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TEOPUS1 NH)KEHEPHbIX COOPY)XEHUM.

CTPOUTEJIbHBIE KOHCTPYKLNN

VJIK 624.072.2:004.9 DOI: 10.33979/2073-7416-2023-105-1-3-15

AI1 JJOKTUOHOB?

'®I'BOY BO «tOro-3amambiii rocyapCTBeHHbII yHUBepcuTeT», I. Kypck, Poccus

OBPATHAS 3AJTIAYA KOIIH JIJISI CTOEYHO-BAJIOYHOMN
KOHCTPYKTHUBHOM CUCTEMBI

Annomayun. OO0vekmom uUCCIe008aHUS AGIAIOMCS CMOEUHO-0AI0UHbLE KOHCIPYKIMUGHbIE
cucmemvl 30aHull C dicecmrkum conpsicenuem oanxu co cmotuxou. Llenv uccaiedosanus cocmoum 6
OYeHKe GNUSHUSL HA MOYHOCMb PeuleHust 3a0ayu NO2PeutHoCmu 6X00HbIX OAHHBIX U YUCAA 3A0AHHbLX
Koo puyuenmos ypasHeHust npozubos. Hccneodosanus npogeoervl AHANUMUYECKO-
IKCHEPUMEHMANLHBIMU MEMOOAMU CEeMOYHOU Pe2yapu3ayuu, peoyKyuu UMEPeHull, peueHuil Ha
UBMEPUMENbHOM — KOMAAKMeE, — NOJUHOMUALLHOU — ANNPOKCUMAYUY, — JUHEUHOU  JA2PAHICeBOU
UHMEPNOAAYUU U YUCTIEHHO20 U hepeHyuposanus.

Ananumuyecku u HAMYPHLIM IKCHEPUMEHNOM CMOOETUPOBAHO HCECMKOe CONpsdiceHUe DAKU
co cmouKkou. /s KonuuecmeeHHoU oyeHKu I@ekmusHoCmu peuieHus 3a0auu OnpeoeieHbl 3HAYeHUs
Yeneeo2o napamempa u Kpumepus ONMUMU3AYUU RO MuHumymy @yuxyuu Jlebeea. Ilpednoscerno
UCNOIb308aMb NOJYUEHHbIE Pe3yibmamsl peutenus oopamuoi 3adauu Kowu npu sxcnepumenmansho-
meopemuiecKux UCCied08aHUSX CMOeUHO-0AI0YHbIX KOHCIMPYKMUGHBIX CUCTHEM.

Knrouesvte cnosa: oOanxka, obpamunas 3adawa Koww, mooenv uszmepenus, npocuo,
AnnpoKcuMayusl, Kpumepuii ONMUMU3AYUU.

A.P. LOKTIONOV!
Southwest State University, Kursk, Russia

INVERSE CAUCHY PROBLEM FOR RACK-AND-BEAM STRUCTURE

Abstract. The object of this study is the building frames with rigid beam-to-column assemblies.
The aim of the study is to assess the impact on the accuracy of the solution of the problem of the error
of the input data and the number of given coefficients of the deflection equation. The studies were
carried out using analytical and experimental methods of regularization, reduction of measurements,
solutions on a measuring compact, polynomial approximation, linear Lagrangian interpolation and
numerical differentiation.

Rigid coupling of a beam with a rack is modeled analytically and by a full-scale experiment.
For a quantitative assessment of the effectiveness of solving the problem, the values of the target
parameter and the optimization criterion are determined through the minimum of the Lebesgue
function. It is proposed to use the obtained results of solving the inverse Cauchy problem in
experimental and theoretical studies of rack-and-beam structures.

Keywords: beam, inverse Cauchy problem, measurement model, deflection, approximation,
optimization criterion.

BBenenue

OOBEKTOM HCCIIeI0BaHUS SIBISIFOTCSI CTOEYHO-0aJI0UHbIE KOHCTPYKTUBHBIE CUCTEMBI 3/1aHUN
MIPH JKECTKOM COMPsKEHUHU Oaliku co cToikoil. Kommu ¢ 3ananabiMu ko3 puimenTaMu 4ieHoB IByX
MJIaIIINX CTETEeHeN ypaBHEHUs MPOTruOOB OalKH B CTOCYHO-0aI0YHOW KOHCTPYKIIMH MPH KECTKOM
COTPSKEHUH OaNKu co cToWko. MccrnenoBanus mocieqHux JeT CTOEYHO-0aTI0uHOM KOHCTPYKIIUU
HpI/I 3a1aHHBIX TOJIBKO OCaIKeE OHOpBI 6aJ'IKI/I WUIIN TOJBKO HAKJIIOHE yl'[perfI JIMHHUHA B OHOpHOM

© Jloxmuonos A.I1., 2023
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CTpouTeNbCTBO U PEKOHCTPYKIUSI

MOTICPEYHOM CEUEHHUU OalKh TMOKa3adl CHIDKEHUE BIMSHUS HA TOYHOCTh PEIICHUS 3a/ladyd
MOTPEIIHOCTH U3MEPEHMs TPOruOOB OATKU C 3aJaHHBIMU KO3 GUIIMEHTaMU ypaBHEHUS POTHOOB.
B cBsi3u ¢ 3TUM akTyalbHO HCCIeoBaHUWE oOpaTHOM 3amaun Komm s cToedHO-0amouHOiM
KOHCTPYKUUHU TPU OJHOBPEMEHHO 33/IaHHBIX ((DUKCHPOBAHHBIX) ABYX MIaAIIUX Koddduimenrtax
YpaBHEHHUS MTPOTUOOB OAITKH.

W3ydeHnto BopocoB pa3paboTKu (PU3HUECKUX U YUCICHHBIX METOAOB SKCIIEPUMEHTATBHBIX
UCCIICIOBAaHUH  CTOEYHO-0AJOYHBIX  KOHCTPYKTHBHBIX CHCTEM  TIOCBSIIIEHO  3HAYUTEILHOE
KOJMYECTBO OTEUYECTBEHHBIX U 3apyOEKHBIX HAyUHBIX HUCCIIEIOBAaHUI, B TOM YHCIIE MO >KECTKOCTH
y3J1a CONPSDKEHHUST OATIKU CO CTOWKON M BO3MOXKHOCTH TI€pelayi M3rHOaroIero MOMEeHTa OT Oalku
HAa CTOMKY, [UIsl aHajdu3a CTPOUTENbHBIX KOHCTPYKIMH Ha CTaguM SKCIEPUMEHTAIBHO-
TEOPETUYECKUX HCCIICIOBAaHUM, TpU O0OCICHOBAaHUSX CTPOUTEIBHBIX KOHCTpykmmii [1-11]. B
SKCIIEPUMEHTAJIbHBIX HCCIeoBaHu oOpatHoil 3anaye Kowmm nns onpexneneHus ko3p@uimneHToB
MHOTOWJIEHa — YypaBHEHHsA MpOruOOB Oanku, a 3areM BBIYUCICHHS HAYaJbHBIX YCIOBHIA,
XapaKTePUCTHK Iepelayl W3ru0aroIiero MOMEHTa OT OalKd Ha CTOMKY M BHEIIHEH Harpy3kd Ha
0anky mporuObl OalKud W3MEPSAIOT JaTYMKaMU NOpornda — mnporudoMepamMu: KOHTAKTHBIMH,
JUCTAaHUMOHHBIMM, C HaBECHbIMU 4YYyBCTBUTEIbHbIMM 3neMmeHTamu [12, 13]. H3BecTHBI
WCCIICIOBAHMS 10 aHAIUTHYECKO-IKCIIEPUMEHTAIFHBIM HEKOPPEKTHBIM OOpaTHBIM 33jJa4aM B
¢dbu3nuKe, MexXaHMKE, TEXHUYECKHX HayKaX, B KOTOPBIX JaHbl MPEJIOKEHHS IO PEIICHUI0
KO3 PHUIMEHTHBIX 00paTHbIX 3amau [14-17], mo oreHke OO0BEKTa HCCICAOBAHHS MapamMeTpaMu
UICHTU(PUKAIIMM HAa MOJENSIX HM3MEPEHUS M BBIYUCICHUH B HH(POPMAIIMOHHO-U3MEPHUTEIHHOM
cucteme (MUC) [3, 18, 19], nmo BiusHUIO 00b€Ma W TOYHOCTHU SKCIEPUMEHTAIBHBIX JaHHBIX HA
TOYHOCTH pe3yNabTaToB 0oOpaTHOW 3amauu [4, 10, 20]. JIns HOBBIMIEHUS TOYHOCTU PE3YyJIbTaTOB
o0paTHOW 3amauyd TMPHMEHSIOT METOJbl PEryJIspHU3aluu, PEAYKIUH HW3MEpPEeHUH, pelieHHe Ha
MU3MEpPUTEILHOM KOMMakKTe, 3(h()EeKTUBHO MCIOIB30BaHUE PEryJsSpHU3allMi CETOYHBIMU METOAAMH,
MOJMHOMUAJIBHOM ~aNnmpoOKCUMALMM W JMHEWHOW JarpaHKeBOM HMHTEPHOJSINUN, YHUCIEHHOIO
nudpdepentmpoBanus [19, 21-26]. B padoTax mo pazpaboTkam mokasaTesieil kadyecTBa 00pabOTKH
JaHHBIX ¥ AJITOPUTMOB OIEHKH BIIMSHUS MOTPEIIHOCTH JATYMKOB U UHTEPIOISALUN MpeiaraeTcs
UCIONIb30BaTh (YHKIUMU M KOHCTaHThl Jlebera HMHCTpyMEHTaMH YIpaBJIEHHS IpoLeccaMu
peryispu3anuy pemeHus ooparHoi 3aaaun [5, 21, 27-33].

Onupasicb Ha OTMEYEHHbIE Pe3yJIbTaThl UCCIIECOBAaHUM, LENbI0 paccMaTpuBaeMoil paboThl
ABIISIETCA TPOJOJDKEHHUE HCCIeI0OBaHUN perymispu3anuu odpatHoil 3amaum Komm i ctoedHo-
Oanoynoit koHCcTpykumu [10, 30, 32, 33] mpu yBeNIWUYEHWH KOJWYECTBA 3a/laHHBIX HAYaJIbHBIX
napamMeTpoB. 3aJaud, HaMEUEHHbIe K PEIIECHHUIO: OIpejesieHue KOod(p(PHUIMEHTOB ypaBHEHUS B
oOpatHol 3aznade Komm MeETOIOM pelIeHHs] CUCTEMbl JIMHEHHBIX alreOpanyecKux ypaBHEHUMN
(CJIAY), meronoM HeONpeneneHHbIX KO3()(UIMEHTOB M YHCICHHBIM AU(QepeHIMpOBaHUEM
MHTEPNOSIIMOHHONW QopMmyssl Jlarpanka; paspaboTka MoOJeNn OLUEHKU 3(PPEKTUBHOCTH pEIICHUS
oOparHo#t 3agade Komm.

Mopesn 1 MeTOABI

Hcnons3yeM B aHaIUTUYECKO-DKCIIEPUMEHTAJIBHOM 3aJade MCCIEJOBAaHUS CTOEYHO-
0aJ0YHON KOHCTPYKTHBHOM CHUCTEMBI CETOYHYIO MOJIENb U3MEPEHUs MPOruOOB MpPU MONEPEUHOM
n3rube Oanku u  Mojenu BblUMciaeHud Meronamu pemeHus CJIAY, HeompeneneHHbIX
KO3 (PHUIIMEHTOB U YUCIEHHBIM U (HepeHIUPOBaHUEM HHTEPIIOISUOHHON (hopMybl Jlarpanika.

Mopaeanr usMepenusi mporudoB Oajku. Pemaem kodddunmeHTHyi0o 0oOpaTHYIO 3amaqy
Kommu a5 anre6pandeckoro MHOrouieHa mporuoos

n
Vy (d,x) = Z%xr, dpn#0
=0 1)

cTeneHu N ¢ QyHKIIMOHATBHO HE3aBUCUMBIMH BEIIECTBEHHBIMU KO3 duinenTamu dy r, U3 KOTOPHIX
miaamme kodddunuents! dno u dn1 ukcupoBansl (3amanner). O6paTHYO 3amady Komwu pemraem
IS TIOTIEPEYHOTo M3ruba 1mo Teopuu Diniepa-bepHymmm 6anku MOCTOSHHOTO MONIEPEYHOTO CCUCHHUS
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(El = const) nnuHO# | B cTOCYHO-0aIOYHON KOHCTPYKIMHU IMPH JKECTKOM CONPSIKEHUH OalIKH CO
CTOMKOM, KOrJa BO3MOKHa Ilepejaya U3rudaromero MoOMeHTa ot O0aiku Ha CTOHKY (CM. pUCYHOK 1).

y
p
AQo A v
Mo _—
— X 4 A o
EERAREN 9 X
0 I
a—

Pucynox 1 — banka no0 KOMOUHUPOBAHHOU HAZPY3KOU 6 CHIOEUHO-0A10UHON KOHCIMPYKUUU

[To skcrepUMEHTAIbHBIM 3HAYCHUSAM TporuOoB Oanku Ha otpeske [0, |] Beruucasiem
1[eJIeBbIE XapaKTEPUCTUKH 3a/1a4l — 3HaUeHUs K03 duiimeHToB MHOrowieHa (1)

dnr=Vi'(d,0), re(2K,n), @

a MpU HEOOXOIMMOCTH TaK)Ke 3HAUEHUs HAYaJIbHBIX TapaMETPOB U BHEIIHEH Harpy3Ku: eJMHUYHON
Harpys3ku u3rudaromumm MoMeHToM M Ha cBOOOJHOM KOHIIE OalIki, COCPEIOTOUEHHONW Harpy3ku P
Ha CBOOOJHOM KOHIlE OaiKW, MOCTOSHHOW pacIpeaesieHHOW Harpy3Kd WHTCHCHUBHOCTBIO ( H
JMHENHO M3MEHSIOUIEIcsl BO3pacTarollell pacipeeIeHHON Harpy3Kd MHTEHCUBHOCTBIO OT HYJIS
npu X = 0 1o q; npu X = |. Koapduuuentsr d,, cBsi3anbl ¢ BHemHed Harpyskoi M, P, q, Qi, u

Vn(0). va (0), My, QO,

HAYaJIbHBIMH TapaMeTpaMH yIPYrod IUHUH OajKu
nopsiike qudQepeHnaIbHoro ypaBuenus (2) n = 5:

ds o =Vs5(0)

B YaCTHOCTHU, IIpU

— 0CaJIKa OTIOPHI;

ds; =V (0) .
! — HAKJIOH ynperI/I JIMHHUU B OHOpHOM HOHepe‘-IHOM CCUCHHNU 63.J'IKI/I,

ds2 =V3(0) = Mo/(E1) = (~M +IP+1%q/2+1%;/3) /(E1).
(0)=Qu/ (1) =~(Ig+1ay/2+ P)/(E1) |
ds 4 :Vélv) (0)=a/(El );

dss=vs")(0)=ay/(IE1) .
Mo, Qo — OTTOpHBIE peaKIuy.

[Tapamerpamu HAEHTU(UKALMM, XapaKTEPU3YIOUIMMH OajKy, HCIOIb3YEM MPOTUOBI,
K03 (ULIMEHTH! YpaBHEHUS IPOTMO0B U HaYallbHbIE MIAPAMETPhI, B TOM YHCIIE IEPEMELICHUS B y3Jie
COTIPSIKEHHsI OATKU CO CTOMKOH.

B ananuTHuecko-3KCrIepuMeHTaNbHOM 00paTHOI 3agaue Ko ¢ npuMeHeHueM CeTOYHOro
METoJla peryspu3alliyd pPEHICHHs ONpeNeNsieM H3MEpHUTENbHbI ydacTok KommakToMm [0, |] Ha
npsimMoit 0X (cM. pucyHok 1) u 3amaeM Juisi 3HAYCHUH BXOJHBIX JAHHBIX: TPOTHOOB Vp(Xi) mo (1) u
HU3MepeHHBIX cpencTBoM u3Mepenuii (CU) 3uadenuit vy, (x;), HadanbHBIX MapaMeTpoB OGamku dnpo,
dn1 B MOmeNM W3MEPEHHs W BBIYHCICHHI, - TOYEYHOE MHOXKECTBO X = {Xi,Xy,..,Xy} Y37IOB
U3MEPUTENIbHOM CETKH, yIOBIETBOPSIOIIEE YCIOBUIO

0<X <X < ... <Xy SI’

"
d5’3 = V5 O

3)
rae N — KOJMYecTBO JUCKPETHBIX 3HAYCHUM BXOAHBIX MaHHBIX Vjp(X;), 3HaYeHwuid QyHKIMU Vo(X)
(i=1:N,N=n-1); i—nHomep y3rna. BXogHbIe JaHHbBIC MOJYUYCHBI JATYNKAMH TPOTHOA OATKH TIPH
M3MEPEHMSIX WM B PE3yJIbTaTe pacyeToB Ha DBM.

BBomuM B cOOTBeTCTBHME BHENIHEW HAarpy3ke Ha OalKy MpPOCTPAHCTBA COCTOSHUM
napamMeTpoB MACHTH(UKAINU B MOJENAX M3MEPEHUS W BBIYUCICHUI Ms, TAe S — HOMEpP MOJEIH.
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Mopenu OTAMYAIOTCS Pa3IUYHBIMM COUYETAHUSMHU BUIOB BHELIHEH Harpy3ku. B cooTBercTBHM C
pUCYHKOM | mcciieayem THIoBbIe Moaean My = dy oM, m; = d3 ,MP, m3 = ds,MPq u m4 = ds :MPqQq;,
B 0003HAYCHHUAX KOTOPBIX TOCJIECIOBATEIIEHO YKa3bIBaeM IOJICKAIIUN OIMPEICICHUIO MapameTp
dn2, @ TakKe IecTBYIONIME BUABI HAarpy3ku u3 Habopa M, P, q u ;. Homep TumoBoit moxenu S
CBSI3BIBAEM C MOpsAKoM quddepeHIransHOro ypaBHeHus (2) N cooTHomenneM S = N — 1.

B Mozensx u3MepeHus U BbIUMCICHUH perraeM oopatHyio 3anauy Ko ans ypaBaenus (1)
B Oo0mIeM cilydyae MpU HEHYJICBBIX HAYalIbHBIX YCJIOBUAX. Peanm3amus Moneneidl uU3MEpeHwsl U
Berunciiennii B MMC anmapatHo pacrnpenenena nmo CU u mHpOpManMOHHOW BBIYMCIUTEIHHOU
cucteme B UNC.

Mopnear Bbluucienuii  pemennem CJIAY. Jlng wmHorowiena (1) pemiaem
K03 (HUIIMEHTHYIO OOpaTHYIO 33/1a4y ¢ MAaTEeMaTHYECKOW MOEIBIO, BKITFOUAIOIICH H3MEPUTEITHHYIO
cetky (3) — ceTKy y3JIOB alnpOKCUMAIIUU ¥ QYHKIIHH:

On (X) = Vi (X)=dn o —dn 1%, (4)

On (%) =V (%) = dn o = dn1X, )
n

0r (4) = D!
r=2 " (i=1:N), (6)
Agv =V, (7)

/2 x[6 K x/nt )
x2/2 x3[6 K x§/n!

K2 5,1 [6K X fnt) ©)
dn,r ~ W r re(Z,K ’n)' ©)

3neck Ha u3MeputenbHoM Kommakte [0, 1] 3amana Tabnuia 3HavyeHuit mHorowreHa (1) B N
y3nax certku (3). Ecmu 3HaueHWs MCKOMBIX IIeJIeBbIX XapakTepuctuk B (1) mpuxomurcs
MHOTOKPATHO BBIYUCISITH, TO BBITOJHO 3aMEHHTh (YHKIHUIO Vp(X) anmpokcuMupyemon (yHKIHen
(4), yakaun vy, (x;), BXOAHBIX JaHHBIX HAa TOYEYHOM MHOKecTBe X (QyHKumsamu (5), BBECTH IS
MOJIy4YEHHUsl pa3pelIeHHON cucTembl ypaBHeHMM yciosus Jlarpanxka (6), KOTOpble B MaTpUYHOM
¢dopme umeror Bux (7). YcmoBus (6) u (7) obpasytor CJIIAY B mnOKOMIOHETHOH (opme
OTHOCUTENILHO HEU3BECTHBIX Kodhdumumento W,,. B (7) W —cronbenr HEW3BECTHBIX U3
K03 (HULIUEHTOB W r, CTOJIOEI] V' CBOGOIHBIX WICHOB M3 TaGIHIHBIX (M3MEepeHHBIX) I-ThIX 3HAYCHUI
V(x), a marpuna cucteMbl A umeer Bua (8).3HaueHus koddduientoB d,y ompenensoTCs
NPUOIKEHHBIMU 3HAYEHUSIMH W ¢ 110 (9). 3HadeHus k03¢ ¢GuumeHToB Ony, @ MpU HEOOXOAUMOCTH
JOTIOTHUTEIBHO BBIYHCIsIEMbIe OMOpHBIE peakuuu Mo, Qo W BHENIHAS Harpy3ka, — BBIXOJHBIC
BEJIMYMHBI B MOJIEJIM U3MEPEHUs U BeIUMCIeHUNA. HeroctaTok paccMOTPEHHOTO METOA — alrOpUTM
HE TMpelycMaTpUBaeT aHajdW3 ONTHUMM3AllMM METO/Aa /IS CHIKEHHUS BIMSHHUA MOTPEIIHOCTH
BXOJTHBIX BEJIMYUH Ha BBIXOJIHBIC BEJTMYNHBIL.

Moaenb BbIYHMCJIEHUA METOAOM HeompeaejdeHHbIX Kod(pPuuuenron. [y MHOrOUNIEeHA
(1) pemaem ko3¢ duIMEHTHYIO 00paTHYIO 3a/ady C MaTeMaTUYeCKOH MOJEIbI0, BKIIOYAIOIIen
CeTKy y3II0B ammpokcumanuu (3), BCIOMOraTelibHYI0 ammpoKCUMUpyeMyl GyHKIM (5) u

byHKIUY:

n

x Whr or

A (W’X):dn,0+dn,1x+z_r! X", Wy %0,
r=2 (10)
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nr zlnrl gn )’ rE(Z,K,n)
, (12)

N - (0 j£r
zlnri(o)xijz{ Pn J-i } j=2:n, re(2,K,n).
i1 r' mpu j=r

(12)

3mech  HCMONB3yeM  JIMHEHHYI0 — J1arpamkeBy — anmpokcumanuioo — pynkmum — (10)
MHTEPHOJIAIIMOHHBIM moiuHOMoM Jlarpanxka (11), pemenuem cucremsl ypaBHeHui (12) meTtomom
HEOIPEICIIEHHBIX KO3 GHUIMEHTOB MmonydacM (GopMyiibl jarpamkeBbix Kodhuimentos |ni(0),
BbIUUCIIAEM KOO UIUEHTHI Wy, ¢ 110 (11) 1 koaddunmentst dy r 1o (9).

Mopaenb BbIlUMCIeHHA MeTOA0OM AU (PepeHUMPOBAHUSA MHTEPIOJIAUNOHHOH (PopMybl
Jlarpansxka. PaccmarpuBaem muddepenumpoBanue dyakinuu (1) ¢ JMHEHHOW JIarpaH)XKeBOM
OJIHOMEpPHOM  anmpokcumanuend. Maremarndeckass  MOJENIb,  BKIIOYAaeT  CETKY  Y3JIOB
MOJMHOMHUAIIBHON anmpokcumanuu (3), annpokcuMupyemyro GyHKIHO (4) U GYHKIHH:

On (X)

Pn- 2( ) 2
X (13)
N
Ln_2 (X) = ZIH—Z,I (X) o (2X|)
i=1 X ’ (14)
o X—X
| — k
n-2, (X) !;]2: Xi _ Xk y
k=i (15)
Vo (X)=d,) g +d x4 XL (X), (16)
v,gw(x)zi[r(r_l)m 2100+ 241 ()7 >2,|(x)} gnx(zxi) (2K ,n)
= | (17)
e O 500 re@kon)
X " k=0 (18)

3mech BBeAeHAa B paccMmoTpenue Ha orpeske [0, |] momonHuWTENbHAS anmmpoKCUMHpyeMast
bynknus (13), 11 anmpoKCUMaIMKA KOTOPO# MPUMEHEHO JlarpamkeBo npuoimxenue (14), rae |y
2i(X) — nmarpamxkeBbl kod(duimentsl, BeraucisieMbie 1m0 ¢Gopmyne (15) um moacraBinsieMbie B
MHTEPNOSIIMOHHYI0 (hopmyny Jlarpanxka (16) u ¢popmyny uucnennoro nuddepenuponanus (17)
NpU HAXOKACHUH TPOoU3BOIHBIX QyHKIMU V(X). U3 (17) momydaem dopmysnsl (18) marpaHkeBbIx
KOod(ppuIMeHToB B HMHTEPHNOIAIMOHHOM TnionmuHoMe Jlarpamxka (18), gamee BbeUHCIsEM
k03 dureHTs Wy r 110 (11) 1 k03 durrenTts! dn, mo (9) annpokcumupyemoit Gyukimu (10).

Mopeas onenku 3¢ dpexTuBHOCTH pemieHus1 K03 PpuunenTHOI odpaTHoi 3agaun Komn
AJISl CTOEYHO-027109HOM KOHCTPYKIMHM. CTaBUM 3aJady OLIEHUTb IOTPELIHOCTH PE3yJIbTaTOB
OTpeNIeJIeHUs]  MapaMeTpoB  WACHTU(UKAIMKU Oanku, OLEHUTh S(PPEKTUBHOCTh pEIICHUs
K03 punreHTHOI 00paTHOM 3aaaun Kol B yCIOBUSAX BIUSHUA MMOTPELIIHOCTH BXOJHBIX JTAHHBIX U
pa3paboTaTb METOJl CHIKEHHs BIUSHHS 3TOW MOTPEHIHOCTH JaTYMKOB ONTHMHU3ALMUEH CEeTKH
anmpokcumMaiin (3). Ha kauecTBO mpHOIMKEHUST KpOME MOTPEITHOCTH BXOTHBIX JTAHHBIX CHIIBHOE
BJIUSIHUE OKAa3blBA€T CTENEeHb MHOTOYJIEHa, KOJMYECTBO U PACIOJIOKEHHE Y3JI0B CETKU
anmpokcumaru (3). MaTemaTudeckass MoJeNb, BKIIIOYAET CETKY Y3JI0B ammpokcumanmu (3) u

GyHKIUY:
R[Va(d, %)] = Va(d, %) —Va(d, %),

Armax [V (d, )] =V 2 A[ v, (dfxi)]:‘R[Vn (d, % )]‘

(19)
(20)

Ne 1 (105) 2023 7



CTpouTeNbCTBO U PEKOHCTPYKIUSI

Amax [dn,r]SAn,rAmax[Vn(d’Xi)]v (21)
Amax[dn,r]§7\'n,r(x)-sup Amax I:Vn (d'Xi ):I' (22)

)“n,r (X ) = %‘In,r,i (0)

9

(23)

o =mink, (X)), (24)
Otps,n.r =MiN |r7un,r(X), 25)
Tn,r ::I/ans,n,r' (26)

*

Kaxkoe u3 BXOAHBIX JaHHBIX N (d.x;) COJCPKUT MOIPEHIHOCTh H3MEPEHHBIX B
busnyeckoM OdKCIepuMeHTe (WM 3aJaHHBIX TabnmuHOo) 3HadeHuid Vn(Xi)) B Buae (19).
[TorpentHoCcTbi0 OKpYIJIEHUS! B BBIUMCIICHUSX B CPaBHEHHUU C IOTPELIHOCTHIO BXOJHBIX JIAHHBIX
npeHeOperaem. [lpu nuHEiHOM mpeoOpa3oBaHUU HM3MEPSIEMbIX BXOJHBIX MaHHBIX V(X)) IS
3HAYEeHUH BXOAHBIX BenmuuuH V' (d, X|) HCHOIb3yeM paBHOMEPHYIO HENPEPHIBHYIO HOPMY
MOTPELIHOCTH € BepXHEeH rpaHuLeil abconoTHoH nmorpemHocTH (20),
rJe € — NpUBEJEHHAas a0CONIIOTHAs NOIPELIHOCTh JaTYUKOB (IIPOrHOOMEPOB),

Vp — mpenen u3Mepenuii narankos, A[v(d,x;)] — abcomrorHas norpemHocts qatunkos B CH [33].

Bbruniciennbie 3Ha4eHus] KO3PPUIMEHTOB dnr COEpKAT MOTPEUIHOCTh. UyBCTBUTEIBHOCTh

i i Ama [ Ao ]
BEPXHEH IPaHuIbI a0COMOTHOM IorpemnocT kodGguumenta dny — uncnma " L") g ommGkam

N
Apyr = maXZ‘In,r,i (0)‘
HavyaJIbHBIX JAHHBIX OMpeeNsieTcss cooTHomeHueM (21), rae i=1
JleGera [32].
C yueroMm cootHorreHui (20) crpaBeanBa OIEHKA PEIICHHUs 33a4K M0 HepaBeHCTBY (22)

— KOHCTaHTa

a0COITIOTHBIM YHCIIOM 00YCIOBICHHOCTH Mor (X )’ CBSI3BIBAIOIIMM BEPXHHE IPAaHUIIBI a0COTIOTHON
MOTPENTHOCTH JAATYMKOB A max[V(Xi)] ¥ pelieHns BEIYUCIUTEIBHON 3a1auh A max[0n r]. AOGCOMIOTHOE
4Kcii0 00yCIIOBIEHHOCTH coBmajaeT ¢ ¢ynkuuei Jledera (23), KOTOpyIO HCMONB3yeEM B KauecTBe
neneBol (yHKIMHU B 3ajlade BOCCTAHOBJIEHUS Kod(@uimeHToB MHOrowieHa (1), mo3Bosstomieit
OLIEHUTH BiHssHUE morpemHocT CU U pacripenienieHust y3j10B CETKH almpOKCUMAIMH Ha TOYHOCTh
BeruncieHus: kodd¢uuuentoB dn,. DyHkuus (23) sBusercs anamorom ¢yHkuuu Jlebera B
[30, c. 59] ¢ Tem oTIMYMEM, YTO YUCIIO Y3JIOB AMPOKCUMAIUH B (23) MEHBIIIC HA CAUHUILY.

B onTuMH3alMOHHBIX HCCIEIOBaHUSAX BBOJUM IIeJIeBOM mapameTrp (24), mapameTpom
peryiaspu3aiui  UCCIeNyeMoil  OoOpaTHOW  3aJauyu  MOJy4yaeMoe  PEAyKIMEH  H3MEepeHHi
pacripesielieHue Y3J0B CETKH amrpoKcuManuu (3), a KpUTepueM ONTHUMHU3ALMK PEIIeHHs 3a/lauu
¢bynkuuto (25). Oynkiun (24) u (25) MOryT OBITH peaIM30BaHbl IPSIMBIM AaHATUTHUECKUM METOJIOM
pas3bICKaHusi 6€3yCIIOBHOTO AKCTpeMyMa (MUHUMYMA) QyHKUIUHU (12 5) HECKOIBKUX apryMEHTOB —
KOOP/MHAT Y3JIOB alIpOKCHUMALMU HA TOYEYHOM MHOXECTBE X C yueToM (OpMYIJI JIarpaH>KEBBIX
k03 dureHToB |y i(0) wim yncnenHsiMu MeTomamu. IlokazaTeneM KadyecTBa PEIICHUS 3aJa4d
MIPUMEHUM TTO0Ka3aTenb (26) [32].

Pe3yabTaThl HeC1e0BAHUS U X aHAJIN3

JlarpamxeBbl ko3 durmentsl l32i(0) meneBoi xapakTepucTHKU 0o 2 B MOJETH U3MEPEHUS U
BBIUMCIIEHU My TOJy4aeM METOJ0M HEONpeAeTIeHHbIX KO03((QUIMEHTOB C HCIOIb30BaHUEM
ypaBHeHHUs (2) mopsaaka N = 3 u penieHueM cucteMsl ypaBHeHuit (12) wiu ypaBuenus (18) B meroze
mudQepeHIIMPOBaHUS UHTEPIOISALMOHHON GopMynsl mpu N = 3, r = 2; ans 3agaun (11) mo
dbopmyne (12) momydaeM aOCOMOTHOE dYHCIO O0OyciIoBIeHHOCTH 32(0). DTH XKe METObI
UCTIOJNB3yeM B MOJICISIX W3MEPEHUS M BBIYUCICHHH My W M3 JUIS TOJMYYCHHS JarpaHXeBbIX
k03P unneHToB l37(0), 122i(0) 1 abcomoTHBIX uncen o0yciaoBaeHHOCTH 2 2(0), a52(0) pu N = 3,
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n =4 (cm. tabmuny 1). B Momenu u3MepeHUs W BBIYUCICHUH Mp MONTYYCH €IMHCTBEHHBIN
narpamxkeBbiil Ko3hduient |, 2 1(0) 1eneBoit xapakTepucTuku da .

ANTOPUTM TIONYYCHHUS JIATPAHXKEBBIX KOI(PPHUIMEHTOB METOJIOM HEOIPEICICHHBIX
K03 (ULMEHTOB B CpPaBHEHHH C METOJOM Au(depeHIUpPOBaHUS HHTEPIOISIHMOHHON (HOpPMYIIbI
uMeeT HepocTaTku. [Ipu BeIBoJEe (OpMyI JarpaHkeBbIX KOA((UIIMEHTOB HECKOJIBKHX IETEBBIX
XapaKTePUCTHK I KaKJOW XapaKTepUCTUKU pellaeTcsi MHAMBHAyallbHas CHUCTEMa ypaBHEHUU
(12). I'poMo3KOCTh BBIBOJIA (OPMYJ OBICTPO pacTET C YBEIHMYCHHUEM CTEIICHW MHOTo4WwIeHa Vn(X),
0COOEHHO /171l MAJIBIX 3HAYEHUH I, 4TO 3aMETHO yxe npu N=4ur = 3.

Ta6nuua 1 — JlarpamkeBbl koaduireHtsl |y 2 i(0) u abcontoTHbIe UKcaa 00yCIOBICHHOCTH An 2

n i JlarpanxeBbl KO3 GHUINESHTHI AOcomIoTHBIE YKCiIa 00YCIOBICHHOCTH 331241
, | 2 2
X2 Xi
. 2
3 X12(X1—X2) 2 Xf+X§
) 2 X X5 (%o = %)
XS(Xz—XD
2X5X3
1 2
X (X = %) (X —X3)
. ) 2% X3 2X13X§(X3—X1)+Xi°’>(g(x2—X1)+X§X3§(X3—X2)
X3 (%o = %) (% — %) XEXEXE (% =1 ) (X3 = %) (Xg — X, )
2%y X9
3 2
X3 (X3 = X1)(X3 = Xp)
Xo XaX
L | -2 2X3X4
X (X1 = %) (X1 = X3) (% = Xg)
) | 2, X1 X3X4
X5 (X0 = X1 ) (X0 = X3) (X — X4) 4
S VY Z‘I4,2,i (0)‘
5 | -2 1X2X4 i1
X3 (X5 = %1 ) (X3 = X2 ) (X3 = Xq)
X; Xo X
i | 2 1X2X3
Xz (X =%1) (X4 = Xp ) (X4 = X3)

B nponecce nonydenust nokazatens (26) MuHuUMHU3MpoBaHUEM (YHKIUU (23) ompenensem
ONTUMAJIbHBIE KOOPJHMHATHl y3JI0OB CETKH alllIPOKCUMAllMM, B YaCTHOCTH, Oe3pa3MepHbIe
KOOPJIHHATHI Xnim| = IXnim (cM. TaOmuiry 2).

Tabmuma 2 — OnTuMaibHbIe KOOPJIHHATHI Y3JI0B CETKH allMIPOKCHUMAIIAHN Xn jm | TIPH Xnnm| = 1,000

Monenu m, ms my
i 1 1 2 1 2 3
DopMyJIbl KOOPAUHAT B pauKalIax 3.[1_\/5 + ,3/1.}.\/2 - - - - -
YucieHHbIC 3HAUYCHUSI KOOPAMHAT 0,5961 0,3546 | 0,8143 | 0,2322 | 0,5994 |0,8896
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OntuManpHble KOOPAWHATHI Y3JIOB CETKH AalpOKCUMAIIMA B MOJCISX M3 M My TONYyYESHBI
TOJIBKO YMCIIEHHBIM CIIOCOOOM H3-3a CII0KHOCTH aHAJTMTUYECKOTO PEIIEHHsI B CUITY TeopeMbl AOersl.

[Tpu 3amaHHBIX ((DUKCUPOBAHHBIX) OCAJKE OIMOPHI OATKW W HAKJIOHE YIPYrod JIMHUU B
OIOPHOM TIOMEPEYHOM CEYEHUHU Oallku B PACCMOTPEHHBIX MOJENSX H3MEPEHUS U BBIYMCICHUN
MOJTy4YCHO YMEHBIIICHUE TOTPEIIHOCTH OIPENSICHUs BBIXOIHBIX BEIWYMH W 3HAYCHUS KPHUTCPHS
onTUMH3aIKK pereHus 3a1aud ¢ N = N — 1 B cpaBHEHUH C UCCIIEAOBaHHBIM B pabote [24] ycnoBueM
N = n + 1 mpumepHO Ha TOPSIJIOK, 3HAYCHHE ITOTO KPUTEPHS TAKXKE MEHBIIEC 3HAYCHUN KPUTECPHCB
IIPH 33JJaHHOM OAHOM Kod(dduiuerte ypaBHeHus mporu6os 6anku [32, 33] ¢ N = n (cMm. pucyHok 2).
UucieHHbIC 3HAYEHUS KPUTEPUS ONTUMU3AIMKM PEIICHUS 3aa4d TIONYYeHBI IS YpaBHEHHS
MPOruOOB BTOPOM, TPETEi, YeTBEPTON U MATON cTeneHu. Ha pucynke 2 mokasansl BIOOpkH 1, 2, 3 u 4
TCHEPATBHBIX COBOKYITHOCTEH MHOMXECTB JJIEMEHTOB Olsn2. OOIIME MpU3HAKK BBIOOPKU 1 uIst
MoJIesield My, My, M3: ONpEeNICHUIO MoIekKaT Bce K03 uimeHTs! ypaBHeHHs mporudoB Oamku, N =
n + 1, ToyeyHOE MHOXKECTBO Y3JI0B CETKM ammpokcumMaru X Ha otpeske [0,051, 0,951] [24]. O6ruue
MPU3HAKU BBIOOPOK 2 W 3 uIsi MoJenei Mi, My, M3: ONPEAETCHUIO MOANEKAT Kod(D(PHUIIMEHTHI
ypaBHEHUSI TPOrHOOB OajlKM KpOME H3BECTHOTO (HUKCHpoBaHHOrO kKodddummenta dng u g
cooTBeTCTBEHHO, N = N, MHOXXECTBO Y3JIOB CeTKM ammpokcumanuu X Ha otpeske [0, I]. OOmwme
MPU3HAKK BBIOOPOK 4 W 5 [ns Mojernei My, My, Mz, My: ONpENeIeHUI0 MOANEeKAT KOAIPPHUIIHMESHTHI
ypaBHEHHUS IPOruOOB OAIKM KPOME M3BECTHBIX (PUKCUPOBAHHBIX KO3 duimeHToB dyo v dng, N =n —
1, MHOXECTBO y3J0B ceTkH ammpokcumaiuu X Ha otpeske (0, |]. PazHooOpasue 371eMEHTOB Olysn 2
Onsn2c B BBIOOPKAX XapakTepu3yeM OKCTpeMalbHbIMH KpaHuMH 3HadeHusMu 2,00 u 1564,
pazmaxom 782. Jlnst aTX oOpaTHBIX 3a7a4 3HAYCHUS TMOKa3aTelisd KaueCTBAa HAXOIATCS B JMAIa30He
ot 6x10” 10 0,5, MoOKa3aTenh KayeCTBA CHIKACTCS C POCTOM CTereHH ypasHeHus (1). 3HaueHme
nmokasarensi kadectBa BeIOOpkH 1 mpu N = n + 1 HaxoauTcs B AMAra3oHE OT 2x10° bi (o) 5><10'2,
3HAUEHHUE TOKazaress kadecTBa BoIOOPKU 4 mpu N = n — 1 mns mogenedt Mi, My, M3 HAXOAUTCSA B
mmanasore ot 6x10° 1o 0,5. PesynbraTel BbIOOpKM 5 Ha pPAaBHOMEPHOW CETKE BBIIBUIU
MIPEUMYIIECTBO ONTUMATBLHON HEpaBHOMEPHOI! ceTku B BeIOOpKe 4 B 10-80 pas.

1000
Olns5.2.c =
Olns.4.2.c =
1000 Olns32.c = p
506 Olps a2
Qlns,n,2 | & Z
~ .4 244
Qlns,n,2,c ) £ Olpsso =
132' Olns.3.2 N L 4
100 4724 t-s-..
<% o33 %610
:|.9,80 Olpg.2.2 0‘*\
10 -4 4117|270 %169
' -
4,00 - ¢ 2,00
1
1 2 3 4 5

Howmep Bb1OOpKH

Pucynok 2 — Conocmagnenue Kpumepues onmumuzayuu peuieHua 3a0auu

CpaBHEHHE 3HAUYEHUI KpUTEpUs ONTHUMM3ALMU PEHICHUS 33Ja4yl IOKA3bIBA€T, YTO POCT
yyciia 33JaHHBIX KOA(PQGUIMEHTOB YypaBHEHUS MPOTHOOB CHUXKAET BIMSHUE MOTPEIIHOCTH
M3MepeHus MPOrudoB OANKN Ha TOYHOCTD PELICHUS 3a/Iauu.

OKCHepUMEHTAIbHO TIPOBEpeHa pa3paboTaHHAsi MaTeMaTudecKass MOJelb H3MEPEeHUs U
BBIYHCIICHUI M3 Tpu ompeneneHnH Kodpduuuenta 0, ypaBHEHUs mNporuOoB Oailku ¢
(UKCUPOBaHHBIMU JBYMsI MIIaAIIMMK KodpdunuentraMmu B oOpaTHoi 3anade Komm s ctoeyHo-
0aJ0YHON KOHCTPYKTUBHOW CHUCTEMbI. BBINOJIHEH HaTypHBIN 3KCHEPUMEHT Mo MeToauke [9] Ha
dbuzmveckoil Moaenu ¢ OanakoW, HarpyXeHHOW paBHOMepHOW Harpy3kod ( = 30,90 H/m ot
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COOCTBEHHOTO Beca M COCpeAOTOYeHHOU Harpy3koi P = — 50,00 H Ha cBOOOIHOM KOHIIE.
dusrueckas MoJeNb OANKM — CTajabHast KOHCOIbHas Oanka; miuHa | = 1,000 M; MOaylb yIpyroctu
E = 201,0 I'Tla; momepeyHoe cedeHwe B BUAEC mNpsMoyroibHuKa (Beicota 0,0400 M, mupuHa
0,0100 m). dukcHpoBaHHas ocajka omopsl 6amnki Oso = — 2:10° M. ®ukcupoBaHHBII HAKIOH
YIPYroi JUHUK B OMIOPHOM ITOIEPEYHOM CEUCHHHU Oanku dgq1 = 170-10°° paa. B CH ucnosib30BaHbI
yetbipe nporubomepa. Kmacc Tounoctu nporubomepos 0. Ilpexen usmepenuil nporudGoMepon
2 mM. Llena nenenust mporudoomepos 0,002 mm.

HatypHble 5SKCHepuMEHThl Ha MOJENM H3MEPEeHHUs U BBIYUCIEHUH M3 Ha mpuMepe
ompeneneHust kodduuuenra ds, ypaBHeHHs NpPOruOOB Oankk ¢ (QUKCHPOBAHHBIMU JBYMS
MIaAUMH KO3 UIMEHTaMH TpU KECTKOM 3ajiesike OajKy MO3BOJWIM CPaBHUTH pacueTHBIE U
AKCIIEPUMEHTATIbHBIC 3HAYCHHSI IPOTUOOB (CM. Tabnwiy 3).

Tabmuma 3 — [NapameTpsl porudoOB B MoIeIH M3

Howmep y3na ceTkd i 1 2 3
KoopauHathl y3710B CETKH anmpOKCUMAIIHH, M 0,355 0,814 1,000
PacueTHbIe 3HAYCHHS V4(X;{), M —300,7x10° -1,4162x10° -1,9803x10°°
OKclepUMEHTaIbHbIC 3HAYECHUS Vs (%) , M ~299x10° -1,413x10° ~1,978x107
IorpemHocTs R(V;), M 2x10° 3x10° 2x10°®
JlomonHuTeNbHAS OTHOCHTENbHAS TOrpenTHoCTh d(d, ) 1,7 0,48 0,24

IIpY HETOYHOCTH B 1 MM duKcupoBanus Xi, %

Pe3ynbpTaThl ~ aHaJIMTUYECKO-IKCIEpPUMEHTAIbHOM  oOpaTHOM  3amade  Komm  mo
BOCCTAHOBJICHUIO 3HaueHHs Oz, C HATYpPHBIM DKCIIEPUMEHTOM: 3aJaHHOE 3Ha4deHue Oso = —
6572x10° M'l, 3HaYEHUE BBIXOJHOTO MapaMeTpa B MOJECIHU U3MEPEHUS U BBIYUCICHUN Wip = —
651x107° M'l, a0COJIFOTHAS TOTPENTHOCTD BhiuncieHus dgp — R[ds2] = 6-10° M, otHOCHTENBHAS
MOTPEITHOCTh BhrauciaeHus a2 — 8(ds2) = 0,9%.

PesynmbTar OIEHKH HATYpHOTO SKCIIEPHMEHTa TOATBEP)KIaeT OOOCHOBAHHOCTH MPEIOKEHHOU
MO/JIEJIM U3MEPEHUS U BBIYMCICHUH U HATYPHOT'O SKCIIEPUMEHTA C OaIKOA.

R[d4,2] _ 6x10°°

I2minR[v,]  2x10°

B tabmuny 3 mnocienHedl CTpOKOW IpencTaBlieHbl Pe3yJbTaThl BBIYMCIMTEIHHOIO
HKCIIEPUMEHTA T10 OICHKE BIMSHUS HETOYHOCTH (DMKCHPOBAHHS ONTUMAIIBHBIX KOOPAHMHAT Y3JIOB
CETKM alMpOKCHUMALMU HA TOYHOCTh aHAJMTUYECKO-IKCIIEpUMEHTANbHOM 00paTHOM 3a1aun Komm.
Ora JONONHUTENbHAST MOTPEIIHOCTh TPeOyeT yuera MpH pa3pabOTKe IUIaHA SKCIIEPUMEHTAIbHO-
TEOPETUYECKUX HCCIEIOBAHUN CTPOUTENBHBIX KOHCTPYKLHMH, TaK KaK MOXET MO BEJIMYMHE ObITh
COIMOCTaBUMOM C OCHOBHOMW MOTPEITHOCTHIO OT BIMSIHHS MOTPEIIHOCTH AATYMKOB MPOTHOA.

BriBoabI

Ha ocHOoBe Teopum OOpaTHBIX 3aJad pEUICHa aHATHTHYECKO-DKCIIEPUMEHTAIbHAS
KodpduurenTHas obpaTtHas 3anada Komm ¢ 3a1aHHBIMU KO3 GUIIMEHTAMH WIEHOB JABYX MIIAAIINX
CTeTeHelW ypaBHEHHUS NPOruOoB Oalku [UIsi CTOEYHO-0ANOYHONM KOHCTPYKIMH TPHU KECTKOM
CONPSDKEHUM Oallku co CTOMKOM. PaccMoTpensl Monenu BeuuciaeHuid Metogamu pemenus CJIAY,
HEeoMpeAeNeHHbIX KOIQQHUIMEHTOB U YHCICHHBIM audQepeHunpoBanieM Habopa 3HauYeHUI
M3MEPEHHBIX porn6oB. CpaBHEHHE 3HAYCHUN KPUTEPHUS ONTUMHU3AIMM PEIICHUS 3a]1aud 1T0Ka3aio
CHIDKEHHE BIIMSHUS Ha TOYHOCTH 3aJaudl IMOTPEIIHOCTH HM3MEPEHHs MPOTHOOB Oallkl C POCTOM
qucia 3aJaHHbIX KO3 PHUINEHTOB ypaBHEHUS IPOTHOOB.

[IpencraBneHHbIe pe3yIbTaThI peteHwsI AHATTMTHYECKO-IKCTIEPUMEHTAIBHOM
ko3 uureHTHoi oOpaTHOH 3amaun Komm k onpenenenuio kKo3pPpuineHToB ypaBHEHUsI TPOTnO0OB
OaJKu T CTOCYHO-OANOYHOW KOHCTPYKIIMM MOXXHO PEKOMEHIIOBATH K WCIIOJNB30BAHUIO IS
aHaJIM3a KOHCTPYKIUH TP SKCIEPUMEHTAIBHO-TEOPETUYECKUX UCCIIETOBAHUSIX.

~3x10'<a,,,, =933
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YPoccuiickuii YHHUBEPCUTET ApY>kObI HAPOJOB, T. MockBa, Poccus

TEOMETPUSA U CTATUYECKHI PACUET TOHKHUX OBOJIOYEK C
JIMHEMYATBIMHU CPEJUHHBIMHU IOBEPXHOCTAMMU C
I''TABHBIM KAPKACOM U3 TPEX CYIIEPDJIJIMIICOB

Annomayusn. /[okazano u NPOULTIOCMPUPOBAHO, HMO UMesi OOUHAKOBbIL 2INA6HbIN KAPKAC
NOBEPXHOCTU MOJICHO NOCPOUNb MPU PA3Hble NOBEPXHOCU NEPEHOCA Beapoudaibhozo mund. Bssae
9mu mpu pasHele JuHeuuamvle HOBEPXHOCMU 8 Kauecmee CPeOUHHLIX HOBEPXHOCMeEU MOHKUX
CMPOUMENbHBIX 000N0UEK, MOICHO PACUWUPUMb YUCLO APXUMEKMYPHBIX (DOPM, Npuemiemvblx Oisl
CMpOUMenbHOl NPAKMUKLU.

Ioxaszana  603MOHCHOCMb — ONpeOdeneHUss  HANPSIICEHHO-0ePOPMUPOBAHHOZ0 — COCMOSIHUSL
JIUHeNYamulX 000104eK ¢ paccmMampugaemvbimMu CPEOUHHBIMU NOBEPXHOCNAMU NPU NOMOWU MUNOBO20
komnvromeprozo xomnaexca CKAJl. U3 npedcmagneHuvlx u30n0aell 04e8UOHO, UYMO HANPANCEHHO-
deghopmuposanHvle COCMOAHUS PA3HLIX JTUHEUYAMbIX 00004eK HA 08ATIbHOM NIAHe, HO C OOHUM U meM
JHce 2NABHBIM KAPKACOM, OMIUYAIOMCA He3HAYUMeNbHo )y 08yX u3 mpex obonoyex. Ilpu smom Ovino
VCMAHOBIEHO, YUMo OaHHble 08¢ 000IOYKU UMEIOM OMPUYAMETbHYIO 24YCCO8Y KPUBU3HY, 4 Mpembs —
nynegyio. CnedosamenvHo, Uckams 6ojiee ONMUMATLHYIO 000I0UKY NO KpUmepuro NpoyHOCmU cpeou
08YX 0007104eK C OMPUYAMENbHOU 2ayCcCOB0U KPUBU3HOU He UMeem CMbICad, cledyem Guloupams
000104KY N0 OpY2OMY KpUMEPUIo, Hanpumep, no Kpumepuio mpyooemMKoCu U320moei1eHus.

Knroueevie cnoea: monkas o000104ka, Memoo KOHEYHO20 OdJleMeHmd, JAUuHeln4amas
NOBEPXHOCMb, AleeOPAUYEcKas NOBEPXHOCMb, 2NAGHDIL KAPKAC NOGEPXHOCIU, CYNePIUIUNC.

l.A. MAMIEVA', V.V. KARNEVICH'
YPeoples’ Friendship University of Russia (RUDN University), Moscow, Russia

GEOMETRY AND STATIC ANALYSIS OF THIN SHELLS WITH RULED
MIDDLE SURFACES OF THREE SUPERELLIPSES AS MAIN FRAME

Abstract. The possibility of generating three different translational surfaces of velarodial type
by having the same main frame of the surface is proved and illustrated. Using these three different ruled
surfaces as middle surfaces of thin shells allows to extend the number of architectural forms in
construction practice.

Static analysis of the shells with the middle surfaces under consideration is performed using
the SCAD standard finite element software. The results of the analysis of different ruled shells with
oval-shaped base, but of the same main frame, imply that the stress, moment and displacement
distributions are almost identical in two of the three shells. Moreover, it is established that the
Gaussian curvature of these two shells is negative, and is zero in the third one. Therefore, there is no
sense in determining the optimal shell in terms of strength out of the two shells with negative Gaussian
curvature. Rather, these two shells may be evaluated based on another criterion, for example,
complexity of manufacturing.

Keywords: thin shell, finite element method, ruled surface, algebraic surface, main frame of
surface, superellipse.

BBenenue

B pabotax [1, 2] noka3aHo, 4TO B35B IVIABHBIA KapKac MOBEPXHOCTH, COCTOSIIUN U3 Tpex
IIOCKUX KPHBBIX, JICKAIINUX B TPEX KOOPAHMHATHBIX ITNIOCKOCTAX, MOXXHO IMTOCTPOUTH TPHU PaA3HBIC
aﬂre6paI/I‘{CCKI/IC MOBEPXHOCTU C OAHUM U TEM KC JKCCTKHUM KapKaCOM.
© Mamuesa U.A., Kapneseuu B.B., 2023
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[TocTpoeHnHbIe TaKUM 00pa30M MOBEPXHOCTH MCIIOIB30BAUCH sl (JOPMUPOBAHUS CYAOBBIX
KOPITYCOB PEYHBIX, MOPCKUX (PUCYHOK 1) M momBoaHbIX Kopabieit [1, 3]. B cratee [4] BnepBbIe
MPEAJIOKEHO  HCIOJb30BaTh AT TMOBEPXHOCTH B KA4YECTBE CPEJIMHHBIX IMOBEPXHOCTEH
CTPOUTENBHBIX 000704Y€EK (PHCYHOK 2).

a) 0)

SRS

Ry
IR
\\\\“\\\‘\\‘“\“‘.“i‘\
e
1] ||l‘ “ i

(3
ot ‘o‘.‘

Pucynox 1 — Ilosepxnocmp cy006020 Pucynox 2 — Ilogepxnocmu c 21a6HbiM KapKacom u3z mpex
Kopnyca, 00pa306aHHAA CEMEIICHEOM CYNEPINIUNCOB: @) NOGEPXHOCH b 00PA306aHA NIOCKUMU
MUOETbUNAH2OYN 06 JUHUAMU 6 20PU3OHMAILHBIX NAOCKOCMAX; 0) NOBEPXHOCMb

oépasoeaua NIOCKUMU JIUHUAMU 6 6€PMUKATIbHBIX NIIOCKOCMAX

[IpuMeHeHne CcynepaJUTUIICOB B KA4eCTBE IUIOCKMX KPHUBBIX TJIABHOTO KapKaca MO3BOJIMIO
YIOPOCTUTH MPOIIECC BU3yalM3allMM HCCIeAyeMbIX MoBepxHocTeil. [Ipenmnonoxum, 4To IUIOCKHE
KpPUBBIE TJIaBHOTO KapKaca pacCMaTPUBAEMbIX TTOBEPXHOCTEH MPEACTABISAIOT COOOI0 CYNEPIIUTUIICHI
[5] u 3ananbl B BUE:

KpuBas | pacrnonoxxeHa B ruiockocta Z = 0:

t
yIr=wr(1-5) (1)
KpHuBast 2 pacioJioKeHa B IJIIOCKOCTH x=0:
_pn(p_bm
2" =717 (1-22), )

KpHuBast 3 PAacCIiojIOKE€HA B INIOCKOCTH Y = 0:

s s |x|
jz1s =10 (1-55), 3
rae r =t,n=m, s =K, HO /Ui BBIMYKJIBIX KPUBBIX I, t, N, M, S, K> 1; 151 BOTHYTBIX KPHUBBIX I, T, N,
m, s, k<1.Ecmu npunsit r =t =1, n=m =1, s =k = 1, to kpusbie (1) — (3) BBIpOKIAIOTCS B
MPSIMBIE JIMHUH, & CYTIEPIJUTUIICHI BBIPOKIAIOTCSI B POMOBI.
Hcnonbs3yst METOUKY, U30XKEHHYIO B paboTax [1, 2], MOKHO TIOTyYUTh SIBHBIE YPAaBHEHUS
Tpex anreOpanvecKux MOBEPXHOCTEH C OJHUM M TEM e IIaBHbIM KapkacoM (1) — (3)
¢ 00pa3yroIuM CeMEMCTBOM CEYeHUI X = CONSt:

2] = T(1 = |x[*/L)Y3[1 = |y/w /(1 = |x/Liey™ ", 4)
¢ 00pa3yIonuyM CEeMEeMCTBOM CEUEHU ) = CONSt:
Izl = T(1 = |y[™/W™Vr[1 = |x/LIK /(1 — [y/ W]/, 5)
1 ¢ 00pa3yromyM CeMEMCTBOM CEUeHH Z = CONSt:
1/
lyl = W( — |2|"/T™Y™[1 — |x/LIt/(1 — |z/T|5)*] 7, (6)

roe —L <X<L,-W<y<W,0<z<T.
SIBHBIE ypaBHEHUs noBepxHocTel (4) — (6) MOXKHO IIEPEBECTH B MapaMeTpUUYECKy0 popMy
3aJlaHus:

X = x(u) = +uL, y=y(u,v) = vW[1-uT", z=z(uyv)=T[L-u]"[L - v["]*" (4a)
x=x(uyv) =vL[1—uT*, y=y(u) =+uW, z=2z(u)=T[1-u™""[1-|v[]", (5a)
x = x(u,v) = vL[1 — ¥, y = y(u,v) = + w1 —u"M"[1 - 7Y, z = z(u) = uT, (62)
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rre0<u<1, -1 <v<1;u, V- 0e3pa3mepHbIe TapaMETPHI.

