KoHCTpykiuu (JICTK) [5], a dyHkmuro
HECHEMHOU OMayOKH BBITIONHSIOT (prOpoIleMeHTHBIE TTaHe . PacueTHble yCHINS OT BCEX BO3ICHCTBHI BOC-
NPUHUMAIOTCS TIEGHOOETOHOM ¥ MPOQMILHON CTa bl0. AHAJOTHYHBIE KOHCTPYKIHMH M3 TMPOKATHBIX METaJlINYe-
ckux npoduieit Takke MOryT ObITh OTHeceHbI K JICBK.

Obvexm uccredoéanusi B JaHHOW paboOTe — JIETKUe CTalIeOETOHHbIE TTAaHENN TIEPEKPBITHH, SBISIIOLINECS OTHIM
n3 yacTHbIX ciydyaeB JICBK, B KOTOpBIX HCHOIB3YyeTCs MOHOJIUTHBIN (3aJIMBOYHBIN) meHoOeToH Mapku D400.

Kak npaBuiio, B JaHHBIX MaHEJSIX MCHOIB3YETCS KOHCMPYKYUOHHO-MENIOUZ0IAYUOHHBIN NeHobemoH, 00-
JIaa0IUI XOPOIIUMHY TEIUIOTEXHUYECKHUMHU XapaKTEpUCTHKaMHU [4] M 1OCTaTOYHONW MPOYHOCTBIO.

Hecymas cnocoGHOCTh 3J€MEHTOB W3 KOHCTPYKLHMOHHO-TEIJIOU3OJIIIMOHHOIO IIEHOOETOHA HANPSAMYIO
3aBUCUT OT CTPYKTypHl OeToHa. [IpuMeHeHHe pa3IUYHBIX MUHEpAJbHBIX M OPraHUYeCKUX MOIAU(PHUKATOPOB
B IICHOOETOHHOI cMecH BIMSET Ha pa3Mmep, GopMy U paBHOMEPHOCTH pacipeiesieHns IOp B MaTepuae.

Vladimir A. Rybakov, PhD in Engineering, Associate Professor, Higher School of Industrial, Civil and Road Construction, Institute of Civil Engineering,
Peter the Great St. Petershurg Polytechnic University, St. Petersburg, Russian Federation; ORCID: 0000-0002-2299-3096; fishermanoff@mail.ru
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B [6] ycTaHOBNIEHO, UTO CTAOMIN3aTOPOM SUCHCTON CTPYKTYphl OETOHA MOYKET BBICTYNATh BOJIOKHUCTHIN
LEJUTIONO03HbIN HanoiaHuTe b, Beenenue 1,4 % sToro marepuana oT oOmieil MacChl KOMIIOHEHTOB CMECH YBENH-
YHBAET MPOYHOCTH ITEHOOETOHA TIIOTHOCTHIO 500—-530 kr/™M° Ha 2,9-3,15 MITa.

B [7] moka3aHo, 4TO BBEACHHE TEPMOMOIUGDHUITMPOBAHHON TOPQSHON N0OaBKH B TIECHOOECTOHHYIO CMECh
B KonuuecTBe 6 % OT Macchl IIeMEHTa MOBBICHIJIO MTPOYHOCTh MeHoOeToHa Ha 3543 %, CHU3UIO 3HAYCHUS KO-
a¢duIMeHTa TEIIONPOBOAHOCTH Ha 14 % u BogonoroieHue Ha 23—32 %.

HUccnenoBanbl u Apyrue 100aBKH AJIs YITyUIIeHUs CTPYKTYPhI M SKCILTYaTallMOHHBIX CBOMCTB MIEHOOETOHA, TaKHe
Kak 30J1a-yHoca [8], MmeTakaosiuH [9], usmenvuennas pe3una [10; 11], MukpokpemueseM [12] u jomenHbIi noiak [13].

Koncmpykyuonnwiii nenobemor B CpaBHEHUU C TSXKEIBIMA OCTOHAMU UMEET MEHBIIYIO TUIOTHOCTD U JIy4-
IIME TETUIOTEXHUUYECKUE XapaKTePUCTUKH KOHCTPYKIIMA Ha ero ocHOBe. KOHCTPYKIIMOHHBIA TIEHOOETOH IMOJIXO0-
JTUT JUTSL BO3BEIEHHSI MOHOJIMTHBIX HECYIINX M CAMOHECYIINX KOHCTPYKIUH 3aHUH.

B [14] aBTOpHI YKCIEPUMEHTAIBHO MCCIIENO0BATH TIEHOOETOH mIOTHOCTRI0 1200 kr/M® ¢ apMupyrommmu
Jno0aBKaMHM [T BO3BEACHUS HECYIIMX M3TUOaeMbIX KOHCTPYKIUH MalodTaKHBIX 31aHui. [lomoOpaH ontumanb-
HBIM cocTaB OCTOHA, CoMeprKaIIuii apMHUPYIONTYIO J00aBKY B BHIE MOJHAMUIHOTO (GHUOPOBOIOKHA JIIHHON 12 MM
B KOJIMYEeCTBE 2—3 KI/M".

B [15] uccnenoBana B3auMOCBSA3b MApaMETPOB CTPYKTYPHI IIEHOOETOHA C MPOYHOCTHIO CLEIJIEHHUS B CH-
CcTeMe «IIeHOOETOH — apMarypay. Y CTaHOBIIEHO, YTO MPUPOCT MPOYHOCTH CLCIUICHUS MPU YBEIIMYCHUN CpeIHEH
IUIOTHOCTH MeHoOeToHa B jmanasone 1200—1600 kr/m® coctaBun 20-65 %. HanGonbIIyio MpOYHOCT CIETLIe-
HUS ¢ TICHOOETOHOM TTOKa3ajia CTEKJIOKOMIIO3UTHAS apMaTypa co 3HAa9eHUEM MPOYHOCTH crieruienns Ha 20—45 %
BEIIIIE, YeM /17151 023aTbTOKOMIIO3UTHOM U CTAILHOM apMaTyphl.

Psim mayuHBIX paboT BBITIONIHEH MO pykoBoAcTBOM Ipodeccopa JI.P. Mannsgna. B [16] obocHOBaHa BO3-
MOJKHOCTH TOBBIIICHNS (DPU3UKO-MEXaHUYECKUX XaPAKTEPUCTHK PAa3TUYHBIX BUIOB MEHOOETOHOB C ITOMOIIBIO
3aTBOPEHUS BOJBI C MOHM)KEHHOH TemrepaTypoil. B [17] pa3paboTan MaTpU4HBIA COCTaB IEHOOETOHHOH cMecH
JUTSL BBEJICHUS TOJMaMUAHON (PUOpPHI, MOKA3aBIINI YIYUIICHHYIO aJre3ui0 ¢ IIEMEHTHOW MaTpHIEH C coXpaHe-
HUEM MPOYHOCTHBIX CBOMCTB.

HecmoTps Ha mmpokyto chepy NpUMEHEeHHsT Pa3udHbIX BHIOB IIEHOOETOHA U WX MEPEUHCICHHBIE JOCTO-
WHCTBA M3BECTHBIM HEJOCTAaTKOM 3TOr0 MaTepualia SBJISICTCS MOBBIINICHHAs ycaiaka — B 4—10 pa3 Oomblie,
YeM y OOBIYHOTO OETOHa, YTO B CBOKO OUYepehb NPUBOAMT K CHIDKEHHUIO TpemuHocTorkocTH [18; 19]. Ycaaka
YXYALIAeT MOPUCTYIO CTPYKTYPY MEHOOETOHA, M, KaK CIEeICTBUE, CHIKAETCS MMPOYHOCTh M YBEINIHBACTCS TeTl-
JIOTIPOBOAHOCTH MeHoOeToHa [20].

B paccMmoTpeHHBIX BbIlIe paboTax m3y4deHbl (PU3NKO-MEXaHHYECKHe, TeIUIOTEXHUYECKHE U MPOoYne CBOM-
CTBa MEeHOOETOHA B HECYIINX W OTPaKIAIONINX KOHCTPYKIHAX (KPBIIIH, MOJBI, CTEHBI U JIp.) 0e3 HaIugus mpo-
¢unpHOM cTanu B KOHCTpYKIMU. [lomydeHHbBIe BceMH yKa3aHHBIMH aBTOpPaMHM Pe3yJbTaThl HE JalOT OTBETOB Ha
0003HavYeHHYIO paHee mpodiieMy uzydenus cBoiictB JICBK.

Ha ceromusimamii eHs HopMaTuBHO-TexHIUYecKas 0aza B Poccuu B obmact JICEK Henmocrarouno passura.
OcHOBHBIM HOpMaTHBHBIM JOKyMeHTOM siBisercst CTO 06041112.002-2018 (c m3m. 1, 2) «CraneGeToHHBIC
KOHCTPYKIHMH U3 TEIIOW30JIIHOHHOTO HEaBTOKJIABHOTO MOHOJIMTHOTO MEHOOETOHA, NPOQHILHOM cTaiu ¢ 00-
TUIOBKOH pubOporieMeHTHEIME JucTamu. [lpaBuia npoexktupoBanus». Kpome Toro, mMeercss HOpMaTUBHBIN [10-
kymenT CTO 06041112.001-2018 (c u3m. 1, 2) «Ilanenn u3 crane0eTOHHBIX KOHCTPYKIWHA HAa OCHOBE TETIJIO-
W30JISIIIMOHHOTO HEABTOKJIABHOTO MOHOJIUTHOTO MEHOOETOHa, IPO(UIIBHOM cTaimi ¢ oOIHLOBKOH PpruOpOIieMEeHTHBIMH
nucTamMuy Ha oTaensHbId moasua JICBK — nerkue cranederonnsie manenu (JIBIT).

B mayuHo#l nuTepaType TemIOTEXHUYECKHe, MeXaHndecKkie 1 nHble (prsndeckne coiictBa JICBK sBstroTcst
Masion3yueHHbIMU. M3BecTHbIe myOnukaimu [21-25] kak otaensbix aBTopoB — S.C.I'. Anb-Xacunaeu, H.H. JlackkoBa,
O.H. EpumoBa, ®.C. 3amamuesa, M.ILL. Hoypysu, 1.C. I'yukuna, B.O. bynaBenko, Tak 1 aBTOPCKUX KOJUICKTHUBOB,
TIOCBSIIIIEHBI TEOPETHIECKOMY M AKCIIEPUMEHTAIbHOMY WCCIIEIOBAHUIO TIPOYHOCTHBIX M Je()OPMAIIOHHBIX CBOWCTB
CTai1e0eTOHHBIX OalOK W3 CTAIBHBIX TOHKOCTEHHBIX MpOo(Qriiell 1 MOHOJIMTHOTO TIEHOOETOHA Pa3IMYHBIX KIaCCOB
povHoCTH Ha cxarue ot B2,5 [21] no B25 [23]. berons! yka3aHHOTO Juana3oHa MPOYHOCTH UMEIOT KJIACC MIOTHO-
cta He Hmke D500, SBNAIOTCA KOHCTPYKIMOHHBIMH, OTHOCSITCS K MaTepuanaM KOHCTPYKIIHH, BKIIFOUEHHBIX
B CII 63.13330.2018 «beronusle u keme300eTOHHBIE KOHCTPYKIMHA. OCHOBHBIE TOJIOXKCHUS), M TIO3TOMY MOTYT
OBITH PACCYUTAHBI [0 METOJIMKAM JIJIsl OETOHHBIX U JKeJIe300€TOHHBIX KOHCTPYKIUH C KECTKOH apMaTypoil.

HUccnenoBanuto npouHocTHeIX xapakrepuctuk JICBK ¢ ncnonp3oBannem meHoOeToHOB Mapok Huke D500,
SIBISIFOIIXCS 110 CBOEH CYTH TEIUIOM30JISIMOHHBIMY, TIOCBAIIEHEI HAIM PaHee OIyOIMKOBaHHBIE paboThI [26; 27],
rie npemarancs meto] pacuera JICBK, ocHOBaHHBINM Ha (opMyIax pacueTa CTaJbHBIX KOHCTPYKIHN, HO C TIPH-
MEHEHHEM MOBBIIIAIOIIETO KOAPPHUINEHTA YCIOBHIA PaOOTHI.
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[Ipu sTom B [28] moka3aHO, 4TO caM IO cede TeIIoN30JIAIINOHHBIA TeHoOeToH Mapok D200-D400 o6mna-
JaeT KpalfHe HU3KOH MPOYHOCTHIO. BennunHy (akTH4eckoro CONpOTHBICHHS NMEHOOETOHAa B pacdyeTe Ha Mpou-
HOCTbh CaMOM KOHCTPYKLUH HEBO3MOKHO YYECTbh: POJIb TAKOTO IIEHOOETOHA B KOHCTPYKLMH CBOIUTCA K MPEAOT-
BPALICHUIO CTECHEHHOTI'O KPYy4€eHHsI, ACIUIaHAIUN U MECTHBIX 3 HEKTOB

OpHako, TOMHUMO YCJIOBHUS MTPOYHOCTH, HECYIIIHE TOPU3OHTAIBHBIE AIEMEHTHI KOHCTPYKLIUH JOJKHBI YAO-
BJIETBOPSATH TPEOOBAHMSIM IO KECTKOCTHU (TIpeeNIbHBIM MPOrudam), COOTBETCTBEHHO, NAHHBIM acHeKT MaHeleH
nepekpbiTuii U3 JICBK, B KOTOpBIX HCTONB3yeTCs MOHOIUTHBIN NIeHo0eToH Mapku D400 mo minoTHOCTH, JOKeH
OBITH IPOAHATU3UPOBAH OTIENIEHO, YTO U ABJISIETCS LeIbI0 HCC/IeI0BAHMS.