B pabore [6] mpennararoTcs il BHEAPCHUs JIMHEHYAThIE IMOBEPXHOCTH, 3aJaBacMbIe
ypaBHeHusiMH (4) — (6) wiu (4a) — (6a). beuto ycraHoBieHO, uTo Ojarojapsi BHIICIPUBEICHHBIM
YpaBHEHUSIM MO>KHO TIOCTPOUTD MSATh TPOEK JIMHEHYATHIX TOBEPXHOCTEH.

ean uccaenoBanusi

HccnenoBaTh reOMETpUIO M MPOBECTH CTAaTUYECKHH pacdyeT 00O0JOYEeK C JABYMS BHIAMHU
JUHEWYAThIX CPEJUHHBIX ITOBEPXHOCTEH, BIEPBBIC NPEIJIOKCHHBIX B padore [6]. JanHoe
UCCIICIOBAaHHE TIOMOXKET BHIOpAaTh ONTUMAaNbHYIO (hOopMy JHMHEHYAaTOW OOOJIOYKHM W PACIIUPUT
BO3MOXKHOCTH HMX  (hopMooOpa3oBaHHsl [ apXUTEKTOPOB B  paMKaX CYIIECTBYIOIIMX
apXUTEKTYPHBIX cTUIIEH [7].

I'eoMeTpusi JUHEHYATHIX NMOBEPXHOCTEH, MOCTPOEHHBIX HA OCHOBE AJIredpamvecKux
MOBEPXHOCTEH ¢ IIaBHBIM KapKacoM u3 Tpex cynepaJuiuncos (1) — (3)

[Tycts cynepamunc, pacmonoxeHHsiid B miockoctu XOY, 3aman B Buge (1), a aBa apyrux
CYIIEpAJUIMIICA TJIABHOTO KapKaca BBIPOXKAAIOTCS B MPSIMbIC JIMHUU, TO €CTh N = M =S = Kk = 1
TOTIa UMEEM TPU TIOBEPXHOCTH HA OBAJILHOM ILIAHE:

z=T(1- |x|/L)[1 - ly/WI|/(1 - |x/LIHY7], (7)
z=TQ—|y/WD[1 - |x/LI/(1 - |y/W|)Y], (8)
lyl =W —z/T)[1 - |x/LI*/(1 — z/T)*]V/", 9)

rae L <x<L,-W<y<W,0<z<T.
SIBHBIE ypaBHEHUS moBepxHOCTEH (7) — (9) MOXKHO MEepeBecTH B MapaMeTpPUUIECKyI0 GopMy
3aJJaHMsL:
X = x(u) = uL, y = y(u,v) = VW[1 —uT*", z=2z(uv) = T[1 - u][1 - V] (pucyHok 3 a), (7a)
X =x(u,v) =vL[1—uT", y=yu)=+uW, z=2z(u)=T[1-u][l- IV]] (pucynok 3 6), (8a)
X =x(u,v) =vL[1—u], y=y(uv) =+ W[1—u][1 - MT*, z=z(u) = uT (pucynox 3 6). (9a)
Ha pucyHok 3 a, 6, 6 moka3aHbl TpU MOBEPXHOCTH € I' = t = 4, HO C OJMHAKOBBIM I'JIaBHBIM
kapkacoMm. OueBUHO, YTO NepBbie ABe MoBepxHOCTH (7) U (8) ABisAr0TCS noBepxHOCcTsIMU KaTtanana
[8] witut Gostee TouHO HUIMHAPOUAaME [9].

Pucynok 3 — Jluneituamoie nogepxnocmu Ha Ni0CKOM 08A1bHOM NAHE:
a) nosepxnocme, 3a0annan ypasuenuamnu (7a); 6) nosepxnocms, 3a0annan ypasnenuamu (8a);
8) nogepxnocmo, 3a0annan ypasnenuamu (9a)

[Tepennmiem ypaBuenus (7) — (9) B pa3BepHyTOM BUJIE:

[z = T(L — X/L)I'(L — /LT = [TIyl(L - XPLyWT, (76)
[z - T(L - [yPW)I'(X — yI'"W) = [-TIx|(L — yWW)ILT, (80)
Iy['"W" + [x|'/L" — (1 - 2/T) = 0. (96)

Takum oOpa3oM, nuHeldateie moBepxHOCcTU (70), (80) sBIsITOTCS anreOpandyecKuMH
MMOBEPXHOCTSM Topsiaka 2r. JInneluatas moBepxHOCTh (90) mpeacTaBiaseT co0oil anredpandeckyro
MOBEPXHOCTh TOPsIIKA I
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VYuuteiBasg, 4TO B JaibHEHIIeM OyAZyT paccMaTpuBaTbcs OOOJIOYKH, M300pakeHHBIE Ha
pHCYHOK 3, T.e. C I = 4, onpeAenuM Ui UX CPEAMHHBIX MOBEPXHOCTEH K03()(UIIMEHTH OCHOBHBIX
KBaJPaTUYHBIX (POPM MTOBEPXHOCTEH.

JIro0yt0 TIOBEpXHOCTh, 3aJaHHYIO NApaMETPUYECKUM YpPaBHEHHUSIMH, MOXKHO 33/1aTh
BEKTOPHBIM YPaBHEHUEM:

r=r(u,v) = x(u,v)i + y(u,v)j + z(u,v)k.
B stom cmyudae ko3(uIMEHTHI OCHOBHBIX KBaApaTHYHBIX (GopMm moBepxHOcTH (7a)
OIpeAeISIIoTCS 110 hopMymam:
E=A%=r2=L2+vAuW¥(1 - u*)*? + T°(1 - v)?,
G =B?=r2= W1 - u")*? + T?(1 - u)? = B¥(u),
F=ryr= W1 - uH)2+ TH1-u)(L - V), (10)
3LTWvu?(1 —u)

+ =
VA?BZ —FZ (1 — u*)s
LTW(1 —u?)

L 3
VAZBZ = F2 (1 — u*)s
N=0

L

(11)
Koadduunent Bropoii kpagpatuunoit popmel N = 0 moka3pIBaeT, YTO KOOPAUHATHbIE TUHUU
V COBMAJAIOT C MPSAMBIMH 00pa3yromumu noBepxHocTH (7a). Koaddumment nepBoii kBagpaTHaHON
¢dopmbl F # 0 moka3piBaeT, YTO KPHUBOJIMHEHHBIE KOOPJAMHATHI U, V — HEOPTOrOHAJbHBIE, a
Kod(durmeHT BTopoit kBagparndHoi Gopmel M # 0 moka3bIBaeT, 4TO KOOpPJAMHATHAS CETh U, V —
HECONPSKEHHAS.
Koo duumeHTsl OCHOBHBIX KBagpaTHYHBIX (HOpM MOBEPXHOCTH (8a) OMpEenesstoTcs Mo
dbopmynam:
E=A%=r2=W +VACL%(1 - u"¥ + T2 (1 - v)?
G=B%=r2=L31-u)"?+ T4 1 - u)® = B*(u),
F=ryr= —~vilL¥(1 - u)"? + T2 1 - u)(L - v), (12)
3LTWvu?(1 —u)

L 7)
VAZBZ ZFZ (1 — u*)s
LTW(1 —u?)

+ T,
VAZBZ = FZ (1 — u*)s
N =0.

L

(13)

Ecmun B ¢opmynax (12), (13) npousBectu 3ameHy mocTosiHHbIX napametpoB W < L, To
nonyuuM ¢opmynel (10) — (11). Kommentapuun x dopmynam (12), (13) Oyayr aHamoruyHsl
KoOMMeHTapusM K ¢popmyrnam (10), (11).

O6e nuHeHyaTble MOBEPXHOCTH, H300paK€HHbIE HA PHUCYHKaX 3a M 3 6 SBIAOTCA
MOBEPXHOCTSMHU OTPULIATETILHON TayCcCOBOM KPUBU3HBI, TaK KaK

LN — M? —M?
“wp-r2 wp_p "

Juddepennnansl COOTBETCTBYIONIMX AYT KOOPAUHATHBIX JIMHUM U U V MOKHO BBIYHCIIUTH

o ¢popmyram

ds, = Adu u ds,, = Bdv.
Koad¢uimenTsl 0OCHOBHBIX KBaApaTHUHBbIX (opM moBepxHocTed (9a) ompenensitoTcs Mo
bopmynam:
E =A?=r2= WAL — V)M +\2L2 + T2 = A(v),
G=B=r/=(1-u)’ [L+ Vv*W?/ (1 —v}*,
F=ryr=-v(1-u)[L>~vW?/ (1 v}, (14)
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2
A’B? —F%2 = (1 —u)? W—S(LZ + T?v%) + L?T?| = (1 —w)?[f(v)],
(1—-v*):z
L=0,
M=0,
T 3TLWv?(1-u)?
\/AZBZ—Fz(l—v‘*)%
Koaddurmmentst ocHOBHBIX KBampaTudHbix (opm (14), (15) moepxnHocrerr (9a)

N =

(15)

IIOKAa3bIBalOT, 4YTO KOOpI[I/IHaTHbIe JUHUU U — HpSIMBIC JIMHHUHU, a caMa paCCManI/IBaeMaH
IOBEPXHOCTD ABJIACTCA IOBEPXHOCTBIO HynCBOfI FaYCCOBOP'I KPUBU3HBI
LN — M?
K=fpr_F ™

KoopauHaTHble TMHUN U €CTh JIMHUU TJIaBHBIX KPUBU3H IOBEPXHOCTH.

KoaddurmenT Bropoit kBagparnaaon Gopmsl (15) M = 0, cnemoBaTenbHO, KOOpAMHATHAS
ceTb U, V — COIpsDKEHHAas, YTO €CTECTBEHHO, T.K. JI000€ CeMEWCTBO JIMHUI, Iepecekarolee
CEeMEHCTBO MPSIMBIX KOOPAWHATHBIX JJMHUN Ha TOPCOBBIX MOBEPXHOCTSIX (POPMHUPYIOT COIPSIKEHHBIE
CeTH Ha TOopcax.

IIpennocbliikn K BbIOOPY MeToJa oOmpedeleHHs NapaMeTPOB HaNPSKEHHO-
ne¢opMHUPOBAHHOTO COCTOSTHHSI JIMHEHYATHIX 000J10Y€EK

B craree [10] mpencraBieHbl uYeThIpe 3Tana CO3/aHUS M Pa3BUTHS TEOPUM IJIACTUH U
000J1049eK, KOTOPBIE MPHUBEIH K pa3paboTKe MEXaHW3Ma pacueTa MPOCTPAHCTBEHHBIX KOHCTPYKLIUH
MOKPBITUN OOJBIICTIPOJIETHBIX 3JaHUM U COOpYXXEHMH Ha coBpeMeHHOM YypoBHe. Hauanom
YeTBEpPTOr0  d3Tama  pa3BUTUSL  TEOPUM  pacueTa, IPOEKTUPOBAaHMS U CTPOMUTENHCTBA
OOJIBIICTIPOTICTHBIX COOPYKEHUI MOXKHO YCIIOBHO cuuTaTh Hadasmo XXI B.

B Hacrosimiee BpeMs CymiecTByeT OOJBIION BBIOOP aHAIMTHYECKUX, NOTyaHATUTHUECKUX U
YHUCICHHBIX METOJIOB pacueTa 000J04YeK M 000JIOUEUHBIX CTPYKTYp. B mpensiayiiem pasziene
MO0Ka3aHO, 4YTO CpPEJAMHHBbIE MOBEPXHOCTH paccMaTpHUBAaEMbIX OOOJOYEK 3aJaloTcs B JEKapTOBBIX
KOOpJMHATaxX MpU IMOMOIIM ainreOpandeckux ypaBHeHUs (4) — (6) wiM mnapaMeTpuuYecKUMH
ypaBHeHUsAMHU (4a) — (6a). Ilpuuem KpuBOJIMHEWHBbIE KOOpAWHATHbIE JMHUM U, V Ha 3TUX
MOBEPXHOCTAX OynyT HeopToroHanbHbIMU (F # 0) u HeconpspkeHHbIMU (M # 0) KOOpIUHATHBIMU
nunusaMu. [Ipu BeiOpanHOM criocobe GpopMooOpa3oBaHusi OJHO CEMEHCTBO KOOPIUHATHBIX JIMHHUI
COBIAACT C MPSIMOJIMHEHHBIMU 0Opa3yronmMu nmoBepxHocTed (L =0 wmu N = 0).

YuuTeiBasg 3TH yCJIOBUS, JJI pacyeTa pacCMaTpUBAEMbIX JIMHEHUYATBIX 000J0YEK MOXKHO
UCI0JIb30BaTh cucteMy 20 pacdeTHBIX ypaBHEHHI Teopuu TOHKUX obonouek A.Jl. ['onbaenBeiizepa
[11] mns DpOM3BOJIBHBIX KOOPAMHAT, KOTOPHIE COAEpPX AT BHYTPEHHHE «IICEBAOYCUIUS» U
«TICEBIOMOMEHTBD», WK cucteMy 20 pacueTHBIX ypaBHeHuH, npemnokeHHyro C.H. Kpusomanko
[12], xoTopble coaepkaT BHYTPEHHHME YCHJIMS M MOMEHTBHI, OOIIECNPHHATbIE B HHKEHEPHOI
MpaKkTUKe, WU pacdyeTHble ypaBHeHus ['puropenko S1.M, Tumonmna A.M. [13], 3anucaHHbIE B
TEH30pPHOM BHUJIE.

AHanu3 umeromuxcs padoT MoKasal, YTO 3TU TP IPYIIIBI pAaCUETHBIX YPAaBHEHHN JTMHEHHON
TEOPUU TOHKUX 000JI0YeK ObUIM MCIOJIb30BAHBI TOJBKO Ui YIPOIIEHHONH O€3MOMEHTHOM TeopHH
pacuera 000JIOUEK WM JUIsl pacueTa JMHEHYaThiX 000JI0UEK C JOMYIIEHHWEM psAla YIPOIICHUH B
reOMETPUH WM B PACUETHBIX ypaBHEHUSAX Teopuu obosiouek [14]. Takum oOpa3oMm, NPpUMEHUTH
aHAJIMTUYECKUE METOJIBI pacdyera paccMaTpUBAEMBbIX JIMHEHYAThIX O00JIOYEK B HACTOSIIEE BpeMs
HEpeabHO.

Jlns BbIOOpa perieHusi MOCTaBIEHHON 3ajjauyd ObUTH PacCMOTPEHbI HECKOJIBKO BapHaHTOB
YHUCJIEHHBIX  METOAOB: METOJl YHUCICHHOIO  WHTETPUPOBAHUS  CHCTEM  pa3pelIaroIInX
g depeHINaTbHBIX YpaBHEHUS, TOTyaHAIUTUYECKUH METO]] MaJIOTO TapaMeTpa, METO]l KOHEUHbIX
pa3HOCTe, METOJl KOHEUHBIX JJIEMEHTOB B INepeMenieHusx u Ap. [15]. B urore Obuto pemieHo
UCMOJIb30BaTh METOJ] KOHEUHBIX ayieMeHTOB [16] B mepememenusix. B XXI Beke ycnemrHo
HCIONL30BAINCh, BBEIYMCIHUTEILHBIE KOMILIEKCH Ha ocHoBe MKD, rtakme kak JIMPA, SCAD,
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STARK, MicroFE, CTAIMO, ABAQUS, ADINA, ANSYS, LS-DYNA, COSMOS,
MSC/NASTRAN, SOFISTIC [10] u ap. B pe3ynbrate perierno 0bu10 octanoButhes Ha [IK SCAD.
Ucnonp3ys tumoByto mnporpammy SCAD [17], u3MeHsss rabapuTHBIC TapamMeTpbl 000JIOYEK,
MOKa3aTeIN COOTBETCTBYIOIIMX CTENEHEeW B KPHUBBIX OCHOBHOro kapkaca (1) - (3) cpenuHHBIX
MOBEPXHOCTEH O000JOYEK W TMPHUHSB BBIOPAHHBIN TapaMeTp ONTUMHU3AINUUA, MOXXHO BBIOMpATh
ONTHUMAJIBLHYIO0 000JI0UKY Cper OTPOMHOI0O YKciia 000JI0UEK B aBTOMaTHU3UPOBAHHOM PEXKHUME.

CraTn4yecknii pacyer 000J1049€K CO CPeIUHHBIMHU MOBEPXHOCTAMHU (7a)-(9a)

Paccunraem 06onouku, npeacTaBIeHHBIC HA PUCYHKE 3 a, 0, 6, HAa ICWCTBUE HATPY3KH THIIA
coOcTBeHHOoro Beca = 1 kH/M, JCHCTBYIOIIETO B HAIMpaBICHUU OOpPATHOM HAIPaBJICHUIO
HEMOJIBUKHON KoOpAuHATHOU ocu OZ.

Iyetre L =10y, W=7 m T =8 m r =1t =4 (pucynok 4). Kpome Toro, nmpumem
MOCTOSIHHYIO TOJIIIMHY 000J10UeK paBHYIO h = 7 ¢M, MOAYJIb YIPYTOCTH MaTepuana o0osiouku Ej, =
32500 Mlla, kosddunuent Ilyaccona v = 0,17. bynem cuurtath, yTO 00OJIOUKA 3allEMIIEHA B
OCHOBaHWU MO KOHTYpY Z = 0. Jlmsg momydeHUs pe3yibTaTOB HCIOIb3YeM BBIYMCIUTEIBHBIN
komruiekc SCAD [17] na 6a3e MeToa KOHEUHBIX 3JIEMCHTOB B MTEPEMEIICHUSX.

Z

Pucynox 4 — Cxema 06010uKu 6 0ekapmoegoil cucmeme KOOpOUHam

Ha pucynkax 5 u 6 npesicraBieHsl pe3ylibTaThl pacyeTa TOHKOM 000JI04KH, MOKa3aHHOM Ha pUCyHKE 3 a.

N’ -448.80  |-392.76
-392.76 | -336.65
-336.65 -280.54
-280.54  |-224.43
-224.43 -168.32
-168.32  |-112.22
-112.22 -56.11
-56.11 0
0 43.91
4391 87.83

Ny -380.1 -337.87
-337.87 -295.63
-295.63 -253.4
-253.4 -211.17
-211.17 -168.93
-168.93 -126.7
-126.7 -84.47
-84.47 -42.23
-42.23 0
0 33.81

[

-0.52 |-0.45
-0.45 |-0.39
-0.39  [-0.32
-0.32 |-0.26
-0.26 |-0.19
-0.19 [-0.13
-0.13 |-0.06
-0.06 |0

0 0.08

0.08 |0.16

[

Pucynok 5 — Hzonons ycunuii 000104Ku, CpeOuHHAs ROGEPXHOCHb KOMOPOIL 3a0ana ypasuenuamu (7a):
2 2.
a) HopmanvHOe HanpaiceHue 60016 ocu X, KH/m*; 6) nopmanwvnoe nanpscenue 60oaw ocu Y, kH/m*;
8) uszcubarOUUIL MOMEHM OMHOCUMENbHO ocu X, KH-M/M; 2) uszzudatowuii momenm omuocumenvno ocu Y, kH-w/m
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011 |-0.09 Y 021 [017
-0.09 [-0.07 . : 017 |-013
-0.07 |-0.04 0.13 [-0.08
-0.04 [-0.02 -0.08 |-0.04
002 |0 0.04 |0

0 0.02 0 0.04
002 [0.04 004 0,08
0.04 [0.07 008 [0.13
0.07 [0.09 013 |0.17
0.09 [0.11 0.17 |02l

-0.24
-0.22
-0.19
-0.16
-0.13
-0.1

-0.08
-0.05
-0.02
0.01

Pucynok 6 — Hzonona nepemenjenuil 000104KU, CPEOUHHAS NOBEPXHOCMb KOMOPOIL 3a0ana ypasHeHuamu (7a), 6 mm:
&) nepemewjenus no ocu X; 6) nepemeujeHus no OCU Y; 8) nepemeuienus no ocu Z

Ha pucynkax 7 u 8 mpejcTaBieHbl pe3ysbTaThl pacueTa TOHKOH 000JI0YKH, MOKa3aHHOH Ha
pucyHke 3 0.

a) 0)

-437.17  |-382.52
-382.52  |-327.88
-327.88  |-273.23

-334.43
-292.62
-250.82

27323 [-218.58 -209.02
21858 [-163.94 -167.21
-163.94  [-109.29 12541
210929 |-54.65 -83.61
-34.65 0 418
0 422 0
22 844 20.98
052 -0.45
-0.44 -0.39
-0.35 0.32
-0.26 -0.26
-0.17 -0.19
-0.09 .13
0 -0.06
0.09 0
0.18 0.08
0.27 0.16

Pucynox 7 — Hzonona ycunuii 000104Ku, CpEOUHHAA NOGEPXHOCMb KOMOPOIl 3a0ana ypasnenuamu (8a):
a) HopManbHOoe HanpaXceHue 80016 0CU X, KkH/M’; 6) HOpMaNbHOE HARPAXdCEHUE 800716 OCU Y, KH/M?;
8) uszcubarOWUIL MOMEHM OMHOCUMENbHO ocu X, KHM/M; 2) uszudatowuii momenm omuocumenvno ocu '\, kH-w/m
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a) 0)

0.09 " 021 |-017
0.06 ‘ o 017 |-013
0.04 \ 013 |-008
20.02 W 008|004
0 004 |0

0.02 0.04
0.04 0.04 |0.08
0.06 008 |0.13
0.09 0.13 0.17
0.11 ' ' 017|021

Z X

-0.24
-0.21
-0.19
-0.16
-0.13
-0.1
-0.07
-0.04
-0.02
0.01

Pucynok 8 — Hzononsa nepemewjenuit 000104Ku, CPeOUHHAA NOBEPXHOCHb KOMOPOIL 3a0ana ypasnenuamu (8a), 6 mm:
a) nepemeuienun no ocu X; 6) nepemewieHus no ocu y; 6) nepemeuieHus no ocu Z

Ha pucynkax 9 u 10 npezacraBieHsl pe3yabTaThl pacueTa TOHKOW 000JI0YKH, TTOKa3aHHOW Ha
pucyHke 3 .

-276.18 -288.98  [-247.69
-230.15 -247.69 | -206.41
-184.12 -206.41 -165.13
-138.09 -165.13  [-123.85
-92.06 -123.85 |-82.56
-46.03 -82.56 -41.28
0 -41.28 0

44 0 46.91
88 46.91 03.82
132 93.82 140.72

-1.61
-1.34
-1.07
-0.81
-0.54
-0.27

-1.14
-0.91
-0.68
-0.45
-0.23

0.2
0.4
0.6
0.8

0.25
0.5
0.75

Pucynoxk 9 — H3onona ycunuii 060104Ku, CpeOUHHAA NOGEPXHOCHb KOMOPOIL 3a0ana ypasnenuamu (9a):
a) HopmanvbHoe Hanpad ceHue 800J1b OCU X, kH/m?; 6) HOpMAbHOE HanpAdceHue 800J1b ocu Y, kH/m?;
8) uszcubarOWUIL MOMEHM OMHOCUMENbHO ocu X, KH-M/M; 2) uszudatowuii momenm omuocumenvno ocu '\, kH-w/m
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)< 0.99 |-0.79 Y 212 [-1.7
£0.79 |-06 1.7 |-1.27
06 |04 -127 [-0.85

04 |02 085 [-0.42

-0.2 0 -042 |0

0 02

042|085

0.2 04

0.4 0.6 0.85 1.27

0.6 0.79 1.27 1.7
1.7 212

0.79 099

-1.66
-1.45
-1.24
-1.03
-0.82
-0.61
04

20,18
0.03

0.24

Pucynox 10 — H3onona nepemewienuii 0007104Ku, CPeOUHHA ROGEPXHOCHb KOMOPOI 3a0ana ypasHenuamu (9a), 6 mm:
a) nepemewjenus no ocu X; 6) nepemeujeHus no ocu y; 6) nepemeuienun no ocu 1

Pe3yabTarsl
B nanHoil cTatbe ofHa TpoiiKa JTMHEHYATHIX TOBEPXHOCTEH (PUCYHOK 3), U3 MPEIIOKEHHBIX

B paboTe [6] mATH TPOEK JMHEHYaThIX MOBEPXHOCTEH, CO3/IaHHBIX HA OCHOBE HEKOTOPBIX (opM
CYAOBBIX KOPITYCOB PEYHBIX M MOPCKHMX KOpaliieil, KoTopble, B CBOIO OuYepe/ib, IPOEKTUPYIOTCS B
dhopme anredpandecKkux MOBEPXHOCTEN C TJIAaBHBIM KapKacoM U3 TPEX CYMEPIJUIHIICOB [3] Uitk Tpex
JIpYTUX TUIOCKUX KpuBbIX [1], BHepBble MOAPOOHO paccMaTpuUBaeTCs C TOUKH 3pEHUs
muddepeHnmanbHoOl TeoMeTpun. M3ydaroTcss TOHKHE JMHEHYaThle O00O0JOYKM Ha TPEAMET HX
MPUMEHEHHUS] B CTPOUTENBHON apXWUTEKType W B MalIMHOCTpoeHHH. [IpuBeneHbl Gopmymnsl miis
OTIpENIeNIEHUs] WX TEeOMETPHUYECKHX IapaMeTpOB: JUIMH JIMHWNA Ha TMOBEPXHOCTH, KPUBU3HBI HX
MOBEPXHOCTHBIX KOOPAMHATHBIX JIMHUH, MIIOMAAel (parMeHTOB MOBEPXHOCTH WM IJIOMIAAN BCei
MTOBEPXHOCTH.

[Tokazana BO3MOXHOCTb ONpEAETCHUS HaNpsHKEHHO-Ae()OPMUPOBAHHOIO  COCTOSHUS
JMHEWYaThIX O000JOYEeK C paccMaTPUBAEMBIMH CPEIMHHBIMH TOBEPXHOCTSMH TPH TOMOIIU
THUIIOBOT0 KoMIIbtoTepHOro komrekca CKAJL.

Kak BuAHO W3 TMpeACTaBICHHBIX Ha pHUCyHKax 5-10 w3omoneil, HampsKeHHO-
neGopMUpPOBaHHBIE COCTOSIHUS JTUHEWYAThIX 000JI0YeK, 00pa30BaHHBIX ypaBHeHUsMU (7a) u (8a),
OTIMYAIOTCS He3HauuTenpHOo. (renoBaTeNbHO, HUCKaTh Ooyiee ONTUMAIbHYIO O00OJOYKY IO
KPUTEPHUIO MPOYHOCTU CPEeOu MAHHBIX JBYX OOOJIOYEK HE HMEET CMBICTA, CIEAYET BBIOUpATh
000JIOUKYy MO JpYroMy KpHUTEpHUIO, HAlpUMep, IO KPUTEPUIO TPYAOEMKOCTH HW3TOTOBJICHHMS.
Ob6omnouka, oOpazoBaHHas ypaBHeHUsIMU (9a), 007a1ast OJTHUM U TE€M Ke TJIABHBIM KapKacoM, 4To U
y TIEPBBIX ABYX 000JI04eK, 3ameTHO oTindaetrcs B pamkax HJIC. Tak, Hanpumep, B o6onoukax (7a)
u (8a) MakcHMalbHbIE CyMMapHbIE MIEpeMEeleHUs HaOIt0JaloTCs B OKPECTHOCTH Touek X = +0.2L, y
= +0.3W, a B obOomouke (9a) — B okpectHOCTH KoopmuHaT X = 0, y = £2/3W. Benuumna
MaKCHUMaJIbHOTO CYMMapHOTro mnepemenieHuss B oOojouke (9a) B ceMb pa3 NpEBBIIIAET JIaHHBIC
3HaueHus: B obOomoukax (7a) u (8a). Pacmpenenenne HOPMaIbHBIX YCUJIMHA W HM3THOAIOIINX
MOMEHTOB B 00oouke (9a) Takxke CYIIECTBEHHO PAacXOIUTCS B cpaBHEHHH ¢ obOosoukamu (7a) u
(8a), kKak BHJHO M3 COOTBETCTBYIOIIMX M30MOJICH. B ¢Bsi3M ¢ 3TUM, mpu BIOOpE MEXIy 000JI0UKOM
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(9a) u obomoukoii (7a) mubo (8a) ¢ Touku 3penuss HJIC, HeoOxomum Oosiee MOAPOOHBIIA
MIPOYHOCTHOM aHaJIM3.

Pa3BuTHE HOBBIX YTOYHEHHBIX YHCIEHHBIX METOJOB pacuera 00O0JIOUYEYHBIX CTPYKTYp Ao
TOJTYOK PACIIMPEHHOMY Pa3BUTHIO apXUTEKTYphl cBOOOMHBIX (opm [7, 18, 19]. Ilpumenenue
MHTEPECHOTO KJacca JIMHEHUYaThIX TOBEPXHOCTEH (POPMUPYIOMIMXCS HENMPEPHIBHBIM JABMKCHUEM
MPSIMON JTMHUM OTKPBLIO HMIMPOKUE BO3MOKHOCTU B UX HCIIOJIb30BAHUU JI HECYUIUX CTPYKTYp, B
W3TOTOBJICHUH COOPHBIX Y3JI0B, WiH 31eMeHTOB (acama [20]. ['eomeTpbl pa3pabaTbiBalOT MHOTO
HETPATUIIMOHHBIX METOI0B (OPMUPOBAHMS JIMHEHYATHIX MMOBEPXHOCTEH, UCIOIB3YS HE TOJBKO
aHAIUTUYECKUE TOIXob! [21], HO TIIaBHBIM 00pa3oM, MPUMEHSST KOMIBIOTEPHOE MOJICTUPOBAHUE
[22, 23].

BriBoabI

BBenenue B MpakTHKy HOBBIX FeOMETpHUECKUX (HopM 000JI04eK U 000JI0YEUHBIX CTPYKTYP
JaeT BO3MOXHOCTh PACIIUPHUTH IMOMCKHM WX HaWOOJee ONTUMAIBHBIX (DOPM, COOTBETCTBYIOIIMX
BBIOpAHHBIM KPUTEPHUSM ONTUMAIBHOCTA. 3HAMEHUTBHI HUCHAHCKUN WHKEHEP-CTPOUTENIb .
Toppoxa (Ed. Torroja, 1899 - 1961) nosarai, 4To 3TO OYEHb MEPCIICKTUBHOE HAIPABICHHUE IS
UCCIIEIOBAaHHM, MPOBOAUMBIX OMNBITHBIMH YYEHBIMH-MEXaHUKAMH, aAPXUTEKTOPAMU M MOJOIBIMU
UCCleoBaTesIMU. JTO MOATBEpXKJIaeTcsl nosiBieHueM B XXI|-oM Beke HOBBIX apXUTEKTYPHBIX
CTHJICH, HAMPABJICHUI U CTUIJIEBBIX TEYCHHIA.
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"HauponansHslii necnenoatenbekuii MOCKOBCKHIA rOCyAapCTBEHHBIN cTpouTenbHbil yHuBepcurer (HUY MI'CY),
r. MockBa, Poccus

HECYHIAS CHHIOCOBHOCTb U JIE@OPMATUBHOCTb CBAPHBIX
BEPTUKAJIBHBIX CTBIKOB KPYITHOITAHEJIBHbBIX 3JAHUU HA
SAKVTAZIHBIX JETAJIAX

Annomayua. Ananus pe3yivmamos uccie008anull, NPpedCmasieHHbIX 6 HAYYHO-MeXHUYEeCKOl
Jqumepamype, NOKA3al —OMCYmMcmeue OdHHbIX O pabome CEAPHLIX  8EePMUKATbHLIX — CIbIKO8
KPYNHONAHENTbHBIX 30aHUI HA 3AKAAOHBIX 0eMaax ¢ COeOUHUMETbHBIMU JNIEMEHMAaMU 8 6ude SHymuIxX u
RPOKAMHBIX Y2ONIKOS.

C yenvlo onpedeneHus MEXHUYECKUX NAPAMEMPO8, HeOOXOOUMbIX O  pacyema u
NPOEKMUPOSAHUs. KPYNHONAHETbHBIX 30aHUll, OblIU NPOedeHbl IKCHEPUMEHMANbHbIE UCCTe008ANUS
Ppabomvl c8apHbIX 6EPMUKATLHBIX CBIKO8 HA 3AKIAOHBIX 0eMaax ¢ COeOUHUMENbHbIMU DNeMEHMAMU 8
gUOe CHYMULIX U NPOKAMHLIX Y20JKO8 NpU OeUcmeuu pacmasusarowux U co8USAIOWUX YCUTU.
Cmamuueckas Haspy3Kka NPUKIaobléalacs CHMyneHamu 00 paspyuwienus OnvlmHublx o6pasyos. B xoode
UCNBIMAHUL PUKCUPOBATUCL NepeMelyeruss 8 Mecme u3euda coeOUHUMeNTbHbIX DNEeMEHMO8 ONbIMHBIX
obpasyos. Ha ocnosanuu nOIyYeHHbIX OIKCNEPUMEHMANLHBIX OAHHBIX Onpedenenbl  3HAYEeHUs
ROOAMAUBOCTIU COCOUHUMENBHBIX DNIEMEHIMO8 BEPMUKATLHO20 CIMBIKA HA 3AKIAOHBIX OeMasX.

Buoiyucnenvr u npednooicenvt nonpasounvie Kodgguyuenmsl 011 MOYHO20 ONpedesenus
ROOAMAUBOCHIU COCOUHUMETLHBIX SNIEMEHMOB 8 6U0e NPOKAMHBIX U SHYMbIX Y20IK08 6ePMUKATLHOZO
CMbIKA HA 3aKAAOHbIX Oemanax. Buvisenen pasnuunblii xapakmep Oe@opmuposanus u paspyuieHus
CBAPHBIX BEPMUKATLHBIX CMLIKO8 HA 3AKNAOHbIX 0eMANaX ¢ COeOUHUMENbHbIMU dAEMEHMAaMU 8 8ude
SHYMBIX U NPOKAMHBIX Y2ONKO8 C OOUHAKOBLIMU 2eOMEMPUYECKUMU pasMepamu npu Oeticmeuu Ha
CMBIKU PACMALUBATOWUX U COBULATOUUX YCUTUIL.

Knrouesvie cnosa: kpynnonanenvHvle 30aHus, C8APHOU 8ePMUKANIbHBIL CIbIK, UCNbIMANHUE HA
co8ue, UChbIMaHUe Ha PacmAdCeHUe, NOOAMAUBOCMb, YIPY2dsl CIAOUs pabomel CIMbIKA, paspyularouas
Hazpys3Ka.

D.A. MARININA!
!National Research Moscow State University of Civil Engineering (NRU MGSU), Moscow, Russia

THE BEARING CAPACITY AND DEFORMABILITY
OF WELDED VERTICAL JOINTS OF LARGE-PANEL BUILDINGS
ON EMBEDDED PARTS

Abstract. Analysis of the research results presented in the scientific and technical literature
showed the absence of data about the operation of welded vertical joints of large-panel buildings on
embedded parts with connecting elements in the form of bent and rolled angle bars. In order to
determine the technical parameters necessary for the calculation and design of large-panel buildings,
experimental researches of the operation of welded vertical joints on embedded parts with connecting
elements in the form of bent and rolled corners under the action of tensile and shear forces were
carried out. The static load was applied in stages until the destruction of the prototypes. During the
experimental researches, the displacements in the place of bending of the connecting elements of the
prototypes were recorded. On the basis of the experimental data obtained, the values of compliance of
the connecting elements of the vertical joint on embedded parts were determined. Correction
coefficients for the correct definition the compliance of connecting elements in the form of rolled and
bent angle bars of a vertical joint on embedded parts are calculated and proposed. A different nature of
deformation and destruction of welded vertical joints on embedded parts with connecting elements in
the form of rolled and bent angle bars with the same geometric dimensions under the action of tensile
and shear forces on the joints is revealed.
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Keywords: large-panel buildings, welded vertical joint, shear test, tensile test, compliance,
elastic stage of joint operation, breaking load.

1. BBenenue

KpynHonaHenpHble 34aHUS TOBBIIIEHHON STa)XHOCTH CO CBapHBIMU BEPTUKAJIbHBIMU
CTBIKAMM Ha 3aKJaJHbIX JETAIAX C COECJUHUTEIBbHBIMU JJIEMEHTaMHU (HaKJIaJKaMu) B BHJE
METAJIMYECKUX YrOJKOB 3aHMMAIOT 3HAUUTEIBHYKD pOJIb B COBPEMEHHOM  KMJIUIIHOM
CTPOMUTEILCTBE.

B mpakTuke CTpPOMTENBHOIO HPOM3BOJICTBA B KAayeCTBE COEAMHUTENIBHBIX 3JIEMEHTOB
IOPUMEHSIOT Kak MeTalIM4eCKue THyTble, Tak M IpoKaTHble yronku. HauOosnbiiee
pacrnpocTpaHEHHE MOIYYMIO KOHCTPYKTHBHOE pELICHHWE CBapHbIX BEPTHKAIBHBIX CTBIKOB C
COECUHUTENIbHBIMU 3JIEMEHTAaMU B BHJIE€ THYTBIX YIOJIKOB, IOCKOJBKY JUIsl TaKHWX HAaKJIaJOK
BO3MO)XHAa KOPpEKLHS MX T€OMETPUU B IIOCTPOCUYHBIX YCIOBUSAX, KOIJA HNEPIEHIUKYJISIPHOCTH
COTIPSIKCHHSI CTEHOBBIX ITAHEJICH 31aHUs 00ECIICYMBACTCS C ONPEACICHHBIM JOITYCKOM [ 1].

CranbHble CBSA3M YCTPaMBAIOT B JIBYX YPOBHSX, B OCHOBHOM: IIO BEPXY OIOPHOI 4eTBEpTH
I0J] IEPEKPHITUEM U B HUKHEH 30HE aHEIH.

HanpskeHHO-1epOpMUPOBAHHOE COCTOSIHME KOHCTPYKLIMH U CTBIKOB KPYITHOINAHEJIbHBIX
3laHUN MOBBIIIEHHOW ASTaXHOCTH CYLIECTBEHHO 3aBUCUT OT BEJIMYMHBI TOPU30HTAIBHBIX
(BETpOBBIX) HArpy30K.

C yBenuueHueM BBICOTHl 3JaHHUS HEPABHOMEPHOCTb pACHPEICIIEHUs TOPU30HTAIBHBIX
(BeTpOBBIX) Harpy3oK IO y4acTKaM CTE€H, pa3JIM4Hble yIpyrue CBONCTBA MaTepHalioB NaHelIed U
NOJATIMBOCTU CBsi3e NPUBOAAT K B3aMMHOMY CMELICHHMIO CONPAraeMbIX CTEH BJOJb
BEPTUKAJIBHBIX CTHIKOB M BO3HUKHOBEHHUIO CABUTAIOIIUX YCUIIMH B CBA3SX.

B BepTuKanbHBIX CTHIKAX TaK € BO3HHUKAIOT YCUJIMS PACTSDKEHUS WM CXKaTHsl, KOTOpPbIE
MOSIBJISIOTCS,, B OCHOBHOM, BCJEACTBHE HEPAaBHOMEPHBIX JAedopmanuii OCHOBaHUS U
KJIMMaTHYECKUX BO3JAeHCTBHM [2].

Hecymune KOHCTPYKIIMK U MX CTBIKOBBIE COETMHEHMS JIOJIKHBI BBIMOJIHATH CBOM (DYHKILIUHU B
TE€YEHHE CPOKa JKCITyaTallMy 3/1aHus, TO3TOMY Ha 3Talle MPOECKTHUPOBAHMS BBINOIHAETCS OLICHKA
HanpsHKeHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUS KOHCTPYKLIUI U CTBIKOB KPYITHOIIAHEIBHOTO 3/1aHUS B
COBPEMEHHBIX IPOTrPAMMHO-BBIYUCIUTEIBHBIX KOMIUIEKCAX C Y4YETOM MOJATIMBOCTH CBSI3EH,
KOTOpBIE PEKOMEHIYEeTCS ONPEENIATh aHAIUTUYECKH 10 JEMCTBYIOIIMM HOpMaM [3, 4].

Teopernueckre METOABI ONpENENEeHUS KOIPPHUIMEHTOB MOAATIUBOCTH BEPTUKAIBHBIX
CTBIKOB HE SBJIIOTCSI IOCTATOYHO JOCTOBEPHBIMM, IOCKOJIBKY INOAATIMBOCTH CTHIKA 3aBHCHUT OT
TPYAHO OLIEHUBaeMbIX (PaKTOPOB: AeopMaIuy 3aKiIaJHbIX 1 MOHTaKHBIX JIeTaJIel, CBApHBIX IIBOB
MeX1y HUMH, eopMallui aHKEpPOB, OETOHA B 30HE aHKEPOBKU U T.]1.

[ToaTromy, Haumbonee JOCTOBEpHbIE 3HAUEHMS IOAATIMBOCTU CBSI3€il B BEPTUKAJIbHBIX
CTBIKaX MOTYT OBbITh MOJY4YEHbl HA OCHOBAHMM CTAaTHCTUYECKON 0OpabOOTKM IKCIIEPUMEHTAIbHBIX
JTAaHHBIX, T.K. TAKOH METOJl YYUTHIBAET OJJHOBPEMEHHO BCE (DaKTOPBHI.

B mnacrosmee Bpems, kak B Poccum, Tak u 3a pyOexoMm, pa3pabaThIBalOTCS HOBBIE
KOHCTPYKLIUU CTBIKOB KPYNHOIAHEJIBHBIX 3[aHUH, YYHUTBHIBAIOIIME OMNBIT JKCIUTyaTallMM IEPBBIX
MaHEeNbHBIX 3JaHUN, KpPOME TOro, MPOBOJATCS JONOJHUTENbHbIE HCCIEI0BaHUS PAOOTHI
CYLIECTBYIOIIMX KOHCTPYKTUBHBIX penienuii [5, 6,7, 8,9, 10, 11, 12].

B pabGore [6] mpemiokeHO KOHCTPYKTUBHOE pEIICHHUE CTHIKOB BEPTHUKAIBHBIX U
TOPU30HTAIBHBIX HECYIIMX KOHCTPYKIMH JUIs JOMOB IOBBIIMIEHHON 3TakHOCTH. [lo pesynpraTtam
HKCHEPUMEHTAIBHOTO HCCIIEOBAaHUS OBLIO BBISABIEHO, YTO HCUEpIIaHHWE HECYIIeH crocoOHOCTH
HOBOI'O KOHCTPYKTHMBHOIO PELIEHUS CThIKA IPOUCXOJUT BCJIEACTBUE pa3pyLIEHUs OCHOBHOTO
CEYEHMS CTEHOBOW ITaHEIIN.

B [8] mpuBeneHbl pe3ynbTaThl MCCIEAOBAHUNA TPAAUIIMOHHOTO BEPTUKAIBHOTO CThIKA Ha
3aKJIIHBIX JeTalsiX, OObEJUHEHHBIX IUIACTHMHOM-HAKIAJKONH C HMCIIOJIb30BaHHMEM CBapHBIX IIBOB.
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[IpakTHueckass 3Ha4UMOCTh 3THX UCCIIEIOBAHUM COCTOUT B KOJIMYECTBEHHOM OLICHKE MPOYHOCTH U
CTeTIeHH Je(OPMUPOBAHUS CTHIKOB, a TAKXKE CBS3U MEXKIY dTUMH mapamerpamu. Kpome toro, B
XOJIe HKCHEPUMEHTAIbHBIX HCCIEIOBAHUN YCTaHABIUBAINCH OCOOEHHOCTH Je(OPMHPOBAHUS
CTBIKOB IIPH MX HarpyKEHUHU.

Pe3ynbrarhl nccienoBaHus MOAATIMBOCTH Ha CABUT BEPTHKAIBHBIX COEMHEHUI nuadparm
YKECTKOCTH TPU JIEHCTBUM TMOBTOPHO NPHKJIAJBIBAEMON HArpy3Kd MpeJcTaBieHbl B padore [13].
H.M. Bomnomun, I'.B. KameeB wucnbeIThiBaii 00pa3iibl BEPTUKAIBHBIX CTHIKOB ITaHENEH Ha
3aKJIaIHBIX JETalsIX.

B pesynbpraTe ucnbITaHui, IOJATIMBOCTh BEPXHUX CBS3€M OKazajach IpUMEpHO B 1,5 pasa
Oonbllle TOAATIAMBOCTH HIDKHUX cBszed. [lpu pacuere numadparM NpPUHUMANIOCH CpelHee
apudmernyeckoe 3HaUeHUE KOIPPUIIMEHTOB MOIATIUBOCTHU: U1 BEPXHUX U HUKHUX CBA3CH.

B pabGore [13] mokazaHo, 4YTO pacmpocTpaHeHHe, JHOO Kakas-TM00 SKCTPAMOIAIUs
SKCIEPUMEHTAIbHO HAWJIEHHBIX 3HAYEHUU MOJATIIMBOCTH CBA3E€H OJHOW KOHCTPYKLIMHM Ha CBSI3U
JIPYToil KOHCTPYKIIUU MOXKET IIPUBECTH K TPYOBIM OIIHOKaM.

B pesynbrate uccnenoanuii, BwinonHeHHbIX B.B. Jlanenem, W.H. Ky3pmenko [14], u
uccnenoBannii, BemonHEeHHBIX C.A. 3enumnbiv, P.II. HlapunossiMm um KynunoBemMm [15], Obumn
MOJIy4YEHBbI BBIBOJIBI 00 OTCYTCTBHM JOCTOBEPHBIX (POPMYJ >KECTKOCTH (IIOJATIMBOCTH) CTHIKOB
MaHEJIbHBIX 3IAHUH Pa3JIMYHbIX KOHCTPYKTUBHBIX PELLICHUMN.

AHanu3 WMEIOIIUXCS PEe3yNbTaTOB HCCIENOBaHUN pabdOThl BEPTHKAIBHBIX CTBHIKOB,
U3JI0’)KEHHBIX aBTOpPAaMHU B IOCOOMSIX, CTaThsIX M CIPAaBOYHMKAX, MOKa3aj, YTO JaHHbIE O padoTe
CBApHBIX BEPTHUKAJIBHBIX CTHIKOB Ha 3aKJIATHBIX JACTAIAX C COSAUHUTEIBLHBIMH JIEMEHTAMU B BHJIC
METAJUTMYECKUX THYTHIX U IPOKATHBIX YTOJIKOB B JINTEPATYPE OTCYTCTBYIOT.

Hactosmee uccrnenoBaHue HampaBlIieHO HAa H3y4eHHE pabOThl CBAPHBIX BEPTHUKAIbHBIX
CTBIKOB Ha 3aKJIaJIHbIX JIETAISAX C COEAMHUTEIbHBIMU 3JIEMEHTAMHU B BUJI€ METAJUIMYECKUX THYTBIX U
MIPOKATHBIX YTOJIKOB.

2. DKcnepUMeHTAJIbHbIE HCCIeJ0BAHMA PadoThl CBAPHBIX BEPTHKAJBLHBIX CTHIKOB
KPYNHONAHEeJIbHBIX 31aHUI Ha 3aKJIAHBIX 1eTAJIAX ¢ COeAUHUTEIbHBIMH JJIeMEHTAMM B BU/Ie
THYTBIX M IPOKATHBIX YTOJIKOB

2.1. Mooenu u memoosi

ITpoBeneHs! ABE rPYIIIBI UCIIBITAHUN: HAa PACTSYKEHUE U CIBUT.

HccnenoBanust NpOBOJMINCH B JTAOOPAaTOPHBIX YCJIOBUSX C HCIIOJIB30BAaHHEM OIBITHBIX
00pasIoB:

| rpynna — ucnelTaHus Ha pacTsyKEHUE: ONBITHBIE 00pa3lbl (COeAMHUTEIbHBIE JIEMEHTHI) C
THYTBIMH yroikamu 75x50x5 mwm, amunoit 100 MM; ¢ rHyThIMH yronkamu 75x50x6 MM, JIMHON
100 mm; ¢ mpokaTtHeIMU yroikamu 75x50x6 MM, anuHO#H 100 MM (110 3 ONBITHBIX 00pasiia KaxIoro
BHJIA).

Il rpynma — ucHbITaHUS HA CIABUI: ONBITHBIE 00pa3lbl (COCAMHUTENbHBIE 3JIEMEHTHI) C
THYTBIMH yroikamu 75x50x5 mm, mmuHoi 100 MM, ¢ mpokaTHbIMM yroiakaMmu 75x50x5 MM, IIMHON
100 MM (110 3 OMBITHBIX 00pa3Ia KaXXa0ro BUIA).

Bcero 0p110 ncnpiTaHo 15 OMBITHBIX 00pa3IloB.

OmnbiTHBIE 00pa3lbl MPEACTaBISUIA COOON COEAMHEHMS] METAIIMYEeCKMX THYTBIX, JH00
MPOKATHBIX YTOJIKOB C 3aKJIaJHBIMU JeTaasIMM (TUIACTUHAMHU) M METAJJIMYECKOW OCHACTKH,
MOJIEJIUPYIOIIEeH paboTy BEPTUKAIBHOTO CTHIKA IIPU PACTSKEHUH, JTUOO C/ABUTE.

CBapHble BBl HEMPEPHIBHBIE BHICOKOTOUYHBIE (51eKTposl D50, mBsl — [1-00pa3Hble, criocod
cBapku - P/]) BbIIOSTHEHBI CBApIIMKOM 5 paspsija.

Cranp yromkos — C245 T'OCT 8509-93.

Cxema OCHAcCTKH AJi UCHbITaHusl 00pa3oB | rpynmsl moka3zaHa Ha pUCyHKe 1.

Cxema OCHAcTKH JUIsl UCbITaHUsA 00pa3uoB || rpynmnsl moka3ana Ha pUCYHKE 2.
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Pucynok 1 - Koncmpykmuenovie napamempol 0CHACMKY 071 UCHbLMAHUA CHATbHBIX I/1EMEHINO0G
(cHymble u npoKammuvle y20aKu) Ha pacmsaiiceHue
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Pucynok 2 - Koncmpykmuenvie napamempst 0CHACMKYU /151 UCRBIMAHUA CHLATBHBIX I1EMEHM 08
(cHymle u npoKammuvle y20aKu) Ha cO8U2

| rpymny MCHBITaHUI OMBITHBIX 0OpPAa3IOB MPOBOAMIN B HAMIOPHOW CEPBO-TUIPABINYECKOM
Mmammee Instron 8802 (pucyHok 3 @), co3aaBaBIIei pacTSITUBAIOIINE YCUIIHS B CTHIKAX.

OmnwiTHBIE 00pa3iel Bo |l rpymme ucnbiTaHuil MoABEpraivch BO3ACUCTBUIO CHKUMAIOIIEH
Harpy3Kku, KoTopas nepeaaBaiach ¢ mpecca YHUBEpCaIbHON HUCIBITATENhHONW MammHbI Instron 1000
HDX (pucynok 3 6) Ha crampHyto 0anky. [locpencTBoM cTaibHON OalIké C)KUMAROIIAasi Harpys3ka
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nepepacnpeeisyiack Ha OINBITHBIA OOpasell, BCIEJICTBUE YEro B CThIKE BO3HUKAIHM CIBUTAIOIIHME
YCUIIHSL.
UcnbiTanus 06pa3iioB MPOBOAUIUCH CTATUYECKOW HATPY3KOH 10 MOMEHTA Pa3pyIIeHUsI.

Pucynox 3 - Mawunot ona ucneimanuii: Instron 8802 (a), Instron 1000 HDX (6)

Harpyxanu oOpasupl CTyNEeHsIMHU, YyBEIUYMBAas HArpy3Ky uYepe3 paBHBIE MPOMEKYTKH
BPEMEHHU Ha TIOCTOSHHYIO BEJIIMYMHY, C BBIACPKKAMHU I 3aliCH TOKa3aHUW WHIUKATOPOB
IIepeMELICHU M.

OmneiTHbie 00pa3ubl | rpynmsl Harpyxanu stanamu no 3 kH, 5 xH, 10 xH, a umenHo:
MepBBIN OMBITHBIN 00pasen u3 | rpynmsl ¢ pazmepamu 75x50x5 MM Harpyxancs stanamu o 10 kH,
BTOPOI ONBITHBIN 0Opa3zen u3 | rpymmsl ¢ pasmepamu 75x50x5 MM Harpyxaics 3tanamu no 5 kH,
ocTajbHbIE ONBITHBIE 00pa3ubl U3 | rpynmnel Harpyxkanmuch o 3 kH. OneitHbie 00pa3us! || rpynms
Harpyxanu stanamu 1o 30 kH ¢ monmHo# pa3rpy3Koid.

[Tepen HaUaIOM 3KCIIEPUMEHTAIBHBIX UCCIICIOBAHUIA OIBITHBIX 00Pa3I[0B, OBLIH UCIIBITAHBI
METAJIJINYECKHUE YTOJIKH JIJISl OTIPE/IETICHUS] OCHOBHBIX XapaKTEPUCTUK CTAJIH.

C menpro ¢uKcalMy XapakTepa BO3HHUKAIOUIMX IOJ HArpy3koi naedopMaruii OMBITHBIX
00pa3IoB Ha KAKJOM dTare UCIBITAHUN MTPOBOIAUIICS BU3YAIbHBIA OCMOTP.

Kpome TOro, 3amepsiii ycuius, COOTBETCTBYIOIIME TOSBICHUIO TEPBHIX JedopMmaiuii B
METAIUTMIECKHUX YTOJIKaX M CBAPHBIX IIIBaX, IUNIACTUYECKUX JAeopMaIInii, a TAKKe pa3pyIIalolHe YCUIus.

s u3mepeHus nepeMelnieHuil UCIOoIb30BANINCh LU(POBBIE MHAMKATOPH! (pupMbl Micron
tumna UI1-50-0,01 ¢ muanazonom uzmepenus 0-50 mm u nenoit nenerns ¢ = 0,01 Mm.

udpoBbie HHANKATOPHI MepeMenIeHn ObUTH YCTaHOBJICHBI Ha OMBITHBIE O0pa3lbl TAKUM
o0Opa3oM, 4TOOBI (UKCHPOBATH TEpEeMEIIeHHs] B 30HE HM3ruba YroJKOB, COTJIACHO CXEeMaM Ha

pUCYHKe 4.
a)

g

Pucynok 4 - Cxema pacnonoxcenus yugpoevix UHOUKAMOPOE NEPEMEU|eHUA:
HpU UCRBIMAHUU HA PACMAdICeHUe (@), NPU UCRBIMAHUL HA cO6uZ ()

2.2. Pesynomamel ucnoimanuu u ux aHanius
AHanu3 pe3ysbTaToB, MOJYYEHHBIX B X0/I€ SKCIIEPUMEHTANBHBIX UCCIEIOBaHUMN, BKIIOYAI B
ce0s ompeJielieHle OCHOBHBIX IMapaMEeTPOB BEPTUKAIBHBIX CTHIKOB, HEOOXOAUMBIX ISl OLIEHKH HUX
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HeCyllel CIIOCOOHOCTH, a TaK >K€ BBIABICHHE IOKa3aTesed, XapaKTepU3YIOIIUX OCOOCHHOCTH
paloThI OIBITHBIX 00PA3L0B B KAX/I0W CEpUU MCIIBITAaHUH.

OcHoBaHMEM /JIs1 ONpEeACTICHUs 3HAUYCHUH MOJATIMBOCTH ONBITHBIX O0pPa3LlOB MOCTYKHIU
rpaduKu  «Harpy3ka-nepeMeleHre» ONbITHBIX 00pa3lioB MpHU pacTsbkeHuu U casure. Ilpu
MOCTPOCHUH T'PaUKOB «HArpy3Ka-MepeMeIIeHUE» YUUTHIBAINCH CPEAHNE 3HAYCHUS IePEMEILICHHIH,
IIOJTy4EHHBbIE 10 HHAMKATOPaM 4acOBOI'O TUIIA.

Ha pucynke 5 mpuBeneHsl rpaduku «Harpy3ka-iepeMelIeHHe» ONBITHBIX 00pa3IoB ¢
OJM3KMMU 110 XapaKTePUCTUKAM HAKJIAJKaMH: NPOKATHBIMM U THYTBIMH YTOJKaMH C pa3Mepamu
75x50x6 MM, [TOJIy4€HHbIE HAa OCHOBAaHUU PE3YJIbTATOB UCIBITAHUIN Ha PaCTsLKEHHUE.

= Obpazey |-2-1. C rHyToIMU

160
e [ = yronkamu 75x50x6mm,
140 //,/’ — L=100mm
/ Obpazey, 1-2-2. C rHyTBIMM
120 t / yronkamu 75x50x6mm,
E L=100mm
= 100 t = O6pa3zey, |-2-3. C rayToiMK
g yronkamu 75x50x6mm,
o 80 L=100mm
g Z6 ——— O6pazey II-2-1. C
s NPOKaTHBIMM YroNKamMu
40 75x50x6mm, L=100mm
= QObpaszey 1I-2-2. C
20 NPOKaTHbIMM YroKamMu
75x50x6mm, L=100mm
0 " Obpaszey 11-2-3. C
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ITepemMenieHHe, MM

Pucynok 5 — 3asucumocmu nepemenjenus ORbIMHBIX 00PA3U0E C ZHYMBIMU U RPOKAMHBIMU Y20TIKAMU
c pazmepamu 75x50x6 mm om pacmsazusaroueii Hazpy3Ku

B cootBercTBHM C rpadukaMu «Harpyska-nepemerieHne» (pUCyHOK 5), IpU MCIIBITAaHUHN Ha
pacTshKeHne, peIes MPOYHOCTH ONBITHRIX 00pa3nos 11-2-1, 11-2-2, 11-2-3 ¢ npokaTHEIMU yroiaKamu
75x50x6 MM JOCTUTHYT IpH 0ojiee BBICOKMX Harpy3kax, [0 CPaBHEHUIO C ONBITHBIMU O0Opa3iaMu
I-2-1, 1-2-2, 1-2-3 ¢ THYTBIMH YTOJKaMH aHAJIOTUYHBIX pa3mepoB (B cpemHeMm B 1.33 pasa). Poct
OCTaTOYHBIX AeQopMaliil Jjisl ONBITHBIX 00pa3LOoB C MPOKATHBIMHU yroiakaMu 75x50x6 MM Tak ke
3aukcupoBaH NpH Oojee BBICOKMX Harpyskax (B cpeaHeM B 1.25 pasa), KOTOpbI€ COCTaBHIIU
90 kH, 66 xH, 81 xH.

[Tpu ucnbITaHUM Ha pacTsHKeHHe, ombITHbIE 00pa3ibl |-2-1 u 1-2-3 ¢ THYTBIMH yrojikamMu
75x50x6 MM paspyuiens! pu Harpy3kax 86.9 kH u 110.9 xH B pesynpTaTe gocTukeHus npeaena
MIPOYHOCTHU CBapHBIX MBOB. Habmoanock BO3HUKHOBEHUE TEKYUECTH COeIMHUTEIbHBIX JIEMEHTOB
B 30HE M3TH0a THYTBIX YTOJIKOB, POCT IIACTUYECKHX MedopManuii 3aMKCHPOBAH TPHU HarpysKe
60 xH.