JUis AOCTHIKEHUS LIeTN TTIOCTaBIIEHBI 3aJlauu:

1. DxcnepuMeHTaIbHO M3MEPUTH MEpPEMEIIEHHsI B cepeinHe MposieTa AByX oOpas3uoB maneneil nz JICBK
Ha OCHOBE TEILTOM3O0JIAIIMOHHOTO HEaBTOKJIABHOT'O MOHOJIUTHOTO TTeHoOeToHa Mapku D400, mpodmibHON cTamu
¢ 00TUIIOBKOH (hHUOPOIIEMEHTHBIMH JTUCTAMH.

2. AHaNUTHYECKH OTPENENUTh IepEeMEIeHHS C YIeTOM IIeHOOeToHa U 0e3 ero yyera.

3. ComocTaBUTh aHATUTUYECKUE PE3YIIBTATHI C HKCIIEPUMEHTAIbHBIMH.

2. MaTtepuajbl 1 METOBI

Cxema 00pa31oB JUIsl UCTIBITAHUI Ha U3rK0 npecTaBieHa Ha puc. 1.
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Figure 1. Slab panel design for bending test
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Ipoduns tuna I'MIC npunst mo TY 1121-001-87370376-2015 «IIpodwuiu cranbHbie THYThIC. TexHUYe-
ckue ycaoBus» (000 «Cranp-IIpoduisy) u umeer pazmepst 200x50x1,5.

MOMEHT MHEPIUHU OMHOYHOTO cedyenus | = 262,61 cm®.

dubporeMeHTHBIE JTUCTHI Mapku «Ctekionem» npuHatel o TY 5742-008-53743439-12 «JIucTel cTekino-
MarHe3uToBsie oraecroiikue ,,CTEKJIOLIEM®. Texaudeckue yCIoBUs».

BHemnuit BuJ 01HOTO M3 00pa3lOB MPEICTABICH HA PUC. 2, HA KOTOPOM Hapy>KHasi OOJIMIIOBOYHAS ITa-
HEJlb BPEMEHHO CHSITA JIJISl HATJISITHOCTH.

DKCIepUMeHTaIbHas YCTaHOBKA H300paxkeHa Ha puc. 3, a. [lanenu Ha ocHoBe JICBK u JICTK pa3mepamu
4000x800%216 MM cBOOOIHO ONMHPAIOTCS HA CIELUATBHBIE IMAPHUPHBIE ONOPHI, HA KOTOpPBIE BO M30E)aHHE
MECTHOTO MPOJIABIMBAHUS MMAHEIH YJIOXKEHA CTalbHAsK )KecTKas racTuHa (puc. 3, 6). Takum obpazom, cBOOOI-
HBIH MPOJIET UCIBITBIBAEMBIX TTaHeN el oka3ajics paBHbIM L = 3,85 m.

\ e

Puc. 2. Buemnuii Bun o6pasnos maneneit JICBK (¢oto aBTopa)
Figure 2. Appearance of the LSCS panels samples (photo by author)

Puc. 3. DkcriepuMeHTanbHas yeranoBka (Gorto aBropa)
Figure 3. Experimental setup (photo by author)

HarpymeHHe MIPOUCXOANTIO C MMOMOUIBIO TPEX T'MAPABIUYCCKUX JOMKPATOB, COCIUHCHHLIX B €ANHYIO CU-
CTEMY, NOAACPIKUBAIOUIYO PABCHCTBO y'CI/IJ'II/Iﬁ B KaXJIOM U3 HUX, YIIUPAOHIUXCA B KCCTKYHO MCTAJUIMYCCKYIO
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TpaBepCy B BHJE CTAIHHOTO YCIOBHO HEAe(OPMHPYEMOTO IIBEIUIepa, 3aKPEIJICHHOTO K CHIIOBOMY IOJy C IIO-
MOIIBIO IBYX CTOEK.

JIOMKpaThl TIepefaloT yCHITUs Yepe3 pacripeeluTebHble METAJUTNUECKHE AIIEMEHTHl Ha OSTOHHBIE TPHU3MBI
ceuenrieM 150%150 MM u mmHOM 800 MM, COBIAIaroIIel ¢ MMPUHOM maHeny. JlaHHble GeTOHHBIE TIPH3MBI (6 IIIT.)
UMHUTHUPYIOT COCPEIOTOUCHHYIO HArPy3Ky Ha UCTBITHIBAEMYIO MaHeNlb. MexXIly MaHelblo U OETOHHBIM IpU3MaMu
BO M30C)KaHUE Pa3pylICHUsS MO OCTOHY MPOJIOKEHBI JIEPEBSIHHBIC MPOKJIAJKKA 10 BCEH MOBEPXHOCTU KOHTAKTa
MPU3M U MAHENH.

Takum 00pazoM, B SIKCIIEpUMEHTAIBHOW YCTaHOBKe (pHC. 3, @) KaXIBIH TOMKpAT MepeaacT Ha MaHelb 10
JIBE TMOJIOCOBBIE (NEPICHINKYIISIPHO MPOJIETY) Harpy3KH, YTO B COBOKYIIHOCTH COOTBETCTBYET OalKe C IIECTHIO
COCPEIOTOYCHHBIMI Harpy3Kamu, pacloiOXEHHBIME Ha PaBHOM PAacCTOSHUU Jpyr oT apyra (puc. 4). [lanHoe
3arpy>kKeHre MOXXHO CUHATATh SKBUBAIIEHTHHIM PABHOMEPHO paclpe/ie]IeHHOI Harpy3Ke.

2u()paeﬂuqecxuii domxpam, 3uim. hydraulic /acks 3pes.

|~
P L P L pacnpeoenumensHas P P distribution

¢ ERER ERER ¢ e

57’7 72 é?b $T7 72 é?b

. /7,,[’ /7/1[’ /7/!, /7/!, /7/!, /7/1[, % L /7,,[’ /7/1[’ /7/‘[, /7/!, /7/1[, /7/'[, %
050 | 05 051 | 0s
[1=3,85m [=3.85m

Puc. 4. VicnbiTaTenbHas cxema Figure 4. The test scheme

OO0mmit Bec pacrpeneauTeIbHbIX IEMEHTOB cocTaBuia 2,55 kH.

N3mepeHne nepeMenieHuil Npou3BOAMIOCE C TOMOILIBI0 TeH30MeTpoB T1 u T2, pacnonoxeHHbIX mocepe-
JIMHE TpOoJieTa IUIUTHI — ¢ ABYX €€ CTOpOH. MccnenoBaHo fBa oOpasiia maHemnei.

B kadecTBe aHAIIMTUYECKON MOJIENN SKCIEPUMEHTA NPUMEM OallKy C 3MIOPON MOMEHTOB, MPEICTABIICH-
HOW Ha puc. 5.

”

)

|‘% |% |% |% |%
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Puc. 5. PacueTHas cxema M d1opa U3ru0aomux MOMEHTOB OT 3aJJaHHON HArpy3Ku
Figure 5. Calculation scheme and diagram of bending moments from the specified load

Jig onpenenenus nepeMelieHns pacCMOTPUM BCIIOMOTATENIbHOE 3arpyKeHHe CUCTEMbI €TUHUYHON CHITOH
C 3MIOPO MOMEHTOB Ha pHC. 6.
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Puc. 6. PacueTHast cxema u 31opa MOMEHTOB OT €IMHUYHOMN CHJIBI
Figure 6. Calculation scheme and diagram of bending moments from a unit load

Jns onpeznesieHus: mepeMerieHni Bocronbs3zyeMcst popmyioii Makcsemna — Mopa (1) u, moxctaBuB 3Ha-
YeHUs S0P (pUC. 5—6), TOTyUINM Pe3yIIbTAT:

M M 123 PI®
D = P_lds= 1
e I El 2744 EI @)

Omnpenenum M3rHOHYIO KECTKOCTh KOHCTPYKLHMH Ha M3THO Kak CyMMY eCTKOCTeH NeHoOeToHa M mpo-
¢unpHOI cTanm:

El=E,I,+E,. @)

3. Pe3yabTaTshl U 00Cy:KIeHUE

PacyerHbie 3HaYeHHS MOMEHTOB WHEPUUHU IS ieHoOeToHa U i npodmibHO# ctanu trma ['TIC (2 mr.,
puc. 1) cocTaBsIT COOTBETCTBEHHO

3 3
I, = blhz 0802 —= 2% 533333.10“ m*; 1,=21,=5,2522-10"° m". (3)

Monymu aedopmanyu neHobeToHa 1 npoduiabHOH cram Ep = 960-10° Ta (g Mapku neHOGETOHA mpH
cpenneii mrotHocTH D400, CTO 06041112.002%); Es=2,1-10" Ia.

[Ipoananu3upyem IPOTHUOBI B YIPYTol cTaguu paboThl U IO JOCTHKCHHS 3HAUCHUH, TTPEETHHO JTOMYCTH-
Mbix o CIT 20.13330.2016 «Harpy3ku u Bo3aeicTBUS»!

f = L =19,25 mMm. (G))
200

u

dakTHYeCcKUe 3HAYCHUS IJIOTHOCTEH 00pa3I0B U3MEPEHBI MTOC/IE BCKPBITUS KOHCTPYKIIMM 10 3aBEPLICHHH
9KCIIEPUMEHTA U OTJIMYAIOTCSA OT 3asBiIeHHBIX. CIIeI0BaTeIbHO, U3MCHUTCS U 3HAYCHUE MOJIYJICH YIIPYTrOCTH:

— nnst oopasua 1: py =413 kr/M° 1 Epy = 1075-10° H/m?;

— 1151 06pasna 2: pz = 325 kr/m® u Epy = 669-10° H/v?,

1 CTO 06041112.002-2018 (c u3m. 1, 2). CtaneGeToHHbIE KOHCTPYKIIMH U3 TEIUIOU30SIIMOHHOTO HEABTOKIABHOTO MOHOIUTHOTO
neHo0eToHa, MPOQUIBEHOM cTany ¢ 00IMIoBKOH GudponeMeHTHRIMH JIcTaMu. [IpaBuita npoextuposanus. CII6., 2018. 96 c.

308 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Poibakog B.A. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMiA 1 coopyxeHuid. 2023. T. 19. Ne 3. C. 302-312

JlommycTuMoe OTKIIOHEHHE CpeIHEH MIOTHOCTH MEHOOETOHA MO CTAHIAPTY POCCHHCKOW OpraHU3aIiuu
000 «COBBH» CTO 06041112.001, nmpunoxenue E? otHocHTensHO Mapku D400 115t cepuu 06pasIioB cocTaB-
nset 39 kr/M® 1y1s mepBoii kKaTeropuu kadectBa. OTKIOHEHME CpelHEH MIOTHOCTH TeHoOeToHa obpasma 1 He
TIPEBHIIIAET JOMYCTHMOTO 3HAUEHHMs, a I 06pasia 2 TPeBBIIIaeT JOMyCTHMOE 3HadeHue Ha 36 kr/m®. OmHaKo
3TO HECOOTBETCTBHE HE TOBJHSACT CYIIECTBEHHO Ha PE3yJIbTaThl MCCIEIOBAHUS, TaK KakK y JaHHOTrO oOpasia
HauOOJIbIIAs HECYIasi CIIOCOOHOCTb.

PacueTHble 3HaUeHUs MPOTUOOB M UX CPABHEHHE C HKCIEPUMEHTAJIbHBIMU 3HAUYECHUSIMU AJIsI IBYX 0Opas-
IIOB TIPEICTaBICHBI Ha prc. 7—8.

35
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Puc. 7. I'padux nedopmupoBanus, odpazern 1
Figure 7. Deformation graph, sample 1
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Puc. 8. I'paduk nedopmuposanus, obpaserr 2
Figure 8. Deformation curve, sample 2

B ofOpasne 1 makcumanbsHas Harpys3ka coctaBuia 12,75 kH wa omun nomkpat. Ilpu ycunnu B Kaxmom
noMKparte, paBHOM 9,88 KH (4TO COOTBETCTBYET PaBHOMEPHO pacIpeieleHHOH Harpyske Ha mauty 9,44 kH/m?),
(akTHYEeCKHii TPOrHO JOCTUTHET TPEAETBHO A0mycTrMoro 3Hadenus fy = 19,25MM (4T0 COOTBETCTBYET pacyer-
HOMY MPOTu0y Mo JIMHEHHOW MeToHKe, paBHOMY 15,265 MM, u 78 % Hecyieii cmocoGHOCTH 00pasia).

2 CTO 06041112.001-2018 (c m3m. 1, 2). Tlanenu u3 cTaneGeTOHHBIX KOHCTPYKIHMH HAa OCHOBE TETUIOM3OJISIIMOHHOTO HEABTO-
KJIaBHOTO MOHOJINTHOT'O EHOOETOHA, MPpoQIbHOM cTany ¢ o6munoskoii pubdponementasiMu muctamu. CII6., 2018. 77 c.
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[Ipu >TOM, HauWHas ¢ YCHIHS B KakaoM moMmkpare 6,0 kH (4To COOTBETCTBYET paBHOMEPHO pacIpeie-
JIEHHO# Harpyske Ha maHenb 5,73 kH/M?), HeOOXOIMMO YUNTHIBATH HEIMHEHHYIO paboTy IEeHOOETOHa, UTO CO-
ctaBisieT 61 % OT Harpy3Ku, COOTBETCTBYIOLICH NPEAEIBHOMY IIPOTUOY.

B obpazme 2 makcumaibHas Harpy3ka coctaBmia 17,66 kH Ha oqun qomkpar. [Ipu yermmy B KaKI0M TOMKpa-
Te, paBHOM 12,8 KH (4TO COOTBETCTBYET paBHOMEPHO pacTpe/IeNieHHoi HarpysKe Ha maens 12,23 kH/m?), dakrude-
CKHii IPOTUO TOCTUTHET MPEeNbHO JomycTiMoro 3HadeHus fy = 19,25 mm (uro cootBercTByeT 72 % Hecyuiei
CrocoOHOCTH 00pasIa).

B mpenenax Harpy3ok, COOTBETCTBYIONIUX AOITyCTHMOMY MPOTH0y, paboTa oOpasia okaszajach MPHOIIH-
JKEHHOU K JIMHEHHOM.

W3 npoBeleHHBIX pacueTOB MOXHO CIIeJIaTh BBIBOJ, YTO BH3YyalbHAs pa3HUIA Ha rpadukax MEXIy DKC-
TUTyaTallHOHHBIMU 3HAYCHWSIMA M aHAMTHYECKAM pelleHHeM OOYCIIOBI€HAa HEyYeTOM >KEeCTKOCTH (ubporie-
MEHTHBIX ITaHeJeH. YYeT jKeCTKOCTH (PHOPOIEMEHTHBIX MaHeNeld He MPenCTaBisIeTCs 1eIeco00pa3sHbIM BBHILY
BO3MOKHOCTH JEMOHTa)Ka WIJIM 3aMEHBI JIICTOB OOIIMBKH AaHHOTO THIIA Ha Apyrue (B XojAe MPOEKTHPOBAHHUA,
CTPOUTENBCTBA, a TAK)KE PEMOHTA MTOMETIECHII )

4. Jakaouenue

[lo pe3ynpTaTam Mccien0BaHUS MOKHO CAENaTh CIeAYIOIINE BEIBOBL:

1. Ycranosneno, yro usrudaemsie JICBK u3 MoronmutHOro nenoderona mioTHocThio D400 B 1iemmom pado-
TafOT PU3NIECKH HEITMHEHHO.

2. Ha nmuneiinom yuacTke paboTsl (10 moctkerns 60 % mpemensHo momyctumoro mporuda L/200) mpo-
JEeMOHCTPHUPOBAHA JOIYCTUMOCTb ONpeiesIeHNsI I3TUOHOI xecTKocTr nmaHenel nepekpbituii n3 JICBK kak cymMer
JKECTKOCTEH MPOQUIFHON CTalIM ¥ TIEHOOETOHA; ITOKa3aHa IOCTOBEPHOCTh MPENTIOKEHHON METOANKH B TIpeaeax
nmuHeHo# pabotsl. Ilpu mporubax B anamazone ot 60 g0 100 % ot L/200 B mpakTH4ecKHX pacueTax peKOMEH-
JIyeTcsi MPUMEHATh NoBbImaomui kodp¢unmeHt 1,3. [Ipu HE0OXOAUMOCTH IKCIUTyaTallid KOHCTPYKIHHU MPH
nporubax, npesbimaronmux L/200, BennunHy mnepeMenieHuil HeoOX0JUMO YCTaHaBJIMBAaTh HA OCHOBAaHUH YHC-
JIGHHOT'O MOJIEJIMPOBAHUS B HEJTMHEWHON [MOCTaHOBKE.

3. DKCHEPUMEHTAJILHO U TEOPETHUYECKU JIOKa3aHO, YTO M3THOHAs KeCcTKOCTh naHesel Ha ocHoBe JICBK
Oomnpuie n3rudHoON xectkocTh aHanornyHeix nanenei n3 JICTK na Benmuuuny okxoio 30 %, 4To B 1esioM Koppe-
JUPYET C pe3ysbTaTaMH aHajK3a HecyIlel CIIOCOOHOCTH M K03()(PHUIIMEHTOM YCIIOBHI pabOThI, W3TI0KEHHBIMHU
B PaHHUX TpyZax aBTOpa.
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AnHoTanus. OnpenensomuM (akTOpoM BO3BOJUMBIX U3 OCTOHA U Kene300e-
TOHA HMHKEHEPHBIX COOPYKCHHH SIBISIETCS HEIOCTATOYHAS MOPO30CTOMKOCTH
6etoHOB. Takum 00pa3oM, akTyanbHa 3a/1aua BBIABICHHS NMPUYMH U MPEIOTBpA-
IIEHNsl Pa3pyLICHUsT OETOHOB U3-32 MOpO3a. VI37105KeHbI OCHOBHBIE IOJIOKEHUS
pa3paboTaHHOH (HU3HKO-MAaTEMATHIECKOH TEOPHH MOPO30CTOWKOCTH IIEMEHTHBIX
6eToHOB. PaccMOTpeHbI IpoLecchl, MPOTEKAIOIUe NPH LUKJINYECKOM 3aMopa-
JKMBaHHU M OTTaWBaHWU OCTOHOB B BOJOHACHIIICHHOM COCTOSHUH. [IpHBemeHbI
PE3YyIbTAaThl BBIITOJTHCHHBIX TCOPETUYCCKUX U IKCIICPUMCEHTAJIIBHBIX HUCCIICA0BaA-
Huil. Ha OCHOBE MONYYEHHBIX Pe3yJbTAaTOB BBIBEJCH KPUTEPUH MOPO30CTOMKO-
CTH OETOHOB, OLIEHUBAIOLINI CTPOEHUE IIOPOBON CTPYKTYpHI OeToHa. [Ipencras-
JICHHBI KPUTEPUH UMEET TECHYIO KOPPEISIIUOHHYIO CBSI3b C MOPO30CTOHKOCTHIO
0eToHOB. Vcmonb3yst UX B3aMMOCBS3b, NMPEMTIOKEH CIIOCO0 YCKOPEHHOTO OIpe-
neneHus (pakTH4ecKoil MOpo30CTOWKOCTH 0€TOHA, a Takke crocod moudopa
COCTaBOB 0ETOHOB Ha 3aJaHHYIO NPOEKTHYI0 MOPO30CTOWKOCTH 6eToHOB. Omu-
CaHbl CHOCOOBI YCKOPEHHOI'O ONpPEJEICHHS MOPO30CTOMKOCTH OETOHOB M ITyTH
ee noBbIeHus. C MOMOIIBI0 pa3paboTaHHON (PU3MKO-MATEMATHICCKON MOJCITH
BBIIIOJIHEHO PAacYEeTHOE MOJEIHMPOBAHHE 3aMOPAKUBaHUs MPOTSHKEHHOW OeTOH-
HOH KOHCTPYKIIMH, KOTOPOE IIO3BOJIMIIO YCTAHOBHTh HM3MEHEHHE BIAKHOCTH,
TEeMIIepaTyphl U JAaBJICHUs B OETOHE B MPOLECCE [MKIMYSCKOTO 3aMOPAKUBAHUS
1 OTTaUBaHUS Ha PA3IMYHBIX PACCTOSIHUAX OT ITOBEPXHOCTH €0 3aMOPAKUBAHUS
U TOCTPOHUTH TPadUKH M3MEHEHHS ITHUX MapaMmeTpoB. J[aHbI PEKOMEHAAIMU O
Ha3HAYEHHUIO TPOEKTHBIX MapoK OETOHa MO MOPO30CTOHKOCTH VIS Pa3iIMYHbBIX
JJIEMEHTOB OETOHHBIX M JKEJIE300€TOHHBIX KOHCTPYKIIUH.

KnioueBble cjioBa: MOPO30CTONKOCTE OeTOHA, hH3HUecKast MOJIENb, MaTeMaTH-
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Avrticle history Abstract. The key factor of engineering structures made of concrete and rein-
Received: March 1, 2023 forced concrete is insufficient frost resistance of concretes. It is important to
Revised: May 22, 2023 identify the causes and prevent concrete damage caused by frost. The research
Accepted: May 28, 2023 provides the basic points of the developed physical and mathematical theory of

cement concretes frost resistance. Under consideration are the processes occur-
ring during cyclic freezing and thawing of concrete in a water-saturated state.
The results of the performed theoretical and experimental studies are presented.
The criterion of concrete frost resistance, which estimates the pore structure of
concrete, was derived on the basis of the obtained results. The suggested criteri-
on has a close correlative relation with the frost resistance of concrete. Using
this interrelation, the method was proposed for accelerated determination of
actual frost resistance of concrete, as well as the method of selection concretes'
compositions for a specified design frost resistance of concretes. The methods
of accelerated determination of concrete frost resistance, as well as ways to in-
crease it, are described. The developed physical and mathematical model was
used to carry out computational modeling for freezing of an extended concrete
structure. This made it possible to determine the changes in humidity, tempera-

ture, and pressure in concrete during cyclic freezing and thawing at different
distances from the surface of its freezing and also draw graphs of changes in
these parameters. The recommendations on assignment of concrete design grades
by frost resistance for various elements of concrete and reinforced concrete
structures are given.
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1. Beeaenue

B HacTosiiee Bpemsi IPOEKTUPOBAHUE U PACUET TPAHCIIOPTHBIX, IPOMBIIUIEHHBIX U IPa)KIaHCKUX COOPY-
KEHHWU BEJETCS M3 YCIOBHUS, YTO MX CPOK CIIY»KOBI OyAET COCTaBIATh NeCATKH jieT. OTHaKO MHOTHE COOPY KEHHS
HA4YMHAIOT pa3pymaThCcs U TPeOYIOT PeMOHTA 3a/10JIT0 JI0 UCTEUEHHs] pacueTHOro Cpoka WX ciayxObl. [IpuunHa
TaKuX SIBJICHHUS — HU3Kas JOJNTOBEYHOCTH, OOYCIOBJICHHAs Pa3lMYHBIMU BUIAMU KOPPO3HOHHOIO Pa3pyLICHUS
MaTepHalIoB, SJIEMEHTOB U KOHCTPYKIUI COOpYyXeHHW. B cBs3M ¢ 3THM, CETOIHS BO BCEM MHUpPE B OOJIACTH TEO-
PETHYECKOTO U MPAKTHUYECKOT0 MaTepUaIOBECHUS IEPBOCTENICHHOE BHUMAHUE YAESeTCA BBIABICHUIO IPUUNH
1 TIPEJOTBPALEHUIO KOPPO3HOHHOTO pa3pyLIEHUs] CTPOUTENBHBIX MaTEPHAIOB IS TOBBIILIEHUS UX 0JTOBEYHOCTH.

B coBpeMEeHHBIX YCIOBHSIX OJHUMHU M3 OCHOBHBIX KOHCTPYKLHMOHHBIX MAaTE€pUaioOB IS HM3TOTOBJICHUS
KOHCTPYKIIH, 3MaHUI 1 COOPY>KEHHH SIBIIIOTCS OETOH M )KeIe300€TOH; a OTHUM U3 OCHOBHBIX (DaKTOpPOB, OIIpe-
JEISIOMINX JOITOBEYHOCTh OETOHA, SBIISIETCS €M0 MOPO30CTOWKOCTb.

HccrnenoBannemM 3TOro cBoiicTBa OETOHOB 3aHMMAIMCh MHOTHE OTEUYECTBEHHBIE U 3apyOeKHBIE yue-
Hele [1-13]. Beutn mpenmoskeHbl pa3IMdHBIC TEOPHH, OMUCHIBAIONTUE IPOIECCHI, MPOTEKAIONIUE B CTPYKTYpE
OETOHOB IMPH €ro TOINEPEMEHHOM 3aMOPAKUBAHNK M OTTAWBAHWU B BOJIOHACHIIEHHOM coctosuuu [1-4; 8; 10],
W TPUYMHBI pa3pyiieHus OetoHa. [Ipu 3ToM OOMBIIMHCTBO M3 HUX Opand 3a OCHOBY KaKOW-TO oAWH (hakTop,
B CBSI3U C UEM OHU HE MOIYYalIl MPAKTUYECKOTO NOATBEPKACHUS MIPU IKCIIEPUMEHTANIBHBIX UCCIEA0OBAHUSX.

B magane XX B. n3BeCTHBIM poccuiickuM ydeHbIM H.A. XKuTkeBrdeM ObliIa MpeaioskeHa THITOTe3a O BIIH-
SIHUU TUAPOCTATHYECKOTO JaBJIE€HUs BOJBI NIPU €€ 3aMEpP3aHUU B Iopax IeMeHTHoro kamHs [1]. B nanpneiimem
sTa runote3a 6puta passura O.E. Bnacoseiv, I'.U. 'opuakoseim, T. [layapcom u apyrumu yueHemu [2; 3].
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Ha ocnoBe atoi#i Teopun B 40-x 1. XX B. T. [Tayspcom ObLTa BEIABUHYTA TEOPHUS THAPABIMICCKOTO BO3-
JICUCTBUS BOJIBI, HaXOsIIeiics B OeTOHE NpH ero 3amopakuBanuu [4; 5]. Drta rumoresa uccieaoBanach U pa3Bu-
Bajack B paborax O.B. Kynnesnua u ero yueHnkosB [6; 7]. OZTHUM U3 OCHOBHBIX TIOJIOKEHHA JaHHOW TUTIOTE3HI
SBIISIETCS BBEJICHHE MapameTpa «d()(PEeKTHBHOTO pamnyca», TO €CTh CPEIHETO PACCTOSIHAS MEKIY MUKPOIIOpAMHU
IIEMEHTHOTO KaMHs OeToHa. HecMOTpst Ha TO YTO 3Ta TEOPHUsSl YUUTHIBAJIA OCHOBHEBIC MPUYIUHBI pa3pyIieHus oe-
TOHOB IMPH IUKIUYECKOM MONIEPEMEHHOM 3aMOPKUBAHUY M OTTAUBAHUH, PACUeT 10 «3((HEKTUBHOMY PAIUYCy»
HE KOPPEIHPOBAJ C SKCIIEPUMEHTAIBHBIMU U MPAKTHUYECKUMHU pe3ylbTaTaMu. Takoe HECOOTBETCTBUE CBS3aHO
C TeM, YTO yKa3zaHHas TeOpHs HE YUYUTHIBAET MUTPAIIHIO BOJBI Yepe3 IMOPHI IIEMEHTHOTO KaMHs 0e3 ero paspyiie-
Hus [8], a cam mapameTp «3((HEKTUBHBIN Painyc» pacCUUTHIBAIICS 1O (popmMyiiam, npeanoxkeHHbM b. [Tackaem,
KOTOpBIC IPUMEHUMBI TOJIBKO K JJAMHHAPHOMY TEUCHHIO YKUIKOCTH, B TO BpeMs KakK JABMXKCHUE JKUIKOCTU TIOJ
NIEHCTBHEM PACTYIIMX KPUCTAJUIOB JIbJIa SABIISETCS TYPOYJIEHTHHIMU U MPOUCXOANUT MUKINIeckd. OHO HAYMHAET-
CsI TIPH TIOSIBJICHHUH OTIPEICIICHHOM BEJTMYHMHBI JaBJICHISI B TIOPOBOH KUIKOCTH U MPEKpaIaeTcs mocie Havasa ee
nBuKeHus [9].