OmnsITHBIH 00pasern I-2-2 ¢ rHyThiMu yromkamu 75x50x6 paspymeH npu Harpyske 104.5 xH,
BCJIEJICTBHE JOCTIKEHHS HANPSHKEHUSAMHU Tpesiesia TEKy4yeCTd B 30He M3ruba yrosika. YBeTUdYeHue
TUTACTHYECKUX JePOpMaliii B COEAMHUTEIFHOM JIIEMEHTE OINBITHOTO obOpasma |-2-2 mpowmsonmio
IIpY pacTsAruBaromen Harpyske 69 kH.

Pazpyrienne onbITHRIX 00pa3loB ¢ MPOKATHBIMH YTOJIKAMH TPOHM30ILIO IO CBAPHBIM IITBAM
JUIsL IBYX OMBITHBIX 00pasuoB 1I-2-2, 11-2-3 npu narpyskax coorBerctBeHHo 114.0 kH u 138.9 kH,
onbITHEIA oOpaser 1I-2-2 paspymen npu Harpyske 151.2 kH B pesynbraTe pocTta HanmpsoKeHHHA B
CBapHOM IIIB€ M MOCJIEIYIOIIEM pa3pbIBe CBAPHOTO IIBa U METaJlIa COEAMHUTEIBHOTO JIEMEHTA.
Jleopmariu B 30He M3rHOa MPOKATHBIX YTOJIKOB IPH PACTSKEHUN OTCYTCTBYIOT.
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Ha pucynke 6 mnpencraBieHsl rpaduku «Harpyska-TiepeMelieHue», MOJIY4YeHHBbIE MpU
UCTIBITAaHUM OIBITHBIX OOpPa3llOB € THYTBIMH YTOJIKAMH MEHBIICH TOJIIMHBI, C pa3MepamMH
75x50X5 MM Ha pacTsKEHHUE.

, /,,l!!
.,//:' ! / / Eiié

0 005 01 015 02 025 03 035 04 045 05
TlepemenieHHe, MM

80
70 1

(=)
o

Harpyska, kH
w = W
o o o
=
—
=

— (¥
[} (=]
=
%a\\;\
————=

o

Pucynok 6 — 3asucumocmu nepemenienus ORbIMHBIX 00PA3U0E C ZHYMBIMU Y20JIKAMU
c pazmepamu 75x50x5 mm om pacmsazusarouieii Hazpy3Ku

OmnsiTHbIE 00pa3usl I-1-1, 1-1-2, 1-1-3 ¢ rHyTBIMH yrosikamu ¢ pazmepamu 75x50x5 mm, npu
UCIBITAHUM HA PACTSHKEHUE JOCTUINIM Npefena IPOYHOCTH IPU Harpy3kax COOTBETCTBEHHO
99.9 xH, 96.1 xH, 85.0 xH. Ilepexon u3 ynpyroi craguu padoTsl B INIACTHUYECKYIO POU30IIEN NPH
Harpy3ke 36.02 xH, uto B cpennem B 1.74 pa3a MeHbIEe HAarpy3Kd, COOTBETCTBYIOIIECH MpeAeiy
YIPYTrOCTH ONBITHBIX OOPa3LOB C T'HYTHIMH yroiakamu 75x50x6 MM. OnbITHble 00pa3sibl ObuIN
pa3pymeHsl BCIEICTBUE TOCTHKECHHS METAJUIOM B 30HE THOA Mpeiena TeKy9eCTH U IMOCIEAYIOIEro
paspbiBa THYTBIX YrOJKOB IO Bce anmuHe ruba. Takke Habmoganoch XpyHmKoe paspylieHHe
Y4acTKOB CBapHOIO IIBA.

OOumii BUJ ONBITHBIX OOpa3lLOB IOCIE HCMBITAHUI Ha pPACTSHKEHUE IPEACTaBlIEeH Ha
pHUCYHKE 7.

a) 0) B)

S RORIEL

Pucynox 7 — Obuuit 6u0 onvimHvIX 00pa3y06 nocjie UCHLIMAHUIL HA PACMAIICCHUE:
¢ ehymuimu yzonkamu 75x50x5mm (a); ¢ enymueimu yzonkamu 75x50x6mm (6);
¢ npoxkamuvimu y2oakamu 75x50x6mm ()

Hwxe npuBeneHbl pe3yabTaThl UCIIBITAHUS OMBITHBIX 00pa3lloB Ha CJIBUT.
Ha pucynke 8 nokasansl rpaduku «Harpy3ka-nepemMeIieHne» ONbITHBIX 00pa3IoB, KOTOPbIE
OBLTH UCTIBITAHBI HA CIBUT.
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Pucynok 8 — 3asucumocmu nepemenjenus ORbIMHBIX 00PA3U0E C ZHYMBIMU U RPOKAMHBIMU Y20TIKAMU
c pasmepamu 75x50x5 mm om cosuzarowieii Hazpy3Ku

B pesynbTare ucnblTaHMid Ha CIBUT, Bce ombITHble oOpasusl 11-1-1, 11-1-2, 11-1-3 ¢
IPOKaTHBIMU yroiakamu 75x50x5 MM paspymensl npu Oosee Hu3kux Harpyskax (581.7 xH,
571.2xH, 569.6 xH), no cpaBHeHuto ¢ ombITHBIMU OOpasuamu |-1-1, 1-1-2, 1-1-3 ¢ rHyTBIMU
yronkamu (602.9 kH, 608.0 kH, 610.4 kH) aHanoruuHeIx pazMepos.

Xapaktep 1e(pOpMHUPOBAaHUS OIBITHBIX 0Opa3LOB C NMPOKATHBIMU YrOJKaMH U C THYTBIMHU
YroJIKaMU MPH CIBUTE CYLIECTBEHHO Pa3JIMYEH.

B onbiTHBIX 00pa3nax I1-1-1, 11-1-2, 11-1-3 ¢ npokaTHbIMH yrojkamu, npu Harpyske 360 kH,
[0 TIPUYMHE NepepacipeiesieHus] HapsHKeHUH, POUCXOIUT POCT HANpPsHKEHUH B CBapHBIX IIBAX C
MOCTIEYIOIUM JIOCTHKEHUEM MpeJiesla IPOYHOCTH HIDKHUX CBapHBIX LIBOB U Pa3pbIBOM MOJKU
yrojika OT HWXHEW TpaHM mox 45° K HampaBlICHHUIO CABHraroImled CuiIbl, IPU OTCYTCTBHHU
nedopmarnuii B 30He U3rnda MPOKaTHOTO YTroJika (PUCYHOK 9 6).

B onbitHRIX OOpasmax 1-1-1, [-1-2, 1-1-3 ¢ THYTBIMH YrOJKam#, TpH YBEIUYCHUH
BEPTUKAIBHON CIIBUTAIOIIEH Harpy3ku cootBercTBeHHO 110 406.5 kH, 450.1 xH, u 475.8 xH, B 30He
n3ruba THYTBIX YTOJKOB BO3HUKAIOT IUIACTHYECKHE NIe(OpMAIMH, KOTOPBIE YBEIUYHBAIOTCS JIO
pa3pylIeHus OMBITHBIX 00pa3noB mpu Harpyskax 602.9 kH, 608 kH, 610.4 kH (pucynok 9 a).

OO01muii BUJ ONBITHBIX 00pa310B MOCJE UCIIBITAHUN Ha CIIBUT IPEJCTABJIECH HAa pPUCYHKE 9.

2

Pucynox 9 — Obuquii 6ud onvimHubIx 00pa3y0e nocjie UCHLIMAHUIL HA CO8UZ:
¢ ehymuoimu yzonkamu 75x50x5mm (a); ¢ npokamnvimu yzonkamu 75x50x5mm (6)

B 30He m3ruba ImpoKaTHBIX YrOJIKOB MMEETCS YTOJIIEHHE, IOATOMY INPOKATHBIE YIOJKH
OoJiee MPOYHBIE, 110 CPABHEHHUIO C THYTHIMHU yrojikamu (pucyHok 10).
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Pucynox 10 — Ilpokamuwtii y2onok (a), zHymutii y20710K (6)

OpHako, pe3ynbTaThl HCIBITAHUH HA COBUT TOKA3ajH, YTO THYTHIE YTOJIKU CIIOCOOHBI
HAXOJUTHCS B IUIACTUYHO-IE(POPMHUPOBAHHOM COCTOSSHUM M TIPH STOM COXPAHSTH LEIOCTHOCTH
BCEI'0 COEIMHEHUS, IPEAO0TBpallas CTPEMUTENBHOE Pa3pyIlIeHNE CBAPHBIX LIBOB.

Xapaktep pa3pylmieHHs OINBITHBIX OOpa3loB 3aBHCET OT BHUAAa METALITMYECKOTO YroJKa
(THYTBIN WM IPOKATHBIN) U BUAA HArpyKeHUs (pacTsKeHue, 1100 CIBUT).

B xone skcmepumeHTa Uid BCeX ONBITHBIX 00pa3uoB Ha jauarpammax «Harpyska-
MepeMeIeHNe» BBIIENCHbl XapaKTepPHBIE CTaguM pabOThl, W TMOCTPOCHBI TpaduKud C
COOTBETCTBYIOIIMMH Y4acCTKaMM: yIpyroe aAe(popmMupoBaHue B 30HE TH0a yrojika U B CBApHOM LIBE
(OB), pocrt muractuueckux nedopmanuii B 30H€ cBapHoro msa (BC), mosiBiieHue TpemyH B CBAPHOM
mBe (CD), poct Tpeuwmn B cBapHom 1mBe (DE), paspymenue onsITHOr0O 00pasia 1mo cBapHbIM IBaM
u pa3psbiB yroika (E).

Jns mpumepa, Ha pucyHke 11 mokazan rpaduk ¢ 0003HAUEHHEM XapaKTEPHBIX CTaIui
paboThI OMBITHOTO 00pasia ¢ THYThIMU yrojkamu 75x50X5 MM, HCIIBITAHHOTO Ha PACTSHKCHHE.
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Pucynox 11 - Xapakmepnoie mouku zpaguka «Hazpyzxa — nepemeuienue» onvimnozo oopazua
¢ eHymoimu y2oaxkamu 75x50x5 mm npu ucnsimanuu Ha pacmsicenue

B pe3ynbraTe 3KCHepUMEHTAIbHBIX MCCIIEOBAHUM OMBITHBIX 00Pa3I[0B MPU PACTIKEHUH U
C/IBHTE, BBIJIEJIEHBI JIBE CTAaAUH PabOThl CBAPHOIO BEPTHKAIBHOIO CThIKA HA 3aKJIaJHBIX JETaISIX C
COEIUHUTENIbHBIM 3JEMEHTOM B BHJAE THYTOTO M MPOKATHOIO YIrOJKOB, YTO COOTBETCTBYET
pe3yabTaTaM JIPYIHX MCCIIeI0BAHNN BEPTHKAIBHBIX CTHIKOB [16-18].

Ha nepBom sTame, He3HaUUTENbHbIE MEpeMElIeHUs, (PUKCUpYyEeMbIE B OIMBITHOM 00paslie,
MCYE3al0T MPU CHATHH HArPy3KH, T.€ BEPTUKAIBHBIA CTHIK paboTaeT yupyro.

Bropoit sTanm coOTBETCTBYET MIacTHUYECKOMY Ne(OpMHUPOBAHHUIO BEPTUKAIBLHOTO CTHIKA U
XapakTepu3yercs pocToM JiehopMaliiii B 30HE CBAPHOTO 111BA U METaJlJI€ YT OJIKa.

[lepexon ombpITHOrO oOpa3la W3 YHOpYrol craguud paboThl B CTAIUIO IJIACTHYECKOIO
nehopMUpPOBaHKS COOTBETCTBYET Touke B Ha rpaduke pucynka 11.
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[TomatnuBOCTh, HaAWJCHHAs W3 pacdeTa MO Harpy3ke U aOCOIMIOTHBIM TEPEMEIICHUSM,
COOTBETCTBYIOLIMM TOYKE B, sIBJISIETCSA paCUETHOM.

Touka A xapakTtepuszyercs IMpeaesioM MPonopIuoOHATBHOCTH. Jlo TOUKH A JAEHCTBYET 3aKOH
I'yka, T.e nedopmanmu IpONOPIMOHATBHBI MIPUKIAIbIBACMOMY HanpspkeHuto. [Ipu HanpsoKeHUsIX,
HaxOJSIIKUXCS B IMAINa30HE OT Mpejieia MPONOPIUOHAIBHOCTA B TOUKE A JI0 Mpejena ynpyrocty B
Touke B, BenmmumHa aedopManmii HE MPONMOPIMOHAILHA IPUKIAIBIBAEMOMY HAIPSHKEHUIO, HO
MOCJIe CHATHS HANpsOKeHWH AedopMalMk MCYE3aloT. 3a MPEeAesioM YIPYyrocTd B Touke B
COXPAHSIETCS OCTaTOYHAs AeopMaIus.

B cootBeTcTBUU ¢ TpadyikaMu 3aBUCHMOCTH «Harpy3Ka-rnepeMenieHrne» ObUTH ONpeeICHbI
3HAQYCHHMS HAYaJbHBIX M PACUETHBIX KO3(PUIIMEHTOB TMOAATIIMBOCTH. HaliieHbl 3HaYeHus
K03 (QUIIMEHTOB MOAATIUBOCTH MIPH pa3pyIIArOICH HArpy3Ke.

[TomrydeHHbIe CpelHUE 3HAYCHUS IS OMBITHBIX OOpA3IllOB, WCIBITAHHBIX B KXKIOW CepUU
MIPU PACTSDKEHUH M CIIBUTE, YKa3aHbl B Ta0mwmIle 1.

Ta6Jmua 1- PGSYJ'IBTaTBI HUCITBITAHUH ONBITHBIX o6pa3u0B C THYTBIMH U IPOKATHBIMHA YT'OJIKAMU

-6
Hecymias KoadduineHT nogatanBocTu x107 \/H
KoHncTpykuus cTeika 1 " v
CIIOCOOHOCTH HavaJIbHBIN pacueTHBI | HpuU pa3pyIIeHUU
BUJ] HATPYKEHUSI et kH ) 2 J)
? Hay pacud pasz
BeprukanbHblii CTBIK ¢ THYTBIMH YTOJIKAMU
75x50x5 mm mmHo# 100 MM
MPH PacTsKeHHN 85,0 1,61 1,75 3,53
MPH CABHTE 607,1 1,61 2,52 12,1

BepTukanbHEIH CTHIK ¢ IPOKATHBIMA
yronkamu 75x50x5 mm qymnoi#t 100 Mmm
MPH CABHTE 574,16 2,61 1,69 8,5

BepTukanbHblii CTBIK C THYTBIMH YTOJIKAMH
75x50x6 mm mmHOM 100 MM
NPH PACTsKEeHUN 100,8 1,21 1,99 5,0

BeprukanbHblii CTBIK ¢ IPOKATHBIMU
yroikamu 75x50x6 MM qymHo# 100 MM
NPH PaCTsKEHUN 134,7 0,44 0,66 1,89

C unenplo aHanmu3a M3MEHEHMs] MOJATJIIMBOCTH CBapHBIX BEPTUKAIbHBIX CTHIKOB Ha
3aKJIaJHBIX JETAISAX C COCAUHUTEIBHBIMM 2JIEMEHTAMU B BHJIE THYTBIX U IIPOKATHBIX YTOJIKOB MPH
pacTsHKEHUHU U CIIBUTE Ha BCEX CTAAMSIX PaOOThI CTHIKOB 0 pa3pyLIeHUs: ObUIN MOCTPOEHBI Ipaduku
«[lomaTnuBOCTH-OTHOCUTENBbHASL HArpy3Kay, NMpeAcTaBleHHble Ha pucyHke 12. JlaHHble quarpamm
MIOJIYYEHBI JUIsl CPETHUX 3HAYEHUH MTOIaTIIMBOCTHU OIBITHBIX 00pa3lioB B KAXKIOW CEPUU.

1

. ” 1 -

09 c— -::—"'
08 ,r" == PactaxkeHue. C rHyTbIMM Yyrofikamm
75x50x5mm, L=100mm
0.7 —PacTareHue. C rHyTbIMKU YroNKamm
206 75x50x6Mm L=100Mm
T = PactakeHue. C NPOKaTHbIMU yronKkamu
% 05 75x50x6Mm L=100Mmm
E 0.4 Cagur. C rHyTbIMM YrONKaMu
&= 75x50x5Mm L=100mMm
0.3
== Cagur. C [lpoKaTHbIMK yronkamm
0.2 j 75x50x5mMm L=100mm
A fe
0.1 /“ r
0

01 2 3 4 5 6 7 8 9 10 11 12
MNogatansoctb Ax10-6 , mm/H

Pucynok 12 — 3agucumocmu nooamaugocmu oOnslmHsIX 00PA3408 OM OMHOCUMENbHOU HAZPY3KU
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B coorBerctBum ¢  rpajpukamu  «IloAaTIMBOCTH-OTHOCUTENbHAS  HArpyskay,
M300paXeHHBIMU Ha pUCYHKE 12, C yBelIMYEHHWEM 3HAUY€HUS OTHOCHUTEIBHOW Harpys3Ku
MOJIATIIMBOCTh OMBITHBIX O0PA3IOB C THYTHIMH M NMPOKATHBIMU YIOJKAaMH TPHU PACTSDKEHUH, a Tak
K€ OMBITHBIX 00pPa3lOB C THYThIMU YrOJKaMU MpPU CIBUIE - YBEIUYHBAIACh. XapaKTep U3MEHEHUs
[IO/IaTJIMBOCTU OIBITHBIX OOpa3LOB C MPOKAaTHBIMU YrOJKAaMU IPU CABUIE - HEPABHOMEPHBIH C
YBEJIMUEHUEM Harpy3Ku Ajisi BceX oOpasuoB B cepuu. B craguu ympyroro aegopMupoBaHusi 10

F .

Harpy3ku 0.6 ' 7P MOJATIUBOCTD YBEIMYMBACTCS JIMHEHHO J10 Mpejiena IpOnOpIUOHATLHOCTU MPU
F a3 F a3 F A3

Harpy3ke 0.3 * 77 npu Harpy3kax ot 0.3 7*#- 10 0.6 ' 7%’- 3Ha4eHUs MMOJATINBOCTH YMEHBILIAIOTCS.

C HavasioM MOSBICHHS TUIACTUYECKUX JeOopMaluii B CBapHBIX IIBax mpu Harpyske 0.6 Fou. U 10
paspylleHus I01aTJIMBOCTh BO3PACTAET.

Huxe mnpencraBineHbsl pe3ynbTaTbl CpPaBHUTENIBHOIO AaHAIW3a 3HAUYEHUH PpPacyeTHBIX
HOATINBOCTEN.

Bennumna pacueTHON NOJATIMBOCTH TPU PACTSHDKEHUHM OMBITHBIX OOpa3loOB C THYTBIMH
yronkamMu 75x50x6 MM Oojbllle BEIMYMHBI PAacUETHOM MOJATIMBOCTH OIBITHBIX 00pa3loB ¢
IpoKaTHbIMU yroikamu 75x50x6 mm B 3.015 pasa.

3Ha4yeHue pacyeTHOI MOJATIUBOCTH IIPH CHIBUTE OIBITHBIX 00Pa3l0B C THYTHIMU YrOJIKaMH
75x50x5 MM OoJiblie pacyeTHOW MOJATIMBOCTU OIBITHBIX O0pa3LoB C IMPOKATHBIMHU YTOJKaMHU
75x50x5 mm B 1.49 pas.

Pacuernass momaTinMBOCTh NpU CABHUIE OIBITHBIX O00pa3loOB € THYTBIMU YIrOJKaMu
75x50x5 MM npeBbIIIaeT 3HaU€HUE pacueTHOM MOAATIMBOCTH IIPU PACTSKEHUU OIBITHBIX 00pa3LoB
C THYTbIMU yrojkamu 75x50x5 mm B 1.44 pa3a.

Ha pucynke 13 mnokasaHbl THUCTOrpaMMbl 3HAU€HHUI pacueTHBIX MOJATIMBOCTEH s
OTIBITHBIX 00PAa3LlOB C THYTHIMU M MPOKATHBIMU YTOJIKAMU IIPU PACTSHKEHUU U CIIBUTE.

2.52

- 3.00 Pacrmxenne ¢ rHYTEIMH
e 1.99 T5x50x5mm

5250 1.75 W PacTaxenHe ¢ THY TRIMH
° 1.69 75x50x6nm1

Ex 2.00 W PacTorenne ¢
= 1,50 nporaTHEHE 7 3x30x6mm
B 0.66 B Capur ¢ rTHYTEIMH

§ 1.00 TH5x50x5nm

B Caeur ¢ npoKaTHEIMH

% 0.50 T5x50x5mm

=

0.00
Pucynok 13 — CpasnumenvHulii ananu3 3nayeHull ROOAMaIUGOCIU

2.3. Ilonpasounvie Koaghpuyuenmol K AHATUMUYECKOMY pacyeny noOamaueoCcmu

Hwuxe mpuBeneH pacueT MONpPaBOYHBIX KO3()(UIMEHTOB, KOTOphIE BBOAATCA K YPOBHIO
MIOAATIINBOCTH COEAMHUTENBHBIX JJIEMEHTOB B BHJI€ CTAHJAPTHOTO IPOKATHOIO YroJIKa IpH
pacTsHKeHUU U cABUre U (GOPMHUPYIOT MOBBIIICHHYIO MOJATIMBOCTh COCIUHEHUS B BEPTHKAIBHOM
CTBIKE IIPY PUMEHEHHUH THYTBIX YTOJIKOB BMECTO MPOKATHBIX.

[Ipumenenne AaHHBIX  KOA((HUIMEHTOB TMO3BOJSET  BBINOJHUTH  OOIIMH  pacuer
KPYIIHONAHEIBHOTO 3JaHUSl CO CBAapHBIMH BEPTHUKAJIBHBIMM CTBIKAMHM Ha 3aKJIAJHBIX JETaIAX C
THYTBIMU YTOJIKAMH.

Koadduiumentsl paccunTaHbl Kak OTHOIICHHWE pPACUETHBIX 3HAYEHMH IOAATIMBOCTEN
OTBITHBIX 00pa3loOB ¢ OMU3KUMHU MO XapaKTePUCTUKAM HAKJIAJAKaMU: THYTBIMH U TPOKaTHBIMH
YTOJIKaMH.
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Ilpu pacmsosicenuu

_ ﬂ“pacm.zu. _ 19910_6]%_][/[ / H

k =
) 0.66-10°mm/ H

pacm.np.

=3.02

rge Pt - pacuerHas IMOAATIAUBOCTb COCAUHUTEIBHBIX D3JIEMEHTOB BEPTUKAIBHOIO CTBIKA C
THYTBIM yrosikoM 75x50x6 mMm, L=100 MM nipu pacTsKkeHUu;

pacmip- - pacyeTHasg IMOAATIUBOCTh COCOUHUTENBHBIX 3JIEMEHTOB BEPTUKAIBHOIO CThIKA C
MPOKATHBIM yrojkoM 75x50x6 MM, L=100 MM 1ipu pacTsDKeHHUH.
Ilpu cosuce

ZC()GL{Z.EH. _ 25210_6MM/H

Koy = : _
16910 s/ H

cosue l

cogue.np.

=1.49

A
rpe ~cswar - pacyeTHas IMOJATIMBOCTh COEAMHUTENIBHBIX 3JIEMEHTOB BEPTHUKAIbHOIO CThIKA C
THYTBIM yroskoMm 75x50x5 mMm, L=100 MM nipu caBure;

cosue.np. pacyeTrHas MHOAATIIMBOCTH COCAWHUTENBHBIX JJIEMEHTOB BEPTHUKAJIBHOIO CTBIKA C
MPOKATHBIM Yroikom 75x50x5 MM, L=100 MM mipu caBure.

3. BuiBoabl

1. Onpenenensl xapakTep pa3pylIeHUs U MapaMeTpbl CBAPHBIX BEPTUKAJIBHBIX CTHIKOB Ha
3aKJIaJHBIX JETASIX C COCAMHUTEIbHBIMU 3JIEMEHTAMM B BUJE THYTHIX U MPOKATHBIX YTOJKOB IIPH
PacTSDKEHUU U CIIBUIe, HEOOXOAUMBIE JIUIsl paciyeTa U MPOEKTUPOBAHUS KPYITHONIAHENIbHBIX 3/IaHUM.

2. BbIABIEHO, 4YTO XapakTep pa3pylICHUs ONBITHBIX OOpPa3loB 3aBUCUT OT BHUIA
METAJIJINYECKOI0 yroJika (FHyThIM WM MPOKATHBIN) U BUJIA HATPYXEHUS (pacTsLKEHUE, JIN0O CABUT).

3. OmnpezneneHo, 4TO NpPU PACTSIKEHHUU OINBITHbIE OO0paslbl C MPOKATHBIMU YTOJIKAMHU
paspymatorcsi npu OoJsiee BBICOKMX HAarpy3kax, MpO CpPaBHEHHIO C ONBITHBIMU oOOpasliamMu ¢
THYTBIMH YTOJIKAMH.

4. Tlpu BO3AEWCTBUM CABUTAIOIIEH HArpy3Ku, THYTbIE YTOJKH CHOCOOHBI HaXOAWUTHCA B
IUTACTUYHO-/IEOPMUPOBAHHOM  COCTOSIHUM, M TPH O3TOM COXPaHATh IEJIOCTHOCTh BCErO
COEIMHEHMS, MPEJOTBpalllas CTPEMUTENLHOE pa3pyllieHue CBapHbIX MBOB. COEAMHEHUSI C THYTHIMU
YroJIKaMH pa3pylatoTcst Ipu 0oJiee BBICOKMX 3HAUEHMSIX CABUTAIOLIEH HArpy3KH, IO CPAaBHEHMIO C
COEIUHEHUSIMU C TPOKATHBIMHU YTOJIKAMHU.

5. [IpuBenens! rpauku «Harpy3ka-nepeMeieHne» OnbITHBIX 00pa3lioB MPU PaCTSHKEHUH U
C/IBUT€, KOTOpPbIE MOCIY>KUJIM OCHOBaHHEM I OINpEAeJeHHUs] 3HAU€HUMN MOAATIUBOCTH OINBITHBIX
o0pa3loB, a Takke JUI1 TIOCTPOEHHUS COINOCTaBUTEIbHBIX TIpa(UKOB U THCTOTPaMM IO
MO/IaTIUBOCTSIM.

6. HaiineHbl sKcrepyMMEHTaJIbHbIE 3HAYEHUS NOJATIIMBOCTH COEIMHUTEIBHBIX AJIEMEHTOB
BEPTUKAIBHOIO CThIKA HA 3aKJaJHBIX JETaAX B BUJE THYTHIX M MPOKATHBIX YTOJKOB JJII BCEX
CTaauil paboThl CTHIKOB, MPOAHATU3UPOBAHBI T'PAPUKN 3aBUCUMOCTH 3HAYEHUH IMOJATIMBOCTU OT
OTHOCUTEIBbHON HAarpy3KH.

7. DBbINONHEH CpaBHUTENBHBIM aHAIM3 pPAcCUETHBIX 3HAYEHWM MOAATIMBOCTH U
COEIMHUTENIbHBIX AJIEMEHTOB BEPTUKAJIBHOTO CThIKA Ha 3aKJaJHbIX JETalsiX B BHUAE THYTHIX U
IIPOKATHBIX YTOJIKOB IIPHU PACTATUBAIOLIEH U CABUTAIOIIEH HAarpy3Ke, COOTBETCTBYIOLIEH Mepexony
CTBIKA U3 YIPYTOM CTauu paboThl B CTAUIO IIIACTUYECKOTO J1e(hOpMUPOBAHHUSL.

8. BbluucieHsl W TpPeUIOKEHBI TONPAaBOYHBIE KOA(PPUIMEHTHl Ui COMOCTABICHUS
MOJIaTIIMBOCTH COEAMHUTEIbHBIX JIIEMEHTOB B BHJI€ MPOKATHBIX U FHYTHIX YTOJIKOB BEPTHKAIBHOIO
CTBIKA HA 3aKJIAJHBIX JETaJISX.
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[IpumeHeHne JaHHBIX  KOX(PQHUIMEHTOB TO3BOJISET  BBIIOJHUTH  OOIIMH  pacueT
KPYITHOIIAaHEJIFHOTO 3/IaHHs CO CBAapHBIMH BEPTHUKAIBHBIMH CTHIKAMHM Ha 3aKJIQJHBIX JETalAX C
THYTBIMH YTOJIKAMHU.

9. JlanpHeimme WCCIEIOBaHUS MOTYT OBITH HalpaBICHbl HAa M3YYCHHE HANpsHKEHHO-
ne(GOpMUPOBAHHOTO COCTOSIHMS ~ KPYITHOIAHEIBbHBIX 3/aHHM  TOBBIIIEHHOW 3TaXKHOCTU C
MOJYYEHHBIMU AKCIIEPUMEHTAIBHBIME 3HAYEHUSIMHA HOJATIMBOCTH COCIMHUTEIBHBIX JJIEMEHTOB
BEPTUKAJIBHBIX CTHIKOB MPH PA3IMYHBIX BETPOBBIX BO3/ICHCTBHSAX.

PaGora BbIOMHEHA TpW THOAJEpKKE MUHHCTEPCTBA HAyKH M BBICIIETO OOpa30BaHUS
Poccwmiickoit ®eneparun  (cormamenue Ne (075-15-2021-686). HWcnblTanusi NpoBENEHBI Ha
obopynoBanuu ['OJOBHOTO pETMOHATBHOTO IIEHTPA KOJUICKTMBHOTO TIOJB30BAaHHUSA HAYYHBIM
o0OpyJIOBaHMEM M  YCTaHOBKaMH  HanMoOHaIBHOTO  MCCIENIOBATENBCKOTO  MOCKOBCKOTO
rOCY/IapCTBEHHOTO CTPOUTEIHLHOTO YHUBEPCHUTETA.
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ITAPAMETPbI YHCJIEHHBIX MOJEJIENA
HECYWEU CITOCOBHOCTU JJIs1 CTAJIBHBIX 39JIEMEHTOB

Annomayus. Hcnorv3oganue HUCIEHHLIX MoOeneli 01 AHAAU3A NOBEOEHUs CMATbHBIX
IeMeHmos 001a0daem HeoCHOPUMbIMU NAIOCAMU U OMKPbIBAEm PA0 NEPCNeKMUBHbIX HANPAGLeHUt O
UCCIeO0BAHUA CTIONCHBIX UTU HOBBIX KOHCIPYKIMUGHBIX peuteHutl. Pasgumue 6blyuciumenbHol mexHuxu
U NPOSPAMMHBIX KOMNIEKCO8 O0aém 3momy HANpAeieHuio HOBbl Man pasgumus — HpPUMEHeHUue
YUCTIEHHbIX MOOeNell 8 NOBCeOHeBHOM npoekmuposanuu. Jna 6onee WUPOKO2O UCHOTb306AHUA
YUCTIEHHBIX MoOeNiell U obecneyeHuss CONOCMABUMOCIU  PEe3VIbINAMO8  BANCHO  GbIpadOMAMb
VHUSEpCcanbHble NPUHYUNLL NOCMPOEHUs. YUCTEHHBIX MOOenell ¢ nociedyioujell peziamenmayuen 6
HOPMAMUSHLIX OOKyMenmax. B pamxax oammozo ucciredoganus coenan aKyeHm HA NpUMeHeHuu
YUCTIEHHBIX MOOeeli HapagHe ¢ K1AcCUtecKUMU (opMynbHbIMU) MOOeTAMU, U 8 Nep8yIo ouepedsb Ol
9MOo20 6bINOAHEH 0030p U CUCeMamu3ayus Hauboiee 6AdCHLIX NAPAMEMPO8 YUCTEHHbIX MOooeell
Hecyweli cnocobnocmu. Ilpedcmagnenvl ykazanus no HA3HAYEHUIO CEOUCME Mamepuanos, mund
KOHEUHO20 JIeMeHma, KA4ecmea Cemku, GeluyuHbvl U OopMbl HECO8EPUIEHCNE NPUMEHUMENbHO K
cmanbHblm  KoHempykyuam. Tlonyuennvie pesyrvmamuvl npeOCMAGIsION uHmepec OAsl OAIbHeluUx
uccnedosanull no yHupurkayuu mpebosanuil K napamempam YUCIeHHbIX MoOeell U Ux eepupuxayuu Ha
OCHOBAHUU ~ IKCNEPUMEHMATLHLIX OAHHBIX €  BbIMUCAEHUEM CIMAMUCMUYECKUX XAPAKMEPUCMuK
HeonpeoeléHHOCU YUCIEHHOU MO0l

Knwuesvle cnosa: uuciennas mooenv Hecymezi cnoco61—tocmu, cmajlibHvle KOHCMPYKYUU,
Heonpedeﬂé'yﬁocmt;, MemoO KOHEYHBIX INeMEHMO8.

V.V. NADOLSKI*?
'Brest State Technical University, Brest, Belarus
“Belarusian National Technical University, Minsk, Belarus

PARAMETERS OF NUMERICAL RESISTANCE MODELS
FOR STEEL ELEMENTS

Abstract. The use of numerical models to analyze the behavior of steel elements has undeniable
advantages and opens up a number of promising areas for the study of complex or new design
solutions. The development of computer technology and software gives this direction a new stage of
development - the use of numerical models in everyday design. For wider use of numerical models and
ensuring comparability of results, it is important to develop universal principles for constructing
numerical models with subsequent regulation in normative documents. Within the framework of this
study, emphasis is placed on the use of numerical models on a par with classical (formula) models, and
first of all, for this purpose, a review and systematization of the most important parameters of
numerical models of load-bearing capacity is carried out. The instructions on the purpose of the
properties of materials, the type of the final element, the quality of the mesh, the size and shape of
imperfections applied to steel structures are presented. The results obtained are of interest for further
research on the unification of the requirements for the parameters of numerical models and their
verification based on experimental data with the calculation of statistical characteristics of the
uncertainty of the numerical model.

Keywords: numerical model of load-bearing capacity, steel structures, uncertainty, finite
element method.
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Beenenue

Hcnonp30BaHWE YHUCICHHBIX MOJENEH /i aHajlu3a IOBEACHMSI CTalbHBIX 3JIEMEHTOB
o0ylajaeT HEOCTIOPUMBIMU IITIOCAMH M OTKPBIBAET PsIi TEPCIEKTUBHBIX HAINPAaBICHUNA IS
HCCIIEIOBaHMS CJIOKHBIX MWJIM HOBBIX KOHCTPYKTMBHBIX pewieHuil. lIpuMeHeHue 4YHMCIIeHHBIX
MOJEIECH  OrpaHMYMBAJIOCh  HAYYHO-UCCIEJOBATEIbCKMM  3azadamu. OJHAKO  pa3BUTHE
BBIYHCIIUTEIBHON TEXHUKH W MPOTrPaMMHBIX KOMIUIEKCOB AAET 3TOMY HAIPABJICHUIO HOBBIM JTall
Pa3BUTHA — 3TO IPUMEHEHHNE YUCIICHHBIX MOJIEJIEH B TIOBCEHEBHOM IIPOEKTUPOBAHUU.

YucneHnHas MOZeNIb MpeACTaBiIseT co0oi abcTpakuuoo (Gpu3nyeckoi KOHCTPYKLUH C PSAAOM
JOMyIeHn, 00o0meHmi 1 uaeanusanuid. [Ipornece abcTpakiuu UMEET JIBa OTAEIBHBIX IIara: BO-
MEPBbIX, A0CTPAKIMA OT PeaTbHON KOHCTPYKIIMH K MEXaHUYECKOH MOJICNH, a 3aTeM a0CTPaKIHs OT
MEXaHUYECKOM MOJAeNH K 4YWCIeHHOW Moxaenu. Ha mepBoM 1miare JOJDKHBI OBITH ClHENIAaHBI
IIPEATIONOKEHUS U YIPOIICHUS B OTHOLICHWM TOIO, B KAKOW CTENEHH U C KAaKOW JeTalu3alueu
JOJDKHA OBITH CMOJICIMPOBAaHA KOHCTPYKIIUS, KaK OMMCBHIBAIOTCS TPAHUIIBI MOJETIH, KaKHe Harpy3Ku
JUIL KOHCTPYKLIMU SIBJIIIOTCS 3HAYUTENIBHBIMY U KaK UX OIUCBIBATH U T.J. BTOpoil mar 3akirovaercs
B JIUCKPETU3ALUU MEXaHWYECKOH MOJEIM B UYUCIEHHYIO MOJENb U IPUCBOCHUU HEOOXOAMMBIX
napameTpoB (aTpuOyTOB) UMCIIEHHON MOJIENN, TAKUX KaK MOJIEIM MaTepHalioB, FpaHUYHbIE YCIOBUS
U T.I.

CTouT OTMETHTH, YTO IUIFOCHI IIPUMEHEHMsI UYUCIIEHHBIX MOJEJEH XOpOIIO OCBEUICHBI B
HAay4yHOM JUTEpaType, OJHAKO BBHIOOp W HA3HAYEHHME I[apaMETPOB MOJENH, KaK IMPaBUIIO,
CONPOBOXKIAETCS CyOBbeKTHBU3MOM. O030p JHUTEpaTYpHBIX MCTOYHHMKOB [1-12] mo mpumeHeHHIO
YUCJIEHHBIX MOJIEJEH MOKa3bIBAaET, UTO B OOJBIIMHCTBE CIIy4aeB UcCleoBaTeau (OKYyCHUpPOBAIIUCH
Ha pa3pabOTKe M «IOJArOHKE» MOJENIU, Hanbojiee TOYHO ONMUCHIBAIOIIEH MX IKCIEPHUMEHTAIbHbIE
naHHple. OpHako i Oojiee IIMPOKOro MCIOJB30BAaHMs UYMCIEHHBIX MOAeNIed M obecredeHus
COIIOCTaBUMOCTH PpE3yJbTaTOB BaXHO BbIPAa0OTAaTh YHUBEPCAIbHbIE NPUHLIMIBI IOCTPOECHHUS
YHCIEHHBIX Mozenel. [loaToMy B pamMKax JaHHOTO MCCIIENOBaHMs CIAENAaH aKLEHT Ha IPUMEHEHUN
YHUCIICHHBIX MOJIeNIel HapaBHE ¢ KJIacCUu4eCKUMHU ((OpMYIbHBIMH) MOJICNISIMHU, U B IIEPBYIO OUEpeb
JUIL 3TOrO BBINOJIHEH 0030p M cHUcTeMaTh3alusi HauOojiee Ba)KHBIX IapaMeTPOB YHCICHHBIX
Mojzenel Hecymied cnocoOHocTH. Bce mpenacTaBieHHblE HUXKE PEKOMEHJAlMM IO IapameTpam
CO3/IaHUS YMCIIEHHBIX MOJIEIe paclpoCTPaHSIIOTCS Ha CTaJbHble KOHCTPYKILUHU, pabOTaloLUe MO
CTaTU4YECKON Harpy3KOu.

Merton

[IpencraBiaensl o0mue yKazaHUs IO pa3paOOTKe YHCIEHHBIX MOJENed CTalbHBIX
KOHCTPYKLIUH, BEIpaOOTaHHBIE HA OCHOBAaHUM aHAIUTHYECKOT0 0030pa TEXHUYECKOH JINTepaTyphl U
HOPMAaTUBHBIX JIOKYMEHTOB, CBA3aHHBIX B TOH WM WHOW CTENEHU C YUCICHHBIMH MOJEISIMU
Hecyllel ClIOCOOHOCTH.

Pe3yabTaTsl U 00Cy:KIeHUE

Kak Obl 3TO HU BBITJIAZENO TPUBHAIBHO, HO NEPBOE, C YEro HeoOXOIUMO HauyaTh — ATO
eouHuysl usmepenuti. BakHO HUCHOIB30BaTh MOCIENOBATENbHBIM HAa0Op €IWHHUIl NpU 3aJaHUU
BXOJIHBIX JIaHHBIX JJIi KOHEYHO-3JeMEHTHOH mnporpammbl. ClielyeT HCHOJIb30BaTh IMPOBEPKY
€IMHULl U3MEPEHHUs, 4TOObl yOEeTUThCS, YTO MX HAa0Op MPUBOIUT K pe3yibTaTaM B TpPeOyeMBIX
(cornmacoBaHHBIX) eMHUIIAX. MeTOJ] KOHEUHBIX AJIEMEHTOB HE MMEET NMPHUCYIIErO MOHATHS eIUHHIL
n3MepeHuss (OH MMEET J€J0 TOJIBKO € 4YHMCIaMH), OAHAKO JUIsl WH)KEHEPHOM HWHTEpIIpEeTaluu
pe3yabTaToOB HEOOXOAMMO BBOIMTH JAaHHBIE B COTJIACOBAHHBIX IMPEIONpPEAETICHHBIX eluHuIax. B
YaCTHOCTH, 0c000€ BHUMaHME CIEAyeT YJIeNsATh 3aJaHUI0 COOCTBEHHOTO Beca M MOCTOSHHOU
rpaBUTALMM ¥ MHTEPIIPETAIMHN BBIXOAHBIX JAaHHBIX, TAKUX KaK COOCTBEHHBIEC YACTOTHI U €IUHUIIBI
HaIpsKEHUH.

Haepysku u epanuunvie ycnosus NOJKHBI OBITH TIIATEIBHO OOOCHOBAHBI, TOCKOJBKY OHU
MOTYT OKa3aTh CYILIECTBEHHOC BIIMSHHE Ha IOBEICHHE JJIEMEHTA. TpyIHO IaTh KOHKPETHBIE
PEKOMEHJALMU, TaK KaK I'DAaHUYHBIE YCJIOBUS CHJIBHO 3aBUCAT OT OHpeleneHust npobdiemsl. B
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HEKOTOpBIX  Cy4asX COCPEIOTOYEHHbIE HArpy3kd MOXHO  3aMEHUTh OKBHUBAJIEHTHBIM
IepEMEILIEHUEM. DTOT METOJl 4aCTO HA3bIBAIOT KOHTPOJIEM IEPEMEIICHUN, KOTOPBIN, KaK MpaBUIIoO,
Oosee craOujeH, 4eM KOHTPOJb Harpy3ku. OJIHaKO KOHTPOJb MEpEeMEIEeHHH OrpaHu4YKMBaeT
HepeMeIleHle TOYKH A0 IMPEeIINUCAHHOTO 3HAYEHUS W 4acTO HEe MOAXOAUT JUll KOHCTPYKLMH C
pacrpesienéHHbIMU Harpy3kaMu. OcoOE€HHO Ba)KHO pa3rpaHM4YUBaTh CHIIOBBIE U Je(OpMallMOHHBIE
(KMHEeMaTHYeCKUe) HArpyKeHUsi, IOTOMY 4TO JUId MHOTHX 3aJay, CBA3aHHBIX C HEYIPYrOCTbIO,
pe3ynbTaThl OyIyT cymiecTBeHHO pasnuyarbes [13]. OpHuM U3 IPHMEpPOB SBISETCS MPUIIOKCHHE
Harpy3Ky yepes3 LITaMIl: JJIs YIPOILIEHHUs 3ajad B Psiie CIydaeB Harpy3Ky MOI'YT IIPHKJIa/bIBaTh HE
yepe3 wTamn (IJIACTUHY), @ HEMOCPEACTBEHHO KaK pacIlpeleleHHYI0 Harpy3ky. OQHako 3TOT
CIOCO0 MOXET CYIIECTBEHHO MOBJHATH HA TOBEACHHE KOHCTpykKumu. Tak, B pabore [14] Obuio
[I0OKa3aHO, YTO ATO NPUBOAUT K OTKIOHEHUSM B TIOBEJEHUU UHUCIEHHONM MOJEIU OT
SKCIEPUMEHTAIbHBIX JaHHbIX. Eciy 1enpro aHamu3a sBIseTcs JeTadbHOE M3y4eHHE MOBEJEHHS B
30HE NPUIOXKEHUS HArpy3KH W/WJIM ONOPbI, TO COOTBETCTBYIOIAs 4YacThb KOHCTPYKLHUHU JOJDKHA
ObITh CMOJEIMPOBAHA U JETAJIBHO IpoaHanu3upoBaHa. CHUMMETpUsS KOHCTPYKIMHU M Harpy3Ku
JIOJDKHBl  MCIOJIB30BaThCSl C OCTOPOXHOCTbIO. B cilydae cHUMMETpUYHOM KOHCTPYKLHMHM C
CUMMETPUYHON HArpy3Ko# JOIycKaeTcsi MOAEIUPOBATh TOJBKO IMOJOBHHY OOIIEH KOHCTPYKLUH,
IIPUMEHMB HaJJICKalIUe TPAaHUYHbIE YCIOBUS CUMMETpuu. OAHAKO NMPUMEHEHHE CUMMETPHH IO
CBOEU CYTH IIPEIIOJIAraeT, YTO PEKUM OTKa3a — CHMMETPUUHBIH, a 3TO B OOJIBIINHCTBE CIy4aeB HE
SBJIIETCS MCTUHOMW, HANpUMeEp, M3-3a HAJIMYMsI HECOBEPLUEHCTB, U JIAHHYIO OCOOEHHOCTb TPYIHO
IpesicKa3aTh.

Mooenuposanue nosedenusi u ceolicme mamepuaia MMEET INEPBOCTEIIEHHOE 3HAaYEHUE,
IIOCKOJIBKY 3TO OJMH M3 CaMbIX BaXHbIX IapaMeTpoOB. MexaHHYecKHe CBOWCTBA CTalld
XapaKTepU3yloTCsd MOJYJIEM YIPYrocTH, TMpPeNeloM TEKy4ecTH, MpeaesioM IPOYHOCTH U
negopMamoHHbIM ynpouHeHreM. OOBIYHO Ul CTalIM MPEeAINoJaraeTcsi W30TPONHbII MaTepual ¢
OJIMHAKOBBIMM 3HAUEHUSIMU MEXAaHWYECKUX CBOICTB BO BCEX HAIIPaBJIEHUAX, TaK YTO BBOJ
UCXOJHOW MH(OpPMAIMK MOXKET OBbITh OCHOBaH Ha JaHHBIX OJHOOCHOTO PACTSXKEHUS 00paslioB.
Haubonee pacnpocTpaHeHa JuHEWHas wWaeadu3alds CBONCTB Marepuala, KOTOpas CBs3aHa C
TUNOTe30H O JMHEeHHoW ympyroctd. OpHako 3Ta rumore3a sBisieTcs odeHb TIpyboi. Ilpum
HCIOJIb30BAaHNUHU 3TOI TMIOTE3bl HET BO3MOXKHOCTH y4YECTh MHOTHE Ba)KHbIE (DAKTOPBI, TAKUE Kak
NIepepaclpeelICHUe yCUIINM, MOJEIMPOBAHUE IIpoliecca MNpPEAHANPSHKEHUS, MOJAEIUPOBAaHUE
mpouecca 3arpy3Ku-pasrpy3kd M T.4. I TOCTHKEHHs XOpOIIed CXOAUMOCTH C pe3yJbTaTaMu
paloThI peabHBIX KOHCTPYKIIMNA PEKOMEH IyeTCsl IPUHUMATh YIPYTo-IJIaCTUYECKH MaTepuall.

HauOonee pacrpocTpaHéHHble aAMarpamMmbl 1e(dOpPMHPOBAHUS, MMAapaMeTPU3UPOBAHHBIE OT
npeena TeKy4eCTH U MOJyJIsl YIIPYTOCTH, ITPEICTaBICHbI CIEAYIOINUMHU 3aBUCUMOCTSIMHU:

— OwnHMHEeHas 0e3 CTaJuu caMOYIPOUYHEHUS (MIeaTbHBIM YIIPYTrO-TUIACTUUECKUI MaTepua)
(pucyHok 1 a);

— OunuHeitHasi ¢ HOMUHAJIBHBIM YIJIOM IUIOIIAJKU CTaluU CaMOYNPOUYHEHUs (110 MpUYUHAM
YHUCJIEHHOW KOHBEPIeHIIUU IOJIE3HO OMPEEeIUTh HOMHHAJIBHBIM HAKJIOH IUIOIIAIKU TEKY4eCTH C
HEeOOBITUM 3HaUCHHEM) (PUCYHOK 1 0);

— OWITMHEeHHast CO CTaaueil caMOypOYHEeHUs (PUCYHOK 1 g).

Crnenyer oxxuaarh, 4To OWIMHEHHAs 3aBHCHMOCTh 0€3 CTaIuM CaMOYIpPOUYHEHHs Oyaer
JaBaTh KOHCEpBaTUBHBIE pe3yabTaThl [15, 16]. Cramuto camoynpoyHeHHst HEOOXOIMMO YUHUTHIBATD,
MOTOMY YTO B HM30THYTOW IIJIACTUHE, TIOMHUMO TJIaBHBIX MEMOpaHHBIX HAIpPsDKEHHH, BO3HUKAIOT
BTOPOCTETICHHbIE M3TMOHBIE HANpsDKeHUs B 000OMX HampaBiieHUsiX. lcmonib30BaHHE TOJBKO
IUIOUIA/IKM TEKY4ECTH NMPUBOAUT K MPEKIAEBPEMEHHOW MOTepe >KECTKOCTH IUIACTUHBI IIPHU U3ruode
M3-3a Hayajga TEKy4yecTH MO TJaBHBIM HampspkeHusM. Takum oOpa3om, morepsi yCTONYMBOCTH
IUTACTHUH MPOU30UJIET CIIMILIKOM PaHO, YEro MOKHO U30eXkaTh, €Clii MPUHITH BO BHUMaHUE CTaJHIO0
CaMOYITPOYHEHUSI.
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Pucynox 1 - Moodenupoesanue ceoiicme mamepuana:
a) OunuHennasn 3a6UCUMOCHYb 0€3 Cmaouu CamMoOynpoYHeHUA . 0) OUNUHEIHAA 3A6UCUMOCIY ¢ HOMUHATbHBIM Y2I10M
NIOWAOKU CIAOUU CAMOYRPOYUHEHUA; 8) OUNUHEIIHAA 3A6UCUMOCIY CO CHIAOUEll CAMOYRPOYHEHUS

WHuTepec mpeAcTaBiseT IMapaMeTpU30BaHHAs 3aBUCUMOCTH JACQOPMHUPOBAHUS  CTalH,
periiaMeHTHpOBaHHass B HopMaTuBHOM mokymente BSK 07 [17] (pucynok 2). Ilockoibky
3aBHCUMOCTh OCHOBaHAa Ha 3HAYCHHUSAX MONYJS YIPYrOCTH, NpeAesia TEeKy4ecTH W mperena
MIPOYHOCTH, OHA ITO3BOJIET OYEHB IMPOCTO OIKCATh MOBEJICHUE MaTepUaa.
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Pucynox 2 - Moodenuposanue ceoiicme mamepuana conacio BSK07

CornacHo ucrounuky [18] mpemnoxxena Oosnee ciaokHas mapaMeTpU3UPOBAHHAS AUArpaMMa
neGopMHUpOBaHUS CTaTM Ha OCHOBE aHAJM3a OOJBIIOT0 HA0Opa NAaHHBIX PEe3yJIbTATOB HCIIBITAHUN
00pa3noB Ha pacTspkeHue. AHanornyable ykazanus ectb B CIT 16.13330 «CranbHble KOHCTPYKIIHH.
AxryamusupoBanHas peaakiust CHull 11-23-81*y [19]. Oanako 3Tu auarpammsl 1ehOpMUPOBaHHS
napaMeTpU3UPOBaHbI JUIsl OCHOBHBIX KJIACCOB CTaJIM, YTO HE MO3BOJSET MCIIOIB30BaTh UX B OOIIMX
LEJIsAX.

[Ipy miockoM HIM OOBEMHOM HANPSHKEHHOM COCTOSHUM TpaHHUIAa MEXAY O0JacThio
VIPYTUX © TUIACTHYECKHX JeQOpMaluil OmpenenseTcss ¢ TMOMOIIBI0 Kpumepus (ycious)
naiacmuuHocmu  (mexyyecmu). Hambomee MIMPOKO HCMOIB3YEMBIMH M JIKCIIEPUMEHTAIBHO
TOJITBEPKIEHHBIMU SIBIISIOTCSL KpUTeprH Mu3eca (Teopus SHepruH UCKaxkeHus ¢popmbl) u Tpecka
(Tpecka — Cen-Benana, Teopusi MakCHMaJIBHOTO KacaTeJIbHOTO HampshkeHus). «Kraccuueckumu
cpeou Kpumepues naacmuynocmu cuumaromes kpumepuu Museca u Tpecka, 0ocmamoyno xopouio
coanacyrowuecs ¢ KCNepUMEHMATbHLIMU OAHHLIMU O/l NIACMUYHBIX MAMepuanog ¢ pasHbiMu
npedenramu mexyuecmu npu pacmsxcenuu u cocamuuy [20]. «B uwacmnocmu, mnozue uz smux
Kpumepueg npeodcKasvleanu, Ymo waposas 4acms meH3opa HanpadCeHull 61usem Ha mekyiecms u
niacmuieckoe meuenue mamepuana. Jluww oee meopuu — ITpecka u Museca — okazanucs
€80000HbIMU 0m 9mo2o nedocmamxka. OQbe smu meopuu WUPOKO UCNOIL3VIOMCA HA NPAKMUKE, YmMOo
00yCN0671eHO KaK UX CPABHUMENbHOU NPOCMOMOl, MAK U NPOBEPEHHOU HA Onblme MOYHOCMbIO

([21, c.201]). ObGa kpuTepuss AOCTATOYHO MPABHIBHO MPEACKA3bIBAIOT MOMEHT IIOSBICHHS
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IUTACTUYECKUX AePOopMaIlii, ¥ Py PEIICHUH 3a1a4 OOBIYHO MOJIb3YIOTCS TEM, KOTOPBIN yIpoiaer
pemieHre. MakcuManbHOE PacXOXkKICHHWE KPUTEPHH HMEIOT TpH uucTtoMm ciaBure. st pacuera
CTaJIbHBIX KOHCTPYKIMU HanboJee pacnpocTpaHeHo MpUMEHEeHe KpuTepus Muzeca (IpUBEIEHHBIX
HaIpsDKEHUN ).

OTHUX KPUTEPHUEB IOCTAaTOYHO, €CIU Marepuan noauuHsiercs nuarpamme llpanarns. Ecnu
MaTepuana o0JiaJjaeT YOpOYHEHHEM, TO TpU MOBTOPHOM €ro 3arpyKeHHUH XapaKTepHOH
OCOOCHHOCTBIO SIBJISICTCS YBEJIMYEHHE IMpe/esa TeKydecTH. B Takux ciydasx JOMOJIHUTEIBHO
BBOJIUTCS yClo8ue ynpoynenus. [ cTanbHBIX KOHCTPYKIMH B OOJBIIMHCTBE PAOOT MCIOIB3YETCS
MPaBUJIO H30TPOIHOro yrnpouHenwus. IIpaBuio u3orpomHoro ymnpounenus (isotropic hardening)
TJIACUT, YTO MOBEPXHOCTHh TEKYYECTH MPOMOPIHOHAIBHO PACIIUPSETCS BO BCEX HAMPABICHUSX MPU
MIPEBBIIICHUH TIpelena TeKydecTH. VHBIMU cloBaMH TIOCTE MPEBBIMICHHS Tpeeina TEKy4ecTH U
paciiMpeHusi MOBEPXHOCTU TEKY4YeCTH MoidydaeM "0oJbiryro" 00acTh YIPYTrOCTH U HOBBIM Mpesen
tekyuect. [lpaBuimo kuHematuueckoro (Kinematic hardening) ympodyHeHHMsS TJIacuT, dYTO
MOBEPXHOCTh TEKY4YeCTH HE pAaCUIUpSeTcs, a IepeMellaeTcsl B HalpaBICHUM TOBBIIICHUS
HampsDKeHUs ¢ coxpaHeHueM ¢GopMbl. M30TpomHOe YNpOYHEHHE YBEIWYHUT Mpefen TeKyuecTH
MaTepuaiga Kak IpU pacTsHDKeHHMH, Tak M Ipu ckaTuu. KuHemaTHueckoe yNpouHEHUE YBEIUYUT
mpesea TeKy4ecTH B OJJHOM HaIpPaBJICHUW HArpy3Kd, HO YMEHBIIUT €ro B JPYroM HaIpaBJICHUU
Harpy3ku. BeiOop kpuTepusi yIpoYHEHHS BaXXCH P 3HAKOIIEPEMEHHBIX Harpy3kax (IHKIHYEeCKUX
nedopmanusix). B 6onpmmHCTBE pabOT UCTIONB3YETCS MPABHIIO U30TPOIHOrO YIPOYHEHUS, OJTHAKO
D¢dexr baymmarepa [22] ykaspiBaeT, B TOM YHCIIC, Ha CIPaBEIJIMBOCTh IpaBHIIA
KAHEMAaTHYECKOTO YIIPOYHEHHSI JJIs1 METAUTOB IIPU MaJlbIX 3HaYeHUsAX Aedopmaruii [23].

[Tpu reHepany CETKU KOHEYHBIX AJIEMEHTOB BO3HUKAET BOIPOC O BHIOOPE TUIA KOHEYHOTO
aneMeHTa. Tun KkoHeunozo s1emenma OOBEAUHIET TaKHE MOHATUS KaK CTEIIEHb WHTEPIIOSIIIMU OIS
MepeMeIIeHH, cCXeMa YHUCIEHHOTO UHTErPUPOBAHUS B IJIOCKOCTH U IO TOJIIMHE, MaTeMaTH4YecKas
Mojienb (Teopust paboThl) U COOCTBEHHO BBIOOP MEXAY 00O0JI0UEYHBIM UM O0OBEMHBIM KOHEYHBIM
3eMeHTOM. JIJIT CTATBHBIX KOHCTPYKITUH B CHITy UX TOHKOCTEHHOCTH HamOoJiee MOAXOSIIIM U B
TO e BpeMs 0osiee MPOCTHIM SBJISIETCS] UCIOJIb30BAHHUE 00O0JIOUEUHBIX KOHEYHBIX 3eMeHTOB (2D
anemeHThl, conventional shell). Ucnions3oBanne o0beMHBIX d5eMeHTOB (3D a1eMeHThI, KOHEUHBIE
JJIEMEHThl KOHTHHYYMa, CIIeHaIbHbIe O00O0JIOYCYHBIC 3JIEMEHThI KOHTHHYyMa) 3HAYHTEIHHO
YCIOKHSET MPOIECC CO3/IaHUSI TEOMETPUU U YBEIHMUMBAET BpeMsl pacuera.