B magaire 80-x rr. XX B. yueHsIMu Poccuiickoro yHuBepcurera Tpancrmopra (MUNT) Opia mpemsoskena
(hM3UKO-MaTeMaTHIECKast TEOPUS MOPO30CTOUKOCTH IIeMeHTHBIX 0eToHOB [10; 11]. OHa ocHOBaHa Ha CO3aHUU
(¢u3nYecKol MOJEIH MPOIECCOB, MPOTEKAIONIMX NPU IUKIMYESCKOM 3aMOpPaXKMBAaHWU M OTTAaHMBAaHHU OCTOHOB
B BOJIOHACKHIIIEHHOM COCTOSIHUY, W TIOCTPOSHUH HA €€ OCHOBE MaTEMAaTHYECKOTO OMHMCAHUS M3MEHEHHUS COCTOS-
Husl OeToHa. Mojens mo3BosgeT PU3NIECKH SICHO U 0OOCHOBAHO OMHUCATH MPOMCXOAIINE U3MEHEHHS B CTPYK-
Type 6ETOHOB.

2. duznyeckas MojesIb padoThI 0€TOHA NMPH MONEePeMEHHOM
3aMOpPAKUBAHMM M OTTANBAHMM B BOJAOHACHILIEHHOM COCTOSIHMH

B ocHoBy (u3nueckoil MozienIH MOJIOKEHO MpecTaBlIeHle 0 OeTOHE Kak O IOPHCTOM MaTepuale, BCe I0-
PBI KOTOPOTO B OCHOBHOM COCPEIOTOYEHBI B 3aTBEPAEBIIEM LIEMEHTHOM KaMHe. Bce mopsl B 6eTOHE, He3aBHCHU-
MO OT YCJIOBHUM MX 00pa3oBaHus, Pa3leIlOTCS Ha 1Ba BUAA: MOPHl HHTErpajibHble [ly, WM OTKpPHITHIE, KOTOPHIE
MOTYT 3aIOJHATHCS JKUAKOCTHIO (BOAON) IIPH MOTPYKEHUH B Hee OETOHa, M YCIOBHO 3aMKHYThIE MOPHI [lys, KO-
TOpBIE B OOBIYHBIX YCIOBHSX 3allOJHEHBI BO3IYyXOM WM MapOBO3AYIIHOW cMecbio (puc. 1). OTKpBITBIE TOPEI
COCAMHEHBI C YCIOBHO 3aMKHYTBIMH ITOPaMH TOHKMMH KalWUIIPaMy, HMEIOIIMMH BBICOKMI KallMIISIPHBIN 110-
TeHUHaN. B cBA3M ¢ 3TUM B OOBIYHBIX YCIOBHUSX XHMIKOCTh U3 KaMUIIPHBIX IIOP B YCJIOBHO 3aMKHYTBIE ITOPHI
HePEMENIAThCS HE MOXKET.

B Hauane 3amopaxkuBaHus O€TOHA €ro TeMIeparypa HauMHaeT YMEHbIIATHCS, CTAHOBACH OTPHLIATEIILHOM.
IIpu 3TOM B OeTOHE BO3HHMKAET I'PalMeHT TEMIIEPATyp, M IEPBOM HAUMHAET 3aMep3aTh BOJA, HAXOMAAIIASCS B OT-
KPBITBIX (MHTETPANbHBIX) mopax [y, BRIXOMAMMX HA MOBEPXHOCTHh OeToHa. OHa MEepexoanT B Jied, oOpa3ys Jie-
JsIHBIE TPOOKH, 3alMparolire 3TH MOPbl U MPEMSTCTBYIONIME BHIXOAY W3 HUX BOABL. JlanbHeiiee 3aMopaKiBa-
HHUe OeTOHA MPUBOJMT K YBEIMYCHUIO 00beMa Jib/la B OTKPBITHIX (KaMUIIPHBIX) MOPaX U BOSHUKHOBEHHIO B HUX
THAPOCTATUYECKOTO JaBJICHUS HAa CTCHKH [OP M OCTAaBILYIOCSA HE 3aMEP3IIYI0 YaCTh IOPOBOH HKHUIKOCTH.

Ecnu oTKpBITEIC MOPHI LIETUKOM 3aIIOJTHEHBI JKUAKOCTBIO U HE COOOIIAIOTCS C YCIOBHO 3aMKHYTHIMHU I10-
paMu, TO IpU NEPBOM K€ 3aMOpPaKMBaHUH HAYHETCS pa3pylIeHHE CTCHOK MOp, TaK KaK BO3HUKAIOIIEE PU 3TOM
JaBJICHUE MTPEBOCXOJUT NIPOYHOCTH OeTOHA Ha pacTsbkeHne. OHaKo OETOHBI CIIOCOOHBI BBIACP)KUBATH 0OJIBILIOE
YHUCIIO IUKJIOB TIONIEPEMEHHOTO 3aMOPAKUBAHKS M OTTaNBaHUS 03 BUANMBIX Pa3pyIICHUH M CHIKEHHS POYHO-
cTH. DTO 00YCJIOBIIEHO HAIMYKMEM B OETOHE BTOPOTO BHJA MOP — YCIOBHO 3aMKHYTHIX [ly3, B KOTOpBIE, MPeoio-
JeBas KalWULIPHBIM MOTEHIMAal, MOXET IepeMeIlaThcsi (OTKUMAThCs) >KUAKOCTh M3 HHTEIPAIbHBIX IOP,
Y B [IEMEHTHOM KaMHE HE OyJeT BOSHHKATh PACTATHBAIOIINX HANpsDKeHHUH. Takue mopsl SBISIOTCS PE3EPBHBIM,
TaK KaKk OHHU MPEACTABISIOT cO00H TOT BO3MYLIHBIA pe3epB 00beMa OETOHA, B KOTOPBIH MOXKET IepPEeMEIaThCs
YBEMUUMBAIOIINICS 00BbEM BOBI TIPH €€ TIEPEXO/E B JIE.

IIpu oTTamBanMu obpaTHOE MEepeMelleHHe KUAKOCTH U3 YCIOBHO 3aMKHYTBIX IOP B OTKPBITHIE IIOPHI He-
BO3MOXKHO, TaK KaK OHHM COCIUHSIIOTCS C OTKPHITBIMU ITOPaMH M MEXAy COOOH TOHKHMH KanWuIApaMu (IIOpaMu
LEMEHTHOTO Telisl), HOTEeHLIHANl KOTOPBIX MHOTO OO0JIbIIIe, YeM KalMJUIAPHBIA MOTEHIIUAT OTKPBITBHIX MOP.

[Ipu crepyromem LuKie Bce OMMCAHHBIC MPOLECCHI MOBTOPAIOTCS, U TaK MPOUCXOTUT OO TeX IHOp, MOoKa
BECh 00BEM 3TOH YCIOBHO 3aMKHYTOH IOpPBHI HE OyAET 3alloJIHeH KUAKOCThI0. Eciau 3Ta mopa He coeauHsieTcs
KaluIIpaMy ¢ IPYTHMH YCJIOBHO 3aMKHYTBIMH MOpPaMH, TO TIPHU OYEPETHOM IMKJIE 3aMOpPaXKHBAaHUS HAYHETCS
pa3pyuieHue OetoHa. B ciaydae, korga 3Ta 3amojiHEHHasi Topa UMEET COEAMHEHHUE C IPYTMMH YCIOBHO 3aMKHY-
TBIMHU IIOPAaMHU, €I€ HE 3aIl0JIHEHHBIMHU KHJKOCTBIO, TO XKHUJKOCTh OyAET MepeMelaTbCcsi B 3TH Pe3EPBHbIE ITOPHI
U pa3pylieHne 6eToHa He MPOUCXOauT. TakuM 06pa3zom, MpU MUKIMYECKOM 3aMOpPaXKHBaHUHU B CTPYKType OeTo-
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Ha paboTaeT cBOeoOpa3HBIN MeXaHU3M TMEePEMEIICHNS KUIKOCTH U3 HHTETPATBHBIX B YCIOBHO 3aMKHYTHIE TIOPHI.
Korma B kakoM-TO MHKPOOOBbEME OETOHA BCE YCIOBHO 3aMKHYTBIC TIOPBI OYAYT 3alOIHECHBI JKUIKOCTHIO, U TIe-
pememaThes el OyZeT HeKya, CleAyIolle 3aMOpaKUBaHIe MIPUBEIET K Hadany paspymeHus oetona [10].
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Puc. 1. 3anonHeHre MTOPOBOTO MPOCTPAHCTBA OETOHA KUIKOCTHIO MPH €r0 3aMOPAKUBAHUY U OTTAUBAHHU:
a — 10 3aMOpaXKuBaHUs, 6 — mmociie N-ro UKJIAa 3aMOpaXUBaHUS, 1-4 - YPOBHHU 3alIOJTHEHHUSA YCIOBHO 3aMKHYTBIX ITOP JKUIKOCTBIO
nocie 1-ro, 2-ro, 3-ro, ..., N-ro HHKJIa 3aMOPAYKUBAHHUS COOTBETCTBCHHO; Wy1, W2, Wni, Wil, Wiz — KATMIULSIPHBIC TOTEHIHAIIBI IOP M KAMILUIAPOB;
5 — nepsHas npodOka; 6 — 6eToH
Figure 1. Filling the pore space of concrete with liquid during its freezing and thawing:
a — before freezing; 6 — after n' cycle of freezing; 1-4 — levels of filling conditionally closed pores with liquid after the1®, 29, 39, ..., n cycle of freezing;
Wty Wn2, W3, Wi, Wiz — Capillary potentials of the pores and capillaries; 5 — ice block; 6 — concrete; 77, — open pores; I1,, — nominally closed pores

[pennaraemast Mojienb pabOTHl OETOHA MO3BOJISIET OOBSICHUTH PA3JIMYHYI0O KHHETUKY U MEXaHU3M pas3py-
HICHUS BBICOKO- M HU3KOMOPO30CTOWKMX OeTOHOB. Ha BEMMUMHY MOPO30CTOMKOCTH OETOHOB OKa3bIBACT BIIHSHHE
uenslid psia pakTopoB, OTHAKO, KAK BUIHO U3 BBILIECKa3aHHOTO, OCHOBHBIM ONPEACIAIONINM (PaKTOPOM SIBIISIETCS
COOTHOILICHNE MEXIY 00beMaMH YCIOBHO 3aMKHYTHIX 1y, n maTerpansueix [1, mop. I[Ipu sToM Mopo3ocToiikiuMu
OyayT Te OETOHBI, Y KOTOPBIX 00BbEM PE3epBHBIX YCIOBHO 3aMKHYTHIX TOp [ly; GoJbIie BO3MOKHOTO MPHpaLICHUs
o0beMa JKuAKoH (asbl, HaxosIIeiics B MHTErpajJbHBIX IOpax OeTOHA IpH ero 3amep3aHuu U pasHoii [1,-0,09.

B cBsi31 ¢ 3THUM npeUIOKeH Kpumepuii Mopo3ocmouikocmu 6emonog Kyys, KOTOpBIi ONHCHIBAETCS ypaBHe-

HUEeM [9]

Kups = Iy / 0,09- T,

[IpoBenennble uccienoBanus [9] MO3BONMIM YCTAHOBUTD, YTO MEMKITY MOPO30CTOMKOCTBIO OETOHOB M KpUTE-
pHeM MOPO30CTOWKOCTH CYIIECTBYET TECHAsI KOPPEISIIIMOHHAS CBS3b (PHUC. 2), B CBA3H C YEM DTOT KPUTEPHIA MOKET
MIPUMEHSTHCS 711 IPOTHO3UPOBAHMS U YCKOPEHHOTO OIPEIeIEHUS MOPO30CTONKOCTH.

Hcnonb3ys ycTaHOBIECHHYIO 3aBHCUMOCTD MEKAY NPEATIOKEHHBIM KpUTepHeM Kyps 1 MOPO30CTOMKOCTHIO
0eToHOB (puC. 2), BO3MOXKHO, BO-TIEPBBIX, MO IKCIEPUMEHTAIHHO OMPEACICHHOMY 3HAYCHHUIO BETHMUUHBI Kyps
YCKOPEHHO ONpeeNsiTh MOPO30CTOMKOCTh 3aTBEPAEBIIETO OETOHA, a BO-BTOPHIX, TOJOUPATh COCTaB OETOHOB Ha
3aJJaHHYIO ITPOEKTHYIO MOPO30CTONKOCTb.
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Puc. 2. 3aBUCHUMOCTH MEXIY MOPO30CTOHKOCTBIO U KpUTEPHEM MOPO30CTOHKOCTH Kyps OeTOHOB
Figure 2. The dependency between frost resistance and the criterion of frost resistance Cs for concretes.

3. MaTtemaTu4ecKas MOJ€JIb paﬁOTLI oeToHa IpHU IMONMEPEMEHHOM
3aMOpaKMBaHMU U OTTAMBAHUH B BOAOHACBIIEHHOM COCTOAHUM

Ha ocHoBe u3noxeHHOM (pr3ndIecKoil MOAeny MpOLECCOB, MPOTEKAIOIUX NPU LUKINYECKOM 3aMOPaKu-
BaHWHU M OTTAaMBaHWM OETOHOB B BOJOHACHIIIEHHOM COCTOSHHH, pazpaboTaHa MaTeMaTHdecKas MOJENb OIHca-
HUSI U3MEHEHHUSI COCTOSTHUSI OETOHA, MO3BOJISIONIAsl OLEHUTh POUCXOIAIINE U3MEHEHHS B CTPYKType OETOHOB.
ITpu noctpoeHnu GU3MKO-MaTeMaTHIECKON MOAEIN ObUIM MIPUHATHI clieaytomue pomyienus. [Ipeanonaraercs,
YTO BOJA, HAXOIAIIAsCA B MHUKPOIOpax, o0iamaeT 0ocoOBIMH CBOMCTBAMU M HE 3aMep3aeT MpPH TeMIIepaTypax
T > T3. Benuuuna T, < 0 °C 3aBUCHT OT AMaMeTpa MHUKPOIOP U MOXET MMETh 3HaueHue —65 °C u MmeHblie.
Hauanpnas temneparypa cpenst 7o > 0 °C.

B HavanbHbI MOMEHT B OeToHe Temneparypa paBHa 1o > 0 °C, B wactHoctu 7o = +20 °C. IIpennonaraer-
Csl, 4TO IPOLECCHI TEINIO0OMEHA MEXAY KapKacoM OE€TOHA M COAEPKUMBIM IOp NPOUCXOAAT HAMHOTO ObICTpee,
4yeM mpomMep3aHue OeToHa, B CHITy Yero TeMIlepaTypa B JAaHHOM TOYKE W B JAHHBI MOMEHT BPEMEHH JUISI HUX
OJIMHAKOBA.

Bce Temnodusnueckue XapakTepUCTHKH, a TaKKe IUIOTHOCTb BOABI M JIbJa CUMTAIOTCS MOCTOSHHBIMH.
[mkn 3aMopakuBaHNS COCTOUT B BBIIEPKUBAHUH BOJIOHACKHIIIIEHHOTO OETOHA TIpy TemmepaTtype 7o, 3aTeM 3aMo-
paxxuBaHuu €ro npu remueparype I' = —7p Ha BO3JlyXe, BbIIEP)KMUBAHUU €r0 IIPHU ITOU TEMIIEpAType U MOCIELY-
fouieM otrtauBanuu rpu 7 = Tp B BoJe, MOCJIE YETO LUK MOBTOpsieTcs. Takue AOMyIIeHUsI MOTYT OBITh IPHHSTHI
B CBSI3U C TEM, YTO OHH AHAJIOTUYHBI YCIOBUSM HCIBITAHUS O€TOHA HA MOPO30CTOMKOCTH 110 IIEPBOMY 0a30BOMY
meroxy TOCT 10060-2012".

B HauanbHBIE MOMEHT BpEeMEHM AaBieHue P = po, rne po — arMocepHOoe AaBJCHHE, TeMIepaTypa
T = Ty > 0 °C, Binaroconep:kaHue B Iopax ¢ = Qo. 3aMep3aHue BOJbI IPOMCXOIUT B (PUKCUPOBAHHOM HHTEpBAJIC
temneparyp (72, Th), rme T» — Temmneparypa Ha MOBepXHOCTH OeroHa, B obmactu, rae T3 < 7o < T < Ty = 0,
OJTHOBPEMEHHO COCYIIECTBYIOT TpH (pa3bl: Jie/, KUAKOCTh B KaWUIsipax M MapoBO3IYyIIHAs CMECh B TOpax.
IIpennonaraercs, 4To BoJa B MUKpOINOpax HE 3amep3aeT npu Temmneparypax 7 > T, Benuuuna 73 < 0 3aBucuT
oT nuameTpa mop. Takxke IpeAronaraeTcs, YTo KamuuIphl BCET/Ia 3al0IHEHbI aICOPOMPOBAaHHON WIIM TpaBUTa-
UOHHOH BO/IOH W QUIbTpanys Yepe3 KamuuIIpbl OCYIIECTBISIECTCS ¢ HAYallbHBIM IPaJUEHTOM.

Taxum obpaszom, B obnacty, rae 73 < 7> < T'< T1 = 0 °C, cocyuiecTBYIOT Tpu (a3bl: Jell, TapoBO3AyIIHAS
CMECh B IIOpax M BOJAa B MHKPOIOPAX M B TOHKOM CJIO€ MOJIEKYJIIPHO-CBA3aHHOM BOABI Ha CTEHKAX IOP.
[Ipu aTOM 3amep3aHne BOABI, MEpEIIEAnell U3 MUKPOIIOP B TIOPHI, IPOUCXOIUT B (PMKCHPOBAHHOM HHTEpPBAJe
temneparyp [71, T2], T> = T(0, t), rne x = 0 — rpanua nopucroii cpeasl. Bosa B MUKpoOmopax Ha MOBEPXHOCTH
IIOP COIIPHUKACAETCSl ¢ NMPUCTCHOYHBIM CJIOEM CBSI3aHHOH BOJIBI B MOpax, 00beM KOTOPOH HpeHeOpexuMo Mai
IO CPaBHEHHIO C 00HEMOM TTOPHI.

[Ipu oTTamBaHNM BO/Aa HE MUTPHUPYET TaM, II€ UCUE3AI0T JOCTAaTOYHbIE I'PAJAUEHTHI AaBJICHU, MPEBbIIIa-
IOLIKE 110 MOAYJIIO 3HaUCHHE HAaYaIbHOTO IPaJleHTa, TP KOTOPOM BO3HUKaeT (puiibTpanus. Cleayomuye IUKIIbI
3aMOPAKUBAHUS — OTTaMBAHUA NIPUBOJAT K JAIBHEHIIEMY YBEIUYEHHUIO (¢ 1 P B opax 0 TeX Hop, IOKa JaBie-
HHE B TIOpax P He NpeB30HUIeT BEJIMYHUHBI, TIPH KOTOPO# OETOH HAaUMHAET pa3pyIlaThCs.

1TOCT 10060-2012. Betonsl. MeTozsl onpeenenus Mopo3octoiikoctd. M.: Ctanpaptundopm, 2018. 33 c.
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Takue vicXoIHBIE JaHHBIE U IPUHSTHIE TOMYIICHUS SBISIOTCS Qu3ndeckn 000cHOBaHHBIMU. OHH COOTBET-
CTBYIOT YCIIOBHSIM HCITBITAaHHS OETOHA HA MOPO30CTOMKOCTH O TIepBoMy 6azoBomy metony I'OCT 10060-2012.

Js omvicaHuMs IPOIECCOB MPOMEP3aHusl OETOHOB MBI HCIIOJIB30BaIl MOJIENb, B OCHOBY KOTOPOH TMOJIOXkKe-
Ha u3BecTHas 3ama4da CredaHa U perIeHns Ha IUIOCKOCTH. [l omrcaHus mpoliecca MUKIMIEeCKOTO 3aMOpaXkH-
BaHUS OETOHA MBI IPUHAIH CJIEIyIOIINe OCHOBHbIE 3aKOHBI 1 ypaBHEHHUSAMH. 3aKOH COXPAHEHHUS MacChl K CIIOI0
TONIIMHON Ax 3a Bpemsl t, ypaBHeHUE OaslaHca Ternia s clios ToinmuHon Ax 3a Bpems At B oonactu, rae 7> < T
< T1. ®a30BbIii Iepexo KHUIKOCTH B TIOPaX, BIArOCOJAEpKAHUE KOTOPBIX @, IPH X = S + 0 IPOUCXOIUT TOIBKO
TIPH TIPOXOXKACHUN HYJIEBOW M30TEPMEL. J[i1st ero ydera mibo B ypaBHEHHE TEIIONPOBOAHOCTH BBOJAUTCS JIOTIOJN-
HUTEJBHOE cllaraeMoe, coaepkainee o-pyHknuio dupaka, 1100 MpUMEHSETCsS] TPaHUYHOE YCIOBHE HA TOBEPX-
HocTH conpspkerus S = S(t), Ha koropoii T = T1, 3amucaB AJs 9TON MOBepXHOCTH yenosue Ctedana B BUIC

s+0

A0OT / ox|,,,—A00T / ox|, o= (pyor)ds / dt.

[Tpu sTOM HampaBieHue ocu X NepHeHIUKYIIIPHO OBEPXHOCTH OETOHA U 0OPAaTHO ABMKEHUIO TEMJIOBOTO
noToka. Touka S pacrnonoxeHa Ha ocH X U SIBIAETCS epeMENIalonIeiicsl TpaHMLIe pa3ziesa NOBEPXHOCTH JIe —
Boza. Takum 0Opa3om, B Cilydae YCIOBHO 3aMKHYTBHIX IOp AaBJICHHWE Ha TPaHUIE 00JacTH 3aMep3aHusi YMEHb-
H1aeTcs CKaykooOpa3Ho, TaK K€ KakK IUIOTHOCTh IpU (ha30BOM IHepexone BOIbI B JieA. s perieHus 3a1a4n Tak-
e HMCIIONB3YIOTCA: 3aKoH Jlapcu mis QuiabTpallnu ¢ Ha4aJbHBIM T'PAJMEHTOM, 3aKOH COCTOSHHS Mapora3oBoil
CMeCH, 3aKOHBI COXPaHEHHs MacChl IIpU (pa30BOM MEPEX0e BOAA — JIeH B IOPAX.

4. Pe3yabTaThl

Pemenne moctaBneHHOH BBIIIE 331291 BO3MOYKHO JIMIIH C TIOMOIIBIO YHCIEHHBIX METOI0B, KOTOpPBIE pea-
JU3YIOTCSI B BUJIE Pa3HOCTHOM cxeMbl. OHa pelaeTcs B BApPHAHTE, KOTJ[a pacCMaTpUBAeMBblii MaTepualn pa3ouBa-
€TCsl Ha YMO3PUTENBHBIC STYCHKH, B KAXKIOW U3 KOTOPBIX ONpEeIeHHOE 3HaUeHHE YHEPIHU U BOJABL. JTH JBE Be-
JMYMHBI COOTBETCTBYIOT HOTOKAM TeIlIa M JKUIKOCTH U TO3TOMY JOJDKHBI TIOJIHOCTBIO OIPEANATh COCTOSHHE
BEIIIECTBA BHYTPH SUEEK, TO €CTh TEMIIEPATYPHI, BIKHOCTH, JaBJICHUS H T. II.

J17st MpOBEPKU BO3MOKHOCTH MCTIONB30BaHMUS TIPEITIOKEHHON (PM3MKO-MaTeMaTHIECKOH MOCIHN pa3pyILCHUsI
0ETOHOB MPHU LUKINYECKOM 3aMOPAKUBAaHUHM — OTTAMBAHWU MPOBEJCHBI HKCIEPUMEHTAIbHBIE UCCIIEAOBAHUS
W CpaBHEHHE IMOJyYCHHBIX PACUETHBIX JIAHHBIX C Pe3yIbTaTaMH MCIBITAHUS OETOHOB [0 OCHOBHOMY METOJY TI0
T'OCT 10060-95% PesynbraTsl npuBeieHsl B Tabmuue. OHM MOKA3bIBAIOT TIOMHBIE KOPPENAIUH Pe3yIbTaToB,
MOJYYEHHBIX PACUETHBIM M AKCIIEPUMEHTAIbHBIM criocob0amu. [Ipu 3ToM Takoe coBmajeHue MONyYeHO Kak IS
O0eToHOB HM3KOW Mopo3octoiikoctu (F 25), Tak u Beicokoit (F 900). Pa3aniia B pe3ynpraTax A MOPO30CTOMKO-
cti F 50-900 cocrasisier He 6osee 4-5 %. Takas xopolias CXOAUMOCTb PE3yJIbTaTOB CBUICTEILCTBYET O BO3-
MOYKHOCTH NPaKTHYECKOTO MCIOJIb30BAHMS MPEAIaraeMoro MeToAa Ajsl yCKOPEHHOTO MPOrHO3UPOBAHUSI MOPO-
30CTOMKOCTH 03 IIPOBEICHNS IUKINIECKOT0 3aMOPAXUBAHNS M OTTAUBAHUSL.

MeTo/bI onpe/ieIeHnst MOPO30CTONKOCTH GETOHA U Pe3yIbTaThI

MeTton onpenesieHus Mopo30CcTOHKOCTh §€TOHA WJIM YHCJI0 IHKJIOB 10 Pa3pylleHus
ITo ocuoBHOMY MeToxy 'OCT 10060-95 25 50 100 300 500 900
Tlo mpeaaraemoii MaTeMaTHIECKON MOEH 20 48 95 310 520 940

Methods for determining the frost resistance of concrete and the results

Method of determination Frost resistance of concrete or the number of cycles before failure
According to the main method of GOST 10060-95 25 50 100 300 500 900
According to the proposed mathematical model 20 48 95 310 520 940

2TOCT 10060-95. Betonsl. MeTo bl OMpeeenns Mopo3ocToiikoctr. M., 1997. 19 c.
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C nmomomip0 (PU3MKO-MAaTEMATHYECKOW MOJIEIH BBITIOJHEHO PACYeTHOE MOJCIHPOBAHHUE 3aMOPaKHBAHHS
MPOTSHKCHHOUW OCTOHHOM KOHCTPYKIMU. J1Jis 3TOro B pe3ysIbTaTe pacueTa ONpele/suTUCh OTHOCHTEIBHEBIC 3HAYE-
aus temmeparypsl U = (To— T) / (To — T2), Bnaxuoct @ = ¢/m u nasnenus Pa = 0,1P/Py B cTpykType OeToHa,
rae T — Tekymas temmepatypa, To = +20 °C, T, = —20 °C; ¢ — BTa)XHOCTH; B — IOPUCTOCTL OeToHa; P — maBie-
Hue B Oerone; Po — atMocdepHoe naBneHne. AHaIU3 BBIIOIHEHHBIX JI0 3TOTO PacdeTOB MO ONMUCAHHOW MOIEIH
NOKa3aJl, 4To sl 0ETOHOB (KaKk HU3KOM, TaK U BBICOKOW MOPO30CTOMKOCTH) M3MEHEHUE BIAXKHOCTHU M JIaBJICHUS
B Hayaje W B KOHIE (mepe] pa3pylIeHHEM) MUKIMYECKOTO 3aMOpPaKUBAHHS MMEET WICHTHYHBIN Xapakrtep,
a pa3HHIla 3aKII0YaeTCs B MPOIOIDKUTEIHLHOCTH CPEIHETO MepHoa, KOoTaa CTPYKTypa OeToHa MOXKeT 0e3 pas3py-
IICHHS BOCIIPUHUMATH BO3HUKAIOIINE HAIIPSKESHUS.