B coBpeMeHHBIX pacU€THBIX KOMITJIEKCAX KOHEYHBIE JIEMEHTHI ¢ TUHEHHONW WHTEPIIONSIIUEH
MOJI TIePEMEIEHUI YIydIlIeHbl W TMO3BOJSIOT MOJy4YaTh PEHICHHUS C MPHEMIEMOW TOYHOCTBIO.
OpHako 3JIEMEHTHI C KBAJPaTUYHONW MHTEPHOJSAIUEH MO MepeMelIeHH Bce K€ CTOUT CUUTATh
0osee yHUBEpCaIbHBIMU, T.K. OHU MOTYT OMKCHIBATH OOJbIIE PEKUMOB JehopMalud U CIIOCOOHBI
JydIlie ONMUCHIBAThH 00JIee CI0KHBIE PEKUMBI OTKA3a.

Cxema WHTErpupoOBaHUs MpeACTaBiIseT co00H KOMOMHAIMIO MpaBUJIa UHTETPUPOBAHUS B
IUIOCKOCTH IUIACTHHBI W 10 ToimmHe. Yame Bcero il HMHTETPUPOBAHHUS B  INIOCKOCTH
WCIIOJIB3YIOTCSl TIpaBHJIa HMHTETpUpoBaHHMs [aycca Ui YeTBHIPEXYTrOJNbHBIX W MISCTHTPAHHBIX M
MIpaBWJIa UHTETPUPOBAHUS XaMMepa JUIs TPEYTOJIbHBIX W YEeTHIPEXTPAHHBIX KOHEUHBIX JICMEHTOB.
[To ymonm4aHuio OONBIIMHCTBO MPOTPaMM JUIsi UHTETPUPOBAHUS MO TOJIIMHE HCIOIB3YeT MATh
TOYEK CEUEHHUsS IO TOJIIMHE OJHOPOTHOW OOOJOYKH, YTO JTOCTATOYHO AJisi OOJIBIIMHCTBA 3ajad
HeMMHEWHOTo aHanu3a. OJHAKO B HEKOTOPBIX CIOKHBIX 3a7jauyax CJlelyeT MCIOJb30BaTh OOJbIe
TOYEK CEYECHHS, OCOOCHHO €CIM OXXKHUIAeTCsl MIacTHYeCKUid u3rud (B ITOM clydyae OOBIYHO
JOCTATOYHO JIEBATH TOYEK IO TOJIIMHE cedeHwus ). I JTUHEHHBIX 3aJad TPHU TOYKH CCUCHUS
00eCTIeYnBAIOT TOYHOE HHTETPHPOBAHKE 11O TOJIIUHE.

B o6miem ciyyae MareMaTH4eCKHe MOJIENN TIOCKOM TIaCTUHBI, HATPY)KEHHOM MOINepeyHoM
HArpy3Koi, MOTyT ObITh cieAyronmMu [24]: Momenb O4YeHb TOHKOW IJIACTHHBI, OCHOBAHHAs Ha
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TeopuH u3ruba MemOpaH; MOZAETb TOHKOH IUIACTHHBI; MOJENb JOCTaTOYHO TOJICTOW IJIACTUHBI;
MO/I€Tb OYEHb TOJICTOH IJIACTUHBI, OCHOBaHHAsI HA TPEXMEPHOM TEOPUM YIIPYTOCTH.

Teopust pacyera TOHKMX IUIACTHH OCHOBBIBACTCS HA JNOMYIIEHUSX, clenanHbix Kupxrodom
(Tumore3br Kupxroda, Teopust minactun Kupxroda — Jlssa) [25]. OcHOBHBIM oTiiMYaeM TEOpHid
pacuéra TOJICTBIX IUIACTHH sBisieTcsl yuér aedopmanuu nonepedHoro casura. O030p HaydHbIX
paboT B 3TOM HampaBlieHWH mpezctapieH B [26]. [l TONCTHIX IUIACTHH OOBIYHO HCHONB3YIOT
teopuio Peiiccuepa-Muniena [27]. IlostoMy mnpu aHanm3e KOHCTPYKIMH BCerja BO3HHKACT
BOIIPOC O BBIOOpPE THIA KOHEYHOI'O 3JIEMEHTA, KOTOpbIM OyIeT HaJeXkHO OTBeYaThb BCEM
TpeOOBAaHUSAM U TP STOM HMMETh JIOCTATOYHYIO CXOJUMOCTh 0€3 YBEJIWYECHHs YHUCla CTEHeHEn
cB000/IbI. B poABUHYTHIX IPOrpaMMHBIX KOMIUIEKCAX, KaK IIPaBUIIO, CYILIECTBYIOT YHUBEPCAIbHbBIE
000JI0YeUHbIE DJIEMEHTHI OOILIEr0 Ha3HAYECHHUsS, KOTOPHIE YUUTHIBAIOT MAaTEMaTHUYECKYI0 MOJEb
TOHKUX M TOJCTBIX IUIACTUH. OHU MCHOJIb3YIOT TEOPUIO TOJICTOM O0OJIOUKH MO MEPE YBEIUYECHHUS
TOJIIIMHBI 00OJIOUKM M CTAHOBSATCS JMCKPETHBIMH 3JIEMEHTaMU TOHKOHM ob6onouku Kupxroda mo
Mepe YMEHbLIEHHs TOJLIMHBI; JeGopManus MONEepPeyHOro CIABUIa CTAaHOBUTCS OYEHb MAJIOW IO
Mepe YMEHbIIEHUS TOJIIMHBI 000JIOUKH.

T'eomempuueckas ¢popma u pasmep KOHEUHOTO JIEMEHTA — 3TO OJHHU M3 HanboJiee BaXKHbIX
napamerpoB KO Mognenu. [[ns yMmeHblIeHUs HEONpenenEHHOCTH INPU HCHOJIb30BAHUU METOJA
KOHEUYHBIX 3JIEMEHTOB HEOOXOIUMO, YTOObI 3JIEMEHThl MMEIM ONTHMAJIbHYI0 I€OMETPUYECKYIO
dopmy. Jluckpermsanusi KOHEYHBIX JJIEMEHTOB OKa3bIBAaeT TIIIyOOKOE BIHMSHHE Ha TOYHOCTh
HeJIMHEHOTO MonenupoBaHusi. ['eomerpuueckas (opma reHepUpyeMbIX KOHEUYHBIX AIIEMEHTOB
OOBIYHO MOXKET OBITh MPOBEPEHA MPOTPAMMOI C MCIOJIB30BAHUEM PA3IIMYHBIX METPHK, TAKUX KaK
COOTHOLIEHUE CTOPOH, ACUMMETPHSI, COOTHOILLIEHUE IIOMAAN K NEPUMETPY, 3HAUECHUS YIJIOB U T.JI.
Heo6xoauMo MCHOib30BaTh KaK MOXHO OOJIbIIE 3TUX METPUK IPU JUCKPETU3ALUU KOHEYHBIX
3JIEMEHTOB JJI1 MUHMUMM3ALUU KOJIMYECTBA UCKAKEHHBIX 3JIeMEHTOB. KOHEUHO-3/1IeMeHTHas ceTKa
JIOJKHA OBITh Cr€HEpHUpOBaHa C HCIOJIb30BAHUEM AITOPUTMA, KOTOPBIA MPOU3BOAUT PETYIISPHBIE
CETKM C MeHee 4eM 5% MCKaXEHHBIX 2JIEMEHTOB.

KpureprieB 1no Ha3HAYeHHIO pPa3MEpPOB KOHEYHOTO JJIEMEHTAa IPAKTUYECKH HET.
MuHUMaJIBHBIN  pa3Mep 3JeMEHTa OOBIYHO OIpenessieTcs] MPAKTUYECKUMH COOOpaKeHUSIMHU.
BoruncnuTtenbHoe BpeMsl  yBENMYMBAETCS NPUOIM3UTENBHO KBAaApPaTUYHO C YBEIMYEHUEM
KOJIMYECTBA 3JIEMEHTOB, IO3TOMY KOJMYECTBO 3JIEMEHTOB JOJKHO OBITh OTpaHUYEHO, YTOOBI
COKpaTuTh BpeMs. MaKcUMaJabHBIM pa3Mep 3J€MEHTa B MOJEIU JOJKEH ObITh BbIOpaH TaKUM
o0pa3oMm, YTOOBI MOXXHO OBUIO paccuuTaTh OTHOCHUTENIBHO TJIAJKUE TIOJI HaIpsDKEHHH.
MaxkcumanbHBI pa3Mep 3JeMEHTa TakXKe OrpaHHWYeH MPHUCYIIEed MEeTOy KOHEYHBIX 3JIEMEHTOB
HETOYHOCThI0. Eciau auckpeTusanys KOHEUHBIX AJIEMEHTOB CIMIIKOM Ipy0Oasi, moje HanpsKeHUH
Oy/leT MoKa3blBaTh 3HAYMTENbHbIE CKAauKU OT OJHOIO 3JIEMEHTa K JPyroMy, IOCKOJBKY IOJe
HanpsDKeHUH He ABIseTcst HenpepblBHBIM. OCHOBHON METO/1 OLICHKH KayecTBa CETKH Oazupyercs Ha
MOCJIeIOBaTENbHOM yMeHbIIeHuH pa3Mepa KO u HaOmrofieHHeM 3a CXOAMMOCTBIO PE3yJIbTaToOB C
HEKOTOPBIM JIOTTYCKOM.

Henuneunvii ananuz. HenuHENHBI aHaIW3 OCHOBAH HAa HECOBEPUIEHHOM TI'€OMETPHH,
HEJIMHEWHOM MOBEIEHUU MaTepuaia M Oonbiux aedopmanusx (reomeTpuyeckas HeTMHEHHOCTD).
Henuueitnplii aHamm3 MoKeT OBITH BBINOJHEH C IIOMOIIBI0 HWHKPEMEHTAJIBHOro Mmoaxona. B
npejenax 0JHOTO MHKpEMEHTa (11ara) oObIYHO NMPUMEHSIOT UTepalMoHHble MeTo bl CylecTByeT
MHOECTBO Pa3IMYHBIX HTEPAL[MOHHBIX METOJOB, OCHOBBI KOTOPBIX 3aJIOXKEHbI emié B paboTax
W. Hetotona. [yis GONBIIMHCTBA CIy4aeB XOPOIIYIO CXOJMMOCTh MOKa3biBaeT mMeroja HprloToHa-
Pagcona [28]. CymectByer MHeHue, uyto Meton Hplorona-Padcona sBusercs Haumbonee
3¢ (}eKTUBHBIM U YHUBEpCAIbHBIM MeTOJI0M. CyIllecTBYeT HECKOJbKO PazIMYHBIX CXEM MeToja
Hrrotona-Pagcona. B obmiem cinyyae pekoMeHAyeTCsl MPUMEHSTh «IOJIHBIN» MeTon HbroToHa-
Padcona, mpu koropom KacaTenbHas (TaHTCHI[MATIbHAs) KECTKOCTh OOHOBIIAECTCS Ha KaXIOu

uTepauuu paBHoBecus. Ha pucynke 3 a npeactaBieHo MOsICHEHHE.
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Pucynok 3 — Humepnpemavyus memooa Holomona-Paghcona u memooa onunwi oyzu:
a) memoo Hviomona-Pagpcona; 6) memoo onunvt oyzu

BOmm3u npeaenbHBIX TOYEK, I7Ie TOCTUTACTCSl MaKCUMYM rpaduka Harpy3Ka-nepeMenieHue,
KacaTeJbHasl )KeCTKOCTh CTAHOBUTCS HYJIEBOW MJIM OTpULIATEIbHOM, KOTr/1a 00pa3yeTcst HUCXOIas
BeTBb rpaduka nedpopmupoBanus. B Takux ciydasx oObryHble Metoasl Heiorona-Padcona c
KOHTPOJIEM HArpy3KM WM IEpPEMELICHUM He couayTrcs. MeTomoM, KOTOpBI B 3TOM Cllydae
OKa3bIBACTCSl YCIICIIHBIM, SIBJISCTCS METOJ JUIMHBI Jyrd (METOJ JIyroBoi JuiHbI, arc-length
method). Metoa UIMHBI JIyrd NO3BOJSET MOJEIMPOBAHUIO MPOAOIDKATHCA 3a IpelesaMu
JIOKAaJIbHOTO MJIM TJI00AIBHOTO MaKCHMyMa 3aBUCUMOCTH «Harpyska-niepemenieHuey. [lpupamenns
NEepeMEIeHU M Harpy3Ku peryJupyloT TakuM o0pa3oM, YTOOBbl TOUKM pEIIEHUs JeXKald Ha
npeceyeHu rpaduka 1epopMUPOBAHUS U AYTU (CM. pUCYHOK 3 6). [lns pemeHus Takux 3agad
ObLJIO TPEJIOKEHO M MPUMEHEHO HECKOJIBKO METOIOB OMpeefcHus UIMHbI ayru [29], cpemu
KOTOPBIX HanboJIee YCICIHBIM MpecTaBisieTcss MoauuIpoBanublii meron Pukca [30].

Merton wurepanun Herorona-Padcona nyxnmaercs, mo kpailHell mepe, B OJHOM KpUTEpUHU
cxomumocty [31, 32], mpu KOTOPOM CYMTAETCS, YTO CXOAMMOCTh JOCTHTHYTa. Kpurepuem 4acto
apnsieTca Lo-Hopma (KBaJpaTHBI KOpeHb M3 CyMMbl KBaJpaTOB 3HAUEHUI) BeKTOpa AucOaiaHca
CHJI WJIM BEKTOpa MHKpeMeHTHOro nepemerieHus [33]. Kpurepuit cXoaMMOCTH 4acTo JOMOHSACTCS
3apaHee ONpe/eeHHBIM MaKCHUMAJIbHBIM YHUCJIOM MTEpalui, 4ToObl H30eXaTh Ype3MEPHOro Yucia
utepauuid. OnHaKo, He CcIEAyeT paccMaTpuUBaTh OrpaHUUYEHUE YHUCIIAa HUTepalMii B KadyecTBe
KpUTEPUs CXOIUMOCTH. [IpennmouTuTenbHO MCHOIB30BaTh DHEPrETHUECKUN KPUTEPUH BMECTE C
cunoBbiM [34, 35]; crenyer u3beraTh KpUTEpPHEB, OCHOBAaHHBIX TOJBKO Ha TepeMerneHusx. Her
€IMHOTO0 MHEHHMS OTHOCHUTEIBHO JOIYCKOB, KOTODPBIE JOJDKHBI MCIIOJIB30BATHCA [UIsl KPUTEPUEB
cxomumoctu. CoriacHo [36] uisi BBICOKOW CTEMEHHW TOYHOCTH PEUICHUS B KayeCcTBE 3HAYCHUS
JIONTYCKOB IIPY CXOAMMOCTH PEKOMEHJOBAHO HCIIOJIb30BaTh 3HaueHus paBHble 0.01 11 cuinoBoro
kputepus 1 0.0001 my1st BHyTpeHHEN paboThl (SHEPreTUUECKUI KpUTEPHii).

Yuem necosepuiencms (enuuuna u opma HaUanbLHLIX HECOBEPUIEHCME, A MAKICE CNOCOD
ux 3a0anus). s pacyeTa KOHCTPYKIMHM MOCPEICTBOM YHCIEHHBIX MOJEIEH Ba)KHBIM I1apaMeTpoOM
ABIISIETCA YUET HECOBEPIIEHCTB, KOTOPhIE MOTYT 3HAUUTENIBHO BJIMATH Ha HECYIIYI0 CHOCOOHOCTH
KOHCTpYKIUHU. CyIllecTBYET JIBa OCHOBHBIX BHJIa HECOBEPILIEHCTB: TEOMETPUUECKUE U CTPYKTYPHBIE.
B cranbHBIX KOHCTPYKLMSX 2eomempuyeckie HecosepuieHcneda MOTYT ObITh CBSI3aHBI ¢ (OPMOM
ceueHus u 3nemenTa. K HecoBepiieHcTBaM (pOpMBbI CEUEHUSI OTHOCATCS, HAIPUMEp, OTUON CTEHKH
U CKpPy4HMBaHUS TOJOK UM pebdep KecTKocTH. HecoBepiieHCTBa 3IIEMEHTOB BKJIIOYAIOT
WCKpUBJICHHE, MOTMOM, 3aKpyuHMBaHUE LIEJBIX AJIEMEHTOB. BO3MOXHBI €lI€ U HECOBEPILIEHCTBA
KOHCTPYKLIUH, IPU KOTOPBIX BO3HUKAIOT DJKCIEHTPUCUTETHI B Yy3J1aX W CMELICHHS Y3JI0B OT
IIPOEKTHBIX Pa3MEpPOB.
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Cmpykmypnvle  HecogepuieHCmea  CBSI3aHBl  C  OCTaTOYHBIMHM  HAaNpsHDKEHUSIMH,
MOSIBJISIFOIIMMHUCS B TIPOLECCe MPOU3BOICTBA (BCIEACTBUE CBAapKH, Pe3Kd, 0OpabOTKH KPOMOK U
T.J1.). AMIUIUTYJIa ¥ pacipeiesieHne OCTaTOYHBIX HANPSHKCHUH CYHIECTBEHHO 3aBHCAT OT crocola
M3rOTOBJICHUS M (OPMBI MOMEPEUHOTO CEUYEHHUS, MIPU ITOM 33/]aHUE STUX HECOBEPIIECHCTB TPYIAHO
aBTOMATH3HPYETCs, TOATOMY JUIsI y4€Ta CBApOYHBIX HANPSDKEHUH MOXHO PEKOMEH/I0BAaTh
UCIIOJIb30BaHUE DKBUBAJICHTHBIX TI'€OMETPUUYECKUX HECOBEPIICHCTB. JlaHHBIH MOIXOJ LIUPOKO
UCTOJNB3YeTCsl B KJacCHYeCKUX ((OpMYJIbHBIX) MOJAEISAX Hecylled CIOCOOHOCTH MpHU MPOBEpKE
JJIEMEHTOB Ha YCTOWYUBOCTb, TJ€ [UIsl y4€Ta CTPYKTYPHBIX HECOBEPILIEHCTB (CBAPOYHBIX
HaNpsDKCHUH) BBEIEHBI KpPUBBIE IOTEPH YCTOMYMBOCTH C YCIOBHBIMH TI'€OMETPUYECKUMU
HECOBEPIICHCTBaMHU. BBIOOP JaHHOTO MOAXO0Ja TakXKe MOAKpEIUéH uccienoBanusmu [37, 38], B
KOTOPBIX OTMEUEHO HE3HAUYMUTENIHbHOE BIMSHUE CBAPOUYHBIX HANPSHKEHUIH Ha pe3ylbTaThl PacyeToB
MOCPEACTBOM YHCJICHHBIX MOjEel Hecyiei crmocodHoctH. B padore [39] mpoananu3upoBaHbI
MOJIENIN  «C» U «0e3» 3aJaHusl HAYaJbHBIX CTPYKTYPHBIX HECOBEPIIEHCTB (CBApPOYHBIX
HanpspKeHui). Pe3ynbTaThel aHaimn3a MoKasaid, YTO CBApOYHbBIC HAMPSIKEHUS OKa3bIBAIOT BIUSHUE
(B mpenenax 5%) Ha SJIE€MEHTHI C THOKMMHU CTEHKaMH, I KOTOPBIX XapaKTEepeH OTKa3 M3-3a
yIpPyroil moTepu YCTOMYMBOCTH. B srmeMeHTax, Ui KOTOPBIX XapaKTepeH OTKa3 C Pa3BUTUEM
IIacTUYECKUX JedopMaluii, CBApOUHbIE HAIIPSHKEHUs HE OKa3bIBaloT BiusHUE (B npeaenax 0,5%)
Ha 3HAYeHHWE Hecyieil cmocobHoctu. B pabore [9] oTmeuaercsi, 4TO BIMSHHE CBapOYHBIX
HaNpsOKCHUH Ha HECYIIYI0 CIOCOOHOCTh M TIOBEACHHE CTAJLHOTO JJIEMEHTa C MPOJOJIbHBIMHU
pebpamu >xkecTKocTH He 3HauuTenbHO (Menee 0.7%), mpu ATOM CBapOYHbBIE HAIMPSHKEHUS OBLIH
3aJJaHbl HA OCHOBAHWHU 3aMEPEHHBIX, HO C PA3JINYHBIMH aMIUTUTYAaMHA. AHAJOTHYHBIE PE3yJIbTaThl
npezcrabieHbl B padotax [40]. ['maBHBIM 00pa30M OCTaTOYHbBIC HAMPSHKCHUS BIMSIOT HA HECYIIYIO
CTIIOCOOHOCTH B CIIy4ae MOTEPH YCTOMYMUBOCTHU DJIEMEHTA B IIEJIOM U IIPU YCTATIOCTHOM WIIA XPYITKOM
pa3pylIeHUH.

JlomkHO OBITH  SICHO, 4YTO JII0OOO€ MOJEIMPOBAHHE HECOBEPIICHCTBA HA CTaJlUU
MPOEKTUPOBAHUS DJIEMEHTA, KaKMM OBl CIOKHBIM OHO HHM OBIJIO, MOXXET IPEICTaBISATh TOJBKO
«yCIIOBHBIE HECOBEPIICHCTBa». JTO TaK)Ke€ OTHOCUTCS K HEOJHOPOAHOCTH MaTepHaia, HETOUHOCTH
Harpy3kv M I'paHUYHBIX YCJIOBHUH, KOTOpbIE HEBO3MOXKHO 3HAThH 3apaHee, U MO3TOMY OHH JIOJIKHBI
OBITh 3aMEHEHBI HJCATU3AIMSAMH B YHCICHHOW MOJETH, OJHAKO ATH HJCATU3AI[UH JIOJKHBI
MIPUBOJIUTH K Mpe/ICKa3yeMbIM pe3ynbTaTaMm. CaMas clokHasl 3aja4a Ipy 3aJaHUd HECOBEPIIICHCTB
— 3TO0 BBIOpaTh hopMy M aMILTUTYAY (3HaUEHHE).

®opMy HECOBEPIIEHCTBA MOXKHO 3a/]1aTh CJIETYIOLIUM 00pa3oM:

— Ha OCHOBE 3aMEPOB «PEANBbHBIX» HECOBEPIICHCTB KOHCTPYKIIMUA. DTOT MOJXOI HE MOXKET
ObITh pean30BaH B CTPOUTENBHBIX KOHCTPYKIMSAX Ha CTaJAMHM MPOEKTUPOBAHMS, MOTOMY 4YTO
HECOBEPIICHCTBA 3apaHee HE M3BECTHBL. Kak TpaBWMiIO, ATOT CHOCOO UCHONB3YyeTcs TIpU
WCCIIEIOBAHMIX, CBS3aHHBIX C BepH(UKallMeld W Badujalueldl YUCIEHHBIX MOJeNeil Ha OCHOBE
AKCIIEPUMEHTAIBHBIX JTAHHBIX W IS MOMCKA JIy4IIero crnocoda 3alaHvs HECOBEPIIEHCTB. DTOT
Croco0 MOKeT ObITh MNPUMEHEH IpPH OIEHKE TEXHUYECKOTO COCTOSHHS CYLIECTBYIOIIHUX
KOHCTPYKIIMH, a TaKXKe CHUCTEMAaTHYECKH BBI3BAHHBIX MPOHM3BOJCTBOM Je()EKTOB B CEPHUHBIX
U3JIENUSX;

— TMIOCPEACTBOM  YCIIOBHBIX HECOBEPIIEHCTB, TMO3BOJSIOMIUX C HEKOTOPOH CTETEHBIO
JOCTOBEPHOCTH YUYECTh pealibHbleé HECOBEpILIeHCTBA. [l 3aJaHusl YCIOBHBIX HECOBEPIICHCTB
BOXHOHN 3amaueil sBIsieTcs ompenerneHrue (OpMbl M 3HAYCHHUS (aMIUTUTYIBI) HECOBEPIICHCTBA,
KOTOpBIE TOJKHBI OBITh OTKATMOPOBAHBI B 3aBUCUMOCTH OT BUA OTKAa3a.

Y cIIoBHBIE HECOBEPIICHCTBA MOTYT OBITh 3a/IaHBI HA OCHOBE:

—dopm mnotepu ycrtoiunBocTH. OHHM ONpeeNeHbl Ha MaTeMaTHYeCKOH OCHOBE, a HX
3aJJaHie MPOCTO peaTU3yeTcsi B OONBIIMHCTBE MPOTPAMMHBIX KOMIUIEKCOB. BBIMONHSIETCS aHAIHM3
¢dopM moTrepu yCTOWIMBOCTH C IMOMOIIIBIO JTUHEHHOTO OM(ypKaIMOHHOTO aHaIM3a, U janee Gpopma
MOTEPH YCTOMYMBOCTH TPUCBAMBAETCS B KAUECTBE HOBOW T'€OMETPHH aHAIM3UPYEMOMY JJIEMEHTY.
OOBIYHO TP TAKOM CIOCOOE 3aJaHUs HECOBEPIIECHCTB HCIIONB3yeTcs TepBas (opma moTepu
YCTOWYMBOCTH WJIM KOMOMHAIMS Pa3IUYHbBIX (DOPM MTOTEPU YCTOMUMBOCTH.
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—dopm otkaza. OHH COOTBETCTBYIOT Ne(pOPMHPOBAHHOW (opMe HpU OTKaze M, Kak
IpEeAIoaraeTcsi, MPUBOAAT K HaWMEHbBLIEMY 3HAYCHHUIO Hecymled crmocoOHocTH. TpynoeMKocTh
TaKOro crocoda 3aJaHus HECOBEPIICHCTB BBICOKA, IMOCKOJBKY 3apaHee HEOOXOIMMO BBIOJHHUTH
HECKOJIPKO WTEpalMii HEJIMHEHHOro aHaiu3a W aHaIW3a NOTepH YCTOMYMBOCTH, JUII KOTOPOTO
TaKXe He0OXOAUMO C/IeNaTh MPaBHIBHBIN BBIOOP (HOPMBI M 3HAUEHUS HECOBEPILICHCTBA.

—TpeOOBaHMH K W3TOTOBICHHIO. OHHM  COOTBETCTBYIOT OOBIYHO  HaOJIIOJaeMBbIM
HECOBEPIICHCTBAM BO BpeMsi M3rOoTOBieHUs. OHHM OpPHEHTHUPOBAaHBI HAa BO3MOXKHBIE (DOPMBI,
00YCIIOBJICHHBIE TIPOU3BOJICTBOM, U HE MPEACTABISIOT HAUXY/IETO CIIydasi, HO, OYEBUIHO, MOTYT
XOPOIIO MPEACTABIATH NpeAeIbHbIE HATPY3KU Ha MpakTHKe (CM. Takxe obcyxkaenue Pys u lllynbua
[41, 42] u Pama u Jlunauepa [43]).

OcHoBbiBasick Ha Schmidt [44], HE0OX0AMMO MPOBECTH MAANbHEHINEE Pa3IUuue MEKIy
HaUXYALIMMH ¥ CTUMYJHUPYIOUIMMH HECOBEpIICHCTBAaMU. Hamxysiime HecOBEpLICHCTBA JOJDKHBI
MPUBOANUTH K CAMOMY HU3KOMY 3HAYCHMIO HECYIIEH CIOCOOHOCTH, OHH HE CBSI3aHBI HAIPSMYIO C
MPOM3BOACTBEHHBIM IPOLIECCOM, OJJHAKO B IIEJIOM JIOJDKHBI OTpaXKaTh (PU3UYECKYIO PEATbHOCTD.
Hauxynmme HecoBepIeHCTBA, KaK MPABUIIO, OIPEACISIIOTCS Ha OCHOBE PEAbHBIX 3aMEpOB U (HopM
notepu  ycroWduBocTd. CTUMYNUPYIOIIME HECOBEPILICHCTBA JIOJDKHBI JIOCTATOYHO XOPOLIO
yIaBIMBAaTh TOBEJCHHE KOHCTPYKLUH, YTOOBI MOXHO OBUIO TPOTHO3UPOBATH IPEICIBEHYIO
Harpy3ky. HecoBepiieHCTBa Ha OCHOBE COOCTBEHHBIX (POPM IMOTEPHU YCTOMYMBOCTH M Ha OCHOBE
TpeOOBaHMH K M3TOTOBJIIEHUIO MOTYT HCIOJNB30BAThCS B  KAadeCTBE  CTHUMYJIHPYIOLIHX
HECOBEPILCHCTB.

BeiBOABI

BbIsSBIIGHBI W CHCTEMaTHU3MPOBAaHBI OCHOBHBIC TIapaMeTpbl co3AaHus (IIOCTPOCHUS)
YHCIIEHHBIX MOJENel Hecylled CIoCOOHOCTH, KOTOpble HEOOXOJUMO YYHTHIBATh IMPU aHAIHU3E
CTAIbHBIX JJIEMEHTOB M KOTOpble TpeOYyIoT JaibHelmedl BepuduKalMu Ha OCHOBAaHUU
AKCMEPUMEHTAIIbHBIX TAHHBIX:

— Mooenuposanue ceoticme mamepuanra — OJIWH W3 CaMbIX BaXKHBIX IapameTpoB. B
OOJIBIIMHCTBE CIy4yaeB PEKOMEHAAIMH CBOJAATCS K MCIIOJNBb30BAHUIO OMIIMHEHHOM 3aBUCUMOCTH 0e3
CTaIud CaMOYIPOYHEHUs (HUIEaNbHBIN YIPYro-TjiacTUYECKUi MaTepuai, nuarpamma Ilpanaris).
Takas pekoMeHganusi B OOJNBIIMHCTBE CIydaeB OCHOBAaHA Ha MPOCTOTE HCMOIb30BaHUSA. OIHAKO
JUIS aHaiu3a TOBEIEHUS TOHKOCTEHHBIX KOHCTPYKLIMU CO 3HAYUTENBHON 00JacThi0 pa3BUTHUS
Heynpyrux nedopManuii Takoe YOPOIIEHWEe MOXKET TMPUBOAUTh K TOBBIIIEHHOMY YPOBHIO
HeomnpeAenéHHOCTU. Bo-mepBbIX, HEOOXOAMMO NPOBEPHUTHh BIUSHUE CTATUU CAMOYNPOUYHEHUS
CTalli, TaK Kak B M30THYTOH IUIACTHHE, TOMUMO TJIaBHBIX MEMOpaHHBIX HAMPSKEHHUH, BOSHUKAIOT
BTOPOCTETICHHbIE W3TUOHBIE HAMpPSDKEHUS, IO TMPUYMHE 4YEero HCIOJb30BaHUE OUITMHEHHON
3aBUCHUMOCTH 03 cTauu CaMOYIPOYHEHHsS BEpOSITHEE BCEro MPHUBEAET K MPEKIECBPEMEHHOMN
norepe XECTKOCTU IUTACTUHBI MPH M3rHOe W 3aHIKEHUI0 Hecylled CrnocoOHOCTH. Bo-BTOpBIX,
HE0OXOIMMO TPOBEPUTH BIUSHUE HATUYMS TUIOMIAJIKM TEKy4eCTH Ha TOBEJCHHE M 3HAUYCHUE
HeCyIel CrocoOHOCTH, TaK Kak Y4ET CTaJAMM yMPOYHEHHUs Oe3 IJIOMAJAKH TeKY4eCTH BEpOsTHEe
BCET0 MPUBEIET K 3aBBIMICHUIO HECYIIEH CIIOCOOHOCTH, MOCKOIBKY AJII TOHKOCTEHHBIX 3JIEMEHTOB
B2XHOM OCOOEHHOCTHIO SIBIISIETCS M3MEHEHHE CXEMBI pa0OThI B pe3ybTaTe MOTEPU YCTONYMBOCTH
CTCHKU U JaJbHEWIIero oOpa3oBaHUs MJIACTUYECKHUX IMAPHUPOB B MOsicaX. B-TpeTbux, MHTEpec
MPEJICTaBIsIeT aHAIM3 BIMSHHS BHJAA AUAarpaMMbl JeOpPMHUpPOBAHUS HAa HEOMPEeNEHHOCTD
moenupoBanus [45]. [lepcrieKTUBHBIM  TPEICTABISICTCS  UCIOJIB30BAHUE —YETHIPEXJIMHEHHBIX
auarpamm  1eopMHupoBaHUS, TapaMETPU3HUPOBAHHBIX B 3aBHUCHMOCTH OT 3HAUYEHUS TIpesena
TEeKy4eCTHU, MOAYJS YIPYTOCTH U Tpejena MPOYHOCTH CTalu. B kauecTBe kpurepus (yCIOBUS)
TJIACTUYHOCTHU (TEKY4eCTH) Ui CTAbHBIX KOHCTPYKIUN (U1t OONBIIMHCTBA UCIIOJIB3yEeMbIX MapOK
cTalniei) peKOMeHyeTcsl MPUMEHATh KpuTepuit Museca B CHITy €ro IpOCTOTHI, SKCIIEPUMEHTAIBHON
MOABEPKEHHOCTH U PACHpPOCTPAHEHHOCTU TMIPU BBIBOJEC AHAIUTUYECKHX MOJENe Hecylieu
CITOCOOHOCTY.
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— Tun xoneunoco snemenma (000JOYCUHBIA WM OOBEMHBIN KOHEYHBIA 3JICMEHT, CTEICHb
MHTEPIOJISILIUKM TOJIsl TEPEMEIICHUM, CXeMa YHCJICEHHOI0 HMHTETPUPOBAHMS B IUIOCKOCTH U TIO
TOJIIIMHE, MaTeMaTH4yecKass MoJesb (Teopus paboThl)) u kauecmgo cemku (HhopMa KOHEUHBIX
3JIEMEHTOB U pa3Mep) UTPaeT BAXKHEUIYIO pOJib B MOJYYCHHH TOYHBIX PE3YJIbTATOB, OJJHAKO 3TU
napaMeTpsl B3aUMOCBSI3aHBI MEXKIY COOOM M 3aBUCAT OT CHENU(PHUKU MPOTrPaMMHOTO KOMILIEKCA.
[Toaromy HeomnpeneneHHocTh KD Mozenu Oymer 3aBHCETh OT HCIHOJIB3YEMOTO MPOrPAMMHOTO
KoMIuiekca. OgHUM M3 MyTeld MHUHUMHU3ALHUU 3TOW HEONPENETIEHHOCTH BBICTYIAET OIpPEACIICHHUE
ontuManpHOro pasmepa KD Ha ocHOBaHMM aHanm3a rpaduka 3aBHCHUMOCTH (CXOAMMOCTH)
KPUTHUYECKOW W/MIM TIpeNelbHOW HArpy3oK OT pa3Mepa ceTkd. [lpum HasHadeHWH pa3mepa
KOHEYHOT'O AJIEMEHTA CJIeIyeT TaKKe PYKOBOJACTBOBATHCSA OOLIMMH 3aKOHOMEpPHOCTAMU. JlJis aTHX
neneil HeoOXoAMMO BbIpabOTaTh KPUTEPUHM JIsl HA3HAUEHHS pa3MEpoOB KOHEYHOIO 3JIEMEHTA.
Haubonee nepcrneKTUBHBIMU BUIATCS HA3HAYSHHsI pa3Mepa KOHEYHOTrO 3JIEMEHTa B 3aBUCUMOCTH OT
TOJILIUHBI TUTACTUHBI (CTEHKU WM MOJIKM) WK OT JUIMHBI 30HbI YIIPYTOl MOTEPU YCTOMYUBOCTH.

— Henunetinwiti ananuz. B kauecTBe UTEPAallMOHHOTO METOJIa HAJ0 OT/aBaTh MPEINOYTEHUE
nosnHoMy mMetony HeioroHa-Padcona. B kauecTBe KOHTPOIIS pelIeHUs] PEKOMEHYeTCsl PUMEHSTh
METOJl JAJUHBI JYr'H, KOTOPBIM MO3BOJIAET HAWTH pelIeHHEe 3a MpeAeraMH JIOKAIbHOTO WU
ro0amTbHOr0 MakCMMyMma B 3aBUCHUMOCTH «Harpys3Kka-lepeMelleHue», Mpu STOM Al MeToja
OnpeAeNeHus] JUIMHBI AyTH YCHENIHBbIM MpeacTaBiseTcss MoauduuupoBaHHblii meton Pukca. B
OTHOIICHWH  TAapaMeTpOB  HEIMHEHMHOro  aHanM3a  MpPEJCTAaBICHHbIE  YKa3aHUS  HOCAT
pEKOMEHIaTeNNbHBIN XapakTep Ha OCHOBAaHUU aHalM3a (yHKIMOHANa OOJNBIIMHCTBA MPOABUHYTHIX
MPOrPaMMHBIX  KOMIUIEKCOB W PACIpPOCTPAHEHHOCTH MPU HAYYHBIX  BepUPUKAIIMOHHBIX
UCCIIEIOBAHUAX MOJENel Hecylel CIoCOOHOCTH CTalbHBIX KOHCTPYKIMH. OIHAKO cleayer
MOHUMATh, YTO 3TH YKa3aHUS HE SBIIAIOTCS MCUEPIBIBAIOIINMU, U UCIOIB30BAaHUE TOTO UM UHOTO
METO/JIa PEIICHUs HEIMHEHHOro ypaBHEHUE TpeOyeT onpeaeneHus] CTATUCTHUECKUX XapaKTePUCTHK
Heonpenenennoctu KO monenu.

— Benuuuna u ¢hopma nauanvueix Hecosepuiencms. B uccienoBaTeNbCKUX LENSIX, Kak
MPaBUIIO, TIPOBEPSIIOT pa3Hble (JOPMBI, HAIMPABICHUS M 3HAYCHHUS HECOBEPILEHCTBA, BhIOWMpas Te
napaMeTpsl, KOTOpbIe TMO3BOJIAIOT JOCTUYh Hanbosee ONM3KUX 3HAUEHUH K DKCIEPUMEHTaIbHBIM.
Opnako IS 11eTiel MPOeKTUPOBAHUS TAKOE MOJTHOE UCCIIEIOBAHUE MOXKET OBITh OY€Hb TPYIOEMKUM
U orpaHudeHHbIM. (CrnemoBaTeNbHO, HEOOXOIUMO TIPOBEPHUTH BIHSHHE HEOINPEACTICHHOCTH
HECOBEpIICHCTB Ha 3HAYEHUE HECyIIed CIOCOOHOCTH U pa3paboTaTh pPEKOMEHIAIMH IO
Ha3HaYeHUI0 (OPMBI U 3HAUEHUS HECOBEPIICHCTBA, & U3MEHUYUBOCTh YYECTh C TTIOMOIIBIO YAaCTHBIX
k03 durenToB. B uccnenoBanusx [46, 47, 48] moka3aHo orpaHUYEHHOE BIMSHUEC HECOBEPIIICHCTB
Ha HECYIIyI CIHOCOOHOCTh CTalbHBIX KOJOHH (YTO TO3BOJIMIIO BBIACIUTH KpPUBBIE MOTEPU
ycroitunBoctH). Jlns  fganpHeiero  aHanu3a  BBIABHHYTA THUIOTe3a OO0  aHaJOTHYHOM
JTUMUTHPOBAHHOM BIIMSIHUM JIOKAJbHBIX HECOBEPIICHCTB. YUeT CTPYKTYPHBIX HECOBEPIICHCTB
(cBapOYHBIX HaIpPsHKEHUN) HEOOXOAMM JUIsl DIIEMEHTOB, JIi KOTOPBIX XapaKTepeH OTKa3 H3-3a
yIpyroil MoTepu yCTOMYMBOCTH CTeHKHM. Hamboree ONTUMalIbHBIM CIIOCOOOM YydeTa JaHHBIX
HECOBEPIICHCTB SABJISICTCS YBEJIUUCHUE aMIUIUTY/IbI TEOMETPUUCCKUX HecoBepiueHCTB [5, 16]. s
aHallM3a BIMSHUS 3HAYEHUH DKBUBAJICHTHBIX T'€OMETPHUUYECKUX HECOBEPIICHCTB Ha TOBEICHUE
KOHCTPYKTUBHOTO DJJIEMEHTAa W 3HAYCHHE HECYIIeH CIOCOOHOCTH PEKOMEHIYEeTCS TPHHATH
3Ha4YeHus u3 auamasona h,/200 - h,/100 (rae hy, — BeIcOTa CTEHKH B CBETY), HO HE O0JIee TOIIUHBI
crenkn U He OGonee a/200 (rme a — paccTosHHEe MeXay pedpamu KecTKocTH), 3HaueHue h,/200
MIPUHSATO Ha OCHOBAHWHU HA OCHOBAaHHMH aHAJIMTHYECKOTO 0030pa IuTepaTyphl, a 3Hadenue h,/100 —
Ha OCHOBaHUU TPeOOBaHU K TOYHOCTH U3TOTOBJICHHUS CTATLHBIX KOHCTPYKITUH.

B nanpHelmmx ucciaenoBaHUSAX HE0OX0aMMa pa3padoTka YHU(ULIMPOBAHHBIX TpeOOBaHUI K
napameTpam KD monenu njsi KOHKpETHBIX MOJIeNiel HeCyIel ClmocOOHOCTH U UX Bepu(UKaIus Ha
OCHOBAHMHM OKCICPUMEHTAIBHBIX JaHHBIX C BBIYMCICHUEM CTaTUCTHYECKHUX XapaKTEPUCTUK
HEONPeIeEHHOCTH YHCICHHON MOJICIIH.
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VJIK 624.074.421 DOI: 10.33979/2073-7416-2023-105-1-57-65

H.JI. TUILIKOB?, A.H. CTEITAHEHKO!

"Tuxooxeanckuit rOCyapCTBEHHBIN YHHBEPCHUTET, I'. XabapoBck, Poccus

PABOTA CTAJIBHBIX IBYTABPOBBIX BAJIOK
C TOHKOM HAKJIOHHO-TO®PUPOBAHHOM CTEHKOM

Annomayun. Oppexmuenocms npumeHeHUs NONEPeuUHO-20PPUPOBAHHBIX OANOK MOdcem
Ovimb  yeeauyena 3a cuem HAKIOHA 20(DPO8 HA NPUONOPHBIX YYACMKAX UX CmeHOK. B pabome
RPUBOOSIMCS  PE3VAbIMAMbL  UCCIEO08AHUS  HANPAHCEHHO-0ePOPMUPOBAHHO20 COCTNOAHUA CMATbHBIX
08yMasposvix OANOK ¢ MOHKOU HAKIOHHO-20(PPUPOBAHHON CMEHKOU 8 3A8UCUMOCIU OM Yalld HAKIOHA
06pasyowux 20pos K NIOCKOCMU NONEPeuHo2o cevenus baku. IIpedcmaesnenvl KOHeUHO-3IeMEeHMHbLE
MoOenu OanoK ¢ pa3TUdHbIMU YeIamMu HAKIOHA 06pasyrwux 20¢ppos (npoguisb 20¢hpos mpeyeonbHbiil
HENpepbIGHbILL OMKPLIMbLIL), a MaKdxice pe3yiomamyl U Kpamkuti AHAIU3 YUCTEHHBIX IKCHEPUMEHMOS,
NPOBEOeHHbIX npu nomowu npozpammuozo komniexca JIMPA-CAIIP. B xode skcnepumenma O
KadNcOOl MoOenu NOyYeHvl POopMbl NOmepu YCMOUYUBOCU CMEHOK ¢ Kodpduyuenmamu 3anaca,
Oepopmuposanmnvie cxemvl U U3ONONA PACNPEOENeHUs HOPMANLHLIX, KACAMETbHbIX U 2NAEHbIX
Hanpscenuti 6 aaemenmax  Oanox. IIpedcmaenennvie  pe3yIbmMamvl  CEUOEMENLCMEYION O
OONOAHUMENLHOM NOBBIUEHUYU YCTNOUYUEOCU CINEHKU NPU HUCXO0AWUX 20Ppax, 00 usmeHenuu yCunull
8 NOsICax 6ANOK U HEKOMOPOM NOGBIULEHUU UX 0eDOPMAMUBHOCTIU.

Knrouegvie cnoga: memannuyeckas 08ymagposas 0ankda, moHKas HAKIOHHO-20QpUpoSaHnas
CMeHKa, Mpey2onbhblil NPOPuUIL 20Ppo6, Memod KOHEUHBIX IIEMEHMOB.

N.L. TISHKOV?, A.N. STEPANENKO!
Ypacific National University, Khabarovsk, Russia

OPERATION OF STEEL I-BEAMS
WITH THIN SLOPED-CORRULATED WALL

Abstract. The efficiency of the use of cross-corrugated beams can be increased by tilting the
corrugations on the supporting sections of their walls. The paper presents the results of a study of the
stress-strain state of steel I-beams with a thin inclined-corrugated wall, depending on the angle of
inclination of the generatrix of the corrugations to the plane of the cross-section of the beam. The finite
element models of beams with different inclination angles of the generating corrugations (corrugation
profile triangular continuous open) are presented, as well as the results and a brief analysis of
numerical experiments carried out using the software package LIRA-SAPR. In the course of the
experiment, for each model, the forms of wall buckling with safety factors, deformed schemes and
distribution isofields of normal, tangential and principal stresses in beam elements were obtained. The
presented results indicate an additional increase in the stability of the wall with downward
corrugations, a change in the forces in the chords of the beams, and a slight increase in their
deformability.

Keywords: metal I-beam, thin inclined-corrugated wall, triangular corrugation profile, finite
element method.

BBenenune

[Tpu mpOEeKTUPOBAHUU CBAPHBIX OATIOK ABYTAaBPOBOI'O CEYCHHsI OCHOBHOM M3 3a7a4 SIBJISIETCS
oOecrieueHe MECTHOM YCTOMYHMBOCTH IUIOCKOW CTEHKHM 3a CUET YBEIMYEHHUS €€ TOJIIUHBI WA
yCTaHOBKH pedep sxecTkocTu. OOecneunTh YyCTOHYMBOCTh TOHKOW CTEHKH Ha TIPUOTIOPHOM YUacCTKe,
pacmpeseiB MaTepuan IO CEUEHHUI0 0oJiee pallMoOHAIbHO, BO3MOXKHO 3a CUET MPUIIaHUS €U
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nmpocTpaHcTBeHHOW ¢opMmbl. [Ipumenenne 0anok (KOJOHH, apoK) C TOHKOW TIOMEpEYHO-
ropupoBaHHOI CTEHKOM mMosyyaeT 0ojiee HIMPOKOE PACIpOCTpaHEHHE B CTPOUTEIBCTBE BBUIY
BbICOKOU 3¢ dexTuBHOCTH [1-4]. PaboTa rodpupoBaHHBIX KOHCTPYKLIMH JBYTaBPOBOTO CEUYCHUS
JIOCTAaTOYHO XOpouio u3ydeHa [5-15]. OgHako ydeHble HE OCTaHABIMBAIOTCS HA JOCTUTHYTOM H
WIIYT HOBBIE KOHCTPYKTUBHBIC pEIICHHS JUI TOBBIIICHUS S(P(PEKTUBHOCTH OO0BEMHO-
npoUIMPOBAHHBIX KOHCTPYKIHii [16-18].

[IpenmeToM ucciienoBaHUs SBISETCS aHAIU3 HANPSXKEHHO-Ie()OPMUPOBAHHOTO COCTOSIHUS
CTaJBHOM JBYTaBPOBOM OAJIKKM ¢ TOHKOM HAKJIOHHO-TO(PHUPOBAHHOM CTEHKOM (pHCYHOK 1).
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Pucynox 1 — Koncmpykuyus memaniuyeckoil 6a1Ku 08ymagpo6o20 ceuenus ¢ moHKol HAK10HHO - 20(ppupo8annoi
cmenkou (npoghuns 2ogppa: éonnucmulii HenpPepvIEHLIIL OMKPLIMBLIL):
a) ¢ eocxooawumu 2oppamu, 6) ¢ HucxooAWUMU 20Ppamu

Ilenpto NaHHOM pPabOTHI SIBISETCS MCCIEOBAaHMWE BIMSAHMS YIja HakJIOHa 0O0pa3yroIux
ro)poB OT MIOCKOCTU MOMNEPEYHOI0 CEYEHHsI Ha paboTy CTaJbHOM JABYTaBPOBOM OalIKM C TOHKOM
ropupoBaHHOMN CTEHKOM.

JIns1 mocTrKEeHUs MMOCTaBICHHOM LIEJIN PELICHBI CIEAYIONINE 3a/1a4u:

1. Co3nanbl MosIEM METAUIMYECKUX OaJOK C rOQpUPOBAHHBIMU CTEHKaMH C Pa3IU4YHbIMHU
yIJIaMu HaKJIOHa 00pa3yronmx rogppos B nporpaMmMHoM koMmiuiekce «JIMPA-CATIIP»;

2. IlpousBeneH pacyeT M OLIEHKA HampsHKEHHO-Ie(POPMHPOBAHHOTO COCTOSHHS OaloK ¢
MOTIEPEYHBIM W HAKJIOHHBIM TO(QPUPOBAHHEM CTEHKH METOJIOM KOHEYHBIX D3JIEMEHTOB NpHU
OJIMHAKOBBIX I'PAHUYHBIX YCIIOBMSX, HArPY3Kax U CBOMCTBAX MATEPUAJIOB;

3. OnleHeHa  yCTOWYHMBOCTh TO(PPUPOBAHHBIX CTEHOK IMOCPEICTBOM IPOTPAMMHOTO
xomiuiekca «JIMPA-CAIIPy;

4. IlpousBeneH CpaBHUTENbHBIN aHAIN3 MOJIYYEHHBIX PE3yJIbTaTOB HCCIIEI0BaHUS.

Mopesn 1 MeTOABI

AHanu3 HanpsbKeHHO-e(OPMUPOBAHHOTO COCTOSTHUSI TOQPUPOBAHHBIX OAIOK BBITIOTHSIICS
¢ ucnosub3zoBaHueMm nporpamMmmHoro komiuiekca JIMPA-CAIIP. J{ns yuciaeHHOro MOAENIUPOBAHUS
MPUMEHSIINCH TIACTUHYATHIE TPEX Y3JIOBbIE KOHEUHbIE eMeHThl Tuna K3-42 u yeThipex y3mnoBbie
KOHeuHble aeMeHThl Tuna K3-44 ¢ mocTosSHHBIMM (OJMHAKOBBIMH) BO BCEX HaIpaBICHUSIX
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napaMeTpaMy yIPYrOCTH: MOAYJIEM YIPYTrOCTH MaTephana & = 2-10* kH/em? u koa(purmenTom

[yaccona Y = O0.3.pas6uska mosicor u cremku 3a7laBajacb B COOTBETCTBUU C JIOMAHOM
reOMEeTpUEN CTEHKH, pa3Mepbl KOHEUHBIX 3JIEMEHTOB BapbupyeTcs oT 10 10 20 Mm.

Bce BapumanThl Mojenell HMMEIOT OJMHAKOBBIC IapaMeTPhl IONEPEYHOr0 CEYCHHS |
ropupoBanus, TpaHUYHbIE YCIIOBUS, HATPY3KU M CBOMCTBA MaTepUAIOB.

[TapameTpbl MOJIETICH:

- pacueTHasl cxema: OJTHONPOJIETHAs MIAPHUPHO-OIEepTas 0 KOHLAaM Oajka MpoJeToM 6 M,
Harpys3ka paBHOMEpHO paclipesiejieHHass HHTeHCUBHOCTHIO 40 kH/M (mpuioxeHa K BepXHEMY HOsICY
[0 TOJIOCE KOHTAKTa Iosica ¢ roppUpPOBAHHON CTEHKH), BEPXHUU MOSIC MO JUIMHE PACKPEIUIEH B
CBOEH IIJIOCKOCTH,

- TIOTEpPEeYHOe CEYEHHe: BBICOTAa CTEHKHM — 50 cM; ToimuHa To(pUPOBAHHOW CTEHKU —
0,2 cm; TommuHa mosicosB — 0,8 cM;

- TapameTpsl TOpPUPOBAHUS CTEHKH: JUIMHA TOJTYBOJHBI — 12 CM; BBICOTA IOJIYBOJHBI —
2 cM; npousb roppoB — TPEYrobHbIN (BOJTHUCTBIN).

B xome uccnemoBanusi paspadorano 13 moneneil ¢ pa3snTUYHBIMU yIJIaMH OOpa3yIOLIUX
ropos:

- 0a3zoBas MoJieNb — YroJl HakJIoHa o0pasyrolux roppoB (0T INIOCKOCTH MONEPEYHOro
ceuenus1) 0 rpaagycos;

- MOJEIH C BOCXOSIIUMH rodpaMu (PUCYHOK 2 @) — yroj HakjIoHa 00pa3yromux rohppos
5,10, 15, 20, 25 u 30 rpanycos;

- MOJICIH C HUCXOASIUMH TohpaMu (PUCYHOK 2 6) — yroJl HakJIOHa 00pa3yroIiux rohpos
5,10, 15, 20, 25 u 30 rpaxycos.

a) 0)

Pucynok 2 — @pazmenmol KOHEUHO-ITIEMEHMHBIX MOOeTell OANOK C Y210M HAKIOHA 00Pa3yIouiux
2o¢hpos 20 zpadycos: a) ¢ socxooauwumu zoghpamu, 6) ¢ HucxoOAUWUMU 20Ppamu

MectHass yCTOMYHMBOCTH TO(PPUPOBAHHBIX CTEHOK OIeHWBajgack mapamerpom [IK
JIMPA-CAIIP. B mporpaMMHOM KOMIUIEKCE pealM30BaH CIIOCOO OIEHKH YCTOHYMBOCTU MpHU
ycnoBUM palboThl cucTeMbl B ynpyroil obmactu [19]. Pemenuem 3amaum sBisieTcst ompeaeieHHue
YHCIIOBOTrO MapameTpa K, mpu KoTopoM mpousoiiaer morepsi yeroiunBoctu. Koadduiment 3amnaca
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YCTOMYMBOCTH K TOKa3hIBaCT BO CKOJBKO pa3 KpUTHUECKAs HArpy3ka Mo Diiepy MNpeBHIIIaeT
(baKkTUYECKU TPUIIOKEHHYIO.

Pe3yabTaThl HCC/IEIOBAHNS M MX AHAJIU3

B pesynbrare pacuera Mmozenel 6anok orpeseieHbl BETNYNHBI HOPMAJIbHBIX HANpPSHKEHUH B
MONEPEYHBIX CEUCHHUSX, KACATENbHBIX U IJIaBHBIX HANPSIKEHUN B CTEHKAaX, BEPTUKAIBHBIX TPOrHOOB
u K03(pPUIMEHTOB 3amaca YCTOMYMBOCTH MPHOMOPHBIX 30H TOQPHUPOBAHHBIX CTEHOK OalloK.
Haubonee xapakTepHbie pe3yabTaThl pacueTa NpuBeAeHbl B Tabaumnax 1-4.

Tabmuma 1 — MaxkcuManbable TpOruObl, KOA((UIMEHTH 3amaca YCTOHYMBOCTH CTEHKH,
MaKCHUMaJIbHbIe HOPMaJIbHBIC HAIPSDKEHHS B IMOSCaX M MaKCUMAaJbHBbIC TJIABHBIC HANPSDKEHHS B
IPUOIIOPHBIX 30HAX OANOK ¢ BOCXOAAIIMMH rohpamu

Vo HakIoHA o, HOpMaJ'ILHLIe HalpsSI’KCHUS B I'naBHBIC HaIPpsKCHUA
IIporu6 B Koadpdrmment
00pasyromnmx BEPXHEM U HUKHEM I0sicax B B CTEHKE Ha
CEepCANHEC 3araca
ropos, CepeIMHe poJieTa MPUOTIOPHOM y4YaCTKe
nposieTa, MM | yCTOHYHBOCTH, K 5 5
rpamycsl (max), kH/cm (max), kH/cm
0 18,6 2,33174 -22,8122,9 12,2/-13,2
5 18,8 1,64913 -23,5/22,9 21,6/-27,2
10 18,8 1,64936 -23,5/229 21,6/-27,0
15 19,0 1,45821 -23,8/22,8 24,1/-34,2
20 19,2 1,29912 -23,1/22,8 29,7/-42,0
25 19,6 1,18694 -23,8122,7 32,6/-47,6
30 20,0 1,13744 -23,4122,7 39,5/-53,9
Tabnuna 2 — MakcumanbHble TNpOruObl, KO3PQPUIMEHTHl 3amaca YCTOMYMBOCTH CTEHKH,

MaKCHMaJbHble HOpPMaJIbHbIE HANpPSDKEHUS B MOSICAX U MAaKCHUMAalIbHbBIE IJIaBHBIE HAINpPSDKEHUS B
MIPUOIIOPHBIX 30HaX OaJIOK ¢ HUCXOIALIMMU roppamMu

Yo HaKkIIoHA O HopmanbHble HanpspKeHus B I'maBHBIE HaNPSHKEHUS
ITporub6 B Koaddrunent
00pazyromnmx BEPXHEM U HIKHEM I105ICaX B B CTEHKE Ha
cepelnuHe 3amnaca
rohpos, cepenuHe mposera (Max), MIPUOTIOPHOM Y4aCTKe
poJieTa, MM ycToW4nBOCTH, Kk ) )
rpaaycsl kH/cm (max), kH/cm
0 18,6 2,33174 -22,8/22,9 12,2/-13,2
5 18,8 2,97196 -22,9 /23,4 26,3/-22,6
10 18,8 2,97114 -22,9/234 26,2 /-22,7
15 19,2 3,39667 -23,0/24,0 33,2/-26,3
20 19,4 3,97800 -22,9/23,4 41,0/-29,9
25 19,8 4,60584 -22,8123,7 46,4 /-35,2
30 20,3 5,72500 -22,9/23,3 52,6/ -43,4
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Tabnuua 3 — CpenHue HOpMaJIbHBIE HANPSKEHUS B IIONEPEYHBIX CEUYCHUSX MOSICOB 0aJIOK

VYrox HakI0HA 00pa3yIOIHIX CpenHre 3HaUCHUSI HOPMAJIBHBIX HANPSDKEHHUH B IOIIEPEYHBIX CEUSHUSIX
ro(poB, Tpaxycsl mosicoB 0aytok, kH/cM2 (HIDKHMIA TTOSC/BEPXHUIMA MOSC)
30 cm 90 cm 150 cm 210 cm 270 cm
0 (6azoBas MOJEINIB) 4,17/-4,17 11,25/-11,25 16,55/-16,55 20,1/-20,05 21,9/-21,85
banku ¢ BocxonsamumMu rogpaMu B CTCHKE
10 5,25/-3,08 12,05/-10,4 17,15/-15,95 | 20,45/-19,75 | 21,95/-21,75
20 6,48/-1,99 12,95/-9,49 17,75/-15,3 20,75/-19,4 22,05/-21,6
30 7,58/-1,07 13,8/-8,45 18,4/-14,6 21,05/-18,9 22,0/-21,45
bayku ¢ HUCXOIAIMME TOQpaMH B CTEHKE
10 3,07/-5,27 10,4/-12,05 15,95/-17,15 | 19,75/-20,45 | 21,75/-21,95
20 1,92/-6,46 9,42/-13,05 15,25/-17,8 19,3/-20,85 21,55/-22,1
30 0,91/-7,78 8,27/-14,0 14,4/-18,5 18,7/-21,25 21,25/-22,15

Jls 6a30BOi MOJIeNM U MOJIENe ¢ YoM HakJIoHa o0pasyromux roppos B 20 rpaaycoB s

HarjmsiaHoCTH

IIpuBCACHA

Auarpamma

pacipeaciaCHuA

Cp€aHux

3HAYCHUH

HAMPSHKCHUH B MONICPEYHBIX CEYCHUSX MOSICOB 110 JUTHHE 0asloK (PUCYHOK 3).