B cBsi3u ¢ 3TUM 17151 COKpaIlleHHs BpEMEHU cUeTa MIPUHUMAJICSI OETOH HU3KOM MOPO30CTOWKOCTH U MOBBI-
ajgach CypOBOCTh MCIBITAHUN IMyTEM YBEJIHUYEHHUS BPEMEHU 3aMOPaKHMBAaHUS W OTTaWBaHUsA 70 12 4 Kakioe.
[TonydenHsbie pe3ysbTaThl IPUBENICHBI HA pUC. 3 U 4.

AHanu3 pe3yNbTaTOB MOICTHUPOBAHHS MTO3BOIISIOT CAENATh CICIYIOIIAE BHIBOIBL.

Brnaroconepxanue u naBieHue B OeTOHEe BHadale MCIBITAHUN MPaKTHYECKHE HE MEHSIOTCS IO ero ceue-
Huro. OJIHaKo 3aTeM HAYMHAIOT BO3PACTaTh, NMPHHUMAs BHJ TpalelUH C MIMPOKAM HIKHEM OCHOBaHHEM.
[Ipu 5TOM BHYTpEHHSISI 4acTh OETOHA BCe OOJIbIIIE HACHIIIACTCS BIAroM, a JaBIeHNE B HEW HEMPEPHIBHO PaCTeT.

BnaxxHocTh OeTOHA B MpOIEcCe MUKINIECKOTO 3aMOPaXKHBAHHS PACTET HEMTPEPBIBHO, TOCTHUTAs BEIIMYMHBI
90-95 % k MoMeHTY pa3pylieHus. B mporecce MUKIMYECKOro 3aMOpakKUBaHUs U OTTaMBaHUS TeMIiepaTypa Oe-
TOHA Ha €ro MOBEPXHOCTH M Ha paccTOsTHUU 10 20 CM OT MOBEPXHOCTH IMOBTOPSET KoJeOaHHs TEMIIEPaTyphl cpe-
IIbI, B KOTOpoi HaxomuTcs O6eroH. Ha paccTosamm Goitee 25 cM KoeOaHUs TEMIIEPaTypsl MIPOUCXOIAT C OYEHB
HeOOJBIIION aMIUIHTYIOH, OcTaBasch mociie 8—10 IMKiIa Bce BpeMsl B OOJIACTH OTPULATENBHBIX TEMIIEpartyp,
B CBSI3HU C YeM KouiebaHuit Temmepatypsl ¢ nepexonoM depes 0 °C He mpoucxoaut. B nanpHeiimem Obuta mocTpo-
€Ha MPOCTPaHCTBEHHAs (PH3UKO-MaTeMaTHIECKash MOJICTh IPOTEKAIONINX TPOLIECCOB, PACUETHI MO0 KOTOPOUM MOJ-
TBEPAWIIH PE3yNbTaThl, IOYICHHBIE TP PEIIEHUH IJIOCKOH 3a/1a4H.

Takum 00pa3oM, MOKHO PEKOMEHAOBATh Ha3HaueHHE Ooyiee HU3KOM MPOEKTHOH MapKH MO0 MOPO30CTOM-
KOCTH OCTOHOB JISl BHYyTPEHHUX CJIOEB MaCCUBHBIX KOHCTPYKIIUH.
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Puc. 3. Kpusble n3meHeHuns otHocuTebHbIX BennunH (1 — remneparypst U; 2 — Bnaroconepxanus @; 3 — nasnenus Pa)
B 3aBUCHMOCTHU OT 4YUCJIa HUKJIOB 3aMOpaXUBAaHUA U OTTanuBaHUsA.
a —nepen 5 uukiom; 6 — nepen 11 mukinom; ¢ — nepen 16 mukinom; e — nepen 19 nukiom
Figure 3. Curves of changes the relative values (1 — temperature U; 2 — moisture content ®; 3 — pressure Pa)
depending on the number of cycles of freezing and thawing:
a — before the 5" cycle; 6 — before the 11™ cycle; ¢ — before the 161 cycle; 2 — before the 19 cycle
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a—6cm; 620 cMm; 6 -30 cm; 2 — 40 cMm
Figure 4. Curves of changes the relative values (1 — temperature U; 2 — water content ®; 3 — pressure Pa)
on the number of freeze and thaw cycles by the depth of concrete at a distance from the concrete surface:
a—6cm; 6—20cm; ¢—30cm; 2—40cm

5. 3akaiouenue

Pa3paborana ¢u3nko-MareMaTu4eckasi MOJEIb MIPOLECCOB, MPOTEKAOIIMX IPU IUKIMYECKOM 3aMOPaXKU-
BaHUH U OTTAaUBAaHUU OETOHOB, MMO3BOJISIONIAs (PU3MUYECKH SICHO B 0OOCHOBAHO OIMUCATH MPOUCXOASAINE U3MEHE-
HUSI B CTPYKTYpe OETOHOB.

Ha ocHoBe (n3nko-mMaTeMaTHUECKOH MOJENH MPOLECCOB, NPOTEKAIOIIUX NMPH LUKIMYECKOM 3aMOPakKu-
BaHHH U OTTaMBaHUH OCTOHOB, MPEIIOKEH KPUTEPUI MOPO30CTOUKOCTH Kyyps, KOTOPBIN UMEET TECHYIO KOppeJsi-
IUOHHYIO 3aBHCUMOCTH € (PAKTHYECKOH MOPO30CTOMKOCTBIO OETOHOB. DTO aeT BO3MOXKHOCTh YCKOPEHHO MpO-
THO3UPOBATh MOPO30CTOWKOCTh U3TOTOBJICHHBIX OCTOHOB 0€3 MPOBEAEHUS JJIUTEIbHBIX UCIIBITAHHUH.

Pa3zpaborannas puzmko-mMaTemMaTnyecKkas MOJENb UMEET OOJBIION MpakTHYecKH BIX0J. OHaA MO3BOJSET
000CHOBAHO Ha3HAYaTh NMPOEKTHBIC MAPKU MO MOPO30CTOMKOCTH OETOHOB, OAOUPATH COCTaBbl OETOHOB Ha 3a-
JAHHYI0 MOPO30CTONKOCTb, OMpPEIEsATh MUHAMAIBLHO HEOOXOAUMBIH pacxos reMenTa Ha 1 M3 6eTona s obec-
NIeYEHHs NPOEKTHON MOPO30CTONKOCTH, NMPEIUIOKUTH IIyTH yX0Ja 3a OETOHOM B IIPOLECCE €r0 IKCIUTyaTalliH,
YTO YBEIMUNBaeT Ha 3—4 MapKu ero MOpo30CTONKOCTb.
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Abstract. The adoption in construction of composite materials made by combining
two or more materials to produce a material with improved properties over
the separate components has been steadily increasing over the past decades.
In the past few years there have been advances in composite manufacturing tech-
nology, increased demand for sustainable and eco-friendly building materials, and
the need for materials that are lightweight and easy for transportation. For these
reason, architects and civil engineers incorporate composites into structural elements
to achieve these desired goals and optimize the cost of construction. One of
the most common composite materials that was introduced to the industry is fiber
reinforced polymer (FRP), produced by combining fibers (carbon, glass, or aramid)
with a polymer matrix (epoxy or polyester). FRP materials are lightweight, durable
and corrosion resistant, which makes them ideal for use in a wide range of con-
struction applications. This study aims to propose a comparison between four
different methods as a viable solution to strengthen and reinforce column structures.
The structural behavior of three different composite materials was investigated.
One traditional concrete-steel column was tested in the experiment for compari-
son. The other three columns were reinforced using carbon fiber reinforced plas-
tic (CFRP), glass fiber reinforced plastic (GFRP) and stainless steel respectively.
The obtained experimental results were analyzed, and comparison of three dif-
ferent systems of reinforcement for strengthening columns with composite mate-
rials was performed.

Keywords: composite materials, fibers, reinforcement, resin, matrix, strength,
stiffness
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ApanOBaHne KOJ/IOHH C HCITOJIB30BAHUEM PaA3JIHYHbIX KOMIIO3UTHBIX MAaTCPHAJIOB

I'.2. Okoabuukosa®?, C.B. Crpammnosa'®’, C.M. Ma6ena''”, C.B. Crpamnos’

YPoccuiickuil ynusepcumem Opyscoul napooos, Mockea, Poccuiickas Pedepayus
2Hayuonanvuwiii uccredosamenvckuti Mockoeckutl 20cyoapcmeenulii cmpoumensvuslii yuueepcumem, Mockea, Poccutickas ®edepayust
shtrafnoy@gmail.com

Hcropus ctatbu AHHoTanus. BHenpeHue B CTPOUTENBCTBO KOMIIO3UTHBIX MATE€PUAIOB, U3TOTOB-
Iocrynuna B pepakito: 29 deppans 2023 r. JICHHBIX MyTeM OOBEJAWHEHHUS JIBYX WM 0OJiee MAaTEPHAIOB C LEIBI0 MOTY4YCHHUS
Jopabotana: 22 anpenst 2023 r. Marepuana, o0JIafaroLIero yIydlIeHHbIMU CBOICTBaMH, IO CPaBHEHHIO C OT/CNb-
[punsTa k myOmkaiwu: 25 anpens 2023 . HBIMH KOMITOHEHTaMH, HEYKJIOHHO PacTeT B T€UEHHE MOCIEeIHUX AECATUICTUH.

3a 3TO BpeMs MPOHM30LIEN MPOrPecc B TEXHOJOTHH MPOM3BOJCTBA KOMIIO3UTOB,
YBEJIUYMWICS CIIPOC HA YCTOWYMBBIC U IKOJOTHUECKH YUCThIE CTPOUTEIIbHBIE Ma-
TEpUaJIbl, a TaKXKe MOTPEOHOCTh B MaTepHaiax, SBJISIOIIUXCS JISTKUMHU U y100-
HBIMU JJIl TpaHCIIOPTUPOBKU. Ilo 3TON mpHuUMHE apXUTEKTOPHl U MHIKEHEPHI-
CTPOUTEIN BKIIIOYAKOT KOMIIO3UTHI B KOHCTPYKTHUBHBIE JIEMEHTBI AJIS1 TOCTH>KEHUSI
JKeNaeMbIX LeJIel 1 ONTHMH3AlK CTOMMOCTH CTpoUTeNbeTBa. OHIM U3 Hanboee
pacrpocTpaHEeHHBIX KOMITO3UTHBIX MAaTepHalioB, MPECTaBICHHBIM B MPOMBIIILICH-
HOCTH, SIBJISIeTCS apMHUpoBaHHBIN BojokHamu monumep (FRP), moxydennsrit mo-
CPEeICTBOM OOBEIMHEHHUS BOJIOKOH (YIJIEPOJ, CTEKIIO HIIM apaMU[I) C MOJMMEPHOM
MaTpuieit (3MOKCUIHAS CMOJIa Wik TiosuacTep). Marepuainst FRP nerkie, npoussie
U yCTOMUYMBBIE K KOPPO3HMM, UTO JAENAeT UX HACATbHBIMHU JJISl UCIOJIb30BaHUS
B CaMBIX Pa3HBIX OOJIACTSX CTPOUTEBCTBA. McciaenoBanue HaleleHo Ha TO, YTOOBI
CPaBHUTH YETHIPE Pa3IMYHBIX METOJa B KAueCTBE JKU3HECIIOCOOHOIO pEIICHHS
JUI YKPETIJICHUS! M YCHJICHHsI KOHCTPYKIMHA KOJIOHH. V3yueHo cTpyKTypHOe Io-

BCIACHHC Tpex paSHI/I‘IHbIX KOMITO3ULITUOHHBIX MaTepI/laJ'IOB. B 3KC1'leI/IM€HT€ JJIA
I[ﬂﬂ [HTHPOBAHHI CpaBHCHUS HUCIIbITAHA OJHA aIUIIMOHHAA OCTOHHO-CTAIbHAS KoJIoHHA. OCTaIbHBIE
Okolnikova G.E., Strashnova S.B., Mabhe- p JHa TpalHil ’
TP KOJIOHHBI YCWJICHBI C HCIIOJIb30BAHHUEM YTJICIIJIACTHKA, CTCKJIOIUIACTHKA W HE-
p)KaBeIOHIefI CTaJIn COOTBETCTBCHHO. HOJ’Iy‘-ICHHI)Ie OKCIIEPUMCHTAJIBHBIC PE3YJib-
TaThbl npoaHaanpOBaHm, BBIITOJIHCHO CpaBHeHI/Ie Tpex pa3anHbe CUCTEM ap—
MHUPOBaHUA IJId YCUJICHUA KOJIOHH KOMIIO3UTHBIMU MaT€prUalaMU.

na S.M., Strashnov S.V. Reinforcement of
columns using different composite materials //
CrpownTenbHas MEXaHNUKA HHKEHEPHBIX KOH-
cTpyKumii u coopyxenuit. 2023. T. 19. No 3.
C. 322-328. http://doi.org/10.22363/1815- KiioueBble ¢j10Ba: KOMIO3UTHbIE MaTepHUalbl, BOJIOKHA, apMUPOBAaHUE, CMOJIA,
5235-2023-19-3-322-328 MaTpH1a, MPOYHOCTh, )KECTKOCTh

1. Introduction

Reinforcing column structures using composite materials like carbon fiber reinforced polymer (CFRP) or
glass fiber reinforced polymer (GFRP) is a well-established solution in the construction field. The effectiveness
of these reinforcement methods has been proven and validated by several experimental researches [1-3]. Fiber
reinforced polymers offer several advantages over traditional reinforcement methods, such as high strength to weight
ratio, design flexibility, and cost effectiveness. However, there are also some limitations associated with these
materials. Although composite materials are slightly durable than traditional materials, they are prone to cracking,
splitting, and delaminating especially exposed to high temperatures. The challenge to overcome these limitations
has led to the development of new composite materials such as Fiber Reinforced Cementitious Matrix (FRCM)
that consist of fibers in the form of meshes and grids combined with inorganic matrices to guarantee high per-
formances in harsh conditions like high temperatures [4]. The effectiveness of CFRP and GFRP as an internal
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reinforcement for concrete columns have been investigated by several authors. In [5], Hany Tobbi investigated
the behavior of concentrically loaded Fiber-Reinforced Polymer reinforced concrete columns with varying rein-
forcement types. The results showed that the ultimate axial strain of columns reinforced with FRP is almost 30%
lower than those reinforced with the same volume of traditional steel. He also discovered that columns internally
reinforced with a combination of steel longitudinal bars and FRP transverse reinforcements exhibit good gains in
terms of compressive strength and ultimate axial strain [6; 7]. Stainless steel (SS) is another material for rein-
forcement that has been used for strengthening concrete structures due to its favorable durability and accessibility.
In comparison to fiber reinforced polymers, stainless steel reinforcement is usually applied by means of mecha-
nical connectors (without the use of resins) or embedded with lime mortars [8]; its degradation on the long-term
is much slower comparing it to that of composite materials or traditional steel [9]. Its complete reversibility can
often be achieved, and the isotropy of the stainless steel may represent a solution for multi-directional loading
actions, typical for a structure subjected to static and dynamic loads [10; 11]. Although a lot of researchers have
investigated structural behavior of these materials individually as reinforcement methods [12-15], there is not
much data then in reinforcement of column. In this paper, four different reinforcement methods from CFRP,
GFRP, stainless steel and traditional steel are compared. The structural behavior of each specimen is assessed,
and the amount of reinforcement in each specimen is calculated.

2. Experimental investigation

This study is conducted through a combination of computation experimental methods in software ETABS 20.
The mechanical properties of composite materials are determined by performing tensile, torsional and shear
tests. Tests are conducted with different types of composite materials shown in Table 1 such as stainless steel,
carbon fiber reinforced polymers (CFRP), and glass fiber reinforced polymers (GFRP). The results of these tests
will be used to develop experimental structures for column reinforcement.

Properties of materials. For design and analysis the following SI codes were used:

— 1S 456:2000 for reinforced cement concrete;

— 1S 875.1:1987 for dead load assignment;

— 1S 875.2:1987 for live load assignment;

— 1S 875:1987 for wind load assignment;

— ACI 440.1.06 Guide for the Design and Construction of Structural Concrete Reinforced with FRP Bars.

In this experiment M30 grade concrete is used as a binding material along with different types of reinfor-
cing bars (Table 2).

Table 1
Mechanical properties of different reinforcing materials
Properties Steel bar Stainless steel GFRP CFRP
Variant HYSD 415 Austenitic (304) E-class Woven include epoxy
Specific mass density, gm/cm? 7.8 8 2.1 1.8
Modulus of elasticity, GPa 200 190 51 500
Yield strength, MPa 415 205 N/A N/A
Tensile strength, MPa 485 515 1500 3400
Thermal expansion coefficient, (C°)* 11.7-10°5 17.3-10° 10-10 0
Table 2
Mechanical properties of M30 grade concrete
Parameter Unit Values
Specific mass density Kg/m? 2548.53
Modulus of elasticity E MPa 27386.13
Poisson’s ratio — 0.2
Thermal expansion coefficient (Co?t 0.000013
Shear modulus G MPa 11410.89
3. Analysis

Tensile analysis. During the test, the load and the corresponding deformation was measured to determine
the stress-strain behaviour of the material. The test results determined the ultimate percentage of rebar required
to resist the load, elongation, and other mechanical properties of the material (Figure 1). To perform a tensile test
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of a rebar, the first step was to create a finite element model of the specimen. Here four specimens were created
as a RC column of having cross section 450x450 mm? and height of 3 m each. Each specimen consists of four

different types of rebar (Figure 2).

Storyl
T, A
1000 1000 1000 1000
L
Y
> Base
] A =] [=+] =]
Figure 1. A model to analyze tension reinforcement in column
500 Story1
: __Base
a =
Figure 2. A model to analyze shear reinforcement in column
J <
Figure 3. A model to analyze flexural reinforcement
325

CTPOWTENLHBIE MATEPUATLI Y U3LENNA



Okolnikova G.E., Strashnova S.B., Mabhena S.M., Strashnov S.V. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(3):322-328

Four different specimens made of HYSDA415, austenitic stainless steel, GFRP and CFRP from left to right were
subjected under a tensile load of 1000 kN and each column was meshed with enough nodes and elements to accurate-
ly capture the deformation and stress distribution of the specimen. As the load was applied, the deformation of
the specimen was recorded, and the corresponding stress was calculated using the cross-sectional area of the rebar.

Shear analysis. During this test, the rebars are subjected to a force perpendicular to the longitudinal axis
until failure, with the results indicating the rebar's resistance to shear forces. Four single story RCC bays measu-
ring 3 m in height and 4 m in width. Each bay made with M30 grade concrete and HYSDA415 steel, austenitic
stainless steel, GFRP and CFRP reinforcement respectively. A 500 kN horizontal load is applied as shown be-
low. After applying load, the required reinforcement is calculated and compared among each variant.

Torsional analysis. In this test four single story RCC bays are made. Each bay is made with M30 grade
concrete and HYSD415 steel, austenitic stainless steel, GFRP and CFRP reinforcement respectively. A 300 kN
horizontal load is applied as shown in the Figure 3.

4. Results
From the tensile test analysis, the results presented in Figure 4 were obtained.
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Figure 4. Percentage of tensile reinforcement in different types of columns
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Figure 5. Variation of reinforcement of steel:
a — stainless steel; b — GFRP; ¢ — CFRP; d — in shear
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The diagram in Figure 1 presents information regarding the arrangement of columns and loads. By referring
to Figure 4, it is illustrated that to withstand a tensile load of the same magnitude, traditional steel (HYSD415)
necessitates 1.65% of the total cross-sectional area, whereas stainless steel, GFRP, and CFRP require only 3.14,
0.8, and 0.8% respectively. This disparity can be attributed to their varying ability to handle tensile stress.

From the shear test analysis, the results presented in Figure 5 were obtained.

Figure 1 was analyzed, and the outcomes have been displayed in Figure 4. Based on these findings, it can
be deduced that to withstand a shear force of 500 kN, the column's steel percentage should be higher than that of
GFRP and CFRP columns. However, for composite columns made of stainless steel, they failed or became over-
stressed (0/s), indicating that the cross-sectional area of that column must be increased.

From the torsion test analysis, the results presented in Figure 6 were obtained.

In Figure 2 the 300 kN load was applied on right beam column junction so as per moment frame mechanism
a 300-4 = 1200 kNm torsion will be applied on left column. To resist that torsional force every composite column,
made up with different reinforcing materials requires different percentage of reinforcement (shown in Figure 6).

0.29% 0.29% 0.29% 0.58% 0.58% 0.58%
0.29% 0.29% 0.29% 0.58% 0.58% 0.58%
EH 2 2 ®
[ - wr o
o - -
£
h
o =X (= o] b oo
a b
0.12% 0.12% 0.12% 0.05% 0.05% 0.05%
0.12% 0.12% 0.12% 0.05% 0.05% 0.05%
® ®
g ® s 5
=) ™ P -
o -
r 4
l\
[==] x [# =]
(=] (=]
c d

Figure 6. Variation of reinforcement of steel:
a — stainless steel; b — GFRP; ¢ — CFRP; d — in torsion

From the result, stainless steel column requires more percentage of steel that other three columns as flexural
stiffness is less than steel, CFRP and GFRP.
5. Conclusion

Table 3 presents the comparison of different types of reinforcement materials, namely steel, stainless steel,
GFRP, and CFRP, based on their percentage of reinforcement on the left and right columns of a structural element.

Table 3
Deviation in percentage of reinforcement
Type of reinforcement Left column, % Right column, % Average, % Deviation w.r.t steel
Steel 3.88 4.86 4.37 0
Stainless steel ofs ofs N/A N/A
GFRP 2.37 241 2.39 -1.98
CFRP 2.39 2.42 2.405 -1.965
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From the results obtained:

— the average percentage of reinforcement is found to be the highest for steel, followed by GFRP
and CFRP, i.e. to withstand the same amount of load, the amount of steel reinforcement required would be
more than that of GFRP and CFRP;

— the deviation with respect to steel is for GFRP and CFRP, which shows that these materials are 1.98%
and 1.965% lower than steel, respectively. This analysis can be helpful in selecting the appropriate reinforcement
material for a particular application, considering the mechanical properties, cost, and other factors;

— the combined cross-sectional area of two columns, each measuring 450x450 mm?, is 0.45m°. As a result,
if GFRP and CFRP are utilized, the amount of reinforcement can be reduced by 1.98 and 1.965% respectively.
This implies that when dealing with a substantial amount of concrete, the amount of reinforcement required will
be considerably reduced;

— regarding beams subjected to direct compressive stress of 500 kN, the composite beam with GFRP
showed superior performance, as it required a smaller amount of rebars, followed by the steel and CFRP composite
beams. However, in the case of stainless steel, the top and bottom reinforcement were unable to withstand the stress.
This discrepancy in percentage can be attributed to the differences in yield stress among various types of rebars.
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Abstract. In Ecuador, about 95.9% of dwellings are built with masonry, however
the local production of bricks does not meet technical standards and there is no
scientific research on its geometric characterization and the technical state of their
production. The geometric characterization of bricks is essential for the standar-
dization of materials and constructions and allows the design of structures with
a higher degree of accuracy. This research, conducted in 12 provinces of
the 3 continental regions of the country, where 79% of the buildings are con-
centrated, studies for the first time the geometric characteristics of solid clay
bricks in Ecuador. The results show that 67% of the brick production in Ecuador
is artisanal and 98% of the factories do not comply with the technical standards
for brick production. The authors present the characteristic dimensions of solid
bricks produced in different regions of Ecuador. The results show a high varia-
tion in brick dimensions depending on the region, and even in a same pro-
vince the dimensions depend on the factory, since its production does not comply
with any standard. Ecuadorian standards regulating brick geometry need to be up-
dated taking into account the real characteristics of the national brick production.
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duction technologies, masonry structures
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AnHoTanus. B OxBanope okoino 95,9 % >KuIibIX JOMOB IIOCTPOCHBI U3 KUPIHYCH,
OJJHaKO MECTHOE MPOU3BOJICTBO KHPIHYA HE COOTBETCTBYET TEXHUIECKHM CTaH-
AapTaM, OTCYTCTBYIOT HaYYHBIC UCCIICAOBaHUA IO €ro reOMETPUICCKUM Xapak-
TEPUCTHKAM U TEXHHYECKOMY COCTOSHHIO €r0 Mpou3BojacTBa. OmpenencHue
TEOMETPHIECKUX XapaKTePUCTUK KUPITHYA UMEET CYNMIECTBEHHOE 3HAYCHHE IS
CTaHIapTH3AIMK MATEPUAIOB M KOHCTPYKIHUI M MO3BOJSIET IPOSKTHPOBATH KOH-
CTPYKIMHU C OoJiee BBICOKOW CTENECHBIO TOYHOCTH. B HCClieIoBaHNH, TPOBEICH-
HOM B 12 IPOBUHIUSX TPEX KOHTUHEHTAJIBHBIX PETHOHOB CTPAHbI, TJIe COCPEIO-
To4eHO 79 % 3maHuWil, BHEpBBIC U3YYAIOTCS T'€OMETPUYECKHE XapaKTePUCTHKU
MIOJTHOTEJIOTO TIIMHIHOTO KUPIIMYa, POU3BEICHHOI0 B DKBaIope. Y CTaHOBJICHO,
910 67 % TPOU3BOACTBA KUpPIHUYA B DKBAJOPE SBIETCS KYCTapHBIM H TOJBKO
6 % — mpOMBIIIIEHHBIM, ITPX 3TOM 98 % 3aBOOB He COOIIONAIOT TEXHHMYECKUE
CTaHIapTHl MPOM3BOJCTBA KHUPIMYA U JJaKe HE 3HAIOT 00 MX CYIIECTBOBAHHH.
[IpexacTaBieHsl XapaKTepHBIE pa3Mephl MOITHOTENOT0 KUPIHUYA, IPOU3BEICHHOTO
B pa3IMYHBIX pEruoHax SKBanopa. HOHy‘ICHHLIC Pe3yabTaThl CBUACTCIBCTBYIOT
0 OousblIOM pazbpoce pasMEepOB KUpPIUYA B 3aBHCUMOCTH OT PETHOHA, M JaXe
B OTHOM MPOBHHIIMH Pa3Mephl 3aBHCAT OT 3aBOJa, MOCKOJBKY IMPOHM3BOJICTBO
HE OTBEYaeT CTaHAapTaM. DKBAJOPCKHE CTAHIAPThI, PErIAMEHTHPYIOIIHE reo-
METPHUIO KUPITHYA, HYKAAIOTCS B OOHOBJICHHH C YYE€TOM PEAbHBIX OCOOCHHO-
CTeil HAIMOHATBHOTO MPOU3BOICTBA KUPITHYA.