25r

201

15]

as_expl
aH_expl
oB_exp20

aH_expl0
-

oB_cxp20'

- 5]

oH_expl0'

— 10]

— 15

X_exp

Pucynok 3 — luazpamma pacnpedenenusn cpeoHux HOPMAaiabHbIX HANPANCEHUT

6 NONEPEUHBIX CEUCHUSAX NOACO6 NO ONIUHE OANOK:
— bazoeasn mooenv,

HOPpMaJIbHBIX

== M00eb ¢ 8oCX00AMUMU 20pamu (Y20 HAKIOHA 00pazylouwux 2ogpos 20),

== _ M00enb ¢ HucXo0awuUMU 2oppamu (y2on HaKaona oopazyrouux 2ogpos 20)
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Tabmuna 4 - M3omnoist pacnpenencHus TNIaBHBIX HaNpsDKEHHH W (OpMBI MOTEPU YCTOHUUBOCTH
HPUOIOPHBIX 30H CTEHOK MOJENEH BEPTUKAIBHO W HAKIOHHO-rO()PUPOBAHHBIX OAJOK C YIJIOM
HaKJIOHa 00pa3yonmx roppoB K MIOCKOCTH ceueHus Oanku 20 rpaxycoB

MoJielnb ¢ BOCXOISAIIMMU Toppamu — yro| Mojesb ¢ HUCXOASIUME rodpaMu —
HaKJIOHA 00pa3yroIuX YroJl HaKJIoHa 00pa3yroimux rogpos
ropos 20 20

M30mos riaBHBIX PpacCTATUBAIOMINX HaHpSI)KCHI/Iﬁ Ha IPUOINMOPHOM aCTKC CTCHKH, kH/ CM2

BazoBasi MozieNb — yroy HaKJIOHA
oOpasyrormx rodpos 0 rpagycos

—r——

—

T o a6

M30m01s1 riaBHBIX CKUMAIOIIUX HaHpH)KeHI/Iﬁ Ha MPUOIMOPHOM YHYACTKEC CTCHKU, KH/CM2

e
w S D 26 6

o T D ™

2y

M30m0ms1 KacaTelbHbIX HAIPAKEHHI HA IPHOIIOPHOM ydacTke cTeHkH, KH/cm®

——

PopMma noTepu yCTONUMBOCTU CTEHKHU
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Ha ocHoBaHuM aHanu3a MoJy4eHHBIX JaHHBIX MOJKHO CAEATh CIEIYIOUIHE BHIBOIBL:

- yBeJIMUYEHHUE YIJIa HakKJIOHAa oOpasyroumx Bocxomsammx roppo ot 0 go 30 rpagycoB
BBI3BIBACT YBEIMYCHHE TJIABHBIX HAINPSDKEHUH (MpUYeM CHKUMAIOMIMX OOJIbIIE) B HIDKHUX YITIax
MIPUOIMOPHBIX YaCTEl CTEHKH, YTO MOXKET IPUBECTU K MECTHBIM IJIACTHUECKUM AePopMaIisaM Uiu
MOTEpPEe MECTHOH YCTOWYHMBOCTH IIJIOCKHX D3JEMEHTOB TO(PpPOB B 3TOH YaCTH CTEHKH, O 4YeM
CBUJICTEIBCTBYIOT TOHIKEHHBIH Ko3(duimenT ycrounBoctu (Tabnuua 1) U mojdydeHHas
pacueToM Gopma moTepu €1 YCTOHIUBOCTH (Taduma 4);

- yBeJIMYEHHUE YIJla HakjoHa oOpazymoomux Hucxoaammx rogpos ot 0 go 30 rpamycos
BBI3BIBACT YBEIMUCHHE IJIABHBIX HANPSHKCHUH (MPHUUEM pacTATMBAIONIMX OOJBIIE) B BEPXHUX YTiIax
MPHUOIMOPHBIX dYacTed CTEHKH, YTO MOXXET TakKe IMPHUBECTH K MECTHBIM IUIACTUYECKUM
nedopmanusM 3JeMEeHTOB ro()pOB 1 TOBBIIICHHUIO «OOIIEH» YCTOMUYUBOCTH TOPPUPOBAHHON CTEHKU
B OTOM YacCTH, O YeM CBUJICTEIHCTBYIOT MOBBIMICHHBIH KOAPOUIIMEHT YyCTOWUNBOCTH (Tabaumna 1) u
NOJy4eHHasl pacueToM (hopMma MoTepH €10 ycToiunBocTH (Tadbnuna 4);

- HaKJIOHHOE To(pHpOBaHUE HE BKIIOYAET CTEHKY B pa0oTy Oanku Ha U3rud, HO BBI3BIBAET
ckaThe (MpH BOCXOIAIIMX To(pax) WM pacTsvkeHHe (IMIpH HUCXOISMMMX Todpax) B HEH BIONb
roppoB, dYeM UACTUYHO MepepaclpeneNseT YCWIHS MEXKIy IoscaMu B 30HE JEHCTBUS
Nepepe3bIBAIONINX YCHIMH: TaK MPU BOCXOIAIIUX Todpax — pasrpykaercss BEPXHUU TIOSC U
JOTpyKaeTcs HUKHUM; IPU HUCXOAAIIUX rodpax — HA000poT;

- HE3aBUCHUMO OT YyIJla HakjJoHa oOpa3ylommx ropoB HOpPMalbHBIE HANPSDKEHUS B
MOTIEPEYHBIX CEUCHUSX IOSCOB PACHPEENIAIOTCS HEPaBHOMEPHO, YTO BBI3BAHO IMEPUOIUYECKUM
CMEIIIEHUEM CTCHKH C OCH OaJKi, YaCTUYHO padoTaromeii coBMecTHO ¢ mosicoM [20];

- YBEJIMUEHUE YyIJIa OTKJIOHEHUs TO(POB B JIF0OOM HAMpaBICHUH OT IUNIOCKOCTH MONEPEYHOr0
ceueHus O6anok (10 30 rpaycoB) BbI3bIBAET HE3HAYUTENIBHOE MOBBIILIEHUE UX AE(POPMATUBHOCTH.

BriBoabI

YucneHHBIM 3KCIIEPUMEHTOM YCTAaHOBJIEHO, YTO MPU HAKIOHHOM TOo(pUPOBAHUU TOHKHX
CTEHOK CTaJbHBIX Oanok HauOosiee 3(PPEKTUBHBIM BapUaHTOM SIBISETCS HHUCXOJISALINN HAKJIOH
ro¢poB, Tak Kak OH JIOMOJHUTEIBHO 3aMETHO MOBBIIIAET «OOIIYI0» YCTOWYMBOCTH TOPPUPOBAHHOMN
CTeHKU. Bo3HMKaronye mpu 3TOM B BEPXHUX YIVIaxX MPUOMOPHBIX 30H CTEHOK IOBBILIEHHbBIE
MECTHBIE PACTATUBAIOLIME BOJb rO(pPOB HANpPsDKEHUS B OalikaxX, BBIMOJHEHHBIX M3 IMJIACTUYHBIX
CTajJled M He MWCIbITHIBAIOIINX JUHAMUYECKUX BO3JEHCTBUI, Kak NpPEICTaBISIETCA, MOXKHO
JOIIYCTHUTb.
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BE3OIMACHOCTb 3[JAHUA U COOPY>XEHUUA

VJIK 624.046.5 DOI: 10.33979/2073-7416-2023-105-1-66-76

C.A. COJIOBBEB!, A.D. MHBKOB?, A.A. COJIOBBEBA'

'®I'BOY BO «Bonoroackuit rocyIapCTBEHHbIN YHUBEpPCUTETY, I'. Bonoraa, Poccus

METOJ AHAJIU3A HAJEKHOCTH 9JIEMEHTOB CTPOUTEJ/IBHBIX
KOHCTPYKIHUHU ITO UHTEPBAJIBHBIM OLIEHKAM
CJIYUYAVIHBIX BEJIMYUH

Annomayun. B uccreoosanuu npedcmaeien nooxo0 K aHANU3Y HAOEICHOCU IJeMEHMO8
CMpOUmMenbHblX KOHCMPYKYULL, OCHOBAHHbIU HA UHMEPBATbHBIX OYEHKAX CVUAUHBIX 8eIUYUH, KOMOpble
npeocmagnniom cobou epanuybl ux uzmenuueocmu. Ha uucnemnvlx npumepax nokazamo, 4mo
UCNONB30B8AHUE MAKO20 NOOX00A NPU HETUHEUHbIX MAMEMAMUYecKUx MOOeIsIX NPeOeibHblX COCMOIHUL
no3eoasiem Noayyums 0ojee OCMOPONCHYIO OYEHKY BepOsimHocmu 0e30mKasHotl  pabomel npu
CHUDICEHUU KOIUYeCm8d UCHOIb3YeMbIX cmamucmuieckux eunomes. Ilpednosicennulii 6 cmamve nooxoo
ucnonvzyem HepaseHcmgo Bwicouanckozo-Ilemynuna 01 000CHOBAHUA 2PAHUY USMEHYUBOCTU
CYUAUHBIX BeIUYUH 0e3 UCNONb308AHUS SUNOME3 O 3aKOHe pacnpedefieHus CAyYatHoU BeIuyumbl, d
Mamemamuyeckoe 0X4CUOanue U CIMAaHOapmHoe OMKIOHeHUe NPeOCMasienbl MaKice 008epumenbHblMu
UHMEPBANAMU, YMO NOGbIUAEH NPAKMUYECKYI0 3HAYUMOCHb paA3padomanHHo2o memood. Aneopummbl
UCNONBL308AHUSL  NPeONaeaemMo20 N00X00d NpeOCMAGIeHbl HA — YUCIEHHbIX NpUMepax  OyeHOK
geposamuHocmu 6e30mKa3Hol pabomuol I1eMeHmo8 CIMPOUMENbHBIX KOHCMPYKYUL.

Knwuesvie cnosa. Ha()eoicnocmb, HepaseHcmeo BblCOllaHCKOZO-HemyHuHa, BEPOANMHOCMb
bezomkasnoil pa60mbz, uxnmepeai, 6esonacnocmb, Cﬂy‘talea}Z seluvuHa, CMOXACMU4ecKutl AHaIu3.

S.A. SOLOVEV', AE. INKOV', A A. SOLOVEVA!
"Vologda State University, Vologda, Russia

METHOD OF STRUCTURAL RELIABILITY ANALYSIS BASED ON
INTERVAL ESTIMATES OF RANDOM VARIABLES

Abstract. The article presents an approach to structural reliability analysis based on interval
estimates of random variables, which represent the boundaries of random variables’ variability.
Numerical examples show that the use of such an approach in cases with nonlinear mathematical
models of limit states allow to obtain a more cautious estimate of the failure probability with a decrease
in the number of statistical hypotheses used. The proposed approach uses the Vysochanskij—Petunin
inequality to justify the limits of variability of random variables without using hypotheses about the
distribution shape of a random variable. The mathematical expectation and standard deviation are also
represented by confidence intervals which increases the practical significance of the developed method.
Algorithms for using the proposed approach are presented on numerical examples of estimates of the
no-failure probability of structural elements.

Keywords: reliability, Vysochanskij—Petunin inequality, failure probability, interval, safety,
random variable, stochastic analysis.

BBenenune

BeposTHOCTE 6€30TKa3HOM paOOTHI WIIH BEPOATHOCTH OTKAa3a SIBISIOTCS KOTUYECTBEHHBIMU
MOKa3aTesIMU HaJe)KHOCTH. PactipocTpaHeHre MaHHBIX OKa3aTeaed MpU aHAIW3€ HAIeKHOCTH
CTPOUTENIbHBIX KOHCTPYKLIMH Ha CTAJAUU HUX NPOCKTUPOBAHHUS U JKCIUTyaTalUH ITO3BOJIUT
MPOBOJAUTE OOBEKTUBHOE CPABHEHHE PA3TUYHBIX MPOEKTHBIX PEIICHHH T0  KPUTEPHIO
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be30macHOCTD 31aHNI H COOPYKEHHH

0€30MMacCHOCTH, YCTAHABIMBATh KOJIMYECTBEHHYIO OLIEHKY pHUCKA MPUHSATOTO PEIICHHS, a TaKKe
MIPOTHO3UPOBATH JIOJATOBEYHOCTh HECYIIMX 3JIEMEHTOB KOHCTPYKIHMHI MO KPUTEPHUIO JOMYCTHUMOU
HaJICKHOCTH.

Teopust HaAEKHOCTH CTPOUTENBHBIX KOHCTPYKIMH KaK CaMOCTOSITEIbHAs Hayka
chopmupoBanach B XX Beke Ha 0a3e KIAaCCHUECKON TEOPUU BEPOSTHOCTEH M MaTeMaTHYECKOMN
CTaTUCTUKU. BaXHOCTh M BBICOKYIO 3HAUMMOCTh JAaHHOM HAayKd JJIi MHKEHEPHO-CTPOUTEIHHOU
OTpacid OTMEYAECTCS B COBPEMEHHBIX HCCJICJAOBAHMSAX aHadu3a O0e30MacHOCTH CTPOUTEITBHBIX
KoHCTpyKuui B PD u 3a pybexom [1-3]. OnHako akTyaabHBIMU OCTAIOTCS sl MPOOJIeM U 3a/1ad B
nanHoW obnactu. Hampumep, B uccienoBanuu [4] oTMedaeTcs, YTO «HA MPAKTUKE B WHKCHEPHBIX
COOPYKCHHSIX TPYIOHO TMOJYYHTHh JIOCTATOYHBIC CTATUCTUYECCKHEC BBIOOPOUYHBIC JIaHHBIC IS
nocTpoeHust (YHKIUU paclpeiesieHus BEPOSITHOCTEH croxacThudeckoid moxaenu. Kpome Toro,
HeOosbass ommMOKa B «IOATOHKE» (DYHKIMHU pacupefesieHHss BEPOSITHOCTEH MOJEIH MOXKET
MIPUBECTH K OOJIBIION OIMMOKE pacyeTa CTPYKTYPHON HAICKHOCTI.

OmHuM U3 COBPEMEHHBIX BEKTOPOB pAa3BUTHUS TEOPUHM HAJIEKHOCTH CTPOUTEIBHBIX
KOHCTPYKIIMUA SBJISICTCSI MCIOJIb30BAaHUE HOBBIX TEOPHUM aHaM3a JAHHBIX, KOTOPHIE MO3BOJSIOT
HUBEJIMPOBATh HEIOCTATKU TEOPHUU BEPOSTHOCTEH M MAaTEMAaTHUYECKOW CTAaTHUCTHUKUA B OTAEIBHBIX
3amavax. Takoil 00J1acTbiO, HAMPUMEp, SBISETCS aHAIN3 WHTEPBAIBHBIX JAHHBIX O CIYYalHBIX
BEJIMYMHAX. 3a MMOCJICTHUE TOJIBI pa3paboTaHbl PA3IMYHBIC ATOPUTMBI HA 0a3¢ TEOPUU BBITYKIIBIX
MHOXECTB (COnvex sets) [5, 6] u Ha Oaze mHTepBaibHOro ananusa [7, 8]. Hampumep, B [9]
OTMEUYAETCS, YTO «BO MHOTHUX CIy4asix MPH UCIOJIH30BAHUU BEPOSTHOCTHOW MOJCIH JJIsi aHaIu3a
MPAKTUYECKUX  TPOOJIEM  HEONMPEISICHHOCTH  NPUXOAMUTCS  JACNaTh  MPEATOIOKEHHS O
pacnpeieieHud  BEpoATHOCTEW Uit mapameTpoB. OJAHAKO  CYLIECTBYIOT — MCCIEAOBaHUSA,
yKa3bIBAIOIINE Ha TO, YTO Jake HeOOIbIIIOe OTKIOHEHHE apaMeTPOB paCIpEIeIeHUs OT PealbHbIX
3HAUYEHUN MOXKET MPHUBECTH K OUYeHb OOJIbINON ommOKe aHanu3a HaaexKHOCTH. C Ipyroil CTOpOHBI,
Onmarojaps OOLIMPHONW WHKEHEPHOW MpaKTUKE OBLIO YCTAaHOBIEHO, YTO, XOTS OYEHb TPYAHO
MOJIYYUTh TOYHBIE PACHpEeNIeHUs BEPOSTHOCTEH HEOMpPEeIeIeHHBIX MapaMeTpoB, KOrJa BHIOOPKHU
HEJOCTAaTOYHBI 10 00BEMY MIJIM HM3KOTO KayecTBa, KaK MPaBHIIO, HETPYIHO MOITYYUTh UHTEPBAIIBI
WX U3MEHEHHS Ha OCHOBE OTPaHUYEHHBIX JIAHHBIX U WHKEHEPHOTOo ombITa. Hampumep, npu ananmse
00pabOTKM JTUCTOBOTO MeTajia TPYAHO MOTYYUTh pacmlpeiesieHue BEPOSITHOCTH KodduiimeHTa
TpeHHs MeXay Tmpecc-popMol H JHCTOM H3-3a CJIOXHOCTH CMa304HOW Cpefbl; OJHAKO,
OCHOBBIBASICh Ha MUMEIOIIEMCS OIBITE, MOKHO YTBEPKAATh, UYTO TAKOH KOIPPHUIIMEHT TPEHHUS JICHKUT
B unrepsaine [0,1; 0,2]».

B nanHoil paGote mpeanaraercs ucciaenoBaTh MPoOJIeMy aHaIKW3a HAJAEKHOCTH DIEMEHTOB
CTPOUTENbHBIX KOHCTPYKIIMHA MPU OTPAHUYEHHON CTaTUCTUYECKOW HH(POPMAIIMH — KOT/1a U3BECTHBI
JUIIb OIEHKU TPaHUI] I3MEHYMBOCTHU CIIYYalHBIX BETUYHH. Takue TpaHuIbl MOTYT ObITh MOTYYEHBI
UCXOJS U3 TEXHOJOTMUYECKOH JOKYMEHTAllMM Ha CTPOUTENbHBIE MaTepHallbl C JIOMYCKaMH WU
BEPOSATHOCTHBIM aHAJIM30M UMEIOIIEHCS BHIOOPOYHOM COBOKYITHOCTH JAHHBIX.

Mopaenu 1 MeTOAbI

[lycth uMeeTcs MareMaThueckass MOJENb MPEAEIbHOIO COCTOSIHUSL JJISI HEKOTOPOTO
AJIEMEHTa CTPOUTENLHON KOHCTPYKIINH, IPeACcTaBlieHHas B BUe QYHKIIUU pe3epBa npouHocTu [10]
g(x, y)B Buze:

gxy) =10
vy ®)

rIe XyY— CIIy4YailHbI€ BEJTUYUHBI.
Borurcnum yacTHbIE TPOU3BOIHBIE (PYHKIIUU ( TTO CITy4aiHBIM ITEPEMEHHBIM:

ag(xy) _  2xy
ox  (y=xy)*
ag(xy)  x-1
o (y-xy)
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CTpouTeNbCTBO U PEKOHCTPYKIUSI

B coorBerctBuu ¢ [10] uau Eurocode 0 «Basis of structural designy», naaekc HageKHOCTH

ﬁ 110 MaTeMaTUYECKOU MOJIEIIU (1) MOJXHO BbIYUCJIIUTD KaK:
S
p=
m
, @

S -
rac g — CPEIHCKBAAPATHYCCKOC OTKIIOHCHHE ITapaMeTpa J KaK CIIydaruHOH BCIIMYHHBI,

m N
9 — MaTeMaTH4ECKOE OXKUJAHUE TapaMeTpa KaK CIIy4yalHON BEIMYHUHBI.
CraTucTudeckue napameTpsl s § ONpeeIIioTCs CIEAYIOMNUM 00pa3oM:

SRS S
m°m, —m,
2 2
Sg — (ag(axl Y)j SX2+ ag(Xi y) S;
X m; m;

rae m; OTpakaeT HCIIOJIb30BAHUE MATEMaTHYECKUX OXXHMIAHUM CIy4alHBIX BEJIWYUMH BMECTO HX
0003HaueHMH TOCIIE B3SITUS IPOU3BOTHBIX (DYHKITHA.
Paccmorpum npumep. IlycTs U3BECTHBI CIEAYIOIIME CTATUCTUYECKUE MapaMeTphbl Ul
m =24 S,=02 m, =03 S, =005
, , )

cnyqap"lex BCJINYHH: . HOI[CTaBI/IM AAHHBIC MTapaMCTPhI B

(2) MOXXHO BBIYHMCIHTh HWHACKC HAJACKHOCTH B =1,636 [Tpumem, YTO mHapaMETPbl UMEIOT
HOPMAJILHOE  paclpeielieHHe, TOrJa  BEpPOSATHOCTh  O€30TKa3HOM  paboOThl  COCTaBUT
P =d(f) =@(1,636) = 0,950 , te @(.) — 3nauenue GpyHkuuu Jlamiaca.

Brimonnum craructudeckoe MozenupoBanue metogaoM Monte-Kapno: crenepupyem 1000
nap 3HaueHu# X u Y (cM. puCyHOK 1).

0.4

yiiz)

I 03
rnorm{ 1000 0.3 ,0.03)
Q00

D']l.ﬁv 1.3 2 22 24 26 28
%y .morm(1000.2.4.0.2)

[P
[
(=]

Pucynox 1 — Cmamucmuuecrkoe mooenuposanue memooom Monme-Kapno

Kak BumHo W3 pucyHka | 3a JnMHHMENW NpPENeNbHOrO COCTOSIHMSI OKaszajoch OoJbllee
KOJIMYECTBO TOYEK HKCIEepPUMEHTaIbHBIX MaHHBIX (N=103). BepodaTHOCTh 0e€30TKa3HON pabOTHI
MOxHO oreHuTh Kak (1000-131)/100=0,869. Takum 00pa3omM, CTATUCTUYECKOE MOJICTUPOBAHHE
MOKAa3aJ0 3HAYUTEIHHO MEHbIIEE 3HAYEHHE BEPOSTHOCTH Oe30TKa3HOW paboThl. Mcmonb3oBaHue
FOSM-MmeToma ananm3a HaJACKHOCTH C Pa3joKEeHHEM (DYHKIIMU TMPEJSIBHOTO COCTOSHHUS B P

68 N 1 (105) 2023



be30macHOCTD 31aHNI H COOPYKEHHH

Telinopa nepBoro nmopsiika MOXeT MPUBECTH K HEBEPHBIM pe3yibTaTaM MpH aHAIN3E HETUHEUHBIX
(GyHKUIMH peAeabHOr0 COCTOSHUS.

B mnocnennue pecATHIETHS aKTUBHO Pa3BHBAIOTCS aJbTEPHATHBHBIE METOJBI aHAIN3a
HalleXXHOCTH. OJHMM U3 COBPEMEHHBIX IOJIXOA0B K aHAJIW3y HAJEKHOCTU SBISETCA OLIEHKa
BEPOSTHOCTH OE30TKA3HOW PabOThHI MPU HATWYMHM MHPOPMALMU O CIy4alHBIX BEIWYMHAX B BHUJIE
I'paHMIl UX U3MEHYUBOCTH.

«[IpaBuso Tpex curm» wim npaBuio «68-95-99.7» mMo3BONAIOT OIEHUTH IPAHHUIIBI 3HAYEHUI
HOpPMAaJIbHO pacrpeAenéHHON ciyyaiiHoN BeauuuHbl. 1 cay4aiHbIX BEJIMUYUH B BBIIEONMCAHHOM

xe[1.8; 3,0] ye[0,15; 0,45]

\

npuMepe NoaydruM PHUCYHOK 2).

0.4

yil%)

tnorm(1000,0.3.0.05)
Lalala]

.

[FH]
e
(3]

0.
]l.li 1.8 2 22 24 26 28
xl.morm[lDDE'.l.4.D.1}

Pucynox 2 — I'panuybt 3Hauenuit HOPMAaabHO PACRPEOCIEHHOU CTIYUAUHOU 6ETUYUUHDBL O «RPAGUTLY MPEX CUSM)

[Tnomanp oTcekaeMoi dYacTu mpsMoyroibHuka ¢yuknuedr g(X, Y)=0 cocraBiser
Atailre=2367. Obmas mnomaaps npsmoyronbHuka A=8206. Torga BepoOSTHOCTh OTKa3a MOKHO
oueHuth kak 2367/8206=0,288. COOTBETCTBEHHO BEpOSITHOCTh  0€30TKa3HOM  paboThI
P=1-0,288=0,712.

BepositHocTs  6€30TKa3HON  pabOThl  MONYy4YMJIaCh HUXKE, YEeM IO  pe3yibTaraM
CTaTUCTUYECKOTO MOJEJIHUPOBAHMS. IDTO CBSI3aHO C TEM, YTO MOJEIb MPSIMOYTOJIbHHUKA SIBISETCS
«KOHCEpBAaTUBHOW» M o0OecreunBaeT 3amac HaJeXHOCTU. B kadyecTBe COBPEMEHHBIX Mojeneit
00JIaCTH M3MEHUYMBOCTH CIIyYalHBIX BEJIMYMH HCHOJIB3YIOTCS AIIIMIICOMIHBIE Moxenu [11] u
MOJIeJI MHOTOTpaHHUKOB [12]. BeposiTHOCTh 6€30TKa3HON pabOThI, MOTYUYEHHYIO TI0 pe3yJbTaTaM
TaKOro MOJIX0/1a, MO’KHO paccMaTpUBaTh KaK HUKHIOIO TPaHUIy HAaJI€AKHOCTH.

Pe3yabTaTsl Hcc/ie10BAHUS U UX aHAJIH3

[IpaBmiio Tpex CUIM NPUMEHUMO INPU HOPMAJIBHOM 3aKOHE PaCHpENENICHUs ClydailHOU
BenmuuuHbl. [lpu HemomHOW cratucTUYeckod WHGPOPMAIMKM, YTO HEPEAKO BCTPEYAeTCs B
MPaKTUYECKUX 3a/layax aHalii3a HaJIeKHOCTH, TPYIHO YCTaHOBUTH OYEBUIHYIO MPUHAIEKHOCTD
reHepalbHONM COBOKYMHOCTH JAHHBIX K TOMY WJIM WHOMY BUJY paclpeiesieHusi BEpOSTHOCTEH.
Hanpuwmep, kak otmeuaeT npodeccop B.A. Anumies B uccnenoBanuu [ 13]: «B HacTosiiee Bpems BO
MHOTUX paboTax MyOJUKYIOTCS SKCIEpUMEHTAJIbHbIE JaHHbIE, CBUAETEIbCTBYIOIIUE O TOM, YTO
pacripesieieHus] peaibHO HAOMI0aeMbIX CIy4alHBIX BEJIWYMH B TOJABISIOUIEM OOJBIIMHCTBE
CllydaeB OTJIMYHBI OT HOpPMaJlbHOrO pacmpeneneHus. Jla U B 1eloM, MO0 MHEHHIO MHOTHX
uccienoBareneil, IPUMEHEHNE METOJ0B MAaTeMaTUYECKOM CTAaTUCTUKM HEKOPPEKTHO, TaK Kak
HEBO3MO)XKHO Ha IMPAKTUKE C MOMOUIbI0 PEATBHBIX AKCIEPUMEHTAIbHBIX YCTAHOBOK IIPOBEPUTH
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AOCTOBEPHOCTDh IIOJYUYCHHBIX C HUX IIOMOIIBLIO PE3YIIbLTATOBM». B cBs3u ¢ OTUM, I ONPCACIICHHA
rpanuvi USMCHYUBOCTHU CJIy‘I&fIHOfI BCJIMYHUHBI MOXXHO HCIIOJIB30BAaTh HCPABCHCTBO Bricouanckoro-
HGTYHI/IHa, KOTOPOE€ MOKHO 3aIiucaTh B CJIICAYIOIIEM BU/JIC:

Pr(|X —m,|2KS,) =~
%=, (3)
k > 8
rac k — JIF000€ TTOJIOKUATEIBHOE YUCJI0, C YCIIOBHUEM 3 .

[TpenmymiecTBOM Takoro MOAXOJA SBISETCS TO, YTO JAHHOE HEPABEHCTBO CIPABEIJIUBO B
TOM YHCIIE U JIJISl PE3KO aCHMMETPHUYHBIX PACIPECICHU, TEM CaMbIM yCTaHABIUBAsI TPAHUIIBI JIS
MHOYKECTBA 3HAYCHUH CITy4alilHOW BEIMYMHBI, ITOTAJAIOIINX B ONPEICIEHHBIA HHTEPBAIL.

['paHuIbl M3MEHYMBOCTH CIYYaWHOW BEIMYMHBI MOTYT OBITH IOJYYEHBI CIIEIYIOIIHM
oOpazoM: aHanuTudeckd (3) wmiu Tpadudecku (CM. pUCYHOK 3) yCTaHABJIMBAETCS 3HAYCHUE

ImapamMeTpa k JJIA HpHHHTOﬁ I[OBCpHTGJ'ILHOﬁ BCPOATHOCTH,; I'PaHHUIIbI CHy‘I&ﬁHOﬁ BCIIMYHMHBI

X; ﬂ:[mX —kS,; m, +kS]

BBIUUCIISIOTCS TI0 opMyJIe: [ .

1

0.99

........

0.98

0.97

0.54

0.93

0.92

0.91

0.e

(%]
Laa
g

3 6 7 8
k

Pucynok 3 — 3asucumocmo P-K ona nepasencmea Bvicouanckozo-Ilemynuna u f-X ona nepasencmea Yeovuuéea

3 pUCYHKa 3 BUJHO, YTO HCPABCHCTBO BLICO‘I&HCKOFO'HCTYHI/IHEI YCHUIINBACT H3BECTHOC

HepaBeHCTBO I1.JI. UeObimeéBa. JloBepuTelbHbIE TPAHUIBI MHTEpBaIa [mx—kSX; m +k8] Oynyt

nHpopMaTHBHEE TI0O HepaBeHCTBY Bricouanckoro-IleTyHnHa, dYTo OCTHTAaeTCs BBEICHHE
orpaHHuYeHus Ha (YHKIMIO TUIOTHOCTU pACIpENeleHHs] BEPOSITHOCTH, YTO OHA JOJDKHA OBITh
OJTHOMOJQJIBHOW U UMETh KOHEYHYIO TUCTIEPCHI0. AOCOIIOTHOE OOJIBIIMHCTBO CyYalHbBIX BETHYUH
B CTPOMUTENILHON MPAKTUKE MOYKHO CUUTATH MOAXOASIIMMU MO/ JAHHOE YCIOBHE.

['paHuIbl W3MEHYMBOCTH CIIyJailHOM BEJIMYMHBI MOTYT OBITh TIOJYYEHBI TaKXke I10
dbopmynam (cm. [14], popmyisr (1)-(2)).

B IMPAKTUYCCKUX 3aJadax, BCJICACTBUC OTPAHUUYCHHOCTU CTATUCTUYCCKUX NAHHBIX, BHIABUTH

TOYHBIC OIICHKH MaTEMAaTHYCCKOI'O OXHIAAaHUA mX U CPCAHCKBAAPATHYCCKOI0 OTKIOHCHHA SX
3aTPYAHUTCIILHO. Hcnons3oBanue JaHHBIX I10 BBI6OpOLIHOI7I COBOKYITHOCTU B BHJAC CPCAHETO
3HA4YCHHUA U BLI60pO‘IHOFO CTaHAAPTHOTO OTKIIOHCHHUA MOXKCET IMPUBCCTH K omuOKaM B pacucTax
HaaACKHOCTH. Takum 06pa30M, MMPCAIOYTUTCIIbHBIM BAPHUAHTOM SABJIACTCA OLCHKA CTATUCTHYCCKUX

m, e[mx; ﬁx] S, e[gx; §X]

nmapaMeTpOB B BUAC JOBCPUTCIILHBIX HHTCPBAJIOB

70 N 1 (105) 2023



be30macHOCTD 31aHNI H COOPYKEHHH

Torga mMoxxHO copmHpoBaTh JBE TPYIIBl UHTEPBAJIOB: [ ,

[ x5 X =[m, —kS,; mc+KS, |

X; )_(]:[mx —k§x; My +k§x]

. Torma moxer ObITh cHhOpMHPOBAHO ABE OOJIACTH MPEACTHLHOTO
COCTOSIHHS (CM. PUCYHOK 4).

y
8(x, y)=0
. &,
Yo
7 s :\ 4 Jailure
A’fm‘hwe
/ ‘:’ Amfe
A y A .
X { |
| |
| |
0 | l
'Z 'Zl f] } - x

Pucynox 4 — I'panuunsvie gyynxkyuu pacnpedenenus, popmupyroujue p-o10x

ITo pe3ynbraram pemieHus OyJeT MOJIyY€H MHTEpBaJl 3HAU€HUN BEPOSATHOCTH O€30TKAa3HOU
paboTHI B BUJIE:
: 521_ A fai:ure — A :
A A A A

safe

P :1_ Afailure — &afe

, (4)

A=) (7).
rae s

=) (7-)

B pesynbTrare aHanm3a HaJAEKHOCTH, BEPOATHOCTh OE€30TKa3HOH pabOThl MpejcTaBiieHa B
BHJe MHTepBana. lIpuHATHE pelleHHe O AAJbHEWIIEH SKCIUTyaTaluy JJIEMEHTa TaKXke JOJDKHO
OCHOBBIBAaThCSI HA COBPEMEHHBIX TEOpUAX aHanu3a AaHHbIX [15]. B nensx obecneuenus tpedyemMoit
Ha/IeKHOCTH TP ONEPATUBHOM OLEHKE MOYKHO PYKOBOJICTBOBATHCS MECCUMUCTHUYECKUM (HMXKHUM)
3Ha4YeHHWEM, a 3aTeM /s Haubojee HEHAJEeKHBIX KOHCTPYKIMH yBEIMYMBATh KOJIMYECTBO
CTaTUCTUYECKOW HH(pOpMAIMK U TMoJiydyaTh Oojiee MH(GOPMATHUBHbIE HHTEPBAJbl HAJIEKHOCTH.
Crnioco0 ompeneneHust ypoBHS HaJIe)KHOCTH CTPOUTENBbHBIX KOHCTPYKIUHN € 3aJJaHHBIM PUCKOM MPU
MHTEPBAJILHON HEONPEEIIEHHOCTH TAaK)Ke ONucaH B [16].

Paccmotpum mpumep. HeoOxoaumo ompenenuts BepOATHOCTh O€30TKa3HOM paboThI
CKAaToOro CcTepKHSA (pepMbl MO KpuTepHio ycroitunBocTu. IlycTe Harpyska Ha depmy U nepenen
MPOYHOCTU CTalM  SIBJISIFOTCSL  CIIyYaHbIMM  BEJIMYMHAMH C HWHTEPBAJIBHBIMH  OLIEHKaMH
MaTEMaTHYECKOI0 OKUIAHMS U CPEHEKBAIPATHUYECKOIO OTKIIOHEHMUS.

Pacuer HanexxHOCTH cTepkHEH Gepmbl Oosiee MoaApoOHO U3I0KEH B padote [17].

B obuem Buge 11t 10000 CTEpKHS (epMbl MOYKHO COCTaBUTh MAaTEMaTHYECKYI0 MOJEIb
IIPEJEILHOTO COCTOSHUS BU/A!

(89 < NG,
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TIe o nepees IPOYHOCTH CTaJIH;

0
ult — IpeenbHOe MPOIOIBHOE YCHITUE JUTS CTEPXKHS (hepMBbl.

[IpenenbHoe ycunue Ijs dJaeMeHTa (PepMbl MOXKET OBITh OMPEIENICEHO IO Pa3IuYHbIM
KPUTEPHSIM IPECIBbHBIX COCTOSHHM, U3 YCIOBHUS YCTOMYUBOCTH CTEPXKHS (DEPMBI:

N(&h < NO = S A- 3680 E) )

ult
rac A_ IIomanab CCUYCHUA,

| o o
P KO3 (UIIUEHT MPOJ0IbHON YCTOMYUBOCTH;

E — momyns ynpyroctu cramm.

Tak kak B MPaKTUYECKUX pacueTax IUIOMIA/(b CEUCHUs CTePKHs (HepMbl MOKHO U3MEPUTH C
BBICOKOW TOYHOCTbIO, JlaHHAs BEIMYMHA IPUHMMAETCA JETEPMUHUPOBAHHOHN (IIOCTOSHHOIN).
Monynb yOpyrocT CTaiau B JaHHOM 3ajjaue TakyKe MPUHUMAETCS JeTePMUHUPOBAHHOM BEIHMUNHOM,
13-3a MaJIOW U3MEHYUBOCTH.

KoadduimenT npoaonbHON yCTOMUMBOCTH MpUHUMAaeTCs Mo Tabnuuam npunoxkenus .1
CIT 16.13330.2017 «CranpHbple KOHCTPYKIMM». JlJis ONTUMHU3ALMKU BEPOSITHOCTHOIO aHAaJIN3a
HAJEKHOCTH CTEP)KHSA, B pacyere OyleT HCMHOIb30BaThCS 3aBUCHUMOCTb, IONYYCHHAs MyTeM
anmpokcuManuu 3HaueHuit u3 Tabauibl npunoxxkerus 1 CIT 16.13330.2017 (cMm. pucyHok 5).

"on

Tun ceuenus "a Tun ceuenus "b" Tun cedenus "c"

2 2 ~3\ 2
y(x) = —0.034-x~ + 1.003 y(x) = -0.019-x" - 0.074-x + 1.04 y(x) = 7(3 23x 10 J}n\'f(),lila\wf 1.054

1.1 1.1 L1

0.9 0.9) 0.9
0.8 0.8 0.8
n 07 L 07 07
hy iy kg
CO00 g4 000 ¢ g 000 g 4
y(x) y(x) y(x)
0.5 0.5

0.5
0.4 0.4 0.4
0.3) 0.3] 0.3
0.2 0.2 0.2

0.1 0.1
3 ; 0 g 0.1

Pucynok 5 — 3asucumocmo ¢-4 0nA paziuyHbIX munog ceyenuit no maon. /1.1 CII 16.13330.2017 [18]

PaccMoTpuM BapuaHT pacyeTa HAJE€KHOCTH CTEPKHS IO KPUTEPUIO YCTOMYMBOCTH C
CEUYCHHEM THIA «a». B COOTBETCTBUU C PUCYHKOM 5, JJII TAHHOTO TUIIA CEYCHHUS:

0 =1,003-0,034- 12 =1,003-0,03422 <
E (6)

rIe A MpUBEJICHHAS THOKOCTb, A — rubkocts DJIEMEHTA, A=NolE ;

E — mMoayns ynpyroctu cramu.
[ToncTraBUB anmpoKCUMHUPOBAHHYIO 3aBUCUMOCTH (6) B BbIpaxkeHHe (5), MOXKHO 3amucarb
MaTEMaTHYECKYIO MOJIEb B BUAE:

r&’w@sa@A-(l,oos—o,om-zg‘j

(7)
T'HOKOCTh 3EMEHTa 4 NPUHHUMAEeTCs IeTePMHHUPOBAHHOH (IIOCTOSHHOM) BEITMUMHON B
MEepPBOM MPUOIMKEHUH, T.K. U3BMEHYUBOCTh Paguyca MHEPLUHU ISl PA3IUYHBIX Mpoduiaeil MoXHO
CUMTaTh HEOOJIBIION MO TaHHBIM COPTAMEHTOB.
[Moctpoum rpaduk (cM. pUCYHOK 6), MOJCTABUB HCXOJHbBIC aaHHbIC (cM. Tabmuiy 1),
KOTOpBIE HE 0053aHbI OJUUHATHCS 3aKOHY HOPMAJIBHOTO PACIIPEeICHHS.
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Tabmuia 1 — VcxoaHbie JaHHBIE 1S IpUMeEpa

Uncno K us HepaBeHcTBa Bricouanckoro-IleTyHuna 3
I'u6kocts 4 99
ITonaap ceueHus: CTEpXKHs, CM? 13,9
Maroxuasnue npejena npouHocty cranu, MIla [258; 262]
CranzapTHOE OTKJIOHEHHE Ipefesa NpoyHocTy crany, Mlla [10; 18]
Maroxuganue Harpy3ku, KH [189; 191]
CranjapTHOE OTKJIOHEHHE Harpy3ky, kH [5; 9]
Mopayas ynpyroctu cranu, MIla 200000
3anumem Gpopmyny GyHKIIHMHE pe3epBa MPOYHOCTH coriacHo dopmyie (7):
ME a/eA.(l, 003—0,03441%
dopmupyem rpynibl HHTEPBAJIOB:
| o |=|m, —kSo; m, +kS, | =[258-3.18; 262+3-18]=[204; 316]
I1a;
(o o']=[m, kS, m,+KS, |=[258-3-10; 262+3-10]=[228; 292]
a;
[N; N|=[my —KkSn; my+kSy |=[189-3-9; 191+3-9]=[162; 218] .
[N N'|=[my —kSy; my+kS, |=[189-3-5; 191+3-5]=[174; 206] "
218-10°
206.10°

N(a)

morm! 1000, 190.16° . 7.10°)

lalele] /

174-10°

162-10°

3
204-10 s 10° 202-10 316-10°
o morm! 1000.260.10° 14.10°

Pucynok 6 — I'panuysl 3Hauenuii RPOYHOCIU OM HAZPY3KU:
rnorm (n, mx, Sx) — gyuxyus zenepayuu 3HaUeHUli ¢ HOPMATLHLIM 3AKOHOM PACHPEOETCHU,
N — yucno uchvlmanuil; MX — Mamemamuueckoe oxicudanue; SX — cpeoneKeadpamuiecKoe OmKioHenue

[Tomygaem mHTEpBaA 3HAYCHUH BEPOSITHOCTA 0€30TKAa3HOM paboThI 1o dhopmyrie (4):
A=(o-g)-(N-N)=(316-204)-10°(218-162)-10° = 6,272-10"

A'= (El_i) (N_'_N_') = (292 — 228) 106 (206—174) 103 =2, 048101’2 .
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31210° 6 3 12

Aive =A=[__  N(c)do—(316—-204)-10°-162.10° =1,624-10"

, . 30010° 6 3 10’

A e =A —LZO‘NS N(o)do—(292-228)-10°-174-10° =5,544-10"

A, _ A _
p=1- e, p_q__ fae Ezl_@; ») =1_w =[o,741; 0,973]
A A 6,272 204,8
Pe3ynbTaThl, MogydeHHbIE IPYTUMH CIIOCOOaMHU:

p-1-— 28 __gon
1000-28 _

- 1o merony Monre-Kapiio —
- mo metoxy FOSM (cm. tabmuiy 2).

Tabnuma 2 — Pe3ynbrarhel pacuera HajaexxHOCTH 110 MeToay FOSM

IleccumucTuueckuii BapuaHT [MapameTpsr BEIOOpOUHOH OnTUMUCTHYECKUN BapUAHT
PacuetHbrit ( N =191 \y, Sy = 91<H,) COBOKyHHSOCT_H7 ( N =189 Sy = 5KH,)
ciydait (0=258 \1a, S, =18 KH) (N =190 yq, >n kH,) (0 =262 MITa, S, =10 KH)
(o =260 MrTa, S =14 kh)
MaTtoxxunanue m, =0,071 m, =0,077 m, = 0,084
Cranzaprioe S, =0,047 S, =0,036 S, =0,026
OTKJIOHEHHE
Wnnexc B=1,494 £ =2147 £ =3,284
HaJIe)KHOCTH
Hanexnocts P=0,932 P=0,984 P =0,999

PesynbraThl pacdyera HagexHOCTH Mo Metony FOSM (tabawuia 2) oTpakaroT 3aBBIIICHHYIO
OIICHKY BEPOSTHOCTU O€30TKa3HOW pPabOThl CTEepkHS (EepMbl TO CPABHEHHUIO C YHCICHHBIM
JKCIEpPUMEHTOM 0 MeTtony MonTe-Kapno. Pe3ynbpTaTel pacuera HaeKHOCTH IO MPEII0KEHHOMY
MeToay (OpPMUPYIOT MHTEpPBAJ, B KOTOPHIM IMOMAacT 3HAUYCHHE HAJCKHOCTH IO YUCICHHOMY
AKCIIEPUMEHTY, YTO CBHJETEIBCTBYET O JIOCTOBEPHOCTH MpeajaraemMoro mnoaxona. bomee Ttoro,
metox FOSM u meron MonTe-Kapio TpeGyeT mpuBsS3KH CIlydailHOH BETHYMHBI K KOHKPETHOMY
pacnpeiesieHuI0 BEpOSITHOCTEM, B TO BpEMs Kak B MPAKTUYECKUX 3aJadax aHaln3a HaJeKHOCTH 1O
Majioil BBIOOpKE CTATUCTUYECKUX HAaHHBIX ATO CHeiaTh 3aTPyJHUTEIHHO, a OIIMOKHA B BBIOOpE
(GYHKIIUU pacnpeeNieHnus CIy4JailHOW BETHUYMHBI MPUBOJAAT K CYIECTBEHHBIM OIIMOKaM B 3aqadax
aHaJIM3a HAaJCKHOCTH.

BriBoabI

1. B crarbe mpemsiokeH HOBBIM MOAXOJ K OIIEHKE HaJIeKHOCTH SJIEMEHTOB CTPOUTEIHHBIX
KOHCTPYKIHUU C MOJECIMPOBAHUEM CIIyYalHBIX BEJIMYMH MYTEM OLIEHKU I'PaHUIl UX U3MEHUYHUBOCTH,
YTO TIO3BOJISIET CHU3UTH KOJIMYECTBO MCTIOJIb3yEeMbIX CTATUCTUYECKUX TUTIOTE3 U YIIPOCTUTH aHAIU3
HaJIeKHOCTH C MPAKTUYECKON TOUYKHU 3peHHs. Ha ynciaeHHbIX npuMepax mpoJeMOHCTPUPOBAHO, YTO
WCIIOIB30BaHUE Psila HEOOOCHOBAHHBIX CTATHCTHYECKUX TUIIOTE3 MPUBOJIUT K HEBEPHOW OIIEHKE
HaJIEKHOCTH CTPOUTENBHBIX KOHCTPYKIIHIA;

2. 3HayeHHe HA/IeKHOCTHU, MOIYYEHHOE IO pe3yJibTaTaM HCIOJb30BaHUS IMPEJIaraeMoro
MoAX0/a, MOMy4aeTCsl HIXKE, YEM IIPU UCIOJIb30BAHUHU KIIACCUUECKUX BEPOSATHOCTHBIX METOJIOB WM
CTATUCTUYECKOM MojenupoBanuu metogamu Monte-Kapmo. 3To cBsa3aHo ¢ Tem, 4TO 00J1acTh
MPEACIIbHOTO COCTOSIHUSL B BHJIE MPSAMOYTOJIbHUKA (WM Mapajulelieluieia B ciydae 3 ciiy4ailHbIX
BEJIMYMH) MpPEJCTaBIsieT cOO0M KOHCEpBATHBHOE pEIlIEHUE, HAlpaBJICHHOE B 3arac HaJeKHOCTH.
JIaHHBIN TIOJIX0J] MOYKHO pacCMaTPUBATh KaK HIDKHIOK OIEHKY TPaHUIIBI BEPOSATHOCTH 0€30TKA3HOM
paboThI AJIEeMEHTAa M0 3aJaHHOMY KPUTEPHUIO MIPEIEIBHOIO COCTOSTHUS.
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'Brest State Technical University, Brest, Belarus

EXPERIMENTAL AND THEORETICAL STUDY OF THE REINFORCED
CONCRETE FLAT SLABS WITH THE CENTRAL SUPPORT LOSS

Abstract. The paper experimentally and theoretically considers the issues of assessing the
robustness of reinforced concrete structural systems with flat slabs in an accidental design situation.

The methodolody of experimental studies for two scale models of a flat slab fragment in the
case of removal of the central support under static (sample FS-1) and dynamic (sample FS-2) loading
are presented. Based on the data obtained, the analysis of the main mechanisms of resistance of flat
slabs to progressive collapse was carried out.

The article presents a theoretical approach to a direct quantitative assessment of robustness,
which is based on the provisions of the energy balance of a damaged structural system in an accidental
design situation. The proposed solutions make it possible to determine the non-linear quasi-static "load-
displacement™ reaction and the ultimate dynamic resistance for reinforced concrete structural systems
with flat slabs in the case of removal of the vertical key element.

Keywords: flat slab, robustness, resistance mechanism, membrane action, dynamic resistance,
energy balance method.

B.B. TYP!, A.B. TYP!, A.A. TN30OT'YB!

lEpeCTCKHﬁ rOCYAAapCTBEHHBIM TEXHUYECKUN YHUBEPCUTET, I'. bpect, benapyce

IKCHEPUMEHTAJIBHBIE U TEOPETUYECKKHUE UCCIIEAOBAHUA
’KEJE30BETOHHBIX IIJIOCKUX NEPEKPLITUM ITPU YJIAJIEHUN
HEHTPAJIBHOMU OIIOPHI

Annomayusn. B pabome 3KChepuMeHmMaibHO U MEOPemu4ecKy paccMompensl 6ONPOCHL OYEHKU
aAcUYUeCmu Jcene300emOHHBIX KOHCIPYKMUBHBIX CUCTEM € NIOCKUMU OUCKAMU NEPEKPLIMULL 8 0CODOU
pacuemuoll cumyayuu.

Ilpeocmasnena memoouka npogedeHUss IKCNEPUMEHMANbHLIX —UCCIe008aHUl 015 08X
MacumabHbix Modenel pasmenma ni0CKO20 NepeKpulmus @ Ciyyae YOaieHUs YeHmpaibHOl Onopbl
npu cmamuveckom (obpaszey FS-1) u ounamuuecxom (obpaszey FS-2) naepyscenusx. Ha ocnosanuu
NONYYEHHbIX OAHHbL GbINOAHEH AHAAU3 OCHOB2bIX MEXAHUSMOS CONPOMUBNEHUS NIOCKUX OUCKO8
nepexpuLmus NPOSPECccupyiowemy oopyuLeHuio.

B cmamve npeocmasenen meopemuueckuii. N0OX00 HPSIMOU  KOAUYECMEEHHOU OYEHKU
AHCUBYUECTU, KOMOPbIL OCHOBAH HA NONONCEHUSX IHEPLeMUYECK020 Oalancd NOBPeNCOeHHOU
KOHCIPYKMUBHOU cucmembl 6 0coboil pacuemnot cumyayuu. IIpednoscennvle peujeHust no3eosiom
onpedenums HEMUHEUHYI0 K8AZUCIAMUYECKYI0 PeaKyuio «HA2py3Ka-nepemMeujeruey u GeIuduHy
nPedebHO20 OUHAMUYECKO20 CONPOMUBTICHUSL OISl JHCeAe300eMOHHbIX KOHCMPYKMUGHbIX CUCTEM C
RAOCKUMU OUCKAMU NEPEKPLIMULL 6 CIyYae YOALeHUsl 6ePMUKATLHO20 KIIOYE8020 dNEeMEHMA.

Knioueevie cnosa: nnockoe nepekpvimue, JICUBYYECMb,  MEXAHUIM — CONPOMUBGTLEHUS,
Membpanuvlli d¢pghexm, Ounamuueckoe conpomueieHue, NOBPeNCOEeHHAs CUCmeMa, IHepeemuuecKull
bananc.

Introduction

The problem of the progressive collapse prevention of newly designed and existing
structural systems, which originates from the accident of the Ronan Point residential building
(1968, England), does not lose its relevance, but also acquires new significance due to the
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increased level of risks to which humanity is exposed. Therefore, the progressive collapse of the
reinforce concrete (RC) structural systems has risen much attention among the engineering
community due to the frequent occurrence of accidental hazardous around the world, caused
substantial loss of life and properties [1-6].

As was shown in [2] the multi-story RC building with flat slabs are one of the widely-used
structural system in engineering practice. According to [1] the number of stories and seismic design
intensity had significant effects on progressive collapse resistance of multi-story RC structural
systems. It was found [1] “that the structure with a higher seismic design intensity had a greater
capacity to prevent progressive collapse”. Moreover, published literature [2, 4, 5] point out that the
dynamic effects should be included in the robustness assessment since progressive collapse was a
typical dynamic event arising from local damage.

Structural system robustness check is performed using non-linear static (NLS) or dynamic
(NLD) models that take into account the spatial work of the structural system. It should be noted
that although nonlinear dynamics (NLD) transient analyses can provide accurate predictions of
structural responses under column removal scenarios, the related modeling is more complicated,
and the computational consumption is more demanding compared to the nonlinear static (NLS)
analyses [4]. Moreover, nonlinear dynamics procedure consists of sufficient uncertainties and the
required computational resources will further increase if all typical column removal scenarios in
building need to be evaluated [4]. As was shown in [7], it is thus necessary to develop a simplified
and accurate methods to assist in the quick assessment of the progressive collapse fragility of RC
structural systems considering the dynamic effects.

Current provisions [8-14] regulate that the structural systems should be evaluated under
systematical alternate path (AP) analyses that comprehensively consider various column removal
scenarios. Most structural codes [8-14] and current studies [2-7, 15] commonly considered the
removal scenarios of one specific column or some of the typical columns (i.e. corner column, edge
column and internal column) usually on the ground story of building.

In most cases, the robustness of structural systems is checked by indirect methods, such as
the tie force method, aimed at a general increase in the plasticity (ductility) and integrity of
structural systems. However, as it was shown in [6, 7, 16, 17], such methods are based on pre-
accepted, constant values of limit deflections and do not take into account the real deformability of
the tie elements. In some cases a such simplification can lead to an inadequate assessment of the
design resistance and overestimation of the robustness of the damaged system. It is assumed that
horizontal and vertical tie elements, designed by the method of tie forces [8-15], in most cases
positively affect the robustness of the building as a whole. These effects, in turn, cannot be
quantified within the framework of this method.

As was shown above the most dangerous local damage for a structural system is the failure
of one specific or some of the typical vertical load-bearing structural elements (for example, a
column or a section of a wall). These elements are commonly referred to as key elements. The key
element removal scenario leads to the redistribution of the effects caused by the quasi-permanent
combination of the gravitational loads applied to the elements of the damaged structural system. If
the remain structural elements of the damaged system are able to resist additional effects and
effectively redistribute internal forces to adjacent load-bearing elements, then the development of
collapse process stops, and the damaged structural system becomes stable. In the opposite case,
disproportionate collapse of the damaged structural system occurs.

The known direct methods for robustness assessment (the method of alternative load paths,
the method of key elements designing) [2] make it possible to quantify the robustness of a damaged
structural system, if the some specific criterion for robustness evaluation are available. However,
there is still no generally accepted criterion for assessing robustness in regulatory documents. The
most promising is the method of alternative load paths, which involves the sudden removal of a key
element from the system and further analysis of the resistance of a damaged system (the term
"modified system" is often found in the published literature).
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The development of the construction industry, the introduction of new materials, the
complexity of the applied structural systems on the one hand and the increase in the list of threats
(accidental events) that can lead to progressive collapse, on the other, led to the need for theoretical
and experimental studies of the robustness of structures in accidental situations and the
development of a generally accepted criterion for assessing robustness.

To quantitatively include the dynamic effects in the load effects calculation subject to
progressive collapse, an energy-based method was proposed to calculate the dynamic load increase
factor by Izzuddin et al [4]. It should be noted that the main idea was that “the external work of the
unbalanced loads caused by the sudden column loss could be dissipated by structure if it did not
collapse” [4].

The quantitative criterion for robustness assessment can be found with usage energy-based
method as the ultimate dynamic response of the structural system at the first half-cycle of
oscillations after sudden removal of vertical load-bearing element [4, 7]. In accordance with the
energy-based method a complete nonlinear quasi-static response of the damaged structural system is
required for calculation of this response.

In the presented paper the multi-story buildings with the flat reinforced concrete floors are
considered. Such type of floor (with flat slabs) are widely used in residential, office, administrative
and industrial buildings for which economic losses and the threat to people's lives caused by an
accidental event can be significant.

Over the past decade, a number of authors have conducted extensive studies in the field of
prevention of the progressive collapse of reinforced concrete structural systems [2-4, 15, 16, 18, 19,
20-24], including structural systems with flat slabs [25-30].

Based on results of an available experimental studies [25-30], it is possible to describe the
general case of behavior of a flat slab after the removal of the central support by the relationship “q-
0” which relates uniformly distributed load and deflection in the central node (see figure 1).

b)
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Qy_
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Figure 1 — Quasi-static load-displacement diagrams for a flat slab with removal of the central support:
(a) loading case with displacement control; (b) loading case with the load control

It should be noted that the “Q-6 relationship for loading case with displacement control
(hard mode, see figure 1 a) and loading case with the load control (soft mode, see figure 1 b) are
different. However, according to the energy conservation law, the deformation energy of the system
(the area under the "load-displacement” curve, see figure 1) will be the same for both cases.

In loading case with displacement control as the deflections increase under increased
uniformly distributed load (figure 1 a), several characteristic stages can be distinguished in the
behavior of the slab, which correspond to the specific resistance mechanisms.

Initially, as the load increases, the deflection increases almost linearly (from point A to point
C). Yield lines form and develop in the element (point B) until the maximum resistance is reached
(point C). The initial interval A-C of the load-displacement relationship is defined as the elastic or
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elastic-plastic stage. Some researchers [26] also define this interval as the “stage of a compressed
membrane”, since compressive forces arise in the plane of the slab with small deflections and
restraint of longitudinal deformations. As the result of the interaction of bending moments and
longitudinal compressive forces the bending resistance of the flat slab increases. Therefore, the first
peak load q,; at point C in figure 1 a, will be situated higher than the load corresponding to the
yielding point of steel reinforcement gy (point B) obtained from the yield line theory. Deflection at
point C for laterally restrained slabs is approximately equal to half the thickness of the slab.

At point C, the slab is completely divided into rigid blocks by yield lines (linear plastic
hinges) and transforms to mechanism. The resistance of the slab decreases due to the decrease in
compressive membrane forces until the complete destruction of the concrete along the yield lines
over the entire height of the slab occurs (point D)

The interval from C to D is defined as transitional. As the load-bearing capacity decreases
with increasing deflections and is close to point D, the compressive membrane forces in the slab
decrease and turn into tensile ones.

After the point D, the effect of a tension membrane develops. The destruction of concrete
occurs in the central region of the span over the entire height of the slab. At this stage whole tensile
forces are redistributed to the remain steel reinforcement and/or ties. The failure of the slab occurs
at point E and is associated with the failure of the tensile reinforcement and/or ties.