KarwueBble ciioBa: KepaMI/I‘IGCKI/Iﬁ KUpIIUY, TCOMETPUICCKUE XapPaKTCPUCTUKHU,

C. 329-336. http://doi.org/10.22363/1815-

A3MCEPBI ITIOJIHOTEIIOIO KMpIIHNYa, TCXHOJIOTHH ITPOU3BOACTBA, KAMCHHBIC KOHCT]
5235-2023-19-3-329-336 pasMep p POH3BO/L pyKLH

1. Introduction

In all cultures of the world, both natural and artificial stones have been the most common building materi-
al in all historical periods. Natural stone masonry construction dates back to around 12 000 years ago, when no-
madic peoples became sedentary and permanent domestic dwellings became common throughout the Mediterra-
nean Levant [1-3]. The pre-Hispanic civilizations of Latin America developed various building techniques for
masonry construction, for instance, the Incas built structures with carved natural stones and without mortar,
the Mayas built their famous pyramids with adobe bricks covered with natural stones [4-6]. In the American
continent, the beginning of the use of fired clay bricks is related to the Spanish conquest and dates back to
the 16th century. In Ecuador, the first evidences of the manufacture of ceramic bricks date back to 1565 [7]. Nowa-
days, the massive use of the steel and reinforced concrete in construction is evident, however, ceramic brick ma-
sonry continue to hold a predominant place for building in Ecuador, Latin America and worldwide [8-11].

Approximately 70% of dwellings in Ecuador are 1-2 storey houses [12-14] and 95.9% of dwellings are
built with the use of masonry (Figure 1). The literature review reveals that there is no research, scientific articles
or technical information on the geometric properties of ceramic bricks produced in different regions of Ecuador.
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The few available studies in Ecuador are limited to: determination of the strength of bricks in a given city [15];
mechanical quality levels of bricks produced in a given province [16]; environmental pollution produced
by brick factories [17]; and business models of brick factories [18]. These facts evidence the lack of scientific
interest in one of the most widely used construction materials in Ecuador.

Wood, Adobe and others || 1.2%
Pre-fabricated | 2.9%
Block/Brick 0

Figure 1. Types of materials used for construction of walls in Ecuador, according to [11]

It is well known that different national standards® normalize the brick production. However, the level of
technological development in each country is reflected in more precise technical standards, as well as stringent
requirements for brick manufacturing and more active research on related topics [19-21]. Since the late 1970s,
Ecuador has had technical standards for the geometric, physical and mechanical standardization of building
bricks,? however, it is observed that local brick production does not meet these technical specifications and
there are no scientific studies on the geometric characterization of the most used construction brick in Ecuador.
It is important to note that the geometric properties of bricks are an essential parameter for the standardiza-
tion and mechanical characterization of materials. In this way, it is important to note the results presented
in [16], but it is even more important to point out that it is limited to only 1 province, which represents only
2.84% of the buildings at the national level [11].

Given these facts, it is important to determine the geometric characteristics of the most commonly used
clay brick in construction in Ecuador in order to obtain real information that will allow structures to be designed
with a higher level of precision and safety.

This article presents the first results on the geometric characterization of solid clay brick as the most used
brick in construction in Ecuador and on the particularities of its production. The presented results are the first
step prior to the mechanical characterization of the bricks, on which the authors will continue to work.

2. Methods

This study began with a literature review and field data collection on the geometric and mechanical prop-
erties of bricks produced in Ecuador, and the characteristics of their production. Then, a field data collection
campaign was organized in different provinces of Ecuador with the collaboration of Civil Engineering students
from the Catholic University of Cuenca in the framework of the research project PICV1119-87. For the collection
of qualitative data, a semi-structured survey was designed and answered by the representative of each factory
visited. The survey questionnaire asked about: the manufacturing process to determine whether the factory's
technology is artisanal, semi-industrial or industrial; the types of bricks manufactured in the plant; the types of
bricks that are mostly commercialized; compliance with standards in the manufacturing process. In addition,
each factory visited was geo-referenced and photographs were taken. For the laboratory study, samples of bricks
were taken from each production plant in order to determine their geometrical and mechanical characteristics.
The geometry and dimensions were determined using measuring instruments and the results were recorded in
a measurement notebook.

For the field data collection, the largest factories with the highest brick production in each study region
were identified. Data collection for this study was carried out in 52 brick production factories located in 12 provin-
ces of the 3 continental regions of Ecuador (coast, Andes and Amazon). The provinces studied cover 49% of
the Ecuadorian territory where 77% of the national population lives [23] and where 79% of the new buildings
in Ecuador are located [11] (Figure 2).

L NTE INEN 297. Ladrillos cerdmicos. Requisitos. Normalizacién técnica ecuatoriana. Quito; 1977; NTC 4205-1. Unidades
de mamposteria de arcilla cocida. Ladrillos y bloques cerdmicos. Bogota: INCOTEC; 2009; ASTM C62-12. Standard specification
for building brick. Pensilvania: ASTM International; 2012; GOST 530-2012. Ceramic brick and stone. General specifications. Moscow;
2013. (In Russ.); EN-771-1. Specification for masonry units. Part 1. Clay masonry units. European Committee for Standarization; 2003.

2 NTE INEN 297. Ladrillos ceramicos requisitos. Quito; 1977; NTE INEN 293. Ladrillos cerdmicos definiciones. Clasificacién y
condiciones generales. Quito; 2014; NTE INEN 292. Ladrillos ceramicos. Muestreo (Clay bricks. Sampling). Quito; 2015.
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s//—’ Guayas | 25.89%
Pichincha | 17.25%

Azuay | ] 6.90%
Manabi 6.19%
Tungurahua [ ] 6.17%
Loja | | 4.40%
ElOro | | 3.61%
Chimborazo || 2.84%
Cafiar | | 1.80%
Cotopaxi | | 1.54%
Zamora Chinchipe | | 1.35%
Morona Santiago || 1.25%

Figure 2. Map of Ecuador and provinces where field data was collected.
Provinces with the highest percentage of new buildings in Ecuador in 2018, according to [10]

3. Results and discussion

The results of the field study show that 67% of brick production is mostly artisanal, where the mixing of
clay and moulding is done by hand and the firing kiln is rudimentary without technical control of temperature;
27% of brick factories have semi-industrial production processes, in which the clay mixing and moulding is
done with machinery and kilning is done in rudimentary Kilns or with minimal technology; only 6% of brick
factories produce bricks in an industrial way, in which the whole process is done with machinery and the ovens
have the appropriate technology for temperature distribution and control (Figure 3).

Industrial 6%
Semi Industrial 27%

Artisanal 67%

Figure 3. Brick production technologies in Ecuador

The results of this research show that solid clay brick is the most common type of brick produced in Ecua-
dor. 92% of the factories studied produce solid clay brick, but the dimensions of the units vary depending on
the region where it is manufactured, and even in the same province, the dimensions of the same type of brick
vary depending on the factory. This variation in dimensions is due to the fact that 98.1% of the factories studied
do not comply with any technical standard for production. According to the above, the geometric characteriza-
tion of solid clay brick produced in Ecuador is a relevant topic that deserves to be studied.

The results of the data collected in the field show a high dispersion of the dimensions of solid bricks
at the national level. The dimensions vary from 20 to 40 cm in length, 11 to 20 cm in width and 6 to 10 cm
in thickness (Figure 4).

Length, cm 20-40

Width, cm 11-20

Height, cm 6-10

Figure 4. Dimensions of solid clay bricks produced in Ecuador
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Statistical analysis of the dimensions of bricks produced in the different regions of Ecuador shows
a multimodal characteristic (Figure 5). It is observed that at the national level, bricks are: 20—40 cm in length,
with a tendency to lengths of 26, 28 and 35 cm; 11 and 20 cm in width, with a tendency to 12, 17 and 19 cm;
regard height, it varies between 6 and 10 cm, with a tendency to make bricks of 7 and 9 cm. This multimodal
characteristic of the results suggests the need for a more detailed geometric characterization study applied to
the different regions of Ecuador (Andean, coastal and Amazonian regions).

Figure 5. Solid brick dimensions distribution in all regions of Ecuador:
a — length, cm; b — width, cm; ¢ — height, cm

Statistical results for the dimensions in the Andean region show a bimodal behavior (Figure 6). This bi-
modal behavior is due the fact that in the south Andean region the dimensions of bricks are different than
the bricks produced in the central-north Andean region (Figure 7).

All-Andean region I ‘;;
o0 o0 ; '
P eee oo o8e )

r L L | I B B R
19 22 25 28 31 34 37 40 10 12 14 16 18 20 6 7 8 91011
a b c
Figure 6. Dimensions of solid bricks in the Andean region of Ecuador:
a — length, cm; b — width, cm; ¢ — height, cm
H
South Andean -+
region o o000 ° ! ) ]
[ LI e e e e e e e e e | — T T T T — T T T
20 25 30 35 40 1112 1314 15 16 6 7 8 910
Central-North
Andeanreglon Frrrrrrrrrrrrrrrro r T T T T T 1 | D D B —
22 25 28 31 34 37 40 10 11 12 13 14 15 16 6 7 8 91011
a b c

Figure 7. Dimensions of solid bricks in the South Andean and Central-North Andean regions of Ecuador:
a — length, cm; b — width, cm; ¢ — height, cm

The analysis of the results allows us to establish that the production of solid bricks in the Andean region
of Ecuador is characterized by bricks of 28.0x11.0x9.0 ¢m in the central-northern Andes, while in the southern
Andes it is 25.7x13.0x7.5 cm with a standard deviation of 0.31, 0.17 and 0.23 cm in length, width and height
respectively.
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In the coast region of Ecuador, bricks are produced between 23 and 40 cm of length, 12 and 20 cm of
width, and 6 to 10 cm of height (Figure 8). The production of solid bricks in the coast region of Ecuador is cha-
racterized by bricks of 35x19x10 cm.

20 25 30 35

a

40

11 13 15 17 19 21

b

56 7 8 91011

Figure 8. Dimensions of bricks in the coastal region of Ecuador:

a — length, cm; b — width, cm; ¢ — height, cm

c

The most densely populated provinces studied in the Amazon region represent only 2.6% of the con-
structions at the national level. The average dimensions of the solid bricks produced in this region are: 25 cm
in length, 12 cm in width and 7 cm in height, with a standard deviation of 0.23, 0.15 and 0.17 cm respectively.

A broader analysis of brick production in the provinces of Azuay and Loja at the south Andean region
of Ecuador shows that in the province of Azuay the production tends to be more homogeneous in terms of
overall dimensions, although the dispersion in sizes is due to the mainly artisanal and non-standardized nature
of production and non-compliance with technical standards. The bricks produced in Azuay are longer and wider,
but less thick than in Loja province (Figure 9).
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Figure 9. Dimensions of bricks in the provinces of Loja and Azuay in the south Andean region of Ecuador

This research establishes that the average length of solid clay bricks manufactured in Ecuador varies be-
tween 25 and 33 cm; the average width values are between 12 and 17 cm, and the average height is between

7 and 8 cm (Figure 10).
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Figure 10. Dimensions of bricks in different regions of Ecuador:
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To contextualize the obtained results, we have compared the data obtained in this research with the regula-
tory specifications of national technical standard in force in Ecuador. This comparison allowed us to determine
the unconformity between the reality of the national production of ceramic bricks and the regulations in force.
In Ecuador, standard INEN-317° sets the relationships of the modular dimensions of ceramic bricks (Table 1),
and the standard INEN-293* presents the standard dimensions for bricks (Table 2).

Table 1
Normal modular dimensions of ceramic bricks according to INEN-317
Length Width Height
2M x M X M
3M X 1.5M x M
AM x 2M X 1M
5M X 2.5M x 2M
Table 2
Dimensions of ceramic bricks according to INEN-293
Type of brick Length, cm Width, cm Height, cm
Common (handmade) 39 19 9
- 39 19 9
Machining 20 1 9
Repressin 29 19 9
prEssing 29 14 9

The obtained results of this research show that only 4.82% of the bricks produced in Ecuador comply with
this standard.

4. Conclusion

This is the first study on geometric characterization of solid clay brick in Ecuador. This study was carried
out in 12 provinces of Ecuador, where 79% of the country's buildings are concentrated. The results show that
the nature of brick production in Ecuador is mainly artisanal and non-standardized. 67% percent of brick produc-
tion is artisanal, 27% is semi-industrial and only 6% is industrialized. This research show that 98% percent of
the factories studied do not meet any technical standards for brick production and are even unaware of the exis-
tence of any standards. This fact shows that the Ecuadorian standards that regulate the geometry of brick pro-
duction have not been adequately developed, socialized and are not applied.

The dimensions of the solid bricks produced in Ecuador show a very high dispersion, however, it has been
determined that there is a regional influence that determines the average dimensions of the bricks. There is a clear
difference in the dimensions of the bricks produced in the Ecuadorian coast, as well as in the central-north Ande-
an region and the south Andean region. The dimensions of the bricks produced in the studied provinces of
the Amazon region are very similar to the dimensions of the bricks produced in the south Andean region.

The authors have determined for the first time the characteristic dimensions of solid bricks produced
in different regions of Ecuador. The dimensions (Ixwxh) of the solid bricks produced in the coast region are
mainly 35%x19%7 cm. The dimensions of the bricks produced in the central-north Andean region are 28x11x9 cm;
in the south Andean region 26x13x7.5 cm with a variation of CViengh = 0.31 cm, CVwign = 0.17 cm,
CVheight = 0.23 cm. The dimensions of the bricks produced in the Amazon region are 25x12x7 cm, with a varia-
tion of CViength = 0.23 cm, CVheight = 0.15 cm, CVheight = 0.17 cm.

It is important to point out that this research has determined that only 4.8% of solid bricks produced in Ecuador
complies with the modular dimensions established in the Ecuadorian standards INEN-317 and INEN-293. This
fact demonstrates that the Ecuadorian standards on the geometric characteristics of bricks have been developed
without considering the real national characteristics of brick production. The related standards require adequate
updating for their subsequent socialization and mandatory compliance.

3 NTE INEN 317. Coordinacién modular de la construccién. Dimensiones modulares de ladrillos cerdmicos. Quito; 2014.
4 NTE INEN 293. Ladrillos cerdmicos definiciones. Clasificacién y condiciones generales. Quito; 2014.
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