In flat slabs in which additional ties are provided to resist membrane effects, the load at
point D may exceed the load at point C [26].

In loading case with the load control (figure 1 b), the response of the structural system
immediately falls from point C to point E, in which the membrane resistance effect triggered. This
is accompanied by a sudden increase in deflections and, as a consequence, by the appearance of
dynamic inertial effects.

Experimental studies [25-30] show that flat slabs designed in the traditional way (with
reliability parameters obtained based on economical optimization procedure according to 1ISO 2394
[31]) are not able to resist the gravitational loads with accounting the dynamic effects acting on the
damaged system after the remove of the key element due to the bending resistance mechanism only
or due to the effect of a tensile membrane only.

A number of authors [25, 27-30] for checking of robustness of the flat slabs try to consider a
such mechanisms as the bending, the shear (punching) resistance, the effects of a compressed and
tensile membrane together in one design model. However, due to the complexity of modeling the
common influence and correlation of all resistance mechanisms, simplified models of structural
systems with flat slabs are proposed, which often take into account only one specific resistance
mechanism.

The working hypothesis is that an important role for the robustness of buildings with flat
slabs is played by secondary resistance mechanisms that arise and develop during failure, as well
as their common action and correlation (influence on each other).

The main purpose of the presented experimental studies is to investigate the failure mode of
flat slabs and to validate proposed theoretical design model applied to assess their robustness after a
sudden loss of the central column. To achieve this goal the following tasks were solved:

- design and construction of a scale model of a monolithic reinforced concrete floor with flat
slab;

- experimental investigation of the failure mode of the flat slab after sudden removing the
central column (under quasi-static and dynamic applied load);

- measurement of the reaction in the removed central support, vertical and horizontal
displacements, strains in the tie elements, strains in concrete during step-by-step static and sudden
dynamic loading of FS-1 and FS-2 specimen, respectively;

- analysis of experimental data and comparison with theoretical results of calculation with
usage proposed model.
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1 Experimental study methodology

1.1 Rationale of the test setup design

It should be noted that a number of problems arise associated with the experimental studies
of the robustness with usage of the full-scale models. These include material costs, special
equipment and test space. Therefore, experimental studies of robustness of the RC flat slabs in the
case of a sudden removal of the central column were carried out on scale models.

The experimental program included two cases of vertical loading which modeled the column
loss (figure 2): quasi-static (specimen FS-1) and dynamic (specimen FS-2).
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Figure 2 — Case of removal of the central column

The prototype of the flat floor was designed in accordance with the requirements of the
current code [13, 14]. The scale models were constructed taking into account the scale coefficients
of dimension theory and scaling rules [32]. The geometric scale factor was assumed to be s, = 6,
and the stress scale factor s; = 1.

Some assumptions were made when modelling the boundary conditions of a flat slab to
simplify experimental studies. The columns were modelled using steel plates on which the slab was
supported, and the influence of adjacent spans on the horizontal and vertical boundary conditions of
the fragment was modelled using contour beams embedded in a rigid steel concrete frame (see
figure 3). These assumptions do not affect the confirmation of the proposed hypothesis.

In the middle of each face along the contour of the slabs, permanent (non-removable)
supports C1-C4 were placed. A removable support C5 (C5') was placed in the center of the slab
span. In the quasi-static test (specimen FS-1), the central support was modeled by a hydraulic jack.
In the dynamic test (specimen FS-2), the central support was a special suddenly removable
composite support.

It was shown in a number of publications [21, 29, 30] that at the time of a sudden loss of a
column, on the floor, which is situated above the removed key element, act uniformly distributed
gravitational loads (combination of self-weight and the long-term component of imposed loads). In
experimental studies, the gravitational uniformly distributed load applied on the flat slab was
modelled using piece calibrated steel blocks.

1.2 Test specimens description

Each specimen was a scale model of a 2 x 2 span flat slab fragment. All slabs were
2000 x 2000 mm (without contour beams) and 45 mm in height (see figure 3 a). The concrete slabs
were reinforced with orthogonal fabric mesh of 2 mm diameter plain wires at 50 mm spacing
(62.8 mm?/m) see figure 3 b. The zones under column were reinforced orthogonally with 2 mm
wires at 50 mm spacing each direction as illustrated in figure 3 b. The concrete cover for the bottom
and top reinforcement meshes was 7 mm. According to the method of tie forces, three reinforcing
bars with a diameter of 4 mm are provided as horizontal ties in the middle column strip in two
directions of the slab. Tie bars are placed in the middle of the height of the slab section and
anchored in the contour beams. The construction and detailing of the test specimens are shown in
figure 3.
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Figure 3 — Design of specimens FS-1 and FS-2:

a) general top view, section 1-1 for FS-1, section 1-1’ for FS-2; b) scheme of reinforcement of specimens:
C1..C4 — permanent (non-removable) supports; C5 (C5') — internal removable support; 1 — RC supports for the contour
frame; 2 — rigid steel concrete contour frame; 3 — specimen; 4 — top reinforcement made of wire @2 with a step of
50%50 mm; 5 — bottom reinforcement made of wire @2 with a step of 50%50 mm, 6 — ties (reinforcing bars 94)

1.3 Materials, preparation and curing of specimens

The concrete mixture composition was designed taking into account the scale factors and the
concreting of the slab in the laboratory conditions. The maximum size of a coarse aggregate was
5 mm. Concrete mix nominal composition per 1 m* cement — 520 kg; fine aggregate — 850 kg;
coarse aggregate — 900 kg; water — 200 I; Stachement 2010 — 8.2 kg.

The concrete strength was determined from test of the standard cylindrical (150 x 300 mm)
and 100x100x100 mm cube specimens. The control specimens were cured in the same conditions
as the slabs and tested according to standard methods [33] on the day of testing of each flat slab
fragment. The specimens were tested to failure under uniform axial compression load in the
Compression Testing Machine of capacity 3000 kN and the loading rate was kept constant for all
specimens at 0,15 MPa/sec.
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The modulus of elasticity of concrete was determined from test of the standard cylinders
(150 x 300 mm) according to the standard procedure [34]. The main mechanical properties of
concrete are given in table 1.

Table 1 — Mechanical properties of concrete

Average compressive Average tensile .

Modulus Strains”

strength, strength, o s

) of elasticity, GPa g x10
Specimen MPa MPa
) peak ultimate
f c,cube 1:cyl fct Ecm

€1 Ecu
FS-1 73,2 57,34 4,06 32,4 2,46 3,50
FS-2 77,1 65,34 4,57 32,7 2,56 3,11

Note: ¥ — Strains at the parametric points of the “stress-strain” relationship are determined in accordance with [14].

The main mechanical properties of the steel reinforcement in flat slab fragments are listed in

table 2.

Table 2 — Main mechanical properties of the steel wire and reinforcing bars

Diameter @, A mm? Loading speed, | VYield strength £, Tensile strength | &4,®, E,,
mm MPal/s fym, MPa %60 fum, MPa % GPa

2 3,14 5 306,9 1,53 386,8 18,8 200

4 12,57 10 594,3 2,97 696,8 7,7 200

Note: Y — Strains at the parametric points of the deformation diagram are determined by testing in accordance with [35].

Samples of FS-1 and FS-2 slabs were cured under plastic film in laboratory conditions.

1.4 Characteristics of measurement devices

When testing the FS-1 spacemen, vertical and horizontal displacements were measured
using deal indicator with a sensitivity of 0.01 mm. To register the vertical deflections of the FS-2
specimen, a special measuring scale with a division price of 5 mm was used together with a laser
level and a video camera with a shooting frequency of 60 frames/sec.

The strains of the tie elements in the FS-1 and FS-2 specimen were measured with usage
strain gages with a gauge length of 20 mm and an electrical resistance of 100 Ohms. The strain
gauge station was two measuring amplifiers "Spider 8".

The strain of the concrete of the top face of the FS-1 specimen slab were measured using the
extensometer with a gauge length of 300 mm complete with a digital indicator with a sensitivity of
0.001 mm.

During the static unloading test of the FS-1 specimen, a load cell was used to measure the
reaction in the central support.

Locations of deflection indicators D1..D7, strain gauges T1..T6 for specimen FS-1 and
special measuring scale D1, strain gauges T1, T1°..T6, T6’ for the FS-2 specimen are shown in
figure 4. The locations of the extensometer markers S1, S2,...S12 for measuring the concrete strain
at the top face of the FS-1 slab are shown in figure 5.
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Figure 4 — Locations of deflection indicators D1..D7, strain gauges T1..T6 for specimen FS-1 (a) and special
measuring scale D1, strain gauges T1, T1'..T6, T6’ for the FS-2 specimen (b)
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Figure 5 — The locations of the extensometer markers S1, S2,...S12 for measuring the concrete strain at the top face
of the FS-1 slab

1.5 Testing procedure
The general view of the FS-1 and FS-2 specimens before the tests is shown in figure 6.
Before removing the special suddenly removable composite support the FS-2 specimen was loaded
by the uniformly distributed load of the designated level (item 12 figure 6 b).
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Figure 6 — The general view of the FS-1 (a) and FS-2 (b) specimens before the tests:
1 — test specimen; 2 — rigid steel concrete contour frame; 3 — piece calibrated steel weights;
4 — a system of deflection meters for measuring vertical and horizontal displacements; 5 — strain gauge station Spider-8;
6 — deformation meter (extensometer) with a base of 300 mm; 7 — load cell (50 kN); 8 — hydraulic jack Ne2;
9 —rigid steel frame; 10 — pumping station; 11 — central support of sample FS-7 (hydraulic jack Nel);
12 — central support of sample FS-2 (composite removable support); 13 — special measuring scale D1

1.5.1 Quasi-static test of specimen FS-1

The FS-1 specimen was tested by the static unloading method proposed in [30]. Although
this method does not take into account the dynamic effects of sudden loss of support directly, it
allows us to determine the reaction in the removed element at every individual loading stages and to
assess the redistribution of internal forces (effects of actions) in the structural system at the global
level. It was also emphasized in [21] that testing of the flat slabs by a uniformly distributed load
give more realistic results for assessing robustness than testing with concentrated forces applied in
the area of the column being removed.

A system consists of two sequentially connected hydraulic jacks and a pumping station was
used to measure of the central column reaction (response). The first hydraulic jack acted as a
removable central column of the lower floor and was placed under the test sample. The second jack,
together with the load cell, were installed in a rigid steel frame and placed next to the pumping
station. The schematic diagram of the jack system at all steps of the loading stage is shown in figure 7.
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Figure 7 — The schematic diagram of the jack system at all steps of the loading stage of FS-1

The uniformly distributed load was modeled by calibrated piece steel blocks.

The reaction in the central support, vertical deflections and strains were recorded at each
individual stage of loading as follows:

1) the pumping station applied pressure to the jack system until the jack under the specimen
supported the lower face of the slab, which was also reflected on the load cell in the form of a small
increment of the reaction R = 0;

2) after that, the valve at the pumping station was closed, which is responsible for pressure
relief from the jack system. As a result, at this step, the closed hydraulic system consisting of two
jacks was obtained,;

3) the sample was loaded with calibrated piece loads, after which the reaction was recorded
on the load cell. As a result of loading, the reaction from the loaded slab is transmitted to the first
jack, the pressure in the closed system increases and the second jack "compresses™ the load cell in a
rigid frame. The value of the force registered on the load cell corresponds to the increment of the
reaction in the removed support at each individual loading stage;

4) the valve was opened and the pressure from the jack system was smoothly relieved until
the reaction on the central support drops to zero (R = 0). After that, vertical deflections and strains
of concrete and reinforcement were recorded,

5) then the pressure was applied to the jack system again and all the above steps were
repeated again.

1.5.2 Dynamic test of specimen FS-2

The FS-2 prototype was tested under suddenly applied gravitational uniformly distributed
load (case of dynamic loading). To simulate the sudden removal of the central column, the special
removable support was used (figure 8).
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The uniformly distributed load, as in the FS-1 test, was modeled by calibrated piece weights
(calibrated steel blocks).

Dynamic tests of the FS-2 sample included the following steps:

1) installation and centering of a composite removable support;

2) loading of the slab with calibrated steel blocks to the level of the load equal 75% of
ultimate quasi-static uniformly distributed load was made. The applied uniformly distributed load
value was determined based on the results obtained in quasi-static test of the FS-1 specimen and
was equal g = 20.24 kPa;

3) the horizontal force was applied to removable support by the system of cables and blocks
as shown in figure 8. After applying of the horizontal force, the support turns into a mechanism and
did not resist the vertical reaction.

support

6=0
g=const
@ composite removable FS-2 @ IE'V r% ]E" %ﬁ
C o w0 w1

5=0

© %%%E/ @

e

g=const

Figure 8 — The schematic diagram of the dynamic test of the FS-2 specimen by sudden removal
of the central support

2 Results of experimental studies. Analysis and discussion

2.1 Static test of specimen FS-1

In accordance with the methodology outlined in Section 1, the FS-1 sample was tested using
the "static unloading” method until complete failure (progressive collapse) of the slab was obtained
(figure 9).

According to the test results, the following data were obtained:

- pattern of crack formation (figure 9);

- the reaction R in the removable support versus the vertical displacements 6 curve and the
applied uniformly distributed load q versus vertical displacements 6 curve (figure 10);

- the reaction R in the removable support versus the uniformly distributed load g curve
(figure 11);

- relationship of the concrete strains at the top surface of the slab in span and over column
versus the vertical displacements in the central node (figure 12);

- relationship of the steel ties strains in slab versus the vertical displacements in the central
node (figure 13). It should be noted that at the beginning of the experiment, strain gauges T2 and T5
failed and did not register the change in strains.

As can be seen from figure 9, the cracks pattern has a slightly asymmetrical character. This
can be explained by the initial imperfections of the specimen, as well as the imperfection of the
method of loading with piece loads (steel blocks).
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Figure 9 — Specimen FS-1 after failure (a); slab segments in the region of column C1 (b); columns C2 (c);
columns C3 (d); columns C4 (e)

a) b)
_ 12 30
© — — 0
= A
£ 10 o 25 —o”
o /
o< /
£<38 e < 20 g&ﬁ
c s / o
z 36 e 215 |§
32 o’ =
% 4 a o 5 10
x 2 /QOép 5
Y 4 :
0 10 20 30 40 50 0 10 20 30 40 50
_ Vertical displacements Vertical displacements
in the center of the slab 8, mm in the center of the slab 8, mm

Figure 10 — The reaction R in the central support (a) and the uniformly distributed load g (b) versus the vertical
displacements 6 curves in the center of the span curves

88 N 1 (105) 2023



be30macHOCTD 31aHNI H COOPYKEHHH

10
z T
e |
-
g 8 I
) |
87 1
£ 6 I
E I
5
E &
— I | /
=
=z 3
E
ER o
§ M
0 loooe
0 5 w15 0 25 30
UDL g, kPa

Figure 11 — The reaction R in the removable support versus the uniformly distributed load g curve
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Figure 12 — Relationship of the concrete strains ec at the top surface of the slab over column (a) and in span (b)
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Figure 13 — Relationship of the steel ties strains in slab &s versus the vertical displacements J in in the center of the span
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During the loading of the FS-1 sample characteristic stages, which correspond to various
resistance mechanisms, were observed.

The stage of elastic bending of the slab. Under increasing uniformly distributed load from g
= 0 kPa to q = 14.9 kPa the linear increment of vertical displacements & in the center of the
specimen and the reaction in the central support R were observed (corresponding deflections
normalized to the effective height of the slab ¢/d were increased from 0 to 0.04).

In the area over columns C1-C4, the concrete tensile strains at the top surface (markers S1,
S4, S7, S10) and tensile strains of the tie elements (strain gauges T1-T4) corresponding to the
elastic bending of the slab were observed. At the same time, concrete strains on markers S4 and S7
(columns C2 and C3) were higher than on markers S1 and S10 (columns C1 and C4).
Measurements of the concrete strains at the top of the slab in the span strips (figure 12 b) showed
compression in these areas, which may indicate the development of the compressed membrane
effect.

The tensile strains of the tie elements had a similar character — the strain registered by the
strain gauges T3 (column C3) and T6 (center plate C5) were higher than T1 and T4 (columns C1
and C4).

This development of strains indicates the asymmetry of the work of the sample from the
beginning of loading even before the formation of cracks.

The stage of plastic bending of the slab. When uniformly distributed load increase from
g = 14.90 kPa to q = 23.47 kPa (8/d from 0.04 to 0.35) nonlinear behavior (plastic bending) of the
slab was observed. The first cracks formed at the top surface of the slab in the area near supports C2
and C3 (along the counter beams B2 and B3) at loads from q = 16.44 kPa to g = 18.01 kPa. At a
load of 20.35 kPa, additional cracks formed at the top surface of the slab in the area near supports
C1 and C4 (along the counter beams B1 and B4). At the same stage, diagonal cracks were formed at
the bottom surface of the slab. These cracks developed from the central support to the corners.
Cracks developed at the top surface and diagonal cracks at the bottom surface divided the slab into
four segments. In the slab reinforcement (in the bars of the steel wire mesh) the yielding strains
were achieved. As load and displacement levels increased, cracks began to concentrate in these
regions, signaling the development of a hinge mechanism in the slab. As hinging continued to
develop and slab rotation increased in the hinge, the deformation of other slab zones (in area of
segments) stabilized and did not significantly increase up to the load level 23.47 kPa.

Internal forces were redistributed in the specimen, as evidenced by a change in the slope of
the R-q curve (figure 11).

The strains of the concrete at the top surface in the span strips changed their sign from
compression to tension (see figure 12 b), what indicates a disappearance of the compressed
membrane effect.

Transition stage. The transition from the flexural slab behaviour to the tensile membrane
behaviour for the tested fragment was observed at the load range between q = 23.47 kPa and q =
25.03 kPa (6/d = 0.35..0.59).

The some reinforcement bars of the slab reached the ultimate tensile strains. This was
accompanied by a characteristic sound of wire breaking.

At this stage the plastic rotation of segments in the hinge ensures the achievement of vertical
deflections, which are necessary for the development of longitudinal tensile forces in the plane of
the slab and the activation of horizontal ties. However, at this stage the contribution from the
horizontal ties response to the global resistance of the structural system is insignificant.

The stage of the tensile membrane actions. The tensile membrane forces was developed in
tested slab under the load in range from q = 25.03 kPa to 27.37 kPa (&/d from 0.59 t01.29).

The tensile yield strains of steel in horizontal ties (T3, T4, T6, see figure 13) were achieved
under load q = 25.03 kPa. A new significant redistribution of internal forces was observed in the
specimen, as evidenced by a change in the slope of the R-q curve (figure 11).
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The membrane actions mostly were taken by the horizontal ties in the column strips of the
slab.

The specimen FS1 failure occurred at a load of q = 27.37 kPa (6/d = 1.29). It was the result
of exceeding the ultimate tensile strains in the horizontal ties in the central part of the slab. After
breaking of the horizontal ties, the specimen was divided into separate segments along the yield
lines (hinges) and collapsed. It is worth noting that the segments of the slab remained hanging on
the tie elements. Cracks along the tie elements on the top face of the slab (figure 9) are caused by
the impact of the segments on the external supports during the collapse.

According to the energy-based method (EBM) the quasi-static response q(5) of the FS-1
specimen can be rearranged into a dynamic response qq(84) With usage (Eg. 1):

@ (5) == a(ops
0 1)

Quasi-static response ((6) and dynamic response (q4(d) according to test results of specimen
FS-1 shown in figure 14.

| ——— quiasi-static response ¢(0) of the FS-1
5 i|—— dynamic response ¢ (3,)
0 i| (O stages of the FS-1 behavior
0 10 20 30 40 50

Vertical displacement
in the center of the slab 6, mm

Figure 14 — Quasi-static response q(d) and dynamic response q4(d) according to test results of specimen FS-1

The basic parameters of the “g-6” relation, the normalized deflections &/d, the values of the
corresponding dynamic responses and dynamic coefficients are listed in table 3.

Table 3 — Sample FS-1 test results

q, 6, 6/d, a» R, Rd,
Ne Stages kPa mm mm/mm kPa Ko kN kN
1 elastic bending 14,9 1,49 0,04 8,97 1,66 0,95 0,56
2 plastic bending 23,47 13,23 0,35 18,21 1,29 3,04 1,78
3 transition 25,03 22,39 0,59 20,59 1,22 3,46 2,35
4 tensile membrane 27,37 48,86 1,29 23,87 1,15 9,85 4,43

Note: the dynamic coefficient kqg = g/ qq

As can be seen from table 3, the value of the dynamic coefficient (kqq) is less than 2.0 (used
in linear elastic dynamic calculations) and decreases with increasing load level and deflections. This
is due to the dissipation of energy at the half-period of vibration.

2.2 Dynamic test of specimen FS-2

The FS-2 specimen was tested by dynamic load applied to slab after the sudden the central
support loss. The following experimental data were obtained:

- pattern of cracking after the sudden loss of the central support (figure 15)
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- the vertical deflections in the center of the slab versus time after sudden support loss,
obtained by processing the results of video shooting (figure 16);

- the strains of the ties &s versus the time after the sudden support loss (figure 17).

The crack formation pattern of the FS-2 specimen (figure 15) practically corresponds to the
FS-1 specimen, however, the yield lines (linear hinges) are more symmetrical. When a dynamic

load was applied by sudden support loss, the slab was divided into segments by the formed yield
lines (plastic hinges).
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Figure 15 — The crack formation pattern of the FS-2 specimen

As can be seen from the “04 — t” response (figure 16), the duration of gravitational load
applying of t; was approximately 100 ms. Such type of loading history corresponds to the case of
sudden removal (failure) of a key element [29].
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Figure 16 — The vertical deflections in the center of the slab FS-2 versus the time after the sudden support loss

Initial lifting of the slab up before the support loss is due to the mechanism used to removing
the support (see figure 8). In this case, the initial lifting of the slab compensates the deflection from
preloading and can be taken as a zero point of reference for vertical deflections after the support
loss.
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After sudden loss of support, the first half-period of oscillations is the most dangerous for a
damaged structural system. According to [4] at this stage the external work of unbalanced loads
caused by sudden support loss could be dissipated by the structure if it did not collapse.

As shown in figure 16, the maximum vertical displacements in the center of the slab were
observed during the first half-period of oscillations. Taking into account the initial precamber of the
slab, maximum vertical deflection amounted to 64 max = 11.7 mm. After that, there were practically
no fluctuations and the deflections stabilized at the level of 645 = 11.1 mm. The absence of
fluctuations indicates the redistribution of internal forces and the dissipation of energy. From
comparison with the experimental data obtained during the testing of the FS-1 specimen, it can be
seen that the deflections of the slab 645 /d = 0.31 are in the range of 0.04 to 0.35 corresponding to
the stage of plastic bending.

From the obtained relation of the strains in the tie elements &5 versus time (figure 17), it can
be seen that the ties are activated during the time t; = 1.0 sec. This time is an order of magnitude
longer than the time tq corresponds the gravitational load applying (the time of the support loss) and
the maximum vertical deflections development. The maximum tensile strains in ties were observed
in the area of the central column C5. The value of the strain amounted to g5 = 0.00098 mm/mm and
corresponded to the elastic work of the steel ties (see figure 17).
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Figure 17 — The strains of the ties of the slab FS-2 versus the time after the sudden support loss

3 Conceptual approach to modelling the behaviour of a damaged flat slab with the
central support loss

3.1 Principles of macro-modelling

The methods based on the principles of macro-modeling are more promising methods for
modeling damaged (modified) structural systems when its robustness checks, than methods based
on continuum modeling [7]. According to macro-modeling rules, linear elastic behavior beams and
slabs modeled the elastic behavior of the structural system. The nonlinear behavior of the structural
systems is modeled by the point plastic hinges. These hinges insert into the certain sections of
elements of the structural system according to the accepted rules. Thus, there is a simulation of a
discrete-continuum structural system.

Nonlinear plastic hinge in the computational model reflects the local zones in which the
plastic rotation and plastic deformations of a real structural system development observed. The
places of their into the design scheme should be determined a priori based on a qualitative
understanding of the proposed failure mode of the structural system or on the basis of a preliminary
analysis performed, for example, using plastic method, based on the provisions of the yield lines
theory.
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Response of flat slab system(s) after an initial local failure (damage) involves the activation
and interaction of several mechanisms in the dynamic domain. Flexural, punching shear, post-
punching shear, compressive membrane action and tensile membrane action have been identified as
various mechanisms which could influence slab system response. Figure 18 shows an idealized
moment-rotation (“M-0"), shear force-rotation (“V-y”’) and longitudinal forces-longitudinal
displacements (“N-w’’) diagrams for main of the listed above mechanisms.

To simplify calculations and reduce the number of plastic hinges types in the calculation
model it is possible to use the same type of hinges when modeling plastic bending and shear.-In this
case, it is necessary to use the “M-0” diagram (figure 18 @) for which the ultimate rotation value is
limited in accordance with the punching (post-punching) response of the flat slab (figure 18 b).

The parametric points of the “N-w” diagram (figure 18 c) should be calculated according to
the basic provisions [36, 37].
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Figure 18 — General view of idealized diagrams ""M-8"' (a), "V-0" (b) and "N-w"" (c)

3.2 Analytical equations for determining the parametric points of a quasi-static
«(-0» diagram

Stage of elastic behavior

At the stage of the elastic response, the value of deflection & under uniformly distributed
load g can be obtained quite accurately from the solution of the Lagrange equations for thin plates.
The solutions of the Lagrange equations for the most common cases of boundary conditions and
plate geometry are tabulated by different authors, for example [38].

The load-deflection equation can be represented as follows:

q-1

o=q
D 0
where a; is the coefficient for determining vertical displacements in the center of the slab
(x=10,y=0). In case of square slab clamped along the contour a; = 0.00126 [38]; D is cylindrical
rigidity of the plate without cracks:
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where E.n is the modulus of elasticity of concrete; h is the plate thickness; v is the Poisson's ratio.

Flexural resistance mechanism.

The flexural mechanism and membrane actions development can be described using
analytical equations based on the energy balance method of a modified structural system. For the
flexural resistance mechanism describing, the design scheme as illustrated in figure 19, can be
considered.

In accordance with assumption [39], a flat slab is divided by yield lines into segments,
which are further considered as a rigid bodies. As can be seen from the own experimental data
presented above and from the results of studies obtained by other authors [21, 29, 30], the pattern of
cracks formation in flat slabs can be fairly accurately predicted by the yield lines theory.
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Figure 19 — Calculation scheme of sample FS-1 in accordance with the yield lines theory

In accordance with the yield lines theory, a structure is considered at the stage preceding
failure, at which the external energy (work) caused by the load on the slab should be equal to the
internal energy dissipated within the yield lines:

Wext = Wint 4)
where Wy is the work performed by external gravitational loads Q on the movement
displacement & of the slab segments; Wiy is the work of the bending moment mg at the rotation 6.

For an accepted pattern of plastic hinges, the bending moments m acting along the yield

lines versus the uniformly distributed load q(d), can be expressed in the following simplified form:
0(5) 24-(m, (5)+m,(5))
L ©)

The values of the bending moments m are determined from the diagrams "M-0" (see
figure 19) with the limitation of the ultimate moment accounting the punching resistance of the slab
in an accidental design situation.

Shear resistance of the slab

To estimate the punching shear resistance, a model based on the critical shear crack theory
(CSCT) can be used [40-42].
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In [41], the following modified equations of the failure criterion are proposed for different
strain rates:

Vi 0.8
for £&=10/s
b,d JT 14 owd
d +d
L for £=100/s
bd fo 14 15yd
d +d
Vi 1.3
for £=300/s
b,d \/_C 14 15pd
d +d

(6)
According to equations (6), at low strain rates, insignificant increments of shear resistance
are observed. In general case the shear resistance increases with increasing of the strain rates.
In accordance with fibModel Code 2010 [40, 42], for 2-level approximation, the shear force
is determined for the rotation calculated by following expression:

3/2
W_E.E.L.[ﬁj
2'd E, (M, -

where r; is the position of zero radial bending moment relative to the support axis (usually
taken equal to 0.22L for flat slabs with a span L), Es is the modulus of elasticity of steel
reinforcement, My is the average bending moment per unit length in the column strip (in the
support area) of the slab, and Mgq is the average bending strength per unit length in the column
strip.

For the case of internal columns according to fibModel Code 2010 [40], M is related to the
load Vyq as follows:

sd 8 (8)

Tensile membrane mechanism

After the yield lines formation and the sufficient plastic rotation development in the hinges
the tie elements are activated at the post-punching stage (figure 20).

The resultant of the tie forces in the design scheme (figure 20) can be considered as the
response of the system, balancing the gravitational force Q acting in its center of mass. In this case,
resistance can be defined as quasi-static or dynamic. Within the framework of the energy approach
[7], the static resistance depends on the amount of displacement and can be described by the
resistance function gsat (8¢;), Which depends on the "N-w" diagram for plastic axial hinges in the
slab (see figure 18 ¢).

»
P>

Figure 20 — Design scheme of a flat slab to determine the membrane effect at large displacements

If all ties elements of the damaged system are of the same type, then they have the same "N-
w" relationship. Self-weight and other permanent loads are represented by the net force Q applied at
its center of mass. The deformed state is determined by the vertical displacement &g, (see figure 20).
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For identical horizontal displacements w of all bonded joints, the vertical displacement &g,
can be calculated directly from the geometry of the deformed scheme as (see figure 20):

S ~\/3-|~W
3 )

where | is the segment length.
Then the maximum vertical displacement in the center of the slab:

5,=3-a, =31, (10)

Energy balance conditions for a system consisting of four segments and having horizontal
ties in the above-column strips in two directions:

3
Q-a,, =§'§(Wu)'Nu ‘W,

(11)
where &(w,) is the relative strain energy of the bond according to fib Bulletin 43 [36]:
_[N (w)dw
E(w) =

It is obvious from Eq. (11) that the resistance of the chain system depends not only on the
tensile strength N of the ties, but also on their plastic deformability w, i.e. elongation ability.

For a laterally restrained slab, the value of vertical deflections &;, corresponding to the
activation of membrane effects, can be taken a priori as 0.5d or more. From the analysis of the test
results for sample FS-1, it follows that the onset of a pronounced influence of the effects of the
tensile membrane corresponds to the vertical deflections approximately equal to 0.59d. For
example, in [30], for a slab specimen in which there were no rigid horizontal restraint along the
contour, this parameter was equal to 0.87d.

3.3 Calculation of prototypes FS-1 and FS-2

At the first stage, to describe the flexure failure mechanism with limitation of the ultimate
hinge rotation based on the punching shear failure criterion the idealized "M-¢" diagram (see
figures 18 a and 18 b) and "N-w" relation which describes the mechanism of membrane forces (see
figure 18 c) for specimens FS-1 and FS-2 were determined. The mechanical properties of materials
which were used for evaluation of the parametric points of diagrams "M-0" and "N-w" are given in
tables 1 and 2.

The bending plastic hinge is described by the "M-6" relation, which is obtained on the basis
of the relation "M-¢" for the critical sections on the supports and in the middle of the span of the
slab. The width of the critical sections was taken as equal to b = 1.7 m (as the length of the
projection of the yield lines on the axis of rotation of an individual segment). The length of the
flexure plastic hinge in the first approximation was taken as equal to the effective depth of the
section d (based on the characteristic pattern of cracking obtained in the experiments).

The moments My and M,, corresponding to yielding in the tensile reinforcement and the
achievement of ultimate compressive strains of concrete, respectively, as well as the corresponding
curvature values ¢y and ¢, were obtained from the sections design.

The parametric points of the moment-curvature relationship "M-¢" are presented in table 4.
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Table 4 — The parametric points of the "M-¢" relationship for FS-1 and FS-2 specimens

Bending moment Curvature
. . M, My
Specimen | Section N-mm N-mm 0y Oy
1/mm 1/mm
per 1,7 m per 1,7 m
FS-1 span 1,74E+06 2,11E+06 1,54E-04 3,14E-03
support 0,99E+06 1,27E+06 2,05E-04 3,27E-03
FS-2 span 1,76E+06 2,14E+06 1,67E-04 3,42E-03
support 1,01E+06 1,29E+06 2,08E-04 3,56E-03

Note: the general view of the “M-¢” diagram corresponds to the “M-6" diagram, see figure 18 a.

Axial plastic hinges model membrane effects and are described using "N-w" diagrams, the
parametric points of which are obtained in accordance with [36, 37] and are given in table 5.

Table 5 — The parametric points of the "N-w" diagram for FS-1 and FS-2 specimens

Ti Longitudinal forces Longitudinal displacements
e Ny, kN Nu: kN Wend,y; mm 0,5Wend,w mm Weng,u, MM
304 22,41 26,27 0,17 0,86 1,71

Note: the general view of the "N-w" diagram, see figure 18 c.

At the second stage the parameters defining the mean "g-6" relationships for samples FS-1
and FS-2 were performed according to the equations proposed above (see Eqg. (2) — (12)). Also, for
comparison, a nonlinear quasi-static analysis of the FS-1 specimen and a nonlinear dynamic
analysis of the FS-2 specimen were performed with usage software SAP2000. Moreover, the FEM-
analysis performed by SAP2000 took into account the geometric non-linearity (second order
effects) of the system.

To modeling of the flat slabs, a frame approximation was used. The mean parameters
defining the plastic hinge relationships which were used in analysis are presented in tables 5 and 6.
When a nonlinear dynamic analysis of the sample FS-2 was performed using SAP2000, a fixed
value of the damping coefficient was taken as equal to 3.5%.

The results of analysis for samples FS-1 and FS-2 obtained based on analytical equations
(1) — (12) and with using SAP2000 are shown in figure 21 and figure 22 and in table 6.

b)
30
25
e 20 P | — L
& - —
=15
=
% 10
----- experiment == === cxperiment
5 proposed approach| 5 proposed approach
— — SAP2000 — — SAP2000
0 0
0 20 40 60 0 20 40 60
Vertical displacement in the center of the slab Vertical displacement in the center of the slab
6, mm 6. mm

Figure 21 — The results of analyses for sample FS-1 (a) quasi-static response 'q-0"’; (b) dynamic response "'qg-0"'
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Figure 22 — Results of nonlinear dynamic analysis of slab FS-2

Table 6 — The results of analysis for samples FS-1 and FS-2

FS-1 FS-2
Stages Parameter Unit NLS NLD
Exp. Theor. SAP2000 Exp. SAP2000
Elastic dy, mm 1.49 0.55 1.10 - -
bending . kN/m* 14.9 13.34 17.0 - -
Plastic 3, mm 22.39 26.55 25.62 11.70 8.37
bending Ous kN/m? 25.03 16.51 19.00 20.24 20.24
u, mm 48.86 66.10 63.96 - -
Tensile Qu2s kN/m? 27.37 24.99 26.3 - -
membrane Ga KN/m? 23.87 18.34 20.88 - -
(dyn. resp.)

As can be seen from the presented results of a comparative analyses, the calculated quasi-
static diagrams obtained based on proposed analytical equations (2) — (12) differ from the
experimental ones. This can be explained by the different type of loading mode. In the experiment,
there was a loading mode with load control. In the numerical analyses, diagrams corresponding to
the loading mode with displacement control were obtained. Also, the proposed analytical equations
did not take into account the effects of a compressed membrane, which leads to a more conservative
solution.

Conclusion

The presented experimental studies allow us to draw the following conclusions:

1. In structural systems with flat slabs, in an accidental design situation, various mechanisms
of resistance to progressive collapse arise. A correct understanding of their origin and development
allows more rational and safe design of structures that will meet the requirements of robustness in
accidental design situations.

2. Tests of the FS-1 specimen performed by the static unloading method made it possible to
identify and study in detail the characteristic stages of the behavior of a flat slab when removing a
vertical load-bearing element. As a result, a complete nonlinear quasi-static response of the
structural system is obtained.

3. Dynamic tests of the FS-2 specimen allowed us to establish that various resistance
mechanisms are not activated simultaneously during sudden dynamic application of the load, which
affects the instantaneous dynamic response of the system. For the loading level corresponding to the
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stage of plastic bending, there was a redistribution of internal forces and the activation of tie
elements after the realization of maximum deflections at the first half-period of oscillations.

4. Against the background of experimental data, computational dependencies were
examined to determine the parameters defining a quasi-static response diagram of a damaged
structural system in an accidental design situation. In the long term, taking into account the
modeling error, these dependencies may allow parametric studies and statistical calibrations of
safety coefficients to check the robustness of structural systems.

5. It is established that the tie elements in the above-column areas allow to perceive
membrane forces, and also increase the shear resistance of the slab around the columns adjacent to
the remote one.
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AU. BEJIOB', B.A. PSI3BAHOBA?, A.l. TABUTOB?,
A.C. CAJIOB?, J1.P. UCJIAMI AJIUEBA?

"HatmonamsHeiit rcceaoBaTeMbeKkiit MOCKOBCKHIA TOCYIApCTBEHHBINM CTPOUTENBHBIN YHUBEPCUTET, I. MockBa, Poccus
%Y (puMCKHiT rOCYIapCTBEHHBIN He(TAHOI TexHMUecKuii yruBepenTer, T. Yda, Poccust

BAPUAHTHOE IIPOEKTHPOBAHUE ®YHIAMEHTOB
ITPOMBIIIVIEHHBIX 1 OBINECTBEHHBIX 3TAHUUA J1JIA1
PA3JIMYHBIX T'MJIPOT'EOJIOT'MYECKUX YCJIOBUM

Annomayusa. B cmamve paccmompeno eapuanmmoe npOEKmMuposanue QyHOAMeHmos sl
pasauynvlx peauonos Poccuiickoii Dedepayuu. [nsa 30anus MHO20QYHKYUOHATLHO20 CHOPMUBHO2O
KOMNIEKCA BbINOAHEH PACYém C6aliHo20 (YYHOAMeHma ¢ y4émom 0cobeHHocmell SUOpO2e0no0UdecKux
yenosuli - pacemampugaemvix  pecuonos. Mooenupoganue npocmpancmeeHHOU pambl  GbINOIHEHO C
npumenenuem npocpammuvix xomniexcos SCAD u Autodesk AutoCAD. Ilo pacuémy ons Pecnyonuxu
Bawxopmocman npunsamer ceau no cepuu C-5-30 onunoii 5 m ceuenuem 300x300 mm. [Jns Pecnybnuku
Tamapcman: ceau no cepuu C-3-30 oaunout 3 m ceveruem 300x300 mm. s [lepmckoeo Kpas npursamol
ceau no cepuu C-6-50 onunou 6 m ceuenuem 500x500 mm. [na onpedenenuss cmoumocmu 6036e0emus
@dyHOamMeHmo8 cocmagnen JIOKATbHO-CMEeMHbLL pacyém Ha OCHOge edomocmell obvemos pabom. Ilo
npeocmagienHoll OKOHYAMENbHOU CMOUMOCIU Oelaemcs 8bl600 O MOM, YMO PA3IuyHble KAMme2opuu
CNIONCHOCIU  UHIICEHEPHO-2€0NI02UYECKUX  YCNIO8ULl  NoO0pasymesaiom npogedenue OONOIHUMENbHBIX
Meponpusimuil 6 paoHax ¢ Oojiee CLONCHOU 2Uopo2eosiocuteckol 00cmanoskol. Cmoumocms 6036€0eHUs.
@ynoamenma onst Pecnybauxu bawrxopmocman cocmasuna 93,711 man. py6 u oxkasanace Hauboivuietl no
CPASHENUI0 ¢ Opy2UMU PeSUOHAMU, UMO CEA3AHO CO 3HAYUMENbHLIM yeeauueHuem o00bémoe pabom 3a
CYém ycmpoucmea MOHOIUMHBIX JHCeNe300eMOHHbIX NOACO8. Aemopamu ommeueHo, umo 6 @vibope
KOHCMPYKYUll (hyHOAMEHMAa NpoeKmupyemMo20 30anus onpeoensiowum @QaKmopom AeisAemcs aHaIu3
UMIICEHEPHO-2C0NI02UHeCKUX — YCA08ULl  NAOWaoKy  cmpoumenvcmea. Ilpedcmasnennas — memoouka
nO380JIsem NPoGecmi MEXHUKO-IKOHOMUHECKYIO OYEHKY CIMPOUMenIsbCmea aHAI02UYHBIX NPOMbIULIEHHbIX
U 00WecmeeHHblX 30aHULl He MOJbKO 6 PACCMOMPEHHbIX PeSUOHAX, HO U Ha 6cCell meppumopuu
Poccuiickoii @edepayuu.

Knrouegvie cnosa: ceaiinviii ghynoamenm, eapuanmuoe npoeKmuposanue, 2uopo2eiosudeckue
yenogust,  NaOWaoka — CMpoUumenbCcmed, — JOKANbHO-CMEMHbLL — pacyem, — MeXHUKO-IKOHOMUYEeCKUe
noxazamenu, aHamu3.

A.l. BEDOV?, V.A. RYAZANOVA?, A.l. GABITOV?,
A.S. SALOV?, D.R. ISLAMGALIEVA?

"National Research Moscow State University of Civil Engineering, Moscow, Russia
2Ufa State Petroleum Technological University, Ufa, Russia

VARIOUS FOUNDATION DESIGN FOR INDUSTRIAL AND PUBLIC
BUILDINGS WITH DIFFERENT HYDROGEOLOGICAL CONDITIONS

Abstract. The article considers the various foundation design for different regions of the Russian
Federation. The calculation of the pile foundation was carried out taking into account the peculiarities of
hydrogeological conditions in these regions for the multifunctional sport complex. The spatial frame
modeling was performed using SCAD and Autodesk AutoCAD software packages. According the
calculation S-5-30 5 m long with a section of 300x300 mm (by series) piles received for the Republic of
Bashkortostan. For the Republic of Tatarstan: piles according to the S-3-30 series, 3 m long, with a
section of 300x300 mm. According to the S-6-50 series, 6 m long, with a section of 500x500 mm piles are
accepted for the Perm Territory. To define the price of building foundations, a local estimate calculation
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was composed based on bills of quantities. Based on the presented final price, it can be concluded that
different categories of engineering and geological conditions complexity, imply additional activities in
areas with more complex hydrogeological conditions. The cost of building the foundation for the Republic
of Bashkortostan amounted to 93.711 million rubles, and turned out to be the largest in comparison with
other regions, which is associated with a significant increase in the volume of work due to the installation
of monolithic reinforced concrete belts. The authors noted, that analysis of engineering and geological
conditions of the construction site is the determining factor in the choice of foundation structures for the
designed building. The presented methodology allows to carry out a similar industrial and public
buildings feasibility study in construction not only in the considered regions but throughout the Russian
Federation.

Keywords: pile foundation, various design, hydrogeological conditions, construction site, local
cost estimate, feasibility study, analysis.

BBenenue

KitoueBbIM acmieKTOM B BBIOOpPE KOHCTPYKIWMU (YHAAMEHTAa MPOCKTUPYEMOIrO 3IaHUs
SIBJISIETCSl  QHAJIM3 HWHXKEHEPHO-T€OJIOTUYECKUX YCJIOBUM IUIOIIAJKH CTPOUTENLCTBA, BKIIKOYAs
cnenuduueckue ycioBus. Pa3zHooOpasue NpUpOJHO-KIMMATUYECKHX YCIOBUH MOTpeOoBao
pa3paboOTKM METOJOB pacdyera W NPOSKTUPOBAHUS (PYHIAMEHTOB HAa CTPYKTYPHO-HEYCTOWYMBBIX
TPYHTaX - BEYHOMEP3IBIX, JECCOBBIX W TOpDsHUCTHIX. K OCHOBHBIM BKJIaJaM B JaHHBIC
UCCIIEIOBaHMs MOXKHO OoTHecTH paboThl yueHbiXx H.A. I{piroBuua, C.C. Bsinoa, M.H. TlNonpamreiina
u B.A. Becenosna [1].

WHXCHEPHO-TEOJOTUICCKIE HW3BICKAHUS JIOJDKHBI 00eCreYrBaTh KOMIUICKCHOE H3yUeHUE
MHKEHEPHO-TE€0JIOTMYECKUX YCIOBUM TEPPUTOPUM MPOEKTUPYEMOI'O CTPOUTEIBCTBA U COCTABIICHUE
MPOrHO3a BO3MOXKHBIX M3MEHEHUN WH)KEHEPHO-T€OJOTMYECKHX YCIOBU B cdepe B3auMOICHCTBHS
MIPOCKTUPYEMBIX OOBEKTOB C TEOJIOTHYECKOW Cpelod ¢ IeNbI0 MOJIyYeHUs HEOOXOAUMBIX U
JIOCTAaTOYHBIX MAaTE€pHUaJIoOB JJisi OOOCHOBAHMS TUIAHUPOBAHUS TPAJOCTPOUTEIBHON IEATEIHLHOCTH U
pa3pabOoTKK MPOEKTHHIX perrenuii 2, 3].

Merton

Jlns BapMaHTHOTO MPOEKTHPOBAHUS OBLIM PAaCCMOTPEHBI COCETHUE MEXIY COOOW pailoHbI
crpoutenbeTBa: PecniyOnmka bamkoprocran, Pecniyonuka Taraperan, [lepmckuiil kpait. B kauectse
o0BbEKTa MCCIEAOBaHUSA NPUHATO 3AaHUE (U3KYIBTYpHO-03JOPOBUTEIBHOTO KOMILIEKCA C
OacceilHOM, KaTKOM M YHHUBEpPCAJIbHBIM 3aJ0M, pacrnojiokeHHoe 1o anapecy: CoBeTckuii pailoH
ropojackoro okpyra ropoj Y ¢a Pecnybnuku bamkoprocran, yn. Menaeneesa.

31aHuEe OTHENBHO CTOSILEE YETHIPEXITAKHOE, NMPSAMOYIOJIbHOE B IUIAHE C BBICTYNAIOUIEH
OJIHOATAXHOW BXOJHOW TPYMIION € TJIaBHOrO (pacajga U ¢ BHICTYHNAIOUIMMH JIECTHUYHBIMU KJIETKaMH,
COEMHSAIONIMMH BCE 3TaXKU C ABOPOBOM CTOpOHBI. ["abapuTHBIE pa3Mepsl 37aHus B IUIaHE B OCSX 1-
19 cocrasnsrot 84700 mm, B ocsix A-JI — 42000 mm, oOrmiast BeicoTa 31aHust 17,86 M, mpu BbICOTE
yraxa 3,6 M. O61ast wiommap 3nanus — 6542 M2. 3a otmeTky 0,000 mpuHsTAa OTMETKA YUCTOTO TOJIa
MIEPBOTO ITaXA.

[InaHupoBKa CHOPTHBHOIO KOMIUIEKCA NIPEIyCMAaTpUBAeT Je€leHHe Ha 3 30HbL. B
LEHTPAJIBLHON YacTH 3/aHUS HAXOJUTCS CIIOPTUBHBIN 3aJl ¢ TPUOYHAMU NSl 3pUTENEH, K KOTOPOMY C
JIBYX CTOPOH MPHUMBIKAIOT YETHIPEXITAXKHbBIE aIMUHUCTPATUBHO-X039CTBEHHbIE OJIOKH.

Hecymas KOHCTpYKTHBHAasi cXeéMa MOHOJHMTHOTO »elle300€TOHHOrO0 KapKaca COCTOMT U3
CBaifHOTO (pyHJaMEeHTa, ONMPAIOIINXCS HA HETO BEPTUKAJIBHBIX HECYIINUX 3JIEMEHTOB: CTEH U KOJIOHH,
OOBEMHSIOMIUXCS B €AMHYI0 MPOCTPAHCTBEHHYIO CHCTEMY TOPHU30HTAJIbHBIMH 3JEMEHTAMU —
MJIUTaMU IEPEKPBITUM.

KoHcTpyKkTHBHas cXeMa 3/1aHus 110 TUITY BEPTUKAIbHBIX 3JIEMEHTOB KOJIOHHO-CTEHOBASI.

Takass Hecymas KOHCTPYKTHMBHAsi CXE€Ma 3/1aHHS CKOMIIOHOBaHAa Ha OCHOBaHUH
ApPXUTEKTYPHO-TUIAHUPOBOYHBIX DPEIIEHUN M CO3[aeT IJIACTHYECKYI0 CHUCTEMY IO MHOI000pasuio
IJTAHUPOBOYHBIX PEIIECHUN, KaK Ha CTaJUi HOBOI'O CTPOMTENIBCTBA, TAK M HA CTaJAMSIX 3aBEPIIEHHOrO
CTPOMTENHCTBA M KCIUTyaTalluy 3[aHus IyTeM JeJeHUs OOIIMX MIIOIIaei 3Taxkell caMOHECYIIUMHU
neperopoakamu (pucyHok 1, 2).
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Pucynoxk 2 — Paspe3 npoekmupyemozo 30anus

JUis  BBIMOJIHEHUS  BapUAHTHOTO  IMPOEKTUPOBAHHMS  OBLIO  H3YYEHO  HANPSKEHHO-
nepopMupyeMoe COCTOSIHUE CBalHOrO (yHIaMEHTa CIOPTUBHOTO KOMILIEKCA IJs Pa3IuYHbIX
peruonoB Poccuiickoit denepanuu: Pecriydnuka bamkoprocran, Pecniy6nuka Tarapcran, [lepmckuit
Kpai.

Pacuér npocTpaHCTBEHHON pambl 3aKJIIOUAETCS B OINPEACIECHUM YCUIUN B CTEPKHAX H
noj100pa UX CEUYSHUH 10 MEPBOM U BTOPOU TPYIINaM MPeaeTIbHBIX COCTOSHUH [4].

KoMmproTepHoe MOAENIMpOBaHME M PACUET BBINOJHEH C INPUMEHEHHEM IPOrPAaMMHBIX
komriekcoB SCAD u Autodesk AutoCAD.

[IpocTpaHcTBeHHass pama TpeAcTaBisieT co0OM B pacyeTHOW MOJENIU  CHCTEMY
MIPOCTPAHCTBEHHBIX CTepkHeH. Pama cocTouT u3 Meramnyeckux (epMm, ONmuparommxcs Ha
&Kene300€TOHHBIE KOJIOHHBI. Mex1y co0Oi paMbl CBsI3aHbl BEPTUKAJIBHBIMH M TOPU3OHTAJIBHBIMU
CBS3IMH II0 BEPXHUM M HWXKHUM moscaM ¢epM. Takxke MNPOCTPAHCTBEHHYIO >KECTKOCThb
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00eCreunBalOT MPOTOHBI U3 IIBEUIEPOB, HA KOTOPHIC YKIAABIBAIOTCS COHABUY-TIAHETH MOKPBITHS.
®depmbl paboTaOT Ha M3rHO, a KOJIOHHBI Ha BHEICHTPEHHOE CkaThe. Harpys3ku, BocipHHUMAacMbIe
dbepmamu, B pacueTHOM CXeMe MPUBEICHBI Y3JIOBbIC, HA KOJIOHHBI pacpe/ieieHsl o Beicote. [lonoop
ceueHuit snementoB ¢epm BeimmoaHen B [IK  SCAD Office [5-7]. Pacuernas cxema
MIPOCTPAHCTBEHHOM paMbl U U300paxeHue 1eOpMUPOBAHHOM CXEMBbI IPUBEICHBI HA PUCYHKaX 3, 4.

Pucynok 3 — Pacuemnas cxema npocmpancmeentou pamol

Pucynok 4 — Coemecmnoe omoodpasricenue ucxoonoi u 0eghopmuposanou cxemot

PesyabTarsl

[Inomanka crpoutenscTtBa B PecnyOnmke bamkoprocraH OTHOCHTCS KO 2 KaTeropuu
ciokHocTU. Ha ydacTke M3bICKaHUI U3 ONMacHBIX (PU3MKO-T€OJOTHYECKUX MPOLECCOB Pa3BUT KapcCT.
CornacHO pallOHMPOBAHHUIO MO KAaTETOPUSM YCTOMYMBOCTH OTHOCUTENIBHO KapCTOBBIX ITPOBAJIOB
Y4acTOK HM3bICKaHMi Obul oTHeceH K III (HemocTaTOYHO YCTOHYMBOM) KAaTe€ropuu yCTOWYMBOCTH
OTHOCUTEJIBHO KapCTOBBIX MPOBaNOB. B reoMopdoaornueckoM OTHOIIEHWM y4acTOK NMPUYPOYEH K
IPaBOOEPEIKHOMY KOPEHHOMY CKJIOHY AOJMHBI P. benoil. AOCOMIOTHBIE OTMETKH IOBEPXHOCTH
penbeda usmensores ot 184,95 no 185,30 m BricoT. [loBepXHOCTH ydacTKa OTHOCUTEIBHO POBHAs, C
HE3HAYUTENIbHBIM YKJIOHOM Ha foro-3amai. Ilog3emHble BOABI 1O TIyOMHBI 17 M HE BCKPBITHI.
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[Tpoektupyempiii pyHIaMeHT cBaiiHBIN. HHXEHEPHO-TECOJOTHUECKUI pa3pe3 MpeJCTaBiIeH Ha
pHUCyHKe 5 a.

[To pacuery nmpunsaTel cBau no cepuu C-5-30 amuHoi 5 M ceuenuem 300x300 mm u3 GeToHa
kiacca B25 ¢ apmatypoil knacca A400 nuamerpom 10 mm. BbulM mpUHATBI IPOTUBOKAPCTOBBIE
MEpPOMPUATHS, TaKUE KaK IMpOpe3Ka 3aKapCTOBAHHBIX IMOPOJ CBasMU, BBEJIEHHUE JOIMOJHUTEIbHBIX
CBsi3ell B KapKaCHBIX KOHCTPYKLHUSAX 3a CYET YCTPOWCTBA MOHOJIMTHBIX JKEIE€300€TOHHBIX IOSICOB
touHoN 1500 MM, COEMHSIONIMX POCTBEPKU PYHIAMEHTOB.

[Tnomanka crpoutenscTBa B PecnyOnuke Tarapctan oTHocuTCs K 1 KaTeropuu CIOKHOCTH.
[ToBepXHOCTh ydacTKa OTHOCHUTEJIBHO pOBHAsi, HE pacujieHEHHas, IMOJ3€MHbIE€ BOJbl HMEIOT
BbIJIEPKAHHBIN TOPU30HT C OJHOPOJIHBIM XUMHUYECKUM cocTaBoM. [lnoiaaka cTpouTenscTBa UMEET
VKJIOH Ha I0ro-BOCTOK. OTMETKa MOBEPXHOCTH MpupogaHoro peibeda — 205,5-208,5 m. Otrmerka
ypoBHA Tmoa3eMHbIX Boa — 203,0 M. MHXEHEpHO-reoJ0rHuyecKoe CTPOCHHE COCTaBJIE€HO H3 3
HMHXEHEPHO-TEOJIOTUYECKUX 31eMeHTOB. [lmanupoBounas ormerka — 207,0 m. IlpoexkTtupyemslit
(dbyHIaMeHT cBaiiHbIN. IH)KEHEPHO-TEOIOTHUECKHA pa3pe3 MPeICTaBIICH Ha PUCYHKE 5 0.

[To pacuery mpunsThl cBau 1o cepuu C-3-30 anunoit 3 M ceuenueM 300x300 MM u3 GeToHa
kiacca B25 ¢ apmarypoii kimacca A400 guamerpom 10 mm. JIOMOTHUTENBHBIX MEPONPHUSTUN I10
YBEIIMYECHUIO IPOYHOCTH U YCTOWYMBOCTH (PYHIaMEHTOB HE MPETyCMaTPUBACTCH.

[Tnomanka crpoutenbctBa B IlepMckoM Kpae OTHOCHTCS K 3 KaTErOpuUU CIOXKHOCTH.
OcHoBaHME CIIO)KEHO TMPOCAJOUYHBIMM TpyHTamu. Ha wuccrnemyemoil TEppUTOPUH LIMPOKOE
pacnpocTpaHEHHUE MMEET IPOLECC MOATOIICHHSI, OCJIOKHSIEMbIH HAJMYMEM B pa3pe3e CHIbHO U
Ype3MEpPHO MYUYHMHUCTBIX TPYHTOB. DTU (DAKTOPHI OKA3bIBAIOT PEIAIOIIEe BIMSHUE Ha MPUHATHE
MPOEKTHBIX PELIEHUH, CTPOUTENbCTBO M OSKCIUTyaTalluio coopykeHui. [lmomaaka crpoutenbcTBa
UMEeT YKIIOH Ha ceBepo-3amaa. OTMeTKa MOBEPXHOCTH HPHPOAHOTO peibeda — 127,0-128,5 m.
NHXKeHepHO-Te€0JIOTUYECKOE CTPOEHHE COCTaBICHO U3 4 HH)KEHEPHO-T€OJOIMYECKUX 3JIEMEHTOB.
YpoBeHb MOA3EMHBIX BOJ HaxoauTcs Ha oTMeTke 125,5 M. [lnanupoBounas ormerka — 127,0 m.
[TpoexTupyemsrii  (yHIaMeHT CBaiiHbIH. VHXEHEPHO-TEOJOTHYECKUI pa3pe3 TpEeACTaBICH Ha
pUCYHKE 5 6.
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Pucynok 5 — Huycenepno-zeonozuueckuit paspes onsa:
a) Pecnyonuku bawkopmocman; 6) Pecnyonuxu Tamapcman; ) Ilepmckozo kpas

I[To pacuery nmpuHnsAThl cBau no cepuu C-6-50 amuHoi 6 M cedenuem 500x500 mm u3 GeToHa
kimacca B25 c¢ apmarypoit kimacca A400 muamerpom 10 MM. B kauecTBe MOMOJHUTETHHBIX
MEPOIPUATHH MPUHATO U3BATHE EPBOI0 HHKEHEPHO-TEOJIOIHYECKOTO0 ¢i10s (Top() ¢ mocineayromei
3aMEHOM ero Ha MecYaHO-TPABUHHYIO CMECH.

Jns  ompeneneHuss  CTOMMOCTH — BO3BeACHUs  (QyHIaMeHTa  JUISI  pa3IM4yHbIX
THIIPOTEOJIOTUIECKUAX YCIOBHH COCTABISETCS JOKAJIBHBIH CMETHBIA pacdeT I KaXJIO0TO PEerroHa
CTPOUTENILCTBA OTAEIbHO. [Ipu BHIOOpE PErMOHOB CTPOMTENLCTBA JJISi CpPAaBHEHMS OBUIM BBIOpAHBI
paiioHBl CO CXOXHMH XapaKTEPUCTHKAMH 10 BECY CHErOBOT'O MOKpPOBAa M BETPOBOMY JaBJICHHUIO [§-
10]. IMosTOoMy TIpM pacdeTe yCHIIHs B KapKace 3/IaHUs TakKe MMEIH HeOOoNbIe OTaudus. B urore
CCUCHHMsI OCHOBHBIX HECYIIMX DJJEMEHTOB KapKaca MPHHATH HWACHTUYHBIMHA. TakuM o00pazom,
CTOMMOCTH OOIIECTPOUTEIbHBIX pabOT HA/I3eMHOW YacTH 3/1aHUS SIBISICTCS SKBHBAJCHTHOM JJIs1 BCEX
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paifoHOB CTPOMTEIHCTBA U HE MMEET BIUSHHS HA OLIEHKY TEXHHKO-?KOHOMHMYECKHX IMOKa3aTesei.
IToaTOMY JIOKaJIBHBIM CMETHBIN pacyeT pacCMaTPUBAETCS TOJBKO Ha 3eMJIIHbIE pabOThI U Ha pabOoTEhI
10 BO3BEACHUIO (DYHJ]AMEHTA, TO €CTh Ha MOA3EMHYIO YacTh 3/IaHHUS.

JlokanbHBIN CMETHBIN pacueT BBHITIOIHIETCS Ha OCHOBE BeJOMOCTel 00beMoB padot. B xoze
pacuera U KOHCTpYHpOBaHUs (PyHJAMEHTa B PA3JIMYHBIX PErMOHAX ObUIU IPUHATHI Pa3Hble 3HAYECHUS
IITyOUHBI 3QJI05KEHUS, YTO HAIPAMYIO MOBJIMSIO Ha NPUHUMAEMYIO JUIMHY cBail. 13-3a 3Toro oomem
paboT 1o 3a0MBKe CBaii, a TakKe 00bEM MaTepuala OTIMYACTCs B PA3HBIX PErHOHAX.

K Tomy ’xe pa3inyHble KaTerOpuM CJIOXHOCTH HHKEHEPHO-TE€OJOTMYECKUX YCIOBHM
MOJIPa3yMEBAOT IPOBE/IECHUE JIOMOJIHUTENIBHBIX MEpPONpUATUA B palloHax c 0oyiee CII0XKHOH
reojorudeckoii oocranoBkoi [11-13]. B kauecTBe IOMONHHUTENBHBIX MEPONPHATHA B T. Yda
PecnyOonuku Bamkoproctan ObUIH PUHSATH TPOTUBOKAPCTOBBIE MEPOTIPUATHS, TAKHE KaK BBEICHHUE
JONOJIHUTEIbHBIX CBsI3ell B KOHCTPYKLHUSAX KapKaca 3a CuYeT YCTPOWCTBA MOHOJIMTHBIX
&KeNe300€TOHHBIX TOSCOB, COSTUHSIIOMNX POCTBEPKH (YHAAMEHTOB. DTO MPUBEIO K 3HAYUTEIHLHOMY
YBEIMUYCHUIO 00beMa OETOHHBIX Pa0OT [0 CPABHEHUIO C APYTrHMMHU pailoHaMu cTpouTenbeTsa [14, 15].

[Tnomanka crpoutenscta B I. [lepmpb IlepMckoro kpasi OTHOCHTCS K CIOXHOM KaTeropuu
MH)KEHEPHO-TEOJIOIMYECKUX YCIOBUN M HpEANoiaraeT yCTpOHCTBO JOMOJHUTEIbHBIX MEPOIPUATHI
0 YJIYUYIICHUIO KaYeCTBA XapaKTEPUCTHK OCHOBAHUS MO/ (yHIAMEHTHI, TAKMX KaK U3bATHE TIEPBOTO
MH)KEHEPHO-Te0JIOTMYECKOro ¢iosi (Topd) ¢ mocieAyroueid 3aMeHOl ero Ha mec4aHo-TPaBUUHYIO
CMeCh. DTO MPUBEJIO K YBEIMYEHHUIO 00beMa 3eMIIIHBIX padoT MO CPaBHEHHUIO C APYTUMH pailOHaMu
CTPOUTEIICTBA.

CronMoCTh paboOT B JIOKAJBHBIX CMETHBIX pacdeTax MPOM3BOIUTCA B 0a3MCHOM ypOBHE IICH,
OIpe/IeJIIEMOM Ha OCHOBE JEHCTBYIOIIMX CMETHbIX HOpM MU meH 2001 r. ¢ yyeToM HHAEKCOB
M3MEHEHHS CTOMMOCTH CTPOHMTEIBHO-MOHTKHBIX Pa0dOT K TOMY YPOBHIO IeH. Tak Kak paiOHBI
CTPOWTENIbCTBA MPHUHATHL pa3Hble, TO BCE pacueTbl OyIyT MpPOBOAUTHCS HE Ha OCHOBE
TEPPUTOPUATBHBIX €JUHUYHBIX PACIIEHOK, KOTOPbIE OTPAXKAIOT CHELM(PUKY MECTHBIX YCIOBUI U LieH
Ha Pecypchl, a Ha OCHOBE 0a30BOI'0 PErHMOHA, I0KA3aTeNId KOTOPOT0 OTPaXatoT eAMHUYHbIC PACLIEHKU
¢benepanbHOTO YpOBHS. ba30oBBIM pETMOHOM B TAHHOM CIIy4ae CTAaHOBUTCS MOCKOBCKasi 00JIacTb.

OO11ast CTOMMOCTB CTPOUTENBLCTBA B 0A30BBIX 1I€HAX NpezcTaBieHa B Tabuuue 1.

Ta6Jmua 1-— O6ma;1 CTOUMOCTb CTPOUTCIILCTBA B 0a30BBIX HEHaXx I10 peruoHaM

Hapamer r. Yoa r. Kazanp r. [lepmb
P P Pecny6iinka bamkoprocran Pecniy6nuka Tarapcran Ilepmckuii kpait
CTomMOCTS 3EMIAHEIX 55 593,82 49 071,51 84 302,55
pabort, pyo.
Cronmocts Bo3BeACHHU 7 068 508,85 4 349 674,29 5070 619,72
dbynmamenra, pyo.
OO6mas CTouMOCTh, pyo. 7124 102,67 4 398 745,8 5154 922,27

OO11ast CTOMMOCTh CTPOUTENBCTBA B TEKYILMX LIEHAX MpeAcTaBieHa B Tadbnuue 2.

Jlns mepeBosia meH OT 0a30BOTO YpOBHS K TEKyLIeMy OBIIM ONpeeNeHBI IONpPaBOYHBIC
uHOIAIMOHHBIe KOdpuureHTs! K 1ieHaM 2001 rona 1 ko3¢ GUIHMEHTHI, yYUTHIBAIOIINE 0COOEHHOCTH
OCYILECTBIICHHSI CTPOUTEIHCTBA, B JAHHOM CITy4yae pa3InYHbIe PETUOHbI CTPOUTEIHCTBA.

Tabnuna 2 — OO011ast CTOMMOCTh CTPOUTENBCTBA B TEKYIIUX 1IEHAX 10 PETUOHAM

TMapam r. Yoda r. Kazanp r. [lepmp
pametp Pecny6iimka bamkoprocran Pecniy6muka Tatapcran Ilepmckuii kpait
CTOMMOCTE 3eMIAHEIX 731 288,27 581 684,36 1153 949,26
pabor, pyo.
Croumocts, BosseACHHA 92 980 084,4 57 852 592,6 72 031 226,1
¢dbynnamenTa, pyo.
OO61m1ast CTOUMOCTS, pyO. 93 711 372,67 58 434 276,96 73 185 175,36

TeXHUKO-I)KOHOMHUYECKHE TIOKa3aTedn OIpPEeNoTCs Uil OCHOBAaHUS U (YHIAaMEHTOB
3nanus. JUid aHanM3a TEXHUKO-DKOHOMUYECKHUX I10KAa3aTelIel BApUAHTOB IPOCKTHBIX PELICHUU
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(dbyHIaMEHTOB NOJDKHA OBITH BBIOpAaHAa COTOCTaBUMAs €IUHUIIA W3MEpeHHs. B kadecTBe Takou
€IMHUIBI MOTYT MPUHUMATHCS | M2 061meii Tomanm 3ganus, 1 M 06Bema 3MaHusl, 1 3puTeNnp H T.11.

OCHOBHBIE TEXHHKO-)KOHOMHUYECKHE TIOKA3aTeld Ha 3EMIISHbIE DPAa0OTHl U BO3BEICHUE
MOJI3EMHOM YaCTH 3[]aHUS MPEJCTABIICHBI B Ta0IHIIE 3.

Tabnuma 3 — OCHOBHBIE TEXHHUKO-3KOHOMUYECKHE MMOKA3aTeIN Ha 3eMJISTHbIC paOOThl U BO3BEJCHHUE
HOA3E€EMHON YacTU 30aHUs

HamMmenoBanue mmokazarens,

A —— r. Yoa r. Kazanp r. Ilepmb
CTouMOCTh OOIIECTPOUTENBHBIX padoT B 7124 102.67 4398 745.8 5 154 922 27
0a30BbIX IIEHAX, PYO. ' ' '
CroumMocT, 0OIECTPOHTENLHEIX PABOT B | g3711 37) 67 58 434 276,96 73 185 175,36
TEKYIIUX IIeHaX, Pyo. ' ' '
CronMMocTh Ha 1 M° 31aHMs B 6Aa30BBIX 192 24 4116 5413
IIeHaX, Pyo. ' ' '
CroumocTs Ha 1M 3aHusl B TEKYIIMX
neHax, pyb. 1607,95 487,89 740,99
CromMocTs Ha | M° obmieil (mose3Hoil)

TUIOIAaAH B 0a30BBIX IIEHAX, pyoO. 1088,98 366,67 482,26
CromMocTs Ha | M° 00wl (1ose3Hoil)

IIOMATY B TeKYIIHX IEHAX, DyO. 14 324,58 4 346,42 6 601,22
HopwmarupHast HPOJOJDKUTEIILHOCTD

CTPOHTEIBCTBA, JTH. 65 55 62

BeiBOABI

OO0mmass CTOMMOCTh 3€MIIIHBIX PaboT U paboT Mo YCTpoilcTBY ¢yHAaMeHTOB B I. Yda
Pecny0nuka bamkoprocran coctaBmia 93,711 muiH. pyO., B TOM 4MCI€ CTOMMOCTD 3€MIIIHBIX padoT
ouleHeHa B pasmepe 731,288 tbic. pyO., uTo coctaBnseT 1% OT oOmiell CTOMMOCTH U HMEET
HalMEHblIee BIMSHUE Ha OOIIYI0 CTOMMOCTh CpEIM pPacCMaTPUBAEMbIX BapUAHTOB. 3a CYET
YCTpOMCTBA MOHOJMTHBIX KEJI€300€TOHHBIX IO0SICOB, OOBEMBI OETOHHBIX pPabOT 3HAYUTEIHLHO
YBEJIMUWINCH 110 CPaBHEHHUIO C PallOHOM CTPOMTEILCTBA C MPOCTON KaTeropuei CI0XKHOCTH, YTO
NpPUBEJIO K 3HAYUTEIBHOMY YAOPOXKaHUIO oOIIel CTOMMOCTH cTpouTenbcTBa [16-19]. Takum
o0Opa3oMm, OHa OKa3ajach HauOOoJIbIIEH 110 CPAaBHEHHUIO C APYTUMHU paililoHaMH CTPOUTEICTBA.

OO0mas cTOMMOCTh 3eMJISIHBIX paboT U paboT Mo YCTpoHcTBY ¢yHIaMeHTOB B I. KaszaHb
Pecny6bnuka Tatapcran cocraBuna 58,434 muiH. pyO., B TOM 4HCIIEé CTOMMOCTb 3€MJISTHBIX paboT
oueHeHa B pasMmepe 581,684 Teic. py6. OOmas CTOUMOCTh MO CPAaBHEHHUIO C JPYTMMH pallOHaMHU
CTPOMTENbCTBA OKa3ajlaCh HAWMEHbIIEH, YTO OBbUIO OKHWIAEMbIM pEe3yJlbTaTOM MJisi paloHa
CTPOUTENILCTBA ¢ HanboJee MPOCTON KaTeropueil Ci0KHOCTH HHXEHEPHO-T€0JIOTHYECKUX YCIIOBHI.

OOmast cTOMMOCTh 3€MIIIHBIX paboT M paboT mo ycTpoicTBY ¢yHIameHTOB B TI. Ilepmb
[lepmckuii kpaii cocraBuna 73,185 miH. pyO., B TOM 4KCiI€ CTOMMOCTh 3€MJISIHBIX pabOT OlleHEHa B
pasmepe 1 153,949 tric. py6., uTo coctaBmsieT 2% OT 0OIIel CTOMMOCTH W MUMEET HauOoJbIIee
BJIMSIHME Ha OOLIYI0 CTOMMOCTh CPEIM paccMaTpUBaeMbIX BapUaHTOB. M3-3a CIIOKHBIX MHKEHEPHO-
reoJOrM4ecKuX YCJIOBMM, TIOMHMO BblOOpa cBail Cc 0Oojee BBICOKUMHU IPOYHOCTHBIMH
XapaKTepUCTHKaMH, ObUIM MPEANpPHUHSTHl JOMOJHUTENbHBIE MEPONPUSTHS, KOTOPbIE NPUBETH K
3HAYUTEIBHOMY YBEJIMUYECHUIO 00beMa 3eMIIIHBIX paboT, YTO SBISETCS CIEACTBUEM 3HAUUTEIBHOTO
yIOpPOKaHHUSI CTOMMOCTH 3€MIIIHBIX Pa0OT MO CPaBHEHHMIO C APYTUMH PETMOHAMHU CTPOUTENHCTBA.
Opnako oOmiasi CTOMMOCTh paccMaTpUBAEMbIX BUJOB paOOT HE MPEBBIINIAET CTOUMOCTH padoT B
r. Ya PecniyOnmka bamkoproctaH, rie CpeiHss KaTeropys CI0XKHOCTH MHKEHEPHO-T€0JIOTHYECKUX
YCIIOBHH.

[To pe3ynbraTamM aHagu3a TEXHUKO-dKOHOMHUYECKHX IOKa3aTejel MOXHO clejaTh BBIBOJA O
TOM, YTO O0BEM 3eMIISIHBIX PAa0OT OKAa3bIBAET HE3HAYUTENIPHOE BIMSHUE Ha OOIIYI0 CTOMMOCTH
BO3BE/ICHUS MOA3EMHOIN YacTu 37aHUs U B 00ILEM ciydae He mpeBblmaeT 2% oT oOmield CTOMMOCTH
paccMmarpuBaeMbIx BU0B padboT [20]. Takum 006pa3zom, pu CTPOUTEIHCTBE B PA3IUYHBIX KATETOPUIX
CIIO)KHOCTH HMH)KEHEPHO-T€OJIOTHYECKUX YCIOBUI TpPU TMPOUYUX PABHBIX YCIOBHMSX HPUHATHE
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NPOEKTHBIX PELICHWH, MNPUBOMAIIMX K YBEIMYCHHIO OOBEMa 3€MIIIHBIX paboT, OKa3bIBaeT
HalMEHbIIee BIMSHUE 110 CPABHEHHIO C MEPONPUATHIMHU [0 YCOBEPLUIEHCTBOBAHUIO KOHCTPYKTUBHOM
CXEMBI ITPOEKTHPYyeMoro 31anus [21].

[TpoexTrpoBaHre MHOTO(QYHKIIMOHAIBHBIX CIIOPTHBHBIX KOMIUIEKCOB CTAaHOBHUTCS Bce Oolee
BOCTPeOOBAHHBIM HAIIPABJICHUEM B OT€UECTBEHHON U 3apyOekHON CTPOUTENIbHOM MpakTuke. OLEeHHB
T'HJIPOT€0JIOTUYECKHE YCIIOBHUS PA3JIMYHBIX PErMOHOB, MOYKHO CH€NaTh BBIBOJ O TOM, YTO THII U
KOHCTPYKLIMOHHBIE OCOOCHHOCTH (yHIAaMEHTa, MaTepHall €ro HCIOJHEHHs, pa3Mepbl CEUYEHUS U
riyOuHa 3aJI0)KEHUS ONPEAENSIIOTCS  COIJIaCHO pe3yibTaTaM IOJIY4YEeHHbIX u3bickaHuid. [lo
pe3yabTaTaM TEXHUKO-IKOHOMHUYECKOTO0 CPaBHEHUs CTOMMOCTH BO3BEIEHUS (YHIAMEHTOB MOXKHO
OLICHUBATh L[EJIECOO0PA3HOCTh CTPOUTEIHCTBA B PACCMATPUBAEMBIX THPOT€0JIOTHUECKUX YCIOBUSX.
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CTpouTeIbCTBO H PEKOHCTPYKIUS
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HNPUYUHBI PASPYIIEHUA JIMIEBOI'O KUPIINYA

Annomauusn. Paccmompenuvl ocHogHble nputunsbl paspyulenus iuyeeo2o Kupnuid. Yxasauno, umo
CB0liCcMBa Kepamuieckux u3oenul npu ux dKCHAyamayuu 6 cmeHosol KidoKe 80 MHO20M 3A8UCAM Om
Kayecmea no02omogKkamu nuHAHou maccol. Ce30HHOe NPOMOPAXCUBAHUE IUHBL NO360AEM YAYUUUMb €€
Gopmosounvie u cywunvhvle cgolicmea. Pacuemamu noomeepoicoeno, umo evicoma KoHyca npu
CE30HHOM XPAHEeHUU 2IUHbL OISl Kiumamuieckux ycaogui Mockoeckoeo pecuona 0oaicua bvimov He 6oiee
6 mempog. Ilpedcmasnen KpumuyecKuil aHaiu3 mMeopuu Xumudeckou OecmpyKyuu KepamuyecKkoz2o
KUpnu4a npu 83aumooeticmsuy wenouell ¢ OKCUOamMu KpemHus U amtoMuHus amop@uot gasei. Hownwvl
Kanbyus U MAeHUs 8 20paz00 MeHbuleli CMmeneHu GIusiom HA KOPPO3UOHHLIE NPOUecchbl KUpnuud 8
pesynibmame 00paA308aHUsL 1E2KOPACMBOPUMBIX CULUKAMOS U ANIOMUHAMOS NO CPABHEHUI) C UOHAMU
Hampus u kanus. Ilpednodxcena ougghepenyuayus mpeboganuii NO MOpoO30CMOUKOCIU TUYEB020 KUPRUYA
8 3a8UCUMOCTU O KITUMAMUYECKUX YCI08ULL PecUOHA CIPOUmelbCmad.

Knrwuesvie cuoea: ﬂuueeoﬁ Kupnud, 2lIUHA, paccioenue, Xumuveckas Koppo3ust,
MOpOé’OCWIOlJKOC’mb, ZMOPOCMJZuKame Kajlbyus, ZMOPOGﬂIOMuHambl Kajavyus.

1.V. BESSONOV?, B.I. BULGAKOV?, A.V. LANKIN?, I.S. GOVRYAKOV?,

E.A. GORBUNOVA'?
'Research Institute of Building Physics Russian Academy of Architecture and Construction Sciences (NIISF RAASN),
Moscow, Russia
“Moscow State University of Civil Engineering (National Research University), Moscow, Russia
*Butovo plant of building materials, Moscow, Russia

THE REASONS FOR THE DESTRUCTION OF THE FACE BRICK

Abstract. The main causes of the destruction of the front brick are considered. It is indicated that
the properties of ceramic products during their operation in masonry largely depend on the quality of the
preparation of the clay mass. Seasonal freezing of clay improves its molding and drying properties. The
height of the cone during seasonal storage of clay for the climatic conditions of the Moscow region
should be no more than 6 meters. It is confirmed by calculation. A critical analysis of the theory of
chemical destruction of ceramic bricks during the interaction of alkalis with oxides of silicon and
aluminum of the amorphous phase is presented. Calcium and magnesium ions have a much lesser effect
on the corrosion processes of bricks because of the formation of easily soluble silicates and aluminates
compared to sodium and potassium ions. It is proposed to separate the requirements for frost resistance
of facing bricks is proposed depending on the climatic conditions of the construction.

Keywords: front brick, clay, delamination, chemical corrosion, frost resistance, calcium
hydrosilicates, calcium hydroaluminates.

Beenenue

3I[aHI/I$I U COOpPYXXCHUA, 06J'II/ILIOB3.HHBIC KUPIIYOM, O6J'Ia,[[aIOT IMPUBJICKATCIIbHBIM BHCITHUM
BHUJIOM M OCHOBATCIIbBHOCTBIO. O}IHaKO, YaCTO MOXHO YBUJIACTH IPHU3HAKW PA3PYHICHUSA JTUIIEBOIO
KUpIru4a, HgaxXe TII0CJIC IMCPBOro roJa OSKCIUTyaTralyuu, HNOpUYeM 0e3 BO3I[CI>1CTBHH BHCIITHHUX
© becconos U.B., byneaxos .M., Jlankun A.B., I'ospsikos U.C., I'opoynosa 3.4., 2023

114 N 1 (105) 2023




CrpourejibHble MATEPUAJIbl U TEXHOJOTUH

arpecCUBHBIX CpeJ WM MEXaHWYECKUX HAarpy3oK, JHIIb B pe3yabrare aTMOCHEPHBIX BO3ICHCTBHIA
[1]. TlpuuwH, npuBOAAIIMX K MOAOOHBIM jAedeKTaM KUPHUYHOW KIAJKH OOBIYHO HECKOJIBKO.
Jectpykuus Kkupnuda, HaXOASIIEToCs B KJaJIKe, BO3MOXKHA B pe3yJibTaTe HapyIIeHUH, BO3ZHUKIINX Ha
KaXXJIOM JTafe MpH €ro M3roTOBJICHHHM, U MOXET ObITh yBeJIMYeHA MOCIEAYIOUIeH HempaBHIbHOM
IKCILTyaTaluel 30aHus Wik coopyxeHus [2-5].

OOBbEeKTOM HCCIIEeOBaHMS SABISETCS JIMLEBOM Kupnuy kepamudyeckuid. CoOXpaHHOCTh
IKCIUTYaTallMOHHBIX KA4eCTB JUIIEBOTO KEPAMHUECKOTO KHpIUYA MPH aTMOCQEPHBIX BO3ACHCTBHSIX
SIBJISIETCS] aKTyaJIbHOM 3a/1a4ueid.

Pucynox 1 - Pazpywenue nunye6020 kupnuua 6e3 6030eiicimeus 6HEUIHUX AZPEeCCUGHBIX XUMUYUECKUX CPed UnU
MeXanuuecKux nazpy3ok: a) Ha gpacade, 6) na cmonbe 3a60pa, 8) na napaneme

Bonpocamu [01TrOBEYHOCTH HAapyXHBIX CTEH M3 KEpaMMUYECKOro KHpIHYa 3aHMMAJIHMCh
MHOTHE HCClenoBarenu, ¢ ToM uyucie, AnekcanapoBckuii C.B., AnanreB A.M., AHanbeB A.A.,
Kennaxos J[.}O., Umyx M.K., [lamanoB B.A. u npyrue [1-4, 8-12, 14-19, 21, 22]. IIpoBeneHsl
WCCIICIOBAHMS BIIUSHHS HATPYXKAIOMIMX AJIEMEHTOB M PACHOJIOKEHHS Ae(opMalMOHHBIX IIIBOB Ha
BO3MOXXHOCTh OOpa30BaHUsl TPEUIMH B JIMIIEBOM KHUPIUYE MPU CE30HHBIX UM CYTOYHBIX Mepenanax
TEeMIIepaTyp. YCTAaHOBIICHO BIIMSIHUE PACHOIOXKEHUS ITyCTOT KUPIHYa HA JIOJITOBEYHOCTH JIMIIEBOTO
cinosg kiankd. [lokazaHo, YTO CHW)KEHHE JIOJTOBEYHOCTH JIMIEBOTO KHpIHMYAa B YCIOBHUSX
3HAKOTNIEPEMEHHBIX TEMIIEPATyp CBSI3aHO C HEAOCTATOYHON TEMIIEpaTypoil oOKura JUis 00pa30BaHUS
MUHEpaJIOB CUJUIMMAHHUT U MY/UIUT. Pa3paboTana Mojens pa3pylleHHs KepaMH4ecKOro Marepuara,
OCHOBaHHAs Ha KHHETWYECKHX HCCIEIOBAaHMSIX XMMHUYECKHX mporeccoB. IIpeamonaraercs, 9ro
OCHOBHOM TNPHYMHON pa3pylIeHUs SBISAIOTCS TPOLECCHl XHMHUYECKOM KOPpPO3HM, KOTOpBIE
NPOMUCXOAAT BHYTPH MaTepHaia Oe3 BO3AEHCTBHSA BHEIIHMX XHUMHWYECKHX WM MEXaHWYECKHX
Harpy3ox.

Takum 00pazoM, B IUTEPATYPHBIX MCTOYHUKAX HE OTPAKCHO BIIMSHHE ITOATOTOBKU ITIMHSHON
Macchl Ha SKCIUIyaTallMOHHYIO CTOMKOCTh M3Aeini B kiagke. Kpome Toro, BIMsHHE XMMHUYECKOM
KOpPPO3MM HE BCKPBIBACT MPUYHMH DPACCIaMBaHHUS HAPYXHOH IOBEPXHOCTH JIMIIEBOTO KHPIHMYA B
MIEpBbIE T'O/IbI FKCIUTYaTaIUH.
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B Hacrosiien cratbe aBTOPBI CTABST LENBIO TOKA3aTh CBA3b Ka4€CTBA ITOATOTOBKU ITIMHSIHOTO
CHIpDbSI M CTOWKOCTM K arMOC(EpHBIM BO3JICHCTBHAM JIMIEBOTO KHPIHYA, MPUMEHSIEMOTO B
KOHCTPYKLIMSIX HE IIOABEPKCHHBIX MEXAaHMYECKMM Harpy3skaM M IpoleccaM TeILIolepeHoca.
IIpencraBineH KpUTUYECKUN aHAIU3 COBPEMEHHOW TEOPUHM XHMHMUYECKOM KOPPO3MM KEPaMUYECKOTO
KUpIHMYa, TMPEACTaBIAIONIE HECOMHEHHBIH BKJIaag B oOmiee IpeicTaBiIeHHe 00 OLEHKe
JOJITOBEYHOCTH, TPH 3TOM, YyKa3zaHa HEOOXOOUMOCTh ydeTa BceX (aKTOpOB, BIMSIONUX Ha
COXPaHHOCTb M3JeNUi B mporecce skciutyatauuu. Ilpemioxken BapuaHT AudQepeHLrpoBaHHOIO
Ha3HAYCHHs TPEOOBAHUN K MOPO30CTOMKOCTH JIUIIEBOTO KUPIHUYA B 3aBUCIMOCTH OT KJIMMAaTHYECKUX
YCIIOBUI CTPOUTENILCTBA HA TeppuTopuun Poccun.

Mopenu 1 MeTOaBI

BakHbIM 3Tanom sBIIs€TCS MOATOTOBKA U IepepabOoTKa ChIpbs B TEXHOJOIMH ITPOU3BOJCTBA.
Jlisi COBPEMEHHOIO JICHTOYHOTO TMpecca TpeOyeTcs IOBBIMICHHBIH KOHTPOJIb H3HOCA UIIHEKOB,
IIIHEKOBOIl ~ pyOallKy, CBUJIEPE30B, CEPACYHMKOB-IIyCTOTOOOpa3oBaresiel, BaKyyMHPYIOLIETo
obopynoBanusi. Kpome TOro, HMCHONB30BaHHE 3all€COUYEHHON, 3aMyCOPEHHOW, HEYCPEeAHEHHOM,
HEBBIJIEPKAHHOM IVIMHBI, MPHU JIIOO0M criocobe popMOBaHMS HE JacT MpH MOCIEAYIOIIEH HeanbHOM
CYIIKE M OOXKUTe MOJHOIEHHOTO KavyeCTBEHHOTO yepenka. Takue HapymeHHs: MOTYT HPUBECTH K
MOCJIEAYIOIIEMY BBIBETPHUBAHHUIO M BBIMBIBAHUIO TeJla KUPIHYA, JAKE HJCAIBbHO BBICYLIEHHOIO U
KaueCTBEHHO 000XKEHHOTO.

[Ipn wucnonb30BaHUM HEBBLIEP)KAHHOM, HEBBIMOPOKEHHOW IVIMHBI MOTYT BO3HUKAaTh
nof00Hble JedeKTsl pacciaoeHus (pucyHok 1). Immua 3ameraer crnosmu, npudeM copMupoBaHa
MIPEUMYIIECTBEHHO YelllyHuaTbIMU INIMHUCTBIMU MUHEpanamu pazmepoM oT 0,005 mm 1o 0,02 mm [6-
9]. Mexny denrylikamMy ¥ B MEJIKUX KalWJLIAPax COAEPIKATCs CIIOM BOJbI B BUJI€ TOHUANIINX IIJIEHOK
BIUIOTH /10 MOHOMOJIEKYISApHBIX ciio€B HO. Jlameko He Bcerma MexaHumdeckas oOpaboTka myTéM
MHOTOKPAaTHOTO MEPEMEIIUBAaHUS NPUBOAUT K DPA3PYLICHUIO CIOUCTOM CTPYKTypbl IuHBL [lpu
IUTACTHYECKOM (DOPMOBAHMHU JIMIIEBOTO KHUPIIMYA, IMPH TPOXOKIACHUU MacChl 4Yepe3 SKCTPYyAep,
YaCTUYKHM TJIMHBI MPHOOPETAIOT OPUEHTALMI0 TNEPHEHIUKYISIPHO MOCTENH, BJOJIb JIOKKOBOM H
THIUKOBOW TOBEPXHOCTH H3JeiMs. B Kkianke Takue KUPNUYM KpallHE HECTOMKU K aTMOC(epHbIM
BO3/ICHCTBHSM M B OCOOEHHOCTHU K IONEPEMEHHOMY YBJIQXKHEHHIO U 3aMOPa’KMBAHHIO, YTO TPUBOIUT
K pacclIOCHMIO HapyKHBIX TpaHed (pucyHok 2). IlpoBenenune NEpHOAMYECKUX HCIBITAHUNA
MOpPO30CTOMKOCTH ~KHPIHMYEH C OLIEHKOM BHIUMBIX BHEIIHUX IOBPEXACHUH IO3BOJISET
OTOPaKOBBIBATh MAPTHU TaKuX maaeaui [10-12].

V

Pucynox 2 - Xapaxmep noepescoeHuli 1uyeso2o Kupnuuda - paccioenue
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JUIsT MICKJTIOYEHUS TAaKUX TMOBPESKICHUIN TIWHY TOJBEPraloT BBIMOpPAXUBAHUIO. Jl0OBITYIO
MOPOJy M3 KapbepoB MPHUBO3AT HA OTKPBITHIC 3aBOACKHE IUIOMIAKA W YKJIAIBIBAIOT B KOHYCHI
BBICOTOM He Ooniee 6 MeTpoB. B KOHycax TJIMHY BBIICPKHBAIOT HE MEHEE OIHOTO-IABYX 3MUMHHX
ce30HOB. [lonm BIMSHWEM IMKIOB 3aMOPaKMBAHHMS W OTTaWBaHUS BOJA, 3amep3as B MEJIKUX
KamWuisipax TIWHSHBIX YacTUIl M yBEIUYHMBAsICh B 00beMe B cpenHeM Ha 9%, paspymiaer CBs3H
MEXIy HHMH, JUCHEPTHPYs YacTHIIBI TJIMHBI Ha JJIeMEHTapHbIe 3epHa. [Ipm 3TOM BO3pactaeT
yaenbHas TMOBEPXHOCTh TJIMHBI, MOBBIIIACTCS IUIACTUYHOCTh W CLEIUICHHE TJIMHSIHOTO TeCTa,
yIy4lIaroTcs GOPMOBOYHBIC U CYIIUIIBHBIC CBOMCTBA.

a)

Color Legend

Pucynok 3 - Pacnpedenenue memnepamypHnsix noneii 6Hympu 2iuHARbIX KOHYCO8 NPU:
a) evicome Konyca 8 m (Hadr00emcsa He NOHOE NPoMep3anue 2IUHbL);
0) evicome Konyca 6 m (HadA100aemca nOIHOE NPOMeP3anue 2IUHbL HO écell 8bicome KOHYca)

PacueTsl pacnipenenenusi TeMnepaTypHbIX MOJIEH ISl KIMMAaTHYECKUX YCIOBUM I'. MOCKBBI,

BHITIOTHEHHBIE B COOTBeTCTBUU ¢ Tpeboanusimu CI1131.13330.2020, moaTBepkIarT, dYTO
ONTUMAJIbHAs BRICOTA TMIMHAHOTO KOHYCA JUT BBIMOPaXHBAHUS TJIHHBI — 6 M (PUCYHOK 3).
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Pucynox 4 - Pazpywienue cmeHnooii K1aoKu u3 Kupnuia pyuHou popmoexu

Ha pucynke 4 moka3aHo pa3pylleHME CTEHOBOH KJIaJKM M3 KHUpIH4Ya PYy4HOH (HOPMOBKH.
Bunnsl cienpl HeyCpeAHEHHBIX, IJI0X0 NepeMeIlaHHbIX CI0EB INIMHBI. Takoe MOIJIo MPOU30MTH 1O
MHOYECTBY IPUYHH: U3-3a XaIaTHOCTH (POPMOBIIHKA, H3-3a HETOCTATOYHON MOJATOTOBKU CHIPBS, €T0
yYCpEIHEHUSs], HEJJOCTATOYHOW CE30HHOH BBIZICPIKKH M IEPEMEIINBAHUS TIMHBI IPH YKIIAAKE B GOpMY,
U Ype3MEpHOI 00CHITTKE (DOPMBI TIECKOM, TPH HEOCTATOYHOM YIIJIOTHEHHH TJIMHBI B GOPME H T.1.
Buaumo, B 3TOM ciydyae MeXAy IUIacTaMM TJIMHBI U 110 KpasM (OpMbI Ionajan n30bITOUHBIN MECOK,
KOTOpbIM mpu oOXxure He Na€T CIJIOUIHOTO 4YepernKa, YTO CHMXKAET MPOYHOCTh U YBEIUYMBACT
BOJIONOIJIONIEHUE TTIMHIAHOTO Kupnuya. Kpome Toro, miactsl HeyCpeAHEHHON INIMHBI, 00J1aato1ue
pa3sHOW BIAXHOCTBIO, OyAy4d TIOMEHIeHBI B (OpMy, BIIOCIEACTBUU MOTYT OBITh HPUYHHOM
MOSIBJICHHUSI HEOJHOPOJHOCTEH B Telle KHUPNHYa, CHUXKATH €ro IMPOYHOCTh M YXYALIaTh BCE
OKCIUTyaTallMOHHBIE TIOKa3aTend. BO3MOXKHO, 4YTO cama TIJIMHA MOIJIa OBITh 3alecodeHa, a
3arecOYCHHas [VIMHA 1ae IpH Temieparype oGxura B 1000°C u pydnom crocoGe dopmoBaHms
JacT MO HPOYHOCTH MOYTU JAETCKUN MUPOXKOK W3 MECOYHUIBL. J[OCKOHANbHO, OOCTOATENBHO U BO
BCEX JIeTalsIX, O PYYHOM CII0OCOO€ IMPOM3BOACTBA KHUpIHMYa B CBOE BpeMsl MHCal BBLAAIOLIUICS
MOMYJISIPU3aTOp KUPIUYHOTO pou3BoacTBa benasenen M.U. [13].

Pe3yabTaThl HCCIe10BAHUS U HX aHAJIN3

[ToMrMO yKa3aHHBIX PUYHH, TAKKE B XOJI€ SKCIUTYaTallMd MOXKET IMPOUCXOJAUTh XUMUIECKast
JNECTPYKIMST KEepaMUUYeCKOoro Kupnuda. ABTopbl MeTtona [14-16], oOmuChIBAalOT XUMHUYECKYIO
JECTPYKLHUIO KHUpPIUYAa KaK MHOTOCTAIMWHBIM IpOLECC, MPHU KOTOPOM B Marepuane Kuprnuya
MPOUCXOIUT 00pa3oBaHue 1IeN0Yei N3 OKCHIOB LIEJTOYHBIX U MIET0UYe-3eMEIbHBIX METAJUIOB U Jlajiee
- B3auMoJIeiicTBHE 00pa30BaBIIMXCS IIEI0YeH C OKCHAaMU KpPEMHHS U aTtoMUHHUS aMOp(HOI dazbl.
ITpu 3TOM MPOUCXOAUT MOJNHOE pa3pyllieHHe MaTepuaia KUpIuya A0 MeIbYalIlIuX YacTUll, TaK Kak
ero amopgHasi coCTaBIIsIIOIIas SIBISETCS cCBs3ytomed (a3oil marepuana. ABTOpPBl ITOW TEOPHH
CUMTAIOT, YTO HEOOXOIMMO YYHTHIBATH DPSJI XUMHUYECKUX IPEBPAIICHUH, MPOUCXOMAIINX B TeJe
KHpIHYa B MPOIECCE €T0 dKCIUTyaTanuu B Kinajake. [Ipu pa3paboTku cBoel TEOpUU UMH OBUTH yUTEHBI
Oosee JBYXCOT BO3MOXKHBIX XHMHUecKUX peakiuid. IlpemnoxkeH «kodppuIUEeHT XUMHUYECKOU
JIECTPYKLIMH MaTepHuaia», KOTOPBIH XapaKTepu3yeT CKOPOCTb MPOTEKAHUS €ro KOppO3MH Ha
OCHOBAaHHHU POCTA MOTEPh MACChl BO BPEMEHH. DTOT MOKa3aTellb UMEET KOJIMYECTBEHHOE U3MEpPEHHE
— YeM ero 3Ha4yeHHE BBHIIE, TEM C OOJBIICH CKOPOCTBIO TPOHUCXOAHUT Kopposus. OmHAaKo,
HETIOHSTHO, J0 KaKOW MpeeNIbHOW BEIIMYHHBI 3TOT0 Kod(dduimeHTa mpaBOMOYHO JIeN1aTh BBIBOJ O
JOJITOBEYHOCTH MaTepHasa, T. €. O COXPaHEHUU UM TpeOyeMoi paboTOCTIOCOOHOCTH U MPUTOACH JIU
OH Juis Takoi oreHku? Eciin HET, TO 3TO pe3KO CHUXKAET ero MpakTUYECKYI0 3HAYUMOCTh. Jlpyroi
IpeJularaeéMblii MOKa3aTeNlb OLIEHKHU JOJTOBEYHOCTH — MAaKCHUMAJIBbHYIO XMMHYECKYIO CTOMKOCTB,
Obul0 OBl KOppEKTHEe Ha3BaTh OCTATOYHOM XWMHYECKOM CTOMKOCTBIO, T. K. 3TOT IIOKa3aTelb
IpeJCTaBiIsieT co00il MakCHUMajbHYIO MOTEpI0 Macchl MpoObl oOpaslia marepuaiga B pe3yibTaTe
MIPOBE/ICHUS UCTIBITAHUH. V1 OIATH jKe BO3HUKAET BONPOC O MPEeIbHOM 3HAYCHUHU ATOTO TIOKA3aTels
IUTS OIICHKH COXPAaHEHHsI MaTepHUaioM CBOEH pabOTOCITOCOOHOCTH, KOTOpasi ¢ MPAaKTUIECKOH TOUKH
Ba)kKHEE, YEM ONpeeIICHHE BPEMEHH €ro MoJHoro paspymienus [17-20].
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[TpencraBisieTcs, YTO HEKOPPEKTHO BKJIIOYATh KOHILIEHTPALlMM MOHOB KalbLMs M MarHus B
BOJHBIX BBITSDKKaX B CyMMY KOHIIEHTPAllMii MOHOB IIEJOYHBIX M IIENOYE-3€MEIbHBIX METaJUIOB,
BBI3BIBAIOIINX KOPPO3UIO KUpIU4a. MarHui He sBJsSeTcCs WENoYe-36MEIbHBIM METAIUIOM, IIOCKOJIBKY
€ro rMAPOKCHUJ PaCTBOPUM B BOJIE 3HAYUTEIBHO B MEHbILIEH CTENEHHU, YEM TMAPOKCUA Kajablus. YTo
Kacaercsi TMOCJEeIHEro, TO THAPOCUIMKATHI W TUIPOATIOMUHATHl KajiblUs, oOpasyrouiecs B
pe3ynbTaTe B3aUMOJICHCTBUS THUAPOKCHIA Kalblusg C aMOP(HBIMM OKCHUIAMH  KpPEMHUS
(kpeMHE3EMOM) U ANIOMHUHHS (TTTMHO3EMOM), 3HAYUTEIBHO MEHEE PAaCTBOPUMBI IO CPaBHEHUIO C
CWIMKaTaMM U aJIOMUHATaMM HaTpus M Kanus. boiee TOro, HU3KOOCHOBHBIE T'MIAPOCHIIMKATHI
KaJblUs U B MEHBLICH CTENEHU THIPOATIOMHHATHI KaJbLIMs, SBISIOTCS OCHOBHBIMM MUHEpallaMH,
00ecTeYnBaOIIUMH MTPOYHOCTh LIEMEHTHOTO KaMHsl OeTOHa, 00J1a1al0T HU3KOW PacTBOPUMOCTBIO H,
CJIEIOBATEIbHO, JOCTAaTOYHO BBICOKOW CTOMKOCTBKO K KOpPPO3MM BblUlenauyuBanus. [loatomy
OTHOCHUTb MOHBI KaJbIUsl U MarHus, K MOHAM, BBI3bIBAIOIMM, Ha Py C MOHAMHU HATpUs U Kajus,
KOPpPO3UI0 KHUpIHUYa B pe3yjbTaTe OOpa30BaHUS JIETKOPACTBOPUMBIX CHJIMKATOB M alllOMHUHATOB,
HEIPaBUJIBLHO.

YuuTbiBas, 4UTO Ha CKOPOCTh JECTPYKLUHU BIMSET TAKXKE€ BIAXXHOCTh MaTepuaja, CUUTaeM He
KOPPEKTHO TpH pacyére ero OHKCIUIyaTallMOHHOW BIAXHOCTH NPUHUMATh Kod(duiment
TEIUIOTEXHUYECKOTO KadecTBa 1), paBHbIM enuHune [15]. Koadduument TtemmorexHn4eckoro
KauecTBa 1 — 3TO OTHOILIECHHWE MPUPALICHUS TEIUIONPOBOAHOCTH HA KaXKIbl MPOLEHT BJIAXXHOCTH K
TEIJIONPOBOJHOCTH MaTepuaiga B CyXOM COCTOSHMHM. OTH 3HAUEHMs JUISl KUpOUYa H3BECTHBI U
K03 dULIMEHT 1| cienyeT NpuHUMaTh B npeaenax ot 0,2 go 0,3.

[Tonxo K OLEHKE JOJIrOBEYHOCTH KUpIUYa, 0a3upyIOLIUICS TOJBKO Ha ONpEAEIEHUU I0TEPh
Macchbl B pe3ysbTaTe KOPPO3HMU IO/ JCHCTBHEM IIEIOYHBIX JKUAKHX (a3, ¢ yd4éToM Hammx
KIIMMAaTUYECKUX YCIIOBH, HE MOXKET 3aMEHUTHh COOOH JEeHCTBYIOIIYI0 METOIUKY, OCHOBAHHYIO Ha
OIpeIeIEeHU MOPO30CTOMKOCTH KHPIHMYa, MOCKOJIbKY IOTEPH MacChl MaTepuaya BbI3bIBAIOT HE
TOJIBKO TPOUCXOJALINE B HEM JECTPYKTUBHBIE XHMUYECKUE PEAKIMH, HO M €ro IONEPEMEHHOE
3aMopakuBaHue-oTTauBaHue. llpemnaraemas MeTOIMKAa OLEHKHM [OJTOBEYHOCTH KHPIUYA MOXKET
ObITh TMOJIE3HA B KAyeCTBE JOIMOJHEHHsS K CYIIECTBYIOIIEH, YYUTBIBAs, 4YTO IO IMPOBEICHHIO
SKCIIEPUMEHTa OHa OJM3Ka K CTAaHAApTHOW METOJMKE OLEHKU KHCIOTOCTOMKOCTH KIMHKEPHOTO
KHpInya.

Heob6xomgumo otmetruts, uto aeictByommii ['OCT 7025 onuckiBaeT METOA OILEHKH
MOPO30CTOMKOCTH IO IIOTEPE MPOYHOCTU M IO HoTepe macchl kupnuya, ogHako B I'OCT 530
OTCYTCTBYIOT TpeOOBaHMsS MO MUHMMAJIbHO JIOMYCTUMBIM 3HAUEHUSIM CHW)KEHUS NPOYHOCTH MHpHU
C)KaTUM M TIOTEPE MACChl, UMEETCA JIMIIb KPUTEPUN OLIEHKH IO BHEIIHEMY BHUIY — OTCYTCTBHE
BUJUMBIX MOBpexaeHui. B m. 5.2.7 3roro crangapra yka3zaHo, 4TO «MapKka 0 MOpPO30CTOMKOCTH
JUIEBOr0 KUpHH4a JoJkHa ObITh He Huke F50, HO momyckaeTcs Mo COrjlacOBaHMIO C MOTpeOUTeNneM
MIOCTABJIATh JIMLEBbIE HW3JEIUs Mapku 1o Moposocroiikocth F35». CuurtaeM HeoOX0IUMBIM
peraaMeHTHpoBaTh TPeOOBaHMS, MCXOJS W3 KIMMATUYECKUX YCIOBUH pEruoHa CTPOUTENHCTBA.
MOoOp030CTOMKOCTh JIMLIEBBIX KEPAMUUYECKUX H3IENINN JOJDKHA HA3HA4YaTbCAd B 3aBUCUMOCTH OT
CPEHETO 3a IOl YUCiIa JHEN C EPEXOI0M TeMIepaTyphl Bosayxa uepes 0°C mo CIT 131.13330.2020
«CtpouTenpHast KIMMaTONOTUs» (Tabnuna 1).

Tabmuma 1 — 3aBUCHMOCTH TpeOyemoil MapKd MO MOPO30CTOMKOCTH JIUIIEBOTO KEPAMUUYECKOTO
KUpIIMYa OT CPEAHETO 3a Ol YUCIA JHEH ¢ EPEXOOM TEMIIEPATypPhI Bo3ayxa uepes 0°C

CpenHee 3a TOJ] YHCIIO THEH ¢ IEPEeX0oA0M TeMIlepaTypsl Bozayxa yepe3 00C Mapka 1o MOpo30CTOHKOCTH
mo CIT 131.13330.2020 JIUIEBOTO KUPIHYa
70-100 Mp3 50
50-70 Mp3 35
30-50 Mps3 25
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BoiBOABI

CoXpaHHOCTh KCIUTyaTallMOHHBIX KA4YEeCTB JIMIICBOTO KHPIIMYA B KJIQJKE B MEPBYIO OYEPEIb
3aBUCUT OT TPaMOTHOW TIOJITOTOBKH CBHIPbS M COOJIONEHUS TEXHOJOTUYECKOTO PEKHUMA €ro
M3TOTOBJICHHS HAa BCEX TEXHOJIOTHYECKUX Tepeiesax.

Meronrka OIEHKH JOJTOBEYHOCTH KHpPIMYa B IUTAHE COXpaHEHUS WM TpeOyemoi
paboTOCIIOCOOHOCTH JIOJDKHA HMMETh KOMIUICKCHBIM TIOXOJ, BKIIOYAMOIIMK ONpEIeIeHUE €ero
CTOMKOCTH K IUKINYCCKAM TEMIIEPATYPHO-BIAKHOCTHBIM BO3/ICHCTBHIM U BO3MOXKHONW XUMHUYECKON
nectpyknuu. OrneHka  (QU3MYECKOW  JIONTOBEYHOCTH — M3JICIUN  JO/DKHA — 3aKJII0YaThCs B
MIPOTHO3UPOBAHUHU CPOKA MX CIIYKOBI, MPUBOAIIEMY K CHHKCHHUIO DKCILTyaTallMOHHBIX TTOKa3aTelen
710 MUHUMaJIbHBIX JOITYCTUMBIX 3HAYCHHH.
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CrpouTebHble MATEPHUAJIbI M TEXHOJOTUH

Y JIK 620.193:691.32 DOI: 10.33979/2073-7416-2023-105-1-123-132

A.A. UTHATBEB"?, IL.B. PA3STOBOPOB', B.M. TOTOBLIEB
'oI'BOY BO «IpocnaBckuil rocyJapCTBEHHBIN TEXHUYECKUN YHUBEPCUTET, I. SIpocnasib, Poccus
DAY «POCIIOPHUM», r. Mockga, Poccust

CTPYKTYPOOBPA3OBAHUE U IIOTPEBUTEJBCKHUE
CBOHCTBA T'PAHYJIMPOBAHHBIX ACD®AJIBTOBETOHHBIX CMECEM C
BKIIOYEHUEM ®OCPOT'UIICA
N BTOPUYHOTI'O NOJUDTUJIEHTEPE®TAJIATA

Annomayusn. Paccmompenvl 3¢pdexmul cmpyKkmypoobpazoeanusi 6 OUCNEPCHLIXCUCTEMAX,
ROJYYAeMbIX NYyMeM epaHYIUPOSAHUs OKAMbIGAHUEM NPU U320MOGIeHUU AChHANbIMODEemMOHHbIX cMecel ¢
sxmouenuem 00 30% gocgoeunca. Ipu usyuenuu QuU3UKO-XUMUYECKUX U NOMPEOUMENbCKUX CEOUCME
oumyma ¢ 006a6KoU nOIUIMULIEHMEPEeDMANAMA UCNOTLIOBAH MEMOO UBMEPEHU Kpaegozo Yyeid
cemauusanus. Mukpogomozepaguu mMoOuGUYUPOBANHO20 BHCYIYE20 NOZBONAIOM CYOUMb 00 USMEHEHUU
cocmosaHus. noeepxnocmu  Oumyma. 3apesucmpuposanvl meniosvie 3¢hpexmuvl Kak pezyavmam
MOOUPUYUPOBAHUS CEOLICME MAKUX MAMEPUALO8. YCMAHOBIEHO, YMO NOIyYeHue acharbmobemonHou
cMecu MemoooM SPAHYIUPOBAHUS OKAMbIBAHUEeM 0becneuusaen GblCoKie NOKA3Ameni RPOYHOCMU Ha
corcamue OmeepiIcOeHHo20 mamepuana. Beisenen pocm eodoycmotivugocmu acganemobemona npu
OOHOBDEMEHHOM 68€0€HUU 8 OUCHEPCHYIO CUCmeMy NoIudmuieHmepepmanrama U NOPOUWKA
NPOMBLULEHHO20 0mXx00a — pocghoeunca. ObHAPYI’CEHO CUHEPeemMUYecKoe GluUsAHUe YKAZAHHBIX 000a80K
Ha  00CMudiCeHUe NONOACUMENbHO20 dPdexma cmpykmypooopasosanuss 6 ac@hanrbmosstcyuux
Mamepuanax, ymo 6vlA1Aem Hoeble NEePCneKmusbl UX UCNONb308AHUS 8 NPOU3BOOCBE CHIPOUMENbHBIX
pabom.

Knioueevie cnosa: xomnosuyuonHvie mamepuansl, achaibmobemonnsle cmecu, MoOUGUKayus
sspicyuezo, pocghoeunc, norusmunenmepemanam, epaHyiupoBanue OKAMvlGaHUEM.

AA. IGNATYEV!? P.B. RAZGOVOROV! V.M. GOTOVTSEV?,
YYaroslavl State Technical University, Yaroslavl, Russia
2EAl "ROSDORNII", Moscow, Russia

STRUCTURE FORMATION AND CONSUMER PROPERTIES
OF GRANULAR ASPHALT-CONCRETE MIXTURES
WITH PHOSPHOGYPSUM INCLUSION
AND SECONDARY POLYETHYLENE TEREPHTHALATE

Abstract. The effects of structure formation in disperse systems obtained by pelletizing in the
manufacture of asphalt concrete mixtures with the inclusion of up to 30% phosphogypsum have been
considered. In studying the physical-chemical and consumer properties of bitumen with polyethylene
terephthalate additive they used the method of measuring the wetting edge angle. Microphotographs of
modified binder make it possible to judge about the change of bitumen surface state. Thermal effects
occurring as a result of modifying properties of such materials were registered. It was found that
production of asphalt-concrete mixture by pelletizing provides high indicators of compressive strength of
the hardened material. We found an increase in asphalt concrete water resistance at simultaneous
introduction of polyethylene terephthalate and industrial waste phosphogypsum powder into the disperse
system. Synergetic effect of the above additives on the achievement of positive effect of structure
formation in asphalt-binding materials has been revealed, which reveals new prospects for their use in
the production of construction works.

Keywords: composite  materials, asphalt-concrete  mixtures, binder maodification,
phosphogypsum, polyethylene terephthalate, pelletizing.
© Henamves A.A., Pazeosopos I1.b., ['omosyes B.M., 2023
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CTpouTeIbCTBO H PEKOHCTPYKIUS

BBenenue

[Ton TepMHUHOM «CTPYKTypa» B JAMCIEPCHBIX MaTepuanax MOHMMAETCS MPOCTPAHCTBEHHBIN
Kapkac, 00pa30BaHHBIN CBSI3SIMU aTOMOB, HOHOB, MOJIEKYJ, MULIEII, KPUCTAIIMYECKHX CPOCTKOB U
YaCTHUIl KOJUIOUIHBIX pa3MepoB [1].

[Io Tumy KOHTaKTOB pa3lMYyalOT KOAryJasSUOHHbIE (KOAryJIsIIMOHHO-TUKCOTPOIHbBIE) U
KOHJICHCAIIUOHHbIE  (KOH/ICHCAIMOHHO-KPUCTAJUIM3AI[MOHHbIE)  TUCHEpCHbIE  cHCTeMBl. B
KOAryJiSIIUOHHBIX JHUCIEPCHBIX CHUCTEMaX YaCTHUIbl B3aUMOICHCTBYIOT 4epe3 MPOCIONKY KUAKOM
IUCTIEpCHOM  cpeasl W CBs3aHbl  JelicTBUEM  BaH-ZIep-BajibCOBBIX  CHJ  MPUTSDKEHUS.
KonneHncannonusie AucrepcHble CUCTEMbl (OPMUPYIOTCS B MpOILECCe BbLAEIEHUS HOBOW (ha3bl U3
MIEPEHACHIIIEHHBIX TapPOB, PACILJIABOB U PACTBOPOB [2].

OddexT cTpykTypooOpa3zoBaHus U JETAIbHOE H3YYEHHUE KOJUIOMIHO-XUMHYECKHX CBOWCTB
[3] nexar B OcHOBE cO3AaHMsI OOJBIIMHCTBA KOMIIO3WIMOHHBIX MaTEepUANIOB, HCIIOJIb3YyEMbIX B
COBPEMEHHOM CTPOUTENbCTBE U MPH PEKOHCTPYKUUHU 30aHUN U coopyxkeHuil. OcCHOBHas wuzes
MOJTYYeHUST UACATBHBIX KOMIO3UTOB chopmynupoBana I1.A. Pebunaepom: «CaMblii mpoCTO# MyTh
MOBBILICHUST MPOYHOCTH JIOOOTO0 TBEPAOrO Tejla MOYTH JO0 UACATbHOrO IOTOJKAa COCTOMT B
U3MENBYCHUH €ro 10 YacTHUll, MO MOPAAKY BEIUYMHBI COOTBETCTBYIOLIUX DPACCTOSIHHUSIM MEXKIY
OMacHbIMH ci1a0bIMi MecTaMu. Eciy Takue 4acTUIbI IJIOTHO YHAKOBaTh WM CKJIEUTh TOHYANIIMMU
MPOCIOWKAMH, MOJYYEeHHBIH MaTtepuan OyJeT IUIOTHBIM, HEMPOHUIIAEMbIM JUIS JKUIKOCTEH U ra3os,
BBICOKOTIPOYHBIM U JIOJITOBEUYHBIMY [4].

AcdanbrobeToH mpencTaBisgeT co00il KOMIO3UIMOHHBIM Marepuaji, B KOTOPOM B KauyecTBE
HATIOJIHUTENS HCIOJIb3YIOT KaMEHHBIH MaTepuan, OTCEeBbI APOOJICHHsS KaMEHHOTO MarepHaia WId
MECOK M MHHEPAIbHBIA TOPOIIOK, & B KAYECTBE BSXKYIIETO MPUMEHSIOT OUTYM WM MOIUMEPHO-
outymHoe Bspkymiee. OCHOBHBIM  CTPYKTYpOOOpa3yroIIMM  KOMIIOHEHTOM CMECH  SIBIISETCS
MUHEPAIBHBIA TOPOIIOK — MeNKOAUCIepcHas (pakius, oOnagaromias BBHICOKOPA3BUTON yAeTbHOU
MOBEpXHOCThI0. Ha cmaunBaHMe MOBEPXHOCTH MHUHEPAIBHOIO MOpOIIKa pacxoayercs a0 95%
BBOJIUMOTO B ac(alibTOOETOHHYIO cMech OuTyma [5] — Hanbosee JOPOroCTOSIIEro KOMIIOHEHTa CMECH.

Beimonnenne tpebGoBanuit  II.A.  PeOunzmepa oxa3pIBaeTCsi BO3MOXHBIM 33  CYET
HCIIOJIb30BAaHUsl MpUEMa TPaHyJUPOBAaHUS OKAaThIBAHMEM MHUHEPAJIBHOrO IMOpoIIKa (¢ OMTYyMOM B
KadecTBe cBs3yroiiero) [6]. IlpoBenenHsie uccienoBanus [6] mokasaiau, YTO TPaHYJIUPOBAHHOE
acanbTOBsKyIlee  00JiajaeT  BBICOKMMM  [IOKa3aTeasIMH  TMPOYHOCTH,  MHHHMMAJIbHBIM
BOJIOHACBIIIIEHUEM, OTCYTCTBUEM CKJIOHHOCTHU K ciexuBaHuio. Ha aToil 6a3e pa3paboTaHbl OCHOBBI
TEXHOJIOTUH [7], HanpaBiIeHHON Ha pelleHue IN100aTbHOM SKOIOrHUecKoi MpoOiIeMbl — YyTUIIU3aluU
docdorunca (orxoma npousBoacTBa (hochopHOl KUCIOTH U ynoOpenuii). Hakomiennbie 00beMbl
3TOro mpoAykTa B Poccum MCUHMCIAIOTCS COTHAMU MHJIJIMOHOB TOHH U €KEroAHO YBEIMYMBAIOTCS,
3aHHMMas OTPOMHBIE MOJIE3HBIE IIOLIA/IN U CO3/1aBasl yTpo3y OKpYXkarollel cpese.

[lepBble MOMBITKK MCNONb30BaHUSA (ocdorurnca B Ka4ecTBE MUHEPAIBHOTO IMOPOIIKA IS
ac(anbTOOETOHHON CMecH, MOJyYEHHOM 10 TEXHOJIOTMH I'PaHyJIUPOBAHUS OKaTbIBAHUEM, TIO3BOJIMIN
MOJIYYUTh MaTepHuall, YAOBJICTBOPSIOLUIUN TpeOOBaHUSAM OTEUYECTBEHHBIX CTAaHIApTOB  JUIS
ac(anbTOOETOHHBIX cMeceil M0 OOIBIINHCTBY (PU3UKO-XUMUUYECKHX U TOTPEOUTENHCKUX CBOMCTB, 3a
UCKITIOYEHHEeM BojocToikocTu. OOpa3ipl pa3pyuIICh THOCTE JUIMTEILHOTO BOJOHACHIEHUs. B
pe3ynbTaTe MPOJOJIKUTENbHBIX MOUCKOB YAAJOCh MOA00paTh MOAXOIANIYI0 MOIUGUIUPYIOUIYIO
no0aBKy njsi OMTyma, JEHCTBHE KOTOPOM OOecTedmsio HEOOXOAWMBIA ypPOBEHb BOJOCTOMKOCTH
acanbroberoHa. [loaxoasimuM  TEXHHYECKMM  pEIICHHEM YKa3aHHOM  3aJauu  sBJseTcs
WCIIOIB30BaHUE OTXOJIOB  IIJTACTUKOBOM Tapel — mnohudTwieHtepedramara ([IDTD) [7].
[IpoMmbliieHHOE BHEApeHHE pa3pabOTaHHON TEXHOJIOTUH, KaK OXKHAAETCs, MO3BOJHUT HE TOJBKO
MOBBICUTH KaueCTBO JIOPOXKHBIX MOKPBITHH, HO U OyAET CIIOCOOCTBOBATH PEUICHUIO HKOJIOTUYECKOM
npoGsieMbl — yTuian3auu ObITOBBIX 0TX0/10B [IDT®. Otaenvhbie Bompockl yrunuzauuu [19TO B
achanpT00ETOH O0CYXKIanNCh MaHHBIX pabotax [8-12]. Cmemyer OTMETUTh, YTO MEXaHU3MBI
peanuzanuu 3G PeKToB CTPYKTYpooOpa30BaHUs B TAKUX CJIOKHBIX CHCTEMaX K HACTOSIIEMY BpEMEHU
M3YYEHBI ellle HeJIOCTaTOYHO. B cBs3U ¢ 3TUM MosyueHne HOBOM MH(pOpPMAIMH 1O JaHHOMY BOIIPOCY
MIPE/ICTaBISETCSl BECbMa aKTYaJIbHbBIM.
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Ilens paboThl — Hay4HOE€ OOOCHOBaHWE paHee omucaHHoro [6, 7] addexra MOBHITICHUS
BOJIOYCTOHYMBOCTH ac(aibTOOETOHa C MCIONb30BaHHEM (ocdorumnca B KaueCcTBE MUHEPAIBHOTO
MOPOILIKA MPU MOAUDUITUPOBAHUN OUTYMA MOIUATHIICHTEPEPTATIATOM.

[IpuMeHeHHE TOIMMEPHO-OMTYMHBIX BSDKYIIMX OTHOCAT K YHCIY AaKTHBHO BHEIPSIEMBIX
MHUPOBBIX TEXHOJIOTHI CTPOUTEIHCTBA M PEMOHTA MOKPBITHI aBTOMOOMIBHBIX aopor. B Poccun s
MOTUGUIMPOBAHUS OUTYMOB TPUMEHSIOT COINOJMMEpPbl OyTajueHa W CTUPOJIA, PACTBOPHI
CHUHTETHUYECKUX KaydykoB [13]. Pe3ynpTarom BBeE€HUS MOJIMMEPOB B OUTYMBI SIBISETCS MOBBIIICHUE
ux JepopMaTUBHOCTH IpH Temmeparypax okojgo 0°C, TenaoycTOMYMBOCTH M 3JIACTHYHOCTH.
VilydiieHne 3KCIUTyaTallMOHHBIX CBOMCTB OHUTYMOB MOXET OBITh JOCTHUTHYTO B Cllydyae, €CiH
IIOJIMMEp pacTBOpsieTCsl WM HabyxaeT B cpele OuTyma, oOpasys CTPYKTYpHyro ceTky. OpHako, B
OTJIIMYUE OT TEPMOAIACTHUYHBIX IOJIUMEPOB, MOJeKyispHas crpykrypa IIDTd mnpencrasnsercs
nuHerHoi. Kpome Toro, B mporecce TIpaHYJIHMpPOBAaHUS OKAaTHIBAHMEM 4YacTUIbl MUHEPATBHOTO
nopouka (GOpMHUPYIOT YIOPSIOUYEHHYIO CTPYKTYPY € MPOCIOMKAMH CBS3YIOLIETO MHHHUMAJIBbHOM
TOJIIIMHBI MEXAY HHMH. DTO BBI3BIBACT HEOOXOTUMOCTh H3YYCHHS XapaKTepa B3aHMMOACHCTBUS
OuTymMa ¢ MOJMMEpPOM, OOECHEUMBAIOUICTO TOBBIIICHUE BOJAOYCTOWYMBOCTH acaabTobeToHa ¢
BKItOYeHHeM (Qocdorumca. [IpakThueckass 3HAYMMOCTh TaKUX HCCIEIOBAHUN OOBSICHSACTCS
HE00XO0/MMOCTBIO pa3padOTKU MEPEJOBBIX TEXHOJIOTMH HMPOM3BOJACTBA HOBBIX ac(hanbTOOETOHHBIX
cMecell C IOJY4YEHHEM BBICOKOTO 3KOJIOIMYECKOIO M HKOHOMHUYECKOro 3¢ ¢dekra OT BHEIpPEHHUs.
Crneuunduyeckue 0cOOEHHOCTH pa3paboTaHHON TEXHOJIOTUU MIPE/ICTaBIeHbI B padote [14].

Monaean 1 MeTOAbI

JUis OCTHKEHUS 1LIeN MCCIEeI0OBAHUS UCIOIb30BAHbl COBPEMEHHBIE METO/Ibl UCCIIEI0BAHMS
CTPYKTYpHI IOJIy4aeMbIX MaTepuasioB. Ha 3akIIOYMTENBHOM STare OLEHWBAIHA CTaOMIBHOCTD NpU
XpaHEHWH OKCIUTyaTallHOHHBIX (TIOTPEOMTENbCKUX) CBOMCTB TMOJMYYCHHOW TpaHyJIHMpPOBAHHOM
acanprodberonnoit cmecu mo 'OCT 12801-98. INpouecc popmupoBanus acanrbToOSTOHHONH CMECH
Ipe/roiaraeT yueT B3auMHOTO BIMSHUS IPYT HA Apyra MHOXKECTBA (PaKTOPOB, CTETIEHb BO3/ICHCTBHS
KOTOPBIX HAa KOHEYHBIH PEe3y/IbTaT HE BIIOJHE OYEBUIHA.

B  kauecTBe  MHHEpPaJIBHOrO  MOPOUIKA JJs  [PUTCOTOBJIEHUS  I'PaHYIMPOBAHHOU
acanbTOO0eTOHHON cMmecu npuMeHsun (ocdorunc, npeaocraBieHHbii AO «Anartut» (banakoso,
CaparoBckast 0011.). YenbHYI0 MOBEPXHOCTh 00pasloB ¢ocdorumnca U3 moiayruapara cyiabdara
kanmpius  (CaSO4:0.5H,0, wmapka b), TY 2141-693-00209438-2015 «l'umc TexXHUYECKHII,
OLIEHUBAJIU PA3JIMUYHBIMU METOaMH (CM. Tabauy 1).

Ta6muma 1 - [Tnomane yaensHOM moBepxHocTH Gocdorurica Mmapku b, Mo pazanaasiM MeTogaM

Meton BOT
Y nenbHas MOBEPXHOCTb, M°/T 10.3+£0.3
VY nenbHbIi 00beM MoHOCHO0s, Mt HT I/t 2.5
Koncranta BOT 62.0
Haxknon k npsimoit = k*h + b, r/mn HT]] 4.0-10"£1.3-107
OtcekaeMslii oTpe3ok b mpsimoit f=k*h + b, r/mmn HT[ 6.6:10°£1.8-10”
KoaddunmenT koppemsmn 0.9984
Meton STSA
Y niesbHas TOBEPXHOCT, M*/T 10.8+1.2
Haxuron k npsimoii V = k*t + b, mn HTZI/ (r-uMm) 7.0-10"+7.7-10°
OrtcekaeMsblii oTpe3ok b npsimoit V = k*t + b, mn HTI/r -1.4-10"+3.5-107
KoaddunmeHT koppensiun 0.9823

TexHuueckue xapaktepuctuku ¢ochorumnca mapku b orseuator TpedoBanusm ['OCT 32761-
2014 pns MII-3, a o psiay nmokazaresieid OHA CXO0XKH C TPAJUIMOHHO MPUMEHSIEMbBIM JOJIOMHUTOBBIM
MUHEpaJIbHBIM noporikom MIT-1.

[IpoBenenuslii aHanus ¢ocdorurnca MeTogaMu HuzKotemreparypHoit ancopouuu BOT u
cratuctudeckux ToimH STSA B cpene azora Ha npubope Sorbi-MS (Poccust) CBUIAETENBCTBYET O
JIOCTaTOYHO 3aMETHOM YIENhbHOW MOBEPXHOCTH YacTHIl, cocTapiisromieit 10.3-10.8 M2/T (Tabmuma 1).
Nzyuenne wmukpodororpaduil, MOITydeHHBIX Ha CKaHUPYIOIIEM 3JIEKTPOHHOM MHUKpockomne Tescan
VEGA 3 SBH (Yexust), moaTBEpIHIIO OTHOCUTEIBHO BBICOKYIO TUCIEPCHOCTh JJAHHOTO MaTepuaa:
OCHOBHOW pa3Mep ero 4acTHuIl COCTaBisieT 25-35 MKM, XOTS B OTACNBHBIX CIydasx HaOIIOJAr0TCS

Ne 1 (105) 2023 125




CTpouTeIbCTBO H PEKOHCTPYKIUS

BimtoueHust 10 150-250 mxm (pucyHok 1). B To ke Bpemsi oTMeuaeTcs yMepeHHas MOPUCTOCThb
MOJIyBOTHOTO ~ Cynb(dara Kamplmsi Mapku b, dro sBIsSeTCS  pe3ylbTaToM  Ipolecca
IepeKpUCTalIn3allH.

50 MEM

Pucynok 1 — Mukpogomozpagpuu gpocgpozunca maprxu b (CaSO, - 0.5H,0); nanpsasxcenue 5000 3B.

C uenpl0 TOBBIIIEHHUS BOJOYCTOWYMBOCTH TPAHYIUPOBAHHON CMeCH C MpPUMEHEHUEM
docdorurnca npuHUMAIIN peHIeHUEe 0 MOTU(GUKAIIMA OUTYMHOTO BSDKYIIIETO.

B xauectBe mMoauduiupyemMoii 0OCHOBBI 0TOOpaH HePTSIHON MOpOoXHBIM OuTym mMapku 60/90
o 'OCT 22245-90 ITAO AHK «bamHedts» 1. Yda, a B kauecTBe Moan(pHUKaTOpa — OUUIICHHBIN
Bropuunslii [13Td-¢pnexc ¢pp. 10-12 mm OO0 «Spdaexca» r. Apocnasnb. Jlanusii Moaudukarop,
SBIIAIOIIUNACSA PACIPOCTPAaHEHHBIM MOJIMMEPOM B MPOU3BOACTBE OJHOPA30BOM Taphl AJs PO3IHBA U
XpaHEeHHUS KUIKUX CPEll, OTIUIACTCS BHICOKUMHU TEXHHUKO-IKCIUTyaTalIHOHHBIMH XapaKTEPUCTHUKAMH.

s monmyyeHUs: HOBOTO BSDKYILETO HCIONb30BAIA (PU3NKO-MEXAHUUYECKYI) MOAU(PHUKAIUIO
npu Temneparype 230-235 °C 06e3 BBICOKOTEMIIEpaTypHOU JeCcTpyKUMH moiumepa. B xoxe
HCCIEeI0BaHMUM gonmycTuMyto KoHueHTpauuto 19T onpenennnu Ha ypoBHe 10% oT Maccsl Outyma.
[IpenBaputensHo  pe3yiabTaThl ~ MoAWM(pUKAaLUMUM ~ OWTyMa  OLUEHMBAJIM C  NPUMEHEHUEM
muddepeHimanbHO-CKaHUpyOLeH Kajmopumerpun Ha mnpubope DSC 200 Phoenix ¢upmbr
NETZSCH (I'epmanusi) (prucyHoK 2).

Tennora, MI'B/MT

[1] 5562_2_Burym
1.0 T30 |2] 5563_2 _N3T® (nomsamunexTepedranar).
1315564 A _ 2_ Bumym +10% NITO (nonuamunentepedranar)
AcK
Crenosasime:
051 Haweno 99°C
Cepenina 22°C
Nepernd: -13C
Kowew 54°C -
Vismenenre Cp*: 0.112 Dx/(r°K) eKNOBAKME:
0.01 i Cp“ o Hawano! 699°C
- - Neperms: ; ;;2 g
[ Havamo 204°C : N
| Cepemwia:  269'C  Koweu 18°C e W1.7°C
/ Nepernb 259°C  Viauewenwe Cp*. 0.052 Qx(r'K)
0.51 / Kovew: 334°C s Nnowans: 1.466 Swr
/ Wamenenne Cp*. 0.077 Bxir'K) g
{ > 8 > ~4 Mnowaas: -1.046 Qxir
‘ P P Mux 1550 °C /
\ /// w_'(/ 2 \\

Muc 2443°C
< 3]

15 Crexnosanve: n_—
Cepeawva:  -28°C SN o
Mepenvl: -33°C Cepeama: 803°C
e g leperwd 818°C
20 Viamesienne Cp*.  0.299 Ixd(r*K) Kowey 8430 ]
' Viasuewenne Cp*.  0.429 wi(r'K) Muc 2467 °C
0 50 100 150 200 250

t,°C
Pucynok 2 — Tepmozpammsl, cuamole 015 06pazyoé oumyma (1), moougpuxamopa INIT® (2)
u cucmemut oumym — moouguxamop IIT® (3).
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MeTton 3aKirodasncs B PerUCTpallii TEIUIOBLIX 3¢ (eKToB B ucciaeayemMoM oodpasie ¢ [[DTD
NP HAarPEBaHUH €T0 C TIOCTOSTHHOW CKOPOCTBIO M CPAaBHEHUH TOJTYYCHHBIX PE3YJIBTaTOB C ATAJOHOM
(B TaHHOM cTy4yae — TUTJIeM 0e3 BKIFOYCHHS TOOABKH ).

3amMepbl KpaeBbIX YIJIOB CMAaYMBaHUS OCYIICCTBIISUIN HA MPEIMETHBIX CTeKIIaX (PUCYHOK 3).

a) 0)

Pucynok 3 — @omozpaghuu xanenv 6umyma c exniouenuem 5 (a) u 20 mac% II3TO (o).

Kamm Outyma ¢ BikmouyenueM I[IDTD (5, 10, 15, 20 mac%) BblIep)KMBalId Ha HHUX NPU
temnepatype 100°C B Teyenue 20 MHH, MOCJI€ YEro MPOU3BOAWIM CHEMKY ITOBEPXHOCTU U
(buKcupoBalii 3HaYCHHsI KPAeBbIX YIJI0B CMayMBaHUSI.

Pe3yabTaThl Hcc/ie0BAHUS U UX AHAJIH3

HccnenoBanus BonoycToHunBOCTH achaabrodbeToHa Ha OCHOBE (hocorurica mpoBOIWIN MTPU
KOMHATHOW TeMIiepaType, TpH 3TOM aHaJU3UpyeMble OOpa3Ibl HE OTBEYATH HEOOXOIUMBIM
tpeboBanusim  (I'OCT 9128-2013). IIpoyHocTd 0O0pa3loOB ¢ BKIIOYCHHEM TPAJAULMOHHOTO
MUHEPAILHOTO TOPOIIKa U TAaKOBBIX C JM00aBKOW (ocdorumca oka3zamuch COMOCTABUMBI, OIHAKO
BOJIOYCTOMYHMBOCTh TOCJIEIHUX — HWXKE, YTO, BEPOSATHO, OOYCIOBICHO MPHPONON n00aBKHU (B
YaCTHOCTH, PACTBOPHMOCTHIO).

HampoTtus, mnoBblllieHHE BOAOYCTOMYMBOCTM MaTepuaia, HaOltoJaeMoe IMpU BBEICHUH B
ourym [I9TD, moxeT OOBSACHATHCS, BO-MEPBBIX, 0Opa30BaHHMEM HCTHMHHOTO pacTBOpa OWTyma C
MOJIMATHIICHTEpePTaTaTOM, YCTOMYUBOTO TEPMOJIMHAMUYECKH M oO0jajaromero ruapohoOHbBIMI
cBoiictBamu. Bropas rumoreza mpenmonaraer, uto cMech outyma ¢ [IOT® npu oxnaxiaeHuu
pasnensiercs Ha ¢asbl ¥ MPU ITOM, BO3MOXKHO, (popMuUpyeTcs HOBasi CTPYKTypa MaTepHalia, KoTopas
OTBEYAET TOBBIINICHUIO B CUCTEME BHYTPEHHETO NaBJIEHUS, MpEnsTCTBYIomEero nuddy3un Boasl B
CTPYKTYPY KOMIIO3HUTA.

[IpocThiM METOIOM HCCIIEIOBaHMS TTOBEPXHOCTHBIX d(DPEKTOB ABISIETCS U3MEPEHUE KPACBOTO
yrna cMmauuBanusi 6, [3]. Ero 3HadeHune mMO3BOJIAET OMPENETUTh COOTHOIICHHE CHUJI KOTE€3HH B
XKUAKoi (haze u aare3un B 00JaCTH KOHTAKTa XKHUIKON U TBepAoH (a3.

[ToBbimenue conepxkanus [IOTD B Outryme mpUBOIUT K PE3KOMY POCTY PaBHOBECHOTO
KpaeBoro yriia CMauMBaHUsI MOBEPXHOCTH (Tabmuia 2).

Tabmuma 2 - V3MeHeHne KpaeBoro yriia CMayrBaHUs MOBEPXHOCTH TPU TOBBIIICHUH COACPKAHUS
[I9T® B kame.

KonuenTpauus nonumepa, % 0 5 10 15 20
PaBHOBECHBIN KpaeBoii yroi, rpa. 6 28 30 30 120
Bo3MoxHBI ceyromue BapuaHnThl 00BICHEHUS TIOJIOOHOTO SIBJICHUS:
— poct coaepxanus [I9T® cHmwxkaer aare3uto OMTyMa K TBEpAOH IMOBEPXHOCTH WU
YCUJIMBAET KOTE€3UI0 JKUIKOCTH;

— 00a (hakTopa IEeHCTBYIOT OJHOBPEMEHHO.

OrMmeruM, yTo Temieparypa miasienus [1DTD cocrasiager 260°C, a pa3zmsardyenue oOuryma
nporcxoauT panbiie. [Ipu BBenenun [I9TD B OUTYM, pa3orperhiii 70 TEMIEPATyPhl €ro IJIaBICHUS,
B pe3yJbTare IepeMelIBaHus 00pa3yeTcs BHU3YaJbHO OJJHOPOJHAS Macca. OJTO ITO3BOJISET
MePBOHAYAIILHO MPEAINoiaraTh BO3MOKHOCTh 00pa3oBaHusi UCTHHHOTO pacTBopa [I9T® B Outyme.
Taxxe BaKHO 3HATh, B KAKOM COCTOSHUU OyneT HaxomuTbes [IDT® mpu oxiakIeHWHW CMECH B
00J1aCTH HUXKE TEMIIEPATYPhI €ro IJIaBJICHHUS.

ITpu octeiBanum [19T® mMoxeT 00pazoBaTh B OMTYME TOMOIEHHYIO CMECh MJIH e JIUCIIEPCHIO
B MaTpuile. IKCIEPUMEHT B CpeJie [IUKIOTNeKCaHOHA, BBICTYMAIOIIETO XOPOIITUM PAaCTBOPUTEIEM IS
VKa3aHHOTO TIOJIMMEpa, VYKa3blBa€T Ha IIOJYYEHHE TIPU HArpeBaHMM TOMOTEHHOTO pPacTBOpAa,
MPEBPAIIAIOIIETOCS TPU  TOCICAYIOMEM OXJAXIACHUHM B  JUCIEPCUI0  (CM. PUCYHOK  4).
MakcumanbHbIi pazmep yactuil aucneprupoBanHoro [ 19T cocrasnsier 5-8 MkMm.
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Pucynox 4 — Oowuit 6uo oucnepcuu INITD 6 uyuxknozexcanone (30 mxm).

[Ipy 3TOM KOAryJslMsl MEJIKHX YacTHUl] ¢ 0Opa30BaHUEM YKPYIHEHHBIX arperaToB SBISETCS
(akTOpOM, HEraTUBHO BIIUSIOLIMM Ha OAHOPOIHOCTh NMPOAYyKTa. Ha nepBblil B3IIIAA, UCIIOIB30BaHHUE
OuTyMa B KaueCTBE PACTBOPHUTENS 3aTPYAHSET KOATYISIHIO, TAK KaK MOTYT CO3/aBaThCsl YCIOBUS
U1l paBHOMEpHOro pacnpezaeneHus menkux yactull [I9T® B obbeme cBsazyromero. OgHako 3Ta
TUIOTE3a HE Halula MOATBEP)KICHUS HpU HAOIIOAEHUM 32 IOBEACHUEM MOJAU(GUIUPOBAHHOTO
OuTyMa B mpoliecce ero ocTbiBaHUs. MeXMOJIEKyJIIpHOE B3auMo/ieiicTBue Mexay yactuuamu [19TO
IIpoTeKaeT 0ojiee WHTEHCHUBHO, YEM HX B3aUMOJEWUCTBHE C OMTYMOM IpU MOAUGUIMPOBAHUH,
HECMOTpsT Ha HENOCpPeACTBEHHbIH KOHTAkT a3. I[Ipu 3TOoM cTaHOBUTCS OOBSCHUMBIM pOCT
PaBHOBECHOI'O KPAaeBOTr'0 YIJia CMauMBaHUs C MOBBIIEHHEM B Outyme no6aBku [19TO.

CrnenoBarenbHO, MOATBEPIWIACH TUIOTE3a O TOM, YTO BBeJeHME B cBssyomee [IDTD
aKTUBM3UPYET JeHcTBUE Cuil Kore3uu. OJHAKO BONPOC O KOHKpETH3aluu (OpMbI HPUCYTCTBUSA
yKa3aHHOM OpraHWYeckod [J00aBKUM B CBS3YIOIIEM (AMCIEPCUS MM PACTBOP) HO-TIPEKHEMY
OCTaBAJICSI OTKPBITHIM. JIJIs1 €ro paspelieHus MpoBeACHO uccieaoBanne 0opa3nos ouryma, [19TD u
mouduimpoBanHoro ouryma (mobaska [ITD 10 %) meromom auddepeHramIbHO-CKaHUPYIOIIEH
KaJIOPUMETPUH.

Kak BuaHO 13 TepMorpaMmsl (pucyHok 2), st oopasua [I9TD (kpuBast 2) XxapakTepHbl TpH
nepexona. [lepBblii nmepexon HaOmroAaercs B Juana3zoHe TEMIIEpaTyp, COOTBETCTBYIOIIMX Hayally
crexsioBanus (76.5°C). OH ocyIecTBIsSETCS ¢ 3aTpaTaMy 3HEPruM, 00yCIOBICHHBIMU YBEIMYECHUEM
MOJIBUKHOCTH MOJIEKYJ MOJIMMepa MpH €ro rnepexozie U3 aMop(hHOro COCTOSHUS B CTEKIO00pa3HOE.
Bropoit nepexon (155°C), oTBewarommii Hayally KpHUCTaUIM3allMM IOJHMMEpa, COMPOBOXKIACTCS
BBIICJICHUEM DHEPrMM 3a CUET YHOPSAJOYEHUS  pACIOJIOKEHUS MOJIEKY] B  PELIETKE,
OTPaHUYMUBAIOLIETO HX TMOABM)KHOCTh. TpeTuil mepexoi (C MOTJIOLIEHHUEM TEIUIOBOM SHEPrUM)
HaunHaercs npu Temmeparype 200°C u 3aBepmaercs B obsactu 260°C. OH oTBeyaeT WHTEpBalLy
IUTABJIEHUS JAHHOTO TIIOJMMEPA, CONPOBOKIAEMOIO CHATHUEM OIPAaHUYEHHH Ha IOABM)KHOCTD
MoieKys1. CyIecTBEHHbIM MOMEHTOM SIBJISIETCS] TIOYTH TOJHAsl TOXAECTBEHHOCTh IUIOIIAJCH MUKOB
OpU KPUCTAIM3AIMM MaTepuaja W ero IUIaBJI€HUM, 4TO YKa3blBaeT HAa aMOpP(HOE COCTOSHUE
Monaupuxatopa (II19TD) u HeynopsiHOUEHHOE PACIIOIOKEHNE MAaKPOMOJIEKYI.

Ha xpuBoit 1 BeIgenseTcst nepexof, ONpeAessaIolmni TeMIepaTypy CTEKJIOBaHHUS OMTyma B
untepBasie temnepatyp (ot -10.9 no 4.6°C). Tepmorpamma oOpasua 6utyma ¢ gobaskoi [19TD
(kpuBass 3) HHTEpecHa TeM, YTO Ha HEH HMEIOTCS Mepexoibl, OTBEYAIOLIUE TeMIepaTypam
crexioBanus Outyma u [IOTdD, a Takke TeMmmeparypaMm KpUCTAUIM3allMM U  IUIABJICHUS
monudukatopa. llocnenHue BbeIpakeHbl HESIBHO, YTO OOBsCHSAETCA He3HauuTenbHbIM (1 Mac%)
comepkaHueM J00aBKM B cHUCTeMe (KOMMO3WUIIMOHHOM Matepuaine). (OcCoOEHHOCThIO ITOM
TEPMOIPaMMBbI SIBJISIETCA TAaK)K€ HaJIM4YME HOBOro nepexona B uHrepsane 20.4-33.4°C, orBeyaronieM
CTEKJIOBAHUIO.

AHanu3 pUCyHKa 2 MO3BOJISIET CAENATh Psi/i BAKHBIX BBIBOJOB. Bo-NepBbIX, IPUCYTCTBHE Ha
KpUBOW 3 XapaKTEPHBIX MEPEXOJIOB, MPUCYIINX UCXOTHBIM KOMIIOHEHTaM, YKa3bIBAeT HA OTCYTCTBHUE
KayeCTBEHHOT'0 UX cMeleHus. ICTUHHBIN pacTBOp HEe o0pa3yeTcs; MoAu(UKATOp pacrpenensercs B
Outyme B BUJE TUCIEPCHH, KaK 3TO OMHMCHIBAECTCS B TPyJaX M3BECTHBIX yueHbIX [15]. Bo-BTOpBIX,
CHIDKCHHE KOJMYECTBA SHEPruM JJsi OOeCmeueHHs 3aJaHHOTO PEXUMa U3MEHEHHs TEeMIIepaTyphl
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CBUJICTEITLCTBYET O BO3HUKHOBEHUU JOMOJHUTEIBHBIX CBS3€H, OrpaHUYMBAIONINX BHYTPEHHIOKO
MMOABMKHOCTh CHUCTEMBI. B-TpeTbux, Temmeparypa creknoBanusi cmecu (20.4-33.4°C) orBeuaer
MOMEHTY KOaryJsiiuu aucnepcHsix yactui [I19Td ¢ o6pazoBanuem ocaaka B outyme [16].

DTOT mpolecc MOXKHO MPEACTaBUTh ciaeayromum oopasom. [lpu mucneprupoBanuu [19TD B
Ooutyme coBepmiaercs paboTa, CBsA3aHHAs ¢ 00pa30BaHMEM HOBBIX MEX(]a3HBIX MOBEPXHOCTEH U
pOCTOM BHYTPEHHEH 3Hepruu cucrtembl. C OCTBIBAHUEM CMECHU MpU Koaryisanuu dvactui [19Td
BBIJICTISICTCS] DHEPT U, ONPEAeNsis mepexoa K crekinoBanuio [17]. B qucnepcHoii dasze moaudukaropa
(ITOT®), pacnipeneneHHol B 00beMe OUTYyMa, UMEIOTCSI CBOCOOpa3HbIe CUIIOBBIC IIEHTPhI. CHIIOBBIE
LIEHTPBl, B CBOIO OYEpeIb, CO3MAIOT B CHUCTEME JIONOJIHHUTEIbHOE BHYTPEHHEE [aBJICHUE,
MPESITCTBYIONIEE MPOHUKHOBEHHUIO >KUIKOCTH B CBs3yrollee. B Teopun NMOBEpXHOCTHBIX SIBJICHHIA
3TO HAa3bIBAIOT «CTPYKTYPHPOBAHUEM)», KOTOPOE JEKHUT B OCHOBE MPOSBICHHUS OOJBIINHCTBA
HaHOX(()EKTOB M B3aMMO/ICHCTBHM, ONTMCAHHBIX aBTOpamu B [18].

[IpoBeneHHbIE HCCIIEOBaHUS IO3BOJIWIN HIPOSCHUTH MeXaHu3M BozjedcTBus I[IDTdD Ha
OuTyM, OOECIICUYMBAIOIIMK TIOBBIIIICHUE BOJOCTOMKOCTH acanbrodbeToHa. MukpodoTorpaduu
00pa3noB ac(aabTOBHKYIIETO BEHIECTBA C BKIIOUEHHEM Mopomka (¢ocdorumca, mosIyd4eHHOTO Ha
ocHOBe Outyma 6e3 mobaBku [IDT® (pucyHOk 5 @) U B ee MPUCYTCTBUU (PUCYHOK 5 0) cIyKaT B
MOJIB3Y THITOTE3BI O JUCIIEPTUPOBAHUN YKa3aHHOTO MOIU(UKATOpa B CUCTEME.

0)
.;_.13'

Pucynox 5 — Mukpogomozpagpuu cucmem: oumym — pocgpozunc (30 mac%) (a), nanpasxcenue 20000 3B;
oumym — oooaexa INITD — pocghozunc (32 mac%) (6), nanpsaxcenue 5000 7B.

Kpucranner ¢ocdorurnca paBHOMEPHO CMOUYEHBI OUTYMOM, M TIOBEPXHOCTh WX TJIaJKas
(pucyHok 5 a). Beenenne IIDT® B cocTaB CTPOMTENBHOIO Marepuaiga MPUBOAUT K TOSBJICHUIO
00JBIIOrO 4YHClIa MEJKUX BKIIOUEHUH Moauduuupyromeil 100aBKM Ha OKPHUCTaNIM30BAHHOMN
MOBEPXHOCTU (pUCYHOK 5 6). Pe3ynpraThl McciaenoBaHui Mo MoAM(UKALUK OUTyMa pa3IMYHBIMU
MOJIMMEPAMH ¥ TEeXHUYEeCKUM yriepoaoM [19, 20] mator cxoxyr KapTuHy. Takum oOpazom,
yKa3aHHbII MOIUGUKATOp pacmpernensercs B oObeMe acgalbTOBSIKYIIET0 B BHJE TUCIIEPCHBIX
o0pa30BaHMii, B3aUMOJIEHCTBYIOIIUX JAPYT C IPYrOM Ha PACCTOSHUU JTOTMOJIHUTEIBHO POPMHUPYEMOTO
MOJIST MEKMOJIEKYJISIPHBIX CHJI, HPENSATCTBYIOIIEro AU(@y3un Biard OT MOBEPXHOCTH K LEHTPY
HOBOT'O CTPOUTENBHOIO MaTepuaa.

Y cTaHOBIIEHO, YTO MOTY4YEHHBIN 1O crioco0y [6] rpaHyIMPOBaHHBIA CTPOUTEIBHBIN MaTepHual
— achanpToOeTOHHAsI cMeCh ¢ BBeqieHneM B Hee 110 10-20 mac% [1DT® MoxeT XpaHuThCs HE MEeHee 3
JIET B OXJIQX/IEHHOM COCTOSIHUM 0€3 MOTepH Ba)KHEIIMX HKCIUTyaTallMOHHBIX CBOMCTB (B YaCTHOCTH,
npu BojpoycToiunBoct He MeHee 0.9 m mpouyHocTu oOpasuoB Ha cxarue 3.2-4.0 MlIla). DOrto
3HAYUTENBHO pacUIMpsieT BO3MOXHOCTH YCHEIIHOW pealu3aluu pa3padOTaHHOTO MaTepualia yepes
TOPrOBYIO CE€Th U OCOOEHHO LIEHHO C MO3UIUI MOBBIIIEHUSI KaYeCTBa BOCCTAHOBIIEHHBIX JOPOKHBIX
MOKpbITH B PO.
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BoiBoabl

1. IIpeanaraercs MUCIOJIB30BATh MOMMATHUICHTEpedTANAT B KauecTBe Moaudukaropa (1o 10-
20 mac%) CTpOUTENBbHOTO JOPOXKHOTO OWTyMa M BIEpPBbIE PACCMOTPEHBI BOMPOCH (PHUIUKO-
XUMHYECKOH MEXaHUKW TPaHYJIHPOBAHHBIX ac(haibTOOCTOHHBIX CMeCeid ¢ OJHOBPEMEHHBIM
MPUCYTCTBUEM B HUX yKa3aHHOW OpraHHMYecKoi 1006aBKku U gocdorurca.

2. BmepBble BBISIBICHBI TPHYMHBI TOBBIINICHUS BOJOYCTOWYMBOCTH T'PAHYIHPOBAHHBIX
ac(anbTOOETOHHBIX CMecel, MOIYYeHHBIX IIPU BBEIACHUH MOJMATHIIEHTepedTasara B CTPOUTEIbHBIN
outym.

3. YcTaHOBJIEHO, YTO MOJIYYEHHBIN MaTepuall — rpaHyJdpoBaHHAas achaibTOOETOHHAs CMECh
MOXKET XPaHUTHCS HE MEHee 3 JIeT B OXJIAXKJICHHOM COCTOSSHUHM 0€3 TMOTepH BOJOYCTONYHMBOCTH H
MIPOYHOCTH Ha ckaTue. Pe3yabTaThl McCIe0BaHUN UMEIOT BBICOKYIO TPAKTUYECKYIO0 3HAYUMOCTD IS
Pa3BUTHUS TEXHOJOTUNA COBPEMEHHOTO JOPOKHOTO CTPOUTENILCTBA.

CIIUCOK JIMTEPATYPbI

1. Ilpoxodrer B.FO., Pasroopo IIL.b., Wmpma A.A. OcHOBH (PH3UKO-XHMHYECKOH MeEXaHUKH
SKCTPYAUPOBAaHHBIX KaTann3aTopoB u copoentoB. M.: KPACAH/I. 2012. 314 c.

2. Taamop 3. uT'oroc K. Teopernueckue ocHOBBI iepepaboTKy noiaumMepoB. M.: Xumus. 1984. 632 c.

3. Ignat'yev A.A., Gotovtsev V.M., Gersimov D.V., Razgovorov P.B. The Modeling of Interfacial Contacts in
Composites Using the Sitting Drop - Solid Body System as an Example. New Polymer Composite Materials 1l Selected
peer-reviewed full text papers from XVI International Scientific and Practical Conference "New Polymer Composite
Materials”. Key Engineering Materials Submitted: 2020-04-12 ISSN: 1662-9795. Vol. 869. Pp. 400-407. Accepted: 2020-
05-07 doi:10.4028/www.scientific.net/KEM.869.400 Online: 2020-10-27 © 2020 Trans Tech Publications Ltd,
Switzerland.

4., Peounmep I1.A. W30pannapie Tpynsl. [loBepXHOCTHBIC SIBICHHS B AWCIEPCHBIX cucTemax. Y. duzmko-
xuMmdeckas mexanuka. M.: Hayxka. 1979. 469 c.

5. Pymsanes A.H., HanmenkoB A.A., JlomoB A.A., TotoBues B.M., CyxoB B.Jl. CrpykrypupoBaHHEII
ac(arapToOETOH — HOBOE IOPOXKHOE TIOKPBITHE // AKTyallbHbIE HanpaBJieHHUs Hay4uHbIX uccnenoBanuii XXI| Beka: Teopus u
npakTuka. Boponex: Boponex. roc. necorexs. yH-t. 2013. C. 23-25.

6. TIlatent P® Ne 2182136. Crioco6 monyueHus achanbtoderorno# cmecu. 10.05.2002 r.

7. Tlatear P® Ne 2701007. Cmoco® moyiydeHHsI TPaHYJIUPOBAHHOTO ac(albTOBSDKYIIEIO Ha OCHOBE
docdorunca. 24.09.2019 r.

8. Al-Mulla J., Makky S. Preparation of sustainable asphalt pavements using polyethylene terephthalate waste
as a modifier // Zast. Mater. 2017. Vol. 58. No. 3. Pp. 394-399.

9. Khan I. M., Kabir S., Alhussain M.A., Almansoor F.F. Asphalt Design Using Recycled Plastic and Crumb-
rubber Waste for Sustainable Pavement Construction // Procedia Eng. 2016. Vol. 145. Pp. 1557-1564.

10. Hassani A., Ganjidoust H., Maghanaki A.A. Use of plastic waste (poly-ethylene terephthalate) in asphalt
concrete mixture as aggregate replacement // Waste Manag. Res. 2005. Vol. 23. No. 4. Pp. 322-327.

11. Modarres A., Hamedi H. Developing laboratory fatigue and resilient modulus models for modified asphalt
mixes with waste plastic bottles (PET) // Constr. Build. Mater. 2014. Vol. 68. Pp. 259-267.

12. Leng Z., Padhan R. K., Sreeram A. Production of a sustainable paving material through chemical recycling
of waste PET into crumb rubber modified asphalt // J. Clean. Prod. 2018. Vol. 180. Pp. 682—688.

13. Xymsaxoa T.C., Maciok A.®., Kanuuun B.H. OcoOGeHHOCTH CTPYKTYphl M CBOWCTB OWTYMOB,
MOAUPUIMPOBAHHBIX TouMepamu // JloposkHast TexHuka u texHomoruu. 2003. Ne 4. C. 174-181.

14. Tepacumo [I.B., Urnarees A.A., I'oroBueB B.M., T'omukoB W.B. IlepcrieKTHBBI HCIIOJIB30BaHUS
¢docdorunca B npousBoacTBe achansToderona // JJoporu u mocter. 2018. Ne 40. C. 304-315.

15. Tarep A.A. ®uzuko-xumus noiaumepos. M.: Hayunsrit mup, 2007. 576 c.

16. Kouner A.M. ®usukoxumus nonaumepos. Kazans: M3a. "OOH". 2003. 512 c.

17. Gotovtsev V.M., Ignat'yev A.A. The effect of structuring composite building materials. IOP Conf. Ser.:
Mat. Sci. Eng. V. 666 (1). (2019). doi:10.1088/1757-899X/666/1/012079 Retrieved from www.scopus.com. 2019.

18. PasroBopos I1.b., UrnatheB A.A., A6pamoB M.A., Haropuos P.C. [lepepaboTka aqtoMOCHINKATHOTO ChIPbS
1 OTBAJIOB CTPOUTEIBCTBA METPOIOJIMTCHA B KOMIIO3UIIMOHHBIC COp6eHTBI JJId OYMCTKU BOJHBIX M MacCJIOCOJACPKAIIUX
cpen / YMHBIE KOMITO3UTHI B CTPOUTENBCTBE. 2020. T. 1. Bom. 1. C. 10-26.
http://comincon.ru/index.php/tor/\VIN1_2020.

19. Kotenko H.II., Illep6a FO.C., EBdopunxuit A.C.. Biusare noquMepHbIX U (YHKITMOHATBHBIX J00ABOK HA
cBo¥icTBa OuTyMma 1 acdansToberona // Ilnactuyeckue maceobl. 2019, Ne 11-12. C.47-49.

20. benses K.B., UynkoBa W.JI. Momudukauuss OutymMa TexHHYeCKHM yriiepogoM. BectHuk CudbAJIU /
CrpourenbctBo u apxurektypa. 2019. T. 16. Ne 4. C. 472-484.

130 N 1 (105) 2023



http://www.scopus.com/
http://comincon.ru/index.php/tor/V1N1_2020

CrpouTebHble MATEPHUAJIbI M TEXHOJOTUH

REFERENCES

1. Prokofiev V.Yu., Razgovorov P.B., lliyn A.A. Osnovy fiziko-khimicheskoi mekhaniki ekstrudirovannykh
katalizatorov i sorbentov. [Basics of physical and chemical mechanics of extruded catalysts and sorbents.] Moscow:
KRASAND. (2012). 314 p. (in Russian).

2. Tadmor Z, Gogos C.G. Teoreticheskie osnovy pererabotki polimerov. [Principles of Polymer Processing.]
Moscow: Khimiya. (1984). 632 p. (in Russian).

3. Ignat'yev A.A., Gotovtsev V.M., Gersimov D.V. and Razgovorov P.B. The Modeling of Interfacial
Contacts in Composites Using the Sitting Drop - Solid Body System as an Example. New Polymer Composite Materials
Il Selected peer-reviewed full text papers from XVI International Scientific and Practical Conference "New Polymer
Composite Materials". Key Engineering Materials Submitted: 2020-04-12 ISSN: 1662-9795. Vol. 869. Pp. 400-407/
Accepted: 2020-05-07 doi:10.4028/www.scientific.net/KEM.869.400 Online: 2020-10-27 © (2020) Trans Tech
Publications Ltd, Switzerland.

4. Rebinder P.A. Izbrannye trudy. Poverkhnostnye yavleniya v dispersnykh sistemakh. Fiziko-khimicheskaya
mekhanika. [Selected Works. Surface Phenomena in Disperse Systems. Physical and Chemical Mechanics.] Moscow:
Nauka. 1979. 469 p. (in Russian).

5. Rumyantsev A.N., Nanenkov A.A., Lomov A.A., Gotovtsev V.M., Sukhov V.D. Strukturirovannyy
asfal’tobeton — novoe dorozhnoe pokrytie [Structured Asphalt Concrete — the New Road Surface]. // Aktual’nye
napravleniya nauchnykh issledovaniy XXI veka: teoriya i praktika. [Recent research trends of the XXI century: Theory
and Practice]. Voronezh: Voronezh State University of Forestry and Technologies. 2013. Pp. 23-25. (in Russian).

6. Patent RU2182136C2. Method of asphalt concrete mixture producing. 10.05.2002.

7. Patent RU2701007C1. Method of producing granulated asphalt-binding based on phosphogypsum
24.09.2019.

8. Al-Mulla J., Makky S. Preparation of sustainable asphalt pavements using polyethylene terephthalate waste
as a modifier // Zast. Mater. 2017. Vol. 58. No. 3. Pp. 394-399.

9. Khan I. M., Kabir S., Alhussain M.A., Almansoor F.F. Asphalt Design Using Recycled Plastic and Crumb-
rubber Waste for Sustainable Pavement Construction // Procedia Eng. 2016. Vol. 145. Pp. 1557-1564.

10. Hassani A., Ganjidoust H., Maghanaki A.A. Use of plastic waste (poly-ethylene terephthalate) in asphalt
concrete mixture as aggregate replacement // Waste Manag. Res. 2005. Vol. 23. No. 4. Pp. 322-327.

11. Modarres A., Hamedi H. Developing laboratory fatigue and resilient modulus models for modified asphalt
mixes with waste plastic bottles (PET) // Constr. Build. Mater. 2014. Vol. 68. Pp. 259-267.

12. Leng Z., Padhan R. K., Sreeram A. Production of a sustainable paving material through chemical recycling
of waste PET into crumb rubber modified asphalt // J. Clean. Prod. 2018. Vol. 180. Pp. 682—688.

13. Khudyakova T.S., Masyuk A.F., Kalinin V.N. Osobennosti struktury i svojstv bitumov, modificirovannyh
polimerami [Features of the structure and properties of bitumens modified by polymers]. Road Engineering and
Technology. 2003. No. 4. Pp. 174-181. (in Russian).

14. Gerasimov D.V., Ignat'yev A.A., Gotovtsev V.M., Golikov I.V. Perspektivy ispol'zovaniya fosfogipsa v
proizvodstve asfal'tobetona [Prospects for using phosphogypsum in asphalt concrete production]. Dorogi i mosty [Roads
and Bridges]. 2018. No. 40. Pp. 304-315.

15. Tager A.A. Fiziko-khimiya polimerov [Physics and chemistry of polymers]. Moscow: Nauchniy mir, 2007.
576 p. (in Russian).

16. Kochnev A.M. Fizikokhimiya polimerov [Physics and chemistry of polymers]. Kazan: "FEN" Publ.
House. 2003. 512 p. (in Russian)

17. Gotovtsev V.M., Ignat'yev A.A. The effect of structuring composite building materials. IOP Conf. Ser.:
Mat. Sci. Eng. V. 666 (1). (2019). doi:10.1088/1757-899X/666/1/012079 Retrieved from www.scopus.com. 2019.

18. Razgovorov P.B., Ignatyev A.A., Abramov M.A., Nagornov R.S. Processing of raw aluminosilicates and
subway construction dumps into composite sorbents for purification of water and oil-containing media. Smart Composite
in Construction, 2020. Vol. 1. No. 1. Pp. 10-26. http://comincon.ru/index.php/tor/\VIN1_2020 (in Russian).

19. Kotenko N.P., Shcherba Y.S., Evforitsky A.S. Vliyanie polimernyh i funkcional'nyh dobavok na svojstva
bituma i asfal'tobetona [Influence of polymeric and functional additives on the properties of bitumen and asphalt
concrete]. Plastic masses, 2019. No. 11-12. Pp. 47-49. (in Russian).

20. Belyaev K.V., Chulkova I.L. Modifikaciya bituma tekhnicheskim uglerodom [Modification of bitumen
with technical carbon]. Vestnik SibADI // Construction and Architecture. 2019. Vol. 16. No. 4. Pp. 472-484. (in Russian).

Ne 1 (105) 2023 131



http://www.scopus.com/
http://comincon.ru/index.php/tor/V1N1_2020

CTpouTeIbCTBO H PEKOHCTPYKIUS

HNudopmanust 00 aBTopax:

HUrnarbeB AJiekceil AjleKCAaHAPOBUY

OI'BOY BO «pocnaBckuii rocy1apcTBEHHBIN TEXHUIECKAN YHUBEPCUTETY, T. Spocnasis, Poccns,
KaHIUAAT TEXHUIECKUX HAYyK, JOIEHT, TOUEHT KaeIpbl THAPOTEXHMIECKOTO U JOPOKHOTO CTPOUTEIHCTBRA.
VYnpasnernue pa3BuTis orpacieBoro oopazoBanus, DAY «POCAOPHUN», . Mocksa, Poccus,

HavaJlbHHK yIIPABICHHU Pa3BUTHS OTPACIEBOTO 00pa30BaHMUSL.

E-mail: ignatyevaa@ystu.ru

Pasrosopos IlaBen bopucosuy4

OI'BOY BO «IpocnaBckuii rocy1apCTBEHHBIM TEXHUYECKUN YHUBEpCUTET», T. SIpocnasns, Poccus,

3aM. pekTopa mo HayuHoil pabore SI'TY, HauanbHUK YTIpPaBICHUS OpPraHW3alUU HAYYHO-UCCICIOBATCIBCKONH U
MHTEJJIEKTYyaIbHOW JEATEeIbHOCTH, IOKTOp TEXHMYECKMX Hayk, mpogeccop, mpodeccop Kadeapsl TEXHOIOTHH
CTPOUTEJIBHOTO IPOU3BOCTBA.

E-mail: razgovorovpb@ystu.ru

I'otoBuer Banepuii MuxaisioBu4

OI'BOY BO «pocnaBckuii rocy1apCTBEHHbIN TEXHUYECKUH YHUBEPCUTETY, T. SIpocnasik, Poccus,
JIOKTOp TEXHUYECKUX HayK, Ipodeccop, mpodeccop Kadeapsl yrpaBIeHUs MPEATNPHUATHEM.

E-mail: gotovtsev_vm@ystu.ru

Information about authors:

Ignatyev Alexey Al.

Yaroslavl State Technical University, Yaroslavl, Russia,

candidate of technical sciences, associate professor, associate professor department of Hydrotechnical and Road
Construction.

Department of Industry Education Development, FAI «KROSDORNII», Moscow, Russian,

head of the department of Industry Education Development.

E-mail: ignatyevaa@ystu.ru

Razgovorov Pavel B.

Yaroslavl State Technical University, Yaroslavl, Russia,

head of the department of Organization of Research and Intellectual Activity, doctor of technical sciences, professor
department of Construction Production Technologies.

E-mail: razgovorovpb@ystu.ru

Gotovtsev Valery M.

Yaroslavl State Technical University, Yaroslavl, Russia,

doctor of technical sciences, professor Enterprise Management Department.
E-mail: gotovtsev_vm@ystu.ru

132 N 1 (105) 2023


mailto:ignatyevaa@ystu.ru
mailto:razgovorovpb@ystu.ru
mailto:gotovtsev_vm@ystu.ru
mailto:ignatyevaa@ystu.ru
mailto:razgovorovpb@ystu.ru
mailto:gotovtsev_vm@ystu.ru

YBaxaemble aBTOPbI!
IIpocum Bac 03HaKOMUTBHCSI C OCHOBHBIMH TPeOOBaHUAMH
K 0(pOpMIICHHIO HAYYHBIX CTaTel

o [lpexacraBiseMblii MaTepual AOIKEH OBITH OPUTHHAJIbHBIM, He OMYOJIMKOBAHHBIM paHee B JPYTHX
ME€YaTHBIX U3JaHUIX.

e OObem MaTepHama, MpeAsaraeMoro K MyOJUKalM{, U3MEPSIeTCs YUCIOM 3HAKOB C YYETOM MpPOOEIIOB.
Pexomennyemslit 00bem ctateii: ot 15000 10 45000 3HaKoB ¢ mpodenamu.

o Crarbs mowkHa OBITH HabpaHa Ha jucrax (¢opmara A4 mpudrom Times New Roman, pasmep 12 pt ¢
OJMHAPHBIM HHTEPBAJIOM, TEKCT BBIPABHUBAETCS IO IIMPUHE; ab3auublid orcTyn — 1,25 oM, npaBoe moie —
2 cM, JIEBOE TI0JIe — 2 CM, TIOJISl BHHA3Y U BBEPXY — 2 CM; BCE CTPAHHUIIBI PYKOIINCH JOJKHBI UMETh CIUIOUIHYIO
HyMeparuio.

e Crarbs MPENOCTABIACTCS B YJIEKTPOHHOM BHJIE TI0 AJICKTPOHHON [TOYTE UM Yepe3 CUCTEMY JIEKTPOHHOM
pelaKIyH.

e B oxHOM cOOpHHKE MOXXET ObITh OIyOJMKOBaHa TOJBKO OJHA CTAaThsi OJHOIO AaBTOPA, BKIIOYAst
COABTOPCTBO.

e FEcnu crarbs Bo3BpallaeTcs aBTOPY Ha JOpPaOOTKY, WCHpAaBICHHBIM BapHaHT CIeNyeT NpUCIaTh B
PEeAAKIMIO TIOBTOPHO, MPHJIOKKB NMHUCHMO C OTBETAMM Ha 3aMeuyaHus pereH3eHTa. /lopaboTaHHBIN BapuaHT
CTaTbU PELEH3UPYETCS U paccMaTpUBAETCAd pPEAAKUIMOHHOW KOJUIETHMEl BHOBb. JlaToil mpeacTaBiieHMs
MaTepHaja CUYMTaeTCs 1aTa NOCTYIUICHHS B PEJAaKIMI0 OKOHYATEIbHOIO BAPHAHTA UCIIPABICHHOM CTaThH.

e AHHOTaUM BCEX NYyOJIMKYEMBIX MAaTEpHUaloB, KIIOYEBBIE CIIOBAa, WHPOpPMAaLUs 00 aBTOpax, CIUCKH
JIUTEpaTypsl OYAYyT HAXOAUTHCS B CBOOOJHOM JOCTYIE Ha caiiTeé COOTBETCTBYIOIIETrO JKypHalla M Ha caiire
Poccuiickoii HayuHO# 31ekTpoHHON OubnroTekn — PYHOB (Poccuiickuii MHIEKC HAYYHOTO LIMTHPOBAHMUS).

B TekcTe cTaThbu HE PEKOMEHYETCS IPUMEHSIT!

- 000pOTHI pa3rOBOPHOM peuH, TEXHUIU3MBIL, TPO(eCCHOHATN3MBI;

- s OIHOTO M TOTO JK€ IOHSTHUS Pa3iWYHble HaydHbIE TEPMMHBI, OJIM3KHE IO CMBICTY (CHHOHHUMBI), a
TaK)Xe HHOCTPaHHBIC CIIOBA U TEPMUHBI TIPY HAJTMYMH PaBHO3HAYHBIX CJIOB U TEPMUHOB B PyCCKOM SI3BIKE;

- NIPOHM3BOJIBHBIE CIIOBOOOPA30BAHUS;

- COKpaleHHs CJIOB, KPOME YCTaHOBJIIEHHBIX MpPaBUIaMH PYCCKOW opdorpadun, COOTBETCTBYIOLIMMHU
CTaH/IapTaMHU.

o CokpameHust ¥ aOOpeBUATYyphl JIOIKHBI pacHIM(pOBBIBATHCS TI0 MECTY IME€PBOTO YIIOMHUHAHHUS
(BXOXJIEHUST) B TEKCTE CTATHH.

O0s3aTebHbIC 3JIEMEHTDI:
- 3aryiaBue (Ha PYCCKOM W aHIJIMICKOM fI3bIKe) MyOJIMKyeMOro Marepuaia JOJDKHO ObITh TOYHBIM M
€MKHM, CJIOBa, BXOJIIME B 3arjlaBHe, JOJDKHBI OBITH SICHBIMH CaMM IO ce0e, a He TOJbKO B KOHTEKCTE;
clleflyeT M30eratb CIIOKHBIX CHHTAKCUYECKUX KOHCTPYKIMH, HOBBIX CIIOBOOOpA30BaHUM W TEPMHHOB, a
TaKXe CJIOB Y3KONpo(hecCHOHaTbHOTO U MECTHOTO 3HAYCHHUS;
- aHHOTauusi (HA PYCCKOM M aHIVIMICKOM s3bIKe) KpaTKO ONMCHIBAET OOBEKT HCCIEI0BAHUS,
MOTHMBAlIUI0O K TIPOBEJIEHHUIO HCCIENIOBaHMs, pe3yJabTaThl HCCIENIOBaHUS (PEKOMEHAyeTCsl YKa3bIBaTh
KOHKPETHBIE pe3ylbTaThl W 3aBUCHUMOCTH, TIIOJIyY€HHbIE B WCCIEJOBAHWH), BBIBOJIBI (KPaTKoO);
pexkomenryembrit 00beM — ot 200 o 250 cros;
- KJIIOYeBble CJIOBA (HAa PyCCKOM W AHIVIMIICKOM fI3bIKe) — 3TO TEKCTOBBIE METKH, 10 KOTOPBIM MO>KHO
HANTH CTATBIO TIPU TOMCKE W OIPEJCIUTh MPEIMETHYIO0 00JIaCTh TEKCTa; OOBIYHO UX BHIOUPAIOT M3 TEKCTa
myOJIMKyeMoro MaTepuaa, J0CTaTOYHO 5-10 KITI0UeBBIX CIIOB.
- CIHCOK JIMTePaTyphl, HA KOTOPYIO aBTOP CCHUIACTCS B TEKCTE CTaThU; PEKOMEHAYEMbIil 00beM CIUCKa
JTUTEepaTypsl — He MeHee 20 HCTOYHUKOB.

B nndopmanuu 06 aBropax pekomenayercs ykassiBaTh ORCID, Scopus ID u SPIN-koza, nprcBOeHHBIH B
PUHILI.

Penakius He B3WMaeT TUIaTy C aBTOPOB 3a MOATOTOBKY, PEIIEH3UPOBAHHE W Pa3MEUICHHE B OTKPHITOM
JIOCTYTIE CTaTEH.

[IpaBo ucnonp30BaHUs MPOU3BEECHUN MTPEJOCTABICHO aBTOPaMHU Ha OCHOBaHMH 1I. 2 cT. 1286 YeTrBepToit
yactu ['paxxtanckoro Kogexca Poccuiickoit @enepanuu.

C nosHoii Bepcueii TpedoBaHMIl K 0(popMIIEHHIO HAYYHBIX CTaTel
Brbl Mo:xeTe 03HAKOMUTHCA Ha caiiTe https://construction.elpub.ru/jour/index




Adpec uzoamens:

(benepanbpHOE TOCYAapCTBEHHOE OI0HKETHOE 00Pa30BaTENbHOE YUPEKICHNE
BhICIIEro oopazoBanus «OpIIOBCKUI rocynapcTBeHHbI yHuBepcuteT umenu M.C. TypreneBay
302026, Opnosckas obnacts, r. Open, yin. Komcomoinbckas 1. 95
+7 (4862) 75-13-18

www.oreluniver.ru
E-mail: info@oreluniver.ru

Aopec peoakyuu
(benepanbHOe rocy1apCcTBEHHOE OI0PKETHOE 00pa30BaTEIbHOE YUPEKICHUE
BBICIIIEr0 0Opa3oBanus «OpIoBCKHiA rocyaapcTBeHHbIH yHuBepcuTeT umenn U.C. TypreneBa»
302030, Opnosckas ob6aactb, r. Open, yia. MockoBckas, 77.
+79065704999
http://oreluniver.ru/science/journal/sir
E-mail: str_and_rek@mail.ru

Marepuanbl cTaTeli IeYaTaroTCs B aBTOPCKOM PEIAKITUU.
[IpaBo ucnosnb30BaHuUs IPOU3BEECHUHN TTPEIOCTABIICHO aBTOPAMU Ha OCHOBAHUH
1. 2 cT. 1286 YerBeproii yactu ['paxnanckoro Konekca Poccuiickoit deneparuu

Texuuueckuii penaktop O.B. FOposa
Kommnbrorepnas Bepctka O.B. IOpoa

Iloamucano B meuats 27.02.2023 .
Jlata Beixoga B cBeT 10.03.2023 1.
®opmar 70x108/16. ITeu. 1. 8,4
Ilena coboanas. Tupax 500 7x3.
3aka3 Ne 75

OTnedaTaHo ¢ TOTOBOTO OpUTHHAI-MaKeTa
Ha nonurpagudeckoit 6aze ®PI'bOY BO «OI'Y umenu U.C. Typrenesa»
302026, r. Open, yn. Komcomonbckas, 95.


mailto:info@oreluniver.ru

